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PREFACE

] The characteristics eof the trailing vortex system of the DC-7 airplane have

] e been investigated by the National Aviation Facilities Experimental Center

3 (NAFEC) during a series of flight tests conducted during September 1971.

. . These tests were conducted in support of a Federal Aviation Administration

3 5 program to demonstrate the feasibility of a bi-static acoustic Doppler

4 £ sensor for vortex measurement. This report covers the vortex flow measurements
i made and characteristics noted by NAFEC, using the NAFEC Instrumented Vortex
Flow Measurement Tower and the tower fly-by technique.
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INTRODUCTION

PURPOSE.

The work deecribed in i:is report was perforsed with the intan*ion . f gaining

a better understanding of the atructure and behavior of the waie of a relatively
large propeller-driven transport a‘rplane, in this case, the Doug'.as DC-7
airplane (Figures 1 and 2). The possibility exist~ of further applicaticn

of the test results to proposed STOL terminal .y¢-. wricnativms witl. ¥ vge
propeller-driven STOL airplsnes, such a3 the Bre;,;um. L4% Mel i ael. ‘fouglas 188).

The Federal Awiation Administration (FAA) has & centi-uing nroprue underway,
the purpose of which is to safely increase afr traffic flov rates in terminal
areas. One of the major coasiderations bear‘ang ou the achievemen® of increased
traffic flow rates is the demonstrat. i hazar® associated with %he trailing
vortex system caused by large aircraft. This h-zard ircreases as the longi-
tudinal separation between aircraft ‘s reduced.

Various schemes have been proposed =nd are unicr lavest!yation to reduce or:
eliminate this hazard. These schemrs includ: vo.iex wake detection and avoid-
ance systems, aircraft-mounted vortex diavipaticn systems, and ground-based
dissipation systems. In support of F«A's weke tarbulence program, there

has been established at the Natiou:i. Aviaiior Facilities Experimental Center
(NAFEC) a full-scale vortex meusureuert fucilicy, Jescribed herein, which

is capable of acquiiing detailed inforaition on the flow velocities in aircraft
wakes. Analysis of iiils detailed »;7orwmation yields data on vortex movement,
size, intunsity, persistence and. tv : lesser extent, structure, as a function
of atmospheric conditions.

'Concm:rently with NAFEC's own test work, a requirement existed to support

work directed toward the development of a vortex acoustic detection device.
This support necessitated flying the test air.lane past the test tower at
a very close laterali distance, with the result that the majority of data
is for relatively short vortex ages.

DISCUS3ION

FLIGHT TEST PROGRAM.

TEST AIRPLANE. A Dougles 2C-7 airplane was used for the flight test

program. It is a large vomumercial four-engine propeller transport airplane
powered by Curiiss-Wright 53350 turbo-compound reciprocating engines
(Pigures 1 and 2). It csn b: seen that the propeller thrust line is nearly
coincident with the wing chord, which, under power-ON conditions, would
distribute the propeller slipstreum equally above and below the wing,




FEDERAL AVIATION ADMINISTRATION DC-7 TEST AIRPLANE.

FIGURE 1.

Sl




FIGURE 2.

DC~7 AIRPLANE, FRONT VIEW, FLAPS UP.
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adding energy into the wing vortex sheet. This condition is discussed further
in this report in the analysis section. Further general specifications for
the DC-7B airplane are listed in appendix A.

TEST PROCEDURE. The tower fly-by technique was used to gather quantitative

v‘\m PR R G A At

dats on the DC=7 vortex flow characteristics in an environment representative
of the terminal .rea operatiom.

The technique, as shovm in Figure 3, consists of flying the test aircraft at
right angles to the ambient surface wind, as measured nea: the top cf the
tower, at an appropriste altitude and distance upwind frem the tower. Proper
space-positioning permits the aircraft vortex system to drift laterally into
the instrumented tower. By manipulating the vertical and lateral position
of the test airplane, the "age" of the vortex system can be varied. Miscal-
culating the wind or mispositioning the airplane can easily result in the
vortex passing over the tower or settling prematurely into ground effect.

It was desired to have the vortex system travel through space out of g.: nd

effect as long as possible prior to its reaching the tower. This condition a
permits a more persistent and intense vortex to intercept the tower as compared

to one attenuated by ground friction. Because of this, and since only a

140-foot instrumented tower was being used, it was very important to determine

the vortex-settling rate before each test. Classical theory, using an assumed
elliptical 1ift distribution, was used for initial descent calculations and
assoclated aircraft vertical positiounisz. Ambient-wind direction and welocity,

as measured at the 140-foot tower level, were used for lateral positioning.

A colored smoke grenade system was installed on both wingtips, with the
intention of rendering the vortices visible as the airplane passed the tower
{the port wing insts&llation is shown in Figure 4). The system failed to
provide sufficient smoke density and persistence, even with the simvltaneous
firing of several grenades, and accordingly, no use was made of it during these
tests.

The ma! ity of tests were conducted during the early morning hours

inned? -ely following sunrise. This time of day, more than any other, has
been found to produce the kind of atmospheric conditions (very stable zir mass,
with a wind of 3 to 5 knots) that are most conducive to persistent, hazardous
vortices.

While it would be desirable to correlate the vortex data in some manner with
parameters descriptive of the state of the atmospheire, such as Richardson
Number (Ri), power spectral density of atmospheric turbulence, or the ambient
wind direction-speed index, it was not possi:ie with available instru~
mentation to determine any of these, and the only atmospheric parameter
available was the ambient-wind velocity.

The flight tests required that the DC-7 airplane be in level stabilized flight
vhen passing abeam of the tower. All flights past the tower were controlled
by the "Test Range" Safety Officer, who was stationed near the tower by the




*SINZWHYNSVAN XALH0A - ALIS IS4l OIAVN J0 DILVWAHDS

SLHOIT J9O0¥ LS

LAVEDYEIV LSAL L-Dd

HLvVd LHOI'Td

SLHOIT ITAOYIS

VEINYD ww 97 — ¥

SD0TD AWIL \.

aasavid ”~

‘€ TANOTA

SATOYUID ALIAVS
ALTTI9ISIA-TH

~ 4ADVNVIN .HUW-.O&&
7 TOYLNOD 1S3 L

o VEIWVD ww 91 /
MOOTO IMIL

aQIsdv1d /.‘

NVA NOILLVINIWNYLSNI

(STVAYTINI LA ¥)
SYHALAWOWIANY
WIId LOH

STVAYILNI 102
STAVNIYD INOWS AIYOTOD

X

ANIM DNITIVATYL

G s Sak i




o * VTSN A (T T LT T ey L2 - e g o S s SER T R ke il Sia S s FTR AT i ot (s ael i R SR gl se s
e
A 7 3
: 7 = it SR S

s g v Lt

i A &

. = ~ 1
3 ; :

T

a

FIGURE 4. COLORED SMOKE GRENADE INSTALLATION ON BC-7, PORT WING .
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ground-air radio command control vehicle. This wehicle, which had rotating
beacons, was used in combination with strobe lights to facilitate aircraft
alignment with the flight test track.

Phototheodolites were used to derive accurate space position information
on the test ai:-plane when it was abeam of the tower. For data reduction
purposes, tbe re{ reccz roint for the tracking staticms was the nose of
the airplane. The system has an overall accuracy of + 5.0 feet at a renge
nf 1,000 feet.

TEST TOWER. The tes* tower is 140 feet hiyh with its base 76 feet above
sea level. It is of equilatersl triangle cross-section tapering from 5 feet
on a side at its base to approximateiy 1 fort on a side at the top, using
steel cantilever conmstruction, requiring no guy wires. The tower, shown
in Figure 5, 18 located 2,456 feet from the centerline of Runway 13-31 and
. 2,925 feet from the centerline of Runway 4-22. Details of the location are
shown on Figures 6 ars 7. The adjacent area is relatively flat, and covered
with short grass. '

i a8

INSTRUMENTATION.

”

AIRCRAFT. The test airplane carried no special instrumentation, none being
required. ~ A pilot log sheet was used to record the following information at
the time the airplane was abreast of the tower:

1. Aircraft configuration. 5. Pressure altitude.
1 2. Weight. 6. Track.
E 3.  Airspeed." 7. Lateral offset from tower.
4. Radar altitude above the 8. Engine performance.
ground. 9. Atmosphesic turbulence level
‘noted by crew.
E Phototheodolite data was used as the primarv aircraft position information

gource, except where noted on the data sheets.

TOWER VORTEX MEASUREMENT. The 140-foot tower was instrumented with hot-film
anemometers to measure vortex airflow. Vortex flow visualization was accom-
plished through the use of colcred smoke grenades which were installed on
racks at 20-foot intervals on the tower (see Figure 8). A further discussion
of the instrumentation may be found in Ap | endix B.

Because of the signal degradation caused by the sound of the grenades burning,
during those runs made for the purpose of testing and evaluating the XONICS
acoustic vortex detection system, flow visualization by this means was not
employed. An alternative visualization scheme, using streamers was tried
(Figure 8), but these also caused too much acoustic interference, and their use
was discontinued.

The airflow sensors re-:ord the total scalar magnitude of velocity components
perpendicular to the hot-film element axis; i.e., the magnitude of the resultant
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vortex tangential wvelocities and the ambient wind flow velocities. The sensors
were spaced at 4-foot intervals up the tower from 8 to 142 feet.

TOWER ATMOSPHERIC MEASUREMENT. Meteorological inatrumentation was installied
at five levels on the tower at approrimctely 25-foot spacing as shown on
Figure 9. Asbient wind velocity and the air temperature were recorded at
these leveis. Atmospheric pressure and relative humidity weze recorded at
ground level during each test run.

TR

PROTOGRAPHY. With the aid of the colored smoke grenades, motion picture
photography was utilired to determine if and when the vortex systems interceptad
, the tower and the corresponding leval for correlation with sgemsor daca and

: vortex characteristics.

TIME. Correlation between aircraft passage and vortex passage was accomplisl.ad
: by by central time which was vecorded along with airflow semsor output on magnetic
$ tape, and on the phototheodolite data. An event merker switch was closed when
the test airplane was abreast of the tower, demoting "time zero." This con-
currently ignited a flash bulb located in the field of view of the motion

picture cameras and started the elapsed time clocks also located in view of the
cameras.

1 DATA PROCESSING.

The signals from the hot-film airflow velccity sensors were recorded on
magnetic tape and subsequently digitized at the NAFEC Central Data and Recovery
System (CENDAR) facility (see Reference 1 for details of CENDAR) for auto-
matic data processing. The data processing, handling, and computations

were performed on the IBM 7090 Computer. The special software programs

for data conversion supplied information for the California Computer Products,
Inc. (CalComp), large flatbed plotter, which produced sensor velocity history.
Appendix C describes the data processing techaiques.

DATA PRESENTATION.

The data output and presentation consisted primarily of:

1. Computer printout (tabular) of peak-recorded wvortex tangential
velocity with associated vortex ages as recorded by the hot-film sensors
on the tower.

2. Printout of atmospheric data on temperature, wind direction, wind
velocity, relative humidity, as recorded by appropriate sensors located on
the tower at the 23-, 45-, 70-, 100-, and 140-foot levels.

3. Plots of recorded tangential velocity scalar component versus
time for the hot-film sensors.

4, Plots of recorded tangential velocity versus time, examples of
which are shown in Appendix D.

12
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FIGURE 9.  METEOROLOGICAL INSTRUMENTATION INSTALLED ON VORTEX TOWER.
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5. Plots of recorded tangential velocity versus expanded time for
better resolution when required for detailed vortex analysis. A sample of
this data plot is shown in Figure 10.

6. Selected flight test data were further analyzed to proluce vortex
velocity profiles, which consist of vortex tangent’al velocity (corrected
for wind) olotted versus sensor height on tower. ‘%ie resultant velocity
profiles are presented in the section "Data Analysis" following.

DATA ANALYSIS

As descrided under "Data Precentation," the processed output from each of

the tower-mounted sensors ic presented in the form of a time history of the
scalar magnitude Of the resultant velocities sensed, since the instrumentation
in use did not yield directional information. The interpretation of these
individual time histories to describe the flow within the wake of an airplane
is tased on an assumed general flow pattern within the wake. This pattern

is justified on analytical grounds and has been established by flow studies,
both in the DC-7 series of tower fly-by tests, using tower-mounted colored
smoke grenades, and on many other occasions in which visualization was achieved
by emitting smoke from a system instailed in the airplane. The type of flow
pattern developed is depicted in Figure 3. It is characterized by a downwash
field behind the wing, across the complete epan. Outside of the wing span,
there 18 & corresponding upwash, and the two flow fields are coupled by a

pair of vortices springing from the wing tips, trailing an indefinite distance
dowmstrean.

The time period over which measured flow velocities depart from ambient wind
values may excecd a minute, but the bulk of this data can, for the time being,
be set 2side and attention concentrated on just two points in time; namely,
when the axis of each vortex is instantaneously between sencors. In general,
a vortex axis will be up to 2 feet from the nearest semsor, rather than in
close proximity to it, because of the 4-foot spacing between sensors. Data
prior to and following each vortex interception was considered only to the
extent that it aided in the reconstruction of the tangential velocity distri-
bution in the vertical plane defined by the sensors, a* the instant of
interception.

Because of the limitations imposed by the small height of the tower, and

the dependence on a crosswind to cause the vortices to drift into the tower,
the flow pattern in any of the subject vortices differs somewhat from that
which occurs out of ground effect in a uniform wind field. Ground effect,
which 18 apparent at a height of one wing span or less, causes the vortex
sink rate to diminish and eventually become zero. At the same time the vortices
move laterally away from each other. In ground effect, the influence of

the wind is more difficult to predict because of wind shear in the earth's
bouvzdary layer, which not ouly causes height-wise variation in wind strength,
dut in direction too, A complete reversal in direction can occur between
ground level and 200 feet. Any trailing vortex close to the growmd then,

14
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is subject to severai influences which distort che flow pattern, and it was
determined to be impractical to attempt to ac.ount for all these influences,
espacially wind shear, for the large number c¢f vortices on which data was
recorded. Accordingly, it was decided tc account for the wind, as far as

the data permit, by subtracting the magnitude of the wind (or adding it where
it is in opposition to the flow in the vortex) on the assumption of uniformity
in direction. The wind strength was Jdetermined at each sensor level by taking
the sensor output at time zero and/or after the vortex system had passed.
There is adequate justification for leaving uncorrected the interference
effects of the other member of the vortex pair and of the ground plane. These
interference effects are always preseut and sre indeed part of the overall
problem. The situation is nct analogous t¢ the wind tunnel testing of models,
vhere wall Interference effeci:s are an undesired and unavoidable by-product

of the experimental technigue and must be accounted for as fully as possible
to make test results applicable to an actual flight situation.

The data reduction scheme used, then, reduces to identifying the first
(downwird) and second (upwind) vortex and determining the ag. and height

at which each strikes the tower. The possibility does exis. for some

airplane configurations, of there being more than the usual pair of counter-
rotating vortices in the wake, due, for example, to rapid changes in the

local 1ift distribution associated with the end of a fully deflected flap,

but this is only true for short time intervals aiter generation, and

anything but a rolled up vortex pair is unstable and very rapidly develops

into a normal vortex pair. At the instant when there is a vortex core in
close proximity to one of the sensors, the tangential velocity distribution

up the tower i3 determined. The rotation is such that the tangential velocity
in the lower part of the first (downwind) vortex and the upper part of the
second (upwind) one is additive tc the wind, and is in opposition to the

wind in the upper part of the first vortex and in the lower part of the second.
For the latter situation, a problem arises in interpreting the data. A resul:-
ant velocity vector of 10 feet per second (ft/s) may be the resvlt of a 20-ft/s
wind opposing either a 10- or a 30-ft/s tangential velocity. Unly with three-
dimensional anemcometry, capable of resolving all directional ambiguities,

can this type of ambiguity be resolved. It frequently happens that neither
value appears to fit the expected tangential velocity distribution. This

is due to the fact that in any part of either vortex, where the local tangential
velocity is in oppositior to the wind, it is inevitably subject to interference
effects from the tower and/or sensor-mounting arms.

A typicel set of velocity-t!me-history data is presented in Appendix D.
Figure 10 is a time history drawn on an expanded time scale for enhanced
resolution. The complete sei of tangential velocity distribution plots is
presented in Appendix E. Typically they show a tight, rapidly rotating core
with a rapid fall in tangential velocity beyond the core. The plots may

be used i1n directly determining the upset moment experienced by an airplune
encountering a vortex, bearing in mind (1) that the peak velocity appare.it
in the plot is usually not the maximum that actually was generated by the
vortex, on account of the wide (4-foocr) spacing between sencors, and (2)
that the interpretation of the velocity-time-~history plots to arrive at the

16




velocity distribution is a rather subjective matter at present, especially
from the core center outwards into that half of the vortex where the induced
velocity is in cpposition to the wind.

In all discussion of vortex motions and locstions, it is assumed thec the air-
plane's track over the ground is situated on the windward side of the tower.
With this in mdnd, the first (dowrwind) vortex is the closex onme to the tower.
The terms purt and starboard appear at some points in the text ~ they have the ;
usuai meaning and do not indicate first or second, upwind or downwinc¢. Thuy X
do have significance when discussing vortices of conventional propeller~diiven
airplanes, howeve., since, with the normal rotaticn (right-handed when viewed

from behind on all engines) of prcopellers, those on the port wing rotate with

the corresponding tip vortices, while those on the starboard wing rotate against

the tip vortices.

Having deternined the horizontal velocity profiles (Appendix E) of the vortices
(and owing to mutual interference, wind and ground effect, these will not be thke
same as the vertical velocity profiles), a simple analysis of the results can
be made. Optical tracking by the NAFEC theodolite towers accurately (45 feet)
pinpoints the position of the subject airplane as a function of time. Time
"zero" is defined as the time when the subject airplane is abreast of the tower,
and the time for a vortex gemerated 7t time ''zero" to reach the tower may be
determined, At the same time, the vertical distance travelled by each vortex
can be measured. Horizon%tal and verti:al tramsport velocities can then be
determined.

The data presented in thie report apply to the DC~7 airplane (Figures 1 and 2),
vhich was flown in the following configurations:

Takeoff
Power settings in each case were those required
Holding)} for level flight at 120 - 130 knots.

Laading

Figure 11 shows peak-recorded velocity as a function of vortex age for the
entire set of runs and several deductions may be made from this plot. It
illustrates the fact that at any given point along the ahscissa, considerable
variation in the data occurs, primarily because of the wide (4-foot) spacing
between sensoxs. In general, the true peak tangential velocity in a vortex
will not be encountered by the sensor, since distance between the vortex

axis and the nearest sensor varies randomly from run-to-run, between limits
of +2,0 ft. If a very tight vortex core is formed, the tangential velocity
distribution falls off <harply from either side of the peak, and among a
large number of values of peak-recorded velocity, a high percentage would
fall in the middle tc lower nart of the possible range of values. This is
the case with the data in Figure 11 and any typical set of time-history plots
likewise indicates the existence of a very tight core. At each vortex inter-
ception, local velorities peak and fall off again very rapidly. At any
vortex "age" between 10 and 30 seconds (insufficient data exists outside of
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this range to draw any conclusions), the majority of data points fall between
100 and 30 ft/s, with only a small number reaching tke maximum walue. This
f is consistent with the existence of a very small diameter core.

] Figures 12 and 13 present data derived from the peak-recorded velocities.

, Figure 12 shows the peak-corrected velocity (wind subtracted), and it is noted
that there is little or no change. In Figure 13, the peak-corrected velocities
were normalized by dividing by (1/2 C; V) in order tc¢ account for the effect of
weight and airspecd.

: Figures 11 tkrough 13 are of intereat in the< they appear to establish an

& upper boundary ¢f peak tangential velocity as a function of time. The boundary

’ can be represented by the function Vg p.. = 476.8 exp(- .03067t), with half-

t life of 22 seconds. This is not a rigorous index of the severity and upset
potential of a vortex, because the velocity distribution of either side

1 of the peak is what really determines the moment generated on a following
; airplane making an enccunter with the vortex. It is nevertheleas, useful
A tc know hew the angular momentum of the core is diffused radially as a function

1 of time, and for a given (generating) airplane, in a given flight condition
and configuration, the peak velocity is an index of how far diffusiocn has
progressed, assuming constant circulation at the core radiua. The graphs in
Appendix F present peak-recorded velocity as a furction of time (vortex age)
and ambieut wind velocity.

In the graphs on pages F-1 through F-6, the peak~recorded absolute velocities , 1
ere presented according to airplane configuration and whether it is the upwind ‘
or downwind vortex. The significance of the distinction is simply that the
effect of the wind is not the szme on each vortex. In the absence of wind,
the vortices, on entering ground effect, move symmetrically, horizontally {
awvay from each other, counter to the direction a solid disc would move having
the same direction of rotation. Referring to Figure 3, the wind adds to

the lateral velocity of the first vortex and subtracte from that of the second.
However, i{f wind shear is such that wvelocity increases progressively with
altitude (linearly, parabclically, or logarithmicslly for example) with no
change in direction, any velocity profile would tend tc strengthen the second

1 vortex and conversely, weaken the first. From the foregoing considerations,

it seems possible that quite large differences could develop between first

and socond vortices. As it turns out, comparing graphs on page F-1 with F-2,
F-3 with F-4, and F-5 with F-5, the idea of the second vortex being the stronger
(age for age) does not appear to be supported. If anything, judging from
preser: data, the reverse may be true.

b

PSP TR R WAL PP

Comparing the data on the basis of airplane configuration, the highest peak
velocities cccurred in the landing configuration, while the lowest values
are generated in takeoff configuration {with a marked fall off in peak
velocity for upwind vortices). In holding configuration, for the relatively
small pumber of data poi ts, peak velocities may be as high as for landing
configuration. ;
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In the case of conventional, propeller-driven airplanes, the propellers all
tum one way (clockwise viewed from behind), and the influence of slipstream
rotation on the adjacent tip vortex is possibly significant, especially on
large airplanes in fiight configurations employing large flap deflectioms.

A rapid change in the local circulation occurs at the end of the flap, and

the thrust line of the outboard engines of conventional four-engined, propeller-
driven airplanes is near the same spanwise station, where slipstream would be
most expected to augmeat or counter the large amount of shed vorticity associ-
ated with that rapid change in local circulation. In the present series of
tests, most runs were made with the port wing closest to the tower. A few
runs were made with the airplane's starboard wingtip closest to the tower.

These runs have been categorized according to configuration and propeller
rotation and the data presented in Appendix F, pages F-23, FP-24, F-27 and

F-28 for the takeoff and landing configurations. In holding configuratiorn,
the total number of data points is small, and it is doubtful if a valid com-
parison can be made - however, the data has been extracted and is presented

in Appendix F, pages F-25 and F-26. The greutest effect due to siipstream
rotation would be expected to show up in the takeoff configuration and the
least in landing. For holding configuration with zero flap setting and an
intermediate power setting, the slipstream rotation effect would fall between
the maxioum and minimum represented by takeo:f and landing. In point of fact,
the flight configuration that has been consistently referred to as "landing"
in this and all tower fly~by test documentation differs somewhat from the

true landing configuration since the power setting was sufficient to maintain
level flight at equivalent airBpeeds between 120 and 130 knots. Likewise, while
the term "takeoff configuration" indicates gear down and flaps in the takeoff
positior, the power settings employed were again appropriate to level flight at
indicated airspeeds between 120 and 130 knots and were at all times consistently
lower than those empioyed in the so-called "landing configuration." Bearing
in mind the above, and the fact that all the data runs, regardless of airplame
configuration, were flown at airspeeds between 120 and 130 knots Indicated
Airspeed (IAS), in level £light at 200 feet altitude or less, the holding
configuration would require the least power (flaps and gear, both up), and

the landing configuration (flaps 50°, gear down) would require the most power.
In terms of Brake Mean Effective Pressure (BMEP) and fuel flow rates, this

i1s confirmed in the experimental record (Summary Flight Test Data Sheets
Appendix G). This being the case, it would be expected that the greatest
slipstream rotation effect, if it is significant at all, would occur in the
landing configuration. Referring now to Appendix F, pages F-23 through F-28,
a marked difference appears in takeoff configuration, a difference which
definitely appears to indicate higher peak velocities in vortices augmented
by slipstream. In holding configuration, as already remarked, it is doubtful

_whether any determination can be made. In landing configuration, there is

an unexplained absence of &any trend.

Appendix F, pages F-7 through F-16 were plotted in order to determine if corre-
lation existed between peak-recorded velocity and ambient windspeed. The
effect of the wind has been discussed earlier, with an indication of possible
effects on vortex structure. Another effect to be considered is atmospheric
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! turbulence. The only available index nf turbulence for this repc.t is the
winé velocity; if increasing wind velocity resuits in greatrer acrmospheric
] | turbulence, then one result of this would be a more rapid dieintegratiou
] of the organized flow pattern in the vortex, with a reduced peak velocity.
E ‘ To eliminate two variables from consideration in each plot; the data vas
categorized according to “age" group and whether it related to the upwind
] or dovmnwind vortex, the significance of which distinction has already been
| discussed.

i } The results of this categorization are not very conclusive, however in Appendix
F, vages F-7, F-8 and F-14 (ard to a lesser extent pages F-9, F-10 and F-11)
the graphs appear to exhibit the expected trend. An alterrative scheme

of grouping which should produce supporting evideace is to group by wind
velocity and vortex type (i.e., upwind or downwind) and plot the results

as a function of vortex age. The results are presented in pages F-17 through
P-22 apd again, the result is inconclusive, but does appear tc exhibit a

trend of decreasing peak velocity with increasing windspeed.

—_—

T v

Accurate measurement of the airplane's position in space relative to the

tower was made using the NAFEC Phototheodolite Range. This provides, as a
function of time, the horizontal and vertical position, track over the ground,
and absolute groundspeed. Using the available wind data, which in this series
of tests was limited {wind strength and direction were measured at one height
i only, 100 feet), an estimate of the crosswind velocity component was made,

and it has thus been possible to correlate vortex lateral transport velocities
with the magnitude of *he crosswind velocity component. The theodolite data

1 locates the nose of the airplane, and it was assumed that the lateral spacing
of the vortices, except at the instant of generation, was less than the air-
plane's geometric span, by a factor of n/4. It is thus a simple matter to
determine how far esch vortex has had to travel between time '"zero" and time
when it hits the tower. To the extent that the crosswind as determined is
rarely an exact crosswind, and that the wind close to the ground is variable
in intensity and dircction, as a function of altitude and usually time as
well, it is impossible to be very precise in determining the wind velocity
that should be correlated with the measured lateral transport velocity of

the vortices as a whole. Appendix H discusses this small error, introduced
by the deviation of the wind from the true crosswind direction.

Potential flow theory gives the descent velocity of a vortex pair, and the
lateral velocity that develops as such a pair erters ground effect. The
solution can be vbtained for zero wind or for any wind whose velocity profile
in the area of interest can be described by a potential function. A detailed
solution has been worked out for the zero wind case, and two of the more
important results are presented. The lateral and vertical velocities are

as follows:

. 2 . - 3 _ o243/3
y-iz'l:_:’_ H 2-4L gz 238) ] (1)

(§ positive for starboard vortex, negative for port)




Aty

oo

Where y and z are defined in the sketch following, with their origin at the
centroid of the system. In the limit, as time approaches infinity, z approaches
the initial latersl distance between vortices, out of ground effect),
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“while initially, out of ground effect, z is very large, and we have

y®=o i-;—?.- 5

The time for a vortex pair to descend the vertical distance between two
points

xl and z, is given by

93
Te &I:.‘ Cot 2¢ (4)

$1
where ¢‘ = Arcsec z /s

§ = Arcsec z /8

»

I' = Median Circulation, ft?/sec.
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Run No. 61
Gross Weight 92,000 pounds
EAS 126 knots
Lift Coefficient Cp 1.168
Configuration Takeoff .
Median Circulation 2,390 ft2/sec (Schrenk's Method (Ref. 2))
Wing Span 117.5 ft
8 46 ft
Aircraft height abreast 127 ft
of the tower )
Vortex height at tower 58 ft
Vortex age 22 seconds

Evaluating this for a typical DC-7 rum, to which the following data apply:

Using Equation (4) to compute the time for the vortex to descend from 127
to 58 feet, we obtain: T =30.3 seconds. |

Equation (4) can easily be tramnsposed to yield the horizontal transport times
in ground effect. Appendix F, pages F-29 through F-34 show the experimental
mean vortex descent rates as a function of airplane height abreast oi the
instrumented tower, categorized by airplane configuration, upwind or downwind
vortex (the latter categorization was unnecessary except to avoid crowding

of data points), and the plots show the expected result that the descent

rate is higher for the higher altitudes in which ground effect is initially
weaker. The very large amount of scatter stems from the fact that descent

rate is a function of many more variables than the obvious oues of circulation,
wing span and initial altitude. The problem is complicated by a marked tendency
of the vortices to loop and "s " about, plus their (as yet undetermined)
sensitivity to the temperature lapse rate, thermal aciivity (which is not
restricted to just warm weather), and buoyancy effects. For the example quoted
here, the vortex appeared to travel a vertical distance of 69 feet in a time
interval of 22 seconds, for an average descent rate of 3 ft/s, with initial
altitude of 127 feet. At the other end of the scale, the following data

apply to Run 142:

Gross weight 92,600 pounds

EAS 125 knots
Lift Coefficient Cj 1.194
Configuration Takecff
Median circulation 2,420 feet2/second
Aircraft height abreast 205 feet

of the tower
Vortex height at tower 83 feet

Vortex age 21.5 seconds
Equation (4) yields an elapsed time of 28.9 seconds to descend the 122 feet

between time zero and striking the tower for an average descent rate of
4.2 ft/s.




The theorctical mean descent rates have been determined for every run, based

on a median circulation calculated by Schrenk's approximation. The calcula-
tion assumes that at time zero, ground effect is negligible and that the lateral
spacing between vortices very rapidly reduces to ¥ b /4. The correletiom with
the measured mean descant rates is shown for the three test configwrations in
Figure 14. The scatter is very great, due *o i number ~f causes, principally
"snaking" of the vortex which can obvious!’ cause the mean d>scent rate of a
segment. of the vortex to differ. over a limited time interval, from the mean
descent rate of the system as a vhole. Though the data are 3cattered, however,
the central values correlate quite well with the theoretical values.

Vortex lateral transport velocities a»n 2 function of crosswind velocity com-
ponent are presented in Appendix I, pages I-1 through I-7. The data is fairly
scattered and a least squares fit has been applicd. Out of ground effect, in

a2 uniform crosswind, the lateral drift rate is simply equal to the magnitude

of the crosswind. In ground effect, due to momentum loss in the boundary

layer, correspondence between drift rate and crosswind is not one-to-one since
the wind plotted here is that measured at 100 feet above ground level and does
not necessarily represent a mean taken over the height range of interest.

The slope of the line yielded by the least squares fit, relating lateral trans-
port velocity to crosswind velocity component, falls between 82 and 96 percent
for the takeoff and landing configurations. The data is very sparse for the
holding configuration and the slopes obtained should not be regarded as typical,
especially since no data points were obtained at the higher crosswind veloc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>