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ABSTRACT 

During the spring of 1987, the National Oceanic and Atmospheric Administration (NOAA) 
conducted a full-scale flight test program to investigate the vortex wake characteristics of the 3 
primary U. S. Air Force (USAF) Military Airlift Command (MAC) jet transport aircraft, 
namely, the Lockheed CSA/B Galaxy, the C141B Starlifter, and the Cl30E Hercules. The test 
program required vortex data at low airspeeds and low altitudes to meet certain operational 
considerations. The tower fly-by technique was employed for vortex data acquisition purposes. 
The study was successful in that the objectives of the study were completely fulfilled. 

The Federal Aviation Administration (FAA) subsequently commissioned NOAA to 
reexamine the data with the objective of extending the existing knowledge of vortex behavior 
in terminal area flight operations. The FAA was particularly interested in the application of the 
data to Air Traffic Control (ATC) separation standards. The data had not previously been 
analyzed with this goal in mind. This report describes the results of that effort. 

Of significance in the reexamination of the USAF data was the length of vortex persistence 
even under somewhat turbulent or unstable atmospheric conditions. Although no vortex ages 
older than 2 minutes were observed in the anemometer data, visual observations of vortex­
entrained smoke indicated that CSA/B vortices persisted for as long as 3 minutes. Correlation 
of the Richardson Number (Ri) with vortex persistence indicated the difficulty of using this 
atmospheric turbulence index as an indicator of vortex decay. The effect of the high wing 
configuration of all three aircraft and the T-tail configuration of two of the aircraft on trailing 
vortex system characteristics is also discussed. 
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INTRODUCTION 

The primary purpose of this particular effort is to examine newly acquired military transport 
aircraft vortex wake data for application to existing Air Traffic Control (ATC) terminal area 
flight operations. The effort also includes examination of the data for application to 
simultaneous parallel runway operations. The full-scale vortex flight test data were obtained by 
the National Oceanic and Atmospheric Administration (NOAA) Air Resources Laboratory Field 
Research Division using the tower fly-by technique (Clawson, 1988). The aircraft studied were 
U. S. Air Force (USAF) large jet transports from the Military Airlift Command (MAC), 
namely, the Lockheed C5A/B Galaxy, the C141B Starlifter, and the C130E Hercules. The data 
were collected and analyzed for ~ilitary purposes. However, the type of data that was collected 
permitted further analysis, including vortex persistence and transport at low altitudes. 

A secondary purpose was to attempt to determine a correlation parameter(s), other than 
ambient wind velocity, for vortex persistence (age). The plan was to correlate vortex persistence 
with atmospheric conditions existing during the time the flight tests were conducted. This was, 
of course, dependent on appropriate supporting flight test data. 

This report is structured to meet the primary and secondary objectives cited above. Some 
effort has also been devoted, where data permitted, to vortex modeling or existing model 
validation. This validation includes 1) vortex tangential velocity distribution, 2) vortex ground­
effect onset, and 3) aircraft model and configuration effects on vortex characteristics. 

1 



This page intentionally left blank. 

2 



BACKGROUND 

FAA EFFORT 

The Federal Aviation Administration (FAA) currently has underway a high priority aircraft 
vortex wake program. The primary objective of the program is to reduce or minimize the 
effects of the aircraft trailing vortex hazard on the flow of air traffic in terminal area flight 
operations. The program includes the study of both arrivals and departures. The desired 
outcome of the program is to safely increase airport capacity. 

The current program is separate and distinct from an earlier vortex wake program initiated 
and pursued by the FAA in the early 1970's. That earlier program was motivated by the 
planned introduction of the so-called jumbo or wide-bodied jet transport aircraft (i.e., Lockheed 
CSA Galaxy and Boeing 747-100) into the National Airspace System (NAS) in early 1970. 
Considerable concern was expressed at that time by aviation oriented organizations regarding 
the vortex wake hazard of these and other large jet transport airplanes, e.g., B707-300 and DC-
8-63 series airplanes with a maximum permissible take-off gross weight of greater than 300,000 
pounds. It subsequently became imperative to investigate the vortex wake characteristics of 
these relatively large and heavy aircraft and their potential or actual effects on other aircraft 
encountering these trailing vortices. The flight tests and analyses were performed by various 
government agencies and private industry. The results of the tests were used to establish the 
present set of ATC aircraft separation standards. The many flight tests and associated 
investigations are well documented and are covered in numerous reports, e.g., Garodz and 
Miller (1975), Garodz et. al. (1976), and Kurkowski et. al. (1976). These reports will not, with 
rare exceptions, pe discussed in detail herein but are cited mainly for the reader's convenience. 
This early wake vortex program, for all practical purposes, was terminated in late 1979. 

The presently established ATC aircraft separation criteria based on the vortex hazard have 
proven to be safe, but they are not necessarily very efficient with regard to air traffic flow rates. 
This suggests the necessity of re-evaluating the separation criteria when new, reliable, and 
applicable vortex flight test data become available. This is precisely the impetus behind this 
report. Very little, if any, valid full-scale flight test data have been acquired on the far 
downstream vortex wake characteristics of the C5A/B, Cl41B and C130E series aircraft. This 
is the case for all jet transport aircraft with a high-wing (a design characteristic of all three of 
these airplanes). Two of the three airplanes are T-tail aircraft. Wing/T-tail vortex interaction 
is another area .of study of which very little is known. 

With this in mind, the FAA requested NOAA, via an Interagency Agreement (IA), to re­
examine the recently acquired vortex data on the C5A/B, C141B, AND C130E. The data had 
been collected and analyzed by NOAA to support military purposes, which were quite different 
from the goals of the FAA vortex wake program. Considerable time and money had been 
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expended to conduct the full-scale flight tests for the USAF to meet their objectives. However, 
the data were collected in such a manner as to permit a reanalysis which could be readily used 
to fill certain FAA knowledge gaps in aircraft vortex wake characteristics. It became apparent 
that a re-examination of the data in light of the FAA's vortex program objectives would be very 
cost-effective. 

NOAA/AIR FORCE EFFORT 

During the spring of 1987, the USAF entered into an IA with NOAA to conduct full-scale 
flight tests to acquire data on the vortex wake characteristics of its major MAC jet transport 
aircraft. The flight tests were required to determine the potential effects of trailing vortices on 
air drop operations conducted during formation flight at low altitudes. The specific aircraft 
included in the study were the CSA/B, C141B, and Cl30E. Three-view drawings of t.hese 
aircraft are shown in Figs. 1, 2 and 3. Additional pertinent aircraft specifications are given in 
Appendix A. 

The flight tests were conducted at the NOAA flight test facility located at the Idaho National 
Engineering Laboratory (INEL) complex near Idaho Falls ID. The test site selection was based 
on: 1) the requirement to conduct flight tests at very low altitudes, nominally below 300 feet 
above ground level (AGL), 2) the capability of the NOAA facility to acquire reliable data on 
trailing vortices using a specially configured and instrumented 200 foot tall meteorological 
tower, and 3) the requirement to use the well-recognized tower fly-by technique previously 
developed by the FAA/NOAA for reliable vortex measurements. Figure 4A illustrates a 
schematic depiction of the tower fly-by technique. Figure 4B is a photograph of the Cl41B with 
active wingtip smoke generators on a tower fly-by approach. One hundred sixty-four tower fly­
bys were flown, the majority of which were performed with the airplanes at or close to the 
maximum permissible take-off gross weight. This was achieved by loading a huge amount of 
ballast into the cargo bays of the test airplanes. The aircraft take-off gross weights during the 
flight tests were approximately 700, 261, and 148 thousand pounds for the CSA/B, the Cl41B, 
and the Cl30E, respectively. 

The immediate USAF requirement was to acquire raw data on vortex size, intensity 
(tangential velocities), and persistence. Short, intermediate, and long time-history data were 
acquired on the vortex wake characteristics of the test aircraft, both in and out of ground-effect, 
as a function of aircraft configuration, performance, and existing atmospheric conditions 
(primarily wind speed). The test flights were conducted as planned and were considered a 
success by both NOAA and the USAF. 

Following the completion of these flight tests, it was the intent of FAA to have NOAA 
further process and analyze the USAF data. The FAA desired to depict the aircraft vortex 
intensity, movement, persistence, and decay mode, as a function of the ambient atmospheric 
characteristics in which the vortices were generated and transported. It was felt at the time, that 
a re-examination of the flight test data could provide an important input into the FAA' s Vortex 
Wake Program elements. One of these elements calls for the correlation (if possible) of vortex 

4 



I 
I 
I 

I 
I 
! 
! 
I 
! 
f 
f 

r 

Figure 1. Three-view drawing of the Lockheed CSA/B Galaxy. 
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Figure 2. Three-view drawing of the Lockheed Cl41B Starlifter. 
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Figure 3. Three-view drawing of the Lockheed Cl30E 
Hercules. 
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Figure 4A. Schematic of the aircraft vortex measurement system using the tower fly-by 
technique. 

persistence and movement, both in and out of ground-effect, with some reliable index of the 
atmospheric characteristics within the earth's planetary boundary layer in which the trailing 
vortices are being transported. 

PREVIOUS FLIGHT TESTS 

During the summer of 1970, the FAA initiated a high priority project at its Technical Center 
(then called NAFEC) to investigate the long time-history vortex wake characteristics of large jet 
transport aircraft at low altitudes using the tower fly-by technique. The objective of the flight 
tests was to gather reliable data on vortex persistence and movement close to the ground and 
within ground-effect. The goal was to establish ATC aircraft separation standards for 
simultaneous parallel runway operations based on the vortex hazard. Specifically, the FAA 
desired to establish a minimum lateral separation distance between parallel runways beyond 
which the ATC controllers could perform arrivals and departures as independent runway 
operations. If runways could be separated further than the minimum distance, the controllers 
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Figure 4B. Cl41B with corvus oil smoke generators in operation as it passes upwind of the 200 ft. instrumentation tower in 
preparation for a vortex data acquisition run. 



would not need to be concerned about vortices from aircraft operating on one runway drifting 
laterally on to an adjacent runway or into its respective final approach corridor. Conversely, 
within this established minimum lateral separation distance limit between parallel runways, the 
ATC would be required to control departures and arrivals as a single runway operation. 

The NAFEC data acquisition tower was specially instrumented by the FAA and NOAA 
with: 1) hot-film anemometers for vortex flow measurements, 2) meteorological instrumentation 
for atmospheric characterizations, and 3) colored smoke generators for further vortex 
characterization as well as data correlation. The data from these flight tests and data from 
concurrent flight tests performed by others formed the basis for the FAA minimum parallel 
runway separation distance (for vortex considerations). A separation of 2500 feet was ultimately 
established which is still in use today. 

Garodz (1970) also used the flight test data in an attempt to correlate various atmospheric 
turbulence parameters with vortex persistence, movement, and the decay mode. The two indices 
considered were the Richardson Number (Ri) and a Power Spectral Density (PSD) analysis of 
atmospheric turbulence. However, due to insufficient meteorological instrumentation and the 
resulting lack of data covering the range and depth of ambient atmospheric conditions, 
consideration of these two indices had to be abandoned. As a result, surface wind velocity 
(approximately 100 feet above ground level) was used as the primary indicator of vortex 
persistence along with temperature gradients measured along the vertical span of the tower. 
Temperature gradients were very useful for the determination of inversion type conditions close 
to the ground during flight testing, but were not of sufficient quality for valid Ri determinations. 
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TEST AIRCRAFT AND EQUIPMENT 

The Lockheed CSA/B, Cl41B, and C130E were the specific aircraft used for the flight tests 
(Figures 1, 2 and 3). The CSA/Bis simply a CSA with minor wing geometry modifications. 
All 3 aircraft were provided by the USAF Military Airlift Command and flown by USAF crews. 
The only special equipment required for the flight tests was ballast and wingtip smoke 
generators. The ballast was loaded in the cargo bay to achieve the maximum permissible take 
off gross weight. This resulted in higher wing lift distributions and vortex intensities. The 
smoke generators provided vortex flow visualization and were installed only on the C130E and 
the C141B. It was not possible to install the system on the CSA/B airplane for tactical aircraft 
operational reasons. The USAF objectives were realized without the use of the system on the 
CSA/B because of an alternate vortex flow visualization system installed on the data acquisition 
tower. Use of the airplane mounted system and/or the tower based system permitted precise 
vortex movement calculations and flight path control of the test airplane which insured vortex 
passage through the instrumented tower. 

The vortex marking system used on the C 130E and the C 14 lB aircraft consisted of two self­
contained smoke generator pods manufactured specifically for these type of flight tests by Frank 
Sanders Aircraft of Chino, CA. This type of smoke generator has been used successfully by the 
FAA and NOAA in vortex studies involving the Boeing B727 and B747 aircraft and the Sikorsky 
S-76 helicopter. The smoke is generated by vaporizing CORVUS smoke oil in a heated chamber 
inside the pod. The smoke is conspicuous, persistent, non-toxic, non-corrosive, and neutrally 
buoyant when dispersed within the atmosphere. The smoke generators are good for ten minutes 
total continuous operation. However, they are usually operated intermittently to extend on-site 
flight test time. 

The smoke generating pods were mounted close to the wing tip on the underside of the wing 
on each airplane (Fig. 4B). Results from previous vortex flight test investigations conducted 
with other airplanes have shown that, when the wing landing flaps are extended (deflected), 
multiple vortices are generated by the wing. The wing flap vortex can, under certain conditions, 
become the predominant vortex with the wing tip vortex becoming a pseudo satellite vortex 
around the flap vortex. Accordingly, it would have been most useful to have mounted. an 
additional smoke generator on each wing at the outboard end of the deflected landing flaps. This 
would have been useful not only for vortex flow field visualization and characterization but for 
flap vortex/wing-tip vortex interaction observations during and after the roll-up process. 
However, lack of these additional smoke generating pods did not diminish the quality nor the 
quantity of acquired vortex data to any significant extent. 

Pilot "knee-pad" data was recorded at the time the aircraft was abreast of the tower. These 
data included the following: 1) time the aircraft was abreast of the tower, 2) aircraft 
configuration, 3) gross weight, 4) indicated airspeed, 5) radar altitude above the ground, 6) 
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pressure altitude, 7) magnetic track, 8) estimated lateral distance from tower (actual distance was 
obtained from ground personnel), 9) engine performance, and 10) flight test altitude atmospheric 
turbulence according to subjective pilot opinion (none, light, moderate, or severe). These data 
were also used for data correlation and analysis. 
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TEST SITE AND INSTRUMENTATION 

The test site and associated instrumentation have been more than adequately described by 
Clawson (1988). For the benefit of the reader who does not have access to that report, the 
significant highlights are covered here. 

The test site is located on the Idaho National Engineering (INEL) complex, which is 
approximately 4S miles west of Idaho Falls, ID. The INEL is on the western edge of the 
Eastern Snake River Plain as shown in Fig. SA. Figures SB and SC present expanded plan 
views of the INEL complex and the NOAA test site, respectively. Major landmarks used by the 
test flight pilots for flight path orientation are the Big Southern Butte, Middle Butte, and East 
Butte. The floor of the Snake River Plain is a broad, rolling land mass with an average 
elevation of SOOO feet above mean sea level (MSL). The Bitterroot and Centennial Mountain 
Ranges, which border the INEL complex on the west (approximately 10-12 miles away) rise to 
approximately 11,000 feet MSL. 

At the test site proper, the terrain is fairly level with no significant vegetation (height-wise). 
In addition, there are no other protuberances or manmade structures which would cause 
generation of undesirable atmospheric turbulence in the vicinity of the flight test area (Fig. 6A). 
The test site is a high security area and is free of transient aircraft. The site is also fairly 
unpopulated, particularly with regard to the projected surface area of the aircraft's flight path 
over the ground. This helps to minimize any unwanted outside test interference. 

The 200 foot tall meteorological tower was the focal point for the flight tests and data 
acquisition systems including meteorological sensors, data recording and processing systems, 
flow visualization system (ground-based), video and still photography, and ground-to-ground and 
ground-to-air communication networks. The base of the test tower is at 4900 feet MSL. A 
ground-based vortex sensing system/array of towers, was located at the base of the 200 foot 
tower and extended outward radially as shown in Fig. 6B. 

The tower data acquisition and vortex flow visualization systems consisted of hot-film 
anemometers, conventional meteorological sensors, and colored smoke generators. The 
complete system is shown in Fig. 7 and each component is described below. 

Fifty hot-film anemometers were distributed vertically on the 200-foot tower. They were 
spaced at three (3) foot intervals vertically from the tower top down to a height of 101 feet 
AGL. Below this level the vertical spacing was increased to six (6) feet. The closer sensor 
spacing in the upper half of the test tower permitted more precise measurements of the vortices. 
This was the portion of the tower through which a higher proportion of the out of ground-effect 
vortex cores would pass. This out of ground-effect vortex was the type of vortex most desired 
by the USAF. 
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Figure SA. Plan view of the Idaho National Engineering Laboratory (INEL) and vicinity 
located in southeastern Idaho. 

The altitude at which the vortex begins to be involved in ground-effect (according to 
McGowan, 1971) can initially be calculated assuming an elliptical lift distribution over the wing, 
i.e., 

r-i nW 
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Figure SB. Plan view (expanded) of the INEL and vicinity. 

DUBOIS 

where r is the midspan vortex circulation, n is the normal load factor, Wis the aircraft gross 
weight, p is air density, V is the aircraft true airspeed, and b is the aircraft wingspan. Ground­
effect in relation to vortex movement through space, as a first approximation, begins to be most 
pronounced at a vortex altitude (hvge) of 
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Figure SC. Plan view (close-up) of the NOAA aircraft vortex test site located on the INEL 
complex. 

For the test aircraft involved, hvge is: 

87.5 feet AGL for the CSA/B 
62.8 feet AGL for the C141B 
52.1 feet AGL for the C130E 

The hot-film sensors provided tangential vortex velocity data for air flows across each 
probe. They did not provide flow direction. This was determined by careful analysis of the 
recorded hot-film data as well as video and photographic coverage. These data were used to 
determine, as closely as possible, vortex core passage height (AGL) through the hot-film array 
on the tower. This data analysis task becomes more demanding and time-consuming as one 
approaches the vortex core itself. Use of split-film type hot-film anemometers in place of the 
single-film probes used in these tests would have resolved a 180 degree flow direction ambiguity 
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Figure 6B. NOAA ground array vortex sensing system at the base of the 200 ft. tower. 
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problem. Costs associated with analysis processes would have been reduced with their use. 
However, significantly higher costs would have been associated with the calibration and data 
processing procedures. Increased data acquisition system design complexity would also have 
been required. Overall, the costs associated with a split-film anemometer system would have 
been much greater. 

Conventional meteorological sensors were installed in order to measure ambient wind 
velocity (speed and direction) and ambient temperature. These sensors were placed at seven 
geometrically spaced levels along the vertical span of the tower, as depicted in Fig. 7. 

Colored smoke generators provided vortex flow visualization as the vortex passed through 
and downwind of the tower. They were installed at ten levels along the vertical span of the test 
tower and were spaced at fifteen foot intervals starting from the top of the tower downwards. 
The smoke generators had an operational period of approximately 90 seconds. Ignition time of 
the smoke generating system had to be judiciously determined for any particular fly-by 
depending on the desired age of the vortex to be visualized. 

Legend: 

Hot-fih1 = o-

111 ind Speed = Y 
Wind Direction=>­
Air Te~perature: j 
s~o ke = ::Jr2jJ) 

200 ft. 

159 f't. 

100 ft. 

50 ft. 

25 ft. 

12.5 f't. 
6. 25 ft. 

iY>-

iY>- o-

10 ft. 

Figure 7. Schematic of the primary test tower illustrating the mounted instrumentation and the 
vortex flow visualization system. 
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The radially extended ground-based tower array was installed to measure lateral vortex 
movement characteristics. The instrumentation system layout or array is shown in Fig. 8 and 
consisted of thirteen eleven-foot tall towers. Each of the towers were instrumented with two hot­
film anemometers mounted at the same height at the tower top. The axes of the two sensors 
were placed orthogonal to the prevailing wind direction. One sensor was oriented horizontally 
and the other was oriented vertically. This particular system was designed to gather data on any 
aircraft generated vortices which descended into ground-effect. Such an approach permitted the 
calculation of the additive or subtractive effect the vortex flow field exerted on the ambient 
surface wind. If additive, such an effect could limit USAF parachute drop operations because 
of the relatively high surface winds thus generated in the drop zone. 

Key: ~~=NOAA Radio 

a 

a 
tow~~ 

a 11 ft. towers 

200 ft. 

;: ~ 
computer trailer 

50 ft. 

a 
aircraft offset-/~~ 

N~v 
35 deg 

s111oke control 

true 
~~ 

vortex control 

Figure 8. Schematic of the orientation and spacing of the secondary towers (ground array) 
employed to measure vortex ground-effect characteristics. 

The data acquisition system was operated for a period of about 3 minutes duration. 
Approximately 1 minute of the beginning of each scan cycle was devoted to the measurement 
of the ambient wind speed. The remainder of the data contained the vortex flow field. The scan 
rate was adjusted to measure all sensors (both hot-film and conventional meteorological sensors) 
100 times each second. 
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TEST DESCRIPTION 

The tower fly-by technique was used for the vortex characteristics flight tests. The 
technique basically consists of flying the test aircraft perpendicular to the ambient surface wind 
direction. The aircraft is flown at an appropriate altitude and distance upwind from the tower 
to permit the aircraft wake turbulence to pass through the tower. The tests are conducted under 
relatively low-ambient wind speed conditions. By manipulating the vertical and lateral 
positioning of the test aircraft, the age of the vortex system and the tower intercept height can 
be varied so as to achieve a set of flight test objectives. Miscalculating the wind velocity, the 
vortex descent velocities (first approximations are made on initial flight tests), or mis-positioning 
the airplane, can easily result in unsuitable vortex trajectories. For example, the trailing vortex 
system could float over the tower or settle prematurely into ground-effect. Figure 9 illustrates 
a general depiction of a vortex pair trajectory obtained with the test airplane slightly above the 

POSITION (1) 

-.----.-------1 ~-.ill!l!!~!!i0.1!!~1---=-

z 
VORTEX 

I 

~·!!!"-'!!'!!1!.'£!!' _____________ 1 __________________ _ 

• b'/2 

TOWER 

200' AGL 

Figure 9. Vortex trajectory in space with the aircraft positioned in close proximity to the test 
tower. 
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top of and in close proximity to the tower. Other vortex trajectories can be obtained using other 
aircraft positions. 

The test aircraft is preferably configured with a vortex flow field visualization system when 
the tower fly-by technique is employed. This helps to determine the precise height at which the 
vortex passed through the tower. Classical theory on vortex settling rates is still somewhat 
incomplete, in spite of the large amount of vortex data acquired to date. Many variables can 
influence settling rates such as: 1) different propulsion systems, i.e. prop or jet, 2) engine 
location, 3) configuration, e.g., flaps, slats, landing gear positions, and 4) atmospheric stability 
and buoyancy effects. An airborne visualization system can also aid considerably in determining 
the vortex decay mode. 

In addition to the causes of vortex movement uncertainties cited above, the vortices 
themselves often exhibit a sinusoidal type oscillation (also called Crow instability after Crow, 
1970). This type of phenomenon is covered extensively in Garodz (1970), Garodz and Miller 
(1975), and Garodz et al. (1976). Figure lOA illustrates Crow instability. The task of 
accurately calculating the required aircraft position abeam of the tower to insure proper vortex 

Plane h which 
iisk:bity develops 

' 

Figure lOA. General shape of the sinusoidal instability of vortices (after Crow). The vortices 
are viewed from above, and the generating airplane lies beyond the upper left-hand comer of 
the figure. 
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intercept with the tower can be very difficult if the oscillations are of a sufficient amplitude. 
On one pass, the top segment of the oscillating sinuous vortex may float over the tower. On the 
next pass, the bottom segment of the oscillating vortex may drift appropriately through the 
tower. This may occur even when initial conditions for both passes are, for all practical 
purposes, identical. 

This oscillatory type vortex motion was most predominant with the C130E aircraft as 
visually observed during the flight tests. A photo of this type of instability for the C130E is 
shown in Fig. lOB. Without an aircraft mounted vortex flow visualization system, the flight test 
team would never have known what was occurring to the trailing vortex system from the time 
it was generated by and shed from the C130E until it subsequently impacted the test tower. 
Whether the oscillations were due to atmospheric turbulence or instability, or due to the fact that 
the C130E is a turboprop airplane is not certain. The latter is the likely cause in that the prop­
wash probably became imbedded in the wing vortex sheet during roll-up. The C130E pilot 
reported no turbulence at flight altitude, making atmospheric turbulence a less likely candidate 
for the cause of Crow instability. 

A minimum of eight (8) minutes per tower pass was established to allow adequate time for 
proper data acquisition, processing, and storage. Also considered in this minimum time interval 
are pilot workload and stabilization of the atmospheric after being disturbed by the airplane 
vortex flow fields. Appropriate visual aids located on the ground were provided to enable the 
pilot to maintain the desired magnetic track or course over the ground. These aids also helped 
to ensure safe aircraft offset distance (wing-tip clearance) from the tower when abeam of the 
tower. 

The majority of the test flights were conducted at the airspeeds and in the configurations 
considered by the USAF to meet operational requirements regarding low altitude airdrop 
operations. The flight tests were conducted under the following conditions: 1) low airspeeds, 
2) extended landing flaps and, where installed, leading edge slats, 3) landing gear up, and 4) 
open aft cargo doors. The effect of the latter item on vortex characterizations is beyond the 
scope of this investigation and is not known at this time. 

The first test period of each day was planned so that the tower fly-by tests commenced at 
or just before sunrise. This was done because the ambient atmosphere normally is fairly stable 
during this time of day. These atmospheric conditions are most conducive to vortex persistence 
and maintenance of initial relatively high vortex tangential velocities after vortex generation. 
Subsequent test periods during the day obviously were conducted during periods of increasing 
atmospheric instability cause by solar insolation and associated convective action. 
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RESULTS AND DISCUSSION 

GRAPHICAL PRESENTATIONS 

A total of 164 flight test data runs were made past the vortex measurement tower during the 
test program. Fifty-two passes were made by the C130E during 4 days of testing. An 
additional 52 passes were made by the C141B during three days of testing. The C5A/B made 
60 passes during four more days of testing. Approximately 80% of the possible 328 vortex 
"hits" (two vortex hits per run) provided useful information. This high data recovery percentage 
was deemed outstanding, considering all of the variables involved which affect vortex transport 
and decay. 

The types of analyses and the summary graphs prepared for this report are presented in the 
paragraphs and illustrations that follow. The discussion of the results is presented in a 
subsequent section. 

The maximum ages and strengths of the vortices generated by the various aircraft was of 
primary concern for this report. Graphs of peak recorded vortex tangential velocity 01 o) versus 
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Figure 11. C5A/B peak recorded vortex tangential velocity 018) vs. 
age, all configurations, op= 15 to 100% with leading edge slats always 
extended, upwind and downwind vortices. 
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Figure 13. C130E peak recorded vortex tangential velocity (Vo) vs. 
age, all configurations, Op =0 to 50 % , upwind and downwind vortices. 
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age are presented in Figs. 11-13, for the C5A/B, Cl41B, and C130E, in order. The graphs 
include both upwind and downwind vortices obtained from all configurations of the aircraft. 

The correlation of V 8 with ambient wind speed was examined. Graphs of V 8 versus 
ambient wind speed for the three airplanes are presented in a series of figures. The graphs 
include both upwind and downwind vortices for all configurations of the aircraft. The graphs 
are subdivided into aircraft model and vortex age groups, i.e., 0-30, 30-60, and greater than 60 
seconds. Figures 14-16 are for the C5A/B, Figs. 17-19 are for the C141B, and Figs. 20-22 are 
for the C130E. 

Correlations were also examined for V 8 and Richardson Number (Ri). Ri has been used 
to characterize the turbulence level of the atmosphere. Graphs with identical categories as those 
in Figs 14-22 were developed for v8 versus Rias illustrated in Figs 23-31. Richardson Number 
is an expression of the ratio of buoyancy to inertia forces and is defined by the following 
equation (Rosenberg, 1970): 

(3) 

where g is acceleration due to gravity, 8 is potential temperature, z is height above the ground, 
and u is wind speed. However, for the first few meters AGL, Ri may be calculated with the 
atmospheric dry bulb temperature (T). This substitution was effected for the calculated data 
presented here. The sign of Ri is determined by the temperature lapse rate. Normally, an Ri 
at or near zero is indicative of neutral conditions in the atmospheric boundary layer. Outside 
of this region, stable conditions are indicated for positive values while instability is indicated for 
negative values. 

The plots of vortex tangential velocity versus Ri are based on wind speed and air 
temperature from 6 feet (1.8 meters) to 200 feet (60.6 meters) AGL. These heights were 
selected to facilitate data processing. The levels could very well have been from 100 (30.5 
meters) to 200 feet, or from 6 to 50 feet (15.2 meters) AGL, or some combination thereof. The 
larger distance was selected in order to span the rather larger cross-sectional area of the C5A/B 
vortices. Should Ri be found to be reliable and useful indicator of vortex persistence, an airport 
installation would most likely preclude the installation of tall meteorological towers. Shorter 
towers would be required in close proximity to the runway Middle Marker (MM) or threshold 
area because of concern regarding aircraft obstruction clearance limits. For example, for the 
Low Level Wind Shear Alert System (LLWSAS), the meteorological towers normally are only 
20 feet above the runway surface level. Hence, Ri would need to be calculated from sensors 
placed at lower heights. 
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Figure 14. C5A/B peak recorded vortex tangential velocitr (Ve) vs. 
ambient wind speed, all configurations, op= 15 to 100%, upwind and 
downwind vortices, 0 to 30 seconds age. 
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Figure 15. C5A/B peak recorded vortex tangential velocity (Ve) vs. 
ambient wind speed, all configurations, op= 15 to 100%, upwind and 
downwind vortices, 30 to 60 seconds age. 
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Figure 16. CSA/B peak recorded vortex tangential velocity (V 8) vs. 
ambient wind speed, all configurations, op= 15 to 100%, upwind and 
downwind vortices, > 60 seconds age. 
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Figure 17. Cl41B peak recorded vortex tangential velocity (V 8) vs. 
ambient wind speed, all configurations, op=ll to 70% (one at 0%), 
upwind and downwind vortices, 0 to 30 seconds age. 
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Figure 18. Cl41B peak recorded vortex tangential velocity 0{ 6) vs. 
ambient wind speed, all configurations, op= 11 to 70 % (one at 0 % ) , 
upwind and downwind vortices, 30 to 60 seconds age. 
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Figure 19. Cl41B peak recorded vortex tangential velocity (V 6) vs. 
ambient wind speed, all con.figurations, op=ll to 70% (one at 0%), 
upwind and downwind vortices, > 60 seconds age. 
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Figure 20. C130E peak recorded vortex tangential velocity (Vo) vs. 
ambient wind speed, all configurations, op=O to 50%, upwind and 
downwind vortices, 0 to 30 seconds age. 
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Figure 21. Cl30E peak recorded vortex tangential velocity (Vo) vs. 
ambient wind speed, all configurations, op=O to 50%, upwind and 
downwind vortices, 30 to 60 seconds age. 
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Figure 22. C130E peak recorded vortex tangential velocity (Vo) vs. 
ambient wind speed, all configurations, op=O to 50%, upwind and 
downwind vortices, > 60 seconds age. 
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Figure 23. C5A/B peak recorded vortex tangential velocity (Yo) vs. 
Richardson Number (Ri), all configurations, op= 15 to 100%, upwind 
and downwind vortices, 0 to 30 seconds age. 
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Figure 24. C5A/B peak recorded vortex tangential velocity (V 9) vs. 
Richardson Number (Ri), all configurations, op=15 to 100%, upwind 
and downwind vortices, 30 to 60 seconds age. 
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Figure 25. C5A/B peak recorded vortex tangential velocity (V 9) vs. 
Richardson Number (Ri), all configurations, op= 15 to 100%, upwind 
and downwind vortices, > 60 seconds age. 
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Figure 26. Cl41B peak recorded vortex tangential velocity <.V.o) vs. 
Richardson Number (Ri), all configurations, op= 11 to 70% (one at 
0%), upwind and downwind vortices, 0 to 30 seconds age. 
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Figure 27. C141B peak recorded vortex tangential velocity (V 8) vs. 
Richardson Number (Ri), all configurations, op= 11 to 70% (one at 
0%), upwind and downwind vortices, 30 to 60 seconds age. 
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Figure 28. C141B peak recorded vortex tangential velocity (Vo) vs. 
Richardson Number (Ri), all configurations, 0p=ll to 70% (one at 
0 % ) , upwind and downwind vortices, > 60 seconds age. 
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Figure 29. Cl30E peak recorded vortex tangential velocity (Vo) vs. 
Richardson Number (Ri), all configurations, 0p=O to 50%, upwind 
and downwind vortices, 0 to 30 seconds age. 

35 



300 

~ 
250 

E:: 200 

9 
150 ~ 

~ 
:;:) 100 ~ 

~ D 

50 0 
D 0 

0 
-6 

C130E AIRCRAFT 
AU.. CONFIGURATIONS - - AGE 30-60 SEC 

-5 -4 

D 

0 
0 

N ABLE 

0 

o DOWNWIND VORTEX 
D UPMND VORTEX 

D 0 
0 D 
D D 

oO °oo o o o 
D D DD 0 

f"lE 
-3 -2 -1 0 

RICHARDSON NUMBER 

1.0 

Figure 30. C130E peak recorded vortex tangential velocity (Vo) vs. 
Richardson Number (Ri), all configurations, op=O to 50%, upwind 
and downwind vortices, 30 to 60 seconds age. 
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Figure 31. C130E peak recorded vortex tangential velocity (Vo) vs. 
Richardson Number (Ri), all .configurations, op=O to 50%, upwind 
and downwind vortices, > 60 seconds age. 
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Correlations were also investigated for V 8 with the atmospheric temperature gradient. Plots 
of V 8 versus ambient atmospheric temperature gradient (ll.T/ ll.z) from 6.25 to 200 feet AGL are 
shown in Figs. 32-40. Atmospheric stability categories were assigned to the vertical air 
temperature gradients according to Nuclear Regulatory Commission (NRC) regulations (Anon., 
1980) as follows: 

stable: ll.T/ ll.z > -0.5 °ct100 m 
neutral: -0.5 °c/100 m 2.. ll.T/ll.z 2.. -1.5 °ct100 m 
unstable: ll.T/ll.z < -1.5 °C/100 m 

Identical vortex age categories were employed as those used in Figs. 23-31. It was surmised 
that this parameter might provide a simpler, yet more reliable correlation with vortex strength 
than Ri. 

Correlations of vortex descent velocity with vortex/tower intercept height were also 
investigated. Figures 41-43 illustrate the graphs generated for the CSA/B, Cl41B, and C130E, 
respectively. An initial vortex decent velocity zv can be calculated using an elliptical lift 
distribution by: 

where r - b1 
- ~b . 

4 

. r 
Zv- -

21tr 

For the test aircraft involved, 'Ly would be: 

7. 0 feet/ second for the CS A/B 
4.9 feet/second for the Cl41B 
4.8 feet/second for the Cl30E 

(4) 

As previously discussed, the height of the vortex during lateral movement in ground-effect 
approximates that calculated using an elliptical lift distribution. 

A plot incorporating vortex persistence as a function of ambient wind velocity and aircraft 
height above the ground was generated using the current flight test data and data from Garodz 
and Miller (1975). The graph is illustrated in Fig. 44. This figure originated with McGowan 
(1971) and includes NASA and Boeing data from Condit and Tracey (1970). 

Vortex tangential velocity profiles from all fly-bys were also investigated. The profiles (one 
each for the upwind and downwind vortices of each fly-by) were obtained by taking a "snapshot" 
of velocities from all hot-film sensors at the precise moment when the maximum vortex 
tangential velocity was observed. That particular moment in time was when the vortex core was 
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Figure 32. CSA/B peak recorded vortex tangential velocity <Y 0) vs. 
vertical air temperature difference, all configurations, op= 15 to 
100%, upwind and downwind vortices, 0 to 30 seconds age. 
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Figure 33. C5A/B peak recorded vortex tangential velocity (V 0) vs. 
vertical air temperature difference, all configurations, Op= 15 to 
100%, upwind and downwind vortices, 30 to 60 seconds age. 

38 



300 

E 250 -
~ 200 

~ 150 
::::!: 
:::> 100 ::::!: 

~ 50 

0 
-4 

D 

C5AIB AIRCRAFT 
AU_ CONFIGURATIONS - - AGE > 60 SEC 

I <> DOWNWIND VORTEX 
o UPWIND VORTEX 

D 

oD D D 

D 

D D D 
D 

UNS1fu3L.E NEUTRAL D STABLE 

-3 -2 -1 0 1 2 3 

AIR TEMPERATURE GRADIENT (C/100m) 

Figure 34. C5A/B peak recorded vortex tangential velocity (Vo) vs. 
vertical air temperature difference, all configurations, op= 15 to 
100%, upwind and downwind vortices, > 60 seconds age. 
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Figure 35. C141B peak recorded vortex tangential velocity (V 8) vs. 
vertical air temperature difference, all configurations, op=ll to 70% 
(one at 0% ), upwind and downwind vortices, 0 to 30 seconds age. 
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Figure 36. C141B peak recorded vortex tangential velocity 0/.o) vs. 
vertical air temperature difference, all configurations, op= 11 to 70% 
(one at 0%), upwind and downwind vortices, 30 to 60 seconds age. 
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Figure 37. Cl41B peak recorded vortex tangential velocity (Vo) vs. 
vertical air temperature difference, all configurations, 0p = 11 to 70 % 
(one at 0 % ) , upwind and downwind vortices, > 60 seconds age. 
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Figure 38. C130E peak recorded vortex tangential velocity 01 o) vs. 
vertical air temperature difference, all configurations, op=O to 50%, 
upwind and downwind vortices, 0 to 30 seconds age. 
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Figure 39. Cl30E peak recorded vortex tangential velocity 01 o) vs. 
vertical air temperature difference, all configurations, op=O to 50%, 
upwind and downwind vortices, 30 to 60 seconds age. 
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Figure 40. Cl30E peak recorded vortex tangential velocity (Vo) vs. 
vertical air temperature difference, all configurations, op=O to 50%, 
upwind and downwind vortices, > 60 seconds age. 
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Figure 41. C5A/B vortex descent velocity (zv) vs. vortex/tower 
intercept height, all configurations, op=80 to 100%, upwind and 
downwind vortices. The vertical dashed line represents a 
calculated hvge of 87.5 ft. while the horizontal dashed line 
represents an initial calculated iy of 7.0 fps. 
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Figure 42. C141B vortex descent velocity (iv) vs. vortex/tower 
intercept height, all configurations, op=80 to 100%' upwind and 
downwind vortices. The vertical dashed line represents a 
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Figure 43. C130E vortex descent velocity (iv) vs. vortex/tower 
intercept height, all configurations, op=80 to 100%, upwind and 
downwind vortices. The vertical dashed line represents a 
calculated hvge of 52.1 ft. while the horizontal dashed line 
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Figure 44. Vortex persistence as a function of ambient wind speed and height above the 
ground. 

penetrated by a hot film anemometer. The profiles were then corrected for horizontal wind as 
a function of sensor height above the ground. A logarithmic model was subsequently fit to the 
profile when the size of the vortex core was known. The model is a function of both core size 
(re) and velocity (V Omax), and is expressed as follows: 

[
l+ln (r/rc)] v. - v. 8 

Omu: (rf rc) 
(5) 

where r is the distance from the vortex core. Example graphs are illustrated in Figs. 45A-45C 
for the C5A/B, Figs. 46A-46C for the Cl41B, and Figs. 47A-47C for the C130E. The entire 
body of graphs is given in Appendix C. 
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Figure 45A. C5A/B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 13, Run 3, ambient wind speed=31.l fps, 
op=100%, IAS=150 knots, GW=689k lb. Ages, radii, and velocities of the vortex 
cores are 12 and 8 sec., 2.6 and 1.4 ft., and 69 and 79 fps, respectively. 
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Figure 45B. C5A/B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 13, Run 5, ambient wind speed=24.5 fps, 
op= 15%, IAS= 180 knots, GW=682klb. Ages, radii, and velocities of the vortex cores 
are 14 and 7 sec., 0.7 and 0.6 ft., and 218 and 259 fps, respectively. Arrows and values 
above data points indicate an off-scale value. 
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Figure 45C. C5A/B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 13, Run 8, ambient wind speed=24.7 fps, 
op= 15 % , IAS = 175 knots, GW = 670k lb. Ages, radii, and velocities of the vortex cores 
are 23 and 13 sec., 0.2 (measured) and 0.1 ft. (estimated), and 208 and 268 fps, 
respectively. Arrows and values above data points indicate an off-scale value. 
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Figure 46A. C141B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 2, Run 4, ambient wind speed= 11. 7 fps, 
op=39%, IAS= 150 knots, GW=225k lb. Ages, radii, and velocities of the vortex cores 
are 38 and 19 sec., 2.7 and 0.7 ft., and 82 and 63 fps, respectively. 
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Figure 46B. C141B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 2, Run 5, ambient wind speed=12.7 fps, 
op=39%, IAS= 150 knots, GW =223k lb. Ages, radii, and velocities of the vortex cores 
are 28 and 14 sec., 1.1 (measured) and 0.7 ft. (estimated), and 57 and 85 fps, 
respectively. , 49 
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Figure 46C. Cl41B upwind (top) and downwind (bottom) vortex tangential velocity 
profile at maximum intensity from Test 4, Run 7, ambient wind speed=5.8 fps, 
op= 11 %, IAS= 180 knots, GW=257k lb. Ages, radii, and velocities of the vortex cores 
are 39 and 17 sec., 1.0 (estimated) and 0.7 ft. (measured), and 72 and 142 fps, 
respectively. 50 
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