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INTRODUCTION

PURPOSE.

The work described in this report was performed to gain information on the
wake-vortex characteristics of the McDonnell-Douglas DC9 airplane, and to

aid in the development of improved air traffic control procedures in terminal
area operations.

BACKGROUND .

It became apparent early in 1970 that there was a need to investigate further
the wake characteristics (i.e., peak velocities, velocity distributions,
dissipation rates, and transport velocities) of large jet transport airplanes,
particularly under conditions representative of terminal area operations. A
preliminary investigation was conducted in February 1970 as a joint operation
involving the National Aviation Facilities Experimental Center (NAFLC), the
National Aeronautics and Space Administration (NASA), the Boeing Company, and
the United States Air Force. This work has been reported on in references 1, Z,
and 3. NAFEC's part in the investigation included the acquisition of quantita-
tive data on the wakes of the Boeing 707, 727, anu 747; the McDonnell-Douglas
DC8 and DCY9; and the Lockheed C5A, using the tower fly--by technique. These
early tests, while yielding some useful information, were later shown to be
incomplete, by reason of the low resolution afforded by the anemometry (25 feet
spacing betweer sensors) and the limited number of data rurs made.

Of the airplanes in the above group, four (B707, B747, DC8, and C5A) have four
wing-mounted engines, and three (B727, DC9, and CHA) are T-tail designs. Of
the second group, the B727 and DC9 have rear-mounted engines and essentially
aerodynamically "clean" wings. The low-wing, T-tail design is believed to pro-
vide sufficient vertical separation between the wing and horizontal tail that
the trailing vortices generated by the negative 1lift normally required from

the horizontal tail do not greatly interact with the trailing vortices pro-
duced by the wing. This is just a result of the design-configuration chosen,
not a design objective, and is mentioned here because this type of interaction
conceivably plays a part in the downstream development of the wake of airplanes
using a different general layout. An essential difference between airplanes
with four wing-mounted engines and those having fuselage-mounted engines can be
seen when flight conditions lead to the production of condensation trails. In
the former case, the four separate contrails rapidly merge into z pair of
thicker contrails, which evidently become involved in, and render visible,

the far-downstream development of the wing-tip vortices (figure 1). The white
condensate remains near the core of each vortex, and within a few thousand

feet behind the airplane, a condition arises in which the vortices develop a
sinusoidal distortion, and ultimately, "pinch-off" into loops at regular
intervals and then finally disintegrate. This process, which is well illus-
trated in reference 4, is only to be seen when the engines are mounted some
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distance out along the wing. When the engines are fuselage-mounted, the
separate contrails merge into a single one almost at once, and do not appear
to become involved in the wake development in any way. The large single
contrail has been observed to remain virtually unchanged for minutes at a
time. This is illustrated in figure 2.

The point of these observations is to indicate that airplane design-configura-
tion is as important a variable, affecting the development and eventual disinte:-
gration of an airplane wake, as is the flight~configuration (degree of flap
deployment, landing gear status, deployment of leading edge devices, etc.).

1t has been found, for example, that the Boeing 747 trailing vortices (refer-
ence 5) are strongly affected as to core size, maximum tangential velocity

and velocity distribution by the flight~configuration of the airplane. On

the other hand, in the case of the Boeing 727 airplane (reference 6), the
trailing vortices appear to be constant in core size and velocity distribution,
whatever the flap angle. Another finding concerning these two airplanes was
that the B727 vortices produced higher peak tangential velocities than those

of the B747, and that the decay envelope of the B727 peak velocities showed

a slower rate of decay, despite the much lower gross weight and size of the
latter airplane. This has been attributed, in a general way, to the different
design-configuration of the B727. Therefore, it was of considerable interest
to determine if a second airplane, of a generally similar configuration
exhibited similar characteristics. The DC9 is such an airplane, though it
obviously differs in several respects - notably, it does not have the third
engine, and the wing design, especially the planform, reflects the short-field
operational requirement and a lower design cruise Mach number.

In this series of tests, the required improvement in flow resolution was
obtained by using a spacing of 1-foot between sensors on the test tower.

DISCUSSION

FLIGHT TEST PROGRAM.

Detailed discussion of the test procedure, test tower, instrumentation,
photographic coverage, and time correlation is given in references 5 and 7
as indicated below.

TEST AIRPLANE. The McDonnell-Douglas DC9, series 10, airplane is shown in
figures 3, 4, and 5. It is a two-engine commercial jet transport, powered
by Pratt and Whitney JT8D-1 turbojet engines mounted on either side of the
rear fuselage.

In cruising flight, the wing is essentially clean, except for mincr fairings
ana cs~rescences. The wing design, which is well described in reference 8,
features a fixed leading edge, conventional ailerons, and chord-extending flaps.
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The inboard flap sections, by use of a system of moveable vanes, furction as
single-slotted in the takeoff position and triple-slotted in the landing
position. The outer flap sections function as single-slotted for takeoff
and double-slotted for landing. Inboard and outboard sections operate as 1
single section, with no gap between them.

TEST PROCEDURE. See reference 7.

TEST TOWER. See reference 7.

INSTRUMENTATION.

AIRPLANE. The airplane required no special instrumentation. A pilot's log

sheet was used to record the following information when the airplane was
approximately abreast of the tower:

- Time

= Airrlane Configuration

- Gross Weight (Estimated)

= Indicated Airspeed

- Radar Altitude

- Pressure Altitude

- Magnetic Track

- Clearance from Tower (From Ground Markings)

= Engine Performance

- Subjective Evaluation of Atmospheric Turbulence

For data reduction purposes, phototheodolite data on airplane altitude,
groundspeed, track, and lateral offset of track from tower was used whenever
available. Groundspeed was corrected to true airspeed using wind velocity
data gathered at the top of the tower (140 feet above ground level (AGL)).

Since the test altitude was so low, it was not considered necessary to account
for the difference between true airspeed and equivalent airspeed in any data
reduction or calculations dependent on these quantities, such as the calculaticn
of 1i1ft coefficient or estimation of the strength of the tip vortices.

TOWER VORTEX MEASUREMENT. See reference 5.

TOWER ATMOSPHERIC MEASUREMENTS. See reference 5.

PHOTOGRAPHY. See reference 7.

TIME CORRELATION. See reference 7.

TEST SITE. See reference 5.

DATA PROCESSING. See reference 5.

]
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DATA PRESENTATION. The data output and presentation con.ist. primarily of:

1. Computer tabular prini:out of peak recorded vortex tangential velocity
and vortex ages, as recorded by the tower sensors.

2. Printout of atmospheric data (air temperature, wind direction and speed,
and relative humidity) as recorded by sensors located at the 23-, 45-,
70-, 100-, and the 140-foot ievels (appendix A).

3. Plots of tangential velocity scalar magnitude against time. Sample plots
are shown in figures 6A and 6B.

4, Plots of tangential velocity scalar magnitude against tim., using an
expanded time scale for enhanced data resolution for more detailed analysis.
A sample plot is shown in figure 7.

5. Vortex tangential velocity profiles (corrected for wind), as a function
of height above the ground (appendix B).

DATA ANALYSIS.

A general discussion of the approach to the problem of analyzing the data is
given in reference 7, under the same heading. The limitations and problems
of the experimental technique ~re discussed - that is to say, the low height
of the tower in relation to .ne alrplane wingspan, aerodynamic interference
effects, and ambiguities arising from the inability of the anemometry to
yield directional information. Since the work in reference 7 was completed,
resolution has been increased by mounting sensors at more frequent -intervals
(every 2 feet, from 8 feet above the base of the tower to 40 feet above the
base, and at l-foot intervals from 40 feet to the top of the tower), so that
the chance of measuring a true peak velocity has been increased. The 1l-foot
spacing between sensors probably represents the limit of resolution, without
introducing serious errors due to aerodynamic interference between the sensors
and adjacent mounting hardware.

For the particular airplane under discussion, the tower height is nearly
60 percent greater than the airplane wingspan. When advantage is taken of
this, by the vortex striking the tower high up, ground effect is minimized.

Figures 8 through 10 present peak recorded tangential velocity as a function of
vortex age. A very small number of data runs were made in the takeoff con-
figuration, and each of these only yielded a single vortex hit, the upwind
vortex (figure 9). This is because the airplane altitude abreast of the tower
was frequently too great, causing the downwind (first) vortex to pass over the
top. Airplane altitude at this point in a data run was not entirely a matter
of choice, but was determined by the following consideratons, in addition to
the requirements of the experiment: location and height of another tower on
the field, unconnected with present test series; wind strength and direction;
and flight safety. It is significant that this small number of runs yielded

a group of velocities that fall in the upper range of the data, despite the
great scatter that is evident elsewhere. The complete set of peak velocities
is presented in figure 8. This shows that between 30 and 50 seconds, there

A
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is a rapid falloff in the maximum velocity to be expected. An empirical curve
fit to the data was made and the exponential equation Vg, =396exp(-.0347t),
with a half life of 20 seconds, is a fair description of the boundary of peak
values over the time period 30 to 100 seconds after vortex generation. The
inverse square root of elapsed time, which yielded a good fit to the data

on the Boeing 747 and 727 (references 5 and 6) does not fit the present data
at all. In the landing configuration data (figure 10), a comparison may be
made between peak velocities in upwind and downwind vortices - and it is evi-
dent that over comparable times, there is little difference between them. This
is in contrast to the findings in the Boeing 727 vortex flight tests, in which
it was found, in landing configuration, that the boundary values of the peak
tangential velocities were approximately 25 percent higher for upwind vortices
as compared with downwind vortices.

Figures 11 and 12 show the variation of vortex lateral transport velocity

with the crosswind velocity component. There is insufficient data on the
takeoff configuration for comment, but in the landing configuration good
correlation has been obtained over a wide range of crosswind values. For both
upwind and downwind vortices, the lateral transport velocity is approximately
equal to the crosswind velocity, which in this report was determined from

the meteorological data at the 140-foot level. On balance, the downwind vortax
lateral transport velocities exceed those of the upwind vortices by a small
margin, which is the expected result (individual velocities are contained

in appendix C).

In the absence of wind and viscous effects, the theoretical analysis of
appena.’x D shows that the vortex lateral transport velocity tends to a limiting
value given by

r
;: t4n$ (1)

where s = seri-distance betweon vortices at time of generation

This value exists when the vortices have descended to the limitin, height
which is
.8

Before reaching this height, the lateral transport velocity is
2
y= IS (2)
4n23

Taking a typical value of I'=1660 feet squared per second and taking
s=,1257mb (that is, 35 feet).

r

ins = 3.8 ft/s
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F

i for z=2 z=2s Is® | 47 /s
and for S, ' 4723 g
Thus, when the vortices strike the tower at heights greater than 2s (that
is, 70 feet), the rate of induced drift (away from each other) is less
than 1 foot per second (ft/s). Reference to appendix C shows that most
vortices struck the tower at a greater height than this, which thus indicates
that the vortex drift (that is, lateral transport) shown in figures 11 and 12
is almost entirely due to the wind. This is in agreement with the results
presented in these figures, which show little difference between the drift
rates of upwind and downwind vortices, and a slope of one-to-one, passing
through the origin.

Figure 13 presents the reasured vortex mean descent rates plotted against the
theoretical values. The latter were determined using an expression developed
from material published in reference 9. The development of the analysis
appears in appendix D of this report. It yields the result that the time
taken by a vortex pair to descend from height zldown to height z, is given by

2
T= §%§—(Cot2¢2-Cot2¢|) (3)
where ¢|‘2 = Arcsec 2),2/s

It is also shown tiiat the descent rate at height z is given by

-T  (z%-s?) 3/2 4)
4ns 23

L]
z=
When z is very large compared with s, this reduces to

s . 2L
2% Qns (5)

With z equal to 2 seconds,

b W FX4
1°%ns 8 (6)

and with z equal to 1.5 seconds,

s . T 1.25% -
= 4ns | &3 7

The last two values are, respectively, 65 and 41 percent of the descent rate
of out of ground effect. It is clear then that as the ground plane is approached,
the rate of vortex descent diminishes very rapidly.
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In the subject series of vortex-wake turbulence flight tests, no provision

has been made for precise tracking of the vortices, if indeed this is yet
possible and consequently transport velocities can only be determined as mean
values over the time period between vortex generation and their striking the
tower. Good results were obtained with the lateral transport velocities,
which correlated quite well with the crosswind, largely because ground effect
was very small in c¢ne height range over whicl the vortices were moving. Ground
effect on descent velocity, however, is seen to be significant and the
instantaneous value can be strongly influenced by small variations in the
atmospheric density gradient, convection currents, and self-induced undulating
movements developing within the vortex itseif. The mean descent rate, even
over an altitude range that is quite tightly controlled is, as a result, still
subject to wide variations. The theoretical descent rate is a function only
of the strength of the trailing vortices, the separation between them and the
initial and final heights. Figure 13 serves to show that the calculation of
the vertical situation of a vortex pair is not possible by any of the simple
considerations that appear to work in determining the lateral situation.

In order to assess the effect of temperature inversion on vortex descent, the
data points presented in figur. 13 (measured descent rates are also tabulated
in appendix C) were arbitrarily divided into t™ose less t'.a 4 ft/s descent
rate and those greater. The low-altitude meteorological data of appendix A
shows that a temperature inversion was present on many of the runs. Sixteen
downwind vortices descended at less than 4 ft/s (run numbers 12-14, 19,
29-37, 39, 40, and 44), and of these, eleven (run rumbers 12, 13, 29-34,

37, 39, and 40) were associated with a temperature inversion. Similarly,
sixteen upwind vortices (run numbers 12, 13, 25, 29, 31-37, 39, 40, 43, 46,
and 51) descended at less than 4 ft/s, and of thesr, eleven also (run numbers
12, 13, 29, 31-34, 37, 39, 40, and 43) were associated with an inversion.

Figures 14 and 15 present peak tangeutial velocity versus ambient windspeced,
with the data srouped by vortex age (10-20 seconds, 20-30 seconds 30-40 seconds,
and greater than 40 seconds). In the first three groups, ihe data points are
randomly scattered and show no evidence of any correlation with windspeed. The
final group merely reflect what is already shown in figure 8 - namely that
beyond 40 seconds vortey age, peak velocities diminish very rapidly and are

not likely to exceed 50 ft/s.

The possibility of a correlation between peak velocity and windspeed had been
considered to exist because of wind shear, shown by the data of appendix A to
be present at least to the altitude limit of the instrumentation.

In this series of tests, the range of altitude abreast of the tower was

quite restricted, and when the data has been grouped according to age, it

was found that in any one "age group,' the range of altitude is further
restricted - consequently, it is not possible to determine if any relation-
ship exists betwcen peak velocity in a vortex and the height above ground
level at which it was generated. One result that was noted in previous

work (reference 6), was that ground plane interference accelerated the flow -
a result that is also predicted by potential flow theory.
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The main body of the data is presented in appendices B and E, the distribution
of tangential velocity for individual vortices. In appendix B, the tangential
velocity plots are arranged by airplane flight configuration and by vortex

age. Two configurations were tested - takeoff (fla,s 20°, landing gear down),
and landing (flaps 50°, landing gear down). Of the 61 runs made, the first 9
were in takeoff configuration, the remainder were in landing. Twenty-six

of the runs yielded at least one good vortex 'hit' on the tower, the sensor
data from which could be analyzed to produce a tangential velocity distribution.

It is evident from these distribution plots, which cover vortex ages between

20 and 40 seconds, that there is no detectable difference between the velocity
distributions for vortices generated in the takeoff configuration, and those
for landing configuration. Al] exhjbit a consistently small core, the diameter
of which is of the same order of magnitude as the sensor spacing (1 foot). At
vortex ages greater than 40 seconds, figure 8 shows that there is a marked
reduction in the maximum tangential velocity to be expected (the exponential
decay curve that has been drawn is a very approximate fit to the data, and

as figure 10 indicates, a different type of function, with small initial and
final slope, and steep intermediate slope would be better), and it has not been
possible with that data (that is, at 40 seconds and more) to deduce the veloc-
ity distrilutions and associated core diameters. All that could be done was

to extract the peak tangential velocities and to note that past 50 seconds,

at any rate, there is little structured flow and no region of high velocity
remaining. There is no evidence of significant expansion of the vortex core
with the passage of time, and this is supported by the findings of reference 6,
from which tests it was possible to develop tangential velocity distributions
of vortices up to 80 seconds in age, showing little or no core expansion.

In appendix E, composite plots are presented which illustrate the slowness
with which the tangential velocity distributions change with time. Thic is
best shown by comparison of figures E-2 and E-6, which cover a time span of
12 seconds vortex age to 41 seconds vortex age. All figures in the group E-2
through E-6 are for landing configuration, downwind vortices, and the air-
plane altitude abreast of the tower was between 200 and 230 feet. Thus, the
variation among the vortices in this group is attributable to age, which in
turn is determined by aircraft lateral clearance from the tower and the
profile of crosswind velocity component. The solid lines in this group of
figures represent an empirical envelope only, and were not mathematically
determined.

The general form of the velocity distribution is close to that of the
Hoffman-Joubert logarithmic distribution, which was shown to fit much of

the data in references 5 and 6. As was found with the Boeing 727 airplane
vortex cores are uniformly small in diameter - too small to measure accurately
with the sensor spacing used in these tests. This spacing, namely 1 foot
between sensors, probably represents a practical limit on resolution that can
be obtained using the present type of anemometry, which necessarily involves
heavy mounting hardware, and it is doubtful if any useful purpose would be
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served by attempting to obtain more detailed information on the vortex core.

The Hoffman-Joubert type of velocity distribution is presented in figure E-8

for three values of core radius - 1, 2, and 3 feet, with a maximum tangential
velocity of 140 ft/s.

Figure 16 (A through F) presents six representative tangential velocity distri-
butions, and illustrates clearly the absence of any clear difference between
vortices generated in takeoff configuration and those generated in landing
configuration (the respective flap angles are 20 and 50 degrees). The curves
are calculated according to the Hoffman-Joubert logarithmic type of velocity
distribution:

Vo= Ve(rc) r_r":'(ln":r: +‘)

The values of core radius rc, and core radius tangential velocity Vg(r.) are
noted separately fcr each plot.

It was indicated at the beginning of this report that there was some interest

in comparing the subject airplane, the DC9, with the Boeing 727, since the

two airplanes have certain design feaiures in common - namely, swept-back wings,
aft-mounted engines, and T-tail. The B727 vortex-wake flight tests are
described in reference 6 and the principal findings of that report were as
follows:

The highest peak reccrded tangential velocities were found to exist in vortices
generated in landing configuration, and of these, the upwind produced the
higher peaks - up to a maximum value of 260 ft/s as compared with 210 ft/s

for downwind. The only other flight configuration on which sufficient data

was gathered for comment i.e., takeoff, also yielded absolute peak velocities
on the order of 200 ft/s. 1In all three flight configurations in which the

B727 was tested, the core diameters were uniformly small - too small in fact

to be determinced with sensor spacing of 1 foot. It was also found that the
envelope defining the absolute peak velocities as a function of time could

be approximated by the exponential equation

VOmox = 391-5 exp(-.01261)

with a half-life of 55 seconds. This was a surprising result, since the
corresponding equation for the much larger and heavier B747 is

Vomax = 336-4 exp(-.0173t),

with a half-life of 40 seconds. Another surprising result of the comparison
between the B747 and B727 vortex flight tests was the fact that while with the
former airplane, the vortex tangential velocity distribution as a function of
radius was strongly influenced by the amount of flap detection (small deflections
generated small-core -rortices with high peak velocities, while large deflections
generated large-core vortices with much lower peak velccities), the vortices
generated by the B727, as has been seen, were insensitive to flap deflection,
with regard to both the peak tangential velocity and the vortex-core diamete:.
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