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LIST OF SYMBOLS AND DEFINITIONS 

■ Height from base of tower, feet. 

■ Radial distance from vortex axis, feet. 

Vortex core radius, feet. 

= Airplane reference wing area, square feet. 

- Aspect ratio, span -4- geometric mean chord. 

* Wing sweepback angle at quarter chord point, degrees. 

ä Vortex tangential velocity, feet per second. 

* Peak recorded velocity, uncorrected for wind, feet 
per second. 

A 
s   Wind velocity at time zero at height where V is 

recorded. 

■ Median circulation, based on elliptical lift 
distribution, square feet per second. 

»   Kinematic viscosity term in Prandtl vortex model, 
square feet per second. 

* Density of the air, slugs per cubic foot. 
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INTRODUCTION 

PURPOSE. 

The work described in this report was performed to gain information on the wake 
turbulence characteristics of the Boeing 747 airplane, to aid in the develop- 
ment of improved terminal area traffic control procedures, needed to minimize 
the wake turbulence hazard. 

BACKGROUND. 

It became apparent, early in 1970, that there was a need to further investi- 
gate the wake characteristics of large jet transport airplanes in conditions 
representative of terminal area operations. An investigation was conducted, 
involving the Federal Aviation Administration (FAA)/National Aviation Facilities 
Experimental Center (NAFEC), the National Aeronautics and Space Administration 
(NASA), The Boeing Company, and the United States Air Force. The airplanes 
involved, flight test techniques used, and results obtained are reported on 
in references 1, 2, and 3. 

NAFEC*s part in that operation included the acquisition of quantitative data 
on the characteristics of the Boeing 747 wake, using the tower fly-by tech- 
nique« At the time a very limited number of sensors was available for the 
measurement of vortex flow velocities. However, in view of the currently- 
aco'ipted theory of vortex phenomena of fixed-wing aircraft (reference 4), 
namely that core diameter is initially equal to 15 percent of the wing span, 
the available instrumentation appeared to suffice for achieving the objective 
of the planned tests. It has subsequently been shown (reference 5) that 
core diameters are much smaller than were originally predicted, especially 
in certain configurations, and the need for further tests, utilizing closer 
sensor spacing, became apparent. 

DISCUSSION 

I FLIGHT TEST PROGRAM. 

TEST AIRPLANE. The Boeing 747 airplane, figures 1, 2, and 3, used in this 
test program was leased from Pan American Airways. It is a large four- 
engine commercial jet transport airplane powered by Pratt and Whitney JT9D-3A 
turbo-fan engines. The wing has an area of 5,500 square feet, aspect ratio 
6.95, and a 37 1/2° sweep angle at the quarter chord. The flaps are triple- 
slotted, in four segments, with cutouts at the fuselage and behind the Inboard 
engines. Full-span leading-edge flaps are also fitted. A closeup of the 
trailing edge flaps is shown in figure 4. 

TEST PROCEDURE. The flight test procedure used in the present tests has 
been described in reference 6 and will not be discussed further in this 
report, with the exception of certain changes as follows: 
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"Zoom" climbs were scheduled for certain runt to simulate a wave- 
off/go-around condition from a liindlng-approach maneuver (see 
figure 5). 

Several runs vere made with an outboard engine (i.e., No, 1 or No, 4) 
throttled back tu flight idle. 

TEST TOWER, The test tower user in these testa is the same tower used in 
previous tests of this type, described in detail in reference 6. 

INSTRUMENTATION, 

AIRCRAFT, The airplane needed no special instrumentation« A pilot's log 
sheet was used to record the following information when the airplane was 
approximately abreast of the toweri 

Time. 

Airplane configuration (landing, takeoff, or holding). 

Gross weight. 

Indicated airspeed. 

Radar altitude. 

Pressure altitude. 

Magnetic track. 

Lateral offset from test tower. 

Engine performance. 

Subjective evaluation of atmospheric turbulence. 

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

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

mmmm vrfMteifaitfteflaiaa^ >M it.u. 
WMMI^MI, ^..,,J~, .*_. ^.^■^•vid«i4^^«*k>iä*Äl^^v,-^.^ 



IflpUWWWIW JUUIM mmm*^*mmi^Jmm*r**?**!****r*~-^-~-™ W«iwii m**m*Ji9>nvv*i.v-niifj^^cmiimmB^iiRwmimuw. *.j*Hm"L-r'"z>\vmin <"«■ HUMWügj 

-HT     I HflET 

Od 

ft2 
w 
H 

i—i 

Z 

I 

uj 

5 
W 

<: 

S3 
i—i 

o 

u 2 
o 

^jjtogy^» ü^uM»äSii lUdtääL'JtUbäüaaiäUmmiti^   ■     -■-■- ^»..•« ^i*.»:-..^-«*^^^ -. 



jrjmmmmm. m^mmmmiw.  wwii,i n   ■■'•; iw.-i^P»mw»f &* 

TOWER VORTEX MEASUREMENT, The airflow measurement instrumentation used in 
the currant test series represents a considerable improvement over that used 
in earlier tests (reference 6). Closer spacing of the sensors (at 2-foot 
intervals from 8 to 40 feet, 1-foot intsivals from 40 to 142 feet) resulted 
in enhanced resolution* The same type of hot-film sensor was used, however, 
capable only of yielding scalar magnitude of the air flow velocity impinging 
on it. Further details of the instrumentation may be found in reference 6 
and in appendix A of this report. 

TOWER ATMOSPHERIC MEASUREMENTS.  The instrumentation used in the present test 
series was the same as that used for ^nd discussed in reference 6. 

PHOTOGRAPHY. Colored smoke grenades were used to provide flow visualization, 
and motion picture photography was used to record the results. This made it 
possible to «ietermlne when and at what level the vortex systems intercepted 
the tower and is a valuable aid in confirming the interpretation of sensor 
data. Two 16 mm motion oicture cameras, normally located on 325 feet radii, 
90° apart, centered at the tower, were used to provide thi3 coverage. A third 
16 mm motion picture camera, using a zoom lens was set on a "HI-RANGER" crane 
to provide closeup coverage of the  vortices. 

TIME. All data runs were time correlated as discussed in reference 6. 

TEST SITE. The NAFEC aircraft vortex measurement facility was used for 
these tests.  It consists of: (I) A 140-foot test-tower suitably instrumented 
for vortex flow and meteorological measurements, (2) Colored smoke dispensers 
(racks holding easily replaceable grenades) for vortex flow visualization, 
mounted on both the 140-foot tower and the movable 88-foot telescopic towers, 
(3) Motion picture photography (16 mm) stations, (4) Three concentric circles 
marked on the ground, centered at the base of the tower, in yellow, with 
radii of 100, 200, and 300 feet, for pilot site identification, and (5) 
High-intensity strobe lights for pilot assistance in alignment of the aircraft 
track abeam of the tower. Figures 6, and 7 show overall views of the test 
site. Figure 8 shows a good example of the flow visualization - in this case, 
of the upwind (second) vortex, 

DATA PROCESSING. 

The signals from the hot-film airflow velocity sensors were recorded on 
magnetic tape and subsequently digitized at the NAFEC Central Data and 
Recovery System (CENDAR) facility (see reference 7 for details of CENDAR) 
for automatic data processing. The data processing, handling, and compu- 
tations were performed on the IBM 7090 computer. The special software pro- 
grams for data conversion supplied information for a large flatbed plotter, 
which produced sensor velocity time histories. Appendix B presents details 
of the data processing techniques. 
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DATA PRESENTATION. 

The data output and presentation consisted primarily of: 

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

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

3. Plots of recorded tangential velocity scalar magnitude against 
time for the hot-film sensors. 

4. Plots of recorded tangential velocity versus time, using an 
expanded time scale for enhanced data resolution (as required) for detailed 
vortex analysis„  A sample of such a plot depicting a core penetration is 
presented in figure 9. 

Most flight test runs were further analyzed to generate vortex velocity profiles, 
presenting vortex tangential velocity (corrected for wind), as a function 
of sensor height above ground level.  The resultant velocity profiles are 
presented in appendix C. 

DATA ANALYSIS. 

The general flow pattern generated behind the Boeing 747 does not, for the 
purposes of data reduction, differ significantly from that generated behind 
the DC7, as discussed in reference 6.  The change in airplane size is one 
obvious difference, but not of fundamental importance.  Of greater significance 
is the difference in wing plan-form and the associated load distribution.  The 
Boeing 747 wing , furthermore, has segmented flaps - two segments per side - 
with a fuselage cut-out (as can be seen in figures 1, 2, and 4), while the 
DC7 flap system features a continuous flap on each side, again with a fuselage 
cut-out. These differences are felt to the greatest extent in the near-flow 
field, but do not completely disappear as the wake develops downstream. 
Far downstream, it is generally considered that the wake behind any lifting 
surface tends to resolve itself into a pair of oppositely rotating vortices 
that produce downwash in the center of the wake, and upwash at the edges. 
Differences still remain however, between the wake of a flapped wing - and 
that of an unflapped wing - that result in the more rapid breakup (into 
randoa turbulence) of the wake of the flapped wing.  With the present anemometry, 
no directional information is obtained, and the interpretation of tangential 
velocity time histories (to produce velocity distributions across the diameter 
of the vortex) has necessarily proceeded on the assumption of a single- 
centered circulatory motion about the vortex axis, though this may not be 
strictly correct when the wing flaps are appreciably deflected. Reference 6, 
gives conrivleration to the effects of outboard slip-stream rotation, 
and it appeared from the data on the takeoff configuration that where rotation 
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was against the tip vortex, the peak tangential velocity was noticeably 

diminished« While rotation still exists in the efflux of a turbo-fan engine, 
it is not thought to be ae significant, but the longitudinal momentum of 
the efflux, injected into the wake at a point near where there occurs a 
large and rapid change in circulation (such as at the extremity of a deflected 
flap), is thought to be possible cause of detectable changes in the near-field 
wake. For this reason then, certain daca runs in this series were made 
with an outboard engine throttled back to flight idle (figure 1Ü). 

Interpreting the Boeing 747 data has been a simpler task than that presented 
by the DC7 data of reference 6 - largely because of the closer sensor spacing 
and greater ease of vortex core identification. The problem of ambiguity 
still arises in those parts of each vortex where the induced velocities are 
in opposition to the ambient wind. In that situation, a measured velocity of 
10 feet per second (ft/s), for example, could be the difference between 20 ft/s 
wind velocity and either a 10 ft/s vortex tangential velocity, or a 30 ft/s 
vortex tangential velocity. The resolution of the ambiguity is dependent on 
knowledge of the direction of the 10 ft/s resultant, and this is not available. 

The closer spacing of sensors has resulted in the more frequent capture of 
peak or near-peak velocities, and many instances occurred where a "core-hit" 
can be identified. Examples of this phenomenon are shown in figures 11 and 12. 
As the vortex core approaches the sensor, the measured tangential velocity 
rises, until it reaches a peak value, at the outer extremity of the core. 
Within the core, velocity diminishes linearly to zero at the axis, and the 
more closely the axis passes to the sensor, the steeper the dip - then as 
the core passes through, the velocity rises sharply again at the point where 
the sensor detects the velocity at the extreme core radius once more (see 
figures 13, 14* and 15). The time interval that elapses between adjacent 
peaks of this kind is a direct measure of core diameter, so long as the 
vortex axis can be located with reasonable accuracy. If the instantaneous 
vortex lateral transport velocity were known, then the core diameter could 
be determined« The instantaneous velocity cannot be determined by the existing 
experimental method, however, although the mean value, between time zero 
and the vortex hit on the tower, can be determined fairly accurately. The 
question of core diameter, its relationship to peak tangential velocity 
and its dependence on airplane configuration and variation as a function 
of time, are discussed in a separate subsection of this analysis. 

Seventy-six data runs were made, of which approximately 80 percent were 
successful in yielding usable data - usable, that is, in the sense of being 
capable of interpretation to yield tangential velocity distribution plots. 
Of the 76 runs, 9 were made in the takeoff configuration, 17 in the holding 
and cruise configurations, and the balance (50) in the landing configuration. 
The emphasis on the landing configuration i9 appropriate, in view of the 
operational regime in which airplane wake turbulence is considered to be the 
greatest hazard. The configuration terminology used here relates to the 
aerodynamic configuration. The power settings were those appropriate to 
the maintenance of level flight at the selected airspeed. Flight test data, 
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FIGURE 13.  RESULTANT VELOCITY DISTRIBUTION THROUGH VORTEX WHEN CORE REGISTERS 
EXACT "HIT" ON SENSOR.  Vw = .125 V9 

'max 

19 

*^^^^^^tm<Mk]ftmu  „,, ,,    n-iiu,,, .r^,.^, i,„T,,.-n. niitiHiMaiiiin iifrfltt MU/i6MM^MUiMt^i^kri^iir ,,,,   ,-i\r.t,-,,■(<,-•    i r.Tiri'iVri'Ti i ■liriiiYinrT-'iiirr 'i   I'vi-iifriJ 



s 

o 
CO 

w 
00 

H 
M 
U 
o 
ij 
w 
> 
Q 
W q 
o 
o 
s 
tu o 

o 
55 

S 

f-n 

ÄUDOISA' 

20 

i.j-nV..-   ..■ .1 iii,    i ',  i-  >■■■  ,- yti r ,]I,JIII ■„--MVfifr^irtVfciViitir,--    ' v .,-i-i 



w 

u 

w 
> 

c 
en 

w 

£ 
H 

§ 
H 

3 
u 
H 
OS 
H 

O 
W o 

in 

Ü 
H 

21 

i-nimdiw-uwim.m-i^ft^riiM-.iiriiiii ,-       ,., ,, i laaatttiifttfaAi • - fnnrmwairt"**"1 r ->--■ --■■- aitM^s^.i.j.^u „^-.„...^ ^^i^^*s^ä^<l±jäL±xiiitiLjU: im. t 



'"■   . - I    - ■ ■   II ■■ I  ■ ■ '■"  ' ' ' ■=    "       " - ' .-,WV»l|.|i» *.MJ.|K-l- TJNW.W.W.-f"-*»11'^* 

presented in appendix D includes the pertinent parameters for each test 
run. The most significant configuration variable is flap setting - for some 
of the runs, one outboard engine was throttled back to flight idle in an 
attempt to determine if any significant change in vortex characteristics 
is induced by the removal from the airplane's wake of that engine's efflux. 
This was done on Runs 56-61 and 69-74, all of which were flown in the landing 
configuration« The results are shown as a separate plot of the relevant 
data, differentiated to indicate whether the idling engine is adjacent to 
the specific vortex or not. This data appears in figure 10, and it is 
apparent that as far as peak velocity, as a function of time, is concerned, 
it makes little difference whether the engine is throttled back, or at power 
for level flight. 

The peak recorded tangential velocities for the entire series of test runs 
have been plotted (figure 16), to show that, regardless of airplane configura- 
tion or weather conditions, it is evidently possible with available data to 
define a definite boundary, above which the peak recorded velocity will 
not pass, and to define that boundary value as a function of time. The 
empirical curve fit obtained follows the law: 

V0   - 336.5 exp (-.0173t) (1) wmax 

This exponential function has a half-life of 40 seconds. While it may be 
argued that this decay law has no theoretical basis, the function fits the 
data quite well between vortex age limits of 10 and 80 seconds, and the 
constant half-life could be a useful index in defining vortex hazard. Prandtl's 
vortex model (reference 8) leads to a peak velocity decay that follows an 
inverse square root law (inverse square root of time elapsed since generation 
of vortex). The derivation of this result is presented at a later point in 
this report. Its application leads to the following decay law: 

Ve   - 886t~
1/2 (2) 

max 

where the constant, 886, is determined empirically. 

In the previous work (reference 6), over the time period during which the 
exponential decay was considered operative (between 30 and 90 seconds after 
the passage of the airplane), the data exhibited a great deal of scatter which 
was at the time attributed to the wide spacing of sensors (4 feet), and it 
was also noticed that the peak recorded velocity was never less than approxi- 
mately 30 ft/s. For the present work, a closer sensor spacing (1 foot) was 
used with the idea of obtaining greater resolution, yet the amount of scatter 
in the data has not greatly altered, though the lower limiting value of peak 
recorded velocity is now approximately 50 ft/s. We might perhaps suspect 
that the scatter in the data arises either from extreme variability in the 
phenomenon itself, or from the data processing. The first supposition is 
difficult to support, since it necessitates that the peak velocity vary between 
wide limits, over a series of data runs during which ambient conditions varied 
but little. In the data processing, the analog signal put out by the sensors 
is digitized 1,000 times per second, and each normal plotted point is the 
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average of 50 data values (representing a mean over a time interval of 
.050 second). It seems unlikely that this resolution is too coarse, or that 
it could account for the 5 to 1 scatter shown in figure 16. If we examine 
figures 17, 18, 19, and 20 separately, the scatter ratio f ,r any one configu- 
ration is much less - about 3.5:1.0 for takeoff, about 3.8:1.0 for holding, 
and 2.7:1.0 for landing. If this is an accurate reflection of what is 
happening, then it indicates that the absolute peak velocity within a vortex 
is extremely localized, since in general, the peak is never more than 6 inches 
away from the nearest sensor. This seems at least plausible for the takeoff 
and holding configurations, where the data indicates a small vortex core 
diameter and a high peak velocity. For the landing configuration, however, 
the data indicates large core diameters and lower peak velocities, not con- 
sistent, apparently, with the scatter in figure 20 (downwind vortices) - 
though considerably less scatter appears in figure 19 (upwind vortices). 

In figures 17 through 20, the peak recorded velocities have been categorized 
according to airplane configuration and plotted against time. For ehe take- 
off and holding configurations, the data are rather sparse, so upwind and 
downwind vortex points have been plotted on the same graph. The bulk of the 
data gathered on the Boeing 747 airplane was for the landing configuration 
and is shown in figures 19 and 20. There are enough data points to warrant 
separating the upwind and downwind vortices and there appears to be some 
indication ti:at the decay rate is less for upwind vortices than for downwind - 
a result that- may be attributable to the wind velocity profile between ground 
level and the top of the tower. The. upwind vortex is turning in such a sense. 
that the wind is additive to the upper part of the vortex, and counter to 
the lower part. The wind strength is thus greater in that part of the vortex 
where it assists, and is of lesser strength in the lower part, where it detracts 
from the vortex. This is a possible explanation for the differences between 
figures 19 and 20. However, it should be noted that in figure 20, the majority 
of data points are for vortex ages, less than 20 seconds, whereas in figure 19, 
a great many data points are for ages greater than 20 seconds. 

The peak tangential velocities in the holding configuration (figure 18) are 
clearly higher than those for any other configuration, while those for takeoff 
(figure 17) are greater than those for landing (figures 19 and 20). The 
corresponding flap angles for these configurations are holding 1.0°, takeoff 
10°, and landing 25°. There appears to be a definite progression according 
to which, as flap angle is increased, the peak velocity diminishes. The 
relationship between flap angle and peak tangential velocity can be best 
explained in terms of induced drag and the mechanism by which it appears as 
the result of the generation of lift. An infinite, or two-dimensional wing 
of constant chord, section and angle of attack, has a constant spanwise lift 
distribution, and since the wing either terminates in a solid boundary or 
extends to infinity (doubly infinite), no trailing vortices are shed and 
there is no induced drag (drag due to lift). A finite wing, on the other hand, 
must have the lift fall to zero at each wingtip, and since this requires the 
existence of a spanwise gradient in lift and, hence in circulation, vortices 
are shed from the trailing edge. The strength and sense of the vortices is 
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determined by the magnitude and sense of the local gradient in the circulation. 
The result of the vortices bejng shed along the trailing; edge is the creation 
of a downwash field behind the wing and a small backward rotation of the lift 
vector, the horizontal component of which is defined as the induced drag. Two 
factors act to increase or decrease the induced drag - the more closely the 
flow over the wing approaches the two dimensional ideal- the lower the induced 
drag, and in fact, the induced drag coefficient is inversely proportional to 
the aspect ratio. The other factor, of course, is the form of the lift distri- 
bution - if the wing is so designed that the lift distribution is elliptical, 
then the induced drag is minimized, while the greater the extent to which the 
lift distribution departs from the elliptical, then the greater the induced 
drag. While the Boeing 747 wing was not designed to give an elliptical lift 
distribution in any configuration, and induced drag is only a small part of 
the total at cruise lift coefficients, so it is not the prime design considera- 
tion, it is nevertheless at a minimum in the cruise configuration, and the lift 
distribution approaches the condition whereby it decreases without inflection 
(second derivative does not change sign) from root to tip. As the flap angle 
is increased, for a given lift coefficient, the wing is more heavily loaded 
inboard and correspondingly less heavily outboard. The lift distribution 
curve develops one or more inflections (sign changes in the second derivative) 
and at the same time, the local gradient increases in the vicinity of the 
inflections. The result of this disruption of the smoothly decreasing lift 
is the production of a downwash field that, in the immediate area behind the 
wing, varies rapidly spanwise. This leads to a large increase in induced 
drag and a corresponding increase in the rotational energy of the wake. The 
rollup of the wake into a pair of oppositely rotating vortices occurs more 
directly when it starts with the near uniform downwash field generated by 
the clean wing. Under these conditions, the vortex cores are small in 
diameter and their rotational speed is high, but due to the smallness, the 
kinetic energy of rotation is not large. As the flap angle increases, the 
rollup is less clearly defined and in the resulting trailing vortices, though 
their core rotational speed is much less, the cores become very large with 
a resulting increase in rotational kinetic energy. 

The derived vortex core diameter, as a function of peak-recorded tangential 
velocity is presented in figures 21 to 24. The constant circulation of 
6,000 feet squared per second (ft2/s) is based on a typical gross weight 
and airspeed (536,000 lb, 145 knots indicated airspeed, being the median 
circulation generated assuming an elliptical lift distribution), Core diameter 
as a function of age is shown in figures 25 and 26. 

There is too small a velocity spread in the data to determine whether or not 
a trend exists to indicate a constant circulation, but it appears for the 
landing configuration that core diameter decreases with increasing tangential 
velocity much more rapidly than is required by constancy of circulation. 

In the takeoff and holding configurations, the resolution possible with 1-foot 
sensor spacing is still too coarse to permit the vortex core diameters to be 
determined with confidence, especially since the anemometers used in these 
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tests de not yield directional Information. The velocity distribution plots 
do Indicate, however, that the diameter is extremely small, but the value 
shown for many cases, namely, 2 feet, Is a nominal value being equal to 
twice the spacing between adjacent sensors. 

To the extent that little difference has been detected In the associated 
vortex structures, the above two configurations are quite similar* For 
small flap settings, the most significant change relative to the clean wing 
is the increased wing chord, this being particularly noticeable in the holding 
configuration for which the deflection is 1.0°, and even in the landing con- 
figuration, the flap deflection is only 25°. 

It is apparent that in the landing configuration vortex core circulation 
values at least approach the calculated median values, while In the relatively 
clean takeoff and holding configurations, core circulation is much less than 
the median value. 

The circulation, angular momentum (per unit length) and kinetic energy (per 
unit length) of the vortex core, are given by the following expressions: 

r - 2trrc Ve (3) 

AM r prc2 
(A) 

KE - pr2 
16TT (5) 

Rewriting circulation and kinetic energy in terms of angular momentum, 

r i 

KE 
P7rrc 

(6) 

(7) 

In other words, with angular momentum AM held constant, the circulation "r" 
varies as the inverse square of the core radius and the kinetic energy varies 
as the inverse of the fourth power of the radius. 

Now, according to Prandtl (reference No. 8), the dissolution of a vortex 
filament through fluid friction is analogous to the conduction of heat from a 
point of concentration in a uniform, flat conducting plane. The analogy 
leads to the following equation describing the distribution of rotation "w" 
as a function of radius and time: 

A_ 
t 

~r2/4vt 

(8) 
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The circulation around any simple closed curve is given by: 

'fr T - 2 I  u) ds 
s 

(9) 

where the surface integral is taken over the surface enclosed by the curve. 
The circulation around a circle of radius "r" is then equal to twice the 
surface integral of u> inside the circle. Let the surface element be 

then 

ds = 2?rrdr 

T = / 4^-nr.d 
•^ o 

— 4TT / Lor.t 

f r  -r2/4vt 
♦TTA /   e 

t JQ 

= 4TTA/   0       .r.dr 

Evaluating the integral, we obtain: 

r - 8*Av<l - e"r2/4Vt) (10) 

The value of "A" is expressible in terms of r^ = 87rav, the circulation around 
an infinitely large circle.  The final result is: 

r - r, (i - e "
r2/^t) (ii) 

Si r 

and the tangential velocity at any given radius r is given by 

Va = 
ri 

2TTT 
(1 - e       ) 

(12) 

2/ 
For large values of the exponent, the quantity e   '4vt tends to zero very 
rapidly, and  VQ approaches the potential flow value.  For small values of 
r, tangential velocity approaches a value 

VG = 
ri 
2TT.4vt 

which of course vanishes as r approaches zero. 

(13) 
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MAXIMUM VALUE OF u. 

Differentiating u (from equation (12)) with respect to r, 

Setting the derivative to zero, we obtain: 

r2/4vt m  2vt + r2 

2vt (14) 

or 

_I_ - in 
4vt 

(i + jd) 
v   2vt ' 

Let £2 ~ X> then equation (14) becomes 

X -  An (1 + 2X) 

or 

eX - 1 + 2X 

Solving this numerically, 

X = 1.26 

Thus VQ is a maximum for r2/4vt - 1.26. 

if we identify VQ   with core radius r 
"max c 

4vt 
= 1.26 

r  » 2.246 (vt) 
c 

(15) 

Thus the peak tangential velocity, corresponding to the core radius, occurs 
at a constant value of r2 - namely, 1.26.  From equations (12) and (15), 

v0   varies as the inverse square root cf the time. Applying this decay law 
to the data of figure 16, with an initial value of 280 ft/s at t ■ 10 seconds, 
a curve is obtained that, between t - 10 and t - 80 seconds, fits the data 
better than the exponential function which was chosen originally because of the 
conveniently constant "half-life" that it yields. 
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Using the potential theory result quoted in reference 6, the theoretical vortex 
descent rates for each data run were calculated, and the results are shown in 
figure 27. The only configuration for which it is possible to draw a conclusion 
is the landing configuration, and it appears that the actual mean vortex 
descent rate may exceed the theoretical value by a factor of two. Ore source of 
discrepancy is in the estimation of the median circulation - the theory is based 
on a value determined from an assumed elliptical lift distribution, an assump- 
tion that is not only reflected in the strength of the trailing vortex pair, 
but in the lateral spacing between the members of this pair downstream from 
the point of generation. There is a great deal of scatter in the experimental 
data - due mostly, it is believed, to irregularities in the descent rates 
of individual vortices.  It has been noticed in the field that a vortex, 
far from descending uniformly, "snakes" markedly, due to instability inherent 
in the vortex itself, and interaction with a nonhomogeneous atmosphere. 

Figures 28 through 33 show the effect of ambient wind on peak velocity. 
There appears to be a trend towards lower peak velocities in higher ambient 
winds, consistent with the hypothesis that the presence of wind, especially 
wind shear in close proximity to the ground, introduces sufficient turbulence 
to promote an earlier breakup of the vortex system and a more rapid decay 
of the extreme peak velocities. The vortex tangential velocity distributions 
presented in appendix C are grouped according to airplane flight configuration, 
and within each group, are arranged in ascending order of vortex age. The 
quantities V and Vw are, respectively, the peak recorded absolute velocity 
for the vortex in question, and windspeed at the height at which the vortex 
in question struck the tower. 

Takeoff, holding, and cruise configurations use flap settings of 10°, 1°, and 
zero, respectively, and at these settings, it is found that vortex core 
diameters are small, and peak velocities high (figures 21 and 22), Tangential 
velocity distributions C-l through C-33, with few exceptions exhibit a con- 
sistent pattern - high-peak velocity, small-core diameter, and a rapid decline 
in tangential velocity at radii beyond the core, in an approximately logarithmic 
manner, as described in references >   This law is: 

- *n I_ + 1 (16) 
re 

or 

Vg«.^Vrc) (logr/rc + l) 

(17) 

where    rc ■ Core radius 
r - General radius 
Vg - Tangential velocity at radius r 
Vö(rc) ■ Tangential velocity at core radius 
T - Circulation at radius r 
T(rc) * Circulation at core radius rc 
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FIGURE  28.     PEAK RECORDED TANGENTIAL VELOCITY VS.   WINDSPEED   (TAKEOFF 
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FIGURE  29.     PEAK RECORDED TANGENTIAL VELOCITY VS.   WINDSPEED   (TAKEOFF 
CONFIGURATION - UPWIND VORTICES) 

43 

A 



3UU 

DOWNWIND VORTICES      J 

Q 
z 
0 
^250 
w 
« 
W 
& 
H A 
W A w 
1x1 200 

i 1 
*      A 

H 
i—i A 
U 
0 
J w 
>  150 
J 
< A ! 
H 
2 
W 
Ü A 
2 
< 
H   100 - 
Q 
W 
Q 
rt A 
0 
Ü 
w 
% 

«    50 
< w 

i I                              1                            J 
10 20 30 40 

AMBIENT WIND VELOCITY    -   FEET PER SECOND 

50 

FIGURE 30.  PEAK RECORDED TANGENTIAL VELOCITY VS. WINDSPEED (HOLDING 
CONFIGURATION - DOWNWIND VORTICES) 

44 



300 

Q 
Z 
O 
Ü 250 
W 
w 

w 
a, 
H 
w 
w 
h 200 

150 h 

I 

Ü 
o 
w 
> 

< 
H 

W 
a 

H 100 

Q 
w 
r 
O u 
w 
OS 

< 
w 
OH 

50 h 

UPWIND VORTICES 

- 

A 

4 

A 
A 

- 
A 

A 

- 
& 

A 

A 

1                         t i s 
10 20 30 40 

AMBIENT WIND VELOCITY        FEET PER SECOND 

50 

FIGURE 31.  PEAK RECORDED TANGENTIAL VELOCITY VS. WINDSPEED (HOLDING 
CONFIGURATION - UPWIND VORTICES) 

45 



300 

10 20 30 40 

AMBIENT WIND SPEED   -   FEET PER SECOND 

FIGURE 32,  PEAK RECORDED TANGENTIAL VELOCITY VS. WINDSPEED (LANDING 
CONFIGURATION - DOWNWIND VORTICES) 
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Figure 34 shows two typical logarithmic velocity distributions, calculated for 
core radius of half a foot, with peak velocities of 100 and 140 ft/s. 

In a few instances, i.e., pages C-2, 11, 12, 13, 14, 17, 25, 27, and 31 
the velocity distribution does not fit the general pattern, though there is no 
apparent reason why this should be so - the only distributions for which test 
conditions were in any way atypical are pages C-17, 25, 27, and 31 which are for 
runs made at 300 knots or more, while most of the runs in this test series 
were made at speeds between 140 and 220 knots. The higher airspeed, and 
correspondingly reduced circulation is not the explanation however, since 
there is an example, (page C-24), in the group, of a high-speed run (350 
knots) for which the velocity distribution is normal. 

The balance of the velocity distributions presented (pages C-34 through C-115) 
are for the landing configuration. They exhibit consistently lower peak 
velocities, larger core radii and a less well-defined structure. Together with 
the larger core radius, it is also evident that an appreciable tangential 
velocity is maintained at greater radii, beyond the core, than is evident in 
any of the other configurations. Figure 35 shows the calculated logarithmic 
velocity distributions for a core radius of 10 feet, with peak velocities of 50, 
100 and 140 ft/s. Qualitatively, this fits a great many of the experimental 
velocity distributions - e.g., pages C-38, 39, 41, 42, 50, 51 and 53 - to 
cite a few of them, and significantly, predicts the maintenance of sizeable 
tangential velocities, out to quite large radii, as was frequently found to 
occur in the landing configuration. 

It should be remarked that the interpretation of the sensor velocity time 
histories to produce the tangential velocity distributions is not free of 
ambiguity and uncertainty. The vortex "hit" on the tower is identified by 
the presence of a peak in the velocities recorded by sensors in close proximity 
usually with one peak being larger than those above or below it. At the instant 
at which this occurs, it is assumed that the vortex axis is no more than half 
a font away from the nearest sensor, and so assuming that the flow is axi- 
symmetric, the velocity experienced by each sensor is essentially horizontal, 
normal to the airplane flight path, either into the tower or away from it. 
The velocities are corrected tor wind by adding or subtracting the flow velocity 
recorded at time zero. It is then assumed that the resultant is the tangential 
velocity due to vortex rotation, which is approximately true, but does neverthe- 
less ignore interference between the two vortices, and between this pair and the 
ground* A further correction may also be required for complete rigor - that due 
to simply to the displacement caused by the physical volume of the airplane, on 
the order of 100,000 cubic feet, travelling at speeds in excess of 200 ft/s. 
The airplane18 dimensions in this particular case, are large in comparison with 
the linear dimensions defining the equipment used and airspace occupied in this 
experiment. It is difficult with such a large airplane to obtain data out of 
ground effect and free of the displacement effect, without employing a much 
taller tower than the 140-foot one used in this series of tests. 
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Vortex lateral transport velocities as a function of crosswind velocity 
component are presented in appendix E, figures E-l through L-4. Crosswind 
velocity component is based on the data presented in appendix F.  In this case, 
the data for the 140-foot level is used.  Information on the airplane track is 
presented in appendix G.  Only in landing configuration were enough data points 
gathered to present the data separately for upwind and downwind vortices.  In 
both cases» the positive sense of lateral velocity is defined by the wind, and 
ideally, one  would expect to find that: 

1«  The upwind and downwind vortex lateral transport velocities would 
have the same slope when plotted as functions of the crosswind velocity 
component. 

2. On extrapolating the data to zero crosswind, a positive intercept 
would occur on the vertical axis for the downwind vortex. 

3. A negative intercept would occur on the vertical axis for the upwind 
vortices, since their natural motion is opposite to that of the wind and 
the downwind vortex. 

The two slopes obtained are within experimental error, and the expected 
negative intercept for upwind vortices was obtained. 

In figures E-5 through E-10, peak recorded velocity has been plotted as a func- 
tion of airplane altitude abreast of the tower - with the data points grouped 
according to vortex age.  A similar plot was made in reference 6, with the 
intent of determining whether close proximity to the ground, would lead to 
a measurable reduction in peak velocity. That plot failed to yield any sig- 
nificant result, as does the present data. 

The use of 1-foot sensor spacing in the current tests has permitted a more 
accurate determination (than was possible in reference 6) of the tangential 
velocity profile through the entire vortex, especially in those areas where 
the velocity change? rapidly with radius, which occurs within the core and 
in the area immediately outside it.  The maximum velocity within the vortex 
occurs at the core circumference, and with the closer spacing, it now can be 
no further than 6 inches from the nearest sensor.  It is usually possible to 
identify (by inspection of the sensor velocity time-history plots) the sensor 
at which the peak velocity occurs.  At these sensor levels, velocity time- 
history data was replotted on an expanded time scale.  Vortex core diameters 
can be determined from these expanded plots, as described in reference 10, 
as follows: 

When a direct vortex core hit on a sensor occurs, the tangential velocity 
t.ime-hisi.ory exhibits the following characteristics: 

1. Initial velocity, at time zero will simply be the ambient wind velocity, 

2. As the vortex approaches the sensor under the influence of the wind, 
the velocity at the sensor rises progressively - slowly at first and finally 
very rapidly, until it achieves its first peak value.  At this point, the 
vortex axis is level with the sensor, separated from it by one core radius. 
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The velocity "seen" by the sensor is the vector sum of the circumferential 
velocity (which at this point is either vertically up or down), the lateral 
transport velocity and any residual vertical transport velocity. 

3.  As the vortex core passes through the sensor, the tangential velocity 
falls to a minimum value equal to the ambient wind velocity.  This occurs 
when the axis of the vortex is situated exactly at the sensor. 

4o  The velocity rises to a second peak, occurring when the upstream boundary 
of the core passes through the sensor.  Beyond that point, velocity falls 
at first rapidly, then more slowly, back down to ambient wind velocity. 

Reference to figures 13, 14, and 15 will show how the velocities are generated 
?s the vector sums of the circumferential velocities inherent in tue vortex, 
the induced lateral transport velocity and the ambient wind velocity.  The 
region separating the velocities Vj_ and V^ is referred to as the vortex core, 
the distance between them being the core diameter. 

In reality, the velocity V£ does not reduce exactly to ambient wind velocity 
during a vortex passage - lateral and vertical transport velocities exist 
even in the absence of any wind, and it is extremely rare for an exact hit 
to occur. 

For a direct core hit" at the vortex center, the core diameter is given by: 

- At . V. 
(18) 

where Vt ■ Vortex lateral transport velocity 
At = Time interval between velocity peaks 

The core diameter cannot be determined with any reliability unless the core 
center passes through the sensor. On the assumption of solid body rotation 
within the vortex core, constant angular velocity w yields the following: 

Vi . v2 . v3 . 

Ri Ro R, 

As can be seen from figure 15 with the chord length, C, 

(19) 

- R2 - R2 = R2 - R2 
12    3    2 

(2Ü) 
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Substituting % ■ R3 and solving for R2 from equation (19), and substituting 

into equation (20), the following are obtained: 

R2 
1 

R2 
3 

(21) 

(22) 

Referring again to figures 14 and 15, and assuming V2 
V3 ■ Vnax (whichever is greater), 

'T . At 

fl - /Vmin\2 

1       \WJ 

Vmln, and Vi, 

(23) 

max/ 

A problem arises in the application of the method - the quantity V^, vortex 
lateral transport velocity cannot be accurately estimated. The quantity 
required for the determination of core diameter is the instantaneous value 
appropriate to the interval of time during which the core is passing through 
the sensor. The only transport velocities readily measurable in the present 
experiment are the mean values, determined between time "zero" (airplane 
abreast of the tower) and the time a vortex reaches a sensor.  The initial 
and final lateral velocities are essentially zero, or no more than that of 
the ambient wind, with a peak value occurring in between. 

An alternative method to determine core radius is by inspection of the VQ - h 
plots (appendix C). The results of applying the two methods are presented in: 

Figure 25 - derived core diameter vs vortex age. Landing configura- 
tion diameter determined from VQ - h plots. 

Figure 26 - as above, takeoff and holding configurations. 

Figure 36 - correlation of core diameters as determined by the two 
methods cited above. 

The correlation between the two methods is poor and it is probably due to 
the shortcomings of employing average transport velocities and the time 
interval between adjacent peaks, and of the simple process of inspection 
of VQ - h plots, which is subject to possible errors in interpretation of the 
sensor time histories and is evidently not completely reliable, though gross 
errors should essentially be precluded by the condition that the final plot 
have a reasonable degree of axi-symmetry.  Figure 25 (landing configuration) 
shows that even for recently formed vortices ^approximately 15 seconds), very 
wide variations in estimated vortex diameter are possible, at least in this 
configuration. 
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LANDING CONFIGURATION 

5 10 15 20 
CORE DIAMETER FROM Vg   -h PLOTS - FEET 

25 

FIGURE 36.  CORRELATION OF VORTEX CORE DIAMETER AS DETERMINED BY TWO METHODS 
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In figure 26, takeoff and holding configurations, the majority of points show 
a very small core diameter, and it is difficult to see how values as large 
as 12 feet can exist as little as 5 seconds after generation. The value 
of 2 feet, found for the majority of runs in these two configurations is a 
nominal one, indicating small diameter.  The sensor spacing (1 foot between 
adjacent sensors) does not justify any smaller diameter being shown. 
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CONCLUSIONS 

1.  All data points on peak recorded tangential velocity fall on or under an 
exponential curve defined by the equation 

V0   = 336.4 exp(-.0173t) "max 

This function has a half-life of 40 seconds, and fits the data between 15 
and 80 seconds. 

A more correct decay law, based on a vortex mathematical model due to 
Prandtl is 

VQ max 
= 886t -1/2 

This law fits the data more closely than the exponential law. 

2. The use of a close sensor spacing (1 foot) hab confirmed the existence 
of very small core diameters, coupled with high peak velocities, in the 
takeoff and holding configurations, while the landing configuration is 
characterized by large core diameters and lower peak velocities. 

3. No difference in peak vortex velocity has been found attributable to 
throttling back the adjacent outboard engine to flight idle. 

4. Mean vortex descent rates do not correlate well with the values yielded 
by potential theory. They may exceed the theoretical values by as much as 
three times. 

5. Lateral transport velocities, as a function of crosswind velocity 
component, correlate quite well with theory. 
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APPENDIX A 

INSTRUMENTATION 

INSTRUMENTED TOWER. 

The tow*r is 140 feet high, with its base 76 feet above sea level. It is 
self-supporting, of triangular cross section and designed to produce a minimum 
of aerodynamic interference. The location is at a point 2,456 feet from the 
centerline of Runway 13-31 (figure A-l). 

The tower was instrumented with hot-film anemometers to measure vortex airflow 
velocity. Flow patterns were observed through the use of colored motion 
pictures and colored smoke dispensers. The smoke was entrained in the passing 
vortex system, producing a visual indication of its movement and structure. 
Instrumentation and smoke dispensers were located as shown in figure A-2. 

INSTRUMENTATION ROOM. 

An underground room, located at the base of the tower, was used to house the 
recording equipment, necessary electronic accessories, and served as a 
central control room for recording during flight tests. 

TEST INSTRUMENTATION. 

The sensors mounted on the tower were divided into two groups. Group one 
consisted of 120 hot-film single-axis anemometers, capable of sensing veloci- 
ties up to 370 feet per second at frequencies well above 1,000 Hz. The 
anemometers were installed at 2-foot increments, between 8 and 40 feet and 
1-foot increments from 41 to 142 feet. They were mounted on the end of a 
movable boom that extended approximately 10 feet from the center of the tower, 
and were aligned in a single vertical line. The anemometers were mounted 
on a protractor fixture that was installed on the end of the boom and were 
adjustable over a +90° range, from 130° to 310° (magnetic) - figure A-3. 

The hot-film sensors were mounted with the axis parallel to ehe ground. They 
were aligned through the use of the protractor fixture so that the axis was 
perpendicular to the direction of the ambient wind. This position allows 
the tangential velocity of the vortex to impact the hot-film sensor normal to 
the sensor axis. Axial flow velocities are not detectable by this system. 
In the event that the ambient wind was in the range of 310° through 130°, 
the sensors were aligned downwind, with the axis still perpendicular to the 
wind. The turbulence around the sensor resulted in what appeared to be a 
noisy output. However, this noise disappeared or was minimized when the vor- 
tex penetrated the hot-film area. The hot-film anemometers used in these 
tests were manufactured by Thermo-Systerns, Inc. They utilize the "constant 
resistance" mode of operation in which a voltage is a measure of the cooling 
effect of the wind, which is directly related to wind velocity. The output 
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voltage of the bridge is in the range of 4 to 14 volts, which represents wind 
velocities of zero to 370 feet per second. Figure A-4 is a schematic of the 
basic circuit. In order to have the anemometer output compatible to normal 
recording system standards, a zero suppression circuit and a gain control 
circuit was added to have a zero to 5 volts output for zero to 370 feet per 
second velocity. 

Group two sensors consisted of standard meteorological instruments to mea- 
sure the low frequency components of the required atmospheric variables. Cup- 
type anemometers, wind direction sensors, and temperature sensors were located 
on five levels, with approximately logarithmic spacing. Two humidity sensors 
were installed, one at the 23-foot level, the other at the 140-foot level. 
The temperature and humidity sensors were located in a motor-aspirated 
radiation-shielded housing to minimize effects of solar radiation. 

Two pressure sensors were mounted on the tower, one at the 70-foot level and 
the other at the 140-foot level. They were used to obtain information rela- 
tive to the pressures within the vortex core. 

CALIBRATION AND ROUTINE CHECKS. 

Single-axis hot-film anemometers were calibrated periodically by use of a 
laminar flow air velocity calibrator. Each hot-film anemometer was cali- 
brated at 21 points from zero to 212 foot per second (ft/s). The square 
root of the velocity vs. the square of the voltage was plotted and an equation 

in the form of: ^Velocity * Ax + B(Voltag€)
2 was obtained. 

At the start of each data run, reference voltages of zero and 5.00 volts were 
substituted for the hot-film anemometer outputs. These reference voltage 
were used in the computer program to properly scale the voltage outputs from 
the anemometers. 

Due to the relationship of (voltage)* ■ K velocity, the error at the lower 
velocities was less than at full scale where it reached £10 percent of full 
scale. Calibration experience gained with the calibration of over 400 ane- 
mometers indicated that system errors were in the order of +5 ft/s in the 
velocity range of zero to 21 feet per second. 

The cup anemometers were calibrated at the National Bureau of Standards 
in Washington, D. C, and these values were used during the test. The 
accuracy was within +0.5 miles per hour (mi/h) in the range of 2 to 30 mi/h. 
The sensitivity threshold was 1 mi/h with a distance constant of 5 feet. 
The wind direction sensors were calibrated at NAFEC and were within +6° 
of true wind direction. This large error was due primarily to the inability 
to accurately align the sensor in a given direction. The deadband was 3°, 
which was set at 357° to 360°. The distance constant of the vane was 
3.5 feet. 

The temperature sensors covered the range of -5°C to 45°C (23°F to 113°F) 
with a recorded accuracy of +.25°C(.45°F). 
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Humidity measurements were made on the 23- and 140-foot level. The error 
band of the sensors was +3 percent of full scale between humidities of 10 
and 90 percent. 

Prior to test periods, all signals were checked for condition and the status 
recorded on the Daily Checkoff Sheet (figure A-5). Time would not permit 
the repair of malfunctioning signals prior to the test. However, every 
effort was made to have ail signals functional for the next testing period. 

During the test periods, the real time output of an oscillographic recorder 
was monitored to determine the functioning of the hot-film sensors and 
calibration voltages. 

DATA COLLECTION SYSTEM. 

Figure A-6 is a block diagram of the flow of signals to the data recording 
systems. During tests, data was recorded on three systems as follows: 

U ANALOG MAGNETIC TAPE RECORDER. This system was considered pri- 
mary and all signals, as listed on the Daily Checkoff Sheet (figure A-5), 
were recorded on it. Referring to figure A-6 all incoming signals are 
routed through signal conditioners where all signals are standarized to a 
range of zero to 5 volts. A second function of the signal conditioner is to 
substitute reference voltages in place of the incoming signals.  This sub- 
stitution of voltages is usually referred to as calibration voltages and 
consists of two substitutions, zero and 5 volts direct current (d.c). 

The electrical signals are then routed to voltage controlled oscillators 
where the voltage isfchanged to a specific frequency range. Fifteen pro- 
portional band width voltage-controlled oscillators (VCO's) with center 
frequencies ranging from 400 Hz to 30,000 Hz are summed and the output sig- 
nal is recorded on one track of the 14-track analog magnetic tape recorder. 
During these tests, 10 tracks were dedicated to the FM multiplex from the 
VCO's: one track for voice, and two tracks for central time. 

2.  METEOROLOGICAL RECORDING SYSTEM.  In addition to the 14-track ana- 
log recorder, a 7-track analog recorder ran continuously throughout the 
flight tests and was used for recording meteorological data.  This included 
the 5 temperatures, 5 wind velocities, 5 wind directions, 2 humidities, 
2 pressures, event, and central time. 

VCO frequency response varies directly with bandwidth.  Figure A-7 
tabulates the VCO's with their frequency bandwidth and their signal 
assignment.  In order to minimize the loss of data resulting from the nar- 
row bandwidth of the lower numbered VC0*s, high-frequency and low-frequency 
VCOfs were alternated.  In this manner, the lowest frequency in any 2-foot 
spacing would be 45 Hz (VCO 8). 
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3.  OSCILLOGRAPH DATA SYSTEM. A 50-channel direct-writing oscillo- 
graph was connected to 41 of the 120 single-axis hot-film anemometers, 
acceleration, an event signal, and NAFEC time.  The oscillographic data 
system was used for real time monitoring of the hot-film data and calibrate 
signals and vortex "hits" on the tower.  By editing the oscillograph output 
after each flight, the location of the vortex "hits" on the tower, time between 
right and left vortex penetration of the tower, and time between aircraft 
passage by the tower, and the vortex penetration of the tower were determined. 
This greatly reduced the time required for subsequent data processing since 
only pertinent data was processed. 

AIRCRAFT SPACE POSITION. 

The Phototheodolite Range was used to track the aircraft in the vicinity of 
the vortex test tower. Three phototheodolites were normally used for tracking 
with the best two being used for the solution. Data obtained from the 
theodolite included groundspeed and track of aircraft, altitude, and hori- 
zontal distance from the aircraft to the tower.  Time zero, which is defined 
as the time that the aircraft crossed a perpendicular line to the tower, was 
also obtained from the theodolite data. 

CORRELATION OF ALL DATA SOURCES. 

Correlation of the phototheodolite, analog magnetic tape, and the oscillo- 
graph was through a central time source synchronized to Station WWV. As the. 
aircraft passed the tower, an operator pressed a switch that placed an event 
mark on the analog tape and the oscillograph.  In addition, it ignited a 
large photo flashbulb on the tower that was within range of all data cameras 
and started \n elapsed time clock that was also in the range of the data 
cameras.  In this manner, all data sources were synchronized in time. A 
check on the accuracy of the time zero switch operation was obtained by 
checking that time against the time that the theodolites indicated for the 
shortest distance between the aircraft and the tower. 

EQUIPMENT MALFUNCTION. 

During this test period only a small amount of data was lost due to equip- 
ment malfunctions. An example of the rough dally checkoff sheets, used to 
indicate inoperative signals, is presented in figure A-8. 
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APPENDIX B 

DATA PROCESSING 

DATA FORMAT REQUIREMENTS. 

The signals from the tower instrumentation (figure A-2) were properly condi- 
tioned to voltage-controlled oscillators in the FM Multiplex System. 

DATA SCHEMATIC FLOW. 

A schematic of information flow is shown in figure B-l. Data was demulti- 
plexed, unpacked, calibrated, and floated by the 7090 computer program. The 
output consists of calibrated velocity curves grouped by individual sensors 
along with the associated meteorological information. Data for each sensor 
appears in chronological order in floating point format. The data retrieval 
program including calibration, conversion, format plot subroutine, and selected 
variable time history output is shown in figure B-2. 

DATA RETRIEVAL. 

The multiplexed CENDAR data is checked for validity by investigating such 
items as "0" bit error, time word error, tape redundancy, data channel 
malfunctions, and record word count error. During demultiplexing, data 
were grouped according to each sensor and then outputted.  During unpacking 
and floating, data words were broken down into bytes and decoded into floating 
point format. The history of data retrieval was then outputted for future 
reference. 

Physical high- and low-calibration values with accompanying sensor voltages 
are obtained at the £robe calibrated to standard conditions (70°F, 29.92" 
mercury (Hg)). To compensate for atmospheric conditions, all versions of 
the CII Program multiply these values by the following factor: 

(29.92)(T+460) 
530(P) 

Where T ■ ambient temperature in degrees fahrenheit 
P * ambient pressure in inches Hg 

The hot-film sensors operate at a steady temperature of 450° at standard 
conditions. To compensate for nonstandard operating conditions, the CII 
M7 program multiplies M and B of Y ■ MX + B by the following factor: 

380   « 450 - 70 
450-T     450 - T 

This equation is used to relate velocity (Y) to sensor voltage (X). 
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COMPUTER PROGRAMS. 

There are two basic data collection computer programs being used by this 
project.  The first is entitled CENDAR II, Modification 7 (CII M7). It 
operates upon digitized raw data yielding calibrated data and a processing 
history.  The second program is entitled Plot II (PII).  It accepts cali- 
brated data as input and yields a tape formatted for use on a data plotter. 

The plot programs yield a time history of tangential velocity versus elapsed 
time.  Each normal plotted point is the average of 50 data values (0.050 
sec). The averaging has a low-pass filtering effect and also reduces the 
number of plotted points to a manageable size.  Expanded plots have an vari- 
able time scale i.e., fewer than 50 data values per plot point, and, conse- 
quently, the low-pass filter characteristics will also vary. A schematic 
of the sensor plot program is shown in figure B-3. 

CII M7 PROGRAM SERIES LOGIC.  This FORTRAN IV and MAP Program is intended 
to ti run on the IBM 7090 Computer.  It requires two data channels with 
F.cven tape drives per channel. 

There are three types of internal program table: 

Type 1.  Tables remain more or less constant.  These tables contain 
values related to particular sensors and need only be updated when a sensor'? 
calibration changes or a sensor is replaced. Updating is accomplished by 
NAME LIST Cards. 

Type 2.  Tables remain constant for the duration of a single run. 
Atmospheric conditions, sensors to process, header information, etc., fall 
into this category.  These tables are updated using data cards. 

Type 3.  Tables are updated for each run, but this is done automatical] 
by the program using input data and values from tables Type 1 and 2 above. 
CENDAR calibration values, maximum tangential velocity tables, etc., appear- 
in this class.  When the program goes Into execution, it reads the NAME 
LIST Cards, if any, and data cards.  Appropriate tables are updated.  The 
input file contains 20 records of low-calibration values and then 20 records 
of high-calibration values followed by data values.  All input on tape is 
multiplexed.  The program reads the low-calibration values and finds the 
mean (X) and standard deviation a for each sensor._ A_second look is taker; 
at this data and all values outside the limits X -a, X +a are discarded. 
A new mean X and standard deviation a  are found and outputted as part of th< 
processing history.  The X vaJue is stored in a table of low-calibration 
tape values.  This same algorithm is followed for obtaining the high- 
calibration values. 

There are actually three sets of calibration values for low and also for 
high-calibration of each sensor.  The sensor voltage value related to a 
particular physical parameter., the physical parameter itself, and the 
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CENDAR tape calibration values.  It is necessary to relate the CENDAR 
values, which are in units of volts, to the sensor calibration values in 
units of volts and then obtain the physical value represented by a 
particular sensor output. 

Once the sensors have been calibrated, the data is read into the core in bio« ks 
of five physical records. Only the first sensor in use for the current 
file is calibrated and outputted.  The other sensors are demultiplexed and 
written on scratch tapes. When an "end of file" is sensed on the input tape, 
the scratch tapes are rewound and their contents processed and outputted one 
sensor at a time. Just before a sensor's data is written on the output tape, 
it is calibrated and checked for maximum value and related time.  The program 
continues processing data until all desired sensors are processed. Routines 
are incorporated to skip files which contain no useful data.  Extensive 
quality control procedures are observed to monitor the input data, scratch 
tape data, and time. 

The program prints out quality control tables which form part of the processing 
history and are retained; it is therefore possible to check on the data of 
any given run, in case of questionable output. A table of maximum values is 
also outputted. Caution is necessary when using this table because of the 
possibility of the vortex magnitude associated with the far wing tip exceeding 
the normally greater magnitude of the near wing tip vortex. Times associated 
with vortex hits are outputted to resolve this difficulty. 

PII PROGRAM SERIES LOGIC. This FORTRAN IV Program is intended to be run 
on the IBM 7090 computer.  It requires two data channels with one tape unit 
per channel. Data cards are used to describe various parameters such as 
sensors to plot scale factors for abscissas and ordinates, number of data 
points to average per* plot point, etc.  CII output is inputted to this program, 
The calibrated data for the various sensors processed appears in serial 
fashion on this input tape, ?II processes up to 3,000 plot point data values 
for any requested sensor.  It then outputs on the plot tape using standard 
CalComp subroutines.  When all required sensors for a  given run are processed, 
the data plotter accepts the plot tape and plots a time history for each 
sensor. 

Programming efficiency dictated a variation in algorithms used to determine 
maximum tangential velocities in the CII Series and the PII Series of programs, 
The CII Series operates upon 50 consecutive legal data values while the PII 
series operates upon legal values contained within 50 consecutive data values. 
The operation of either program consists of finding the mean data valut2 and 
checking it against the existing maximum mean data value. When the maximum 
mean is redefined, its associated time is declared as the median time value 
associated with the group of data values related to the new maximum mean.  It 
there are no illegal data values, the results of these two algorithms are 
Identical.  However, divergence occurs in proportion to the degradation of 
quality of input data.  The quality of input data so far has been high, so 
this has posed no real problem. 
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CII PROGRAM MATHEMATICS. 

In order to remove spurious values from calibration data, the program performs 
the following computations on the first 40 records of each file. The first 
20 records contain low-calibration values, the next 20 high-calibration 
values.  An indication of the quality of calibration values, and quite probably, 
test data values also, can be obtained by noting the rnimber of calibration 
points, Nl, used in the final calculations of Xp and X^. 

— ■ I^£ Raw mean 
x   N 

_   flX2c-(EXc)^/N|    ^w standard deviation 
0 "  l  N-l      J 

Where Xc ■ input tape calibration value (-10V Xc +10V) 
N - number of x values (840) - number values in the absence of 

"0-Bit" errors. 

Let the set X-^c values consist of all X values satisfying the criterion 

X " lo < Xr
l <Xtlo 

N1 

o , N1 -1       1 

X, a, X, and o are calculated separately for both low and high-calibrations. 
X is used in calibration of data.  N* and cT are outputted along with ? 
in processing history. 

This routine remains unchanged in all versions of the CII Program. 

Test data is calibrated by using a linearized calibration curve.  The CII 
M7 Program uses a segmented curve obtained by reference to 4 point values. 
This yields three linear sections to approximate the true calibration curve. 

Sensor data is calibrated using the following expression: 

Y » MX + B 

M =  (PHl/2 - pLl/2  )  /  <jg - Jj" ) 

B = PHl/2 - M5CHl/2 
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Where P„     * Physical value (ft/s) equivalent to high-calibration 
sensor voltage. 

PL     ■ Physical value (fl/s) equivalent to low-calibration 
sensor voltage. 

5Lj     * CENDAR voltage representation (volts) of high-calibration 
sensor voltage. 

y      ■ CENDAR voltage representation of low-calibration 
sensor voltage. 
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APPENDIX C 

TANGENTIAL VELOCITY DISTRIBUTIONS 

NOTE: Ambient wind speeds quoted are the 100 foot mean values from 
appendix F, except when parenthesized - these values are from 
backup instrumentation located on tower at 140 feet AGL. They 
are "spot" readings taken approximately at the time the airplane 
passed the tower. 
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3 
5 120 

Ul 
UJ 
u. 
z 

H no 
o 
UJ 
X 

(E 

r> 
A 
v= 

f 
86 ft/s (g 110 it 

O 
z 100 
UJ 

90 

80 - 

70 

60 1 1           1 1        I I I        I        1        1        1        1        1        I        1 
140    120    100    80     60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, V$, ft. /tec. 

C-27 

80     100    120    140 



140 

AIRCRAFT 

CONFIGURATION 
RUN NO 

DATE 
VORTEX  (2) 

AGE (sec.) 
AMBIENT WIND 

(ft. /sec.) 
EAS -195 KNOTS 

9/17/72 
am. 
z&  

140    120    100    80 60      40      20       0      20      40     60 

TANGENTIAL VELOCITY, Vg, ft./sec 

C-28 

80     100    120     140 



140 

140    120    100    80 60      40      20       0       20      40      60 

TANGENTIAL VELOCITY, V$, ft. /sec 

ICO    120    140 

C-29 



160 

150 

140 

130 

o 
5 120 
u 
UJ 

'£ 
H no 
o 
lü 
X 
X 
o 
S 100 
III 

{ 

90 

80 

70 

60 

i 
154 ft/s 

i 
f 

V=201 ft/s (a 110 ft 

J- J- X X -L 

1L 

AIRCRAFT _ 
CONFIGURATION    Ji 

RUN NO 

DATE 
VORTEX (2) 

AGE (tec.) 
AMBIENT WIND 

(ft./sec.) 

EAS = 2Ü5 KNOTS 

B747 

STBP 
£a 

J&T 

176 ft/s 

<P 

-Ö 

V    = 16 ft/s w 

-L -L J- -L -L 

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

TANGENTIAL VELOCITY, V$, ft. /itc 

C-30 



160 

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

TANGENTIAL VELOCITY, Vg, ft. /tec. 

C   i 1 



100 

90 

SO 

70 

o 
«60 
h- 
LJ 
HI 
u. 

\z 50 
3 
03 

-v. 

s 
z 40 
Ui 
to 

30 

20 

10 

0 

0 
O 
O 

O 

<r 

o 0 8 
o 
94 ft/s @ 65 ft 

-L X -L J- -L ±. 

AIRCRAFT B747 
CONFIGURATION H 

RUN NO 30 
DATE 9/J7/72 
VORTEX (2) ST8D 
AGE (sec.) 25 
AMBIENT WIND 

(ft./sec.) 20.4 
EAS =205 KNOTS 

© 
V    = 12 ft/s w 

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

TANGENTIAL VELOCITY, V$, ft./wc. 

C-32 



EAS = 192 KNOTS 

AIRCRAFT B747 

CONFIGURATION _H_ 
RUN  NO 24 

DATE 9/16/72 
VORTEX   (2) STBD 

AGE (tec.) 32 

AMBIENT WIND 
(ft/sec.) 15.6 

I 

_L -L J_ 

140    120    100    80 60     40     20       0      20      40      60 

TANGENTIAL VELOCITY, V$. ft. /tec. 

C-33 

100    120     140 



= 26 ft/s 

AIRCRAFT 

CONFIGURATION 
RUN NO 

DATE 
VORTEX(I) 

AGE (tec.) 
AMBIENT WIND 

(ft./iec.) 

10/17/72 

.-        EAb = 160 KNOTS 

140    120    100    80 40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vg, ft./w. 

100    120    140 

C~34 



160 

150 - 

140 - 

130 h- 

o 
Si?.o 

H MO 

o 
tu 
X 

K 
O 
$ 100 
UJ 

90 

80 - 

70 - 

60 

AIRCRAFT              B747 
CONFIGURATION     L 

RUN NO                  34 
DATE                     9/17/72 
VORTEX   (1)          PORT 

AGE (sec.)               5 

f 

O         AMBIENT WIND 
» Q          (ft./stc.)        194 

QÄ^    EAS =  148 KNOTS 

•    • 
A 
V = 96 ft/s <S 122 ft    © V y 

/ 

G 
G 

1 r 

1 V     = 22 ft/s 
41    W 

V 
G 

0 

- 

G 

1           1 l        1 I        l |            1            1            1            1           1           1           I 

140    120    100    80 60     40     20       0      20      40      6 

TANGENTIAL VELOCITY, V$, ft./wc. 

C-35 

80     100    120     140 



160 

20     40     60     60     100    120    140 

TANGENTIAL VELOCITY, ty, ft. /ftc. 

C-36 



140 

130 

20 h 

110 h 

< 2.00 k 

UJ 
UJ 

h- 90 

UJ. 
I 

o 
g80 
UJ 

0 VV 

V=145 ft/s (g 140 ft 

70 

60 

50 

40 

0 
O 
O 

X X X X X 

AIRCRAFT 

CONFIGURATION 
RUN NO 

0ATE 
VORTEX (I) 

AGE (sec.) 
AMBIENT WIND 

(ft./sec.) 

B747 

9/16/72 
PORT 

13.5 
EAS = 145 KNOTS 

V     =20 ft/s 
w 

X X X X 

140    120    100    60 60      40     20       0      20      40     60 

TANGENTIAL VELOCITY, Vö, ft./sec 

80     100    120     140 

C-37 



AIRCRAFT 

CONFIGURATION    L 
RUN NO 
DATE 
VORTEX(I) 

AGE (tffc.) 
AMBIENT WIND 

(ft./»tc.) 
EAS = 142 KNOTS 

9/17/72 

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

TANGENTIAL VELOCITY, Vg, ft. /»tc. 

C-38 



150 

140 

130 

120 

-j 

5 110 

UJ 

I 
o 

100 

8 
Z 
Id 

90 k 

80 

70 

60 

50 

A 
V = 72 ft/s (a  119 ft 

\ 

X X X X 

<& 
$ 

AIRCRAFT B747 
CONFIGURATION L 
RUN NO 49 
DATE 9/17/72 
VORTEX (0 PORT 

AGE (sec.) 6 
AMBIENT WIND 

(ft./tec.) 20.3 
EAS ^ 140 KNOTS 

V     = 25 ft/s 
w 

X X X 

140    120    100    80 60      40     20       0      20      40      60 

TANGENTIAL VELOCITY, Va> ft./sec. 

039 

80     100    120    140 



140    120    100    00     60     40     20 40     60      80     100    120    140 

TANGENTIAL VELOCITY, Vg, ft. /ttc. 

C-40 



140 

140    120    100    80     60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vö> ft./sec. 

C-41 

100    120     140 



130 

120 

MO 

100 

o 
5 90 

UJ 

X 
o 
UJ 
X 

s 
z 
UJ 
to 

80 

70 

60 

30 

40 

30 

0= 77 ft/s @ 98 ft 

/ 

-L -L -Ä- 

AIRCRAFT B747 
CONFIGURATION _1  
RUN  NO Sl 
DATE 
VORTEX (|) 

AGEUec.) _J~ 
AMBIENT WIND 

(ft. /sec.) 15 

y»7/72 

PORT 

EAS = 145 KNOTS 

V     = 19 ft/s 
w 

J- -L -L -L 

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

TANGENTIAL VELOCITY, V$t ft./s§c. 

C-42 

BBfllLi.H11 1 !    I HBHB 



150 

140 

130 

120 

o 
SMO 

UJ 
hi u. 

£100 
o 
ui 
X 

X o 
2 90 h 
Id 

80 h 

70 h 

60 

50 

€ 

AIRCRAFT B747 
CONFIGURATION 
RUN NO 
DATE 
VORTEX(I) 

L 
59 
10/17/72 
PORT 

AGE (sec.)             7 
AMBIENT WIND 

(ft./sec.)       23.6 
EAS = 160 KNOTS 

V = 87 ft/s <u 97 ft 

& 

_L J. -L X -L J. 

o o 

§ 
t 

0 

V     =25 ft/s 
w 

X J_ J_ X 
140    120    100    60 60     40     20       0      20      40      60 

TANGENTIAL VELOCITY, Vfll ft./tec. 

C-43 

60     100    120    140 



o 
% 

o 
G 
0 

AIRCRAFT 
CONFIGURATION 
RUN  NO 
DATE 
VORTEX(I) 
AGEUtc.) 
AMBIENT WIND 

(ft./*tc.) 
EAS = 150 KNOTS 

B747 

38 
9/17/72 
PORT 

19 

<* 
V     = 22 ft/s 

w 

X X X X X X 
140    120 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft. /itc. 
C-44 

80     100    (20    140 



160 

150 h 

140 h 

130 

o 
Sl20 
»- 
LÜ 
UJ 
U. 

£110 

W 
X 

et 
o 
z 100 
UJ 

90 h 

80 h 

70 h 

60 

AIRCRAFT               B747 
CONFIGURATION     L                 I 

h 

/* 

RUN NO                 41                I 
DATE                     9/17/72       j 
VORTEX (1)           PORT          1 

L_ 1* ^ 
AGE (sec.)             8 
AMBIENT WIND 

fS                              (ft./sec.)        23 

U A                                                   8 
V = 72 ft/s (a  135 ft     0 

0 

8 
0 

EAS = 145 KNOTS                         1 

V     - 22 ft/s 
^.,w   .„,,  ... 

0 

r- 0 

0 

r~ 0 

0 

f~" 0 

0 

r— 0 

0 

r- 0 

0 

1 1          !     .   .1          i ..    (k •            1            1            l            1            1            i           I           1 

140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, V$, ft. /tec. 
C-45 

80     100    120    140 



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

TANGENTIAL VELOCITY, ty, ft./ttc. 
C-46 



ISO 

140 

130 

120 

i * 110 

Ul 
IM 
U. 

£100 
o 

i 
z 90 
m 

V=102 ft/s <S 115 ft 

/ 

80 

AIRCRAFT 
CONFIGURATION 
RUN NO 
DATE 
VORTEX(I) 

AGE (sec.) 
AMBIENT WIND 

(ft./tec.) 
EAS = 160 KNOTS 

B747 

L_  
«0  
10/17/72 
PORT 

8 _. 

24.8 

V     - 18 ft/s 
w 

70 

60 

50 U- 
140 

J- -L JL 
120    100    80 

+ -L ± 
60     40    .20      0      20     40     60 

TANGENTIAL VELOCITY, Vj, ft./ttc. 
80     100    120    140 

C-47 



140 

130 h 

120 h 

110 h 

o 
< 100 

UJ 
LÜ 

I 
O 
ÜJ 
I 

oc 
o 
</) 
z 
UJ 

90 h 

80 h 

70 

60 h 

50 h 

40 

AIRCRAFT              B 747           j 
CONFIGURATION    L 
RUN NO                 7                    | 
DATE                    9/16/72       \ 

0            VORTEX  (1)          PORT            | 

0           AGE (sec.)            9                  1 
AMBIENT WIN0                           { 

j (ft./s*c.)       20.6 
EAS = 158 KNOTS                        | 

V=118 ft/s (a 100 ft     Ä              ^D       \ 

\ 

^                    _Vw = 20£t/s                                           1 

X 
o 
% 

L             ^o 
* o 

1                                           o 
o 

h                                           0 
0 
0 

0 
|                                                  0 
r                                ° 
1                                  o 
1                                                 0 

0 

r                                  ° 
0 

!                                                        0 
1                                                    0 
1                                   o 111»       „1,      ,L*K—L H f..„    i                       1                       1                      1               1         ,            1                       i       -J 

340    120    100    80     60     40     20      0      20     40     60     30     100    120    140 

TANGENTIAL VELOCITY, Vg, ft./tec. 

C-48 

"JBto*l**aMift,aA" -irtmuM tor-i 



140    120   100    80     SO     40 20     40     60    80     100   120    140 
TANGENTIAL VELOCITY, V* ft./ttc 

C-49 

min i imiiiu.iMM_pMMpiii.il»'' 



140 

130 

120 

MO 

5100 

Ul 
b. 

H 90 
X 
tm 

ÜJ. 
X 

s 
2 so 
(0 

70 

60 

50 

40 

V = 68 ft Is (S 122 ft    Q 

o 
\ 

4 

X X X X X X 

AIRCRAFT B747 

CONFIGURATION   J,  

RUN NO 41  

DATE 9/17/72 
VORTEX (I) PORT 

AGE (tec.) S  
AMBIENT WIND 

(ft. /sec.)       24.0 

EAS = 140 KNOTS 

V     = 19 ft/s 
w 

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

TANGENTIAL VELOCITY, ty, ft./sec. 

C-50 

60     100    120    140 

•• --■ ■■■ ■   ■ ■■■ -■■■•-• 
  MI 



110 

100 

90 

80 

o 
5 70 

LÜ 
u 
li. 

K 60 
X 
o 
UJ 
X 

cr 
o 
g 50 
UJ 

40 

30 

20 

10 

U 
V = 68 ft/s (a 75 ft (9 

8® 
\ 3 

X _L 

o 

AIRCRAFT B747 
CONFIGURATION L 
RUN  NO 50 
DATE 9-17-72 
VORTEX (1) PORT 

AGE (sec.) 9 
AMBIENT WIND 

(ft./sec.) 23.6 
EAS = 140 KNOTS 

V     = 18 ft/s 
w 

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

TANGENTIAL  VELOCITY, Vg, ft./sec. 

80     100    120     140 

C-51 

aaü --—■ -—-- — ■■ - — MBUmsa    ., Hi ■■«—■■II ! 



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

TANGENTIAL VELOCITY, V$, ft./stc. 

C-52 

WltiTiirtfrtiiirtfTigftii litajlTfi'tr-iriiiii - - ■ i ■ .i -i   ■'!'■        i       ■?-!'        i     ;i-   ,-,■--■■»■■->■-^■■--<----->^t'-,.diaa 



140 

140    120    100 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vg, ft./IK. 

C-53 

100    120    140 

a** a^<JM^^»^.^^^^».^l^.;J,i^...J_1^.«Jai,JU«fc,.iJiii1;^,.,-_   . „:_„„_.i4! 



160 

150 - 

140 

S30 

o 
5 120 

U 
UJ 
u. 

H MO 

S 
z 100 
UJ 

90 

80 

70 

60 

V=80 ft/s @ 89 ft 

/ 

X X 

0 
0 
0 

140    120   100 60     40     20 
4- X X 

AIRCRAFT 
CONFIGURATION 

RUN NO 

DATE 
VORTEX (I) 

AGE (MC.) 
AMBIENT WIND 

(ft./stc.) 

B747 
-L  
JA  
3/17/7? 
PORT 

ifi- 
EAS = 152 KNOTS 

V    = 16   ft/s 
w 

X X X X X 
20     40     60     60     100    120    140 

TANGENTIAL VELOCITY, Vj, ft./MC 

C-54 

iBatBiite^aijfeiM^ 



AIRCRAFT 

CONFIGURATION 
RUN NO 

OATE 
VORTEX(I) 

AGEUtc.) 
AMBIENT WIND 

(ft./iec.) 

8747 
L  
40  
9/17/72 
PORT 
II 

ir 
EAS = 145 KNOTS 

V     =20ft/s 
w 

-L ± ± ± ± 
140    120    100    80     SO     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, V$, ft. /i*c. 

C-55 

s^bi^^j 



140    120    100 60     40     20       0      20      40     60 

TANGENTIAL VELOCITY, V$, ft./Itc 

C-56 

^ 3J^M>*3&**lt&''(ijltllfaMt^i&fartriii1 I'V iii-i nntlfllt 



140    120    100    80     60     40 60     80     100    120    140 

TANGENTIAL VELOCITY, Vf, ft./ttc. 

C-57 

.. ffaflfcl•■"teaifciT". t-nWiilr 



160 

150 

140 

130 

J 

5 120 

H MO 

100 B 
<ff 

90 

80 

70 

tu 

V=96 ft/s @ 138 ft 

V c 

X X X X X X -+ X 

AIRCRAFT 
CONFIGURATION 

RUN NO 
DATE 
VORTEX (I) 

AGEUte.) 
AMBIENT WIND 

(ft./stc.) 

Mil— 
JL . 
14  
B/17/72 
PORT 
iL 
22JL 

EAS = 1 50 KNOTS 

V     = 36 ft/s 
w 

X X X X x 
140    120   100    80     80     40     20 20     40     80     80     100    120    140 

TANGENTIAL VELOCITY, V|, ft./MC 

C-58 

 mm mtrtiriiMiriiiii-' n" -!■■•■'•■'■^^--''^-'-i 



140 

AIRCRAFT 
CONFIGURATION   L. 
RUN NO 
DATE 
VORTEX (I) 
AGE (tec.) 
AMBIENT WIND 

(ft./itc.) 
EAS = 155 KNOTS 

PORT 

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

TANGENTIAL VELOCITY, ty, ft./MC. 

C-59 



150 

140 

130 

120 

-j 

I no 

IS 
z 
£100 

8 
90 

80 

70 - 

80 - 

80 

V=83 ft/s @ 109 ft 

\ •  ©, a 

X X X J. X 

O 
o 
o 
o 

% 
0 

x 

AIRCRAFT B747 

1L 
CONFIGURATION    JL 
RUN NO 
DATE 
VORTEX«) 
AGE (MC.) 

9/18/72 
PORT 
13 

AMBIENT WIND 
(ft/ttc.) 

EAS = 135 KNOTS 

17.9 

O 

©, 3 
% 

o 
©, 

o 

V     = 15 ft/s 
w 

X 
140    120    100    80    80     40     20 20     40     80     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft. /MC. 

C-60 

iHHTuriiiiMi-Miiimiin i MI    HIIIIIII i        i ie^n^-a.^, ■.»«..,■ ,■ «V.xhWJ, .«LU»W.-,m»,   ..a jt> i iWJill 



160 

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

TANGENTIAL VELOCITY, Vf, ft. /itc 

C-61 

Bi I»   M     ii   i    l'idl 



AIRCRAFT 
CONFIGURATION 

RUN NO 

DATE 
VORTEX  tä) 

AGE Ute.) 
AMBIENT WIND 

(fl./ttc.) 
EAS = 140 KNOTS 

9/17/72 

9TBP 

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

TANGENTIAL VELOCITY, Vf, ft./stc. 

C-62 

jafajaaü 
i^>J^LUK^~^^1L^^^^:^^.1.,~..**aMX^i.:^ 



140 

140    120    100 60      40     20       0      20      40     60 

TANGENTIAL VELOCITY, Va, ft./wc. 
C-63 

wm&äMM WlitlliifJMiMftiiiiftffltli mi&iii'tu.m*LA^^ ^^^.^^^i^iMi^^t^istj^laM^saeiiS^^^^^ji^ 



140    120   100    80     60     40 100    120    140 

TANGENTIAL VELOCITY, Vf, ft./ttc. 

C-64 

fafirijUfli 
&**äU^^'+ii*i* 



AIRCRAFT 
CONFIGURATION 
RUN NO 
DATE 
VORTEX(I) 
AGE (tec.) 
AMBIENT WIND 

(ft./iec.) 
EAS = 1 54 KNOTS 

9/17/72 
PORT 

140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vg, ft./sec. 
C-65 

60     100    120    140 

MHf^^ 



160 r 

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

TANGENTIAL. VELOCITY, V#f ft./MC 

C-66 

mm 
iHiMtitÜ\rr<i*;< ■.-■^^^^.■^■,^i*^!^^M^>!~ii*±<Li^* 



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

TANGENTIAL VELOCITY, ty, ft./tie. 
C-67 

iffrflii^ UfttM-itttfittnyrt ■■ ir ~rr-i- --Tirr-rifiT nwr jfciiifiiMMia^iiBriafci 



100 

90 

80 

70 

o 
< 60 

UJ 
Ul u. 
S 
H 50 
o 
Q 
X' 

s 
z 40 
w 

60 

20 

10 

V=82 ft/s <g 81 ft 

\ 

£ ©° 

V 
1 

o 
§ 
o 

o 
© 
o 
© 
© 
G 

© 
© 

© 
© 

© 
© 

© 
© 
© 

Q 

© 

X X X 

(I* © 

AIRCRAFT B747 
CONFIGURATION L 

RUN NO             2 

DATE 

VORTEX(I) 

9/16/72 
PORT 

AGE (MC.) 

AMBIENT WIND 
(ft./stc.) 

16 

16.6 
EAS = 152 KNOTS 

V    = 15 ft/s 
w 

X X X X X X 

V. } 

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

TANGENTIAL VELOCITY, V* f!./wc. 

C~68 

_<>_,.SjUAKitfttU^kaUMwrfHitASk:  '-'"-»lük^i.»   Ä OfejUSaJ 



AIRCRAFT 8 747 1 
CONFIGURATION J.  
RUN NO 017 
OATE 9/16/72 
VORTEX £081  
AGE (tec.) IS  
AMBIENT WIND 

(ft./tec.) IfiJ 
EAS = 135 KNOTS 

a 8 

€ 
V     = 10 ft/s 

w 

~I40    120    100    80     60     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Va, ft./ue. 

C-69 

WiitC'Mi'mVwi i\ ■ttJaMiaifc^^«^.^.^..^~^W.i^^ 



160 

150 - 

140 - 

130 - 

-I 

5 120 

UJ 
Ul u. 

H 110 

z 

s 
2 100 
UJ 
V) 

90 - 

80 - 

70 - 

•0 

AIRCRAFT            B747 
CONFIGURATION    J. 
RUN NO               41 
DATE                    9/(7/7? 
VORTEX (2)         STPP 
ACE (tec.)            15 

- AMBIENT WIND 
(ft./see.)        25 

EAS = 145 KNOTS 

- f 

- 

V=80 ft/s (S 100 ft   A 

•5-• 

V     =26 ft/s 
w 

- 
0 

0 

" 0 

e 

l_-i I 1 1 L   —| !   i© i .1     1   .    L-.   -L   ,   I  „,..., 
140    120    100    80     80     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, V$, ft. /ttc 

C-70 

-...^.... ■_.:.,./, :j.jaU^^-^^^j^.t^Aaai;SrtihMii 



140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vg, ft./•« 

C-71 

100    120    140 
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AIRCRAFT B747 
CONFIGURATION   ± 
RUN NO 
DATE 
VORTEX   (I) 

AGE (sec.) 
AMBIENT WIND 

(ft./MC.) 

EAS = 140 KNOTS 

9/16/72 
PORT   „ 
ifi  

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

TANGENTIAL VELOCITY, V$t ft./»tc. 

C-72 

Ulli in iiiiiiÜ ■»»a^^^^.^.^wi^-i.^A«,   .^JtoiCBSS^^l^iiiäd «J 



140 

140    120    100    80 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty, ft./ttc. 

C-73 

80     100    120    140 

^ttjmn .^.;^«M«J ^ftn\i M^Bjmihfc 



140   120    100 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, V#l ft./ttc. 

80     100    120    140 

C-74 

ritiB BÜi MMWTm-n— -in in' attjjgi u&m ii^tfiBtlttrtBhUllMuiii in» j-|   in  ) -|->^-'»^-..^-riTfcH   -fifh>i,7>fcfi«iifTi«i ■,-■ jtz&+ 



no 

100 

90 

80 

J 
3 
5 70 

til 
Ul 

K 60 
X o 
in z 

SI 
z 
UJ 

50 

40 

30 

20 

10 

V = 90 ft/s @ 81 ft ä< 

8° 
o 

's (c 

/ 

o 
o 
0 
0 

-L X 
0 

od %q 

AIRCRAFT B 747 
0 CONFIGURATION L  

RUN  NO 4  
DATE »16-72 

WORTEX(I) PQRT 
AGE (sec.) JI  
AMBIENT WIND 

(f!./sec.) 14.8 

8 

J- 
140    J£0    100     80     60     40     20 

EAS = 144 KNOTS 

V     = 14 ft/s 
w 

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

TANGENTIAL  VELOCITY, V$, ft./wc. 

C-75 



100    120     140 

TANGENTIAL VELOCITY, Vg, ft./sec 
C-76 

üia feaifc^aASri^ä^u*tt£«t»u«l^i^ii^*.«c»^ ̂ ^^^-^,i..,-...:—.i-^JaiS 



140 

140    120    100 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, Vö, ft./«tc. 

C-77 



140 

AIRCRAFT 
CONFIGURATION 
RUN NO 
OATE 
VORTEX (2) 
AGE (tec.) 
AM8IENT WIND 

(ft./tec.) 
EAS = 148 KNOTS 

t/|7/72_ 
ran. 

140    120    100 60     40     20      0      20     40     60 

TANGENTIAL VELOCITY, ty. ft./ttc. 

C-78 

80     100    120     140 

utttt t^mam ■-..„«if^.^.-.f^.-.i'... .■/.v^.v.-i-i. ^ .^„^;, ,k\jis 



150 

140 h 

130 h 

120 h 

j 
3 
5 no 
UJ 
ÜJ 
b. 

£100 
O 
UJ 
X - 
X o 
£ 90 
nj 

80 h 

70 h 

60 h 

50 

V=69 ft/a <S 142 ft AIRCRAFT             B747 

V    a. CONFIGURATION    L 1 
I 

\ 
\                      RUN NO                71                1 

\           w J                     DATE                    10/17/72    ! 
\S                      VORTEX«)            PORT          | 

AGE (tec.)            17 
AMBIENT WIND 

(ft./itc.;       15 
0 
0 

EAS = 145 KNOTS 

u 0 
0 

© 
0 

u 0 
0 
0 

0 

V     = 20 ft/s 
^    w 

K~ 0 

0 

r~ 0 

0 

r~ 0 

0 

r* 0 

0 

h 0 

0 

1             1 1        1        1        1      ffl \    ,   -.1           1 ...     1           l .     -  I     .. ,-i . l        J 
140    120    100    80     60     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft./MC. 

C-79 

ItSSimbaättmämu u^^^u^aäJUittM«a» '   "IT liW 



140 

140 120 100 80  60  40  20 00    120     140 

TANGENTIAL VELOCITY, Vfl. ft./MC. 

C-80 



150 

140 

130 

120 

illOh 

Ui 

KIOO 
o 
Ü! 

5 90 

80 

70 h 

60 

50 

V = 69ft/s (a 97 ft      j£> 

% 

o 

-L 

AIRCRAFT B74T 

69 
CONFIGURATION    L. 

RUN NO 
OATE 
VORTEXU) 

AGE (ttc.) 
AMBIENT WIND 

(ft./MC.) 

jO/17/72 

ftlBC 
Jt 
236 

EAS = I^>0 KNOTS 

T> 
V     = 25 ft/s 

w 

s °o 

« 
S* 
9 

-L X X X 

140    120    100    60     60     40     20      0      20     40     60     90     100    120    140 

TANGENTIAL VELOCITY, ty, ft. /ttc. 

C-81 

flrtwt'fffijMiiatiYtitt' frTiHiififii***^^*^ rti?'^^ii(tiTiAy&1ii^B r ijTfif i 



60     40     20       0      20     40     60 

TANGENTIAL VELOCITY, ty, ft. /ftc, 
C-82 

100    120 

■^^^itu^iuieatäsa^^el^imii^^ 



160 

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

TANGENTIAL VELOCITY, Vf, ff./stfc 

C-83 

mmm 



140    120   100    80     60     40 80     100    120    140 

TANGENTIAL VELOCITY, V$, f»./eec. 
C-84 

iiUiUiM^-^ ^^w^J^iki^Ur&rttld^ ^ 



150 

140 

130 h 

120 h 

5 HO 
|4| 
U4 

j£lOO 

5 90 
8 

80 h 

70 h 

«0 

50 

AIRCRAFT »747 
CONFIGURATION L 
RUN NO 
DATE 
VORTEX«) 

AGE (ttc.) 
AMBIENT WINO 

j/ir/78 
STBO 

1!        _ 

(ft./ttC.) 21.8 

. 

EAS = 140 KNOT ~s 

- 
0 
G 
0 

- & 

- 

) V     = 19 ft/s 
*    W 

f 

0=71 ft/s @ 81 ft 

°G £> eP 
1 1 

0 
G 

G 
G 

 -L  «J L.., 1          1 1 . J    1        1        1     i    , i        i 
140    120    100    80     60     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, ty, ft./MC. 

C-85 

HÜ ito^t '^äiutLmiiiA^dK^ilkiaMM^Älä^ 



140 

120    !00    80     60      40      20       0      20      40     60      80     100    120     140 

TANGENTIAL VELOCITY, Va, ft./ttc. 

C-86 

H* ÜMfaüai JMtiiiri i H aama -... --.■»-■»-:-■. --^^-t^.^....n,?^.^.v^^i.M^.^^a.>!...J.. . 



140 

AIRCRAFT B747 
CONFIGURATION   ^ 

RUN NO 
DATE 

VORTEX Ut 

AGE U«c.) 
AMBIENT WIND 

(a/ttc.) 
EAS ^ 1 50 KNOTS 

10/17/78 
3TPP- 

V    = 26 ft/s w 

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

TANGENTIAL VELOCITY, Va, ft./ate 

C-87 

MfctiaieiaJiiM^agaaoaiam -,-,. i »..,,- m< jaul Mb 



160 

140    120   100    80     SO     40     20 20     40     SO     80     100   120    140 

TANOCNTIAL VELOCITY, Vf, ft. /ftc 
C-88 



140 120 100 GO  60  40  20 20  40  60  60  100 120 140 

TANGENTIAL VELOCITY, V$. ft. /»tc. 

C-89 

«HflfiTw     imniiTiiinn mttm mm ■rtrt-^irin.inl.i 



140 

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

TANGENTIAL VELOCITY, V$, ft./t«:. 

C-90 

—— «sw- -m 



140    120    100    80     60     40     20 

AIRCRAFT IT4T 
CONFIGURATION tr 
RUN  NO 

DATE 
1 

0 9/16/72 
0 VORTEX«) PORT 

0 

8o? 

AGE (sec.) 26 
AMBIENT WIND 

(ft./$ec.) 15.6 
EAS -- 150 KNOTS 

V     = 13 ft/s 
w 

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

TANGENTIAL VELOCITY, Vg, fl/ttc. 

C-91 

mmäm ttüü mmmtmmma ftffi-fMTi   t- -i    n   ii HUT r If iliTliia'aiVririthlil ii ' itfttfM 



140 

140    (20    «00    80     CG     40     20      0      20     40     60     80     100    120    140 

TAW8CNTIAL VELOCITY, ty, H/MC. 

C-92 



AIRCRAFT 

CONFIGURATION 

RUN NO 

DATE 
VORTEX (|) 

AGE (tec.) 
AMBIENT WIND 

(ft./sec.) 

EAS = 142 KNOTS 

B747 

IS  
pmnz 

26  

13.4 

V     = 12 it/s 
w 

JL ± X -L 

60     40     ?0       Ö      20     40      60 

TANGENTIAL VELOCITY, V$ ft./tec. 

C-93 

60     100    120     140 



150 

140 I» 

130 h 

120 

2 MO 

H 100 

i 

s 
90 h 

•01- 

TOf- 

•0 1- 

80 

AIRCRAFT             B747 
CONFIGURATION    L 
RUN NO                40 
OATE                    B/17/72 
V0RTEX(2)           8TBD 
AGE (toe.)            2« 
AMBIENT WIND 

(ft./MC.)         17 

- 

EAS = 145 KNOTS 

1 e 
0 

o 
0 

V     - 18 ft/s *" ffl tfl     W 

/ 

- 
/ 

A V 
V = 74 ft/s (& sift         0   0 0 • 

mm 

1            0 
1             0 
I           0 
1          0 
1        0 
:        © 

» L -.—JL—J  .L 1.-     1 i   _i—1._ i_.,_. i„    i     i     >    .. 
140    120    100    BO    €0     40     20      0      20     40     80     BO     100    120    140 

TANGENTIAL VELOCITY, Vgt ft./MC. 

C-94 



I'JU I 

AIRCRAFT        1747 
CONFIGURATION t 

90 RUN NO             50            i 

DATE               1ZHZ1SL 
VORTEX (2)        STiD       1 
AGE (MC.)            2«            1 

80 AMBIENT WIND                   j 
(ft./s«c.)    23.6 

EAS = 140 KNOTS 

70 

j 

< 60 
\- 
bJ 
ÜJ 

z 

H
E

IG
H

T 8 

g 
U 

30 
A 

= 92 ft, s @ 20 ft 

/ 

0 
0   1 
0   1 

0     I 
0          1 
0           1 

0               1 

20 /   0 
0 

0 
0         1 

01 

V     = 20 ft/s                                      I 
^ ÜL  

10 S        o 

ft -JL_ .     1- 11 J- 1       1       1 i     i      i     i     .»... _j_    i 
140    120    100     80 60      40     20       0      20      40     60 

TANGENTIAL VELOCITY, V$, ft/ttc. 
C-95 

80     100     120     140 

Maaaaaa        :■■-■-■  



I«*U 

AIRCRAFT              B 747           j 

CONFIGURATION    ^                    j 

130 

3 *\f\ 

0 
0 

RUN NO                 26                 1 

DATE                      9/17/72 
VORTEX (2)         STBO 

AGE (sec.)            27 
AMBIENT WIND                            j 

120 0 
0 
0 
G 

(ft./stc.)       13.6              1 
EAS = 160 KNOTS                        j 

110 0 
0 
9 

^ 0 
-J o 
5 loo 0° 
K 0 
Id 
U. 

0 
0 

Z 0 
£ 90 i o 
UJ 
X' 

g 
§80 

i 
/ 

0 
w 1 

0 
V     - 16 ft/s                                           j 

,00    w     -■    - 

10 

w                                                                                           ■■ 

V=78 ft/s (a 78 ft 

8 X 
70 

^ i° 
# 

60 

* 
50 

40 1 L_J 1 U ..J- _l—1— i      i    i,     i       i i       i     J 
140    120    100    60     60     40     20 20      40     60     60     100    120     140 

TANGENTIAL VELOCITY, Vj, ft./MC 

C-96 

iihfatiyi'tf'ai•   i    ■,   . , i •-.. ■L.L'^^H^.^ ..j ... .--A*« 



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

TANGENTIAL VELOCITY, Vg, ft./»§c. 

C-9? 



160 

140    120   100    t0     SO     40     20 20     40     60     30     100    120    140 

TANGENTIAL VELOCITY, Vf, ft./TO. 

C-98 



150 

140 

130 

120 

i 
) 

Siio 
bJ 

£100 
o 
UJ . 
X 

g 90 
Hi 
Iff 

80 

/ 

V^103 ft/s @ 89 ft 

70 

SO 

50 

V o 
o 
o 

AIRCRAFT B747 
CONFIGURATION L 
RUN NO 71 
OATE 10/17/72 
V0RTEX(2) STBD 
AGE (sec.) 28 
AMBIENT WIND 

(ft./iec.) 15 
EAS = 145 KNOTS 

V     -20 ft/s 
w 

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

TANGENTIAL VELOCITY, ty, ft./MC. 

C-99 

latfdifiMU ■■'-■-"' -•- """■* 
<»*w,^Jt  



140    120    100    ft)     €0     40     20      0      20     40     «0 
TAWCENTIAL VELOCITY, ty, ft./IM. 

O100 

100    120    140 



AIRCRAFT B747 

46 
CONFIGURATION   JL 
RUN NO 
DATE 

VORTEX(2) 

AGE (sec.) 
AMBIEWT WIND 

(ft./sec.) 

STBD 

33 

19.8 
EAS -- 148 KNOTS 

vw = 21 ;c/s 

100    80     60 40     20       0      20     40      60 

TANGENTIAL VELOCITY, Vg, ft./sec. 

-L -L 
80     100    120     140 

C-101 



150 

140 ~ 

130 

120 

2 5 no 

HI00 
o 

»■ 

K 
90 

80 - 

70 

SO 

90 

'        <© 
V = 68 ft/a (o 85 ft      w    © 

AIRCRAFT B747 
CONFIGURATION L 
RUN NO 27 
DATE 9/17/72 
V0RTEX(2) UBD_ 
AGE (sec.) 94 
AMBIENT WIND 

(ft./tec.) 16.5 
EAS = 1 54 KNOTS 

V     = 14 ft/s 
w 

* 

J _i- -J- J L ± 
140    120    100    80     60     40     20      0      20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Vg, ft. /ttc. 

C-102 



140 

130 

120 

HO 

o 
5100 

UJ 
UJ 
U. 

H 90 
o 
üj 
X 

o 
»80 
UJ 

70 

60 

50 

40 J_ 

V=71 ft/s (ä 100 ft 

/ 

# 

o 
© 

o 
8 

JL. -L J- 

0 

JL 

AIRCRAFT a_i£L 

014 

CONFIGURATION   ± 

RUN NO 

DATE 
VORTEX 

AGE (sec.) 
AMBIENT WIND 

(ft./sec.) 

8/16/72 
EQBI_ 
35. 

\±JL 
EAS = 142 KNOTS 

V    = 16 ft/s 
w 

_L 

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

TANGENTIAL VELOCITY, Vg, ft./sec. 

C-103 

80      100    120     140 

MH» ■    " 



AIRCRAFT B747 
CONFIGURATION J.  
RUN  NO _I  

DATE 9/16/72 
VORTEX (2) STBP 

AGE (sec.) 39 
AMBIENT WIND 

I ft./sec.) 20 6 
EAS = i58 KNOTS 

V     - 18 ft/s 
w 

X -L 

80     100    120     140 

TANGENTIAL VELOCITY, vfc, ft./ttc. 

G-104 

«e*te&s^.^j^^triiJ^ifc^ 



AIRCRAFT 
CONFIGURATION 

RUN NO 
DATE 
VORTEX  (2) 

AGE (sec.) 
AMBIENT WIND 

(ft /sec* 

EAS - 145 KNOTS 

STPP.   , 
42     

140    120    100    80 60      40     20       0      20      40 

TANGENTIAL VELOCITY, V9, ft./tec 

O105 

60     80     100    120     140 

»flaftüüaBBk 



130 

120 h 

110 - 

100 - 

o 
5 90 
c 
Li 

H 80 h 
o 
S3 
z 

s 
5 70 
$ 

60 h 

90 ► 

40 r 

90 

AIRCRAFT              B747 

h 

CONFIGURATION      L 
RUN  NO                    || 

DATE                       9/16/72 
VORTEX   (2)        8TBD 

AGE (sec.)             45 
AMBIENT WIND 

Iff. /sec.)         17.9 
EAS --■ 135 KNOTS 

0~ 

|- 

0 
0 

V     =17 ft/s 
w 

i- 9i 
l 

0=91 ft/s (o 61 ft                                 - p 
) 

°° 
i- !    1 

0 

r 

r 
0 

0 

-J— A ... ,. J 1 1    -J_    H 
0 

1       1 L_ 1           11           1           1 
140    120    100    BO 60     40      20       0       20      40      60 

TANGENTIAL VELOCITY, V$, ft./wc. 

G-106 

80     100    120     140 

mmmm mmmmmmm kii^si^ ±^,-^^^&^u^ä^üMi&isliiM*^ 



AIRCRAFT 
CONFIGURATION 

RUN  NO 

DATE 
VORTEX U) 

AGE (sec.) 
AMBIENT WIND 

(ft,/sec.) 

B747 

9/16/72 
STPP,  - 
47 

14A 
KAS - 15?. KNOTS 

V     =17 U/s 

-L ± -L 

60     40      20       0      20      40      60 

TANGENTIAL VELOCITY, V$, ft./tec. 

C-107 

80     KX     120     140 



140    120    100    i0     «0     40     30      0      20     40     SO     80     100    120    140 

TANGENTIAL VELOCITY, Vf, ft./itc 

C-108 

ätäa^ii^i^ 



140 

140    120    100    30 60      40     20       0      20      40     60     80 

TANGENTIAL VELOCITY, V$, ft./tec. 

C-109 

00    120     140 

iacästüL^ü—i :. ..: - . ■   : '£.:.?■■  ::^ M 



110 

100 

90 

80 

-j 
e> 
«70 

If 

60 

s z SO 
Ui 

40 

30 

20 h 

10 

V=65 ft/s (ü 75 ft 

X J. JL a. J. 

AIRCRAFT B747 
CONFIGURATION L 
RUN  NO 5 
DATE 
VORTEX (2) 

9:!fl72 
STBD 

AGE (sec.) 98 

J6 
EAS  = 146 KNÜ rS 

J» 
<>• 

J- -L -L -L X 
140    120    100    80     60     40     20 20     40      60      80     MX)    120     140 

TANGENTIAL  VELOCITY, V$, /t./ttc. 

C-110 



110 

100 

90 h 

80 

o 
S 70 

UJ 
Uu 

K 60 h 
o 
UJ 

z 50 

40 h 

30h 

20 

10 

7 = 85 ft/s (g 54 ft      <£> 

7 
/ 

% 

X. X X X 

AIRCRAFT B 747 
CONFIGURATION ^  
RUN  NO 4  
DATE 9-16-72 
VORTEX (2) STBD  
AGE (sec.) 64  
AMBIENT WIND 

(ft. /sec.) 14.5 
E/\S - 144 KNOTS 

V     = 17 ft/s 
w 

X X X 

140    120    100     80 60     40      20      0      20     40      60 

TANGENTIAL VELOCITY, V$, ft./sec. 

C-lil 

80     100    !20     140 

itt^^TfKV.Vrtft* ■   " ^«^Jg*^^: —* 



140 

130 

120 

110 

-j 

5 loo 

LJ 

x 90 

o 
X 

s 
5 80 
* 

70 

•0 

50 

40 

/ 

O 
0' 

Ofi 0 

V = 93 ft/s @ 103 ft 

X X X X X X 

0 
% 

AIRCRAFT 

CONFIGURATION 

RUN NO 
DATE 
VORTEX   (2) 

AGE (sec.) 
AMBIENT WIND 

(ft./t«c.) 

8 747 

SMZI8_ 
8TBP. - 
14  

ISA 
EAS = 150 KNOTS 

V     = 15 ft/s 

X X X X X 
140    120    100    tO 60     40     20      0      fcO     40     60 

TANGENTIAL VELOCITY, Vj, ft./MC. 

C-112 

60     100    120     140 

..ivi.Viii 



140 

60      40     20       0      20      40      60 

TANGENTIAL VELOCITY, Vg, ft./ttc. 

C-113 

00    120     !40 



140 

!30h 

120 h 

10 h 

o 
< 5ioo(- 

H 90 
X o 
UJ 
I- 

g 
$80 
UJ 
10 

70 h 

60 h 

50 h 

40 

AIRCRAFT             B 747          ! 

CONFIGURATION    l_                 1 
RUN NO                |Q           i 
OATE                     J/16/72 
VORTEX  (Z)        STBD. 

AGE (sec.)            60 
AMBIENT WIND 

(ft. /tec.)        18.9 

EAS -  145 KNOTS 

0 
0 

0 
0 
0 

i 

k 

8 
of 

V-58 ft/s (c 81  ft 0 

V     =13 ft/s 

0 

p" 

• 

0 

%% 

0 
r 0 

k 

3 
0 

1         1 - i           1    -—I-     -L        Jl 1 1       1       1 ... 1      1       1      i       1      1 
140    120    100    80     60     40     20 20     40     60     80     100    120    140 

TANGENTIAL VELOCITY, Vj, ft./itc 

C-114 



140 

140    120    100    80 60      40      20       0       20      40      60 

TANGENTIAL  VELOCITY, V$, ft./sec 

C-l IS 

20     140 



APPENDIX D 

SUMMARY FLIGHT TEST DATA SHEETS 

JD - , . 

a^M^ .„., ,-^.1,» ■ 



FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Nunfcer 

Aircraft Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 1CT3 

Configuration3 

Peak Recorded Absolute Velocity, 
Fir^t Vorcex, ft/sec. 

Peak Recorded Absolute Velocity, 
Secc-.d Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) gee. 

Mean Descent Flaue, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

12 4 

390 267 448 291 

175 178 191 197 

150 152 152 144 

538 536 534 532 

L   L L L 

82 104 80 90 

5 6 7 

296 261 176 

163 179 168 

146 150 158 

530 528 526 

L L L 

114 93 118 

75  7i  85  65  93  78 

89  84  74  91  84  78 109 

83  93  50  74 100  61 

26  15  26  17 

47  78  64 

17 16 9 

58 64 39 

4.65 6.31 6.56 3.31 6.27 4.50 6.24 

- 2.02 1.26 2.30 1.53 1.23 2.74 

12,0 12.7 14.3 12.6 

7.3 6.7 5.8 

Crosswind Velocity Component, ft/sec. 3.5  6.4 10.9 8.4 

Median Circulation ft2/sec.        "809 5720 5690 5984 

1Aircraft C/L lateral offset, ft* from tower base 

determined when aircraft abreast of tower 
3T0 = Takeoff, HLDG ■ Holding, C = Cruise, L = Landing 

D-l 

12.9 11.* 1.1.0 

6.4 5.3 6.5 

9.3 11.0 9.5 

5880 5701 5392 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircraft Position1, ft. 

Aircraft Height /£L2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10"3 

Configuration3 

Peak Recorded Absolute Velocity, 110 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 76 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec. 

8 9 10 11 12 13 14 

235 140 207 208 136 441 438 

187 184 168 206 225 234 224 

155 145 145 135 140 138 142 

522 520 518 516 514 486 484 

L L L L L L L 

110 145 110 83 76 86 71 

85 

106 140 

63 77 

13 6 

53 42 

6.23 7.33 

2.34 2.55 

12.2 10.5 

5.9 5.2 

8.6 8.8 

5455 5809 

58 91 72 

94 110 101   105   105 

80 61 62 

12 13 16    48    35 

68 45 67 

6.17 7.38 7.75  2.69  3.40 

1.29 3.22 2.43 

10.8 10.1 3.7   7.6  10.3 

4.2 6.3 3.2 

8.7 10.5 5.6   5.7   8.0 

5786 6191 5947  5704  5521 

D-2 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircratt Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10" 3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec. 

15 16 17 18 19 20 21 

266 222 229 610 404 357 286 

189 178 187 338 321 334 397 

142 136 135 140 136 138 152 

482 480 478 460 458 456 454 

L L L L L L TO 

tv.  79 81 92 56 54 - 48 

66   91 96 84 

26   14 15 

4.73 6.21  6.07 

33 

7.18 

103 

99 

21 

35 

8.51 

7.3 10.4 10.1 - 9.9 ■•■ 10.0 

- - - - - 10.4 

3.c  7.2 6.3 12.1 16.3 - 8.8 

5498 5717 5735 5322 5455 - 4838 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircraft Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10~3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second \ortex» ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft-'jec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec. 

22 23 24 25 26 27 28 

237 279 439 382 205 272 305 

322 275 320 175 185 126 172 

150 190 192 330 160 154 160 

452 450 448 444 556 554 552 

TO HLDG HLDG C L L TO 

_ _ _ 35 91 77 165 

20.0 

4881 

139    32    78 68 139 

117 91 93 

112     -    70 79 49 

11 14 13 

32     -    27 34 28 

- 6.73 6.79 6.58 

- 6.50     -  4.42 2.97 4.39 

- 11,6 13.9 17.5 

- 16.1     -  10.4 10.3 13.6 

17.5  16.7  17.7  12.9 16.9 

3836  3779  2179  5629 5827 5588 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 29 30 31 32 33 34 35 

Aircraft Position1, ft. 200 248 268 185 223 162 276 

Aircraft Height AGL2» ft. 175 177 186 183 172 164 128 

Equivalent Airspeed, Knots 163 205 205 142 152 148 145 

Gross Weight, lb x i(T3 549 546 544 542 540 538 536 

Configuration^ TO HLDc; HLDG L L L L 

Peak Recorded Absolute. Velocity, 
First Vortex, ft/sec. 

159 221 178 84 96 96 S2 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

^60 194 201 82 81 88 70 

Vortex Height on Tower, 
First Vortex, ft. 

121 114 127 125 105 130 103 

Vortex Height on Tower, 
Second Vortex, ft. 

73 65 110 74 60 77 87 

Vortex Age (First) sec. 17 13 12 6 9 5 13 

Vortex Age (Second) sec. 26 25 23 16 17 17 28 

Mean Descent Rate, 
First Vortex, ft/sec. 

9.00 5.25 5.36 9.67 7.44 6.80 1,92 

Mean Descent Rate, 
Second Vortex, ft/sec. 

6.06 4.67 3.33 7.27 6.59 5.12 1.46 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

7.2 13.2 15.9 18.0 16.2 17.0 15.3 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

10.7 13.0 15.0 16.4 17.6 14.1 12.6 

Crosswind Velocity, 
Component, ft/sec. 

13.9 20.8 15.6 18.0 19.3 18.9 12.4 

Median Circulation ft^/sec. 5455 4314 4298 6182 5754 5888 5987 

D-5 
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FLIGHT TEST DAIA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircraft Positiovi1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10~3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec, 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft^/sec. 

36 37 38 39 40 41 42 

240 236 243 227 279 240 293 

176 179 184 194 183 206 144 

152 15* 150 152 145 145 165 

534 532 530 528 507 504 502 

L L L L L L TO 

80 86 53 _ 65 72 109 

78 

95 

95 

85 

102 

S'2 

72 

121 

74 

74    80 

119   142 

93 

97 

75    93    68 

11 10 8 - 11 8 14 

23 22 19 - 2<* 15 29 

7.36 7.70 7.88 - 5.82 9.14 3.36 

3.52 3.95 5.79 - 4.50 8.07 2.62 

14.8 15.9 20.8 - 18.4 20.4 15.4 

13.8 14.2 16.8 - 13.7 21.1 12.8 

14.5 14.5 14.7 15.0 24.5 13.4 

5690  5669  5723 5663  5630  4928 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircraft Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 1(T3 

Configuration-^ 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec* 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) «ec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec. 

43 44 45 46 47 48 49 

292 330 249 231 216 229 224 

158 160 161 143 153 147 169 

162 190 195 148 140 140 140 

500 498 496 494 492 490 487 

TO HLDG HLDG L L L L 

136 183 186 80 68 79 72 

129 

89 

73 

164 

109 

69 

172 

120 

82 

58 

77 

67 

11 11 10 8 

21 21 20 33 

6.90 5.10 4.10 8.25 

4.05 4.33 3.95 2.38 

19.5 23.0 17.2 19.3 

17.6 19.4 16.3 9.3 

20.5 23.5 21.2 15.4 

4999 4245 4120 5406 

46 

132 

2.10 

71 

90 

77 

78 

127 

S3 

7 6 

21 13 

8.14 7.00 

3.18  7.17 

15.4  21.7  24.5 

14.6  23.2 

19.0  16.3  13.9 

5692  5669  5634 

D-7 
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FLIGHT TfcST DATA - BOEING 747 WAKE TURBULENCE 

 •—nrnir: 

Run Number 

Aircraft Position1, ft. 

Aircraft Height AGL*, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10"*3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

50 51 

243 227 

143 145 

140 145 

484 482 

L L 

68 77 

92 60 

Vortex Height on Tower, 
First Vortex, ft. 

85 103 

Vortex Height on Tower, 
Second Vortex, ft. 

14 54 

Vortex Age (First) sec. 9 7 

Vortex Age (Second) sec. 16 16 

Mean Descent Rate, 
First Vortex, ft/sec. 

725 6.00 

Mean Descent Rate, 
Second Vortex, ft/sec. 

4.96 5.70 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

18.4 21.4 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

12.3 19.0 

Crosswind Velocity, 
Component, ft/sec. 

15.4 13.8 

Median Circulation ft2/sec. 5600 5364 

52    53 54 55 56 

271   198 171 171 185 

162   152 151 177 184 

330   220 210 200 160 

478   597 595 593 591 

C  HLDG HLDG HLDG L 

213 189 92 140 

192 210 267 86 

112 124 120 142 

82 69 94 100 

6 5 4 4 

16 14 12 12 

- 6.67 4.50 14.25 10.50 

- 4.38 4.56 6.91 6.46 

- 20.2 18.8 23.5 27.0 

- 17.2 17.7 20.7 21.8 

- 22.0 22.1 22.3 22.5 

- 4395 4589 4802 5983 

D-8 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Number 

Aircraft Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 10"3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, f t/sec. 

Median Circulation ft2/sec. 

57 58 59 60 61 62 63 

170 183 215 207 221 210 208 

170 184 166 158 154 103 121 

156 155 160 160 158 160 170 

589 587 585 581 578 575 569 

L L L L L TO TO 

- 103 87 102 145 140+ - 

- 1U3 89 102 100 140+ - 

- 142+ 103 120 102 90 - 

- 98 77 53 66 90 - 

- 5 7 8 6 7 - 

- 14 18 21 13 29 - 

- 10.50 7.88 5.43 8.66 1.30 - 

- 6.14 4.94 5.25 6.77 .42 - 

- 21.2 19.7 16.3 24.0 19.0 - 

- 18.6 16.2 13.5 22.9 9.9 - 

- 25.0 16.1 16.7 16.4 18.0 - 

116 6134 5922 5882 5925 5821 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

P.un Number 64 

Aircraft Position1, ft. 197 

Aircraft height AGL2, ft. 119 

Equivalent Airspeed, Knots 175 

Gross Weight, lb x 1(T3 566 

Configuration3 TO    C 

Peak Recorded Absolute Velocity,  104 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity,  73 
Second Vortex, ft/sec. 

Vortex Height on Tower, 94 
First Vortex, ft. 

Vortex Height on Tower, 71 
Second Vortex, ft. 

Vortex Age (First) sec. 6 

Vortex Age (Second) sec. 32 

Mean Descent Rate, 4.17 
First Vortex, ft/sec. 

Mean Descent Rate, 1.50 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 20.0 
First Vortex, ft/sec. 

Mean Lateral Velocity, 8.6 
Second Vortex, ft/sec. 

Cros8wind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec.     5239  2941 

65 66 67 68 

440 334 449 439 

172 220 259 213 

310 350 350 350 

563 532 530 528 

C HLDG HLDG HLDG 

137 

69 70 

404 428 

229 204 

150 155 

525 523 

L L 

80 85 

86   109    85 77 

132 133 139 

112    86 102 67 

15 14 19 

18    24 21 27 

5.4 7.38 3.42 

- 8.17  5.29 5.77 5.07 

-  24.1 23.4 18.5 

- 29.2  21.5 22.9 18.7 

20.9  22.5  18.0 11.8 24 

- 2452  2443 5669 5465 

D-10 
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FLIGHT TEST DATA - BOEING 747 WAKE TURBULENCE 

Run Nurber 

Aircraft Position1, ft. 

Aircraft Height AGL2, ft. 

Equivalent Airspeed, Knots 

Gross Weight, lb x 1(T3 

Configuration3 

Peak Recorded Absolute Velocity, 
First Vortex, ft/sec. 

Peak Recorded Absolute Velocity, 
Second Vortex, ft/sec. 

Vortex Height on Tower, 
First Vortex, ft. 

Vortex Height on Tower, 
Second Vortex, ft. 

Vortex Age (First) sec. 

Vortex Age (Second) sec. 

Mean Descent Rate, 
First Vortex, ft/sec. 

Mean Descent Rate, 
Second Vortex, ft/sec. 

Mean Lateral Velocity, 
First Vortex, ft/sec. 

Mean Lateral Velocity, 
Second Vortex, ft/sec. 

Crosswind Velocity, 
Component, ft/sec. 

Median Circulation ft2/sec. 

71 72 73 74 75 76 

416 482 440 402 394 354 

216 206 238 216 224 136 

145 155 150 150 205 300 

521 519 517 513 510 507 

L L L L HLDG C 

69 84 - 96 126 78 

103 106 - 78 - 72 

142+ 82 - 142+ - 106 

85 64 - 107 - 68 

17 17 - 12 - 9 

28 24 - 19 - 15 

4.30 6.89 ~ 6.73 - 3.33 

4.68 6.17 - 5.74 - 4.54 

19.9 23.8 - 2', .0 - 35.4 

17.6 23.3 - 25.2 - 31.4 

10.7 13,3 - 21.6 - 43.5 

5820 5423 5583 5539 _ 2737 

D-ll 
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APPENDIX E 

VORTEX LATFRAL TRANSPORT VELOCITY vs.  X-WIND COMPONENT 
PEAK RECORDED VELOCITY vs.  ALTITUDE AT TOWER 
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5 10 15 20 
CROSSWIND VELOCITY COMPONENT - FEET PER SECOND 
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FIGURE E-4.  VORTEX LATERAL TRANSPORT VELOCITY VS. CROSSWIND VELOCITY COMPONENT. 
LANDING CONFIGURATION - DOWNWIND VORTICES 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Level ft  Temp °C 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

20.5 
20.6 
20.6 
20.6 
20.7 

21.5 
21.4 
2105 
21,5 
21.5 

21.1 
21.2 
21.3 
21.4 
21,4 

18.1 
18.1 
18.2 
18.2 
18.1 

18.8 
18.9 
18.9 
19.0 
18.9 

Runs 1-5 
Vel. ft/s 

14.7 
14.8 
15.7 
15.5 
16.6 

14.6 
17.1 
17.0 
18.3 
18.8 

17.5 
20.0 
18.7 
20,8 
20.3 

13.1 
13.8 
12.8 
14.5 
13.1 

14.8 
15.8 
14.6 
16.0 
13.5 

Dlrec. °Mag.  Temp. °C 

256 
256 
263 
236 
273 

257 
258 
264 
245 
285 

260 
262 
266 
240 
273 

254 
260 
266 
240 
270 

259 
262 
265 
233 
269 

20.8 
20.7 
20.8 
20.7 
20.6 

20.9 
20.9 
21.0 
20.9 
20.9 

21.0 
20.8 
20.8 
20.9 
20.8 

20.3 
20.1 
20.1 
20.1 
20.0 

22.2 
22.0 
22.0 
22.0 
21.9 

Runs 6-10 
Vel. ft/s  Dlrec. °Mag. 

15.5 
17.5 
17.5 
19.5 
18.8 

17.6 
19.5 
18.2 
20.6 
18.9 

13.6 
14.1 
12.9 
14.0 
15.8 

12.3 
12.7 
12.3 
13.5 
15.9 

17.0 
17.8 
16.0 
18.9 
15.5 

257 
266 
274 
247 
274 

274 
279 
283 
255 
280 

262 
261 
264 
241 
277 

254 
263 
267 
241 
277 

256 
261 
267 
239 
276 

Note: Runs 1-15 made between 0854 and 1044, 9-16-72. 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALtlTUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, and OCTOBER 17, 1972 

Runs 11-15 
Level ft  Temp °C  Vel.ft/s  Dlrec. °MaR.  Temp C 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

23 
45 
70 

100 
140 

21.9 
21.7 
21.8 
21.7 
21.6 

19.2 
19.0 
19.2 
19.1 
19.0 

26.8 
23.3 
23.4 
23.4 
23,2 

22.2 
21.8 
21.9 
21.8 
21.7 

25.4 
23.5 
23.5 
23.5 
23.4 

16.7 
18.3 
16.2 
17.9 
16.9 

13.5 
13.5 
11.0 
13.8 
10.7 

12.5 
13.3 
12.9 
13.9 
16.3 

13.6 
13.9 
12.4 
14.2 
12.0 

13.1 
13,6 
12.7 
13.4 
16.4 

239 
250 
257 
232 
274 

239 
241 
252 
226 
278 

282 
288 
289 
257 
290 

253 
256 

270 

284 
292 

298 

26.7 
22.5 
22.6 
22.5 
22.4 

24.3 
23.1 
23.1 
23.1 
23.0 

24.0 
22.9 
22.9 
22.7 
22.6 

29.1 
25.2 
25.1 
25.1 
25.0 

26.1 
23.6 
23.5 
23.5 
23.3 

Runs 16-20 
Vel. ft/s  Direc. 

14.9 
17.0 
15.4 
17.2 
19.2 

15.8 
16.3 
13.3 
15.6 
17.7 

12.3 
12.3 
9.4 
12.8 
12.6 

11.0 
11.9 
12.2 
13.3 
16.9 

10.8 
10.8 
10.6 
12.0 
12.6 

276 
276 
278 
256 
288 

262 
270 
275 
253 
291 

277 
279 
283 
261 
299 

294 
312 
302 
275 
301 

263 
273 
279 
241 
275 

Note: Runs 1-15 made between 0854 and 1044, 9-16-72. 
Runs 16 - 25 made between 1047 and 1205, 9-16-72. 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Runs 21- •25 Runs 26-3 10 
Level ft Temp °C Vel. ft/s Direc. °Mag. Temp. °C Vel. ft/s Direc. °Maft. 

23 _ _ _ 23.0 11.7 235 
45 - - - 22,2 13.2 238 
70 - - - 22.9 12.8 242 

100 - - - 22,7 13.8 210 
140 - (13.2) (270) 22.6 15.5 244 

23 29.0 19.0 286 22.6 14.5 217 
45 25.5 20.0 289 22.4 15.4 224 
70 25.5 17.3 298 23.0 14.7 230 

100 25.4 19.4 274 22.8 16.5 207 
140 25.3 20.2 306 22.7 17.9 234 

23 29.2 12.6 286 - - - 

45 2*.l 15.2 290 - - - 

70 26.1 15.3 298 - - - 

100 26.0 16.1 271 - - - 

140 25.9 17.7 304 - (7.3) (240) 

23 25.0 14.4 263 23.2 13.7 232 
45 24.6 14.3 276 22.5 14.2 239 
70 24.7 13.7 280 23.2 14.2 247 

100 24.5 15.6 259 23.1 15.6 216 
140 24.4 17.3 295 23.0 16.1 250 

23 26.1 15.1 '  273 23.6 16.4 216 
45 23.2 16.7 276 22.7 18.8 220 
70 23.2 14.7 285 23.4 17.8 227 

100 23.0 16.9 255 23.3 20.4 198 
140 22.9 19.2 293 23.3 21.7 234 

Note: Runs 16 - 25 made between 1047 and 1205, 9-16-72. 
Runs 26 - 30 made between 0956 and 1011, 9-17-72. 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16,  17,  and OCTOBER 17,  1972 

Runs 31- •35 Runs 36- •40 
Level ft Temp °C Vei. ft/s Direc. °Maa. Temp. °C Vel. ft/s Direc. °MaK. 

23 24.8 14.3 222 - - — 

45 23.0 15.7 230 - - - 

70 23.6 16.2 238 - - - 

100 23.5 16.7 211 - - - 

140 23.4 18.2 251 - (14.7) (230) 

23 24.2 18.2 228 _ - _ 

45 23.1 19.8 234 - - - 

70 23.7 19.9 241 - - - 

100 23.7 22.2 212 - - - 
140 23.5 20.9 251 - (14.7) (230) 

23 24.4 15.1 218 _ - _ 

45 23.4 16.6 228 - - - 

70 23.9 17.4 236 - - - 

100 23.8 18.7 207 - - - 

140 23.7 21.3 243 - (14.7) (220) 

23 24.7 15.9 217 — _ — 

45 23.7 17.8 225 - - - 

70 24.2 16.4 232 - - - 

100 24.1 19.4 204 - - - 

140 23.9 19.8 23/ - (16.1) (230) 

23 _ _ _ 28.4 13.8 239 
45 - - - 27.3 14.5 246 
70 ~ - - 27.0 16.5 254 

100 - - - 27.0 17.0 224 
140 - (13.2) (240) 26.7 19.2 259 

Note: Runs 31 - 45 made between 1015 and 1200, 9-17-72. 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Runs 41- -45 Runs 46- -50 
Level ft Temp °C Vel. ft/s Direc. °Mag. Temp. °C Vel. ft/s Direc. °Mag. 

23 33,6 17.7 211 30.0 18.1 229 
45 27.6 19.3 218 28.1 18.7 239 
70 26.9 21.5 229 27.7 18.2 248 

100 26.8 23.0 200 27.5 19.8 221 
140 26.7 25.5 236 27.4 19.5 258 

23 31.1 16.0 245 32.7 19.7 230 
45 27.8 16.8 252 28.4 20.9 237 
70 27.1 16.9 258 27.9 21.6 243 

100 27.0 18.5 228 27.7 24.0 213 
140 26.9 17.9 262 27.6 22.9 254 

23 28.6 15.7 212 29.3 18.1 234 
45 27.9 16.7 221 28.5 19.3 242 
70 27.2 16.9 228 27.7 21.1 247 

100 27.1 18.4 218 27.6 21.8 219 
140 26.9 21.8 240 27.6 21.3 260 

23 29.1 20.0 222 29.4 17.0 237 
45 27.9 21.3 229 28.7 18.2 244 
70 27.2 21.8 237 27.7 19.0 253 

100 27.9 23.6 208 27.6 20.3 225 
140 27.0 26.0 243 27.5 19.0 263 

23 28.8 17.7 222 29.5 20.4 241 
45 28.0 18.4 226 28.7 20.9 245 
70 27.5 18.7 234 27.9 21.5 250 

100 27.4 20.1 213 27.8 23.6 219 
140 27.2 22.6 240 28.7 20.3 261 

Note: Runs 31 - 45 made between 1015 and 1200, 9-17-72. 
Runs 46 - 52 made between 1204 and 1229, 9-17-72. 
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23 
45 - 
70 - 

100 - 
140 - 

23 _ 

45 - 
70 - 

100 - 

140 - 

23 16.4 
45 - 
70 16.2 

100 16.1 
140 16.0 

23 16.8 
45 16.2 
70 16.3 

100 16.2 
140 16.1 

23 16.8 
45 16.3 
70 16.4 

100 16.3 
140 16.2 

BOEIN9 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Runs 51-55 
Vel. ft/s  Dlrec. °Mag. 

(14.7) 

(14.7) 

16.C 

18.3 
19.7 
23.1 

16.1 
17.6 
18.2 
19.5 
23.1 

16.2 
17.9 
18.5 
19.8 
23.4 

(240) 

(220) 

230 

241 
220 
239 

230 
236 
242 
221 
239 

232 
237 
243 
223 
240 

17.8 
17.5 
17.4 
17.4 
17.2 

18.1 
17,6 
17.5 
17.5 
17.3 

Runs 56-60 

17.1 16.5 233 
16.3 18.4 237 
16.4 19.0 243 
16.3 20.3 224 
16.1 23.7 240 

17.5 19c3 232 
16.2 21.1 239 
16.4 21.2 242 
16.4 22.2 218 
16.1 25.5 241 

(25.0) 

20.1 
21.6 
22.3 
23.6 
25.1 

21.4 
22.9 
23.6 
24.8 
26.9 

(220) 

259 
268 
270 
241 
268 

262 
269 
272 
244 
270 

Note: Runs 46 - 52 made between 1204 and 1229, 9-17-72. 
Runs 53 - 60 made between 0828 and 0901, 10-17-72. 
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BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALfITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Runs 61- •65 
Level ft Temp °C Vel. ft/s Dlrec. °Mag. 

23 18.2 21.3 264 
45 17.6 22.7 272 
70 17.8 23.2 272 

100 17.9 24.0 247 
140 17.7 27.2 273 

23 - - - 

45 - - - 

70 - - - 
100 - - - 

140 - (22.0) (255) 

23 — - - 

45 - - - 

70 - - - 

100 - - - 
140 - (37.0) (250) 

23 -. - - 

45 - - - 
70 - - - 

100 - - - 

140 - (29.0) (250) 

23 — - - 

45 - - - 
70 - - - 

100 - - - 
140 ~ (22.0) (250) 

Temp. 
Runs 66-70 

Vel. ft/s  Direc. °Mag. 

(23.0) (260) 

(29.0) (270) 

(23.0) (270) 

(29.0) (270) 

(32.0) (270) 

Note: Runs 61 - 76 made between 0906 and 1124, 10-17-72. 

( ) - Indicates "spot" readings taken on backup instrumentation at time 
of passage of airplane by the tower. Height was 140 ft A.G.L. 

- Indicates primary data missing or erroneous. 

F-7 

ÜfeüititQiifcüÄ .Äi*-*^.. i. 



Level ft  Temp *C 

BOEING 747 VORTEX FLIGHT TESTS 
LOW-ALTITUDE METEOROLOGICAL DATA 

SEPTEMBER 16, 17, AND OCTOBER 17, 1972 

Runs 71-76 
Vel. ft/s  Dlrec. °Mag. 

23 
45 
70 

100 
140 (14.7) (270) 

23 
45 
70 

100 
140 (19.0) (270) 

23 
45 
70 

100 
140 (37.0) (270) 

23 
45 
70 

100 
140 (26.0) (280) 

23 
45 
70 

100 
140 (26.0) (270) 

23 
45 
70 

100 
140 (26.0) (270) 

Note: Runs 61 - 76 made between 0906 and 1124, 10-17-72. 
( ) - Indicates "spot" readings taken on backup instrumentation at time 

of passage of airplane by the tower. Height was 140 ft A.G.L. 

- Indicates primary data missing or erroneous. 
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APPENDIX G 

WINDSPEED AND DIRECTION AT 140 FEET, 
AIRPLANE TRACK, DATE, AND TIME OF RUNS 

& 
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Windspeed at Wind Direction Airplane Track 
Run No. 140 ft - ft/s 

16.6 

at 1.40 ft - °Mag. 

273 

°Ma*. Date 

9-16-72 

Time 

1 105 0853 
2 18.8 285 125 9-16-72 0857 
3 20.3 273 125 9-16-72 0902 
4 13.1 270 130 9-16-72 0906 
5 13.5 269 132 9-16-72 0910 
6 18.8 274 130 9-16-72 0914 
7 18.9 280 130 9-16-72 0918 
8 15.8 277 130 9-16-72 0922 
9 15.9 277 130 9-16-72 0926 

10 15.5 276 130 9-16-72 0931 
11 16.9 274 132 9-16-72 0935 
12 10.7 278 130 9-16-72 0939 
13 16.3 290 130 9-16-72 1034 
14 12.0 270 132 9-16-72 1039 
15 16.4 298 130 9-16-72 1043 
16 19.2 288 130 9-16-72 1048 
17 17.7 291 132 9-16-72 1053 
18 12.6 299 225 9-16-72 1130 
19 16.9 301 226 9-16-72 1136 
20 12.6 275 230 9-16-72 1141 
21 (13.2) (270) 228 9-16-72 1146 
22 20.2 306 225 9-16-72 1151 
23 17.7 304 222 9-16-72 1200 
25 19.2 293 360 9-16-72 1205 
26 15.5 244 120 9-17-72 0957 
27 17.9 234 125 9-17-72 1000 
28 (7.3) (240) 125 9-17-72 1004 
29 16.1 250 130 9-17-72 1008 
30 21.7 233 128 9-17-72 1012 
31 18.2 251 130 9-17-72 1016 
32 20.9 251 130 9-17-72 1020 
33 21.3 243 128 9-17-72 1024 
34 19.8 237 130 9-17-72 1028 
35 (13.2) (240) 130 9-17-72 1032 
36 (14.7) (230) 130 9-17-72 1035 
37 (14.7) (230) 130 9-17-72 1039 
38 (14.7) (220) 130 9-17-72 1043 
39 (16.1) (230) 130 9-17-72 10/7 
40 19.2 259 130 9-17-72 1138 
41 25.5 236 130 9-17 72 1142 
42 17.9 262 130 9-17-72 1146 
43 21.8 240 130 9-17-72 1150 
44 26.0 245 130 9-17-72 1156 
45 22.6 240 130 9-17-72 1200 
46 19.5 258 130 9-17-72 1205 
47 22.9 254 130 9-17-72 1209 
48 21.3 260 130 9-17-72 1213 
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Run No, 

49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 

Windspeed at 
14Q ft - ft/8 

19.0 
20.3 
(14.7) 
(14.7) 
23,1 
23.1 
23.4 
23.7 
25.5 
(25.0) 
25.1 
26.9 
27.2 
(22.0) 
(37.0) 
(29.0) 
(22.0) 
(23.0) 
(29.0) 
(23.0) 
(29.0) 
(32.0) 
(14.7) 
(19.0) 
(37.0) 
(26.0) 
(26.0) 

Wind Direction 
at 140 ft - °Mag. 

263 
261 
(240) 
(220) 
239 
239 
240 
240 
241 
(220) 
268 
270 
273 
(255) 
(250) 
(250) 
(250) 
(260) 
(270) 
(270) 
(270) 
(270) 
(270) 
(270) 
(270) 
(280) 
(270) 

Airplane Track 

„  °Mafi.  

130 
130 
130 
310 
132 
132 
132 
132 
130 
130 
128 
128 
130 
130 
125 
128 
305 
220 
220 
220 
222 
222 
223 
226 
230 
225 
225 
352 

Date 

9-17-72 
9-17-72 
9-17-/2 
9-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 
10-17-72 

Time 

1217 
1221 
1225 
1229 
0828 
0832 
0836 
0841 
0846 
0851 
0856 
0901 
0906 
0912 
0922 
0926 
0931 
1034 
1038 
1041 
1050 
1055 
1059 
1104 
1108 
1114 
1119 
1124 

Note:  ( ) - Indicates "spot" readings taken on backup instrumentation at time 
of passage of airplane by the tower. Height was 140 ft AGL. 
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