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The flight-test techniques developed for use in the study of wake turbu- 

lence and used recently in flight studies of wake minimization methods are 

discussed. 
tively assessing minimization methods and is required in flight-test proce- 

dures for making quantitative measurements. The quantitative techniques are 

the measurement of the upset dynamics of an aircraft encountering the wake and 

the measurement of the wake velocity profiles. Descriptions of the instrumen- 
tation and. the data reduction and correlation methods are given. 

Flow visualization has been developed as a technique for qualita- 

INTRODUCTION 

Flight tests have played an important role in the coordinated research 

The contribution of program to develop vortex-wake alleviation techniques. 

flight testing to this program lies in three important areas: 

the more flexible and less expensive to operate, ground-based research facili- 

ties are suitable for the development of vortex alleviation devices and tech- 

niques; to identify, under full-scale conditions, shortcomings of any 

alleviation technique that might not have been evident in the small-scale test 
environment; and to assess the operational feasibility of the developed tech- 

niques. The operational feasibility phase has two facets. The first is the 

influence of the alleviation device on the operation of the generating air- 

craft, but this subject is outside the scope of this paper. The second facet 
is to demonstrate the level of alleviation attained in the oDerationa1 

situation. 

to verify that 

Recent flight experience has emphasized the importance of flight tests in 

complementing and focusing the research efforts in the ground-based facilities. 

A s  a result of wind-tunnel studies at Ames and Langley Research Centers, it 
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was discovered that raising the outboard flap segment in the landing configura- 

tion of a Boeing 747 markedly reduces the roliing moments induced on a follow- 

ing model (ref. 1). Flight tests confirm that the vortex-induced upset can be 

reduced substantially through this flap modification. However, the flight- 
test results show that the alleviation is greatly diminished when the landing 

gear is extended (ref. 2). This effect of gear was unexpected and hence had 
been overlooked in the wind tunnels. The flight test, therefore, had two 

important effects - confirming that the wind-tunnel test results were meaning- 
ful and focusing future research on configurations -that provide alleviation in 

the presence of a lowered landing gear. 
Three flight-test techniques for wake turbulence research have evolved. 

The development of these techniques was initiated before the wake-vortex 

alleviation program so that the hazards associated with the vortex systems 

could be documented from a number of jet aircraft. 

flow visualization, upset measurements of encountering aircraft, and velocity 

profile measurements. 

The three techniques are 

Flow visualization is useful in comparisons of various alleviation con- 
However, the primary value of flow visualization is to make it figurations. 

feasible for the pilot of a probe aircraft to locate the vortex and to pene- 
trate its core so that the other two techniques can be applied. 

the first flow visualization simply relied on the entrainment of the jet 

exhaust in the vortices. 

tightly rolled-up vortex systems generated by transport aircraft in the cruise 

configuration and, for some aircraft, in the landing configuration. However, 

for most aircraft in the landing configuration, with or without alleviation, 
specially developed flow visualization techniques must be used. As might be 

expected, the more effective an alleviation technique is in eliminating or 
spreading the organized flow within the wake, the more difficult it becomes to 

mark the wake effectively. 

Historically, 

This system was marginally successful for the 

Techniques for evaluating the hazard due to a wake vortex by measuring 

the upset of a penetrating aircraft were well developed before the alleviation 

program was initiated. 
large jet aircraft (such as the C-5A), with a number of smaller aircraft rang- 

ing in size from a Convair CV-990 to a Cessna 210 (refs, 3- 6 ) .  Response 

Early efforts included measurements of the wakes of 
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measurements were used i n  t h e  e a r l i e s t  f l i g h t - t e s t  program t o ' a s s e s s  the  

e f f e c t  of an a l l e v i a t i o n  device.  

This experiment was conducted a t  Ames  i n  1970 using a s p o i l e r  on the  

wingtip of t h e  CV-990 ( r e f .  7) .  This  device had been developed i n  the  wind 

tunnel  on t h e  b a s i s  of t u f t- g r i d  s tud ies .  I n  f l i g h t ,  the e f f e c t  of t h e  

s p o i l e r  w a s  determined by mounting i t  on one wingt ip  while  leaving  t h e  o the r  

t i p  clean. The Ames  Learjet w a s  used t o  probe t h e  wake from one wingt ip  and 

then the  wake from t h e  o ther .  The p i l o t s  could no t  d i sce rn  any e f f e c t  of t h i s  

device. 

e f f e c t .  

ers a t  Ames t h a t  more d e f i n i t i v e  f l i g h t - t e s t  techniques were needed t o  e f fec-  

t i v e l y  eva lua te  the  a l l e v i a t i o n  techniques.  

However, d a t a  reduct ion  d i d  i n d i c a t e  t h a t  t h e r e  was some a l l e v i a t i o n  

TIie p r i n c i p a l  r e s u l t  of t h i s  f l i g h t  program was t o  convince research-  

The d e s i r e  f o r  a more d e f i n i t i v e  technique l e d  t o  the  development of 

methods f o r  measuring v e l o c i t y  p r o f i l e s .  

f l i g h t  e a r l i e r  a t  Langley using angle  of a t t a c k  and s i d e s l i p  vanes (see r e f ,  

8). However, i t  was f e l t  necessary t o  develop instruments  with h igher  f r e-  

quency response c h a r a c t e r i s t i c s  than vanes. There a r e  seve ra l  advantages t o  

measuring t h e  v e l o c i t y  p r o f i l e  i n  the  wake. 

i n s i g h t  i n t o  t h e  processes  a c t u a l l y  occurr ing i n  t h e  flow f i e l d  leading t o  vor- 

tex  d i s s i p a t i o n .  Second, unl ike  response measurements t h a t  cannot be extrapo-  

l a t e d  t o  o the r  s i z e s  of a i r c r a f t ,  a v e l o c i t y  p r o f i l e  can be used t o  es t imate  

the  r o l l i n g  moment imposed on any a i r c r a f t ,  F i n a l l y ,  these measurements, 

along wi th  simultaneous measurements of a i r c r a f t  response, can be used t o  

v e r i f y  response c a l c u l a t i o n  and t o  develop improved methods of making these  

ca l cu la t ions .  

Such measurement had been made i n  

F i r s t ,  i t  may provide more 

I n  the  following s e c t i o n s ,  t h e  cu r ren t  s t a t e  of development of each 

f l i g h t - t e s t  technique i s  discussed i n  g r e a t e r  d e t a i l .  

FLIGHT-TEST TECHNIQUES 

Flow Visua l i za t ion  

Flow v i s u a l i z a t i o n  has been a primary concern throughout the  development 

of wake turbulence f l i g h t - t e s t  techniques.  

observing t h e  mechanisms of vo r t ex  decay, it is a l s o  a necessary element i n  
Not only i s  i t  a u s e f u l  t o o l  f o r  
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any of t h e  probe a i r c r a f t  work. 

p i l o t  of t h e  probe a i r c r a f t  t o  i nc rease  t h e  p r o b a b i l i t y  t h a t  t h e  wake encoun- 

ters provide t h e  maximum informat ion poss ib le .  

t h e  v i s u a l i z a t i o n ,  an extremely l a r g e  number of passes  through t h e  es t imated 

l o c a t i o n  of t h e  wake would be  requi red  t o  provide a s i g n i f i c a n t  number of 

The v i s u a l i z a t i o n  provides  a t a r g e t  f o r  t h e  

Without t h e  t a r g e t  provided by 

encounters.  

of t he  wake had been measured. 

flow v i s u a l i z a t i o n  t h a t  de f ines  t he  wake w e l l  enough a t  s epa ra t ion  d i s t ances  

of 2 t o  10 n a u t i c a l  miles t o  enable  a l a r g e  percentage of t he  probe a i r c r a f t  

encounters t o  pene t r a t e  t h e  core  region of t he  vortex.  

Even then, t h e r e  would be no assurance t h a t  t he  s t r o n g e s t  po r t i on  

I n  f a c t ,  i t  has  proven d i f f i c u l t  t o  develop 

The v i s u a l i z a t i o n  used f o r  most of t h e  vo r t ex  a l l e v i a t i o n  f l i g h t  tests 

has  been provided by ''smoke generators"  b u i l t  f o r  NASA by Frank Sanders A i r -  

c r a f t  Co. (Long Beach, Ca l i f . ) .  Figure  1 shows one of these  devices  - an  a lu-  

minum cy l inde r  approximately 25 c m  (10 in.)  i n  diameter and 1.4 m (4.5 f t )  long 

wi th  a 0.7-m (2.2-ft) t a i l p i p e .  

a c t u a l l y  small d rop le t s  of mineral  o i l  c rea ted  when o i l  vapor expel led by t h e  

smoke generator  i s  condensed by the  coo le r  ambient a i r .  

wi th in  t h e  cy l inder  genera tes  t he  hea t  used t o  vaporize  the  mineral  o i l .  

The "smoke" generated by t h i s  device i s  

A combustor contained 

The 

o i l  i s  sprayed i n t o  t h e  exhaust  of t h e  combustor i n  t h e  t a i l p i p e  extending 

behind t h e  cyl inder .  

t a ined  i n  tanks l oca t ed  wi th in  t h e  cy l inder .  

The f u e l  f o r  t he  combustor and t h e  mineral  o i l  are con- 

The self- contained tankage pro- 

v ides  f o r  20 min of opera t ion  with  ambient a i r  being used t o  support  t h e  com- 

bust ion.  

t h e  opera t ion  of t h e  combustor on ambient air  is marginal. 

modified r e c e n t l y  t o  a l low engine bleed a i r  t o  be used i n  t h e  combustor. This 

change g r e a t l y  improved t h e  "smoke" production,  bu t  t h e  opera t ing  t i m e  i s  

A t  t h e  approach speeds used f o r  much of t he  wake turbulence t e s t i n g ,  

The device w a s  

reduced t o  10 min. 

I n  a t y p i c a l  i n s t a l l a t i o n  on a research  a i r c r a f t ,  one o r  more smoke gen- 

e r a t o r s  i s  mounted under t h e  wing a t  each spanwise l oca t ion  where a d i s c r e t e  

vor tex  i s  expected t o  form ( f i g .  2). 

wingt ip ,  edges of t h e  f l a p  segments, and the  wing/fuselage junc t ion .  The two 

most recent  i n s t a l l a t i o n s  have both been on a B-747 used f o r  t h e  wake a l l e v i a-  

t i o n  program a t  F l i g h t  Research Center (Edwards A i r  Force Base, Ca l i f . ) .  I n  

t h e  f i r s t  of t h e  two i n s t a l l a t i o n s  ( f i g .  2 ) ,  a s i n g l e  smoke generator  was  

These loca t ions  t y p i c a l l y  inc lude  t h e  
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mounted at the tip, one at the outboard edge of the outboard flap segment and 
one at the outboard edge of the inboard flap segment of each wing. 

visualization provided by this installation was often marginal and improve- 

ments were made to the system before the next series of tests on that aircraft. 

Those improvements included doubling the number of smoke generators at each of 

the previous six locations and adding two at the inboard edge of each inboard 

flap. 
ducted to their inlets to further improve their performance. 

tion has produced excellent results. 
duced by this arrangement is demonstrated in figure 3. 

The flow 

Each of these 16 smoke generators had bleed air from the jet engines 
This installa- 

An example of the flow visualization pro- 

A second type of flow visualization has been used which also performed 
adequately for either flow-field observation or for marking the wake to facili- 

tate probing. The wake in this case was marked with an inert powder blown into 

the airstream at any location of interest. The inert powder used is finely 

ground diatomaceous earth. 

The powder is contained in tanks located in the aircraft fuselage with tubing 

extending along or inside the wing to the desired location. 

Figure 4 is a diagram of a typical installation. 

When visualiza- 

tion is desired, the tanks are pressurized using bottled gas that expels the 

powder out the tubes. This system is easy to install and is aerodynamically 

clean, but the visualization period is relatively short. 

and, for the size of tanks and delivery lines used, it is expelled in about 90 

see. 
additional visualization can be accomplished. This type of flow visualization 

was used on a DC-3 and a DC-10 in programs at Flight Research Center (ref. 5) 
and on the Augmentor Wing Jet STOL Research Aircraft at Ames (ref. 9). Figure 

5 shows the installation of an inert powder system on a DC-10 and figure 6 

shows the visualization of the wake of a DC-3 using a similar system. 

The powder is bulky 

The tanks must then be refilled (which can be done in flight) before 

Flight Measurements 

Flight tests to determine the relative strengths of vortex systems have 

been made by penetrating the wake to measure either the upset imparted to a 

probe aircraft or the flow velocities within the wake. 

either technique requires flow visualization. In addition, both techniques 

require that the distance between the probe and wake-generating aircraft be 

As noted previously, 
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known, and t h a t  l i m i t s  be placed on t h i s  d i s t ance  t o  ensure  t h a t  s t r u c t u r a l  

l i m i t  loads  are no t  exceeded. 

Three d i f f e r e n t  methods have been used i n  wake turbulence f l i g h t  programs 

conducted by NASA t o  measure the  d i s t ance  between t h e  probe a i r c r a f t  and t h e  

a i r c r a f t  t h a t  generated t h e  wake. 

ground radars .  

as a func t ion  of t i m e ,  t h e  d i s t ance  between t h e  two a i r c r a f t  can be determined. 

This technique has been used i n  NASA programs a t  Edwards and Vandenberg A i r  

Force Bases. The informat ion i s  communicated t o  t he  probe a i r c r a f t  p i l o t  t o  

a i d  him i n  c o n t r o l l i n g  t h e  experiment. The second technique used when radar  

f a c i l i t i e s  were not  a v a i l a b l e  i s  t o  conduct t he  f l i g h t  t e s t  whi le  f l y i n g  a 

r a d i a l  toward (or away from) a d i s t a n t  Distance Measuring Equipment (DME) 

ground s t a t i o n .  The probe a i r c r a f t  p i l o t  c a l l s  out  h i s  d i s t ance  t o  t h a t  sta- 

t i o n  as he encounters t h e  wake. A t  t h a t  t i m e ,  t h e  p i l o t  of t h e  wake- 

generat ing a i r c r a f t  calls  out h i s  d i s t ance  t o  t he  s t a t i o n  and t h e  d i f f e r ence  

i n  t h e  two i s  the  s epa ra t ion  between t h e  a i r c r a f t .  Both of t hese  techniques 

are inconvenient i n  t h a t  ex tens ive  ground f a c i l i t i e s  a r e  requi red  o r  a communi- 

ca t ion  l i n k  i s  requi red  t h a t  can, a t  t i m e s ,  be confusing. 

The f i r s t  technique r equ i r e s  t he  use of two 

By t rack ing  each a i r c r a f t  t o  e s t a b l i s h  i t s  p o s i t i o n  i n  space 

To overcome these  d i f f i c u l t i e s ,  a t h i r d  system was developed: a p a i r  of 

a i rborne  DME's  w a s  modified (by Sierra Research Corp., Buffalo,  New York) s o  

t h a t  one of t he  p a i r  performed as a beacon and t h e  o the r  as an i n t e r r o g a t o r  of 

t h a t  beacon. 

i s  mounted i n  t he  probe a i r c r a f t .  

r a t i o n  d i s t ance  is obtained completely independent of ground f a c i l i t i e s .  

system has been used i n  a l l  of t h e  r ecen t  wake turbulence programs. 

The beacon i s  mounted i n  the  lead  a i r c r a f t  and the  i n t e r r o g a t o r  

A d i r e c t  and continuous measurement of sepa- 

This  

Concern f o r  t h e  s t r u c t u r e  of t he  probe a i r c r a f t  makes i t  necessary t o  

p lace  l i m i t s  on t h e  probing technique,  e s p e c i a l l y  as separa t ion  d i s t ances  are 

reduced. 

probe a i r c r a f t .  The f i r s t  method i s  t o  l i m i t  t h e  a i r speed  of t h e  probe air- 

c r a f t  t o  a va lue  t h a t  w i l l  prevent  t h e  loads on any aerodynamic su r f ace  from 

reaching t h e i r  l i m i t s .  

s t a l l e d  a t  1 . 3  t i m e s  t he  maximum l i f t  c o e f f i c i e n t  f o r  t h a t  su r f ace  t o  a l low f o r  

the  "dynamic s tal l"  e f f e c t .  

then allows a maximum al lowable  a i r speed  t o  be computed. 

Three methods have been used t o  assure t h e  s a f e  opera t ion  of t he  

For t h i s  ca l cu l a t ion ,  each sur face  i s  assumed t o  be 

Knowing t h e  l i m i t  load c a p a b i l i t y  of t h a t  su r f ace  

This  procedure i s  

3 
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followed f o r  each su r f ace  and t h e  lowest a i r speed  i s  used as t h e  opera t iona l  

l i m i t .  It i s  then assured t h a t  any aerodynamic s i t u a t i o n  encountered w i l l  no t  

cause s t r u c t u r a l  damage. Th i s  method has  been used a t  Ames Research Center t o  

assure  t h e  s a f e  opera t ion  of their  Learjet probe a i r c r a f t  i n  wake turbulence 

tes t i n g  

The second method f o r  assur ing  s a f e  operat ion i s  t o  monitor t h e  loads  i n  

t h e  c r i t i c a l  l oca t i ons  of the probe a i rc raf t  s t r u c t u r e  and telemeter t h a t  

information t o  t h e  ground. 

enough. encounters are obta ined t o  ensure  that  the maximum loads  pos s ib l e  a t  

A t  each separa t ion  d i s t ance  where probing i s  done, 

t h a t  l oca t i on  have been imposed on t h e  probe a i r c r a f t .  

are less than a predetermined percentage of t he  y i e l d  loads ,  then t h e  separa-  

t i o n  d i s t ance  can be reduced. Once t h e  measured loads  exceed t h a t  predeter-  

mined percentage of t h e  y i e l d  load,  no probing i s  performed a t  a c l o s e r  sepa- 

r a t i o n  d i s tance .  This  technique has  been used a t  F l i g h t  Research Center wi th  

t h e i r  T-37 probe a i r c r a f t .  

I f  these  maximum loads  

The t h i r d  technique used t o  e s t a b l i s h  a lower l i m i t  on t h e  separa t ion  

d i s t ance  f o r  probe encounters i s  t h e  sub j ec t i ve  opinion of t h e  p i l o t  of t h e  

probe a i r c r a f t .  I f ,  a t  any t i m e ,  t h e  p i l o t  f e e l s  t h a t  continued probing a t  

c lo se r  separa t ion  d i s t ances  o r  a t  t h a t  s a m e  separa t ion  d i s t ance  cannot be done 

s a f e ly ,  t h a t  series of encounters i s  stopped. 

Upset measurements - Measurements taken t o  de r ive  t h e  moments induced on 

an a i r c r a f t  subjected t o  wake turbulence have become known as "upset measure- 

ments." 

the probe a i r c r a f t .  The c o n t r o l  i npu t s ,  angular rates, a i r speed ,  and angles  

of a t t a c k  and s i d e s l i p  must be  known t o  account f o r  those  angular accelera- 

t i o n s  r e s u l t i n g  from t h e  aerodynamic c h a r a c t e r i s t i c s  of t h e  probe a i r c r a f t .  

The separa t ion  d i s t ance  between t h e  two a i r c r a f t  and t h e  encounter a l t i t u d e  

are a l s o  requ i red  t o  c o r r e l a t e  the data .  

Actually,  i t  i s  necessary t o  measure more than simply t h e  upset  of 

Upset measurements are taken wi th  t h e  f l i g h t  pa th  of t h e  probing a i r c r a f t  

nominally p a r a l l e l  t o  t h e  wake axes (henee t he  name " p a r a l l e l  probes") ( f i g .  

7) .  When probing t h e  wake of an unfamil iar  conf igurat ion,  t h e  i n i t i a l  encoun- 

ter wi th  t h e  wake i s  made a t  a separa t ion  d i s t ance  l a r g e  enough t o  ensure t h a t  

t h e  r e s u l t i n g  fo r ce s  w i l l  no t  severe ly  load t h e  s t r u c t u r e  of t h e  a i r c r a f t .  

This  is an a d d i t i o n a l  precaut ion t o  t h e  s a f e  opera t ion  procedures p rev ious ly  
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described. 

task in one of two modes. 

to remove the aircraft from the wake, or he can attempt to hold the probe air- 

plane as nearly centered in a vortex as possible. Either action produces the 

desired data, but the pilot may obtain more subjective information by using a 

combination of the two. 

ration distance to increase the probability that the maximum possible induced 

accelerations of the probe aircraft were achieved. 

A s  the probe aircraft encounters the wake, the pilot performs his 

He can hold the controls fixed, allowing the upset 

This procedure is repeated several times at each sepa- 

The instrumentation used to obtain the data required to derive the induced 

moments is, generally, that which would be typical for a study of handling 

qualities. 

accelerometers, rate and attitude gyros, and linear accelerometers. The deflec- 
tions of the control surfaces are measured as are airspeed, altitude, angles 

of attack and sideslip, and separation distance. Typical roll axis data are 

shown in figure 8. 

The three-dimensional aircraft dynamics are measured by angular 

Figure 9 is a block diagram of the data-reduction process. During an 

encounter, the velocity gradients in the flow field to which the probe aircraft 

is being subjected can be quite high. A s  a result, the angles of attack and 

sideslip measured on the nose boom or at any single point on the aircraft can- 

not be considered representative of the effective flow-field angularity to 
which the whole airframe is subjected. 

pute an effective angle of attack and sideslip from the measured linear accel- 

erations and angular rates. 

caused in still air by the aerodynamic forces and control inputs are computed. 

When subtracted from the measured angular accelerations, the accelerations 

induced by the vortex flow are derived. 

accelerations and net acceleration due to the vortex flow are shown in figure 
10 for the same encounters shown in figure 8. The measured roll acceleration 

is repeated. 

Consequently, it is necessary to com- 

The angular accelerations that would have been 

Computed aerodynamic and control 

A roll acceleration parameter, convenient for comparative purposes, was 
to the max- 

9 ‘vortex’ developed to relate the vortex-induced roll acceleration 

imum roll acceleration capability of the aircraft using maximum aileron deflec- 

tion 5 8  . The ratio indicates how severe the induced %ax Pvor tex” 6%ax 
moment was. The physical meaning of this parameter is that, when a value of 
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unity is reached, the pilot could exactly counter the vortex-induced roll 
acceleration with maximum deflection of the ailerons. 

be determined for accelerations in the pitch and yaw axes. For each encounter 
behind a given configuration, the peak values of this roll-acceleration param- 

eter are plotted against the separation distance at which they occurred (fig. 
11). Assuming that the highest values at each distance represent the maximum 

upset expected at that location, an upper bound to the data is constructed. 
The separation distance defined by the intersection of that boundary and the 

line for a unity roll acceleration parameter is used in comparisons with 
values obtained in a similar manner from data obtained during tests of other 

aircraft or configurations. An example of how these comparisons are made is 

shown in figure 12, where the separation distance for unity roll acceleration 
parameter is plotted against the gross weight of the wake-generating aircraft 

for several sizes of probe aircraft. This figure demonstrates that the upset 

received by a given probe aircraft is decreased as the gross weight of the 

wake-generating aircraft is decreased. 

flight-test results of wake-vortex alleviation methods. 

Similar parameters can 

Similar comparisons can be made for the 

VeZocity prof<Ze measurements - The need for more definitive information 
on the vortex-wake phenomenon led to the development of another flight-test 

technique. 
files in the wake, which will allow comparisons of the wake structure with 

theories (ref. 10). This can be especially useful in the wake alleviation 

work by more clearly defining the changes in the wake structure caused by an 

alleviation technique. 

Use of this technique results in measurements of the velocity pro- 

These measurements require a completely different technique in procedure, 
instrumentation, and data reduction. The flow velocities must be measured by 

sensors with higher frequency response characteristics than normally used in 
handling qualities research, and the aircraft motion must be measured for use 

in correcting the velocity data. 

correlate the data. 

The separation distance is again required to 

The flight-test procedure used to obtain velocity profile data is consid- 
erably different from that used during upset measurements (fig. 1 3 ) .  The 

flight path of the probing aircraft is across the wake to effectively traverse 

the flow field with the velocity-measuring probe. Ideally, the flight path 
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should be in a plane perpendicular to the wake axes to minimize the motion 

excursions for which corrections must be made. 

flow visualization systems to mark the wake results in an inability to see the 

wake well enough from right angles to enable the pilot of the probe aircraft 
to penetrate the vortex cores consistently. 

the apparent density of the flow visualization medium is increased, thereby 

allowing consistent core penetrations. 

angle of the sun relative to the two aircraft affect visualization as well. 

Experience has shown that crossing angles of from 250 to 45O are adequate for 

this task, 

ing a shorter time between crossihgs because a turn of only 50° to 90° is 

required to traverse back across the wake. 

crossings allows more data to be obtained in the amount of time allowed by the 

flow visualization system. 

The limited capability of the 

A s  the crossing angle is reduced, 

Local atmospheric conditions and the 

These lower crossing angles have the additional advantage of allow- 

This saving of time between wake 

As with the upset measurement procedures, wake encounters are begun at 

separation distances large enough to assure safe operations. 

path is flown while the separation distance is continually reduced until a 
predetermined minimum separation distance is reached. This minimum separation 

distance is set for safety reasons and, as for upset measurements, is based on 

A zigzag flight 

computed loads, extrapolated load measurements, or probe pilot decisions. 

Once the minimum separation distance is reached, a 360° turn is initiated which 

sets the probe aircraft up for additional data at a larger separation distance. 

This procedure is repeated several times until adequate data are acquired for 

that wake-generating aircraft configuration. 
The frequency content of the velocity data being recorded as the probe 

aircraft traverses the wake is considerably higher than that normally seen in 
aircraft dynamics work. 

velocity and the vortex core size of 120 m/sec (400 ft/sec) and 3 m (10 ft), 
respectively, the apparent frequency of the approximately sinusoidal input 
recorded as the vortex core is penetrated is 40 Hz. This frequency is higher 
than conventional research aircraft flow angularity sensors are able to meas- 

/ 
Assuming reasonable values for the probe aircraft 

ure reliably. Three types of sensors have been used to this purpose. Angle 

of attack and sideslip vanes (fig. 1 4 )  have been used by Langley Research 
Center on a T-33 research aircraft (ref. 8). A five-hole pitot tube (fig. 1 5 )  

has been used at Flight Research Center on a T-37 probe aircraft. At Ames 
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Research Center, a three-component, hot-wire anemometer (fig. 16) has been 

used on a Learjet probe aircraft (ref. 21). The instrumentation system and 

data-reduction technique described below is that for the hot-wire anemometry 

sensors and is typical of the data-reduction technique required for the others 

as well. In addition to the high-frequency velocity measurements, information 
on the probe aircraft dynamics is required. These are measured by angular and 

linear accelerometers and angular rate and attitude gyros. 

the aircraft whose wake is being studied and the probe aircraft is measured 

directly by a pair of modified DME's as in the upset measurements. 

The range between 

The data-reduction process is indicated by the flow chart in figure 17. 
The airborne-recorded analog data are digitized at the rate of 1000 samples/sec. 
(This rate is necessary because of the high-frequency content of the data.) 

The wake velocities are first computed from the hot-wire data in an axis system 

aligned with the body axes of the aircraft, and corrections are made for the 
vertical velocity and pitch rate of the aircraft. Corrections are a l so  made 

for the apparent vertical and lateral velocities that result from the effective 
angles of attack and sideslip generated as the aircraft reacts to the induced 

forces. The three components of velocity are then resolved into an axis sys- 

tem aligned with the axis of the vortex using the relative heading for each 

pass across the wake. The flight path of the probe is computed from the ini- 

tial airspeed and the measured vertical accelerations and pitching excursions. 

In this way, a velocity distribution along a known path in space is determined. 
The velocity profile measured at a separation distance of 2.9 nautical 

miles behind a B-747 in its normal landing configuration is presented in fig- 

ure 18. 
vertical velocity component defined as positive upward, the middle trace is 

the lateral component defined as positive to the left, and the bottom trace is 

the axial velocity component defined positive toward the aircraft that gen- 

erated the wake. 
the ability of this system to show the effects of vortex-wake alleviation in 

the measured flow field. 

reduction in the three components of velocity in the wake of the B-747 at 2.2 
nautical miles with the outboard flaps retracted. 

All three components of velocity are shown, the top one being the 

Comparing these data with that of the next figure demonstrates 

A comparison of figures 18 and 19 indicates the 
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Another purpose for which these data can be used is to understand, or at 
Since no two least dacument., the changes in the vortex structure as it ages. 

traverses of the wake are the same, these comparisons are best made by fitting 

data of various ages with a mathematical model and observing the changes in 

the model parameters as the vortex ages. 

these data, a pair of Lamb vortices was selected. 

venient because the formulation is analytic. 

to the measured data along the actual flight path was accompl3shed using the 
locations of the two vortices, the circulation of each vortex, and their core 

size as parameters. 
cal and lateral velocity components simultaneously. 

procedure is seen in figure 20, where the velocities computed from the model 
as they would have been measured along the flight path are compared with the 
measured data. 

vortices, this procedure results in a satisfactory match. Modeling the wake 

at various separation distances and comparing the results can show the decay 

of the velocities in the vortex (fig. 21). 
is seen as the separation distance increases. 

For the initial attempts at modeling 
This representation is con- 

Matching the computed velocities 

The match was done in a least squares sense on the verti- 
A result of that matching 

If the wake can be adequately represented by a single pair of 

The reduction of maximum velocity 

An application of this mathematical modeling technique to the wake alle- 

viation work is shown in figure 22, where a model of the tangential velocity 
profile of the B-747 wake at separation distances up to 3.1 nautical miles in 
normal landing configuration is compared with that for the same airplane's 
wake at distances as close as 1.0 nautical mile with the outboard flap segment 
retracted. Even though the profiles for the latter case are at closer separa- 

tion distances, the peak tangential velocity is reduced and the effective core 

size increased. 
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MOUNTING BRACKET 

Figure 1.- Self-contained smoke generator. 

Figure 2.- B-747 with six smoke generators used to mark its wake. 
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Figure  3.-  B-747 wi th  16 smoke genera tors  used t o  mark its wake. 

Figure  4.- Diagram of i n e r t  powder flow v i s u a l i z a t i o n  system. 
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Figure 5.- Inert powder flow visualization system on DC-10. 

Figure 6.- Inert powder flow visualization system on DC- 3. 
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Figure 7.- .Probe a i r c r a f t  f l i g h t  pa th  dur ing upset  measurements of vor tex  wake. 
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Figure 8.- T i m e  h i s t o r i e s  of t h e  Learjet. r o l l  a x i s  responses t o  the B-747 wake, 
vortex;,. s epa ra t i on  d i s t ance  of 4.7 n a u t i c a l  miles; B-747 wi th  landing f l a p s ,  
gear up, t h r u s t  f o r  l e v e l  f l i g h t .  
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Figure 9.- Block diagram of data-reduction system used for upset measurements. 
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Figure 10.- Time histories of the computed control and aerodynamic roll axis 
acceleration and the resulting vortex-induced roll acceleration of the 
Learjet for the encounter in figure 8. 
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Figure 11.- R o l l  a cce l e r a t i on  parameter versus  s epa ra t i on  d i s t ance  f o r  LearJet 
i n  t h e  B-747 wake; B-747 with  f l a p s  down, gear up, t h r u s t  f o r  l e v e l  
f l i g h t ,  CL = 1 . 4 .  

PROBE AIRCRAFT 

Figure 12.- Comparison of  t h e  minimum sepa ra t i on  d i s t ances  based on r o l l  con- 
t r o l  c r i te r ia ,  f o r  an opera t iona l  encounter of wake v o r t i c e s  f o r  s e v e r a l  
probe a i r c r a f t .  
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Figure 13.- Probe a i r c r a f t  f l i g h t  p a t h  during v e l o c i t y  p r o f i l e  measurements of 
v o r t e x  wakes. 

21 2 



21 3 



21 4 



4-1 
Q 

E 
0 
0 
P 

h 
k 
U 

a 
k 

21 5 

i 



I 
.-J 

WAKE VELOCITIES ALONG FLIGHT 
PATH OR IN VORTEX-CENTERED 
COORDl NATES 

Figure 17.- Block diagram of data-reduction system used for velocity profile 
measurements. 
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Figure 18.- Vertical, lateral,  and axia l  v e l o c i t y  components i n  the wake of a 
B-747 i n  landing configurat ion.  
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Figure 19.- Vertical, lateral,  and axial v e l o c i t y  components i n  the wake of a 
€3-747 wi th  outboard f l a p  r e t r a c t e d .  
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Figure 20.- Vertical velocity distribution measured along the probe aircraft 
flight path in the wake of a B-727 in takeoff configuration compared to the 
results of a mathematical model. of a Lamb vortex pair matched to the data. 
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Figure 21.- Decay of a vortex in the wake of a B-747 in landing configuration 
as indicated by a Lamb vortex model matched to the measured velocities. 
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Figure 22.- Alleviation of the velocities in the wake of a B-747 resulting 
from retraction of the outboard flap segment as indicated by a Lamb vortex 
model matched t o  the measured velocities. 
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