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INTRODUCTION 

PURPOSE. 

The National Aviation Facilities Experimental Center (NAFEC) has performed an 
abbreviated flight test program to gather data on and analyze the relatively 
"long" tima-history characteristics of the vortex system of a Lockheed L1011 
airplane in terminal area-type operations. The results thereof are of poten- 
tial value to further refine, if necessary, air traffic control operation 
criteria associated with simultaneous operations of various mixes of other 
aircraft with this airplane in the National Airspace System (NAS). 

Major paraiieters for consideration were: aircraft vortex tangential flow 
velocities, their field of influence, i.e., radial distribution of the 
tangential velocity; vortex persistence and low-altitude meteorological data. 
In addition, it was desired to obtain discrete flow-field data on vortex 
core diameters for potential math modeling of the L1011 vortex wake. 

BACKGROUND. 

In 1970 NAFEC jointly participated with the National Aeronautics and Space 
Administration (NASA) and the Boeing Company to Investigate the vortex wake 
characteristics of the then newly-arrived "jumbo jets," the Lockheed C5A and 
Boeing 747, and some of the older, large jet transport-type aircraft. Full- 
scale flight testing was necessary because, although relatively expensive 
compared to other vortex investigations, e.g., wind tunnel, water tank, ana- 
lytical studies, etc., it produced the needed results quickly and with confi- 
dence in their application in NAS. 

NAFEC flight test teams primarily concentrated on measuring vortex character- 
istics at low altitudes using the tower fly-by technique. Tests were performed 
at both the Environmental Science Services Administration (ESSA) site at the 
Nuclear Reactor Tuiit Station (NKTS) of the Atomic Energy Commission (AEC) 
facility at Idaho I-alls, Idaho (reference 1), and at NAFEC at Atlantic City, 
New Jersey (references 2 and 3). The other investigations (NASA and Boeing) 
primarily used the in-flight vortex probe technique (references 4 and 5). 

In 1972, wich the advent of the "wide-body" jets (i.e. the L1011 and DC10), the 
Federal Aviation Administration (F..A), Flight Standard Service (AFS), initiated 
a request to NAFEC for an investigation of the L1011 airplane's vortex wake 
characteristics inasmuch as NAFEC had the necessary experience and equipment 
to accomplish this investigation expeditiously. 

The flight teste were conducted on June 3, 1972, at the NAFEC 140-foot, full- 
scale flight test vortex measurement facility (figure 1); and preliminary 
results, in the form of a data report, were submitted to AFS on June 16, 1972. 
Because of the limited availability of the L1011 rest aircraft, only 19 data 
runs were made during a single early morning test period. The data acquired 
forms the basis for this report. 
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DISCUSSION 

FLIGHT TEST PROGRAM. 

TEST AIRPLANE. The Lockheed Aircraft Company provided the airplane (destined 
for Eastern Airlines) for this flight test program. Photographs of the L1011-1 
airplane are shown in figures 2 and 3. Three-view, general arrangement drawings 
are shown for the L1011 with flaps up and flaps down in figures 4 a <d 5, 
respectively. 

The wing is of cantilever low-wing monoplane design wi-h high lift devices. 
The dihedral at the trailing-edge is 7° 31 min on the inner wings, 5° 30 min 
on the outboard panels. Wing sweepback is 35° at the quarter-chord. The 
high-lift system incorporates large chord double-slotted Fowler trailing-edge 
flaps and full-span leading edge slots which provide substantial lift 
augmentation for takeoff and landing. 

Tracks are mounted on the forward segment of the trailing-edge flaps to 
permit extension and rotation of the aft segment.  Four leading-edge slots are 
installed outboard of the engine pylon on each wing.  Each segment is mounted 
to two roller-supported tracks and extends in a circular motion down and 
forward for takeoff and landing.  Three Krueger leading-edge flaps are 
installed inboard of each engine pylon on each wing.  Six spoilers are 
installed on the upper surface of each wing, two inboard and four outboard 
of the high-speed aileron. 

The L1011 also has a direct lift control (DLC) system for glide-slope control. 
For the landing approach at constant airspeed and pitch angle, DLC is accom- 
plished by modulation of the flight spoilers about a nonzero nullpoint and 
greatly improves glidepath control. The DLC function is possible only in 
he landing configuration. 

TEST PROCEDURE.  The tower fly-by technique was used tor this test. The 
technique basically consisted of flying the L1011 airplane perpendicular to 
the ambient surface wind, as measured at the top of the tower --1A0 feet above 
ground level (AGL) — at an appropriate distance vertically and upwind laterally 
from the tower and preferably under light-^jnbient wind conditions, the latter 
being most conducive to vortex persistence. 

Figure 6 depicts the L1011 flying abeam of the test tower on a data run.  Six 
of the seven levels of vortex flow visualization smoke generators have been 
ignited. A "High Ranger," used for close-up, detailed vortex structure 
photograph coverage, is visible on the right-hand side. (Figure 7 vividly 
depicts the assistance that colored smoke vortex flow visualization provides 
for subsequent data analysis.) Further details on this test technique can be 
obtained in reference 6. 
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During the test period relatively low ambient winds did prevail, ranging 
from 16 feet per second (ft/s) (11 miles per hour (mi/h)) to 20 ft/s (14,mi/h) 
as measured at the tower top and decreasing to a range of 1 ft/s (0.7 mi/h) 
to 6 ft/s (A mi/h) at 23 feet AGL. 

For this task it was intended to gather vortex data of at least 2 minutes 
of age. The relatively low height of the test tower (140 feet AGL) for this 
size (win;8pan*155 feet) airplane made it difficult, if not impossible, to 
achieve that "age" with a vortex that was out ox "ground effect" for the entire 
period between generation and intercepticn of the tower. 

FULL-SCALiS VORTEX MEASUREMENT FACILITY. A photograph of the facility is shown 
in figure 1. The focal point of the facility is the tc?t tower, which is 
140 feet high and whose base is 76 feet above sea level.  It is an equilateral 
triangle tower tapering from 5 feet on a side at its base to about 1 1/2 feet 
on a side at the top. This tower is constructed of steel, of cantilever 
design and requires no guy wires. The tower is, in reality, a large aero- 
dynamic rake. 

The adjacent area is relatively flat terrain for a radial distance of about 
1,000 feet: from the tower base. Three concentric circles at radii of 100, 
200, and 300 feet are visible in the photograph and are used to facilitate 
tower identification on the part of the test pilots and airplane lateral posi- 
tioning or. the part of both the pilot and site project manager. 

INSTRUMENTATION. 

AIRPLANE. The Lockheed L1011 airplane was not specially instrumented for the 
tower fly-by testing nor was th* *> any need for it to be. Pilot knee-pad data 
on time abeam of the vortex tower, airplane configuration, indicated airspeed, 
radar altitude above the ground, pressure altitude (29.92 inches of mercury) 
magnetic track, lateral distance from the tower, and engine performance were 
found to be sufficient for subsequent data correlation and analysis. The 
phototheodollte data were used in lieu of pilot recorded data on airplane 
track, altitude, and position abeam of the tower.  In addition, the pilot was 
requested to note the stability or smoothness (turbulence level) of the atmo- 
sphere when performing a tower fly-by. The indicated airspeed (IAS) was 
converted to equivalent airspeed (EAS). 

TOWER VORTEX MEASUREMENT. The hot-film airflow anemometry used for vortex 
measurements in the series of tests is described in reference 6. However, 
there were two major differences in this tower configuration for the L1011 
flight tests. The sensors were spaced at 1-foot intervals, and signals were 
deleted at the lower levels. Because of limitations on available signal data 
recording system capability of 210 signals and the need to obtain additional 
high resolution data not acquired in the reference 6 flight tests, the hot- 
film airflow sensors at levels 41 feet AGL and below were inactivated. This 
was felt to be a valid choice of signal deletion inasmuch as it was assumed, 
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based on previous flight tests with other large aircraft, that the majority 
of the vortex hits would be above this level. This assumption proved to be 
valid, as one can see upon screening the enclosed data on the height of vortex 
hits on the tower. 

In addition to the planned signal deletion from these lower sensors, addi- 
tional lower signals were inadvertently lost. Hot-film anemometer sensor 
levels 42 to 55 AGL were not recorded on the magnetic tape due to improper 
patching of the tape recorder. This was not discovered until the tests were 
completed and the data processed. As discussed in reference 6„ on-line real- 
time oscillograph recordings were made for each tower fly-by for signal sensor 
operational reliability and validity checks. However, because of data acquisi- 
tion instrumentation circuitry design, the presence of recorded vortex velocity 
signals on the oscillograph did not necessarily mean that these signals were 
being recorded on magnetic tape. Because of concern for the accuracy of the 
hot-film anemometors used in these tests when the sensors were immersed in a 
field of reverse airflow--i.e., when the flow was impinging en the sensor 
from the direction of the horizontal support arm--a series of calibrations 
was conducted in the NAFEC 20X28 inch wind tunnel. The calibration procedure 
and results thereof are discussed in detail in appendix A and further in the 
body of this report. 

METEOROLOGY: TOWER ATMOSPHERIC MEASUREMENT. Meteorol- qical instrumentation 
vas installed at five levels (ground level to 140 feet .*GL) along the vertical 
span of the tower. These five levels were 23, 45, 70, 100 and 140 feet above 
the ground. Ambient temperature, wind velocity, and direction were recorded 
for these five levels.  In addition, atmospheric relative humidity measure- 
ments were made for levels 23 and 140 foot AGL. Additional information on 
meteorological measurement instrumentation is described in reference 6. 

METEOROLOGY;  LTrgR ATMOSPHERIC MEASUREMENT (>140 feet AGL). Meteorological 
data above the 140-foot vortex tower was obtained frc»<, the upper air facility, 
which was located approximately 2 miles southeast of the vortex tower. The 
upper air measurements were made with a standard Weather Bureau radiosonde, 
using a 600-gram balloon. Tracking was accomplished with a mctel WBRT-57 
radio theodolite. Measurements, including temperature, humidity, and pressure 
were transmitted to the ground static« by the radiosonde and elevation and 
azimuth angles were obtained from Kte  theodolites. 

The information transmitted by ehe radiosonde occurs as a nonp*rlodic interval 
known as a contact point. These points are based upon pressure of the atmosphere 
and usually occurred at approximately 300-foot increments up to an altitude of 
3,000 feet when data collection was stopped. As a result of this type opera- 
tion, atmospheric data was not available from the 140-foot level of the tower 
to the first contact point which occurred at an altitude of 300 feet. 

A radiosonde was released before and after each vertex flight test period.  If 
the test flights were scheduled for a long period, such as 4 hours, a third 
radiosonde would be released in the middle of the test period. 

11 



PHOTOGRAPHY. Vortex flow visualization was provided by the colored smoke 
grenades mounted at 20-foot intervals along the vertical span of the tower 
and both motion- and still-photography were used to record the results. This 
made it possible to determine when and at what level the vortex systems passed 
through the tower and proved to be a valuable aid in confirming the interpre- 
tation of recorded data. Two 16 mm colored motion picture cameras were located 
90° apart on 325 feet radii from the tower to provide this coverage. An elapsed 
time clock was within the field of view of each camera (for example, see 
figures 8 and 9 for vortex "age" time con lation). A third 16 mm colored 
motion picture camera, using a zoom lens, was installed on a "Hi-Ranger" crane 
to provide closeup coverage of the vortices. 

The still-photographic coverage was primarily of targets of opportunity, i.e., 
coverage of vortices with an obviously unusual structure. 

DATA TIME CORRELATION. Correlation between aircraft fly-bys and vortex genera- 
tion and movement was accomplished by "central time" which was recorded con- 
currently with airflow and meteorological sensor outputs on magnetic tape 
and on the phototheodolite data. An event marker switch was triggered when the 
L1Q11 was abeam of the tower, denoting "zero time." This concurrently ignited 
a flash bulb located within the field of view of the motion picture cameras 
on the ground and started the elapsed time clocks cited earlier. 

DATA PROCESSING. Data processing methods are discussed in reference 7. 

DATA ANALYSIS/RESULTS. 

DATA PRESENTATION. The flight test data output and presentation consist 
primarily of: 

1. Computer printouts (not included in this report) of peak recorded vortex 
tangential velocity versus time, as recorded by ^he sensors from the levels 
of 56 to 142 feet; 

2. Plots of recorded tangential velocity scalar magnitude against time for 
the 87 hot-film sensor levels. An example of these is shown for tower fly-by 
data run 12 in figure 10,, wherein both starboard and port wing vortices passed 
through the sensor array at approximately 74 feet above the ground. The L1011 
was in takeoff/approach configuration, which uses 22° landing flap deflection« 
Other select examples are shown in appendix 8: 

3. Still photography and motion picture coverage of the visualized vortices 
in the tower vicinity.  Figure 7 is an example of the former. No photographic 
coverage was obtained on L1011 daM runs 16 and 17, due to the expenditure 
of the smoke grenades on the previous 15 fly-bys. Tower fly-bys were con- 
tinued and data collected during smoke grenade replenishment on data runs 
16 and 17 to avoid loss of flight test time; 

12 



FIGURE 8A.  PHOTOGRAPHIC (16mm) COVERAGE OF L1011 VORTICES 
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FIGURE 8B.  PHOTOGRAPHIC (16mn) COVERAGE OF L1011 VORTICES FOR DATA RUN 
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RAGE OF L1011 VORTICES FOR DATA RUN 11,  TAKEOFF/APPROACH CONFIGURATION,    6
f*22° 
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FIGURE 9B.  PHOTOGRAPHIC (16mm) COVERAGE OF L1011 VORTICES FOR DATA RUN 11, TAKE 
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4.  A summary flight test data sheet (appendix C), which lists L1011 airplane 
performance, configuration, gross weight and position data relative to the 
test tower, starboard and port wing vortex ages, peak recorded vortex tangen- 
tial velocities (uncorrected for wind, mutually induced effects, or ground 
effect), and approximate height AGL where the vortex intercepted the tower 
hot-film anemometer array; 

5*  Plots of vortex tangential velocity, corrected for wind, as a function 
of sensor height above the ground.  (The resultant tangential velocity profiles 
are presented in appendix D.); 

6. Expanded plots of the recorded vortex tangential velocity scalar magni- 
tude against time for the vicinity of the sensoi levels AGL where it was 
determined that the vortices passed through the sensor array. Again fox 
data run 12 (cited in paragraph 4) we have expanded the plots for the two 
vorticesv starboard and pw:, and they are shown in figures 11 and 12, Other 
select examples are depicted in appendix E.  (Still other examples, for other 
tower fly-bys, are available at NAFEC.); 

7. Composite plots of the vortex tangential velocity time-history profiles 
for the sensor levels in the vicinity of the vortex core passage through the 
sensor array. These composite plots cover an elapsed time of 15 seconds in 
the vicinity of peak recorded vortex tangential velocity. Some examples of 
these composite plots are listed in appendix F.  (Other examples are available 
at NAFEC, if required by other investigators.); and 

8. Low altitude meteorological data are listed in appendix G and includes 
ambient temperature, wind velocity and direction at five levels (23, 45, 70, 
100, and 140 feet AGL) on the tower, and relative humidity at two levels (23 
and 140 feet AGL). An attempt was made to record additional meteorological 
data from 300 feet to 3,000 feet AGL in order to obtain an indication of the 
nature of the atmosphere, particularly stability, in which the airplane flew 
and the vortices were generated. However, the data obtained by means of a 
radiosonde, were not considered satisfactory for the purpose in that data 
acquisition dii *v>t, unfortunately, commence until 1,200 feet AGL. 

DATA ANALYSIS. This airplane has at least four possible operational configura- 
tions (1) holding/cruise (clean) with 6f-0°, (2) takeoff with 5f-10°, 
(3) takeoff/approach with 5f-22°, and (4) landing with 5f-42°. Ninetuer tower 
fly-bye were conducted, with primary emphasis on acquiring data for t!:2 approach 
and landing configurations. As can be seen in the summary data sheet of 
appendix C, the 19 L1011 data runs consisted of 10 in landing, 5 in approach, 
3 in takeoff, and 1 in cruise configuration. Thirty-two vortex "hits" were 
noted on the tower—a hit being defined as where It is believed that at least 
one-half (vertical velocity distribution) of the vortex passed through the 
hot-film anenometer sensor array. 
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With such a limited amount of data it is difficult, if not impossible, to 
attempt certain types of parametric data display and data correlation. However, 
eveii with the limited number of flight tests, data runs past the tower and 
recorded vortex rotational velocities, certain significant items were noted, 
both visually and in the recorded data. The following objectives for L1011 
vortex data analysis would be attempted, given sufficient data,but were not 
obviously achievable because of the limited data and/or anomalies which pre- 
sented themselves during the course of the analyses: 

1. Vortex persistence per se. 

2. Vortex persistence as a function of atmospheric conditions. 

3. Vortex characteristics as a function of L1011 configuration. 

4. Vortex movement, vertically and laterally, as s function of atmospheric 
conditions, airplane configuration, and airplane proximity to the ground. 

GENERAL VORTEX CONSIDERATION. 

Before one can proceed further, one must have a general idea of vortex move- 
ment in space and in close proximity to the ground under various atmospheric 
conditions, how this movement affect the recorded data, and what are the 
certain assumptions made in the data analysis included herein. 

Figures 13 and 14 are fairly basic with regard to the vortex phenomena and 
show the trajectory of a vortex pair for no crosswind and various crosswind 
conditions, respectively.  The curvature of the vortex path trajectory com- 
mences upon the vortex encountering "ground effect" which is that distance 
above the ground at which the vortex pair is influenced by forces other than 
those produced by vortex mutual interaction and atmospheric characteristics. 
These ground effect forces are produced by the close proximity of the vortex 
to the ground and commence at a distance which has theoretically and experi- 
mentally been found to be on the order of a wingspan height of the generating 
aircraft above the ground. 

With regard to vortex vertical and horizontal movement and associated descent 
and translational velocities and vortex height during tower passage as a 
function of time, one can readily see in figures 15 and 16 that the L1011 space 
position abeam of the tower must be considered in the subsequent data analyses. 

For example, positioning the aircraft in close to the tower as in position (1), 
or too high further away from the tower has the disadvantage that it can 
cause one or both of the vortices to pass over the tower.  However, the 
potential advantage of such airplane positioning is that one might obtain 
data on both vortices with the least influence of ground effect. 

Positioning the airplane further away from the tower or at lower altitudes 
will make it difficult, if not impossible, to calculate vertical descent 
velocities or translational velocities because of ground effect influences as 
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FIGURE 13. VORTEX TRAJECTORY IN SPACE WITH NO CROSSW1ND 
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FIGURE 14. VORTEX TRAJECTORY IN SPACE UNDER VARIOUS CROSSWIND CONDITIONS 
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FIGURE 15. VORTEX TRAJECTORY IN SPACE WITH AIRCRAFT IN CLOSE PROXIMITY TO 
TOWER (POSITION 1) 
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in position (2) for the port wing vortex and position (3) for both wing vortices. 
The descent time for vortices P2, S3, and P3 would be the same, however, since 
we only measure elapsed time between aircraft tower poisage and vortex tower 
strike and, taerefore, cannot accurately determine how to break up this elapsed 
time into descent and translations movement times. 

However, wherein the vortices intercept the tower near the nop one car , 
with some reservation, have a greater confidence in arriving at a fairly 
reasonable vortex descent velocity, Zy, inasmuch as variation in crosswind 
components would least affect this vertical movement direction as compared to 
horizontal velocity, Yv. 

The vortex system mutual interaction, including the image vortices resulting 
from ground effect due to vortex proximity to the ground does affect the vortex 
tangential velocity flow field and what the individual hot-film anemometer 
sensors "feel." 

It is important to look at what comprises the velocity flow field at a sensor 
which is relatively close to a passing vortex. 

To client the reader, figures 15 and 16 discussed earlier, are general 
schematics of the L1011 abeam of the tower (flying into the paper) and depict 
the starboard wing (downwind or No. 1) vortex and the port wing (upwind 
or No.2) vortex.  For this discussion we assume that we have both vortices 
passing through the tower.  The components which make up the resultant 
velocity can be significant and have been considered in previous vortex data 
analysis, e.g., reference 2 and 10.  As depicted in figure 17, resultant 
velocities composed of five components: Vl is the veloci y induced by the 
opposite (upwind) vortex, V2 the velocity induced by the mirror image of the 
upwind vortex in ground effect, V3 is the velocity flow field induced by the 
vortex under consideration, V4 is the velocity induced by the mirror image 
of the downwind vortex, and Vw is the ambient wind velocity. Applying this 
same logic, we can arrive at the composition of the upwind vortex flow field 
as shown in figure 18. 

Multiple vortices normally can be expected to be shed from the wing of an 
airplane with some degree of landing flap deflection.  However, analysis of 
the flight test data indicates two discrete and predominant vortices passing 
through the tower when the trailing vortex system intercepts it. A case 
in point is clearly evident in figure 10 for L1011 data run 12. 

Figures 19 and 20 depict the velocity components which contribute to the 
resultant velocity to which the hot-film sensor responds for the downwind and 
upwind vortices, respectively.  For a particular vortex, using the notation in 
the two cited figures, we have 

u1 ♦ < *i * - vL, (1) 
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FIGURE 17. SCHEMATIC OF THE VORTEX WAKE SYSTEM AT THE TIME CENTER OF THE 
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FIGURE 18. SCHEMATIC OF THE VORTEX WAKE SYSTEM AT THE TIME THE CENTER 
OF THE UPWIND VORTEX REACHES THE VERTICAL ARRAY OF SENSORS 
ON THE TOWER 
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FIGURE 19. VELOCITY COMPONENTS COMPRISING RESULTANT VELOCITY TO WHICH HOT- 
FILM SENSOR RESPONDS, DOWNWIND VORTEX 
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FIGURE 20.  VELOCITY COMPONENTS COMPRISING RESULTANT VELOCITY TO WHICH 
HOT-FILM SENSOR RESPONDS, UPWIND VORTEX 
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or(l) 

v0- |^v + "lnd ± 
v9>f " V' 

U 

ind 

Ind ± v§ 

(2) 

Uw + U4^ + V, 

For this particular investigation, the total horizontal component of the 
induced velocities \J±Vld  from the opposite vortex and both images was neglected 
because of the uncertainty of the position due to ground effect of the opposite 
vortex and, therefore, its mirror image in relation to the vortex located on 
the line of sensors at that particular instantaneous point in time and the 
relatively insignificant contribution of the horizontal velocity component of 
the mirror image vortex on the vortex tangential velocity distribution for 
the vortex under consideration. 

Accordingly, the data reduction and analyses for the vortex tangential velocity 
versus radial distance plots (appendix D) were reduced by using equation (1) 

U - Uw.+ V9 or    VQ - + U*± Uw 

wherein Uw signifies the crosswind component of the ambient wind. 

Even then there was difficulty in data reduction and plotting of the tangential 
radial distribution plots VQ versus h of appendix D because of the inability 
of the hot-film sensors to resolve a 180° ambiguity in the sensed horizontal 
airflow components at the instantaneous time that a vortex was axisymmetric 
about the vertical array of sensors, and because of the interference produced 
by the probe support arms, as discussed later in the text as well as in 
appendix A. 

Because of the crosswind present during the testing (except for runs 1 and 2) 
there should be two points at which the ambient wind velocity, Uw and the 
tangential velocity, VQ, should be of equal magnitude. One point would be 
within the vortex core and the other outside the vortex core, but both points 
would be on the same side of the vortex axis. These points would lie above the 
vortex axis for the downwind vortex as can be noted in figure 19, points (a) 
and (b), and below the vortex axis for the upwind axis, points (c) and (d) in 
figure 20. 

However, such nullpoints were rarely identified distinctly within the vortex 
core for any of the vortices passing through the tower. The closest approach 
to a nullpoint within the core was observed in the data covering L1011 
runs 5 and 10, figures 21 and 22, respectively. These two plots could actually 
be depicting a centered vortex core passage across these two sensors at level 
97 and 133, respectively. However, as discussed earlier in this report, since 
the instantaneous vortex translational velocity is difficult to determine 
when the vortices are Immersed in an ambient wind and under the influence 
of ground effect, one cannot definitely conclude that this is a vortex core 
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passage, although the probability is high that it is. Outside of the vortex 
core, certain cases did reveal themselves wherein the resultant recorded 
horizontal velocity component did approach zero—to within approximately 
2 ft/s. For example, looking at L1011 data run 009 in appendix C, we see 
that the downwind vortex intercepted the tower 21 seconds after generation, 
at approximately the 116-foot sensor level. The V8 time-history plot for 
this run is shown in figures B-l through B-3 of appendix B. Tfre field of 
reverse vortex flow, i.e. (against the ambient wind) would be in the top half 
of the vortex. Looking at the V0- time-history plot for the 140 to 142-foot 
sensor levels for the same vortex age (figures B-4 through B-6 of appendix B), 
we see practically zero recorded velocity for this vortex at these levels. 
Thus the tangential velocity is approximately e^ual to the ambient wind velo- 
city at that level, or about 20 ft/s. Figures B -7 through B-12 of appendix B 
depict the same vortex/ambient wind interaction for the first vortex of data 
run 15. 

In this vein, tt is pertinent to point out an apparent anomaly in the VQ 
versus time plots for the sensor levels in the vicinity of vortex passage 
through the tower. Whenever the vortex flow direction was from the rear of 
and concurrently, along the horizontal hot-film anemometer support arm, or 
calling it the field of reverse flow, a velocity defect was noted for about 
one-half of the vortex (vertical projection) at the instantaneous point of 
time when the vortex was axisymmetric along the vertical array of sensors. 

For these tests, this velocity defect would be above the vortex axis for the 
first (downwind) vortex and below the vortex axis for the second (upwind) 
vortex, and is clearly evident in several selected composite plots of 
appendix F. For example, taking a look at figures F-l and F-2 (in appendix F) 
L1011 data run 10, note the smooth peaks for the recorded tangential velocity 
in the lower half of the vertical array of sensors in figure F-l, the down- 
wind vortex, and the upper half of figure F-2. The vortex flow field is 
approaching the sensor from the front in the semi-vortex array cited.  Con- 
versely, note the raggedness and velocity defect in the upper half of the 
vertical array of sensors cf figure F-l, and. the lower half of signals of 
figure F-2. Similar results are shown for both vortices of runs 12 and 15, 
figures F-3 througii F-v.  ine How field, at vortex/sensor passage time, is 
from the rear of the sensor. Expanded plots show this velocity defect to 
be similar to a vortex core passage and, therefore, one must be careful in 
interpreting this particular part of the recorded vortex tangential velocity 
flow field. The limited wind tunnel studies at NAFEC, cited earlier, and 
in appendix A, have substantiated the appearance of a velocity flow defect 
during reverse flows on the sensor/sensor support arm. This defect is appar- 
ently due to a combination of flow blockage and boundary layer formation 
on the horizontal support arm. Accordingly, this anomaly should be consid- 
ered when one analyzes the radial distribution plots of vortex tangential 
velocities in appendix D and the expanded VQ- versus time plots in appendix E. 

VORTEX PERSISTENCE PER SEi  Figure 23 is a summary plot of all the L1011 
vortex "hits" on the tower and depicts peak recorded tangential velocites 
versus vortex age.  Figures 24 through 26 show the peak recorded tangential 
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velocity for the downwind vortex (first vortex, starboard wing) and the 
upwind vortex (second vortex, port wing) for the landing, takeoff/approach 
and takeoff configurations, respectively. Without exception the upwind vor- 
tices, fcr similar life spans, are more intense than the downwind vortices 
for this airplane.  This has been noticed in other vortex flight tests 
conducted by NAFEC at low altitudes using the tower fly-by technique with 
other aircraft, and has been noted in earl-fpr reports on vortex investigations, 
(references 6 and 7). This subject is discussed further in the next section, 
and figure 27. 

The longest time-history data points acquired for the landing configuration 
were at 60 seconds concurrently for runs 1 and 17, 67 seconds for run 12 for 
the takeoff/approach configuration, and 71 seconds for the takeoff configura- 
tion.  It is interesting to note that no decay in peak tangential velocity 
is noted for the takeoff configuration (10° 6f). However, a decay trend is 
noted for the landing (42° of) and takeoff/approach (22° 6f)  configuration. 

Of great significance was the persistence of the vortices after they passed 
through the tower. Although quantitative data on vortex intensity can not 
be obtained after touer passage, the vortex flow visualization system on the 
tower permitted determination of the age of the system prior to vortex insta- 
bility onset and subsequent rapid disintegration to random turbulence. The 
visualized flow fields shown in figures 7 and 28 through 31 are typical of 
these visualized vortices prior to breakdown. The predominant dissipation 
mode was observed to be vortex breakdown or bursting. Dissipation due to 
vortex/atmosphere interaction, and dissipation due to diffusion, were the 
other two modes. No vortex linking and subsequent breakdown due to sinsoidal 
instability was observed. 

The "tubular-type" vortex structure was observed to slowly grow in diameter 
until it reached what appeared to be a constant core diameter (e.g., see 
figures 8 and 9), of about 8 to 12 feet for the landing configuration and 
lasted up to just under 2 minutes, at which time rapid breakdown was noted. 
The breakdown or bursting normally was as follows: just prior to breakdown 
a spiralling-type flow was distinctly noted to appear suddenly around the 
perimeter of the core cylinder as noted in figure 32. This was followed 
by a widening of the core axisymmetrically to about double its original diam- 
eter with the spiral flow still evident around the now enlarged vortex core. 
This lasted for about 2 to 5 seconds, after which rapid disintegration of 
this laminar-type flow field to random turbulence was noted. This overall 
decay can be seen in figure 32. Although the photograph shows the bursting 
of a B727 vortex system, as outlined by CORVUS oil and photographed with a 
K-38 camera during NAFEC flight tests with this aircraft at Edwards Air 
Force Base (AFB), it is representative of the vortex breakdown mode noted 
at NAFEC. 

The contribution of the vortex test tower to vortex dissipation time or decay, 
due to tower/vortex intersection during vortex passage through the tower, 
has always been of concern using this test technique. The tower definitely 
disturbs or "ruptures" the vortex tube, to some extent, upon vortex passage, 
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FIGURE 27.  SCHEMATIC OF UPWIND VORTEX IMMERSED IN EARTH'S BOUNDARY LA- 
YER FORMED BY PREVAILING AMBIENT WIND (CROSSWIND FLIGHT) 
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FIGURE 28.     LOCKHEED L1011 PORT WING   (UPWIND)   VORTEX STRUCTURE RUN 
LANDING CONFIGURATION,   6f=42°,   VORTEX AGE  37  SECONDS 
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FIGURE 29. LOCKHEED L1011 PORT WING (UPWIND) VORTEX STRUCTURE, RUN 10 
TAKEOFF/APPROACH CONFIGUREATION ( 6 =220°) EXACT AGE UNKOWN 
BUT >35 SECONDS f 
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FIGURE   30.       LOCKHEED L1011 PORT WING  (UPVTNm   VORTEX STRUCTURE RUN 14, 
TAKEOFF CONFIGURATION   (   6f=10°),   EXACT AGE UNKNOWN 
BUT >51  SECONDS 
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and permits, although only momentarily, relatively higher ambient air pressure 
to enter the vortex core. This increased air pressure appears, at times,to 
accelerate vortex decay. However, this has been found to be the exception 
rather than the rule. Some of the unusual core and concentric tube vortices 
noted with flow visualization, as in figure 30 for example, are believed to 
be caused by vbrtex/tower interaction. In figure 8, however, one will note 
that this type of phenomenon is not observed after vortex passage for this data 
run. 

VORTEX PERSISTENCE AS A FUNCTION OF ATMOSPHERIC CONDITION.  It has always been 
NAFEC's intent to correlate aircraft vortex intensity with seme parameter 
which would be indicative of atmospheric conditions. Certain indices such 
as Richardson number (Ri), temperature gradient, wind direction-speed index 
(DSI), and power spectral density of atmospheric turbulence are indicative 
of some parameters considered. 

In view of the limited number of data runs flown during this time, any compre- 
hensive attempt at correlation of L1011 vortex persistence as a function of 
various atmospheric conditions could be misleading. 

However, correlation of vortex persistence in close proximity to the earth's 
surface with ambient wind velocity and direction revaals a significant result. 
That is, there is a definite relationship between the L1011 upwind and downwind 
vortices characteristics and the wind direction in relation to the aircraft 
flight path. Looking at data runs 1 and 2, we see that the L1011 track was 310° 
and 309°, respectively, and the ambient wind velocity/direction was 16 ft/s/317c 

and 16 ft/3/3100, respectively, as measured at the 140-foot sensor level on 
the test tower. These data runs can be considered to have been flown into the 
wind and, accordingly, only one of the two-wing vortices (starboard) passed 
through the tower on each fly-by, and this passage was due to ground effect. 
Test site personnel, positioned approximately 500 feet northwest of the tower, 
felt the port wing vortices pass them by, moving in a direction perpendicular 
to and away from the airplane flighttpath. Obviously, no correlation for this 
condition is possible between the port and starboard wing vortices because of 
lack of quantitative data on the former for these two runs. Intuitively, one 
would hypothesize that they were both of equal strength for the same age. 

The aircraft flightpath was reoriented to the north (000°) after test run 2, 
in order tc produce a crosswind condition which would cause both vortices to 
move towards the tower and thereby obtain quantitative data thereon. As can 
be seen in appendix G, for the 140-feet level, the wind direction changed 
from 295°M, run 3, to approximately 270°M for run 18. For all practical pur- 
poses data runs 3 through 19 are considered to have been conducted under cross 
wind conditions. 

A brief explanation for the intensity and persistence difference between the 
downwind and upwind vortices is as follows: with a prevailing ambient wind 
as shown schematically in figure 27 (and actually in figure 33 for 11011 
data run 4), due to viscous forces, a boundary layer is formed adjacent to 
the earth's surface. The boundary layer profile varies according to some 
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FIGURE 32.   SPIRAL BREAKDOWN OF B727-200 VORTICES AT APE 
AIRCRAFT FLIGHTPATH LEFT TO RIGHT, CLEAN COW 
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power law depending upon, -among other things, the characteristics of the 
earths' surface over which ihe wind is blowing. For the particular case in 
point, wherein the L1011 was flown approximately perpendicular to the ambient 
wind, the upwind vortex due to its direction of rotation would appear to have 
energy fed into it as it rolled along the ground.  In addition, the upwind 
vortex, under the conditions cited, appears to be of a more orderly flow nature. 

This can be seen in the photographic movie coverage (16 mm) of L1011 data 
runs 6 and 11, figures 8 and 9, respectively. The clock within the field 
of view shows elapsed time in seconds (small hand) and one second per revolu- 
tion (large hand). The tower in the background is used for meteorological 
measurements and is approximately 500 feet away from the vortex tower. 

The following items are worthy of note for these two data runs. For the down- 
wind vortices, one can see how different the vortices are and how quickly they 
change to a random, turbulent type flow after tower passage. However, for 
the upwind vortices, note how much more orderly the flow is and more persis- 
tent the vortices are after tower passage. 

Notice that for both runs, the upwind vortices were 2 seconds apart (43 and 
45 seconds for runs 6 and 11) (figures 8 and 9), had the same peak recorded 
velocity of 106 ft/s, and were within 1 foot of each other (72-73 feet AGL) 
for tower intercept (appendix C). 

It is to be noted that the L1011 flight test data were obtained from tests 
conducted early in the mooring (sunrise), under smooth, steady wind and 
stable atmospheric conditions during which a temperature inversion existed. 
The smooth steady wind and stable stratified atmospheric conditions can be 
observed in figure 6 and inversion conditions are plotted in figure 33 for 
L1011 data run 4. 

Based upon observations and recorded data at the test site during vortex 
flight testing, it is beginning to become more apparent that inversion 
conditions contribute to the persistency of aircraft vortices in close prox- 
imity to the ground. However, even though the vortex wake becomes more 
buoyant as it descends through such an atmosphere, for the L1011 airplane 
they did, in fact, descend as discussed later in this report. 

VORTEX CHARACTERISTICS AS A FUNCTION OF L1011 CONFIGURATION.  L1011 configura- 
tions are stated in appendix H and shown schematically in figures 4 and 5. 
The vortex characteristics as a function of airplane configuration are depicted 
in figures 24 through 26 and in the various figures of appendixes B, D, E *nd F. 
Select recorded vortex tangential velocity time-history plots (CalComp) are 
shown in appendix B.  Several of these were discussed earlier. These are plots 
covering the entire data run from time zero (airplane abeam of the tower) until 
stop data signal was initiated after vortex (one or both) passage through the 
tower.  Several of the time histories selected are for the sensor level closest 
to where the vortex peak tangential velocity was recorded and/or a vortex core 
was assumed to pass. The benefit of this complete velocity time-history pic file 
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is that one can obtain a better understanding of the airflow field surrounding 
the vortex itself, the downvash field between the vortices, and the flow field 
induced by aircraft passage on the ambient wind flow field. This lateral 
wind velocity increment can produce a higher and, therefore misleading concep- 
tion of what the actual ambient wind velocity was at time zero on these VQ 
versus time plots. A similar type of phenomenon was observed by Zwieback, 
reference 8, during DC8 vortex measurements in the field at Long Beach, 
California. 

A series of complete VQ versus time plots is shown in figures B-13 thrcugh B-27 
of appendix B for L1011, run 12 for sensor levels 68-82. This particular run 
was selected because both vortices intercepted the test tower at approximately 
the same height AGL (about 74 feet) and, therefore the result provides a better 
picture of what the vortex flow field looks like behind the L1011 while moving 
laterally in ground effect under crosswind conditions. However, one must 
view with caution further analysis of these plots%  as discussed earlier in 
this section, with regard to the various induced velocities and ambient wind 
velocity contribution to what the sensor "feels." Freezing the vortex at 
a particular sensor level and trying to model it laterally has the disadvantage 
that what is seen on these appendix B plots is a varying age vortex, and one 
which is descending unless stabilized in height due to ground effect* However, 
if the vortex passes by the sensor fairly rapidly at a particular level, then 
the age does not vary laterally by more than a few seconds from one extreme 
of the field of influence on one side of the vortex axis to the other. 

Peak Recorded Tangential Velocities.  Figures 24 through 26 depict the 
differences that L1011 flap configuration har? on the peak recorded tangential 
velocity between the landing configuration, £js42°, figure 24, and the takeoff/ 
approach configuration, 6£*22°, figure 25. However, even though the amount 
of data is limited, there is a noticeable difference in peak tangential veloc- 
ities between th- takeoff COP47

 guration, 6f=10°, and the two previous configur- 
ations cited. This corresponds to previous findings reported in references 
1, 3, and 7 with the lotter giving a detailed explanation covering this change 
in vortex tangential velocities with airplane configuration. 

However, there have also been found evveptions to this characteristic of 
increased }^Qmax  and smaller vortex cores with decreased flap deflection, e.g., 
as reported tor the DC7 and B727 in refeiences 6 and 9, respectively. For the 
former, the highest peak velocites occurred in rhe laming configuration, 
while the lowest peak velocities were recorded in the takeoff configuration. 
For the B727, little or no change in vortex velocity characteristics with 
airplane flight configuration was noted.  Similar results were noted in other 
B727 vortex measurements as reported in reference 2. 

Vortex Field of Influence.  The field of influence of a vortex is defined 
to be double chat area which extends radially from the vortex axis to a point 
where the tangential velocity approximates the ambient wind velocities, the 
field of influence diminishes, and one expects greater vortex flow-field/ 
atmospheric-turbulence interaction at the lower altitudes. 
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Taking a look at the VQ versus time Calcomp plots for the operational 
sensor levels from 56 to 142 feet AGL, it could be seen that for tie landing 
configuration, 6f=42° (the majority of the runs in this configuration), the 
vortex field of influence extends for a distance of approximately 70 feet up 
the tower, or about 35 feet on either side of the peak recorded velocity. 
Approximately the same vertical span field of influence was noted for the 
takeoff/approach configuration, 6f=22°; and to a slightly lesser degree, about 
50 feet, for the takeoff configuration, 6f«10°. 

There is a significant difference noted in the field of influence, however, 
for the one data run 19, performed in the cruise configuration, <5f=zero degrees. 
In this particular case, the total vertical field was only about 20 feet in 
diameter for both the downwind and upwind vortices. The composite plot for 
run 19 in appendix F, figures F-7 and F-8, provides an indication of how small 
these rotational velocity flow fields are in intensity and velocity distribution. 

These findings on field of influence appear to correlate well with those 
reported in reference 2, wherein, with the exception of the B727 and DC9 air- 
craft, the vertex characteristics of the jet transport aircraft tested revealed 
the following: 

Aircraft Configuration 

(1) Landing Configuration * 
Full landing flaps. 

(1) Takeoff/Approach Configuration« 
Flaps approximately 1/2 - 1/3 
of full flap. 

(3) Takeoff/Clean Configuration. 
Flaps approximately zero to 
1/2 full flaps. 

Approximate Field of Influence 
(Based on Wingspan of Generating 
Airplane) 

1/3 - 1/2 Wingspan 

1/3 Wingspan 

1/6 - 1/3 Wingspan 

Vortex Core Size. Aircraft vortex core radius is considered to be that 
radial distance at which the vortex tangential velocity, VQ, is a maximum and 
within which the rotational flow field velocity distribution approximates that 
of a rotating solid body.  Previous full-scale flight test vortex measurements, 
using the tower fly-by technique have revealed that an earlier theory on vortex 
core diameters, e.g., reference 10, was in error by approximately an order 
of magnitude. 

For this analysis, four methods of vortex core diameter determination 
were considered: 

1.  Scaling of vortex core in movie coverage of the vortex flow field 
as outlined by the tower smoke which was entrained in the vortices during 
vortex passage through the tower, 
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2. Determination of the core size by using the expanded plots some of 
which are in appendix E combined with vortex translational velocities and 
the technique used in reference 11. 

3. Using the results of reference 12 that the circulation varies logar- 
ithmically with radius. 

4. Using a curve fitting technique on the VQ versus radial distance 
plots of appendix D wherein the equation of the curve includes core radius, rc. 
Frimary emphasis was placed on using method 4.  A. brief discussion of the 
four methods follows. 

Method 1, Where tower smoke was available on a particular test run, 
the 16 mm colored photographic coverage obtained with the two movie cameras 
placed 90° apart from each other, as discussed earlier, was reviewed. Using 
a combination of the known tower height of 140 feet and tower base width, 
5 feet, measurements of the vortex core size were attempted.  It was assumed 
thai the vortex core was outlined by the most densely smoke-packed cylinder 
visualized in the vortex flow field. Certain investigators have questioned 
whether the smoke entrained in the vortex, as shown in various photographic 
coverage of the vortices, does in fact outline the vortex core. Previous 
analysis on the subject during HAFEC's 1970 vortex measurement tests has 
revealed that the colored smoke oarticles, in general, have the same charac- 
teristics as the air particles, i.e., size and density, and therefore can be 
expected to assume the same rotational flow characteristics of a vortex, and 
thus depict them visually. 

Using this technique, it is difficult at times to ascertain wnat 
constitutes the vortex core, particularly where multiple concentric cylinders 
are noted, e.g., as portrayed in figure 30. Core size determinations were 
made immediately upon vortex passage through the tower when the entrained smoke 
had formed and outlined a cylindrical structure. The vortex core size estimates 
using this technique are listed in table C-2 in appendix C. 

Method 2.  This technique, described in detail in reference 2, uses 
basically the following equations. Referring to figures 34 and 35, we have 
for an exact core passage by sensor A 

dc-At.yv (3) 

where At = time interval between velocity peaks, Vi and V3, 
and  yv ■ vortex lateral transport velocity 

For a partial core penetration by sensor B, as shown in figure 35, 
we have 

a2 yv •  At 

,   vmin 
1 " TT 

2, W) 

'max 
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Three difficulties arise, using this technique for core radius 
determination: 

1. The instantaneous vortex lateral transport velocity across 
the sensor yv is difficult to obtain because of a varying windspeed anc

1 direc- 
tion and ground induced effects on vortex movement. Accordingly, where vortex 
core size is calculated using this technique, some careful analyses and 
judgment must be made as to what comprises the instantaneous yv. Where an 
average yv was used, this average was based on the distance between the poinr 
where a particular vortex is shed from the wing ya/c + 1/2 +b*and the vortex 
test tower divided by the elapsed time for the vortex to traverse this distance. 

2. In addition, it is difficult to determine the sensor level 
closest to which vortex core passage occurred, for reason cited earlier, 
i.e., a vortex tangential velocity decrement, the point V2 or V i in 
figure 34 may be due to probe support arm interference. 

3. Taking into account the hot-film sensor alignment, the sensor 
still does respond, although minutely, to axial and radial flows associated 
with vortex core characteristics as well as the vortex transport velocity 
itself which would preclude determination of an accurate Vo . in figure 34. 

In other cases it is not possible to discern any significant V0 
decrement so as to be able to select points V*i and V3 and likewise a At; 
i.e., see runs 14 and 16 appendix E. 

An example of this calculation is shown in figure 36, for L1011 
run 9. Using table C-2 of appendix C, we see that yv*18.6 ft/s for the first 
vortex.  Inasmuch as this is the downwind vortex, we would expect its lateral 
velocity uo be greater than the crosswind at that level. However, we have no 
way of accurately knowing the instantaneous transport velocity at ehe level 
and instant of tower passage. Accordingly, using average yv values in our 
calculations, it would tend to make the vortex cores appear to be larger in 
radius than they actually are. In this particular example, we arrive at a 
core radius of approximately 3.6 feet. However, using the average wind veloc- 
ity of approximately 13 ft/s at 100 feet AGL (appendix G) we calculate a core 
radius of about 2.7 feet. 

Method 3: Based on the quality of the L1011 data, particularly the 
VQ  versus h plots, and the excellent results obtained using the approach of 
McCormick, et. al,., references 11 and 13 as expanded upon from Hoffman and 
Joubert's work, reference 12, that the velocity field around the vortex obeys 
a logarithmic variation of circulation with radius 

r - r <rc) [m <'/rc> + 1] 
(5) 
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it is possible to estimate the core radius from a plot of r versus in ras 
follows : 

r - 2*r ve (6) 

Differentiation in equation (5) with respect to An r we have 

dr 
d(An r)  r d? r £ - 2»r <V9 + r £% (7) 

for 
F« rc- rCf *Zt - 0 and 

or 

T(rc) ■ 2 tc V, <rc) (8) 

and 

tej, 
(9) 

rc 
r(rc) 

Using the VG versus r plots of appendix D, r can be calculated from 
equation (6) and a plot of r versus in r prepared. A straight line is then 
drawn through the points the slope of which should be equal to T (rc). Using 
the value of r (rc) and the associated value of in r on this plot, one may 
then estimate the value for (rc). Four such plots were made, selecting four 
L1011 runs at random, namely L1011 run 7, landing configuration, port (upwind) 
vortex, L1011 run 9, approach configuration, port (upwind) vortex and run 16, 
takeoff configuration, both vortices. The plots, shown in figures 37 through 
40, respectively, indicate the following: 

Run 7, (rc)-1142 ft
2/s, rc-2.23 ft 

Run 9, (rc)-1307 ft
2/s, rc-2.03 ft 

Run 16, (rc)-1071 ft
2/s, rc-1.57 ft 

Run 16, (rc)- 847 ft
2/s, rc-0.9 ft 

These values of core radii appear to correlate well with those 
determined by curve fitting technique with the logarithmic radial distribution 
of tangential velocity profiles discussed under method 4. 

Method 4; In view of the success achieved previously in applying 
the Hoffman-Joubert theory (reference 14) that the tangential velocity 
field in a turbojet vortex obeys a logarithmic variation of circulation with 
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radius, the same theory was applied in the analysis of L1011 tangential veloc- 
ity distribution plots, appendix D. It was found that in the majority of 
these plots the tangential velocity distribution profiles did Indeed follow 
this logarithmic distribution. Examples of this excellent correlation are 
shown in figures 4.1 through 44 for L1011 runs 3, 4, 9, and 10, respectively. 

Knowing this, and using the VQ versus radial distance curves generated 
by a computer program, the following technique was used for core radius 
determination.  If one were to make a plot of VQ/VQ(rc) versus r/rc using the 
logarithmic distribution as shown in figure 45, one finds that for a value of 
V0/VQ(rc) of 1/2, T/rc

s5A.    Accordingly, using the VQ versus r plots of 
appendix D, the value of r for which VQ is equal to 1/2, the value of VQ^ 
is divided by 5.4 to arrive at the core radius (rc). 

It was found that when the vortex intercepted the test tower at such 
a height above the ground so as to provide sufficient VQ data above and below 
the intercept point for further analysis of that semi-vortex, the upper and 
lower semi-vortices did not necessarily produce the same profiles of radial 
distribution of swirl velocities nor, therefore, the same core radii. This 
non-axisymmetric velocity profile is to be expected because of the distortion 
caused by the proximity of the vortices to the ground, the interference 
effects in the: field of reverse flow caused by the tower and probe support 
structure, and the wind shear caused by the earth1s surface. In the majority 
of the runs the core radii were determined for that semi-vortex whose tangen- 
tial velocities were flowing with the wind and, therefore, subject to minimal 
tower structure interference effects. The core radii thus obtained are listed 
in table C-2 of appendix C. 

The net result of this particular analysis revealed that the average 
vortex core radii were found to be on the order of 5, 4, and 2 feet in diameter, 
for the landing, approach and takeoff (6fs10°) configuration, respectively. 

Vortex Transport. A vortex pair will normally, under "stationary" 
atmospheric conditions, move downwards because of mutual interaction between 
the two vortices. That is, the starboard wing vortex, due to its rotational 
flow field components in the vicinity of the port wing vortex, will produce 
a downward flow on the port wing vortex, and vice versa. An isolated vortex 
will not, under the cited atmospheric conditions, necessarily move downward 
because there are no outside forces, either vortex or atmospherically induced, 
to cause it to do so.  However, when the vortices are imbedded in a t-hree- 
dimensional atmospheric flow which is non-homogenf.ous their movement tnd 
paths are difficult to predict.  Close proximity of the vortices to tht^ ground, 
further complicates the picture because of ground effect discussed earlier. 

Although considered, this analysis does not address itself in detail to 
the lateral transport velocity, yv, of the L1011 vortex pair. Looking at 
table C-2 of appendix C, one can see that yv for the upwind vortex is in many 
cases higher than the ambient wind velocity existing as the tower intercept 
level. This is pi.Warily attributed to the relatively higher crosswind com- 
ponents with an increase in altitude above ground level as discussed earlier 
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in this report. One can extrapolate the ambient wind data listed in 
appendix G to the flight test altitude and attempt to calculate the vortex 
path and velocity. 

Primary emphasis was placed on vortex vertical descent calculation, Zv, 
taking into consideration the limitations cited earlier in this report on 
vortex tower intercept altitude.  In addition, it was desired to arrive at 
an approximate value of vortex transport height above the ground, Kib, or 
K^b1, where K is a constant to be determined. 

For the classical assumption of an elliptical loading the sink speed 
one vortex induces upon another is given by 

(10) 
Zv 2wb' 

• 
Zu .     8W 
■*v ir3p7b* 

r0 
„4      W 

v    pVb 

b1 ■?' 

where _   A  u (12) 

and .1 m  v. . (13) 

However, in reality, the circulation distribution is distorted from the 
elliptical form due to various modifications of the wing planform, either 
in the original geometry or as a result of changes in airplane wing configu- 
ration during flight operations (i.e., deflection of spoilers, slats, and 
flaps), either singly or in combination with each other.  An example of this 
c^n be seen in figure 46 for the L1011 airplane.  As a result of this complex 
change in load distribution, the vortex characteristics and movement vary with 
a change in airplane configuration. Also of importance is the recent discovery 
(reference 15), by NASA Flight Research Center, of the unexpected effects 
the extension of the B747 main landing gear and the change in engine thrust 
have on the characteristics of the wing vortex system.  If either the engine 
thrust was decreased or the landing gear was extended, the vortex probing 
pilots found the vortex to persist for a longer period of time.  Thus with 
mutual vortex interaction, one could likewise expect the vortices to descend 
for a longer period of time. 

It should also be evident that vortex descent velocities are not constant 
and would tend to decrease with vortex age. This was found to be true in 
the vortex investigation flight tests with the B747 and B707 by Boeing 
( ference 5), with the C5A and CV990 by NASA-Flight Research Center (refer- 
ence 4), as well as other flight tests.  The descending vortices eventually 
level off, normally under 2 minutes in age, due to lack of mutual interaction 
because of vortex dissipation, core linking, breakdown or bursting, atmospheric 
interaction, or diffusion to insignificant energy levels. 
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Considering all these effects, one may still obtain some idea of the 
vortex descent velocity and its altitude AGL of leveling off.  Figure ^7 is 
a plot of vortex descent velocity, Zv versus vortex age. From the figure 
one can readily see that the vortex descent velocity is higher for the landing 
configuration than for the takeoff or approach configurations. This is to 
be expected because of the inboard movement of the load distribution with 
increased flap deflection and, therefore, :he decrease in vortex spacing. 
However, as the vortices come under the influence of ground effect and tend 
to move apart from each other, the mutually-induced effects would tend to 
diminish, and concurrently the vortex decrease in velocity.  Thus it is not 
easy to ascertain whether the decrease in Zv is caused by decrease in intensity 
due to vortex aging, or to proximity to the ground, or to both effects. 

Linearly extrapolating the descent velocity data to vortex age of zero 
seconds leads to an initial Zv of approximately 6.6 ft/s.  However, we know, 
based on previous vortex flow visualization test with our CV880 that there 
is a finite, although short, time for the vortex sheet to roll up before mutual 
vortex interaction can occur.  Therefore, one would expect a lower initial 
Zv than 6.6 ft/s.  Taking this into consideration, the initial Zv (not at 
t=0) is approximately 5.5 - 6.0 ft/s.  The theoretical sink speed for an 
elliptical lift: distribution, using equation (11), for L1011 run 4, turns 
out to be approximately 6,7 ft/s.  This compares to 5.3 ft/s for the downwind 
(first) vortex and 4.6 ft/s. Of course, there is no dissipation term in 
equation (11). 

Figure 48 also provides an indication of the Zv as a function of vortex/ 
test tower intercept altitude. By assuming a decrease of vortex age with 
an increase in tower intercept height, one can arrive at an estimate of vortex 
sink speed.  However, the greatest benefit of figure 48 is in arriving at 
the asymptotic path of the vortex lateral transport height above the ground 
due to ground effect.  This tends to be in the vicinity of 65 feet AGL which 
is approximately the same value predicted by elliptical lift distribution 
assumptions. 

An attempt was made to determine the vortex pair spacing, b , by taking 
the time Interval between the two vortex/tower intercepts and multiplying 
this by the average wind velocity existing between the two tower intercept 
levels AGL.  However, the vortex spacing, b' , turned out to be greater than 
the wingspan of the L1G11, and the scatter was so great that it was impossible 
to arrive at any conclusive lateral separation distance for the vortex pair. 
This can be attributed to variation in the wind velocity with time, ground- 
induced effects on the vortices within the vertical span height of the tower, 
and possibly; the onset of some sinuous-type oscillation of the vortices 
with age. 
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CONCLUSIONS 

1. Under crosswind conditions, the upwind vortex of the L1011 airplane was 
found to be more persistent than the downwind vortex; and for identical vortex 
ages it was found to be more intense. 

2. Peak tangential velocities up to 229 fft/s for takeoff '10°6f) configura- 
tion, up to 135 ft/s for the takeoff/approach (22°6f) configuration, and to 
126 ft/s for the landing (42°6f) configuration were recorded for the L1011 
vortices. 

3. The L1011 laminar type vortex flow field exists for less than 2 minutes 
after generation, as noted visually by observers and by photographic coverage.. 

4. The L1011 vortex system "core" is approximately 4 to 5 feet in diameter 
for the landing and approach configuration, and 1 to 2 feet in diameter for 
the takeoff configuration, 6f=10°. 

5. The field of influence of an L1011 vortex (individual) is approximately 
1/3 to 1/2 the wingspan of the L1011 in the landing configuration. 

6. The vortex lateral transport height, due to ground effect, was approxi- 
mately 6J feet above the ground in the landing configuration, which closely 
approximates that predicted by an elliptical lift distribution, b* s mb 

4 
7. The circulation in the vortex varies logarithmically with the radius. 

8. The predominant mode of vortex dissipation was found to be vortex 
breakdown (bursting). 
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APPENDIX A 

WIND TUNNEL CALIBRATION OF THERMO SYSTEMS, INC. (TSI), 
HOT-FILM ANEMOMETER 

PURPOSE. 

The purpose o:: the wind tunnel testing was to verify ehe hot-film sensor 
calibrations and also to determine the effects of interference associated 
with the tower installation. 

TEST SETUP. The one-dimensional hot-film sensor Thermo Systems, Inc. (TSI), 
probe model 1210-60 was mounted in the NAFEC low-turbulence wind tunnel. 
This tunnel has a test section of 20 by 23 inches and is capable of speeds 
from 4 feet per second (ft/s) through 250 ft/s.  To determine installation 
interference, four series of tests were performed as follows: 

1. Standard Airspeed Calibration.  Hot-film axis aligned perpendicular to 
freestream velocity with probe support downstream ( \\> * zero degrees). This 
test simulates ideal conditions with a minimum of probe/support installation 
interference. 

2. Downstream Calibration. Hot-film axis aligned perpendicular to free- 
stream with probe support upstream ( ij; =180 degrees).  This test simulates 
measurements when flight testing was performed in such a flightpath as to 
cause the vortex to pass through the tower (figure A-l) prior to intercepting 
the sensor, or when the vortex tangential velocity flow field encompasses 
part of support hardware (figure A-2). 

3. Installation Calibration.  Hot-film axis aligned perpendicular to free- 
stream with probe support upstream ( ^ =180 degrees) mounted on a I-inch 
vertical support rod. figure A-2, on tower.  This test most closely simulates 
actual tower installation and effects when vortex drifts through tower. 

4. Yaw Calibration.  Angle, \\>  between axis of film and freestream is varied 
from zero through 180 degrees (variable i|/).  This test reveals effects of 
vortex axial flow on calibration. 

TEST RESULTS.  Th«. results of the calibration may be found in figure A-3 
which is the output voltage on the anemometer system (from a TSI model 1080 
modified) for various valles of wind tunnel velocity.  The standard calibra- 
tion (test 1) was fou-.d to  agree very closely with the curves obtained during 
hundreds of calibrations on the vortex tower sensors.  Since the hot-film 
sensing phenomenon is associated with heat transfer, the calibration is seen 
to be nonlinear. Also shown on figure A-3 are the results of tests 2 and 3 
showing reduction in velocity (or reduction in voltage) due to installation 
interference.  It can be seen that the velocity could be reading as much as 
40 percent lower than the actual velocity.  The addition of the support rod 
(test 3) adds an additional few percent to the low reading. 

A-l 



The results of the yaw angle calibration (test 4) may be found in figure A-4. 
The wind tunnel velocity was set at 22 ft/s. The hot-film output indicated 
21.6 ft/s at this setting ( i|> «zero). The yaw angle was varied and the output 
is as shown in figure A-4. The minimum output was obtained with the sensor 
aligned almost parallel to the wind (9.3 ft/s). 

The output continued to increase, but at 180-degree position, a decrease in 
speed was noted caused by sensor probe interference. 

SUMMARY OF TEST RESULTS. 

1. Vortex flow through the probe support hardware could cause a reduction 
in recorded velocity (by as much as 40 percent). 

2. Axial flow in the vortex causes the sensor to read indicated tangential 
velocity" i.e., if calm winds were present during testing and a vortex inter- 
cepted the sensor, zero velocity might not be achieved due to false reading 
of axial flow. 

\ 
A-2 
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FIGURE A-l.  VIEW OF TCTER SHOWING AIRFLOW SENSORS AND GRENADE RACKS, 
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APPENDIX B 

SELECT VORTEX TANGENTIAL VELOCITY 
VERSUS TIME PLOTS 
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APPENDIX C 

SUMMARY FLIGHT TEST DATA SHEET-VORTEX INVESTIGATION 
(Includes Vortex Core Size rc) 
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TABLE C-2.  VORTEX GORE RADIUS DETERMINATION t 

Run 
- No. Vortex 

Average 
yv (ft/a) 

Average 
yv (ft/a) 

Photo 
Coverage 

yv (ft) 
(Approx) 

Expanded 
Plota 
rc (ft) 
(Approx) 

Plota 
rc (ft) 

Logarithmic 
Curve Fit 

rc CL* 

1 STBD 
PORT 

4.9 2.8 2-3 2 — 1.5 
1.54 

2 STBD 
PORT 

7.2 4.0 2-3 4.0 
  

2.3 
1.53 

3 

■ 

• 

STBD 
PORT 

15.9 
13.0 

5.5(E) 
5.0 

0/T 
No smoke 
at Hit 

0/T 
4.0 

— 
2.3 

4 

1 
STBD 
PORT 

16.0 
13.6 

5.3 
4.6 

2-3 
5-6 

4.0 
4.0 

— 2.8 
2.3 1.54 

5 
* 

STBD 
PORT 

18.9 
15.0 

5.5(E) 
5-1 

0/T 
5-6 

0/T 
5.0 

— 
2.5 

1.48 

6 STBD 
PORT 

17.5 
12.2 

5.0 
4.0 

3 
6-7 

4.0 
3.0 __ 

2.8 
2.5 

1.47 

i 

7 STBD 
PORT 

21.7 
17.2 

5.4(E) 
5.2 

5 
4-5 

0/T 
3.0 2.23 2.3 

1.54 

8 STDB 
PORT 

21.8 
16.1 

4.5 
4.3 

2-3 
2 cyl.: 

1 and 5 ft 
— — 

2.3 
2.5 

1.51 

9 
■ 

STBD 
PORT 

18.6 
11.4 

3.7 
2.7 

2-3 
2-3 

2.7 
2.5 2.03 

2.8 
2.3 

1.18 

10 STBD 
PORT 

18.8 
13.7 

4.1 
3.6 

2 
3 

3.2 
2.2 —. 

1.87 
2.1 

1.21 

11 STBD 
PORT 

15.3 
10.2 

4.4 
2.7 

1.5 
2 — —. 

1.7 
2.3 

1.16 

12 STBD 
PORT 

14.3 
8.4 

4.4 
2.1 

2.5 
2.5 

2.5 
2.3 

-- 2.4 
2.0 

1.16 

13 STBD 
PORT 

20.0 
16.2 

5.3 
4.5 

0/T 
1 

0/T 
3.5 — 2.5 

1.18 

14 STBD 
PORT 

15.7 
11.0 

4.1 
3.0 

2 
2.5 

Not Possible 
0.5 — 

0.8 
0.8 

1.03 

15 STBD 
PORT 

15.4 
9.3 

3.2 
1.8 

3 
3 

1.2 
0.8 — 

1.2 
0.5 

1.05 

16 STBD 
PORT 

15.4 
11.5 

3.1 
2.7 

No Smoke 
No Smoke 

0.9 
0.6 

1.57 
0.9 

1.2 
0.7 

1.03 

17 STBD 
PORT 

14.2 
7.5 

5.1 
2.9 

No Smoke 
No Smoke 

3.4 
Vortex Hit 
56 Ft.AGL 

— 
2.0 
2.3 

1.53 

18 STBD 
PORT 

15.9 
11.9 

5.0 
4.1 

2.5 
1 Inner 
3 Outer 

4.0 
2.5 

— 2.8 
2.6 

1.52 

19 STBD 
PORT 

12.5 
12.8 

2.3 
2.9 

0.5 
1.5 

0.8 
0.5 

— 1.4 
o.5 

0.30 

* 

" 5Fi qS 
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APPENDIX D 

VORTEX TANGENTIAL VELOCITY DISTRIBUTIONS 

D 



140 

130 

120 

MO 

o 
5i00 
UJ 
UJ 
UL 

H 90 
o 
UJ 
i 
<r 
o 
g80 
UJ 

70 

60 

56 

50 

40 

0 0 

CROSSWIND 
USED * 15 ft/s @ 106 ft AGL 

-LOWER SENSOR 
LEVEL LIMIT 

J- -L 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 
VORTEX 

AGE (sec.) 
AMBIENT WIND 

(a /*«c.) 

L-IOM 
T/0 

JA  
6/3/72 
mem!) 
2a 
|40 ft AGL 
IS(APPROX) 

MAX 
s 177 ft/s @ 106 ft AGL 

© 0 0 

X -L JL 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vj, ft./MC 

D-l 

80     100    120    140 



150 

140 

130 

120 

j 

5" iio 

UJ 

MOO 
o 

O 
2 90 

80 

70 

60 

56 

50 

# 

0 0 0 .© ,0 
0 

CROSSWIND » 
»12 ft/s @ 124 ft AGL 

- LOWER SENSOR 
LEVEL LIMIT 

J- J- J- -L -L 

AIRCRAFT L-tvM 

JJL 
CONFIGURATION    T/0 
RUN NO 
DATE 
VORTEX 
AGE dec.) 
AMBIENT WIND 

(ft./MC.) 

S/3/72 

5HDJLLÜJ 
28  
140ft AGL 
12  

% 

8 
% 

t 0 
0 

00       V^MAX = 134£t/8@124ftAGL 

aß       v* MAX 
= 122 ft/s @ 124 ft AGL 

-L -L JL -L -L -L 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vj, ft./MC. 

D-2 

80     100    120    140 



140 

130 

120 

MO 

5ioo 
UJ 
UJ 

H 90 
o 
UJ 
X 

<t o 
$80 
u 

70 

60 

56 

50 

40 

CROSSWIND 
«12 ft/s @ 92 ft AGL 

0 0 0 0 

h LOWER SENSOR 
LEVEL LIMIT 

J- -L -L 

AIRCRAFT L^IOII 

15 
CONFIGURATION   JiSL 

RUN NO 

DATE 

VORTEX 

AGE (tec.) 
AMBIENT WIND 

(ft./stc.) 

6/3/72 
STBPtl»*! 

JS2  
140« AGL 
J2  

Vö MAX = 145 £t/B @ 92 ft AGL 

V0MAX S 135 ft/8 @ 93 ft AGL 

0 0 
0 

i- 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, V$t ft./MC. 

D-3 

80     100    120    140 



140 

130 

120 - 

no - 

-I 
o 
5ioo 
UJ 
UJ 

H 90 h z 
o 

o 
5 80 
UJ 
(ft 

70 h 

60 

56 

50 h 

40 

1— -t— 

- 

t 
• 
• 

t 
% 
• 

• 
• 
• 

AIRCRAFT              L-IOM 

CONFIGURATION    T/0 

RUN NO                 16 
DATE                       6/3/72 
VORTEX                  P0RT(2"d) 

r- TJ r\c a nr T XT T> 

J 

AGE (sec.)              46 
AMBIENT WIND      140 ftAGL 

(ft. /tec.)        12 

A 
V* MAX = 222 ft/s @ 83 ft AGL 

«10-12 ft/s § 83 ft AGI 

Vß MAX = 210 ft/s © 83 ft AGL 

- r 
-•   • . 

s 
-^ 

- LOWER SENSOR 
LEVEL LIMIT 

\ 

t     i 
• 
• 

_       I     ..   1         .1- 1 i     i     { f      1 1           1           1           1           1           1          1 

140    120    100    80     60     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft./tec. 

D-4 



140 

130 

120 

110 

«100 

UJ 
UJ 

I- 90 z 
UJ 
I 

or 
O 
£80 
Id 
in 

70 

60 

56 

50 

40 

CROSSWIND ■► 
all ft/s @ 70 ft AGL 

h LOWER SENSOR 
LEVEL LIMIT 

\ 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 

VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./sec.) 

L-IQH 
T/0 

J4  
ALVll 
TORTUR 
51 
l40f!AGL 
15 

Ve MAX = 207 ft/s @ 69 ft AGL 

V* MAX 
= 196 ft/s @ 69 ft AGL 

-L JL -L -L J- -L _L -L -L 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vfl, ft./sec. 

D-5 

80     100    120    140 



140 

130 

120 

no 

5 loo 
I- 
laJ 
UJ 
u. 

K 90 
o 
UJ 

o 
$80 
UJ 

70 

60 

56 

50 - 

40 

AIRCRAFT W-IQII 
CONFIGURATION    T/Q 

CROSSWIND- 
«12 ft/s @ 78 ft AGL 

- LOWER SENSOR 
LEVEL UMIT 

RUN NO 
DATE 
VORTEX 

AGE (sec.) 
AMBIENT WIND     140 ft AGL 

(ft./ttc.)       J5  

13  

PORTU"*) 
IS  

_L -L _L _L 

VQ MAX = 224 £t/s @ ?8 £t AGL 

V0MAX = 2i2 ft/S @ 78ft AGL 

•\ 

_L _1_ -L -L -L -L -L 

140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./uc 

D-6 

80     100    120    140 



140 

130 I- 

AIRCRAFT I-'»" 
CONFIGURATION    CWUISE 

120 

110 

-j o 
JlOO 
L-J 
Iti 

H 90 
o 
ÜJ 
I 

cr o 
2 80 
Id 

70 

60 

56 

50 

L   CROSSWIND ** 
«10 £t/s @ 108 ft AC.L 

40 

RUN NO 
DATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(ft. /tec.) 

Jft. 
!£1£ZL_ 
STBOift) 

.12  
WOftASL 

V<9%_„ =61 ft/s @ 108 ft AGL v MAX 

$ 
V 'MAX 

= 71 ft/s @ 108 ft AGL 

h LOWER SENSOR 
LEVEL LIMIT 

_L _L -L -L 
140    120    100    80 60     40     20       0      20     40     60 

TANGENTIAL VELOCITY, ty, fl./ttc. 

D-7 

80     100    120    140 



140 

130 

120 

no 

< loo 
LJ 
UJ 
u» 

H 90 

Q: 
O 
$60 
UJ 

70 

60 

56 

50 

40 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(ft./ttc.) 

L-IOII 

SBMttg 
19 

j&s  
l40ftAGL 
15  

V* MAX 
= 125ft/s @<>7ft AGL 

CR OSS WIND- 
«10ft/s 

♦ 

-LOWER SENSOR 
LEVEL LIMIT 

140    120    100    60 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, tyt ft./MC. 

D-8 

80     100    120    140 



150 

140 

130 

120 

JllO 

Z 
o 
UJ 

100 

I 90 
u 

80 

70 

60 

56 

/ 

/ 

A 

CROSSWIND » 
«17 ft/s @ 131 ft AGL 

1 LOWER SENSOR 
LEVEL LIMIT 

AIRCRAFT l-lpli 
CONFIGURATION T/O-APP 
RUN NO JO  
DATE 6/3/72 
VORTEX STBP(l>f) 

AGEUec.) Jf  
AMBIEN1 WIN& 140ft A6L 

fAÄec.) 17 

50 X X X X X X 

V0   WAV    "    122   ft/8    ^    131    ft   AGL 

v MAX 

V*MAX = U1 ft/s @ 13-ft AGL 

X X X X 
MO    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft. /ttc 
D-9 

80     100    120    140 
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2 5 HO 
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lü 
tu 
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ÜJ 
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g 90 
lü 
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t& 

A 

/ 

CROSS WIND- 
ES 16 ft/s @ 120 ft AGL 

AIRCRAFT LHOLL 
CONFIGURATION T/O-APP 
RUN NO J  
DATE 6/3/72 
VORTEX STBDd'M 

A6E (ttc.) 11  
AMBIENT WIND I40HAGL 

(ft./ttc.) i»  

Vö = 116 ft/s @ 116 ft AGL j 
MAX 

MAX 

- LOWER SENSOR 
LEVEL LIMIT 

J- _L J_ X -L 

VjW4V = 100 ft/s @ 116 ft AGL 

ä 

J- -L X 
140    120    100    60 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./ttc 

D-10 

80     100    120    140 



140 

130 

120 

MO 

o 
5ioo 
lü 

u. 

90 K 
Z 

tu 
I 
X 
O 
$80 
UJ 
V) 

70 

60 

56 

50 

40 

C ROSSWIND ► 
«11 ft/s @ 97 ft AGL 

A 
*A 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 
VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./tec.) 

T/9-APP 
Jl  

STBD(l>n 

22 
l40ftA6L 
J4  

VöMAX = 135ft/i@97ft AGL 

V* MAX = 122 ft/" @ 98 ft AGL 

A A A 

A A 

A* 

- LOWER SENSOR 
LEVEL LIMIT 

J_ JL _L J- J. -L X 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft. /tec. 
D-ll 

80     100    120    140 



140 

130 

120 

MO 

2 
<I00 

Ul 

u. 

K 90 
o 
üj 
X 

ac 
o 
$80 
Ul 
w 

70 

6a 

56 

50 

40 

CROSS WIND 
»9 ft/s <§ 74ft AGL 

H LOWER SENSOR 
LEVEL LIMIT 

AIRCRAFT 

RUN NO 

DATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(ft./MC.) 

MAX 

JL 
140    120 

L-IOII 
CONFIGURATION   T/O-APP 

JL 
6/3/72 

STPPil*1) 
.U  
140 ft AOL 
14 

V0 MAX = 103 ft/« @ 74 ft AGL 

= 107 ft/s @ 76 ft AGL 

X 
60     100    120    140 

TANGENTIAL VELOCITY, ty, ft./MC. 
D-12 



140 

130 

120 

MO 

-i 
(9 
5ioo 
H 
Ul 
UJ 

H 90 
e> 
üj 
i 
ff o 
5 80 
ÜJ 

70 

60 

56 

50 

CROSSWIND ^ 
«12 ft/8 @ 102 ft AGL 

LOWER SENSOR 
LEVEL LIMIT 

40 _L 

T 
k 

AIRCRAFT 
CONFIGURATION 
RUN NO 
DATE 
VORTEX 

AGE (sec.) 
AMBIENT WINO 

(ft/stc.) 

Jl  
6/3/72 

ai.a 
l40ftA0L 
14 

V 

\ 

V*MAX * 118 ft/s @ 102 ft AGL 

VA W4V      100 ft/s @ 102 ft AGL 
v MAX 

J_ -L JL JL. J- J_ J- 

140    120    100    80 40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./ttc. 
D-13 

80     100    120    140 
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Ui 
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H 90 
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56 
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40 

CROSSWIND ■» 
fell ft/s @ 84 ft AGL 

_L 

LOWER SENSOR 
LEVEL LIMIT 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(ft./ftc.) 

Vi»WAV = 134 ft/» @ 84 ft AGL 
v MAX 

MAX 
■ 118 ft/s @ 114 ft AGL 

L-IOIt 

T/O-AFf 

Jfl  

.IS  
140ft AGL 
17 

75-14-44 

-L _L -L X -L -L X 
140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./tec. 

80     100    120    140 

D-14 
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X 

UJ 
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QC 
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S80 
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60 

50 

40 

.     CROSS WIND 
10 ft/s @ 70 ft AGL 

LOWER SENSOR 

LEVEL LIMIT 

AIRCRAFT 

CONFIGURATION 

RUN NO 
DATE 

VORTEX 

AGE (sec.) 

AMBIENT WIND 
(ft./stc.) 

L-IOII 

-JTg-.APP 
J9  

POKTiZ**) 

45  

I40MAGL 
JS  

V^MAX = 120 ft/s @ 71 ft AGL 

Vö MAX = 110 ft/s @ 71 ft AGL 

K 

J_ _L -L -L _L J- -L -L -L -L 
140    120    100    80     60     40 40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft./ttc. 
D-15 



140 

130 

120 

110 

o 
< loo 
I- 
u 
ÜJ 

H 30 
o 
UJ 
z 
0E 
o 
^ 80 
UJ 

70 

60 

56 

50 

.  CROSSWIND ► 
« 9 ft/s @ 73 ft AGL 

40 

•LOWER SENSOR XA 
LEVEL LIMIT 

AIRCRAFT L-I0II 

_L J_ -L 

CONFIGURATION T/O-APP 
RUN NO JJ  
DATE 6/3/72 
VORTEX PORTU* 
AGE (fee.) 45  
AMBIENT WIND 140 ft AGL 

(ft./sec.) a  

'MAX 
= 106 ft/s @ 73 ft AGL 

140    120    100    80     60     40     20 20     40     60     60     100    120    140 

TANGENTIAL VELOCITY, VÄ, ft./tec. 
D-16 



140 

130 - 

120 

110 

«ioo 

UJ 

»- 90 x 
o 
UJ 
X 

o 
§80 
UJ 

70 - 

60 

56 

50 

40 

cRosswiND m 
«9ft/s @ 74 ft AGL 

Ai 

- LOWER SENSOR 
LEVEL LIMIT 

\ 

X _L J_ J_ _L 

A 

▲ 

AIRCRAFT L-I0II 

\ 

CONFIGURATION T/O-APP 
RUN NO J2  
DATE 6/3/72 
VORTEX P0RT(2^ 

AGE (sec.) 67  
AMBIENT WIND 140ftAGL 

(ft./MC.) 14  

Vß MAX = 109 ft/s @ 74 ft AGL 

V0 MAX = U8 it/8 @ ?2 ft AGL 

4 

\ 

*. 4S 

JL J_ -L -L J_ J_ 
140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Vg, ft./sec 
D-17 



140 

130 

120 

110 

-j 
o 
5ioo 
Id 
lu- 
ll. 

H 90 
o 
u 
I 
X 
o 
$80 
Ul 

70 

60 

56 

50 

CROSSWIND 

40 

A.PPROX.   14 ft/6 @ 140 ft AGL 

-LOWER SENSOR 
LEVEL LIMIT 

-L -L -L -L 

m  a a 
AIRCRAFT L-IOM 

# 
0 

CONFIGURATION    LOG 
QRUN NO ^  

JD DATE        6/3/74 DATE 
VORTEX 

AGE (tec.) 

STBD(l»t) 

JS  
AMBIENT WIND     140 ft AGL 

(ft./tic.)        16  

JL 

MAX 

MAX 

= 107ft/s @ 141 ft AGL 

=   93ft/s @ 140 ft AGL 

-L -L -L J- -L 
140 120 100 80  60  40  20 20  40  60  80  100 120 140 

TANGENTIAL VELOCITY, ty, ft. /MC. 
D-18 
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H. 90 
o 
ÜJ 
X 
K 
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$80 
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70 

60 

56 

50 

CROSSWIND 
Vw = 20 ft/s @ 140 ft AGL w 

40 

- LOWER SENSOR 
LEVEL LIMIT 

-L J_ J  

Q 

Q 

0 

0 

0 

0 

0 

—fT3  
0    J 

AIRCRAFT L-i0ll 

CONFIGURATION LPG 
RUN NO J  

DATE 6/3/72 
VORTEX ST2D(|tt) 

AGE (tec.) .U  
AMBIENT WIND 14 ft AGL 

(ft. /tec.) .20  

MAX 
= 108 ft/s @ 139 ft AGL 

vflwAV = U4 ft/s @ 141 ft AGL v MAX 

_L -L -L -L -L 

140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, V*. ft/tec. 
D-19 
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0 
Q0 
Z5 

H" 
CROSSWIND ^ 
«13 ft/s @ 131 ft AGL 

AIRCRAFT L-IQM 

18 

CONFIGURATION    _LDG 

RUN NO 

DATE 

VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./sec.) 

6/3/72 
STBDUlt) 

21? 
l4CftAGL 
13 

- LOWER SENSOR 
LEVEL LIMIT 

J_ J- _L JL JL 

VßMAX = 108 ft/s @ 131 ft AGL 

140    120    100    80     60      40     20 20     40     60     80     100    120    140 

T^GENTIAL VELOCITY, ty, ft./*«c. 
D-20 
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t 
dP 

0 
0 

CRDSSWIND- 
Äl4ft/s @ 126 ft AGL 

h LOWER SENSOR 
LEVEL LIMIT 

0 

§ 
0 
0 

0 

0 

0 
0 

0 

0 

AIRCRAFT L-IOII 

CONFIGURATION LDG 
RUN NO _S  
DATE 6/3/72 
VORTEX STBPd'*) 

AGE (MC.) 23 
AMBIENT WIND 140 ft AGL 

(ft./sec.) 14» 
Q «APPEARS LOW 

# 

MAX 

MAX 

= 98 ft/s @ 126 ft AGL 

= 107 ft/s @ 128 ft AGL 

JL J- J_ J_ 
140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft. /tec. 
D-21 
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40 

CROSSWIND- 
«10-12 ft/s@ 112 ft AGL 

- LOWER SENSOR 
LEVEL LIMIT 

AIRCRAFT L-'O" 

17 

CONFIGURATION    U>G 
RUN NO 
OATE 
VORTEX 

AGE (sec) 

6/3/72 
STBD(I«M 

23 
AMBIENT WIND      14CMAGL 

(ft./sec.) 12  

Q 

va MAX 
= 126 ft/e @ 112 ft AGL 

* (NOTE:   LEVEL 112 SENSOR READS 
HIGH AND THEREFORE SHOULD 
BE USED WITH CAUTION.) 

-L _L J- J_ -L _L -L J- -L X X 

140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Vg, ft./sec. 
D-22 
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40 

CROSSWIND » 
APPROX.   13-14 ft/s @ 100 ft AGL 

# 

% 

\ 

* 

9 

LOWER SENSOR 
LEVEL LIMIT 

AIRCRAFT L-IOII 

CONFIGURATION LP6 
RUN NO _5  
DATE 6/3/72 
VORTEX PQBTU-) 
AGEUtC.) 27 
AMBIENT WIND. l40ftA6L 

(ft./sec.) 19   

a 

MAX 

MAX 

= 119 ft/s @ 100 ft AGL 

= 120 ft/s @ 97 it AGL 

-L JL -L J- X -L -L J- 
140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Vg, ft/tec. 
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X 

CROSS WIND ». 

APPROX.   11 ft/a @ 100 ft AGL 

ffi 

- LOWER SENSOR 
LEVEL LIMIT 

-L 

4 
V 

AIRCRAFT L-IOII 

CONFIGURATION L09 
RUN NO J  
OATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(a/tec.) 

P9RT(2^ 

Jfi  
140 ft AGL 
J2  

V 
I 

VflllAV = 124 ft/s @ 102 ft AGL u MAX 

VflWAV = IM ft/s @ 100 ft AGL "MAX 

_L -L J- -L J- -L 

75-14-41 

-L 
140    120    100    80 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft. /MC. 
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56 

50 

CROSSWIND 
USED    20 ft/s ALL LEVELS 

40 

\ 

\ 

i 
- LOWER SENSOR 

LEVEL LIMIT 
! 

J- _L 

I 

AIRCRAFT 

CONFIGURATION 
RUN NO 
DATE 
VORTEX 

AGE (tec.) 
AMBIENT WIND 

(a/tec.) 

L-IOIt 

LDG 

P0RTC2"*) 

JLI  
I40HAGL 
20 

ve MAX 
121 ft/s @ 90 ft AGL 

\ 

\ 

i 

-L J- J- JL -L 
140    120    100    80     60     40     20      0      20     40     60     80     IOC    120    140 

TANGENTIAL VELOCITY, ty, ft. /tec. 
D-25 
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CROSSWIND 

APPROX.   12 ft/s @ 95 ft AGL 

■a 

LOWER SENSOR 
LEVEL LIMIT 

40 _L -i. 

AIRCRAFT L-»9U 
CONFIGURATION LDC 
RUN NO J  
DATE 6/?/72 , 
VORTEX PORT (2"*} 
AGE (itc.) JZ  
AMBIENT WIND      140 ft AGL 

(ft./tec.) J6  

V^MAX = 111 ft/s @ 95 ft AGL 

V 
MAX 

= 121 ft/s @ 92 ft AGL 

•l 

_L -L J_ 

75-14-42 

J I  
140    120    100 40     60     60     100    120    140 

TANGENTIAL VELOCITY, ty, ft./stc. 
D-26 



140 

130 

120 

110 

o 
JlOO 
LÜ 
UJ 

H 90 

UJ 
X 

K 
O 
2 80 
UJ 
V) 

70 

60 

56 

50 

40 

CROSS WIND ► 
USED^20 ft/s , ALL LEVELS 

PLOWER SENSOR 
LEVEL LiMIT 

-L -L _L 

AIRCRAFT icJfliL 
CONFIGURATION LP6 
RUN NO J  
DATE 6/S/72 
VORTEX »ORT (2»*) 

AGE (sec.) .36  
AMBIENT WIND l40f*AGL 

(ft. /tec.) JO  

V0MAX = 117 ft/s @81 ft AGL 

MAX 
=   97 ft/s @ 81 ft AGL 

J_ -L 
140    120    100    80     60     40 100    120     140 

TANGENTIAL VELOCITY, ty, ft./iec. 
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70 

60 

56 

50 

40 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 

VORTEX 

AGE (tec.) 
AMBIENT WIND 

(a/sec.) 

L-IOH 

i££  
18 

«/3/72 
P0RT<2»d) 

-M  
l40ftA6L 
13 

V*MAX = 125 Üfa @ 79 ft AGL 

110 -      CROSSWIND ► 
«10 ft/s @ 79 ft AGL 

3 o 
5 loo 
UJ 
bJ 
U. 

Z 

H 90 
o 
u z 

o 
S80 
UJ 
V) a 

Vö MAX = 120 ft/s @ 77 ft AGL 

\ 

«I 

LOWER SENSOR 
LEVEL LIMIT 

_L _L -L -L J_ J. -L J. -L 
140    120    100    80 60      40     20       0      20      40     60 

TANGENTIAL VELOCITY, ty, ft. /tec. 

D-28 
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'A 
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40 

CROSSWIND ► 
«2.0 ft/s @ 100 ft AGL 

G % 
/ 

LOWER SENSOR 
LEVEL LIMIT 

-L -1_ JL 

AIRCRAFT L-IOII 

CONFIGURATION LDC 
RUN NO _2  
DATE 6/3/72 
VORTEX STBD(l«t) 

AGE (sec.) 40 
AMBIENT WIND l40ftA6L 

(ft./sec.) 16 HEADWIND 

MAX 

MAX 

= 109 ft/s @ 72 ft AGL 

= 109 ft/s @ 72 ft AGL 

i 
Q0 

% 

-L JL _L JL -L 

140    (20    100    80 60     40     20       0      20     40     60 

TANGENTIAL VELOCITY, Vg, ft./sec. 

D-29 

60     100    120    140 

■ 



140 

130 

120 

CROSSWIND- 
12 ft/s @ 70 ft AGL 

AIRCRAFT LHOII 
CONFIGURATION LD6 
RUN NO J  
DATE 6/3/72 

VORTEX P0RT(2"<) 

AGE (tec.) 42.S 
AMBIENT WIND 

(ft./tec.) 
140 ft AGL 
14» 

»APPEARS LOW 

110 
'MAX 

= 106 ft/s @ 72 ft AGL 

O 
J loo 

UJ 
u. 

z 90 

K 
O 
$80 
Id 
to 

70 

60 

56 

50 

i 

* 

4 
\ 

LOWER SENSOR 
LEVEL LIMIT 

40 J- -L J- _L JL J. -L JL -L -L -L 

140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./MC. 

D-30 
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56 

50 

CROSSWIND- 

40 

WO ft/s @ 80 ft AGL 

Q 
0 GP 

- LOWER SENSOR 
LEVEL LIMIT 

J- 

MAX 

AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 

VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./tec) 

L-lOH 

LflLS 
J  

STBDÜ»*) 
-6fi  
140 ft AGL 
16 HEADWIND 

VÖWAV =82 ft/s @ 81 ft AGL MAX 

= 82 ft/s @ 81 ft AGL 

J- -L -L _L 
140    120    100    80 60      40      20       0      2C      40     60 

TANGENTIAL VELOCITY, ty, ft./tec. 

D-31 
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40 

CROSSWIND » 
«10 ft/s @ 56 ft AGL 

6 

AIRCRAFT 

CONFIGURATION 
RUN NO 
DATE 
VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./sec.) 

L-IOII 

LD6 
J7  
6/3/72 
P0RT(2«d) 

-ftfl  
!40ftA6L 
12 

V* MAX 

MAX 

= 91 ft/s @ 56 ft AGL 

V^JAV = 81 ft/s@ 56 ft AGL 

h LOWER SENSOR 
LEVEL LIMIT 

140    120    100    80 60     40     20       0      20      40     60 

TANGENTIAL VELOCITY, ty, ft./ttc. 

D-32 
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APPENDIX E 

RECORDED VORTEX TANGENTIAL VELOCITY VERSUS 
TIME—COMPUTER GENERATED EXPANDED PLOTS 

(Selected Plots) 
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APPENDIX F 

RECORDED VORTEX TANGENTIAL VELOCITY VERSUS 
TIME—COMPOSITE PLOTS 
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RUN 010,       L-1011        TAKEOFF/APPROACH CONFIGURATION, 6/3/72, STARBOARD WING   (DOWNWIND)   VORTEX 

Q z. o o 
g  120-i 
a 
w 

U,   100- 

>* 

H    80- 

U 

3 
W 
> 

<    60- 

H 

U] 

< 
40- 

Q 
W 
Q 
a 
O 
U 
b] 
DC      Z0 

< 

SENSOR LEVEL 

124 

-T— 
15 30 

•15 SECOND ELAPSED TIME INTERVALS • 
TIME - SECONDS 



D WING   (DOWNWIND)   VORTEX 

| SECOND ELAPSED TIME INTERVALS 
TIME - SECONDS 

F-l 



MO- 
RUN 010,       L-1011        TAKEOFF/APPROACH CONFIGURATION, 6/3/72. PORT WING   (UPWIND)   VORTEX 

NOTES: 
(1)   SENSOR 88 FOOT LEVEL READS LOW 

84 

~i r 
15 30 

~1" 
45 

• 15 SECOND LLAPSLD T1MJ 
TIME - SECONI 

F-2 



MG   (UPWIND)   VORTEX 

• 15 SECOND LLAPSED TIME INTERVALS 
TIME - SECONDS 

F-2 



140- 
RUN 012,       L-lOU        TAKEOFF/APPROACH CONFIGURATION, 6/3/72,  PORT WING   (UPWIND)   VORTEX 
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140. 
RUN 015,       L-1011        TAKEOFF CONFIGURATION, 6/3/72, PORT WING   (UPWIND)  VORTEX 
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RUN 019,       L-1011        CRUISE CONFIGURATION,   STARBOARD WING   (DOWNWIND)   VORTEX 
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APPENDIX G 

LOW-ALTITUDE METEOROLOGICAL DATA 
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APPENDIX H 

L1011 AIRCRAFT CHARACTERISTICS 

I. FUSELAGE 

III. 

Length, feet 
Diameter, exterior, inches 

II. WING 

A. GENERAL 

Span, b, feet 
Area, S, feet2 
Aspect ratio, (AR) (b/c) 
Sweepback, 25 percert chord line, degrees 
Wing chord, average, c, feet (*b/AR) 
Wing chord, root, cr, feet 
Wing chord, tip, cc, feet 

Taper ratio 

B. FLAPS (Fowler Trailing-Edge Flaps) 

(Configuration) 
Takeoff, degrees 
Holding, degrees 
Landing, degrees 

177.7 
233.0 

155.3 
3456.0 

6.95 
35.0 
22.3 
34.3 
10.3 
0.3 

4, 10, 14, 18, or 22 
0 and 4 

42 

C. LEADING-EDGE DEVICES 

Slats: four outboard of engine, three inboard. 

D. SPOILERS 

Six on upper surface each wing. 

ENGINES 

Manufacturer 
Designation 
Number of engines 

Rolls-Royce 
RB211-22F 

3 

H-l 



IV. PERFORMANCE (Airspeeds) (Approximate); 

Takeoff, knots 
Approach to landing, knots 

V, DESIGN WEIGHTS (Maximum): 

Takeoff, pounds 
Landing, pounds 
Wing-loading, pounds/foot^ 

165 
135 

430,000 
358,000 

123 
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V 

BASIC EQUATIONS AND DIMENSIONS 

L1011 SPANWISE LIFT DISTRIBUTION CALCULATION 

•:—f—pyr~r' 
■"—^—■—^  

7* •—«JS. 

BASIC AIRLOAD  .B   J£L  ^y  /A 

ADDITIONAL AIRLOAD   J -,£»«*-- j  

._i   i 

mfvsnr la uO, 
i—r 

TO CCWtRT FXOM NON-uÜUSNSIONAI. DISTRIBUTIONS TO RUNNING ROAD IN tf./IN: 

 ; ; f-CAC-. '"—'—'——C4t2ri—;—I—j-s' 

" I    1 ' I     '     1 I    I    I 

where 
Cav - S/b - 267.6 inches 

S - Wing Area - 3456 ft* 
b *- Wing Span • 1860 in 

cL£xp - Exposed Wing Lift Coefficient 
- S..   ♦ (qS/2> 

q - Dynamic Pressure in PSI 
•; *" Butt Line 

APPROXIMATE RELATIONS FOR CLE 

LCI 
*r~ea*r 

<M«<*_£. 
y —!—^ep-Cp 

cirAvr 4^«i^terrt 

~$4^--/^—^--:^ 
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