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Abstract 

The Langley Research Center o f  the National 
Aeronautics and Space Administration i s  cur ren t ly  
engaged i n  basic researcn t o  improve ae r ia l  applir 3-  
tiom technology. As par t  o f  th is  program. Langl~y's 
Vortex Research f a c i l i t y  and Ful l-Scale Yind Tunne' 
play lead ro les  i n  a i r c ra f t  systems research t o  
improve a i r c r a f t  aerodynamics and dis .ersal systems 
ef f ic iency,  a d  i n  studies o f  a i r c ra f t  wake-dispersal 
interactions t o  improve d r i f t  control  and dispersal 
transport. 

models of agr icu l tu ra l  airplanes are tested and 
numerical nethods are u t i l i z e d  to  study interact ions 
between the airplane wake and the dispersed spray 
and granular materials. Methods are being developed 
to  measure and predict  dispersal transport and 
ground deposit ion w i t h  the object ive of modifying 
wake character ist ics and dispersal teciiniques t o  
obtain interactions more favorable t o  wide. uniform 
deposit ion patterns and reduced d r i f t .  I n  the F u l l -  
Scale Mind Tunnel. fu l l -sca le  agr icu l tu ra l  airplanes 
and dispersal systems f o r  both l i qu id  and so l i d  
appl icat ions are evaluated t o  improve a i r c r a f t  aero- 
dynamics and dispersal s;'stenrs ef f ic iency.  ?his 
paper presents the program status i n  these two 
f a c i l i t i e s  w i th  emphasis on wake interactions and 
dispersal svstems research. 

I n  the Vortex Research Fac i l i t y .  small-scale 

I n  tr oducJL0-n 

The use o f  a i r c r a f t  i n  aqr icui ture began nore 
than f i f t y  years ago ( re f .  1) .  Since that time 
a i r c r a f t  have cont inual ly expanded the i r  usefulness 
i n  many phases o f  agr icu l tu ra l  production. u i t h  the 
advantage o f  t h e i r  use being speed of operation and 
abi 1 i t y  t o  apply material when and where ground 
appl icat ion i s  e i ther  impossible rpr impractical.  
Today the agr icu l tu rd l  a i r c r a f t  inc'ustry i s  an i m -  
portant component o f  the modern, nec5anized ayr icu l -  
tu ra l  society. The current world f l e e t  consists of 
over 24,000 a i r c r a f t  w i th  about 8,600 f i xed  and 
rotary winged a i r c r a f t  used pr imar i l y  f o r  agr icu j -  
t u ra l  purposes i n  the United States alone. I n  1976 
the U.S.  f l e e t  flew about 7.5 m i l l i dn  hours t rea t inq  
some 180 m i l l i o n  acres. Revenues i n  excess of a 
b i l l i o n  do l la rs  were real ized f r o m  these ouerations. 
The industry has experienced an annual growth ra te  
o f  about 12 percent over the past several years 
( re f .  2). 

i n  t h i s  country were designed o r ig ina l l y  f o r  other 
purposes. 
used, because they were avai lable a t  extremely low 

Photoqraph courte5y nf World o f  Aqr i ru l tu ra l  Avia 

U n t i l  about 195C a i r c r a f t  used i n  aqr icul ture 

M i l i t a r y  t ra iners were the most widely 

-- 

cost as surplus a f t e r  Uorld Uar 11. 
spreaders and spraying equipnent were designed. fab- 
r icated, and ins ta l l ed  i n  the f i e l d  by operators 
themselves. 

Gry mater ia ls 

Today's agricu!tural airplanes have inproved. 
but f o r  the most par t  they are s t i l l  t yp ica l  o f  the 
design technology of the 1930's. A nodern-day 
Thrush Conwnder agr icg l tu ra l  airplane. f o r  example 
(FiSure 1). employs an uncowled rad ia l  engine and 
lacks f i l l e t i n g  i n  wing-root-fuselage juncture areas- 
as was representst ive o f  airplanes flcwn i n  the1930's 

Design technology for dry material spreaders and 
spraying systems i s  a i s 0  pr im i t i ve  i n  many respects. 
Equipment i s  external ly attached under the a i r c r a f t  
fuselaqe or wings, and no systematic approach has 
been applied t o  in tegra t ing  the system with the 
a i r c r a f t  f o r  maximum dispersal e f f i c iency  and 
a i r c ra  f t performance. 

Two serious problems facing the industry are 
d r i f t  of toxic chemicals from treated areas and non- 
un i fom i t y  o f  coverage on crops. which resu l t  i n  
larqe loss i n  p rodcc t iv i t y  i n  terns of  chemical 
waste and env i rormnta l  o r  health hazard. I n  fact. 
a recent p o l l  of agricu1:ural aviat ion users l i s ted  
chemical d r i f t  as the s ingle most serious problem 
facing the agr icu l tu ra l  aviat ion comunity { re f .  3).  
A major cause of d r i f t  avd nonuniform coverage i s  
the in te rac t ion  of  the a i r c r a f t  wake with the 
dispersed mater ia l .  An example o f  wake-spray i n te r -  
act ion i s  shown i n  the photoqraph i n  F ig j re  2 . +  
Principal  regions where strong interact ions occur 
are i n  the wina-t ip vortex flow. where s w l l  par- 
t i c l e s  are entrained and r e m i n  airborne, becoming 
!sore susceptible to  d r i f t ;  and i n  the prope:ler 
s l ipstreaqwhere material i s  given a l a te ra l  bias. 
Typical effects of these interact ions on the 
deposit ion pattern (single-swath concentration of 
material on the ground) are i l l u s t r a t e d  i n  Figure 3, 
which shows a comparison between ideal  and actual 
patterns. The trapezoidal pat tern (dotted l i n e )  i s  
desirable because the sloping :ides of the pattern 
overlap on adajacent swaths. permit t ing some varia- 
t i on  i n  l a te ra l  swath accuracy (spacing) without 
overly degrading uni formity of  coverage. Large- 
dif ferences are apparent between ideal and actual 
patterns i l l u s t r a t e d  i n  Fiqure 3, i n  terms of both 
to ta l  deposit and pattern shape. 
chemical deposit i n  the swath i s  of ten considerably 
less than the amount applied. and the pattern shape 
i s  not uniform but contains regions o f  both over 
and under cheniical concentration. 1:ith medium 
sprays (300- 00 qirrons Volume Median Dianieter), f o r  
inctance, only 70 o f  applied chemical may be 
recovered w i th in  305 meters (1000 f t . )  downwind o f  

The amount of 
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the f l ipk t  path mea w i t h  r e l a t h l y  leu altitude 
application ( u t e t i a l  released un8n' 3.05 atem 
hefght) under tar r i n d  conditions (5-8 Whr)  (ref. 
1). Interaction of the a i r c r a f t  wake w i t h  the d is-  
persed material, thmfore. seriously degrades over- 
a l l  appl icat ion systea perfonunce by incressing the 
potent ia l  for d r i f t  a d  decreasiw the q u a l i t y  of 
cove*uge. 

the current status of research on a e r i a l  appl icat ions 
in  the Vortex Research F a c i l i t y  and Full-Scale Mind 
Tuimel r i th  aphas is  on wkedispcmrl interactions 
mislrch.  

The purpose of the present paper i s  t o  w u r i r e  
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I Rerearch in-Vortex F a c i l i t y  

Objectives and Auproafi 

Uake-dispersal interact ions are studied i n  the 
Vortex Research F a c i l i t y  by means o f  tests w i th  
small-scale models and by use of numerical methods. 
The broad object ive o f  t h i s  research i s  t o  determine 
how to integrate airplane wake character ist ics wi th 
dispersal techniques i n  such a manner as t o  
improve overa l l  appl icat ion system per fomnce.  

Aerodynamic wake modification i s  believed to  he 
a means by which wakedispersal interact ions may be 
improved. The object ive o f  wake modification i s  t o  
minimize undesirable ef fects  of wake flow such as 

tbe entrrlrrcnt of ftne spray dmp lc ts  i n  the w i n g  
t i p  vortex. uhile maximizing desirable ef fects.  
such as l a t e r a l  trmrpwt of r e l a t l v e l y  krgt 
par t ic les,  liquid or gramla r  (seed and f e r t i t i z e r ) ,  
uhich i(Yrease5 deposition pat tern width. Technology 
developed through MU'S wake vortex a i n f a i r a t i o n  
prograa i s  drawn upon to guide studies t o  identify 
candidate concepts for  wake modification. Concepts 
found to be proais ing frm scale model tests  i n  the 
Vortex Fac i l i t y .  and mmerical sinulations. are 
val idated by corre la t ion with fu l l  scale tests. both 
i n  w i n d  turinels and i n  flight. Throughout t h i s  
development. candidate concepts are evaluated to 
determine their ef fects on airplane performance, 
s t a b f l i t y ,  and control. i n  order t o  determine f l i g h t -  
wwthiness and p rac t i ca l i t y .  Concepts include both 
pract ica l  devices for r e t r o f i t  to ex i s t i ng  a i r c r a f t  
and new design considerations for future a i r c ra f t .  

During the past year, e f for ts  have been underway 
a t  the Vortex F a c i l i t y  to develop and va l idate the 
experinental acd theoret ical  research too ls  required 
t o  conduct research on wake-dispersal interact ions.  
The pr inc ipa l  objectives of t h i s  ear ly  a c t i v i t y  
are: f i r s t ,  to develop methods t o  simulate ae r ia l  
dispersal; second. t o  develop a data base t o  quantify 
wake and dispersal character ist ics;  and f i n a l l y ,  to  
examine rake d i f i c a t i o n  as a method of producing 
favorable changes i n  deposition character ist ics.  
Yakes generated by scale models of ag r i cu l tu ra l  
Romplanes and biplanes were examined wi th  f l o w  
v isual izat ion and laser velocimeter f l o w  measure- 
ments; and wake properties were computed w i t h  
nuRlerical techniques. Scaling laws were derived for 
t ra jector ies of pa r t i c l es  released i n  the wakes of 
ag r i cu l tu ra l  airplanes t o  establ ish test  s im i l i t ude  
f o r  dispersal o f  dynamical ly-scaled pa r t i c l es  frm 
model airplanes. Concurrent wi th  t h i s  scal ing de- 
velopment. experimental techniques were developed t o  
release scaled t e s t  par t ic les i n  the model wakes 
and masure t ra jector ies and deposition patterns. 
F ina l ly ,  exploratory tests were conducted on a 
number of  candidate concepts for  wake modif icat ion 
t o  evaluate the i r  e f fect  on wake vortex f low, and 
the effects o f  one concept. wing t i p  winglets, on 
deposition were measured using the newly developed 
dispersal test  methods. 

Oescription o f  Fac i l i Jy  

The Vortex F a c i l i t y ,  shown i n  the sketch i n  
Figure 4, was used during the 1940's and 53 's  as a 
towing tank and an impact basin to  study s t a b i l i t y ,  
control ,  and performance o f  seaplanes and d i tch ing 
character ist ics of landplanes. 
decade, the f a c i l i t y  was converted to study the up- 
set hazard associated w i t h  the strong wake vort ices 
generated by large j e t  transport a i r c ra f t .  I n  
October 1976, the f a c i l i t y  was fur ther  modified t o  
permit test ing o f  models o f  agr icu l tura l  a i r c r a f t  
i n  ground ef fect .  

the test  a i rp lane model i s  moved through a stat ionary 
medium ( a i r )  rather than being held stat ionary while 
the test  medium i s  forced by i t  as i n  conventional 
w i n d  tunnels. 
of the model-generated wake fo r  large distances 
behind the model a i r c r a f t  from a ground based 
stat ion a t  r e s t  w i th  respect to  the a i r .  

The f a c i l i t y  i q  550 meters long and has an 
enclosed overhead t r a c k  extending the length o f  tne 
bu i ld fng.  The wake generating airplane model i s  

During the past 

The par t icu lar  feature of t h i s  f a c i l i t y  i s  that  

This t e s t  mode permits observation 
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blade aountcd on a strrfn-gclge balance beneath a 
S t m m I i R e d  powered carriage. which t ravels along 
the overhead track. The support blade i s  adjustable 
to wit var ia t ion  in model a l t i t u d e  and pi tch.  
The model a t r c r a f t  i s  twed a t  constant v e l i c i t y  
through a test section enclosure which serves t o  
i so la te  the carriage wake fra the mode). 
measureelents are taken as the model passes over a 
groud plane ins ta l l ed  i n  t.k tes t  section, The  
t es t  section i s  91 s i t e r s  long, 5.5 meters wide. 
and5.2 meters hiah w i th  a 5-cm wide opening f n  the 
c e i l i w  to  allou the model support blade t o  pass. 
The overhead track ext-rds 305 meters ahead of the 
entrance to the covered area t o  permit the carr iage 
to  accelerate t o  test ve loc i t ies  up t o  30 meters/ 
Sec . 

l e s t  

OBIGZNAL PAGE E 
Yale Studies appoasQuALm 

k k e  vortex systems generated by the model a i r -  
planes are studied r i t h  flw v isua l i za t ion  and 
laser dopplet v r l o c i w t r y .  The f law v isua l i za t ion  
technique, w t i c i  was developed a t  the fac i l i t y ,  has 
proven qu i te  svi tabte f o r  obtaining time h is to r ies  
of w k e  developnent and decay. A screen of kero- 
sene smoke. general ly confined t o  a plane perpendic- 
u l a r  to the model f l i g h t  path. i s  injected i n t o  the 
f a c i l i t y  t es t  sect ion and allowed to  become stat ion- 
ary. The model i s  then propelled through the smoke 
and the wake action, made v i s i b l e  by the smoke 
induced along the f low streamlines, i s  recorded 
photographically wi th high-speed cameras. A 
detai led descript ion o f  th is f l o w  v isua l i za t ion  
technique can be found i n  reference 4. 
refinement. o f  the technique improves the visual 
data by u t i l i z i n g  a t h i n  "sheet" o f  l i g h t  projected 
by a high in tens i ty  mercury-arc lamp to  i l l umina te  
the smoke only i n  the plane. 

Use o f  this technique for qua l i t a t i ve  studies 
i s  derQnstrated i n  f i gu re  5 which shows a cornparison 
o f  monoplane (upper photo) and biplane (lower photo) 
wake deveiopnent about three and one-half wing semi- 
spans dowrtstream of the airplane. 
graphs, the models are shown i n  three-quarter f ron t  
perspective passing frm: r i q h t  to  l e f t  across the 
visual f i e ld .  Models are a t  a t t i t ude  correspondina 
t o  typ ica l  l i f t  conditions during a swath f l i g h t  
pass. out o f  ground ef fect ,  w i th  f laps retracted. 

Differences between nionoplace and biplane wake 
development can be c lea r l y  seen i n  :he photographs. 
The mw3plane wake quickly r o l l s  up i n t o  a s ingle 
vortex from each wing. l e f t  and r i gh t ,  whereas the 
biplane wake develops i n t o  two vort ices on each 
side, one from each wing panel, upper and lower 
( the biplane wing panels were operating a t  s im i la r  
l i f t  coefficient:). Tlle two vort ices on each side 
o f  the biplane wake ro ta te  about each other ( i n  
d i rec t i on  indicated by arrow), o rb i t i ng  aoout the 
CerttrOid o f  v o r t i c i t y  associated w i th  that side o f  
the wake. Both vortex systems, monoplane and b i -  
plane, are characterized by highly sw i r l ing  flows, 
7ar t i cu la r ly  near the vortex cores. 
phenomenoo which causes the entrainment and sub- 
sequent d r i f t  o f  spray droplets. 

The flow-visualization technique i s  a lso used 
fo r  quant i tat ive wake studies. 
use i s  presented i n  Figure 6, which shows a com- 
parison o f  monoplane and biplane vortex t ra jec-  
tor fes i n  ground e f fec t .  
core posi t fon Is determined from photographs 
simi lar  t o  those in Figure . and i s  p lo t ted  as 3 

A recent 

I n  these photo- 

I t  i s  t h i s  

An example o f  th is  

Time var iat ion o f  vortex 

function o f  distance behind the a i rc ra f t .  in wing 
semfspans ( indicated by the nanbered t i cks  on the 
data curves). Scaled front-view drawings o f  the 
d e l  afrplanes a t  tes t  a l t i t u d e  are  included on 
th is and subsequent figures as a graphic aid. 
Ver t i ca l  and horizontal scales are height above the 
ground plane and la te ra l  distance fran the f l i g h t  
path, respectively, i n  w i n g  semispans. Lower f l i g h t  
paths (monoplane wing t i p  and biplane tower w i n g  t i p  
a t  height of 0.34 semispans) a re  typ ica l  of low 
a l t i tude .  "on-the-deck". app!ications. Data are  
also presented f o r  the monoplane a t  higher a l t i t u d e  
( w i n g  t i p  a t  t i i g h t  o f  0.78 semispans) for coaparison. 
Models are a t  a t t i t u d e  corresponding t o  t yp i ca l  l i f t  
condit ions during a swath f l i g h t  pass. 

The main e f f e c t  o f  ground proximity i s  t o  
r e s t r i c t  the normal ve r t i ca l  descent o f  the vortex 
below the iuing t i p  and t o  cause a rapid outboard 
movement of the system l a t e r a l l y  over the ground. 
As a i rp lane height above the ground i s  irxreased, 
the vortex drops below the d n g  t i p  and moves out- 
board more slowly. 
transport ve loc i ty  wi th increase i n  airplane 
a l t i t t d e  i s  seen by c w a r i n g  vortex l a te ra l  posit ion 
a t  equal distances behind the airplane fo r  the two 
a l t i t u d e  cases presented fo r  the monoplane. 

Again. differences between monoplanes and b i -  
plane wake character ist ics are apparent. The two 
vort ices on each side o f  the biplane wake ro ta te  
about each other. the t ra jec to ry  of each strongly 
affected by the presence o f  the other vortex. 
Eventually, f o r t y - t o - f i f t y  semispans behind the 
airplane, they merge i n t o  one vortex. The path 
which t h i s  vortex system takes as a whole, however, 
i s  s im i la r  to  tha t  of the s ingle vortex from one 
wing of the monoplane. 

An in te res t ing  phetlomenon observed i n  these 
data i s  the upward migration or  rebound of  the 
vortex system away frm the ground as i t  moves 
1a terJ l l y  outboard (note vortex upward aovement f o r  
monoplane low-al t i tude case beginning abodt 15 
semispans behind the airplane, for  instance). VOrtnr 
rehound has beer, observed numerous times by 
researchers measuring vortex t ra jec to r ies ,  both 
hehind agr icu l tu ra l  airplanes ( re f .  5 f o r  example) 
and more recently hehind transport airplanes a t  
a i rpor ts  ( re f .  6 ) .  T h e  phenomena has been explained 
as resu l t ing  from the viscous "scrubbing" act ion of 
the vortex on the gr0imd ( re f .  7 ) .  Vortex la te ra l  
motion close to  the ground causes the boundary 
layer a t  the ground t o  grow and separate, resu l t ing  
i n  a secondary vortex which induces an upward 
ve loc i ty  t o  the primary vortex system. 
factor possibly contr ibut ing t o  the amount of re -  
bound seen i n  Figure 6 a t  r e l a t i v e l y  large distances 
behind the airplane. say f o r t y  o r  f i f t y  semispans, 
may be interference resu l t ing  from proximity o f  the 
tes t  section side walls. With the one-sixth scale 
model IJJsed t o  generete th i s  t ra jec to ry  data, the 
w a l l s  are 2.77 semispans from the model f l i g h t  path. 
Calculations suggest some w a l l  effect; on t ra jec-  
t o ry  data fo r  t h i s  s ize model but indicate they are 
m a l l  fo r  a t  least  t h i r t y  semispans behind the 
model. 

This decrease i n  vortex l a te ra l  

Another 

Large dif ferences between wakes generated by 
monoplanes and biplanes are apparent i t i  Figure 5 
and G. The signif icance of these d i f f e r e x e s  i n  
terms o f  t h e i r  ef fect  on ground deposit ion patterns 
i s  largely unknown: however, one can appreciate that  
such di f fermces may wel l  be s ign i f i can t ,  and that 
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bprledge of than i s  l i k e l y  to be i m w b n t  for 
undrrstrndl~g tk i n t c m c t t m  which occur. 

&kc chrractrrirt in arc a t w  rtrtdted puan- 
t i t a t l v e l y  w i t h  mcnt ly  developed rapid-scan 
t w o d f m s i o M 1  laser dopplr velocimeter (UW). 
The LW caprb i l i ty ,  developed it the f a c i l i t y  for 
the &kc V o r t e x  l4inimizatfon Prograa, i s  capable 
o f  simultaneously Sclrswing both v w t i c a l  and 
a x i a l  (along f l ight  path) velocf ty  corpoAcnta i n  
a nerr or f a r - f i e l d  wrke vortex s y s t a .  
a p p l i c a b i l i t y  to rPke studies for  a g r i c u l t w a l  
rirplanes, there vortex systems are of ten rap id l y  
t rampor t in9 i n  grard  effect .  has recent ly  been 
6#oAstrstcd (ref .  8). 

I t s  

T k  LW system i s  operated i n  backscatter pde. 
The techniqm u t i l i z e s  an unique op t i ca l  scanning 
s y s t a  (ref .  9) which perp i ts  rap id  incremental 
scanning of the laser focus po in t  over the measure- 
mtmt region up t o  30 t i m e s  a second. As the vortex 
g v c s  dwn and across the ground plane. I t crosses 
the laser op t i ca l  ax is  i n  the measuresent region. 
Ver t ica l  ve loc i ty  measurmentS through the vortex 
core (which measure the maxiarm tangential o r  s w i r l  
ve loc i t i es  i n  the vortex) are obtained as the vortex 
crosses the op t i ca l  axis. The sketch i n  Figure 7 
i l l u s t r a t e s  the r e l a t i o n  o f  the laser beams t o  the 
vortex and presents a representative v e r t i c a l  
ve loc i ty  p r o f i l e  through the vortex core. The 
laser i s  beamed hor izonta l ly  across the tes t  section 
perpendicular t o  the model f l i g h t  path. I n  the 
ve loc i ty  p r o f i l e  presented, ver t i ca l  ve loc i ty .  U , 
norrwlized w i t h  respect t o  the airplane tes t  f l i g h t  
speed ut, i s  given as a funct ion of spanwise 
distalxe, y ,frm the wing t i p  i n  semispans. As 
seen i n  Figure 1. maximun f l a w  ve loc i t i es  near the 
vortex core are about t h i r t y  percent o f  f l i g h t  speed. 
Such ve loc i t i es  are large campared t o  s e t t l i n g  
(terminal) ve loc i t i es  o f  small droplets i n  a i r .  
For instance. the s e t t l i n g  ve loc i ty  of 2W micron 
s i r e  water droplets i s  only about 1 m/sec i n  s t i l l  
a i r  compared t o  maximwn vortex swi r l  ve loc i t i es  o f  
a b w t  13 m/sec for a typ ica l  f l i g h t  speed o f  45 m/ 
sec (100 miles/hr.). I t  i s  understandable how 
behavior o f  even large droplets sprayed from nozzles 
near the wing t i p  can be daninated by vortex f low 
dynamics and how vortex entrainment can be the in -  
ev i tab le fa te  o f  smaller droplets. 

I n  addi t ion t o  wake f l o w  measurement, analy t ica l  
predict ion methods are also used to  st,idy wake 
properties. A powerful too l  recently developed f o r  
the NASA Wake Minimization PioSram i s  a computer 
program w i th  the capabi l i ty  of ca lcu lat ing the f u l l y  
turbulent f l o w f i e l d  behind an a i r c ra f t ,  including 
i t s  viscous in teract ion w i th  the Trcund (ref.10). 
An analy t ica l  method which u t i l i z e s  t h i s  computer 
program has been developed to  predic t  properties o f  
wakes i n  ground ef fect  f o r  agr icu l tura l  airplanes 
( re f .  11). The method combines three separate 
computer programs. The f i r s t  i s  a f i n i t e  elernent 
scheme to  solve the l i f t i n g  surface potent ia l  f l o w  
problem. This computer program has the capabi l i ty  
of handling nonplanar aux i l i a ry  l i f t i n g  surfaces, 
such as winglets. Wing geometry i s  input to  the 
program, and output defines the loading o f  the wing. 
This  loading t s  then input in to  the second computer 
program which uses an i nv i sc id  Betz vortex r o l l - u p  
procedure, modified t o  allow mul t ip le  vort ices i n  the 
wake, t o  coin u te  spanwise locat ion and strength of 
ro l led-up wa!e vort ices.  I n i t i a l  ro l led-up vortex 
strength and locat ion a r e  then input to the viscous 

rrhc coupa#tCr groprcrrg which 501m a re4uced system 
of  the &vier-Stokes equrtions using a f ini te  d i f f e w  
m e  scheme, to compute wake vortex proOcrtles a t  
d i s t r m e r  behind the airplane. Raperties srrh as 

wake. 

A corpari.-nn betvcm a vortex t ra jectory  
measured i n  the f a c i l i t y  (previously presented as 
the l o r - a l t i t u d e  monoplane case i n  Figure 6) and a 
numerical predic t ion o f  the t ra jec to ry  using the 
analy t ica l  method described herein i s  presented i n  
Figure 8. Simulation o f  t e s t  sect ion s ide wal ls i s  
included i n  the numerical W e 1  t o  penuit d i r e c t  
canparison w i t h  faci l i ty  data to f i f t y  semispans 
behind theairplane. This comparison shows very good 
agrw!nent betwem canputed and measured vortex 
t ra jector ies.  Future plans are t o  interface th is  
computer program w i t h  a p a r t i c l e  dynamics nunerical 
nodel t o  permit studies o f  interact ions between 
dispersed pa r t i c l es  and the airplane wake. 

I t i s  ant ic ipated that  these experimental and 
analy t ica l  capab i l i t i es  w i l l  be valuable research 
tools for gaining a better understanding of wake 
dynamics and f o r  evaluating the effectiveness o f  
candidate concepts f o r  aerodynamic wake modifica- 
t i o n  f o r  more e f f i c i e n t  aer ia l  applications. 

th and location, as we l l  as induced 
veloc l ty  s-Y f i e  d, may be predicted i n  the a i r c r a f t  

%Particle Interact iens 

During the past year, a large e f f o r t  has k e n  
underway i n  the Vortex F a c i l i t y  t o  develop 
analyt ical  and experimental methods t o  simulate wake- 
pa r t i c l e  interact ions.  
derived for t e s t  s imi l i tude wi th  dynamically scaled 
part ic les.  
&e l  tests  i n  the f a c i l i t y  t o  be extrapolated t o  
fu l l -sca le conditions. I n i t i a l l y ,  scale parameters 
were derived f o r  l i q u i d  droplets ( r e f .  12); the 
analysis was then extended t o  include the case of 
dry granular materials. such as f e r t i l i z e r s  and 
seeds ( r e f .  13). 

The scal ing analysis fo r  l i q u i d  par t ic les i s  for 
the t ra jector ies o f  droplets from 100 t o  500 microns 
i n  s ize in jected i n t o  the wake of an airplane. Such 
droplets are nearly spherical i n  shape, permit t ing 
the c lass ica l  drag var iat ions f o r  spheres t o  be used. 
The wake ve loc i ty  v i e l d  i s  modelled using potent ia l  
f low theory. After reducing the equation o f  motion 
f o r  the p a r t i c l e  t o  i n e r t i a l ,  drag, and grav i ty  terms, 
the scaling derives the f c l  lowing parameters upon 
which the p a r t i c l e  pos i t ion vector. ’I , i s  func- 
t ional  l y  dependent. 

I Umb, b . b, ip, nd, b, , LJ , ngv ’> 2 -  

Scaling laws have been 

This analysis permits resul ts  o f  scale 

L g h r & 4 ,.ip .>su, L’, uy. ? =  4 -  
(eq. 12, r e f .  12). 

This scal ing gives a one-to-one correspondence 
between scaled t e s t  p a r t i c l e  and fu l l -sca le proto- 
type droplet, f o r  a given scale. That i s ,  once 
size and density o f  f u l l - sca le  droplet  i s  specificd, 
the scaling procedure uniquely f ixes the s ize and 
density o f  the test  par t ic le .  As seen above, the 
parameter which establishes p a r t i c l e  density 
requires the scaled p a r t i c l e  to  be less dense than 
i t s  f u l l - sca le  prototype. A d i f f i c u l t y  ar ises i n  
that typical  test  scales require very l i g h t  par t ic les,  
which may be d i f f i c u l t  f o r  the experimenter t o  
obtain or work with. A l s o ,  an assumption made i n  
the analysis i: that  the r a t i o  o f  the p a r t i c l e  
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apptaximMon. the constraint  for  unique s ize and 
density CerresmndtllCe of scaled p a r t i c l e  to proto- 
type f S  Mkcd Snd twt p a r t i c k  wZth a btmd 
CoobjMtfUn of sire and densfty are allowable for a 
given test scale. 

tmunvnt w f t k  t he  scal ing developnent. a test 
raetbod wls developEd to disperse scaled pa r t i c l es  
from the nodel r l r p lane r  and measure t h e i r  t ra jec-  
Wies and ground depositfon patterns. Som 
aspects of the method are i l l u s t r a t e d  i n  f inure 9. 
Currently, scveral types of spherical t e s t  pa r t i c l es  
such as tmartded Polystyrene ( f igure upper l e f t ) ,  
glass, and f i l t f t e  are being used i n  tests.  
Pa r t i c l e  size, density, and shape are held to  c lose 
tolerances. Hoppers ( cy l i nd r i ca l  containers) t o  
contain the par t ic les are molded i n t o  the model 
wings ( f igure upper r i g h t )  or mounted separately 
i n  spanwise troughs inside the wings. Par t ic les 
are gravi ty- fed t o  nozzles ( f igure lower l e f t )  
located i n  the wing lower surface. Nozzle shapes 
are designed toconf ine p a r t i c l e  e ject ion to  
"single-point" as c losely as possible. Par t ic les 
can be ejected from a wide range of dispersal points. 
including spanwise. chordwise, and ve r t i ca l  
posi t ions.  A pulsed " l i g h t  cur ta ln"  perpendicular 
t o  the model f l i g h t  path i l luminates pa r t i c l es  i n  
the model wake. and t ra jectwl 'es are recorded by 
streak photography as dashed l ines  across the 
v isual  f i e l d  ( f igure louer r igh t ) .  Pulsing the 
l i g h t  source allows p a r t i c l e  ve loc i t i es  t o  be 
measured. 
three-quarter f ront  view crossing the visual  f i e l d  
from r i g h t  t o  lef t ,  about one t h i r d  smispdn above 
the ground plane. Dispersal i s  from a s ing le 
nozzle located near the wing t i p .  
t ra jector ies can be c lea r l y  seen, i n  most cases, 
from eject ion t o  the ground. 

pa r t i c l es  i n  spanwise sample regions a t  stat ions 
along the model f l i g h t  path and then expressing 
p a r t i c l e  concentration as a fcnct ion o f  l a t e r a l  
distance. Figure 10 shows the e f fec t  of a i rp lane 
l i f t  on la te ra l  displacement of single-nozzle 
deposition. The range of l i f t  i s  typtca l  o f  the 
change i n  alrplane gross weight during operations. 
I n  these tests glAss spheres o f  density 2.42 g/cm3 
were scaled t o  a diameter of 105 microns to  re- 
present 371 mtcron diameter fu l  I -scale water 
droplets. Pa r t i c l e  concentration i s  expressed as 
percent of t o t a l  deposft and p lo t ted as a funct ion 
o f  l a t e r a l  distance from f l i g h t  path. The data 
i l l u s t r a t e  that  l a t e r a l  displacement o f  deposi t i o n  
I s  qui te  sensi t ive t o  r e l a t i v e l y  small changes i n  
l i f t ,  wi th  an increase i n  l a t e r a l  t ransport  o f  the 
pa r t i c l es  assoclated wi th  increased l ift. 
addttion, an Increase i n  l a t e r a l  spread and reduc- 
t i o n  i n  peak values w i th  increased l t f t  can be 
noted. 
become more nearly pa ra l l e l  t o  the ground and 

. 

I n  Figure 9 the model wing i s  shown i n  

Par t i c l e  

Deposition patterns are measured by co l l ec t i ng  

I n  

This occurs because p a r t i c l e  t ra jec to r ies  

disperse  ore kfwe ZIIplct ftw the h i g h  l i f t  
e m s .  BKause of the substant ia l  dependem of ' 

deposition on lift (or al ternate ly  vortex strength), 
such 1IYasureAents may be s m s i t i v e  ind icators  for 
@Valuati@ c m e p t r  fff wk@ Snd dispersal aodipia- 
tion. 

t i o n  of the p a r t i c l e  sca l ing has been conducted 
( re f .  12). TWO types of t e s t  par t ic les,  expanded 
polystyr@n@ and glass, which d f f f e r  great ly  'n 

less than three percent o f  glass, 2.42 g t c d )  were 
stred by the scal ing laws to represent approximately 
the same s ize water droplet  (371 mlcrons f o r  glass 
canpared to 396 microns for  polystyrene). The 
resu l t i ng  p a r t f c l e  sizes requlrd by scal ing also 
d i f f e red  great ly  (diameter of polystyrene :phew 
was 1000 microns, or near ly ten times that of  glass, 
105 microns). 
released i n t o  the model wake from s ing le nozzles i n  
separate test  runs over a range of l i f t  coe f f i c i en ts  
(vortex s t r e y t h ) .  and depositions were canpard i n  
terms o f  l a t e r a l  pos i t i on  o f  median. The canparison 
presented i n  Figure 11, shows good agreement between 
the tdo types of part ic les,  va l idat ing the scaling. 
Since the va l i da t i on  d i d  not include comparisons 
between airplane models of d i f f e r e n t  scales, and 
since fu l l - sca le  depositions are not avai lab le f o r  
comparison. only the p a r t i c l e  dynamics scaling i s  
val idated i n  these tests. A more cmp le t?  val ida- 
t i o r  which includes a v e r i f i c a t i o n  o f  a i r c r a f t  
wake scaling, i s  current ly  underway a t  the f a c i l i t y .  
These tests, i n  which resu l t s  are being compared 
between models o f  d i f f e ren t  scale, are expected t o  
establ ish a t e s t  envelope fo r  the Vortex F a c i l i t y .  

I n  addi t ion to th fs  experimental method f o r  
measuring wake-particle interact ions a numerical 
code has been developed t o  calculate such interac- 
t ions (ref.  14) .  
and propel ler  wakes are tilodeled by potent ia l  f l a w  
theory. 
section walls, cross-wind component and p a r t i c l e  
evaporation is included. A step in tegrat ion 
technique i s  used to  solve the equations o f  motion 
fo r  the pa r t i c l e ,  rh f ch  i s  assumed spherical. To 
demonstrate use o t  the program typ ica l  calculat ions 
of water droplet  t ra jector ies and depositions are 
presented i n  Figure 12. Calculated depositions 
assumed droplet  s i r e  d i s t r i b u t i o n  for  the nozzle t o  
be normal wi th  a mean o f  200 microns and a standard 
deviat ion of 50 microns). This  f i gu re  c?ear ly  shows 
both the benef ic ia l  and harmful e f fects  o f  vortex 
flo:, on p a r t i c l e  transport. 
droplets, p a r t i c u l a r l y  those ejected f ran nozzles 
located more outboard, receive a large spanwise 
ve loc i ty  canponent from vortex c i rcu la t ion.  As 
mentioned e a r l i e r  t h f s  l a t e r a l  transport i s  large ly  
responsible for  the wide swath widths that  are 
obtainable. The smaller, l i g h t e r  droplets, on the 
other hand, may be entrained i n  the vortex i f  
ejected too close t o  the wing t i p ,  and may aggravate 
the d r i f t  problem. Trajector ies i n  the upper h a l f  

Ushg these t e s t  methods, a p r e l i m i ~ r y  va l l d r -  

density (density o f  polystyrene i s  .065 g / m  3 or 

The two types o f  pa r t i c l es  were 

I n  t h i s  computer program airplane 

Simulation o f  ground, f a c i l i t y  test -  

The larger, heavier 

of Figure 12 show vortex entrainment of the 100 
micron droplet  ejected from the most outboard nozzle. 
Depositions, presented in  the lower h a l f  o f  Figure 12, 
show reduction i n  peak concentration and increased 
l a t e r a l  spreading associated wi th  more outboard 
nozzle locat ions.  The canputer program also calcu- 
lates percent of d r i f t a h l e  materfal by subtracting 
the amount of mater ia l  deposited f r o m  the input 
nozzle flow rate.  Firturt, ; > l a m  are to  in ter face the 
Par t i c l e  dynamics ntowl i n  t h i s  cmputer Droarm w i t h  
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611S.Btt). 

€xplwatory tests  have been conducted w i t h  
Wml of tbe f t f us t ra ted  concepts. Recently. 
e f fects  o f  both splines and winglets on the wing 
t i p  w r t e x  were lae6sulWl. and using the recent ly 
dtuehped test -  techniques f o r  p a r t i c l e  dispersal, 
effects of wfnglets on deposition were measured. 
Effectiveness o f  a r e l a t i v e l y  small sp l ine (spl ine 
diameter = 0 .26~)  as a vortex attenuator i s  denon- 
6trated i n  Figure 14. Results ind icate substantial 
reduction i n  large swi r l  ve loc i t i es  near the vortex 
core. With splines instal led.  f low i n  the core 
region i s  r e l a t i v e l y  disorganized and peak ver t i ca l  
ve loc i t i es  are reduced about f i f t y  percent. 
Although i t  i s  not yet  known i f  such reduction i s  
s u f f i c l e n i  t o  s i g n i f i c a n t l y  reduce droplet  entrain- 
mt, these resu l t s  nevertheless demonstrate that  
srrbstantial vortex attenuation can be achieved. 

Wfnglets have been i d e n t i f i e d  as a concept 
meri t ing evaluation for  use on ag r i cu l tu ra l  a i r -  
planes because they are known t o  cause a ver t i ca l  
d i f fus ion of the t i p  vortex f low j u s t  downstream 
of the wing t i p  (ref. 16). Ef fects  o f  winglets on 
the vortex i n  ground ef fect ,  presented i n  Figure 15 
ind icate ver t i ca l  vortex di f fusion, by s h i f t i n g  the 
centroid of v o r t i c i t y  upward, can resu l t  i n  vortex 
ro l l  up near the t i p  of the winglet. The vortex, 
once formed, moves l a t e r a l l y  over the ground a t  a 
height substant ia l ly  above that of  the baseline 
vortex ( for  a distance of about t h i r t y - f i v e  
sedspans behind the airplane for case presented 
bere). To invest igate the manner i n  which th is  
ef fect  may reduce vortex entrainment o f  spray 
droplets, single-nozzle deposition tests were 
conducted using the recent ly developed dispersal 
tes t  methods. Results, presented i n  Figure 16. 
fndlcate that  the winglets substant ia l ly  reduce 
l a t e r a l  displacement o f  deposition that  resul ts  
fm spanwise vortex flow. Test par t ic les scaled 
to  droplets su f f i c i en t l y  large that  they are 
un l i ke l y  t o  become entrained (water droplets, dia. 
371 microns) were used i n  these tests since methods 
are not yet  developed a t  the f a c i l i t y  t o  measure 
amount o f  mater ia l  i n  the vortex. 

reduced tendency fo r  spray droplets to  become 
entrained i n  the vortex, w i th  winglets instal led,  
s i n c e  the influence o f  the vortex on larger par- 
t i c l e s  i s  c lea r l y  shown to be reduced. I t  i s  not 
ye t  ce r ta in  that  t h i s  method o f  reducing entrain- 
ment w i  11 r e s u l t  i n  improved d r i f t  control ,  however, 

These test  resul ts  are interpreted t o  indicate a 

firre u t a r J a l  uhkh i s  ontrained w i t h  winglets 
mbllad, &ttWigh reduced i n  aanmt. my be 

lifted higbe and be m e  gmt1.y influenced by 
adverse aetcoroloqical condftlons, such as cross- 
winds. F t l g h t  deposition tests w i l l  be required to 
resolve such uncertainties. Results to  date though 
l imi ted.  are promising because they daarulstrrte that  
wake propert ies can be ta i l o red  aerodynamlcally t o  
produce changes i n  deposition. 

Research i n  F u l l  Scple W i n d  funnel 

Objectives and Approach 

In the 9x16 meter F u l l  Scale Wind Tunnel, f u l l -  
scale ag r i cu l tu ra l  a i r c r a f t  and dispersal  systems for 
both l i q u i d  and s o l i d  appl icat ions are tested. The 
overa l l  object ive o f  these tests  i s  t o  obtaln baseline 
data on current technology t o  be used i n  analysis t o  
improve a i r c r a f t  aerodynamics and dispersal system 
eff ic iency.  Tests have recent ly  been conducted on a 
Thrush C m n d e r  800, shownnounted i n  the tunnel 
tes t  section i n  Figure 17. 
broad i n  scope. w i th  the a i r c r a f t  aerodynamics 
phase including performance, and s t a b i l i t y  and 
control  tests, and evaluatioraof a number o f  m o d i -  
f icat ions designed to provide overa l l  system improve- 
ment, such as leading-edge slats, r i n g  cowling, 
wing-fuselage and canopy fa i r ings,  and wake 
modif icat ion devices. Tests were made on the a i r -  
plane alorie. and wi th  dispersal systems ins ta l l ed  on 
the airplane. 
dYMmiCS test  phase i s  beyond the scope of the 
present paper; emphasis here i s  placed on dispersal 
systems research. 

Research on Dispersal Systems 

I n  the dispersal systems phase o f  tests, the 
various systems were operated, o r  such operation 
was simulated, to  evaluate performance and 
efficiency. With dry mater ia l  spreaders, pressure 
surveys were made t o  evaluate in ternal  flow charac- 
t e r i s t i c s  wi th  and without perforated blockqge plates 
t o  simulate i n te rna l  mater ia l  transport. Conven- 
t ional  and advanced dry mater ia l  spreader concepts 
f o r  improved ef f ic iency were evaluated. 

I n  the l i q u i d  dispersal phase a new tes t  
technique was evaluated? which allowed 
docurnenta t ion  o f  near- f 1 e l  d spray character ist ics 
and spray-wake interact ions.  Spray dispersal 
systems ins ta l l ed  on the airplane were operated 
and droplet s ize d i s t r i bu t i ons  and number concentra- 
t ions were measured, i n  s i tu .  behind the airplane 
w i th  laser droplet  spectrometer probes under 
simulated f l i g h t  conditions. The t e s t  arrangement, 
showing droplet  probes i ns ta l l ed  on the tunnel 
survey r ig ,  i s  i ? l u s t r a t e d  i n  Figure 18, and a 
typ ica l  two-dimensional re31 t i m e  video display o f  
droplet  s ize measured w i t h  the probes during the 
tests i s  shown i n  the photograph i n  Figure 19. 
Droplet measurements i n  the near- f ie ld  wake. hereto- 
fore unavailable, permit e f fects  of I T Y . ~ ~ I  airframe, 
dispersal system, and f l i g h t  variable. on spray 
character ist ics t o  be studied. Effects of nozzle 
and boom location, and vortex modif icat ion devices 
on near- f ie ld spray patterns, f o r  instance, can be 
measured and correlated wi th  laboratory baseline 
(wind o f f )  experiments, small-scale model tests,  and 
f l i g h t  spray deposition t e s t s .  Data are also 
valuable f o r  use a s  input to  wake and pa r t i c l e  
dynamics computer programs t o  improve predict ion o f  
wake-spray interact ions and ground deposition. 

This t e s t  program was 

A detai led discussion o f  the aero- 
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$inufrcturar's data) less than 100 wn t o  VHD = 
'4cwre lro. TRe rotdry a&mi re r  uas tested a t  two 
ahac shttingz to praduce d#p VID's fm about 100 
W 3or, u., a s ize range used primrily f o r  forest  
WlZi6s and low-volune low-tox ic i ty  chemicals 
#I& sf& entrance nozzles produce a 
hOWt-cate spray pat tern and were tested with 
&a sZre o r i f i c e s  t o  produce drop W@'s from about 

to  470 vm, a range of drop sizes commonly used 
low- tox ic i ty  ag r i cu l tu ra l  chemicals where good 

aovwage fr necessary. The disc-core d r i f t  
reduction nozzles, whfch a lso produce a hollow-cone 
psttern, and hypodermic-needle a i r f o i l  type nozzles 
me tested to p r o b c e  drops around IO00 us, a s i z e  
1" onaendcd for to%ic, res t r i c ted  herbicides (ref.1) ?E sp ra j  pat tern with a l l  o f  these system was 
!&pped i n  a two-dimensional array one senispan darn- 
stream o f  the boon locat ion.  Although the resu l t s  
have not pt betn f u l l y  analyzed, the measurements 
wrpc W e  successfully, providing confidence i n  the 

C m d i y  Remarks 

The status o f  aer ia l  appl icat ions technology 
research i n  langley's Vortex Research F a c i l i t y  and 
Ful l -scale Wind Tunnel has been described. Efforts 
t o  date have been directed mainly toward developing 
and va l idat ing the required experimental and 
theoret ical  research tools.  I n  the Vortex 
Research Fac i l i t y ,  a capab i l i t y  t o  s i twlate aer ia l  
dispersal o f  materials from agr icu l tura l  airplanes 
w i t h  small scale models and numerical methods 
has been developed and demonstrated. Exploratory 
tests  on wake modif icat ion concepts have aemon- 
strated the f e a s i b i l i t y  o f  t a i l o r i n g  wake proper- 
t i e s  aerodynamically t o  produce favorable changes 
i n  deposition. 

In the Ful l -scale Wind Tunnel an aerodynamic 
evaluation o f  the Thrush Comnander 800 ag r i cu l tu ra l  
a i rp lane wi th  various dispersal systems ins ta l l ed  
has been conducted. 
designed t o  provide overa l l  system improvement t o  
both airplane and dispersal system were examined, 
and a new t e s t  technique t o  document near- f ie ld  
spray character ist ics was evaluated. 
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The Langley Research Center o f  t h e  Nat ional  Aeronautics and Space Admin is t ra t i on  i s  
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ency. This 
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sca le a g r i c u l t u r a l  a i r p 1 a . m  and d ispersa l  systenis 
are evaluated t o  improve a i r c r a f t  aerodynamics and 
paper presents the  program s ta tus  'n these two fac 
t i o n s  and d i spe rsa l  systems resear-h.  
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