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: ASSESSMENT OF A WAKE VORTEX FLIGHT TEST - PROGRAM

By Selden B. Spangler, Marnix F. E. Dlllenlus,
Rlchard G. Schwind and Jack ‘N. Nielsen
Nielsen Engineering & Research, Inc.

SUMMARY

“An investigation was_made of a proposed-flight test'program bYSthe
Ames Research.Center,ANASA to measure the characteristics of wake vortices
behind a T-33 aircraft. A number of facets of the flight tests were
':examined to definevthe:parameters to be measured, the.anticipated vortex
characteristics, the’mutual.interference'between the probe aircraft and
the wake,'the response of certain instruments to be used in obtaining
" measurements, the effect of condensatlon on the wake vortlces, and methods

of data reductlon.

On the‘baSLS of the investigation,:it‘is recommended thatvthe_probe
'aircraft'(a Learjet) make horizontal passes through the vOrteg'wake,\
entering the wake at right angles to its length. Since the generating.
"and'probe aircraft are‘similar in speed, size, and weight, 'the motionS'of
the’ probe a1rcraft approdaching and pass1ng through the wake are not severe
and the correctlons to the hot—w1re data due to alrcraft motlon should be
small. 1In addition to the basic . hot—w1re measurements of the VelOClty ' S
fleld in the vortlces, it is recommended that supportlng data be obtalned
. to define the environment 1n:whlch the vortlces per51st_and drs51pate...
,Sﬁecific recommendations on the type of data and means of measurement are
_given; A data- reductlon method was developed to reconstruct the. veloc1ty ‘
fleld and essentlal features of the vortex, based on knowledge of. the '
Vveloc1ty components . along some flight path through the vortex. - Flnally,'
it 1s noted that very llttle information is available on the dlssipation
of vortlces, and measurements in this region would be most valuable as an

-ald in understanding the dlss1patlon mechanlsms.~
. INTRODUCTION

This report presents the results of a. study'to assist the Ames.

H‘Research Center staff in deflnlng a flight test pProgram to crltlcally

evaluate theorles for tralllng vortex behav1or and decay.' The objectlve
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of the study is to examine the various aspects of the proposed flight

test program to establish requirements for data and to make recommendations
concerning test procedures, instrumentation, and data reduction. The back-
ground for this work consists of theoretical analysis on trailing vortices
done under contract to the Air Force (Contract F44620-70-C-0052) and
experimental work on measurement of trailing vortex characteristics with
hot-wire probes in the Ames Research Center 40- by B80-Foot Wind Tunnel
(Contract NAS2-6719).

A number of problems connected with the flight tests were investigated.
The various theories and analyses of trailing vortices were examined to
define the parameters that should be measured. Investigations were made
of atmospheric turbulence, the mutual interference between the probe air-
craft and the vortex system, effects of condensation on the vortex, the
response of certain instruments, and methods of data reduction. The
results of these investigations are described in the various sections of
this report. In addition, a section is included describing the NEAR
experience with the 40- by 80-Foot Wind Tunnel program to the extent that
it could be instructive in planning and executing the flight test program.

LIST OF SYMBOLS

b wing span

c speed of sound or chord

cp specific heat at constant pressure

c wing mean aerodynamic chord

CD wing drag coefficient, based on 'sw

Cl ro}l@ng moment cggfficient, defined as the rolling moment
divided by quc

4 ' digtance of a crossflow plane of interest downstream of the

wing

e ~voltage output of a hot-wire probe

E(k) one-dimensional rower spectral density for .atmospheric

turbulent velocity fluctuations along the aircraft
direction of flight



G (k)

Nu

Pr

ke,

frequency, Hz

v

one-dimensional power spectral density for atmospheric
turbulent velocity fluctuations normal to the aircraft
direction of flight

total enthalpy, defined by equation (11)

inverse of the wave length, or thermal conductivity
vortex strength parameter, vr
mass

slope of the line normal to the resultant velocity vector
m, = tan O2 (figure 8)

-molecular weight

Nusselt number

Prandtl number

static pressure
free-stream dynamic pressure, 1/2 pu?2
radius

outer radius of vortex eye region, figure 1

outer radius of vortex logarithmic region, figure 1.

v_.
r

radius at which K has reached 99 percent of its asymptotic

value, figure 1

radius for peak tangential velocity, figure 1

Reynolds number[ based on hot-wire diameter unless otherwise

indicated
time
static temperature

wing area

vortex velocities in a cylindrical coordinate system, u radial,

v tangential, and w axial



u',v',w"

U VoW

fluctuating velocity components of atmospheric turbulence,
u' in direction of aircraft motion, v' lateral to direction
of aircraft motion and horizontal, and w' vertical ’

steady perturbation velocities induced around the Learjet
aircraft, u, axial, positive forward, Va lateral, positive

to starboard, v, vertical, positive down

aircraft flight speed or wind-tunnel speed

component of the vortex induced perturbation velocity normal
to the probe flight path for a horizontal probe traverse in
the crossflow plane

vector sum of Vn and Vs

component of the vortex induced perturbation velocity coaxial
with the probe flight path for a horizontal probe traverse
in the crossflow plane

vortex tangential velocity (equal to Vr)

weight

axis system with origin at the fuselage nose, x positive
forward along fuselage centerline, y spanwise positive to
left, and z positive down

coordinate system in the crossflow plane of the trailing vortex
wake, Y positive to the right, Z positive down when looking
upstream (figure 8)

aircraft angle of attack
perturbation angle due to turbulence, equation (6)

angle between V and Vn‘ Tan a, = Vs/vn (figure 8)

t

vortex circulation strength at r,

vortex circulation strength at r,

mean square displacement of the vortex from its mean position
due to turbulence

angle between the Z axis and the radius vector to the
apparent vortex center, measured from the positive Z axis
in the counterclockwise direction (figure 8) :

angle between the 2 axis and the local tangent to the flight
path, measured from the positive 2 axis in the counterclock-
wise direction. 1Its tangent is the slope of probe flight path,
(figure 8).



AL . . scale length of turbulence_'

s
TR “viscosity
v ‘kinematic viscosity_
o mass density
o " rms turbulence velocity,:normalized by. U
w ) absoiute hUmidity’ | ‘
' Subscripts
a’ . air
Cax - axial' component
c : vortex centerline
m | 1 mean |
sat saturation value
W | wirevor water- vapor
o - - condition at a large radial_distance from the vortex

WIND TUNNEL'EXPERiENCE-ON WAKE VORTEX MEASUREMENTS

In January and June of 1972, tests were conducted in the'Ameszesearch
'Center 40- by 80-Foot Wind Tunnel to measure velocity profiles in the
trailing vortex system behind two wings. - The instrumentation used coh—
sisted of a three-wire: DISA'hot-wire probe. NEAR personnel were 1nt1mate1y
involved in the design, executlon, and- data reductlon in these tests.-'The
experlence galned in these tests, insofar as it may have a bearlng onythe
" proposed fllght test program, is brleflv described 1n ‘this sectlon.

Two rectangular wings were used: an 8-foot span w1th 18 1nch chord
and a 32-inch span with 6-inch chord (one- -third scale). The wings were
mounted in the center of the tunnel cross section and angles of-attack of:
8° and 12° were tested. Both wings contained smoke generators,con--.
sisting of electrically heated.tubes through which'mineral‘oil was forced.
The smoke exited the wing on the under surface very close to the tlps at
about mld-chord From v1sua1 observatlons, the smoke was essentlally




completely entrained into the vortex system in a thin annulus at about
the core radius as long as.the oil flow was steady. If the oil flow
"chugged", puffs of smoke would appear which would be contained within a
cylinder of perhaps 5 or 6 core radii concentric with the core, and these
puffs‘would be convected downstream without any apparent dissipation or
radial diffusion within the run length from the test section down to the

‘turning vanes of the tunnel.

The hot-wire probe was mounted on a rotating arm so that it would
pass through the vortex sufficiently rapidly that the vortex could not
move significantly during the passage time of the probe. The signals were
taken out of the arm through slip rings and recorded on magnetic tape.

The minimum noise level obtained on the tape recorder alone (in a well-
adjusted condition) with a 2-volt, full-scale range was about 10 millivolts. -
The hot-wire probe was calibrated before each run, since the calibration
was found to change slightly between runs (from hour to hour). Calibration
pointé at five to'ten speeds were taken, since there was éome scatter in
defining the straight line relation between (volts)? and (velocity)l/z.
All calibration and vortex data were taken without smoke so as not to

foul the wires on the probe.
hl .
Some conditions were experienced which exceeded the acceptance half-

angle of the probe, which was 35°. The arm was rotated at a speed such
that the tangential velocity equalled the tunnel air speed. The probe

was then mounted at 45° to thé plane of arm rotation, such that the nominal
relative velocity\was aligned with the probe axis. Under certain comBi—
nations of high wing angle of attack (high T), probe location and probe
direction entering the vortex center, the vector sum of the tunnel velo-
city, the probe translation relative velocity and the.peak tangential
velocity in the vortex produced a velocity making an angle with respect

to the probe axis as great as 40°.

During the course of the tests, it was found to be extremely useful
to have an oscilloscope with a "memory" display feature in parallel with
the tape recorder and connected to one of the three wires. Since the
vortex meander in the tunnel (due to turbulence) caused only a small
proportion of the passes to be core penetrations, the use of the oscillo-
- scope provided an excellent means of determining when core penetrations
began to occur as the instrumentation tower containing the rotating arm

6



was-translated'aCroés the tunnel. Later, some oséillbscope photographs
- were taken of thevoutputé'of the wires as recorded on analog tape in order
to provide data for a manual check of the data reduction. program for trans-
forming the'velocity components from the probe to the vortex coordinate
system. An example of a set of scope photographs is shown in figure 1.

_ The data reduction method involved having the anaiog information on
the magnetic tapes digitized and entered directly into a computer for’
calculating the corrected velocities. It was found that there is a com-
bination of minimum tape recorder speed and digitizing rate necessary to
give adequate definition of the trailing vortex velocity profile. When
the signals for the vortex, shown in figure 1, were digitized, there were
seven points in the core. This is probably the minimum allowable definition
for the tangential velocity prdfile, but it is inadequaté for the axial
velocity profile.‘ This vortex was generated by the 32-inch span wing, and
the prbfile is 55 chords downstream. The core diameter is (0.68 inch. The
probe traversed through the vortex at 90‘feet per second. The tape record
was generated at 60 inches per second and played back ‘at one-eighth that
speed. The digitizer cycle time was 1 millisecond. As a check on the '
digitization process, a sine wave was recorded on the tape prior to

recording the hot-wire data on each run.
NOMINAL FLIGﬁT VORTEX CHARACTERISTICS

- Certain decisions have been made by Ames Research Center concerning
the aircraft to be used and some flight parameters. On the basis of
these data, calculations have been made to define the wake characteristics.

The results are summarized in this section.

The generating aircraft is a T-33 without tip tanks. The pertinent
characteristics of this aircraft are given in Table I. The flight tests
are to be conducted at 12,500 feet altitude at a speed of 300 feet per
second. The results of reference 1 indicate that the T-33 wing planform A
should have a nearly elliptic span load distribution. With this assumption, .
the trailing vortex span is n/4 of the wing span. The equation relating
the 1lift on the bound .vortex to the aircraft weight provides the following
relation for the circulation strength A

_ 4w ) : 1
To = TboT - (1)




For an NACA standard atmosphere (Table II), the circulation strength of
. the vortices laid down by the T-33 is 819.5 feet? per second. The initial

vortex span is 29.4 feet.

The specification of the characteristics of a wake vortex follow the
theoretical model of a vortex developed in reference 2. The nomenclature
is illustrated in figure 2. The vortex is divided .into four regions for
purposes of specifying the circulation and velocity distribution. There
is a solid-body-rotation core (the eve), outside of which are the loga- .
rithmic and outer regions. The outer boundary of the latter is the radius
(ro) at which the vortex strength has achieved 99 percent of its asymptotic
value. Beyond Lo the vortex has the classical potential vortex form.

The initial vortex characteristics after roll-up (some 2 to 4 spans
downstream of the wing) were estimated on the basis of test results
obtained in the 40- by 80- and 7- by 10-Foot Wind Tunnels. For the 8-foot
span rectangular wing at a 1lift coefficient of about 1, a value of r, =
1.1 inches was measured 55 chords downstream of the wing. The vortex
radius did not appear to change with distance downstream, as visualized
by smoke. For tests in the 7- by 10-Foot Wind Tunnel, Corsiglia and
Chigier-found at comparable distances downstream and at the same angle of
attack that the vortex core radius for a Convair 990 swept-wing model was
approximately twice that of a rectangular wing. This difference is attri-.
buted to the influence of span load distribution on the rolling-up process,
since the swept wing had more nearly an elliptical span load distribution
than the rectangular wing. Further, tests in the 40- by 80-Foot Wind
Tunnel on the 8-foot span wing and a 32-inch span wing indicated the
vortex core radius to be approximately proportional to the span. Thus,
the l.1-inch radius, scaled up to the T-33 span and doubled to account for
the influence of span load distribution, yields a value for the flight
tests of 0.86 foot. This value may bé somewhat high but it will be used
as the nominal T-33 wake vortex radius, r., in the remainder of the
calculations. <

As a part of the analysis of data taken from the 40- by 80-Foot Wind
Tunnel tests, the velocity distributions taken through the core by hot-wire
probes were examined to obtain the circulation distributions. On the
basis of these measurements, the radius ratio rl/ro was found to be
about 0.4. Therefore, with Fo,-rl, and r, known, T, can be obtained



from equation (6) of reference 2,

o | T ' :
=— = 0.76 - 0.928v1n-F— ‘ ' (2)
1 ) : . fo) . o o

. The following results arerobtained:

I' = 819.5 feet? per second
'I'. = 509 feet? per second
v. = 94 feet per‘second
r = 0;86 foot

r = 2.15 feet

~ These values would Obtain 55 chords, or about 370 feet, behind the T-33
w1nq. On the basis of the wind-tunnel tests, these values would not
change apprec1ably up to 800 feet behlnd the alrcraft No systematic

measurements exist for longer dlstances downstream.

Axial veloc1ty profiles measured in the 40 by 80-Foot- Wlnd Tunnel at.
55 chords downstream of the 32-inch span wing ;ndlcate a maximum ax1a1
velocity defect of about 15 feet‘per'seCOnd for a free-stream velocity of
90 feet per second. The entire defect occurs within a cylinder having'a
radius- approximétely equal to rye Insuff1c1ent data have been reduced
- to determine the manner in which this defect changes with free-stream
f_veloc1ty and wing lift. It should be noted that the axial velocity profile
could have large gradlents and a complicated structure.- The wind- tunnel _

dmeasurements at 55 chords show a profile similar to the sketch




whereas -smoke studies made near the ground show regions near r, where
one annulus of flow is moving upstream and one annulus downstream relative

to an observer on the ground.

Several things can happen to change the vortex spacing and radius.
The vortex pair moves vertically downward by self induction. Buoyancy
effects begin to occur due to altitude changes or engine wake ingestion
which can have the net effect of continuing the downward motion, causing
a leveling off of the vortex pairlor causing the vortices to rise again,
depending on the atmospheric temperature profile and the gas temperature
in the vortices (engine air ingestion). MacCready (ref. 3) indicates
cases over the ocean where vortices have continued to descend (at least
at low altitude) whereas most other observations (over land) have indicated
leveling and/or rising of the vortices after an initial descent. The
vortex spacing and strength could change the order to 10 to 20 percent due
to the influence of the buoyancy forces over a typical vortex wake life-
time (ref. 2). The vortex radius would tend to increase, probably rather
slowly, with vortex age due to diffusion outward of the vorticity. The
rate at which this happens depends on atmospheric turbulence and is not
predictable with confidence at this time.

The persistence of the vortices also depends greatly on atmospheric
turbulence. Typical persistency times range from 60 to 150 seconds, which
in distance correspond to approximately 3-1/2 to 8-1/2 miles at 300 feet

per second.

Turbulence tends to promote breakup of the vortex system either by a
Crow instability, in the event of energy in the turbulence having wave
lengths comparable to the vortex span, or by single vortex bursting due
to axial pressure gradients. Persistency of 120 to 140 seconds was A
obtained behind a Boeing 747 over land at 4000 feet altitude (ref. 4) and
of 40 to 70 seconds behind a DeHavilland DHC-2 at 1000 feet altitude in
"relatively calm" air over land (ref. 5). 1In the latter tests, increasing
turbulence levels changed the dissipation mode from single vortex dissi-
pation to the Crow instability. Contrail tests reported in reference 6
on a T-33 aircraft indicate contrail lengths as long as 20,000 feet, al-
though the speed and altitude of the aircraft are not specified. If
flights are to be made over the ocean, it is probable that the turbulence
levels are somewhat lower thén over the land, and a reasonable estimate
for the vortex trail length would be 60 to 90 seconds, or 3-1/2 to 5 miles.
10



ATMOSPHERIC TURBULENCE MEASUREMENTS

It is recognized that atmospheric turbulence plays“a»significant role
:in both the time to dissipation of a vortex and the mechanism of dissipa-
“tion. At present however, no rational method for predicting the effect
of turbulence on vortex dissipation has been developed. . It is desirable,
nonetheless,.to'obtain measurements of atmospheric turbulence levels (as
'well as other atmospheric conditions) during the flight tests to com-
,pletely document the environmental conditions and prOVide data for subse- -
,quent theories which will be able to treat the influence ‘of turbulence. .

_ Turbulence wave lengths long compared to the generating aircraft
span can generally be expected to be important in deforming the trailing
vortices and amplifying instabilities of the Crow type. Very short wave
" length turbulence will determine ‘the turbulent shear, avr, at the edge
of the vortices, and so is important for determining the expanSion in
'diameter of each trailing vortex. It is important. therefore to determine
- how to measure “the atmospheric turbulence, yet keep the effort “to be
expended on its measurement in correct perspective when compared to. the _

» most important task of obtaining high quality" vortex velocity profiles,"

Figure 3 is a power spectrum for atmospheric turbulence. It results '
from a COmpOSlte of information from. references 7, and 8.. Only relative ,:
units are given on the ordinate, as the whole curve will shift up or down
with increaSing or decreaSing turbulence intenSity. Fortunately, the
turbulence wave lengths that -are of . concern for- the’ present study are
1000. feet and less. 'The turbulent structure in these wave lengths lS
independent of how the much larger eddies were produced, and this range
is known then as the universal equilibrium range. This" range'is'divided
" into two parts. The upper portion down to 0.1- foot wave length lS the

inertial subrange. The energy there decreases as 5/3,'where_"k' is

" “the ‘inverse of wave length At shorter wave lengths, where viscous

dissipation is important the energy decrease with k is often approxif
mated with k (ref. 9).. - A negligible fraction oF the total turbulence
energy is-in this diSSipation region, although this turbulence may still

be important to vortex dlfoSlon.




Since the shape of the turbulence spectrum in the range of wave
lengths of interest to the trailing vortex problem is known, but the over-
all level of the curve is unknown, only one measurement is needed to define
the curve. The simplest measurement would appear to be the root-mean-
square of the turbulence signal from one hot wire over a specified fre-
quency range. The following analysis has been made to determine rms signal
levels that can be expected and to identify problems with this measurement.

MacCready'(ref. 7) has compared and quantified atmospheric turbulence
levels with pilot's qualitative reports of its effect on the aircraft,
i.e., "zero," "light," "moderate," etc. It is generally expected that
trailing vortices persist longest at the lowest turbulence levels, so the
turbulence rms levels should be low where the\planned flight tests are
' performed. Selecting the limit between "zero" and "light" £urbulence from
Cessna 180 tests, the turbulence spectrum in the inertial subrange (0.1l-
foot to 1000-foot wave lengths) as sensed by an aircraft with velocity U,

feet per second, can bé described by (ref. 7):
% G(k) = E(k) = 0.585x10 ‘u2/3g73/3 (3)

The frequency is £, Hz; E(k) is the one-dimensional power spectral
density for longitudinal velocity fluctuations (ft2?/sec), and G(k) is
that for the lateral fluctuations. Although the turbulence is isotropic,
the velocity fluctuations measured from a moving vehicle are not true
energies and thus differ slightly for different components (ref. 10). If
the aircraft did not respond to this turbulence or the effect of its
movement were subtracted out, then a single hot wire perpendicular to

the aircraft axis would measure E(k).

Integrating equation (3) between two frequencies £, and £, gives

the mean square between those frequencies:

£ f
2 2
oz = Jf E(£)df = - 0.876 U2/ 7 (7% - £7%/7) (4)
f1 £, :
For U = 300 feet per second, f1 = 0.2 Hz, and f2 = 200 Hz, the rms

turbulence level is

12



ul
U.

= 0.11%

As a p01nt of reference, this is a low turbulence level for a wind tunnel.,f
Using the method of calculation descrlbed lmmedlately below, the turbulence
level 'in the 40- by 80-Foot Wind Tunnel has recently been found to be 0. 45%. -

Good hot-w1re sens1t1v1ty and low 1nstrumentatlon ‘noise is necessary__f :

“to properly measure the above turbulence level. The constant temperature
hot—w1re anemometer sensitivity is determlned from its operatlng equatlon
vez = A + Bull/2 ': o o '_l, - (5)
where e is volts, u is tne inStantaneousjvelocityoCOmponent-perpendi—'
cular to the wire, and A and - B are operating constants. Larry Olsen
recentlv used a DISA hot wire in a test- 1n the Ames 40- by 80-Foot Wlnd
Tunnel. that is. similar to that’ planned for the fllght tests. ! lO—mlcron"
diameter platlnum—rhodlum wire w1th plaln ends (not gold plated). At. an -
overheat ratlo of 1. 6, he measured 9 volts at 30 feet per second and 12
‘ volts at 250 feet ‘per- second; thus B =,5.57 leferentlatlng equatlon (5)

and rearranglng, ) . :
- ' 4eu'’%/) T

For U = 300 feet per'second, e =12.3 volts, and‘for the above turbulence_
level, the rms signal will be 0. 9 mllllVOltS. It would be desirable to'
measure  turbulence levels down to -about. one—thlrd this level of tran51tlonv

between “zero" and "llght" turbulence, i.e., 0 3 mllllVOltS.

- ' The DIsA 55D35RMS Voltmeter (Large—Scale Aerodynamlcs has three of
"these) has a much ‘lower frequency limit than other rms: meters,_lts limit

"~ is 0.1 Hz. Its_smallest full-scale readrng is l_mllllvolt,tso the tur—} _
‘bulence 1leével can be measured with this meter. A problem<arises,'hOWever,J
with the,rolloff of an_rms meter. Eor;the’DISA meter it is conjecturedi’

to look as presented below.-

13




Probable meter .
<< characteristic

characteristic

/A\—--Desired
“/

¢

Since the turbulent spectrum energy level keeps rising rapidly below the
lower frequency limit that is selected, the lower limit should be filtered
to obtain a characteristic such as shown with the dotted line. Once this
characteristic is known, the above. integration should be redone. There is
negligible energy above the upper frequency limit, so £here is no need

for a cut-off filter there unless it is to eliminate instrumentation

noise.

It. should be noted that the noise level of a magnetic tape recorder
is too great to allow the hot-wire signal to be recorded and the rms value
determined later. Under good laboratory conditions,ithe minimum noise
level for a good tape recorder set for a 2-volt range (typical of the
range needed for the above hot-wire sensitivity) will be about 10 milli-
volts'rms. It is therefore recommended that the rms level of at least
oné channel, preferably all three, of the triple sensor hoﬁ—wire anemo-
meter be read directly in the fligh£ test experiment dufing straight and
level flight outside of the vortex. (The readings need not be simultaneous,
but may be switched through one meter.) The DISA rms meter haé an external
plug for the mean square value, and this output could be recorded, if ‘

preferred.

The noise level on the DISA model 55D05 battery-operated constant
temperature hot-wire anémometer is adVeftised to be approximately_o.s'
millivolts rms at full band width. The band width of the anemometer
depends on the probe wire diameter and measuring donditions, but will:
probébly.be at least 50 KHz. It is expeéted that the instrument noise

14



- level can be greatly reduced by usinq a high frequency filter at 5 to
. 10 KHz, and thus_still make_pOSSible the measurement to the above .listed

-turbulence 1evels.f

The above analysis for the response. of the hot-wire anemometer to
the atmospheric turbulence assumes that the hot wire is mounted on a
'perfect platform that does not respond to the turbulence. The short
perlod frequency of the Learjet is 0. 6 Hz, and the boom natural frequency
is. about 11 Hz, both within the 1ntegratlon band width used above. The
data can be examlned after the flight for. energy ‘at these frequenc1es and "

some smoothing can be done if it appears necessary.

" Another p0551b111ty that should be con51dered is operationuofvthe

_ data recordinq system at higher sensitivity levels compatible with meas-
urement of turbulence veloc1t1es for enough perlods of time away from the
vortex wake to attempt to establish ambient turbulence. levels.

' The vanes on the boom also respond to the lateral ‘turbulence compo-
nents “v' and w'. Agaln making the . simplifying assumptlon that the plat—
form on whlch thevanesare mounted does not respond to the turbulence, as .
for the previous analys1s, the output 51gnal from the vanes is- ea51ly
determined, Denotlng the perturbatlon angle of the flow due to turbulence'
in the vertlcal dlrectlon as -a%, then

a' = tan”! ﬁ_glﬁr S %T .“' o o LT
The vanes only respond'accurately‘to the frequencies up to 15 Hz. Changing_
the upper frequency llmlts in the 1ntegrat10n performed in connection w1th o
‘equation (4) from 200 to 15 Hz reduces the 1ntegra1 by 2 percent. Includlng )
‘the 4/3 factor for lateral turbulence, - ' B

V&r? = 0.0014 radians -

For the vane angle transducer_sensitiyityiof'one volt per lO?,_there

‘results

Va'? = 8.2 millivolt rms.

_.-‘15.




During the series of tests on trailing vortices in the 40- by 80- and
the 7- by 10-Foot Wind'Tunnels, it was observed that the vortices were
under901ng significant lateral oscillations which appeared to increase in
amplitude with increasing distance downstream of the w1ng. This behavior
was believed to be induced by turbulence in the tunnels. Motion pictures-
were taken of the vortex motion and some'statistical analeis was done on
the photography. 1In addition, a theory was developed to explain the
results. The details of this work are reported in reference 11. Since_
the work yields some indication of the anticipated random motion of the

vortices in flight)'the major results are reported here.

_ The motion of the vortices in the tunnels was found to be quite
random.-'The correlation between the vertical and horizontal deviations
from the mean'positioniof a vortex was found'to be quite high,_however,
which might indicate that some organized form of motion such as_a "cork- -

" screw" form was occurring. -The rms values of the displacement»of'the

vortex from its mean position _(ET)_.were calculated at several locations

- and are shown as the data'points in figures 4(a),and 4(b), for the 40- by
80-and 7- by 10-Foot Wind Tunnel tests respectively. The turbulence '
Velocity_levels, o, are measured values for the two tunnels. The data
.in figure 4(a) are for both the 8-foot and the 32-inch span w1ngs and show
that the rms displaceﬁent is independent of the wing scale. The reason
for the difference between right and left vortices is not known, .but may
be a result of a con51stent varlatlon across the tunnel of turbulence

level.

A theory was developed for the vortex motion at a dlstance a down-
stream of the wing, based on the premlses that the vortex is a fllament
‘which has the transverse velocity locally of the turbulence at that p01nt
and the vortex does not respond to high freguency turbulence. .The results'
" of the analysis indicate that the root-mean—square deuiation’of,the vortex

varies with d as shown.

V 37 _ 2 As
o

=d T arctan T o o :(?)l

.where As is a scale wave length of‘the turbulence. For cases where
'As/d is large (small d'vor large As),'thebarctan is n/2 and
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Equation (8) is represented as the lines in figure 4, with the values of
the parameters shown. The values of the turbulence scale selected were
values approximating the cross section dimensions of the tunnels, which

are shown to cause reasonably good agreement with the data.

The theory can be applied to the flight test conditions, provided
the form of the power spectrum is known. Using the model from reference 7
for the inertial subrange, the results of figure 5 were obtained. These
results indicate that the rms displacements reach the order of the wing
semispan for light turbulence with tYpical values of the turbulence leugth
scale at distances of 2 to 4 miles aft of the aircraft. Provided that
single vortex bursting has not occurred within this distance, this calcu-
" lation would indicate the minimum distance required toApermit the
"touching" of the two vortices and the subsequent formatlon of vortex

rings, 1n accordance with the Crow instability model.
DATA REQUIREMENTS FOR THE FLIGHT’ TESTS

A principal objective of the flight test program is to obtain velocity
profile measurements of wake vortices as an input to the problem of calcu-
lating the severity-of aircraft-Wake encounters. 1In additiqn, it‘is
desirable to obtain'sufficiently detailed measurements of both the vortices -
and the environment to permit evaluation of theories describing the for-
" mation, motion, and dissipation ef wake vortices.. For this purpose,
‘existing theories have been examined to determine the kinds of data
required either as input or as a means of evaluating the predlctlve cap-

ablllty., The theories examined were the following:
(a) The NEAR, Inc. vortex structure theory, reference 2.
(b) The work of McCormick, reference 12.
(c) fhe NASA work of Baldwin and Chigier, reference 13.
"(d) The instability_theory of Crow, reference 14..

(e) The NEAR, Inc. theory on buoyancy effects,'reference 2.
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(f)- The buoyancy work of Scorer and Davenport, reference 15.
(g) The. buoyancy work of Tombach, reference 16.

The data fall into three categories: airplane data, wake vortex data
and meteorological data. The description of these data, together with a

discussion of means of obtaining the data, is given below.

Airplane Data

The airplane data required are those necessary to define the circu-
lation strength of the wake vortex system of the generating aircraft (the
T-33). In accordance with equation (1), the following information is

required:
(1) Aircraft weight at the time the wake is being generated.
(2) Aircraft air speed during a probe period.
(3) Air density at the altitude of the generating aircraft.

(4)- Some indication of the constancy of the flight path of the
generating aircraft. The ideal quantity would be a recording
of vertical acceleration. The piiot's assessment would pro-
bably be satisfactory. For example, it has been shown (ref. 5)
that small pitch oscillations of an aircraft at the correct
frequency can decrease the time to onset of the Crow instability
by a factor of 2. The object in the ARC tests is to maintain a
constant wing lift (e.g., no vertical accelerations) so as to

lay down a uniform wake.

(5) Some indication of the accuracy with which the air speed is
maintained during a run. If the quantity is recorded, the
records would provide an indication of the excursions. Again,
the pilot's assessment would probably be satisfacﬁory since

this is not a critical area.

Trailing Vortex Data

The data required on the trailing vortices consist of Velocity and
temperature traverses through the vortices, auxiliary information to fix
the location of the traversing station relative to the generating aircraft,
and some photographic coverage. The considerations involved are discussed
below.
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The.principal measurements to be obtained are three components of
velocity through the vortex. These are to be obtained with a three—w1re
DISA hot-wire probe mounted on the nose boom of the Learjet. From the
NEAR, Inc. hot—w1re experience in the 40- by 80- Foot Wind Tunnel tests,

several thlngs are worthy of comment.

A portion of the core flow in the vortices may be made up of engine’
exhaust air, which is hotter than the ambient and therefore a potential
source of error for the hot-wire measurements. The rate at which the '
'enéine exhaust mixes with the ambient air in the presence of the vortex

" system is not predictable at this time. A rough estimate was made’
assuming only a coflowing turbulent jet exists, and the calculations
indicated that a 170 to 1 dilution of exhaust gases would occur within
approximately 1700 engihe exhaust radii, which is about one mile. If

the engine exhaust temperature is 1000° F at the tailpipe, the mixed gas
temperature is about 20° F at one mile, or some 6° above ambient. . Thus

a reasonable part of the vortex wake regionAof‘interest may have tempera-
ture differeneesvabove ambient that must be accounteéd for in the hot-wire
data reduction, since 1° C tem?erature difference causes an error in o
‘velocity of about'2‘perceht. It is also of interest to know what the
temperature profiles are in the vortex in order to apply bquancy theories

to the vertical motion of the vortex pair.

‘With respect to correction of the hot-wire resulﬁsvfor temperature,
Bfadshaw (ref. 17) recommends that the calibrations be plotted in terms
of Nusselt number'(Nﬁ) versus Reynolds number (Re) for the temperature
conditions of the calibration procedure. Operation at other temperatures .
- can then be evaluated through use of theoretical behavior for the effect
of-temperature on these parametere. The Reynolds number of the flow over
a.l0-micron wire at standard atmospheric conditions at 12,500 feet reaches
a maximum of 45 in the vprtex.-vThis value is just at the transition
"region where'the wake behind a cylinder begins‘to‘oscillate and affect
the heat transfer. For a Reynolds number up to 44, Bradshaw recommends

the heat transfer relatlon

T N : s .
Nu(T_m) ‘= 0.24 + 0.56 Re?+*°® S - (10)-
a - o .
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where

Nu =-H/ﬂ2k(Tw - Ta)_

‘and _
H = heat transfer'rate'to the fluid
% = wire length .
k = conductivity of air
Tw = wire temperature
Ta'= air temperature
T = average of wire and air temperature

. : R :
and Re and Nu are evaluated. at Tm.

The Learjet carries a single wire probe for the measurment of tem- v
perature.' Since this wire must have sufficient response to follow vari-’
ations through the vortex, its thermal inertia characterlstlcs were

calculated to determine if a d.c. brldge might offer satlsfactory response.-'

Us1ng_the same w1re type as for the three-wire probe, the wire time con-

- stant is about 3.5 milliseconds. However, for a S-percent error -in

following a sinusoidal temperature oscillation, the max1mum allowable
frequency is only 15 Hz, which is too low for the vortex penetratlon case,p
: Therefore, constant-current hot-wire anemometer electronlcs will be neces—
Asary to amplify and compensate the wire signal to obtaln reasonable

temperature frequency response (1000 Hz is adequate)

The acceptance angle of the hot-w1re probe was a problem in the
wind-tunnel tests. In the flight tests, however, with a Learjet veloc1ty
. of 300 feet per second and a maximum tangentlal veloclty in the vortex '
of 94 feet per second, the flow angles on the probe should not exceed

17.4°, which is well below the acceptance angle of 35°.

It'should be noted that traversing directly through the center- of an
axisymmetric"vortex will not produce a»stmetric‘trace on a wire of- the -
three-wire probe, -even if it is aligned 'in the plane perpendicular to
the vortex. For instance, for the above peak tangential Velocity and . )
traverse speed, and for typical values of A = 50 and B = 5.5 (eq. (5)),’
the voltage of the larger peak f(or deflectlon on an osc1lloscope) should
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be 1.79 - times that of the smaller peak. This is due te two factors that
add, the nonlinearity between velocity and voltage in a hot-wire charac-
teristic,-and the nonlinear effect of angle change on the hot wire, as
sketched here. The velocity compohents perpendicular to the wire for

© = 17.4°, 0°, and -17.4° for U = 300 feet per second are 232,245 and

300 feet per second, respectively.

0 = 17.4° _
17.4° jz 4.7 :

5 .

These velocities with the nonlinear velocity-voltage characteristic
provide the unequal peak voltage measurements. '

Calibration of the probe should be donelat_five-to ten velocities in’
order to establish the voltage—velocity calibration curve, since there. is
always some scatter in the data. It would also be desirable to calibrate
several times: durlng a flight because of the possibility of smoke or

,partlcle 1mpact changlng the wire characterlstlcs.

It was noted earlier that an osc1lloscope with a "memory" feature
was used to monitor the output of the wire that most nearly sensed tan-
gential velocity in the wind-tunnel tests. It is reeommeﬁded that this
be done in the Learjet in order to determine when core penetrations are ‘
méde, since so much more information is available with e core penetration
~than W1thout. ‘ ' ' A -

Further, it was noted earlier that high tape recording speeds were
used in the tunnel tests so that the tape could be slowed in the dlg;-
- tizing process to gain definition in the velocity profile in the core
-.region. For flight test conditions of 300 feet per-second a core dia- .
meter of 1.7 feet, a dlgltlzlng cycle time of 2 milliseconds and no
tape sPeed reduction or playback, the number of data p01nts in the core
‘would be only 2.9. Therefore, a 2 to 1 tape slowdown 1s_absolutely
necessary, and a 4 to 1 slowdown is desirable, partieularly for measuriﬁg_
the axial velocity profile. If-the.minimum digitizing speed is 147/8j
ips, then a-recording speed of 7-1/2 ips is preferable when flying.,‘
threugh the vortices. . ' ' ‘

21




Another possible limitation on the tape recording is the frequency
response. The basic sine wave component of the tangential velocity pro-
file of the trailing vortex for the above conditions is 87 Hz. For 1-
percent accuracy in recording this signal, the recorder must be capable
of recording 13 times this fundamental frequency, or 1.1 KHz. An fm tape
recorder operating with a carrier frequency of 13.5 KHz (standard) at
7-1/2 ips has a frequency limit of 1.25 KHz. Thus 7-1/2 ips appears to
be the minimum acceptable tape speed for recording vortex information
unless the digitizing cycle period is reduced and the analog tape

recorder has extended band width.

It is necessary to determine. the location of the wake traverse rela-
tive to the generating aircraft. It is understood that some airborne DME
equipment can be obtained from Langley Research Center which will provide
a éeparation distance measurement to within about 30 feet. It is desirable
also to measure the vertical distance that the vortices have moved  between
the time they were laid down and the time the Learjet passes through the
vortices. The objective here is to obtain information on the vertical
translation of the vortices to evaluate buoyancy theories. The vertical
motion of the vortices should be the order of several hundred to one.
thousand feet maximum. If the T-33 is able to fly at a perfectly constant
altitude, the vertical translation is the difference in altitude between
the two aircraft at the time of vortex entry by the Learjet. Since each
altitude is measured individually and differenced, measurement of each
altitude to +10 feet will provide +20 feet on the difference or about 5-
to l0-percent accuracy which should be sufficient. Since the difference
is the major feature of interest, the altimeters in the two aircraft can
be adjusted to read identically with the aircraft side-by-side prior to
beginning testing. In‘order to ascertain whether the T-33 is flying a
constant altitude, the pilot can radio altimeter readings to the Learjet
for voice recording periodically, so that his altitude history can be

reconstructed.

With regard to the number and location of the axial stations which
ﬁafe probed, it would appear desirable to have one station as close to the
generating aircraft as is feasible (perhaps 1/2 mile), three or four
stations in the stable portion of the vortex, and one or more in the
breakup region. This would amount to spacings between probe stations of
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the order of one-half to one mile depending on'the distance to vortex

breakup.’ The last station (breakup) is deserving of some comment.

From the- standp01nt of allev1at1ng the wake vortex problem, an under—
standing of the dissipation mechanism is of great importance. The
instability mechanism predicted by Crow (ref. 14) agrees with observations
of vOrtexhbreakup,-but.his theory'does not postuiate how .the instability
develops, what influence atmospheric turbulence has on the development,
nor what happens‘when the flow gets highly nonlinear in the breakup and“
ring formation region. No measurementS»havebbeen made of the velocitv
distributions in the ring formation regiongto determine the potential
hazard to passage of aircraft. Also, in the case of single vortex dissi—-
pation, no measurements have been made to .indicate whether a bursting or
a more. rapld vort1c1ty diffusion process is- respon51ble for the

dlSSlpatlon.

We would suggest that consideration be given to making some traverses
in the dissipation region. The exact approach to how these should be made
would probably have to be decided upon during. the test program_when the'

”d1s51pat10n mechanism has been observed It would probably be desirableA
-,to make traverses just upstream of the dlSSlpatlon event and w1th1n thev

region where dlSSlpatlon has occurred.

Certaln photographlc coverage is considered essentlal The.first>
category is coverage to determine the development of the Crow 1nstab111ty
and the dissipation mechanism. 'The wave length of the vortex os0111atlons
for maximum growth rate of the,Crow,lnstablllty is 6.6 spans,‘oruabout
200 feet. It is recommended that the Learjet or another.chase'plane be
 flown parailel to the vortex system at 300 feet per second either just
}above or. just below.the‘vortex trail and movies be taken looking forward
and slightly'down (or up). The vortex lateral motion as derived from
,these movies will represent the time varlatlon of the’ vortex osc1llat10ns
at .a fixed dlstance behind the alrcraft. It is suggested that this
coverage be obtained at three or four ax1a1 stations behlnd the generatlng
aircraft for cases where the d15$1patlon 1s due to a Crow 1nstab111ty and:
where it is due to 51ngle vortex burstlng or d1ffus1on.' A single camera-

- can be used, and the varlatlon of the separation dlstance between the
vortices will appear very close to its true perspectlve in the photography 1
‘Measurements from the photographs can be related to a ‘time ‘average of th;s
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distance to obtain ffactional deviations and their frequency. It is
recognized that this photography may be difficult to obtain due to overall
deformation or twisting of the vortex system due to large scale turbulence,
buoyancy effects, etc. Nevertheless, little, if any, such systematic data
has been obtained, and it is worth some effort to collect such data.

Other categories of photographic coverage would include photography
to document the form and details of vortex dissipation and the influence
of the Learjet on the vortex system at and shortly after the instant of
passage of the aircraft through the vortex. The former is of interest in
order to gain greater understanding of the details of the dissipation
region. Coveradge would be desirable both from a side view and a top view.
The coverage of the Learjet penetration is of interest in terms of asses-
sing the influence of the aircraft on the stability of the vortex. On
the basis of the 40- by 80-Foot Wind Tunnel tests, it is expected that the
Learjet should not cause vortex breakup, since the size of the "probe"
relative to the vortex core is not greatly different in the two cases.

Meteorological Data

It is essential to document the meteorological conditions in which
the vortex measurements are made, since they have an important part in
determining the motion and dissipation of the vortex system. The consi-
derations involved in measuring £urbulence were discussed in a previous
section. In addition to these data, information is desirable on the
temperature and pressure at the test altitude, and the manner in which
the temperature varies with altitude within, say, 500 feet above to 1500
feet below the test altitude; i.e., the range over which the vortex system

might be expected to translate vertically.

From the standpoint of calculating buoyancy effects on the vortex
vertical translation, it would be desirable to know whether or not vertical
velocities are present in the atmosphere. The vertical velocity components
with wave lengths of 1000 feet or less can be obtained from the turbulence
measurements, with the assumption of isotropy, whidh is probably a reason-
able assumption. The longer wave lengths,'which in the limit become a
uniform vertical velocity (at least over the length scale of the vortex),
are difficult to measure because the aircraft tends to follow these. 1In

addition, since the mutual induction velocity of the vortex pair ‘is the
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,order of 5 feetiper second, the 1ong-wave length vertical velocities of
interest are small compared to the forWard speed of theiaircraft. It may
be possible by eXamining-angle of attack, altitude, and vertical accele-
. ratidn-data outSide the vortex to back'out long wave length vertical air
velocity data, and it is suggested this be con51dered in connectlon with

'any buoyancy calculatlons made Wlth the data.

-Another measurement of con51derable.potential importance is humidity.
In‘a subsequent section of this report,'the influence of condensation on
 ‘vortex behavior'is discussed. It is noted there that tests at low alti?t.

, tudes:under humid and/or hazy conditions (ref. 5) have shown distances to

'vortex breakup of one-third those obtained in clear weather. While these
- tests did not identify the mechanism responsible for the early breakup,

: it is-possible that high_humidity is responsible, at least in part. There-
~fore it is recommended that_humidity measurements be made‘on.boardfthe_
Learjet at several times throughout a'flight.test and within the vortex,
if possible;. ‘The latter. locatlon is of interest because of the pOSSlblllty :
of. hlgh water vapor content due to 1ngest10n of englne exhaust air. V

"INTERACTION BETWEEN THE PROBE AIRCRAFT AND THE VORTEX WAKE

_ The flow dlsturbance around the alrcraft 1n steady fllght will lnduce
':veloc1ty components at the probe which w1ll appear as biases changing with
angle of attack. Also, the probe alrcraft w1ll respond to the flow fleld
" induced by the vortex wake, and the resultlng motion will induce a velofj_
c1ty relatlve to the hot-wire probe which must be removed from the data"
and could cause problems. in almlng “the alrcraft so as to penetrate the
,core; Flnally, the presence of the aircraft will cause the vortex to move
or deform, which could affect the measurements. Some estlmates of the
" sizes of these effects were made to attempt to anticipate problems in

,thls area.

Steady Flow Dlstnrbance Due to the Aircraft

‘The perturbatlon flow field around the Learjet in a steady flow at
several angles of attack was calculated u51ng an ex1st1ng potential flow

program- for a w1ng-body combination.  The program is limited to an ax1-’

symmetrlc body shape Consequently, the correct ‘area dlstrlbutlon was; '
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used, but the Learjet fiuselage was modeled as an axisymmetric body. The
program fits a source and doublet distribution to the fuselage and a vortex
lattice to the wing. The tip tanks were not modeled because their influ-
ence should be small. The details of the configurations were obtainea

from reference 18.

Results for the pertﬁrbation velocities over the forward part of the
Learjet are shown in fiqures 6 and 7. Figure 6 shows longitudinal and
vertical velocity components in the vertical plane of symmetry for 0° and
10° angle of attack at various distances above and below the fuselage
centerline. The vertical distance scale has been greatly expanded to
simplify the presentation. At the hot-wire location (x = 5 feet), the
axial (u_) component is about 3 percent of free stream (6 feet per second)
and essentially does not change with angle of attack, since it is due to
a fuselage-thickness effect. Thé vertical component (wa) is zero at
o = 0 and increases to about 1/2 percent of free stream (1.5 feet per
second) at a = 10 degrees'due to a wing-induced upwash. These velocities
are small compared to the peak tangential velocities in the vortex. In
particular, if the angle of attack is perturbed due to vortex-induced
motion of the aircraft, the only influenced component will be the upwash
velocity, whose magnitude changes so little that its effect on the probe
readings can be neglected. Figure 7 shows u, and wé velocities in a
vertical plane 10-1/4 feet from the plane of symmetry (60-percent span
station). These results are of interest principally in estimating vortex
deformation due to the passage of the aircraft and show the upwash forward
of, and downwash behind, the wing and the acceleration (- ua) over the

wing and deceleration under the wing.

Aircraft Motion Induced by the Vortex System

The Learjet will respond to the flow field induced by the vortex
system. The potential problems are control of the attitude of the air-
craft and the relative velocities induced at the hot-wire probe by air-
craft motion. For the case where the aircraft flies along the vortex and
penetrates by descending or ascending through the vortex, the worst case
is that in which the aircraft finds itself in the center of one vortex

with a large induced roll, as shown in the sketch.
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An estimate of the 1nduced rolling moment due to both vortlces acting on
the aircraft was made assumlng a wing alone to be centered on one vortex.

Potential vortices with solid body rotation 1n51de r, were used to
-obtain spanwise upwash distributions along the wing panels, and strip
theory was used with a ‘uniform section liftICOefficient along the span to
hobtain the vortex-induced lift distribution and the resultant rolling
moment. A value of CZ = 0.3 was calculated. The~control roll moment
available through differential aileron deflection was estimated assuming
20° of aileron deflection, a change 1n section angle of zero 1lift with
change in aileron deflection angle of 0.6, and a section 1lift coeffic1ent
-slope of 0.07 per degree (equal to the wing lift coeff1c1ent slope) .
' The resulting rolling moment coefficient, calculated again using strip
theory, is Ci #VO 36.' If the.assumptions are reaSonable, these results’
“indicate the Learjet does have suff1c1ent control effectiveness to. main-."
_tain a zero bank’ angle in the vortex, but the two values are so close that
there are likely to be large excur31ons in roll attitude as the aircraft
enters the vortex in spite of the skill of the pilot. . Although.the atti-
_ tude of'the aircraft will be monitored so as to extract the aircraft
',dvnamics from the hot-wire signals, it is felt that the marginal control
51tuation is not conduc1ve to satisfactorily controlling the trajectory

of the aircraftvas it makes the vortex penetration. -

For a casevin_which the aircraft approaches the'vortex SYStem hori--
zontally at right anglee to the wake, the aircraft will pitch and heave -
as it passes through the vortex. An estimate of the.vertical acceleraticn
was made assuming the wake-vortex-induced 1ift on the Learjet to be  given .
' by the vertical velocity induced at the wing quarter—mean—aerodYnamic— '
chord by the two'vortices, combining this Velocity with U to get an.
angle of attack (see fig. 8{(a)), and causing the resulting perturbation:'
'.w1ng llft to act on the aircraft weight. A plot of the resulting accele-v
" ration is shown in figure 8(b). The values are law and should not cause any
problems on aircraft loading. The acceleration was integrated to obtain
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vertical velocities in order to estimate the difficulty that the pilot
might have in adjusting his height to hit the center of the vortex. The
Learjet would sustain an upward velocity component of only 0.65 foot per
second by the time the probe reached the vortex. Since the accelerations
are significant only within 50 feet of the vortex, the aircraft height
relative to the vortex should change, for a speed of 300 feet per second,
only a few inches at most due to the vortex-induced upwash.

An estimate was also made of the pitching rate induced on the aircraft
by its interaction with the vortex. Two approaches were examined. In
the first, it was assumed that a pitching moment was imposed equal to the
moment on the Learjet in a uniform flow at an angle of attack equal to.the
local angle at the quarter—meanjaerodynamic—chord (fig. 8(a)). From ref-
erence 18, the pitching moment coefficient slope of the complete aircraft
about c/4 is -0.02 per degree. For the center of mass at the same loca-
tion and a moment of inertia in pitch of 20,000 pounds-feet per second?, an
~angular velocity of -9x10~" degrees per second (nose down) is reached at
the time the nose boom intersects the vortex. This value is highly depen-
dent on the assumed center of mass but is so small that any effects due
to rotation are negligible. The other approach taken assumed that the
only region of the aircraft acted ﬁpon by the vortex-induced upwash is
the nose of the aircraft, since the gradient in upwash is high near the
vortex and drops off rapidly (fig. 8(a)). Slender-body theory gives the
lift curve slope on an expanding body as 2, based on the maximum cross
.section area. Applying this concept to the Learjet with the assumption
that this 1ift acts 15 feet forward of <c/4, one computes an angular velo-
city of 0.5 degrees per second when the boom probe ehters the vortex core.
This value is also negligibly small in terms of either causing the aircraft
to miss the core during the vortex penetration or causing relative velo-

cities at the probe.

Effect of the Aircraft on Vortex Deformation and Stability

The penetration of the Learjet into the vortex wake of the T-33 has
one and possibly two effects on the vortices: deformation of the line
vortices and vortex bursting. No calculations of these phenomena were
considered justified because of their difficulty. However, some qualita-

tive observations can be made.
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In the casé of ahorizontal probe path normal to the vortices, the '
results of figure 6 indicate that there is insufficient disturbance ahead
of the Learjet to cause any vortex motion or deformation prior to the -
entry of the hot—Wire probe into the near vortex. Assuming that both
VOrtices still lie in a horizontal plane and measurements through both
vortices are possible during the passage of the'aircraft, the near vortex
will not be affected appreciably until the hot-wire probe is some 3 or 4
feet past the near vortex center. The near vortex will then deform to
‘pass over,'or possibly under, the aircraft in accordance with the pertur-
batioh velocity field induced by the aircraft. The deformed vortex will
in turn induce some deformation of the far vortex before the hot-wire
probe enters the far vortex. Since the vortex span is 29 feet, the near
vortex will be in the region of the wing trailing edge when the probe
enﬁeré the far vortex and will have been displaced about 3 feet vertically.
It is felt that this deformation should not cause a large effect on the
far vortex, and the chances for obtaining good data on the far vortex are

reasonably good.

Insofar as bursting is concérned, the tests in the 40- by 80-Foot
Wind Tunnel indicated that passage of the probe through the vortex caused
no observable oscillations or bursting of the vortex. The probe in that
case had a diameter of about half the core diameter, whereas in the flight
test case, the "probe" (the Learjet) is about four times the core diameter.
It is possible that the vortex deformation will set up disturbances which
would enhance the onset of the Crow instability after passage of the

aircraft.

For a coaxial probe in which the aircraft ascends or descends through
one vortex, the influence of the aircraft on the vortex at the hot-wire »
location is more difficult.to predict. Although the aircraft disturbance
at the hot-wire location is very small, it is possible'that the presence
of the fuselage downstream could cause a large disturbance in the vortex
which could‘propagate upstream to affect the flow at the hot-wire location.
We are not aware of any daﬁa which would shed any light on this problem.
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FLIGHT TEST PROBE PROCEDURE

The two methods of probing the vortex wake that are under conside-
ration are a horizontal traverse at“right angle to the vortex, as illus-

trated on the left below, and a vertical traverse down. (or up)

T-33 ' . Ny~

thfough the vortex as shown on the'right. In the first case the Learjet
: must'fly fastér than thé T-33 on the upwind legs so that when it turns to
cross the vortex wake, the intersection with the wake 0c¢uré at about the
 desiréd‘distanée aft of»the'T-33 on each pass. In the second case,:the:-
Learjet may fly at essentially a constant speed just over 300 feet per
second to keep the intersection point a given distance behind the T-33.
"The havigation problem is more difficult with the crossing technique.

It would appear that the crossing procedure is the more desirable of
the two for three reasons.‘ First, it appears from the controllability_
calculation previously described that it may be difficult to control the
attitude and trajectory of the Learjet if it has_£0'fly into the core
aligned with it because of the large'induced rolling moment. Secondly,

_ it is probably easier to obtain a core penetration'with'a'crossing tra-
jectory because ‘the vortex will appear relatively stationary to the pilot,
‘whereas with the aligned probe, the vortex will appear to move from éidev-_
to side beneath the aircraft due to standing waves in the vortex. Thirdly,
a crossing probe will provide some information on both vortices in one
pass, whereas #he aligned probe will provide information on -only one
vortex. These advantages would appear to 6utweigh-the disadvantages in
the crossing probe of the more difficult navigation problem and a greater
time between probes.. It is suggested, however, that some of the probes-

in the vortex breakup region be obtained with the aligned probe technique,
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or possrbly the Learjet be flow at a constant altltude in the breakup
'reglon, since this procedure would provide some qualltatlve pllot reactlon
. to the degree of turbulence in this reg;on as well as quantitative data.

The number of axial stations along_the wake where data are to be
.obtained'was discuSSed'in a previous section. It is suggested that suffi-
cient passes be made'at a giVen_nominal:distance'behind the T-33 to obtain
at least one core penetration and, better two penetrations for each dis-
tance;b The osc1lloscope records would prov1de indications of a core

penetratlon.
EFFECT OF CONDENSATION ON VORTEX CHARACTERISTICS

Condensation'trails (contrails)-haVe longfbeen'recognized as one of
the most vivid means of v1suallzlng trailing vortex wakes from aircraft at
hlgh altltudes. A con51derable amount of- research was conducted’ 1n the
"1950's and. earlv 1960's .on means of suppre551ng contrails (refs. 6 and 19,
for instance). This ‘work was concerned pr1nc1pally with  the physics of
condensatlon and subllmatlon rather than the fluid mechanlcs of vortlces,
and consequently has shed little llght on the lnfluence of condensatlon
on the structure and per51stence of vortex wakes. Recently,khowever,
Chevalier (ref. 5) reported on some low altitude flight wake-vortex experi-
ments in-which he_notedVon'days-of‘highihaze and/or moisture content.thatf“
vortex breakup occurred in about one-third the distance required -on clear
”days. ‘While no measurements were made of the meteorologlcal condltlons»
(temperature, humldlty, turbulence,~etc ),\the domlnant effect seemed to

be humldlty. At the present time there is no theory, or -even a quallta—‘

_ tlve model to explaln thls effect."

It is well known from Hilsch tube experlments that an energy sepa—
nratlon occurs 1n rotatlng flows. . The f1u1d in the center has a lower
'statlc préssure and total temperature than that in the outer flow,. 'Ifh '
-m01sture 1s present, the possible effects of- m015ture are a- condensatlon-
in the center of the vortex due to the drop in static temperature, a heat’
release due. to” condensatlon, transfer of momentun from the gas to the ..

11qu1d droplets, and a radlal flow of thls momentum in the liquid partlcles.w_

Some prellmlnary calculations ‘were made of these effects -in order to com- .-
pare the T—33 fllght condltlons w1th other fllght condltlons where . certaln :




observations have been made and to determine if some mechanism of insta-
bility could be found. Three cases were compared: the T-33 at 12,500
feet, a DCH-2 aircraft at 1,000 feet (Chevalier's experiment, ref. 5) and
a B-47 at 35,000 feet (experiments reported in ref. 6 demonstrating con-
trail lengths of up to 120 seconds). The pertinent conditions are listed
in Table III. These caiculations were made ignoring the heat and moisture
input from the jet engine exhaust (which was not present in Chevalier's
experiment) which is too difficult to include at the present time.

) An excellent summafy of the equations governing the flow in a vortex
is given in reference 20. In order to make the calculations tractable,
the form of these equations for negligible temperature variations and
compressibility effects and for zero fluctuations (laminar flow) was used
(egq. (3) of ref. 20). These equations would apply to the core but not

necessarily to the outer flow which is turbulent.

The radial static pressure gradient in the vortex is given by

ap _ V2 .
3F p T (11)
Expressions for the variation of the velocity with radius are given in ref-
erence 2. To minimize the computation time, the vortex was divided into

- three regions: a core with outer radius r;, a portion of the logarithmic

region from ry to r and a potential vortex outside of r,. Expres-

1’
sions for the velocity variation in these regions are available in ref-

erence 2, as follows

K r\?
0 <r < ri ' 1.47 (ET)

T~

r
ri < r < r, = 1 + 0.928 in (:) (12)

r
o -
< r < « = e
T v 2nr W,

Using these expressions, the static pressure difference between the vortex

center and the free stream can be calculated from equation (ll)._
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The static temperature distribution in the vortex was estimated using

the energy equation. This has the form (ref. 20)

(310 'an : 310) 2p
P e YU 5 vV 32 T3t T

oL ,
1 09 M (o) - ov ow _ 2
5'5;'[ﬁ;; r s + u(NPR r (v 5t + W o uv ] (13)

where I is the total enthalpy,

= l 2 2 2 -
I_ .= cpT + 5 (u '+ ve o+ we) (14)

o

e

In order to use this expression, the following assumptions were made:
(1) the flow is steady; i.e., 3/3t = 0 -
(2) the Prandtl number is one

(3) the terms involving u (the radial velocity) and é/az (axial
gradients) are small and can be neglected. ' '

These assumptions reduce equation (13) to the following

r =—=2-v?=0 ' (15).

* Again through the use of equation (12), the variation of total enthalpy
. through the vortex can be obtained. One interesting result of these cal-
_culations is that the variation in total enthalpy in the core region is
due entirely to the velocity variation, and the static temperature is

constant.

Condensation can occur within the vortex if the relative humidity of
the ambient air in which the vortex is formed is sufficiently high that
the drop in temperature in the vortex would tend to increase the relative

humidity above one. The absoclute humidity w 1is

m 1

w = = (16)
m, + m, 1+ (ba/pw)(Ma/Mw)
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where P, and_ P, fafe the partial pressures of air and.water vapor,
respectively, in the mixture. The absolute humidity at saturation is the
“value of W 'for P, = psat(T)’ Thus, if the ambient air 1s saturated at :
sat(T ) and T, is lower than T_, sat(Tl)_ w1ll be lower than sat(T )
and the difference represents the amount of water vapor which must be con-
“densed'When the (saturated) ambient ‘air is entrained in the core as the
~vortex is formed. Saturation pressures-at.low temperatures were obtained
from reference 15 and are reproduced in figure 9. Since the predicted
temperature differences between amblent and the core are small, the slopes
of the saturation pressure curve of figure 9 were used to calculate changes

in humidity at the nomlnal ‘temperatures of interest.

If condensation does occur within the vortex, heat is released and
tends to warm the air-water vapor mixture in the core. When the amount of
water vapor condensed per pound of mixture is known,lthe heat of evaporation S
oAand the specific heat of the gas mixture'can be used to calculate a tempe- v

rature rise in the core gas mixture.

If water vapor condenses in the core and is centrifuged outward due
to its higher density, the core suffers a loss in momentum. The amount of -
. the loss depends on the veloc1ty imparted to the condensed water. The v
‘water droplets w1ll assume tangentlaland axial velocities equal (essen—

: tlally) to the values of the air at the p01nt where the vapor condenses.

. If the centrifugal separatlon occurs slowly enough, the droplets will
assume the local tangential velocity as they move outWard.' Assuming this
to be the case, the angular. momentum per unlt mass of core flow assumed
hby the droplets is the product of their mass per mass of core flow and
'“vl. One can compute the total angular momentum of the air in the core per

mass of ‘air ‘in the core as

1’.‘1 .

f puv dr
=2 , S (17)
1

core ang. mom.
core mass

pu dr

OLﬁH

For purpose of making this'calculation{ u was considered constant_within

r,. . The ratio of the droplet momentum to the core momentum can then be

obtained. Using equations (12) for the velocity distribution in the core
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and logarithmic region out to r , one obtains for the momentum ratio

1.53 times the mass of vapor condensed per mass of core mixture.

The results of the calculations described above are shown in Table IV
for the three conditions noted previously. The DCH-2 has a low wing
. loading compared to the other two aircraft and therefore a low vortex
strength (Table III). Even though the ambient pressure and temperature
are highest for this case because of the low altitude, the low vortex
strength causes only small changes in pressure and temperature between the
vortex center and ambient. As a result, the various calculated effects of

condensation are very small compared to the other two cases.

The B-47E has the highest vortex strength and therefore the greatest

relative influence on condensation in the core. However, there is an
order of magnitude less water vapor in the saturated condition at 35,000
feet than at 12,500 feet. Consequently, the absolute magnitude of the
condensation effects is smaller than for the T-33 case. It is of interest
to note that Pilié (ref. 19) gives a lower limit of water droplet concen-
tration for contrail visibility of 10”° pounds per pound. While this
figure may be applicable only under ideal conditions and therefore some-
- what low, the three cases show condensed water concentrations of this order.

-Pinally, it should be noted that in the B-47E case, the ambient water vapor
level is so low that the water content in the jet engine exhaust, which
was neglected in these calculations, ié going to have a very large effect

on condensation in the wake vortex system.

These calculated results are not conclusive. In the DCH-2 case where
Chevalier (ref. 5) observed a much earlier vbrtex dissipation in moist
conditions (20 seconds) than in dry conditions (1 to 2 minutes) and where
the engine (a piston engine) has little moisture input to the vortex wake,
the calculated effects of condensation are so small that no obvious
mechanism of dissipation is apparent. In the B-47E case where sufficient.
condensation has been observed to occur to cause the wake to be visible
for up to 15 miles or so, condensation does not appear to be a dominant
factor in vortex dissipation. Since Chevalier did not make any measure-
ments of either the ambient atmospheric conditions or the vortex wake,
it is not possible to determine the precise mechanism acting on his
vortices under his "early morning fog or haze" condition which caused early
dissipation. It is felt, however, that the T-33 case will be more like
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the B-47E case than Chevalier's case for several reasons:

° The,tests to_be performed with the T-33 will be made under
conditions of good visibility (i.e., low humidity) for safety'
purposes and for purposes of locating the wake so the Learjet

can effect wake penetrations.

® The work reported in reference 6 discussed contrail lengths
behind T-33 aircraft of up to 20,000 feet, although the altitude
and'aﬁmospheric conditions are not described. 'This work also
does not note any distinctive differences between the T-33 con-
trails and the contrails of the other aircraft examined (F-86,
F-100, B-47, B-52). | | '

e The 12,500ffoot altitude is sufficiently differént thah the 1(000?
foot altitude of Chevalier's tests that the local environment is .
not dominated by effects of ground heat transfer, airborne paf-
ticles, inversion layers, ground-generated pollutants, fog, and
the like. | ' ‘ |

Consequently, it is felt that early dissipation of the sort noted by.
Chevalier is not likely to occur with the T=33 tests. o

One interesting possibility is suggested by Chevalier's tests. 1If
~ there is an unknown dissipative mechanism present as Chevalier's tests
suggest, it would be most important to define that mechanism for possible
consideration as an aircraft-borne dissipator device. ARC might| consider
the possibility of performing lower altitude tests both in clearlweather
and in high humidity conditions (providing acceptable visibility and safety
_conditions) over Moffett Field where some atmospheric measuremeﬁts can be
made either by radiosonde or the Learjet instruments to aftempt to dupli-

cate Chevalier's results. -

1

VORTEX VELOCITY DATA REDUCTION

: .The Learjet will pass through the T-33 wake vortex system and obtain
a record of the voltage outputs of the three wires of the probe along some
path travérsed by the probe. This section is concerned with the manner in
which this data is analyzed to obtain information on the vortex characte-
ristics. It is assumed that a horizontal traverse at righﬁ angles to the.
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wake will be made. Thus, the path of the probe will be a straight or
curved. line lying in a plane essentially normal to the vortex filament
r(denoted the crossflow plane). Further, it is assumed that some prior
operation on the data will be done to convert the ‘hot-wire voltages to
velocities, to transform the three velocity components into a system having
axes parallel to the pr1nc1pal axes of the probe aircraft, and to ‘remove
the velocity components at the hot wire due to aircraft motion. The re-
'sultlng data will be velocity components normal to and coaxial with the
path line followed by the aircraft in the crossflow planevend a third
component normal to the crossflow plene (along the vortex_axis). Finally,
: it is assumed that time on the.magnetic tape record and the aircraft velo-
city components can be related such that two coordinates of the.peth'of
" the hot-wire probe through the vortex system in an arbitrary coordinate
system in the crossflow plane can be established. Thus, the ﬁelocity
components at any point along this path line can be obtained from the data.

The first part of‘this section contains a discussion of the types of
vortex penetrations that can be achieved and the. reconstruction of-the
Vortex‘velocity system from the measured velocity components along the
» probe path The second part then deals w1th the description and use of a
.computer program associated with the veloc1ty reconstructlon procedure.
Only the two yeloc1ty components in the crossflow plane are considered. in

the following discussion.

Methods for Reconstruction of the Vortex Characteristics

Penetration of a vortex in a crossfiow_plane can be categorized‘as'

-~ follows.: When the probe flight path passes closer to.thehvortex.center
than its core radius,t(rl), a core penetration is said to result. A pass
-that misses the vortex center by more than the core radius is called a
noncore penetration. 1In either case, the component of the vortex-induced
perturbation velocity normal to the probe flight path, Vﬁ, will exhibit a
well-defined maximum and minimum. If a wing-tip vortex has circular, con-
centric streamlines with negligible radial veloc¢ity, and if there are:small
influences from the opposite tip vortex,‘the peaks,should be equal and

opposite as shown in the sketch below.
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Downwash induced by the opposite vortex would tend to shift the profile in
the vertical direction so that asymmetry results. It should be noted that
in the absence of any motion of the vortex center in the crossflow plane
during the probe time, the component of the perturbation velocity along
the probe flight path, Vs’ should not change sign during the penetration.

The resultant perturbation velocity is obtained from a vector addition
of the components along and normal to the probe flight path. By erecting
normals to the resultant velocity vectors, the vortex center can be
located as shown in the sketch below.
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From a knowledge of the vortex center and the resultant velQCitiés, a curve
-of the variation of tangential velocity Vt with radius can be determined.

In fact, the tangential  velocities Ve are the resultant velocities Vr.'

The two types of vortex penetratioﬁ can now be distinguished. For

~ the caSe:Qf~a core penetration, the results will assume the appéarance of |
the curve shown below; 'In this sketch the tahgential velocity is plotted

versus radius. Positivervalues_qf Vt have an upward component, and o
negative values-a downward component. No data points occur for values of

- the radius less than that for closest approach. to the center. One sees’

well-defined maximdm and minimum peaks in the tangential velocity variatién.
- The radial location where these occur is termed .r, . The radius of closest
approaCh must be less than r, :for a core penetration-td‘occur and for a

well-defined maximum t6 occur.

vV, =V
- R . Max . ot r
Data points '
vortex \ | S9Fe,
center Y
r)y—*=

Radial distance - , . v
. o— COre ——en

Min

The peaks in the vortex tangential velocity Vt must be clearly indicated
before .the core size can be estimated. In other words, some data points

must exist on either side of the maximum and the minimum.

If‘the probe does not entgf the core, the same form of resultant
velocity and vortex center determinatioh‘may be used to cénstruct a‘curve
of tahgential velocity versus radius.'However,.thisbcurve will not show
the well-defined maximum and minimum velocities, as shown below, since

‘data will not be available at or within the core radius. -
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" The methodAfor performing the analysis just described is as follows.
The axis system in the crossflow plane is shown in figure 10, tdgether
with the'positiVe sense of the normal and coaxial velocity components; Vn'-
and Vs‘ The origin and the direction of the positive sense of the 2,Y
coordinate system are somewhat arbitrary, in accordance with the following
considerations. Figure 10 shows a lgft-to—right traverse, looking along
the .vortex toWards the generating aircraft. The codrdinate system shows..
.-Z’ generally down and Y .tQ the right. It is sﬁggested'that an origin’
of ‘this coordinaté system be fixed for each set of data from a pass through
the_wake;"Thé location of the origin is completely arbitrary and serves
* only té‘perﬁit assignment of two length coodinhates to the data taken at
every instant of time during passage through the wake by>means of the air?
craft adcelerometer data. The 2 and Y axes do ndt have - to be truly
'verticalAand'horizontal but only approximately so. However, the general
arrangement of Z down and Y to the right should be maintained for all
basses, whether right-to-left or left-to-right, in order to provide con-

sistent signs and senses of rotation of the vortices in the data reduction.

_Pertinent angles necessary for thé determination of the slopes of the
ndrmals to the resultant velocity vectors V. at fie1d points,(Z,Y) are
dlso shown in figure 10. Two such lines_emanating from points’(Zi,Yi) and
"Zj'Yj) are seen to inte;sect at point (Zij,Yi.). The expressionsvfor the .

: J
intersection point coordinates are given by
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Yig = - m2i<zi - .Zij) +y, .

J

‘ The' slope of line i is given by mg, -and the slope of line . j: is glven
by mzj. These slopes are determined from the follow1ng expres51ons.
tan 0, . e, =a, + 0

m
2y Ay R T R |

. | | » | v N
tan"} (%) S o, tan~! (V—s'>

“and (AY/AZ) is the slope of the flight path at the ‘i th.point,.obtained j'
- from the coordlnates of points along the path adjacent to the i th p01nt

(19

D
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If there are N data points given along a probe fllght path, the-
number of unique intersection pbints is-equal to 1/2 N(N-1). Ideally, ‘all-
intersection points should eoinCide. In actuality, a collection of peints'
is generated and after exclusiOn of those points that are obviously in
'error, a su1table averaging scheme can be called upon to generate the.
apparent vortex center from the set of (2, .,Ylj) coordlnate palrs. In
the ideal case, lines drawn from the apparent vortex. center to the field
points where the resultant velocity vectors are constructed will be normal
to those vectors. 1In practlce, these lines will be near normal to the
velocity vectors and their lengths are approx1mate1y equal to the radial

‘distances from the vortex center to ‘the tangential velocity vectors.’

‘ The magnitude of the total circulation Té of the vortex can be
determined from a. potential vortex model using the vortex tangential
velocities and the radial distances from the apparent vertex'center. The
:appreach followed here makes use Of.the following assumptions: '

(1) The vortex can be characterlzed by c1rcu1ar, concentric stream-
lines in the crossflow plane. _

(2) The radial velocity in the crossflow plane is negligible.

(3) The downwash effect ‘from the opposite vortex is small.

(4) The vortex center does not move appreciably during the duratlon
of the traverse. -
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These éssumptions appear reasonable based on the following considerations.
The small "intersection areas" obtained from the vortex center analysis of
the wind-tunnel hot-wire data indicate that any radial velocities that do
exist are small compared to the tangential velocities. Visual observations
of the vortex size indicated no change in core diameter within 100 chords
of the wing, which also indicates small radial velocities. Since the velo-
city induced by one vortex of the pair at the other is only 5 percent of
the maximum tangential velocity of that other vortex, the noncircularity of
this effect should be small in determining vortex centers and circulations.
This effect can be included later if it is found to be significant. Finally,
the time to traverse the vortex is less than 0.0l second so that the vortex

displacement in this time increment should be negligible.

Since the potential vortex velocity distribution joins the inner
"velocity model at a radius (ro) about 2.5 times the core radius (fig. 2),
the following expression can be used for the calculation of a set of
circulation values for those points having radii greater than 2.5 r,

r = ZﬂriV (20)

oi ti

The average over the set of Fdi's yields a value for the total circula-
tion or vortex strength FO}

Trailing Vortex Crossflow Program

The purpose of this section is to describe the program which reduces
the trailing vortex velocity data taken in some crossflow plane to a tabu-
lation of vortex tangential velocities as é function of radial distance
~ from the apparent vortex center. The program also computes an average
total circulation associated with the vortex in the crossflow plane.

Fundamentally, the program is based on the assumption that the vortex
possesses circular, concentric streamlines with negligible radial velocity.
The effects of the opposite tip vortex and vortex center motion are not

accounted for.

In the following, the prodgram and its input and output will be
described in detail. At the end of this section, a sample case illus-
trates how the program handles a segment of data recently taken in the
40- by 80-Foot Wind Tunnel at the Amés Research Center.
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-Calculation procedure.- The computer program proceeds through various
Stages\as follows. After run identification and input of certain variables,
a. set of field point coordinatesvand vortex perturbation velocity compo-

" nents coaxial and normal to the probe flight path in the crossflow plane
are read in for one vortex traverse. The maximum and minimum values>of

the normal component and the corresponding field point coordinates are
~determined from the set of supplied data for later use. The program prints
all of the input data and prints the peak values of the normal componént

velocity encountered during the traverse under consideration.

_ The program proceeds to compute resultant veloc1t1es (V ) at all the
input data points using the coaxial and normal velocity components._ since
the induced velocities'become very small at large distances from the vortex
and can cause large errors in‘calculating_the apparent vortex center,
velbcities smaller than a "cutoff" velocity are dropped. .The cutoff
velocity is calculated from input quantltles. The remaining data set
.con51sts of the first point along the path where the velocity becomes
greater than the cutoff velocity, all data points thereafter along the
probe path through the vortex untrl that point where the veloc1ty has
dropped off again to the cutoff value. ‘If any of the data points w1th1n
~ this band have 1dent1cally zero velocity components (for example, if the -
data p01nt is judged bad and the velocity components set equal to zero),
the program will treat the.velocrty components as zero and continue to

Y

process that point.

After printing the field point coordinates within-the range defined .
by the first and last velocities greater than the cutoff, the program
| determines the set of coordinates of -the points of intersection of lines
normal to the resultant. velocity vectors. Resultant.Velocity vectors with
magnltudes 1dentlcally equal to zero are excluded from this calculatlon.
Intersection points with Y coordinates outside of the range spanned-by
the field points where the previously calculated peaks in normal velocity
component occur are also excluded from further processing.q The apparent
vortex center is then computed from the subset of remaining intersection

points by means of an averaging procedure.

Upon completion of the determination of the coordinates of the -
apparent vortex center, the program continues with the calculation of the
distances from the center to the location of the field points. Next ;
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these radial distances are tabulated in the output together with the
corresponding resultant velocities. These velocities are in fact the
vortex tangential velocities. The program then searches for the maximum
and minimum velocity values and the corresponding radial distances. A
check for core or noncore penetration follows. This is done by checking
on the sense of the direction of the vortex tangential velocity at the
field point immediately adjacent to the maximum or minimum peak towards

the vortex center.

Lastly, the program computes an average value for the total circu-
lation from the set of circulation values obtained from equation: (20)
applied to all the tabulated vortex tangential velocities and corresponding

radii. The program is arranged to handle cases consecutively.

Program operation.- The trailing vortex crossflow program is written

in Fortran IV language and has been run on the IBM 360/67 TSS batch system
at Ames Research Center. With this machine, 500 data points can be pro-
cessed although this number is not necessarily a maximum. If the program
is to be run on a different computer with smaller storage, dimension state-
ments need to be changed to permit operation on that machine.

No tapes are required other than the standard input and output. The
running time on the TSS batch system required to process about 300 data
points is approximately 1.5 minutes,

Program limitations and precautions.- Some care must be taken in

specifying the variable FACTOR in the input. This positive variable multi-
plied with the specified nominal value of the axial‘velocity UAX serves in
the program as a lower bound, VMIN, for the magnitudes of the first and
last resultant velocities in the crossflow planes treated by the program.
When this lower bound is too low, the number of admissible vortex tangen-
tial velocities becomes unduly large in its relation to the points of

intersection (Zi ’Yij) determined by the program. The program is dimen-

sioned to handleja set of 100 vortex tangential velocities with the first
and last magnitudes larger than VMIN. If more than 100 are treated, the
program will be stopped and the following message appears in the output:
"DIMENSION OF INTERSECTION POINT COORDINATES NOT SUFFICIENT". An increase
in the input variables FACTOR or UAX will raise the lower bound (cutoff)

value, VMIN, and alleviate the problem. Alternatively, the array size of
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the variablest zc(z J) .and YC(Yii) :in the dimension‘statement can be
enlarged if the storage capacity of the computer is large enough.

The program writes out the coordinates of all'intersection points as
“an option.  This output can be time and paper consuming if the number of
'adﬁitted vortex tangential velocities is large. It is recommended that

the program be run with a given set of data first without the optiOnal-
‘output. If the value for the total number of computed intersection points
specified in the outputvis léss than 200, the program can be rerun with the
inclusion of the optional output'if so'desired.

Description-of'input.- This section describes the input for the

trailing'vortex crossflow program. In the following discussion, ‘the

‘ content of all 1nput cards is descrlbed and, where approprlate, 1nstruc4
tions on generating the input quantltles'are‘glven.' All 1nput variables
are summarized at the -end of this section in the order of appearance in
the 1nput deck. The input format for all cards is shown -in flgure 11;
the item numbers refer to flgure 11.

‘The'TSS 360 computer system at Ames Research Center offers an alter-
nate'way for reading in the set of field point coordinates with the two
‘vortex perturbation veloc1ty components., These data can be generated and -
.stored in a data set. The trailing vortex crossflow program can be modl— .
-fied to read from a data set with a minimum of- alterations. _ThlS method 4

'is advantageous when large amounts of data are generated.

-Item 1: The first card serves -as 1dent1f1cat10n ‘and may contaln any -
: alphameric information requlred.l Thls 1nformatlon is printed on the flrst

page of the output

Item 2: The second card contains an ax1al ve1001ty UAX and the ax1al
locatlon of the crossflow plane under con51deratlon. The axial velocity
can be tunnel veloc1ty for wind-tunnel data or the speed of the vortex
,‘generatlng aircraft for fllghtldata. This quantlty is used only to cal-
culate the cutoff velocity VMIN. In addlt;on, this card specifies the
fraction FACTOR of the‘axial uelocity used to calculate,the'cutoff-velo—
ccity, the_total number of data points supplied (500 maximum) and a vari-
,able<controlling the optional output of the'intersection point coordinates.
As was noted above in the discussion concerning~pr0gram limitations and
precautions, the fraction specification multiplied by the,nominal axial
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velocity generates the lower bound or cutoff value, VMIN, for the magni-
tudes of the first and last resultant velocities to be processed by the

program.

The choice of the quantity FACTOR (and therefore VMIN) is motivated
by the desired number of data points to be included in the analysis and
perhaps by the signal-to-noise ratio. As a rule, VMIN must be high enough
so that the number of admitted data points does not exceed 100. At the
same time, VMIN must be low enough to allow enough data points for an
accurate construction of the vortex-induced flow field in the crossflow
plane. In addition, if the signal-to-noise ratio is high, one might want
to use a value for VMIN a certain amount above the velocity corresponding
to the noise voltage level to improve the accuracy of the calculation. For
the 40- by 80~Foot Wind Tunnel tests, FACTOR was found to lie in the range
of 0.20 to 0.30. The tunnel velocity UAX was 90 feet per second so that
VMIN ranged from 18 to 27 feet per second. Variable IZCYC controls

optional output of intersection point coordinates.

Item 3: This set of cards contains the field point coordinates and
the perturbation velocity components induced at those points by the vortex
in the crossflow plane. Each card contains a sequence number, the 2Z and
Y coordinates and the velocity components coaxial and normal to the probe
flight path. The sequential order of this input data must be the same as
the order in which the experimental data was obtained. The coordinate
system and the positive sense of the-velocity components are shown in
figure 10. .It should be noted that any contribution to these velocity
components by mechanisms other fhan the vortex should be excluded. The
total number of cards is NFLDP (NFLDP < 500, Item 2).

A éample input deck is shown in figure 12. This data is part of a
traverse performed through a vdrtex in the 40- by 80-Foot Wind Tunnel and
serves as input to the sample case described below. In this input, the
variable IZCYC is specified to be 1; consequently, the output will include

s

the coordinates of all intersection points.
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Program. Algebraic Symbol

Variable . (if applicable)

Item 1

Item 2
UAX
XSTAT
FACTOR
NFLDP

IZCYC

Item 3

IN, "~ 1,2,...NFLDP,

- ZFP (IF), Z(1),2(2),...2(NFLDP),
YFP (IF), Y(1l),¥(2),...Y(NFLDP),
VTANFP (IF), Vg(1l),Vg(2),...V,(NFLEDP),
-V, (1), Vv, (2), ...V, {NFLDP)

VNORFP (IF)

Comment

Any alphameric information may

" be put on this card for identi-

fication of the calculation.

Nominal axial velocity (tunnel
speed); positive; feet per
second -

Axial location of crossflow plane
where data is obtained; feet

Arbitrary positive fraction of
‘UAXf NOTE: FACTOR X UAX = VMIN -

Total number of'suppiied data

points; 1 < NFLDP < 500

IZCYC = 0: coordinates of inter-
section points not in output :
IZCYC = 1: coordinates of inter-
section points in output

Data point coordinates, velocity"

- components along and normal to

the probe flight path, see fi- '
gure 8 for coordinate system;
feet, feet per second.

1l < IF < NFLDP. This input.
requires NFLDP cards.

Description of output.- This section describes the output from the

‘trailing vortex crossflow program.

In the following, all items of output

are enumerated and the contents briefly described. Sample output is shown

in figure 13.

The first pages identify the run and contain all the input data in

connection with the probe traverse in the crossflow plane. The peaks in

the normal component velocity and the associated field point coordinates

.determined by the program are also specified in this part of the output.

In the ideal case, the peak values should be eqﬁél.and opposite.
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The next item, printed on a new page, specifies the lower bound or
cutoff value VMIN for the magnitudes of the first and last resultant
velocity vectors of the set to be treated further by the program. This
is followed by a tabulation of the resultant velocities and coordinates
starting with the first velocity magnitude larger than the cutoff value,
then proceeding along the path through the vortex until the last velocity
magnitude larger than VMIN. The first column is the index IF associated
with the supplied data; the second column IW is another running index which
starts with the value one. Index IW enumerates the set of field points’
with the first and the last having resultant velocity magnitudes larger
than VMIN, Some of the resultant velocity magnitudes within this band may
be less than VMIN. The last three columnslrepresent angles necessary for
the geometric combination of lines normal to the resultant velocity vector.
.In addition, the first and last field points of the set of admitted resul:
tant velocities or vortex tangential velocities are also printed on this
page.

Optional output of coordinates appears on the next page. These coordi-
nates locate the points of intersection of the lines erected normal to the
resultant velocity vectors at the field points., This output can be lengthy
and is therefore made optional through the control variable IZCYC in Item 2
of the input. The first two columns are indices of the supplied data
points, the second two columns are indices associated with the admissible
resultant velocity vectors. The last two columns indicate the coordinates
of the intersection of the two normals identified by the indices.

On the next page, the total number of intersection points determined
by the program is listed together with the number of admissible inter-
section points. These are points with Y coordinates falling in the range
of Y spanned by the peaks of the normal components of the vortex-induced

-velocities as identified at the end of the first pages of output. The
coordinates of the apparent vortex center are also printed as the average
values of the Z and Y coordinates of the subset of admitted inter-

section points.

The item of thé output which appears on the next page is a tabulation
of vortex tangential velocities (resultant velocities) and the distance
from the apparent vortex center to the associated field points. This page
also lists a statement concerning a check on core or noncore penetration

of the traverse under consideration.
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- The maximum and_minimum values,of'the vortex tangential velocitiee
and the associated radii are printed on the next page. This information_'
 ie printed for both core and noncore type penetrations. In either case,
the peak values should be equal and opposite and the two radii equal for
the ideal case of a single Vortewiith concentric, circular streamlines.

-~ If the traverse resulted in a core penetration, the average of the peak
"magnitudes equals the maximum vortex tangential velocity v, and the-
average of the two radii is r,. A tabulation follows of vortex strengths
computed according to potentlal flow theory from the vortex tangential

-velocities and the radii. Only those velocities at radii 1arger_than

. 2.50 times the radius (rl) where the peaks in velocity occur. are included
in the vortex strength computation. The last item of output is the everage

vortex strength or circulation determined from the tabulated values. .

Program listing.- The trailing vortex crossflow program is wrltten

in Fortran IV language for the IBM 360/67 computer. The program consists’
of a main program without subroutlnes.
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PROGRAM TVCRS(INPUT,OUTPUT,TAPES=INPUT,TAPE6=DUTPUT)
PROGRAM TVCRS

THIS PROGRAM COMPUTES THE STRUCTURE OF A TURBULENT VORTEX IN THE
CROSSFLOW PLANE FROM EXPERIMENTAL FLOW FIELD DATA IN THE CROSSFLOW

PLANE
Y-AX1S TO THE RIGHT WHEN FACING FORWARD, Z-AXIS OONWN

DIMENSION YFP(S00),2FP{(500),VTANFP(500),VNORFP(500),TALK(20),
1VRSLT(500),SLOPEL(500)VVRTAN(500)
DIMENSION 21C{100,100),YC(100,100},RAD{100)

1 FORMAT (20A4)

2 FORMAT (1H1,20A4//)

3 FORMAT (3F10.5,215)

4 FORMAT (///1X,14,1X,STHFIELD POINTS ARE SPECIFIED IN THE CROSS FLD
1W PLANE AT X= ,F10.5,1X,6H FT. / 4X,25HNOMINAL AXIAL VELOCITY IS,
24X 3F10.5,1X 4 6HFT/SEC///)

5 FORMAT (///1X, BBHTHIS ANALYSIS IS CONCERNED WITH RESULTANT VELOCI
1TIES IN THE CROSS FLOW PLANE LARGER THAN,3X,F10.5,1X, 9HTIMES THE,
2/1X,14HAXIAL VELOCITY/Z/)

6 FORMAT (15,4F10.5)

7 FORMAT (///1X, 84HIN THIS VORTEX PENETRATION,THE PERTURBATION VELOD
1CITY NORMAL TO THE PROBE FLIGHT PATH/1X,13HHAS A MAXIMUM,5X,F10.5,
21X o 6HFT/SEC 42Xy 2HAT 92X 9 2HZ= 95X F10.5,1Xy6H FT. /42x.2uv=.5x.r10.5
3,1X,6H FT. /1X,13HAND A MINIMUM,S5X,F10.5,1X 6HFT/SEC,2X02HAT,2X,
3 : . ' 2HI=
4,5X,F10.5,1X,6H FT, /42X,2HY=,5X,F10.5,1X,6H FT. ///)

8 FORMAT (///1X,7X,20HCOORDINATES IN CROSS,13X,34HCROSS FLOW PERTURB
1ATION VELOCITIES/12X,13HFLOW PLANE,FT,19X,22HFROM EXPERIMENT ,FT/SE
2C//4Xy2HIF,3X,

2 1HZ,14X,1HY, 17X, 7THCOAX IAL » 13X, 6HNORMAL /)

9 FORMAT (15,F10.5,5X,F10.5,10%X,F10.5,10X,F10.5)

10 FORMAT (1H1,62HRESULTANT VELOCITIES WITH THE FIRST AND LAST LARGER
1 THAN van=.

1 ' 2X,F10.5,
11X, SLHFT/SEC AT THE INDICATED FIELD POINY COORDINATES AND/ 1X,
1 46HSL

20PES OF LINES MORMAL TO THE VELOCITY VECTORS//3X42HIF,BX,2HIW,8X,
31HZ,15X,1HY, 4X,

319HRESULT. VEL.,FT/SEC, .

3 2Xy11HTHETAS,DEG. y4X,11HTHE TAL , DE
46G.4Xy6HSLOPEL/) '

11 FORMAT (1Xy14,6X,14, 5X.F10 S15XsF10.5+45XsF10.5,5XsF10.5,5X+F120.5,
15X4F10+5)

12 FORHAT (//71X,50HTHIS FLOHFIELD ACCOUNT STARTS AT DATA POINT NUMBER
106X,3HIF=,I5/1X,52HWITH FIELD POINT COORDINATES IN THE CR3ISS FLOW
2PLANE,5X92HZ=,F10.5,2X96H FT. /58X,2HY=4F10.5,2Xy6H FT. /1X,564HT
3HE LAST DATA POINT NUMBER INCLUDED IN THIS ACCOUNT 15,2X,3HIF=,15,
4/1X,52HWITH FIELD POINT COORDINATES IN THE CROSS FLOW PLANE,5X,
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52H1=,F10.5,2X, 6H FT. /58!.2HY=;F10 5:2X,6H FT. //)
13 FORMAT (1H1,

1 3X+100HCODRDINATES 'OF THE POINTS OF INTERSECTIDN OFf THE
-ILINES CONSTRUCTED. AT POINTS (ZFP,YFP) NORMAL TO THE/
1 10X,42HRESULTANT VELD

2CITY VECTORS AT THOSE PDINTS//9X,2HXL 8X,2HJL,8X.2HIH 8X y2HJW, 13X,y .
36HZIC FT.49Xy6HYC ,FT./)

14 FORMAT (9X,I13,7X,13,7X,13,7X,13,8X,E12,.5,5X,E12.5)

15 FORMAT(1H1,4X,44HTOTAL NUMBER OF COMPUTED INTERSECTION PDINTS:ZéX-
"~ 115/5X,40HNUMBER OF ADMISSABLE INTERSECTION POINTS,30X,15/5X,54HAVE
. 2RAGE .Z CODRDINATE OF ADMISSABLE INTERSECTION POINTS,6X,Fl0. 5'1Xy3H
3FT./5X»54HAVERAGE Y COORDINATE OF ADHISSABLE INTERSECTION POINTS,
4 6X yF10.5,1X43HFT.///)

‘16 FORMAT (lHl.SX.38HVDRTEX TANGENTIAL VELDCITIES AND RADII//9X,2H!V.

. 110X,10HRADIUS,FT.,SXs2THTANGENTIAL VELOCITY, FY/SEC./)

17 FORMAT (8X,13,9%,F10.5,15X,F10.5)

18 FORMAT (///5X,33HVORTEX STRENGTH,GAMMAO,FT#¢2/SEC. //9XoZHlV’10Xo
110HRADIUS,FT.95X27HTANGENT IAL VELDC[TY.FTISEC.o7X.16HGAHNAO FT%02
- 2/SECY/) - : .

19 FORMAT (8X,13,9X,F10.5,15X,F10.5,15X,F10.5)

20 FORMAT (1H1,53HIN THIS VORTEX ACCOUNT,THE VORTEX TANGENTIAL VELOCI
1TY /1X,13HHAS ONE PEAK ,5X,F10. S:IXprFTISECoZX.2HAT.2X.4HRAD=.F1
20.592X¢y3HFT./1X,13HAND ANOTHER nSXpFlO.SvIX.&HFTISEC,ZX-ZHAT.ZX'Q

~ 2HRAD=,F10.592X43HFT.///)

21 FORMAT (///5X,35HAVERAGE CIRCULATION IN QUTER REGION,5X,F10.5,1X,
19HFT#22/SEC//)

22 FORMAT (///1X,44HTHIS TRAVERSE RESULTED IN A CDRE PENETRATION/II) ,

23 FORMAT (///1X,48HTHIS TRAVERSE RESULTED IN A NDN‘CDRE PENETRATIONI
1/7)

24 FORMAT - (lHl,SX.59HDIMENSlDN OF INTERSECTIDN POINTS CODRDINATES NDT'

1 SUFFICIENT///)

' 25 FORMAT (//IlX,3lHABUVE TABULATION WAS STOPPED AT ZX 3HIF-.151//)

1000 READ (5,1) TALK

N aXaNaloN Vol Vo)

laalaNaRalal

WRITE (6,2) TALK

- SPECIFY AXJAL FLOW VELOCITY UAX, AXIAL LOCATION, XSTAT. NUMBER DF'
FIELD PDlNTS NFLDP .
FACTOR IS AN ARBITRARY FRACTIUN OF UAX AND
IS DETERMINED BY THE SIGNAL NODISE LEVEL
"IZCYC=0, INTERSECTION POINTS NOT IN OUTPUT
1ZCYC=1, INTERSECTION POINTS IN-DUTPUT

READ (5;3) UAX, XSTAT, FACTDR'NFLDP rzeve
VHIN=(FACTOR)°UAX

SPECIFY CUDRDINATES (ZFP.YFP) afF THE FIELD POINTS AND THE PERTUR-
BATION VELOCITIES TANGENTIAL AND NORMAL TO THE PROBE FLIGHT PATH
IN THE CROSS FLOW PLANE, VTANFP AND VNORFP, FT AND FT/SEC
VELOCITIES PDSITIVE HHEN COMPONENTS ALONG Z AND Y AXIS ARE PDSITIVE

00 102 IF=1,NFLDP
102 READ (5.6) IN,ZFP(IF), YFP(IF).VTANFP(!F).VNDRFP(lF)
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WRIYE (6,4) NFLDP,XSTAT,VUAX
WRI1TE (6,5) FACTOR

VRORMX=-1.0E-10

VNORMN= 1.0E+10

DO 131 IF=1,NFLDP

VNORMX= AMAX1{VNORMX,VNDRFP(IF))
131 VNORMN= AMINI(VNORMN,VNORFP(IF))

WRITE (6,8)
DO 103 IF=1,NFLDP
103 WRITE (6,9) IF,ZFP(IF) YFP{IF) ,VTANFP(1F),VNORFP(IF)

LOCATE CODRDINATES OF DATA POINTS WHERE MAXIMUM AND MINIMUM NORMAL
PERTURBATION VELOCITIES OCCUR

DO 107 1F=1,NFLDP

DIFFMX=VNORMX~VNORFP{IF)

DIFFMN=VNORFP (1F)~-VNORMN

IF {(DIFFMX.LT.1.0E-07) IFMAX=IF

IF (DIFFMN.LT.1.0E-07) IFMIN=IF f

107 CONTINUE

WRITE (6,7) VNORMX,ZFP(IFMAX),YFP(IFMAX),VNORMN,ZFP (IFMIN),YFP
1(IFKIN)

DIFFY=YFP(I1FMAX)-YFP{IFMIN)

COMPUTE RESULTANT VELOCITIES AT POINTS (ZFP,YFP) IN THE CROSSFLDW
PLANE AT X=XSTATION. IF MAGNITUDE IS LARGER THAN VMIN, CALCULATE
SLOPE OF THE NORMAL TO THE RESULTANT VELOCITY VECTGR AND PRINT
THEM AS A SUBSET OF THE SUPPLIED DATA.

WRITE (6,10) VMIN

IFIRST=0

IWN=0 .

DO 100 IF=1,NFLDP : .

VRSLT(IF)=SQRT(VTANFP(IF)so02+VNORFP(IF)2e2)

IF (IFIRST.EQ.O0.AND.VRSLT(IF).GT.VMIN) GD T0 104

IF (IFIRST.GT.O.AND.VRSLT(IF).LT.1.0E-07) GO TO 941
" IF (IFIRST.GT.0.AND.
1 IFRAX GT JIFMINANDCIFoGT IFMIN-ANDIF.LT.IFMAX.AND.VRSLT(IF)}.
ILT.VMIN) GO TO 941

IF (IFIRST.GT.0.AND.
1 IFRIN.GT JIFMAX AND . IF.GT . IFMAX .AND . IF. LT, IFMIN.AND.VRSLT(IF).
ILT.VMIN) GO 7O 941

IF (IFIRSTGT.O0AND . IFMIN.GT . IFMAX.AND . IF.GT,IFMIN.AND.VRSLT(IF).
1LT.VAIN} GO TO 942

IF (IFIRST.GT.0.AND . IFMAX.GT.IFMIN.AND.IF.GT .1 FMAX .AND.VRSLT(IF).
1LT.VHIN) GO TO 942

IF (IFIRST.GT.0) GO 7O 101

60 T0 100

104 IFIRST=IF
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OO0

‘941

101

60 10O 101

VRSLT(IF)=0.0

INzTW+1 o

"1F (VNORFP{IF).GT.0. 0) VVRTAN(IU)=VRSLT(IF)'
IF (VNORFP(IF).LT.0.0) VVRTAN(IH)=-VRSLT(IF)
IFP1=1F+] -
DELTAY=YFP(IFP1)-YFP(IF)
DELTAZ=ZFP(IFP1)=-2FP{IF)
THETAS=ATAN2(DELTAY,DELTAZ)

IF (THETAS.LT.0.0) THETAS=6. 28318531+THETA57

- -ALPHAV=ATAN (VTANFP(I1F)/VNORFP(IF))

100

962
943

196

197

1264

106

THETAL =THETAS+ALPHAV
SLOPEL (IW)= TAN (THETAL)
THETAD=THETAS$57.2957795
 THETLD=THETAL®57.2957795
?§1TE (6:11) IF.IH.ZFP(XF).YFP(IF) VVRTAN(IH).THETAD THETLD ,SLOPEL
1(14)

"ILAST=1F

CONTINUE

60 TO 943

WRITE (6,25) IF

CONTINUE

HRITE (6,12) !FIRST ZFP(IFIRST),YFP(IFIRST)yILAST ZFP(!LAST)'
1YFP (ILAST)

DETERMINE COORDINATES OF THE PGINTS OF INTERSECTION OF THE LINES
CONSTRUCTED AT POINTS (ZFP,YFP) NORMAL TO THE RESULTANT VELOCITY
VECTORS AT THOSE POINTS A

ILSTMI=1LAST-1

DO 105 IL=IFIRST,ILSTM1

JLS=IL+1

DO 105 JL=JLS,ILAST

IN=IL-IFIRST+1

IN=JL-IFIRST+1

IF (1W.6T.100.0R.JN.GT.100) GO TO 196

6D TD 197

MRITE (6,264)

stvop

CONTINUE

IF (ABS(VVRTAN(IW)).LT.1.0E-07.0R, ABS(VVRTAN(JH)).LT.1.05-07) 60
170 126

G0 7O 106 _

ZC(IW, JW)=1.0E-12

YC(IW,JW)=1 . 0E-12

G0 TO 105

1F (ABS(SLOPEL(JW)-SLOPEL(IN}) .LT.1.0E-07) GO TO 127
2C(1W, JWD==( (YFP(IL)=SLOPEL (IN)®ZFP(IL))~(YFP(JL)-SLOPEL(JW)®
1ZFP(ILY) )/
1(SLOPEL ( IN) =SLOPEL( JK) )
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54

127
105

126
198

110
111
113

114

115
108

YC(IW,JW)= YFP(IL)~SLOPEL(IWNDI®(ZFP(IL)-ZC(IW,JW))
G0 -7T0 105

LCCIN,JW)=2.0E+12

YC{IW,JW)=1.0E+12

CONTINUE

PRINY COORDINATES OF ALL POINTS OF INTERSECTION,GDOD OR BAD

IF (12CYC.EQ.0) GO TO 198

WRITE (6,13)

DO 126 IL=IFIRST,ILSTM]1

JLS=1IL+1

DO 126 JL=JLS,ILAST

IN=IL-1FIRST+]

JW=JL-IFIRST+1

WRITE (6414) IL,JLyIN,JIW,ZCOIW,JH),YCUIW,JW)
CONTINUE

EXCLUDE INTERSECTION POINTS WITH YC OUTSIDE THE REGION SPANNED BY
YEP (JFMAX) AND YFP(UIFMIN)

1P18=0

DO 108 IL=JFIRST,ILSTM]

JLS=1L +1

D0 108 JL=JLS,ILAST

IN=IL-1FIRST+1

JW=JL-IFIRST+1

IF (DIFFY.LT.0.0! GO TO 110

60 T0 111 '

IF (YCUIWyJW)LT.YFP(IFMAX) e OR.YCUIW,JW).GTYFP(IFMIN)) GO TO 113
G0 70 108 :

IF (YCUIWsJW)IaGTYFPUIFMAX) . ORYCUIWoJW)LTYFP(IFMIN)) GO TO 116
60 TO 108

IC(IW,JW)=0.0 :

YC(IW,JW}=0.0 .
IPIB=IPIB+1 .

60 TO 115

ZC(IN,JW)=D0.0

YCUIW,JW)=0.0

IP1B=1P18+1

IPIBT=IPIB

CONTINUE

CALCULATE AVERAGE CDORDINATES (2ZCAVE,YCAVE) OF GODD INTERSECTION
POINTS

1CAVE=0.0

YCAVE=0.0
JLTOT=(ILAST-IFIRST)+1
NIPTOT=(JLTOT=(JLTOT~-1)) /2
NIPG=NIPTOT-IPIBT
ANIPG=NIPG

DO 116 IL=IFIRST,ILSTN]
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116

JLS=1L+1

DO 116 JL=JLS,ILAST
IN=TL-IFIRST+]
JH=JL-IFIRST+1 -

LCAVE= ZCAVE+ZC(XH’JH)/ANIPG
YCAVE=YCAVE+YC{ 1N, JN)/ANIPG
CONTINUE

PRINT CUDRDtNATES { ZCAVE, YCAVE) OF THE AVERAGE INTERSECTION POINT,
ALSO THE TOTAL NUMBER OF INTERSECTION POlNTS AND THE -NUMBER OF
GDOD INTERSECTION PDINTS

B HR!TE (6,15) NIPTDT ,NIPG,ZCAVE,YCAVE

COMPUTE RADII OF THE VORTEX AS THE DISTANCE FROM THE AVERAGE
INTERSECTION POINT (VORTEX CENTER) TO THE DATA PDINTS

WRITE (6,16)
DO 117 IF=IFIRST, lLAST
IV=IF-1FIRST+1

RAD(IV)= SQRT((ZFP(IF)-2CAVE)**2+(YFP(IF)=-YCAVE)®52)

117

IF(ABS(VVRTAN(LV}) .LT.1.0€6-07} RAD(IV}=0.0"

WRITE (6,17) TV,RAD(IV),VVRTANCIV)

VTANMX=-1.0E~10

VTANMN=1,0E+10° -
DO 141 IF=IFIRST,ILAST

CIVEIF=IFIRST+l
* VTANMX=AKAX1(VTANMX ,VVRTAN(IV))

141

VTANMN=AMINI (VTANMN,VVRTAN(IV))
D0 142 IF=IFIRST,ILAST '

- IV=IF~1FIRST+1

- DIFFMX=VTANMX-VVRTAN(IV) -

142

DIFFAN=VVRTAN{IV)-VTANMN :
IF(DIFFMX.LT.1.0E-07) IVMAX=1V
IF (DIFFMN.LT.1.0E-07) IVMIN=IV
CONTINUE

. CHECK FOR CORE PENETRATIDN

192

193

IF (IVHAX.LT.IVMIN) GO TO 192
IVENPL=TVMIN+1

IF (VWRTAN(IVMNP1).LT.0.0) WRITE (6,22)
1IF (VVRTAN(IVMNP1).GT.0.0) HRlTE (6423).
60 710 193

IVMXP1=1VHAX+]

IF (VVRTAN(IVMXP1).G6T.0.0) WRITE(6,22)

- IF (VVRTAN(IVHXP1).LT. 0 0) WRITE(6,23)

CONTINUE
WRITE (6.20) VTANHX,RAD(IVﬂAX)oVTANHN.RAD(IVNIN)
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119

120

121
118

CALCULATE CIRCULATION IN OUTER REGION (POTENTIAL VORTEX)

RAD1=(RAD{IVKAX)+RAD(IVMIN))/2.0
IVNG=0

SUMGAM=0.0

WRITE (6,18)

RADMN=2.50*RAD1

00 118 IF=IFIRST,ILAST
IV=IF-1IFIRST+1
IF(RAD(IV).LT.RADMN ) GO TO 119

.60 YO 120

IVNG=TVNG+1

VORTAN=0.,0

GAMMAO=0.0

60 TO 118 ‘
VORTAN=ABS{VVRTAN(LIV))
GAMMAO=6.2831*RAD( IV)*VORTAN
SUMGAM=SUMGAM+GAMMAD

WRITE (6,19) 1V,RAD(IV),VORTAN,GAMMAD
CONTINUE

ATOT=JLTOT-1VNG
GAMAV=SUMGAM/ATOT

WRITE (6,21) GAMAY

GO 70 1000

END



Sample Case

The sample case concerns a segment of data obtained during one tra-
verse throﬁgh a wing tip vortex in a test performed recently in the 40- by
80-Foot Wind Tunnel at Ames Research Center (Contract NAS2-6719). The
axial location of the crossflow plane was 55 chords behind a 6-inch chord,
32-inch span rectangular wing at 12° angle of attack. A three-axis, hot-
wire probe measured the axial, coaxial, and normal velocity components.
The probe flight path was an arc with 7.33 feet radius. For purposes of
this analysis the probe flight is assumed straight during the length of

vortex penetration.

The input data for this sample case is shown in figure 12; the output
is listed in figure 13. A plot of the resultant velocities and the appa-
rent vortex center is shown in figure 14. Using the data of figure 14,
the magnitudes of the vortex taﬁgential velocities are plotted as a function
of radius in figure 15. This plot is a graphical representation of the
corresponding tabulation in the program output of figure 13. |

The input for this .sample case comprises 40 data points, and the
normal-component of the perturbation velocity has a maximum and minimum
almost equal in magnitude, an indication of a traverse through a circular
vortex with concentric streamlines. The number of data points admitted by
the lower bound or cutoff velocity of 18.0 feet per second is 35. This
particular traverse resulted in a core pbenetration with nearly equal peaks
in vortex tangential velocity. The total circulation strength Fo of
this vortex calculated by the program is 21.9 feet? per second. With the
assumption of elliptical loading on the rectangular wing model, the
theoretical circulation strength for the flow conditions for this test
(o = 12°) was estimated to be 20.2 feet? per second, which is in good

agreement with the program computed value.
CONCLUDING REMARKS

Several final observations should be made with respect to the planning
and conduct of the flight tests to investigate wake vortices. First, it
should be emphasized that‘there are essentially no reliable, comprehensive
data on flight measurements of wake vortices. The ARC tests represent an

excellent opportunity to make a really fundamental contribution to the
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knowledge of wake vortex behavior. Although a primary goal of the tests

is to measure fully devéloped vortex properties to assess the wake-
encounter problem, it should also be a primary goal to obtain sufficient
measurements to shed some light on the dissipation problem. Since the
dissipation mechanisms are so poorly understood, as much auxiliary data

on such effects as tempefature, humidity, and turbulence should be taken

as are consistent with the time and funds available. These data will

serve many purposes to many investigators, and the thoroughness with which
the test parameters and conditions are defined will be very important to
users of the data. As an aid in planning the data collection and reduction
effort, a summary of the recommended measurements, with some commentary and
a reference to the discussion in this report, is presepted as figure 16.

NEAR would like to emphasize the importance of good préparation in
using hot-wire anemometry in a program of this sort, based on our experi-
ence in the 40- by 80-Foot Wind Tunnel tests. We had considerable diffi-
culties with the mechanical integrity of the probe, the recording equipment,
the calibration, the digitization process, and the data reduction procedure.
The more experience that can be gained before the tests with the various
facets of using the instrument and reducing the data, the more efficiently
the data collection and reduction procedure will be.

The data reduction scheme was developed making certain assumptions
regarding the symmetry of a vortex and the lack of radial velocity and
ignoring effects of the other vortex of the pair and any vortex motion
induced during the probe by the presence of the probe itself. This was
felt to be a logical place to start. The success with which the program
handled the wind-tunnel vortex data is an indication that the method should
work well for the flight case. When the flight data is analyzed, however,
considerable attention should be given to the behavior of the results to

insure that the assumptions are not being violated.

Finally, NEAR would like to emphasize again the importance of
obtaining core penetrations, since considerably more information on the
structure of the vortex is obtained than if only noncore penetrations are

achieved.

Nielsen Engineering & Research, Inc.
Mountain View, California
January, 1973
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TABLE I

PERTINENT CHARACTERISTICS OF T-33 AIRCRAFT

Weight

(at time vortices are laid down)

Wing Span
Wing Taper Ratio
Wing Aspect Ratio

Wing Quarter Chord Sweep

11,750 pounds

37.54 feet
2.63
6.0

0 degree

Winngwist 1-1/2 degrees (washout)

Wing Airfoil Section NACA 65-213, a = 0.5

TABLE II

PROPERTIES OF THE NACA STANDARD ATMOSPHERE

AT 12,500 FEET ALTITUDE

: Density p = 0.001621 slugs per feet?®

. Temperature - T = 14.5° F
Pressure p = 1320 psfa
Kinematic Viscosity v = 2.314x10" " feet? per second
Speed of Sound | c = 1067.4 feet per second
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Gross Weight (1bs)
Span (ft)

-Speed (ft/sec)
Altitude (ft)
Fo(ftz/sec)

r, (ft)

T, (ft?/sec)

vl(ft/sec)

62

TABLE III

LIST OF CONDITIONS USED IN

CONDENSATION CALCULATIONS

DCH-2

4,100
48
150
1,000

314

195

28.2

11,750

37.5

300

12,500

819.5

0.86

509

94

B-478
200,000
116
880
35,000

3,390

2,100

126



' TABLE IV

" RESULTS OF CONDENSATION CALCULATIONS

DCH-2 T-33 © . . B-47E
p_ (ps€a) . . 2,040 1,317 © 498
P = P, (PSE) . 58 a5 37.1
CT_(°F) .~ 55.4 - 14.4 = -65.8
T, =T, (°F) o . 0.3 35 6.3
‘Pounds of water vapor. - ' SR o ._ S S
condensed in- core per S ‘ ' :
pound of mixture* o , - s
(o, = w_) - : . 3x10° . - 1.4x107 1.3x10
c : o .
..Percentage-of ambient . . : . S o
water vapor condensed - : R . L
_in core* .. - . _ 5
y moo - wC \ . . - ’ . . B S
—E_—— x‘100 : ’ 0.3% . - 4.6% . 13%
" Temperature rise in core . '
due to condensation*(° F) 0.1 . 0.6 0.06
Ratio of momenfum-impartéd }
to condensed water vapor -5 - _s
‘to momentum of core flow 4.6x10 2.1x10 : ©2x10

*Based on the'assﬁmption that the ambient air is saturated at T, -
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E(k) or G(k), Energy per unit
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Universal Range

Formation Inertial o

¢ Dependent Subrange o

10° ¢ A Q
/\ “ U\

- o

~_ \ (o Tl

_ a8

\_ \ .

\ AN A &
10t~ [a)
102}

l -
\\
1072 - \
\

| \

10 * 1 | | \ _J
10°© 10* 102 1 10~

Wave length (ft)

Figure 3.- Atmospheric turbulence
power spectra.



ovT

"UOTIDITFIP X23I0a I0JF Fuswriiadxs pue Axosyjz Jo uostaedwo)d - sanbra

oZ1

*Touuny putM 3004-08 Aq =-0% (®)

00T

*33 ‘p -
08 09

ov

09s/33 00T
9%00°0

Xaj3x0A 3YbTU

§

(8) co.ﬂumsvm,ﬁl.l -

5 -~

butm j003~8 [

butm yout-zg O

o
X93JI0A 3I9T

~
~ 708

p ATIIIIIIIIIL
——
X93I0A 33JO7

X923104 3IYLBTH

MOTJ

oy

o
@«

(A

091

apnyTTdure swa

4

.4; ‘D/a&n

67



*popniouo) =" sanbrtg

*Touun], puiM 3004-0T &q =L (q)

33 ‘p
14 (0] 4 ST 0T S
| ! 1 T |
o
-]
0\
*3F 0T = w& \\
-] /|.| s
\ 00— \
s o \\
3F 02 = N/
? 8 |I_ \\ nn!llll;
3F 06 = X — MmoTd
(8) uoT3enbH{ —mm—m—o m.. -—
5
09s/33 00T = N quaweoeT1dsTp TedT3IILaA [ Q
200 =09 JuswadeTdsTp TejuozTaoH (O TIIT 77

o
—

ST

‘opnytdwe suwx

‘33 ‘0/59

e——

68



.mcoﬂuﬂvnoo &nmﬂﬂu uow noﬁvUOHmmv xmuHo> 3o coﬂMUﬂ@mum -*Gg axnbtyg

33 0v9T -

.33 08Z€

33 0959

(L *3Fox1) A3Tsusjul sousThqany

(098/27 82Z€.= M)O~ . 650°  £z0*  T10° woOO"
33 T82€ = Y ' I0F (03s8/33) "o . gy ; §°L - ogreletT
> ‘ . : S [ . 1 L1
sweI3xd|  XAESH 1 3 wﬁqm\mm—
: oo , A g aql
| 'Y
o ,
4
.

[ig A ‘3usweoeTdsTq sux

*Tw ‘o

69 .



u/u

70

Hot-Wire
Probe

1

Cockpit Wing Root Chord

Nose

Aircraft Stations:

0.05 T T

-14—
z, feet
0.0 ~-0.2
o ] A il l 0
u,
/0 -1-0.2
— o an W/
1 1 1 1 0
\\\ —_
0.05— R I
2 —/\ 0.2
R 1 | | 1
[+ " e — (¢}
\\
1| \
0.05 \\
0 -___——ﬂ——_———f:::—i::—""—’—‘——-\:\\\\\ —1 v/'
\\
~ /
4 - ~. 4
-0.05 1 1 1 1 1 1 0.2
15 10 5 0 -5 -10 -15 -20 =25
x, feet

(a) @ = 0°

Figure 6.- Perturbation velocity compoments around the forward
portion of the Learjet in the vertical plane of symmetry.
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Figure 7.- Perturbation velocity components around the
forward portion of the Learjet in a vertical plane

10.25 feet outboard of the vertical plane of
symmetry (60 percent semispan).
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Figure 8.~ Angle of attack and vertical acceleration
induced on Learjet penetrating T-33 wake

at 300 ft/sec.
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SAMPLE CASE, CIRCULAR VORTEX, 40X80 TUNNEL DATA,RUN 16,FILE 38,RECORD 23
90.0 27.5 0.20 40 1

2028375 -D.683 -15.74
2.29500 -0.965 -13.279

1 0.0 1.85625 1.073 15.862

2 0.0 1.86750 -0.205 15.131

.3 0.0 l-87875 -1.170 20.424

4 "D.0 1.890 -0.368 18.55899

5 0.0 1.90125 -=1.998 15.901

6 0-0 1-91250 -0-498 21-21999

1 0.0 1.92375 -1.880 25.77399

8 0.0 1.93500 -3.678 29.97499

9 0.0 1.94625 =3.105 27.7617199
10 0.0 1.95750 -3.830 32.81299
11 0.0 1.96875 -50043 39.37999
12 0.0 1.980 ~7.538 40.894
13 0.0 1.99125 -11.493 49.23799
14 0.0 2.0025 -17.69899 45.72400
15 0.0 2.01375 -21.508 43.77599
16 0.0 2.02500 -28.700 25.23099
17 0.0 2.03625 -32.310 -2.357
18 0.0 2.0675 <~31.06799 -28.83299
19 0.0 2.05875 -23.642 ~-43.63499
20 0.0 2.070 '17.53999 '50.877
21 0.0 2008125 ‘9.36“0 ‘51-750
22 D.0 2.09250 -8.116 -47.42099
23 D.O 2010375 '4.774 ‘42.53799
25 0.0 2.12625 -0.417 -34.06299
26 D.O 2.13750 -0.211 -30.547
27 0.0 2.14875 -0.883 -29.33199
28 0.0 2.160 - =0.425 -28.05399
29 0.0 2.17125 00.367 -26.758
30 000 201825 1.792 '24.“89
31 0.0 2.19375 -14.561 -26.64099
32 0.0 2.205 4.087 =22.920
33 0.0 2.21625 2.483 -21.39899
34 0.0 2.2275% D.866 -19.51199
35 0.0 2.23875 2.807 -18.92599
36 0.0 2.25 -0.234 -18.713
‘37 0.0 2.26125 2.2416 ~20.04599
38 0.0 2.27250 0.849 -15.956

0.0
0.0

Figure 12.~- Listing of sample input.
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SANPLE CASE, CIRCULAR VORTEX, 40X80 TUNNEL DATA,RUN 16,FILE 38,RECORD 23

40 FIELD POINTS ARE SPECIFIED IN THE CROSS FLOW PLANE AT Xs  27.50000  FT.
"NOMINAL AXIAL VELOCITY IS

THIS ANALYSLS S ;hNCERNED WITH RESULTANT

AXIAL VELDCITY

COORDINATES IN CROSS
FLOW PLANE,FT

IF 2
1 0.00000
2 0.00000
3 0.00000

.4 0.00000
5-  0.00000
6 . 0.00000
7 0.00000
8. 0.00000
9 0.00000

10 0.00000

11 0.00090 .

12 0.00000

13 0.00000

16. 0.00000

15 0.00000

16  0.00000

17 0.00000

18 £.00000

19 0.00000

20 0.00000

21 0.20000

22 0.00000

23 © 0.20020

26 0.00000

25 0.50090

26 0.00020

27 0.00000

28 . 0.00000

29  0.20000

.30 - 0.00000

.31 . 0.00000

32 0.00000

33 0.00000

3¢ 0.00000

© 35 0.00000

36 0.00020

37 0.00000

38 . 0.00000

39 0.00000

40. ' 0.00000

IN THIS VORTVEX
_ HAS ‘A MAXIMUNM

AND A MINTMUN

Y

1.85625
1.86750
1.87875
1.89000
1.90125%
"1.91250
1.92375
'1.93500
1.964625
1.95750
1.96875
1.98000
1.99125
2.00250
2.0137S
2.02500

2.03625

2.04750
2.05875
2.07000

2.08125.

2.09250
2.10375
2.11500
2.12625
2.13750
2.14875
2.16000
2.17125
2.18250
2.19375
2420500
2.21625
2.22750
2.23875
2.:25000

2.26125 "

2.27250
2.28375
- 2.29500

90.00000 FT/SEC

VELOCITIES IN THE CROSS FLOW PLANE LARGER THAN

‘CRDSS FLOW PERTURBATION VELOCITIES
FROM EXPERIMENT, FT/SEC

COAX1IAL

1.07300
-.20500
-1.17000
-.36800
-1.99800
-.49800
-1.88000
-3.67800
-3.10500
-3.83000
-5.04300

~7.53800 -

~11.49300
-17.69899.
-21.50800
~-28.70000
-32.31000
-31.06799

© -23.64200

-17.53999
. =9.36400
-8.11600
-4.77400
-4.54900
-.41700
<.21100
-.88300
-.42500
.36700
1.79200
-14.56100
4.08700

2.48300

86600
2.80700
=.23400
2.24160

84900
~.68300
~+96500

NORRAL

" 15.86200

15.13100
20.42400
. 18.55899 -
15.90100
21.21999
25.77399.
29.97499
27.76799
32.81299°
39.37999
40.89400
49.23799
45.72400
43,77599
25.23099
-2.35700

[ -28.83299

=43.63499
-50.87700

© =51.75000
- ~47,42099

-642,53799

' =36.67000

-364,06299
-30.54700
-29.,33199 -
-28.05399

'-26,75800

-264.,48900
-26.64099
-22,92000 -
=-21.39899
~19.51199
-18.92599
-18.71300
-20.04599

"=15.95600

PENETRATION,THE PERTURBATION VELDCITY NORMAL

49.23799 FT/SEC AT 1=

Y=

-51.75000 FT/SEC AT 1=

Y=

0.00000 -
1.99125
0.00000
2.08125

=15.74000
-13.27900

TO -THE PROBE FLIGHT PATH
FT. . :
FT.

FT..
FT.

Figure 13.- Listing of sample output.

*+20000 TIMES THE
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Measurement

Vortex Velocity,
3 components

Vortex Temperature
Distance of Probe
behind T-33 :

Vertical Displace-
ment of Wake

T-33 Weight .

T-33 Lift
Constancy

T-33 Air Speed
Air Density

Air Turbulence

Levels
/

Air Humidity
Air Temperature

Vertical Air
Currents

Crow Instability
Learijet - Wake
Interaction -

Vortex Dissipation
Mechanisms

Learjet Trajectory

Instrument

DISA 3-wire anemometer

DISA Single-Wire
anemometer

LRC airborne DME
Altimeters

Calculated

Pilot assessment
Cockpit instruments

Learjet ambient temp
and pressure probes

DISA 3-wire
anemometer

DISA Voltmeter

Vanes on nose boom

On~Board meter or
sampler

Learjet Temperature
probe

Learjet Accelerometers

and hot-wire probes

Movie camera

Movie Camera
Movie camera and
Learjet penetration

Accelerometers on
board Learjet

Page

Comments Refs.
Should be calibrated both on
ground and in flight 19-21
Tape recorder speed should re-
flect digitizing regquired 21-22
Recommend using an oscilloscope
with a "memory" 21
Must have constant current elec-
tronics for frequency response 20
22
Difference the Learjet and T-33
altimeter readings ‘ 22
Required to get theoretical T ' 18
Vertical acceleration of T-33
should be minimized 18
Value and constancy should be
monitored and tape recorded 18
Required to get theoretical Fo
. 18
Problem is low output voltage
. 13-15
Has a 1 millivolt scale 14-15
Limited to about 15 Hz 15-16
Ambient levels and within vortex,
if possible 25,31-36
Need temperature distribution
over ~ 2000 feet height 24
Any estimates of vertical air cur-
rents will be done from indirect
measurements or isotropy of
turbulence 24-25
Fly Learjet along wake and take
movies : 23
Done from chase plane filming the
Learjet penetration 24
Film dissipation region and fly
Learjet probes through region 24

Single and double integration
necessary to establish position
versus time for wake probes and
corrections to hot-wire velocities --

Figure 16.~ Summary of recommendations on data collection.
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