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ABSTRACT * 

The present  s tudy  is one of a series o f  tests employing hot-wire anemometry 
t o  i n v e s t i g a t e  the  e f f e c t s  of b lade  geometry on vo r t ex  s t r u c t u r e .  
cover a range of a spec t  r a t i o s  and b lade  t w i s t .  
vor tex  s t r e n g t h  c o r r e l a t e s  w e l l  wi th  maximum blade-bound c i r c u l a t i o n .  
of wake geometry are i n  agreement wi th  c l a s s i c a l  d a t a  f o r  high a spec t  r a t i o s .  The 
d e t a i l e d  vor tex  s t r u c t u r e  is s i m i l a r  t o  t h a t  found f o r  f ixed  wings and c o n s i s t s  of 
four  well-defined regions - a v iscous  co re ,  a tu rbu len t  mixing r eg ion ,  a merging 
reg ion ,  and an i n v i s c i d  o u t e r  region.  A l l  high a spec t  r a t i o  d a t a  are descr lbed  by 
a s i n g l e  set of empir ica l  formulas. 

These tests 
For a l l  c o n f i g u r a t i o n s ,  measured 
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LIST OF SYMBOLS 

r a t i o  of v o r t e x  c i r c u l a t i o n  t o  maximum blade-bound c i r c u l a t i o n  

input  cons tan t  va lue  of A 

torque c o e f f i c i e n t  

t h r u s t  c o e f f i c i e n t  

d i s t a n c e  from t h e  c e n t e r  of a v o r t e x  

f i g u r e  of merit 

r ad ius  of  t h e  r o t o r  blade 

r a d i a l  d i s t a n c e  from t h e  r o t o r  c e n t e r  of r o t a t i o n  

r a d i u s  of a vor tex  where t h e  t a n g e n t i a l  v e l o c i t y  reaches maximum value 

vortex- induced ve l o c  i t y  

r e s i d u a l  v e l o c i t y  i n  the  wake 

t i p  v e l o c i t y  

vor tex  t r a n s l a t i o n  v e l o c i t y  

a x i a l  d i s t a n c e  from r o t o r  

r o t a t i o n a l  speed 

c i r c u l a t i o n  

*Pi~per  was presented s t  t h e  Seventh European Rotorcraf t  and Powered L i f t  A j r c r a f t  
Forum, September 8-11, 1O81, Garaisch-Partenkirchen,  Federal  Republic of Germany. 
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rmx - maximum blade-bound circulation 

d, - 
#v 9 

asimuthal angle  measured from the poin t  of blade overhead paosage 

vortex age when vortex s t r i k e s  t h e  probe 

0, collective p i t ch  angle  

1. Introduct ion 

The latest  generation of hover pred ic t ion  methodc should b2 accura te  to  
within 2% t o  be useful .  
only on computational methods, but ah30 on t h e  ava i l ab le  body of r o t o r  vake knowl- 
edge. 
Aeromechanics Lab has begun a series o f  tests designed to  simultaneously ob ta in  
blade wake and loading data .  
Ref. [l]. I n  t h i s  test, de t a i l ed  blade su r face  preesure d i s t r i b u t i o n s  on a l o w  
aspect  r a t i o  blade were obtained simultaneously with hot-wire measurements of t he  
loca t ions  and s t r u c t u r e  of the  shed t i p  vor t ices .  
ing  could be w e l l  predicted using the  measured wake c h a r a c t e r i s t i c s  as prescr ibed 
input. However, t he  measured geometrv (espec ia l ly  t h e  contract ion)  of t h e  vortex 
d i f fe red  from o the r  published da ta  (Ref. [ 2 ] )  f o r  low aspect  r a t i o  blades. Fur- 
thermore, the  vortex s t rength ,  found using the  Cook f i t t i n g  technique, c lose ly  
matched the  maximum bound c i r cu la t ion .  This l a t te r  result d i f f e red  markedly from 
Cook's o r i g i n a l  r e s u l t s  and was a t t r i b u t e d  to  d i f fe rences  i n  the  number of blades,  
t w i s t ,  and aspect  ra t io .  

This accuracy requirement p laces  e severe s t r a i n ,  not 

As par t  of a reexamination of t h i o  rotor wake knowledge, t h e  U.S. Army 

The i n i t i a l  phase8 of  theee tests were reported i n  

It was shown t h a t  blade load- 

In  the present paper, we descr ibe  an experiment similar to  tha t  of Ref. [l], 
but performed on high aspect  r a t i o  twisted and untwisted blades.  The purpose of 
t h i s  test is t o  check the  p u s s i b i l i t y  of anomalous r e s u l t s  due t o  test chamber 
e f f e c t s  and t o  assess  the possible  e f f e c t s  of blade geometry on vortex s t rength .  
I t  w i l l  be shown t h a t ,  unl ike the  low aspect  r a t i o  r e s u l t s ,  tests on the  high 
aspect r a t i o  blades produce vortex t r a j e c t o r i e s  which a r e  i n  good agreement with 
previously published data .  Furthermore, a l l  tests ind ica t e  tha t  a t  t yp ica l  operat-  
ing condi t ions,  t he  vortex s t r eng th  equals  the  maximum blade-bound c i r cu la t ion .  
In additiorr, spec ia l  a t t e n t i o n  is given to  the  inner  viscous core region of t he  
vortex. I t  w i l l  be shown t h a t ,  with minor except ions,  the  s t r u c t u r e  of t h i s  region 
is not a function of any of the  t e s t ed  blade geometry cha rac t e r i s t i c s .  

2. The Experiment 

The experiment was performed in the  Army Aeromechanics Lab Anechoic Hover 
Chamber (AHC) - a large cubic roov (about 10 m on a s ide )  with spec ia l  duct ing 
designed t o  e l iminate  room rec i rcu la t ion .  
i n  the center  of the chamber, mounted on a t a l l  column containing the  d r ive  assembly 
(Fig. 1 ) .  The wake da ta  acqu i s i t i on  process i s  described i n  Ref. [ I ] .  Brief ly  
s t a t ed ,  t h e  method was t o  use a t ravers ing  s i n g l e  hot-wire probe t o  f ind  a number 
of points  along the  t i p  vortex t ra jec tory .  
the vortex ax i s  t o  c l iminate  s e n s i t i v i t y  t o  the  a x i a l  components of  ve loc i ty .  
From t h e  time his tory  of the  hot-wire ve loc i ty  measurement, t h e  vortex s t r eng th  
and s t r u c t u r e  can be infer red .  An often-mentioned problem with t h i s  technique is  
tha t  thc ro to r  wake is unsteady and the vortex t r a j ec to ry  region is, i n  r e a l i t y ,  
a f a i r l y  wide band ra ther  than a s ing le  l i n e .  Finding the center  of t h i s  band is 
a time-consuming t a sk ,  and the  da ta  obtained a t  t h a t  point  are s t i l l  very unsteady. 
The best  so lu t ion  t o  t h i s  problem seems t o  be a c a r e f u l  screening (by d i g i t a l  
techniques) of the  acquired da ta  such t h a t  the only da t a  analyzed a r e  those i n  

A8 i n  Ref. 111, t he  ro to r  w a s  s i t u a t e d  

The probe was or ien ted  p a r a l l e l  t o  
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which the  vortex core makes a d i r e c t  h i t  on t h e  hot  wire. 
above-mentioned unsteadiness are shown i n  Fig. 2. 

Such a h i t  and t h e  

A major d i f fe rence  between t h e  present  work and Ref. (11 is t h a t  rotor loads 
are obtained from a six-coapnent balance r a t h e r  than by an i n t e g r a t i o n  of  t h e  
measured pressure d i s t r i b u t i o n .  
blade-load d i s t r i b u t i o n  obtained by a v a i l a b l e  l i f t i n g - s u r f a c e  codes (31 agreed 
well with sur face  pressurr inotrumentation. Therefore, measurements of  t h e  blade 
sur face  pressures  were not  considered to be essential f o r  t h i s  test. 
used t o  f ind  t h e  load d i s t r i b u t i o n  is to  measure the  wake geometry, which is used 
as prescr ibed input t o  a l i f t i n g  sur face  code ( i n  t h i s  case the  A.M.I. code 
HOVER). 
t h e  case), i t  is assumed t h a t  the predicted l i f t  d i s t r i b u t i o n  is also accurate.  

It was found i n  Ref. [l] t h a t  t h e  predicted 

The approach 

I f  t h e  measured and predicted t h r u s t s  compare w e l l  (as is almost always 

The r o t o r  blades t e s t e d  were a l l  untapered planform blades (NACA OGl2 air-  
f o i l )  with an aspect ratio of 13.7 and a rad ius  of  104.5 cm. One set of blades 
is untwisted, while the o t h e r  set has a l inea? t w i s t  of 8' from 0.2 rad ius  t o  the 
t i p .  
v o r t i c e s  f o r  twisted and untwisted blades. I n  comparing t h e  wake of the twisted 
and untwisted ro to r s ,  t h e  t h r u s t  o f  t he  two r o t o r s  m u s t  be adjusted such t h a t  
t h e i r  maximum bound c i r c u l a t i o n s  are equal. 
mined by means of an appropriate  loads code. 

The goal of t he  test is to  compare the  s t r e n g t h  and s t r u c t u r e  of  t h e  t i p  

These operat ing condi t ions are deter-  

3. Deta Reduction and Analysis 

The f i r s t  s t e p  in f indinq the required operat ing condi t ions is t h e  determina- 
t i o n  of  the vortex t r a j e c t o r i e s .  
t he  lack of agreement between low aspect  ra t io  r e s u l t s  of Ref. 111 and previously 
published d a t a  [ 2 ] .  In f a c t ,  a l l  the high aspect  r a t i o  t r a j e c t o r y  d a t a  are in 
exce l len t  agreement with c l a s s i c a l  wake d a t a  (Fig. 3). We cur ren t ly  have no 
explanation fo r  t he  low aspect  r a t i o  discrepancy. 
wake with predicted and measured loading does seem t o  r u l e  out  measurement e r r o r  
a s  a p o s s i b i l i t y .  Certainly,  t he  good agreement of  the high aspect  r a t i o  r e s u l t s  
with c l a s s i c a l  data ind ica tes  a basic  soundness of the hover test f a c i l i t y ,  and 
in  subsequent computations of blade loading it was possible  t o  use e i t h e r  
I ,.idgrebe's o r  Kocurek's prescribed wake data .  

This s t e p  was considered necessary because of 

The consistency of the measured 

In using t h e  loads program tr  determine operat ing condi t ions,  i t  is necessary 
t o  specify the vortex s t r eng th .  This seems premature, s i n c e  the determination of 
vortex s t rength  is a primary goal of t he  test. 
of the t r a d i t i o n a l  " f u l l y  rolled-up" assumption !s compelling aiid, as d i l l  now be 
shown, works very w e l l .  
formance f o r  t he  r o t o r s  with t w i s t e d  and untwisted blades. Included i n  t h i s  
t ab le  a r e  r e s u l t s  f o r  t h ree  c o l l e c t i v e  angles  ( 5 ' .  8 O ,  and 12') fo r  t he  untwisted 
blade rotor .  Corresponding t o  these are two groups of r e s u l t s  f o r  t he  r o t n r  with 
twisted blades - one set ca lcu la ted  t o  match Lhe t h r u s t  of t he  ro to r  with untwisted 
blades. and one set t o  match t h e  maximum bound c i r c u l a t i o n  on the  t w o  ro to r s .  

Nevertheless,  t he  s impl i f ica t ion  

Table 1 is a comparison of measured and predicted per- 

The comparison between measured and predicted t h r u s t s  is q u i t e  good, except 
a t  t h e  highest  c o l l e c t i v e  angles  where the error exceecs 6%. 
which occur i n  the torque c o e f f i c i e n t s  a r e  possibly due t o  the two-dimensional 
drag t a b l e  used i n  the  code. 
there  has bsen none of the t r a d i t i o n a l  varying of c o l l e c t i v e  angle t o  obta in  a 
good CT, cy match.) The general ly  good t h r u s t  predict ion seems t o  i n d i c a t e  t h a t  
t h e  assumpt on of f u l l y  developed vortex s t r e n g t h  is cor rec t .  
assumption w i l l  now be f u r t h e r  checked by a d i r e c t  ana lys i s  of t he  hot-wire wake 
measurements. 

The l a r g e r  errors 

( I t  should be remarked here t h a t  in t h i s  comparison 

However, t h i s  
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TABLE 1.- THRUST AND TORQUE COEFFICIEBITS 

AR - 13.7 

c = 7.62a 

UN- 
W l S f E D  
BLADE 

* 1m20cm 
MEASUREMENTS PREOlCTlOhlS 

'dc(ROOf) Oc75 cr CQ x lo3 % 'CO x lo4 I'MA)( 

5 5 0.0018 0.loB 0.0018 &IO@ 0.0120 0.68 
8 8' 0.M37 0.253 0.0097 0.219 0.0193 0.73 
12 12' 0.0058 0.493 0.0089 0.436 0.0292 0.73 

lT.4 5.30 0.0018 0.111 

As i n  Refs. [l] and [4], t he  vortex s t r eng th  can be computed a f t e r  making 
the following assumptions : 

o.oop0 aim 0.0080 0.57 

1) The hot w i r e  measures no f low components p a r a l l e l  t o  t he  vortex axis.  

4R - 13.7 14.8' 8.70 0.0038 0.279 a m  aus 0.0170 0.75 
R * 106.20 cm 

7.acm 18.4' 12.3 0.0064 0.468 0.- 0.408 0.0280 0.78 

13.0 6.9' O.ooo6 0.134 0.W7 0.163 0.0123 0.86 TWISTED 
BLADE 15-9 9.8' 0.0042 0.344 0 . m  0.271 0 . 0 1 ~  0.74 

19.6 IXS 0.- 0.- 0.0083 0.188 0.- 0.73 

A R - 6  I 8" 0.oOas - 0.0048 0.- 0.262 0.62 
R * 114.3cm 

12" 0.0079 - 0.0083 0.968 0.415 0.56 c - 19.Osm 12" 
UN 

TWISTED 
. BLADE 

2) The vortex is assumed t o  be l o c a l l y  indis t inguishable  from a two- 
dimensional l i n e  vortex; i .e. ,  t h e  curvature of t he  h e l i c a l  vortex is  ignored and 
the measured vortex is assumed t o  be axisymmetric about i ts  axis.  

3) The vortex is assumed t o  evolve s u f f i c i e n t l y  slowly t h a t  the timewise 
stream of da t a  :an be used t o  i n f e r  the s p a c i a l  vortex s t r u c t u r e .  

4) The residual  ve loc i ty  of v o r t i c e s  is assumed t o  be constant.  For young 
vor t i ces  (under 90" old.  f o r  a two-bladed r o t o r ) ,  t h i s  constant is  usually assumed 
t o  be the vortex t r a n s l a t i o n  veloci ty .  

In  Ref.  [ l ] ,  the s t r eng th  of the vortex was found by f i t t i n g  the  induced 
veloci ty  expression fo r  a two-dimensional vortex t o  the  measured data .  This 
expression i s  

where the s t r eng th  of the vortex is given by 
l a t i o n  t o  the maximum bound c i r c u l a t i o n  of t he  blade. The method of Ref. (11 was 
t o  vec to r i a l ly  add V I  and the r e s idua l  ve loc i ty  VR, and then choose a constant 
value OE 
h i s to ry .  

A(d), the r a t i o  of the  vortex circu-  

A(d) = A,, which gave a bes t  f i t  t o  the measured velocity-magnitude 
Such a f i t  is  shown i n  Fig. '%(a) .  

In the  present work, a d i f f e r e n t  approach i s  taken t o  f inding the vortex 
s t r eng th ,  s ince  the goal is now t o  determine the e n t i r e  c i r c u l a t i o n  v a r i a t i o n  
A(d). In  t h i s  case, the vortex t r a j e c t o r y  data  are used t o  express the  measured 
vortex veloci ty  magnitude da ta  as a s p a c i a l  function. 
i t y  p l u s  the known locat ion of the vortex with respect  t o  the  probe permits the 

The assumed re s idua l  veloc- 
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determination of V i ,  and hence the  c i r c u l a t i o n  A(d), as a simple quadrat ic  
function of the measured ve loc i ty  magnitude. Figure 4(b) shows a t'lpical varia- 
tion of A as a funct ion of dis tance,  d, from t h e  center of t h e  vortex.  This 
f igu re  shows the  c i r c u l a t i o n  asymptotically approaching t h e  maximum bound circu- 
l a t i o n  f o r  t he  untwisted low aspect  r a t i o  dPta described i n  Ref .  [l]. 

In  the region f a r  away from the  cen te r  of t he  vortex, small  changes i n  t he  
veloci ty  (due t o  e r r o r s  i n  r e s idua l  ve loc i ty ,  c a l i b r a t i o n ,  signal noise ,  e t c . )  
cause l a r g e  changes i n  c i r c u l a t i o n ,  making t h i s  region p a r t i c u l a r l y  suscep t ib l e  
t o  e r r o r .  In p a r t i c u l a r ,  the assumption t h a t  VR is constant and equal t o  the 
t r a n s l a t i o n  ve loc i ty  is f requent ly  unrel iable .  
son of Figs. 4 and 5,  which d i f f e r  only i n  having d i f f e r e n t  assumed VR'S. 
Fig. 5 ,  VR is chosen t o  equal t he  t r a n s l a t i o n  ve loc i ty  Vm, and it  is seen t h a t  
the c i r c u l a t i o n  i n  the  far inv i sc id  f i e l d  decreased u n r e a l i s t i c a l l y  r a t h e r  than 
remaining constant.  In  Fig. 4, VR is chosen t o  be 0.25Vm, and t h i s  c i r c u l a t i o n  
remains properly constant.  Notice i n  Fig. 5 ,  however, t h a t  t he  maximum indicated 
c i r c u l a t i o n  is very c lose  t o  t h a t  i n  Fig. 4. We have always found t h a t ,  even with 
an inco r rec t  value of VR, t h i s  maximum indicated c i r c u l a t i o n  is q u i t e  accurate.  
An add i t iona l  source of e r r o r  is t h a t  t h e  vortex c i r c u l a t i o n  is normalized by a 
computed r a the r  than a measured value of rma:., ( I t  w a s  shown i n  Ref. [ l ]  t h a t  
the accuracy of t he  A.M.I. code, HOVER, was about S X . )  With a l l  these possible  
e r r o r  sources,  t he  maximum value of A(d) ( tha t  is, t h e  vortex s t r eng th )  w a s  
alwiys between 0.9 and 1.1 ( fo r  the twisted and untwisted blades,  as w e l l  as the 
low aspect r a t i o  blades of Ref. [ l ] ) .  Figures 6 t o  9 show some t y p i c a l  r e s u l t s  
fo r  untwisted blades a t  8' and 12O c o l l e c t i v e  p i t ch ,  and twisted blades a t  9.8' 
and 13.5'. 

This is demonstrated i n  a compari- 
I n  

It therefore  appears t h a t ,  contrary t o  Ref. [4], t he re  is l i t t l e  reason t o  
doubt the complete vortex roll-up assumption €or t y p i c a l  planforms, t w i s t  d i s t r i -  
butions, or operat ing conditions.  
the Effect of t w i s t ,  aspect r a t i o ,  and operat ing condition on the inner vortex 
s t ruc  t u r s .  

The next s t e p  i n  the  ana lys i s  i s  t o  inves t iga t e  

4. Vortex Structure  

The fixed-wing t r a i l i n g  vortex has been a sub jec t  of considerable study [ S ,  
6,7,8,9]. 
four d i s t i n c t  flow regions (see Fig. 10):  

As a general  rule, these vo r t i ce s  are turbulent  and can be divided i n t o  

(1) Viscous Core. This innermost region is dominated by viscous d i f f u s i o n  
rather l i k e  the laminar sublayer of a turbulent boundary layer .  Rotation is 
solid-body t y p e  and c i r c u l a t i o n  v a r i e s  as the square of distance from the center .  

(11) Turbulent Mixing Region. In  t h i s  region, flow is dominated by turbulent  
diffusion.  I t  is i n  t h i s  region, a t  the maximum ve loc i ty  radius  '1, t h a t  t he  
t angen t i a l  veloci ty  a t t a i n s  Its maximum value. 
mic function of radius  [5,7].  

The c i r c u l a t i o n  here  is a loga r i th -  

(111) --- Transi t ion Region. Here, the  turbulent  region makes the  t r a n s i t i o n  t o  
the ou te r  i nv i sc id  region. 
c u l t  t o  general ize  the c i r c u l a t i o n  d i s t r i b u t i o n  here. 
smooth f o r  young v o r t i c e s  and seems t o  occur i n  d i s c r e t e  jumps. 
due t o  the v o r t i c i t y  sheet s p i r a l i n g  i n t o  the  vortex. 

This is an extremely va r i ab le  region, and i t  is  d i f f i -  
This t r a n s i t i o n  is not 

These jumps are 

(IV) I r r o t a t i o n a l  Region. In t h i s  outermost region, c i r c u l a t i o n  is constant .  

5 



The above c l a s s i f i c a t i o n  a g r e e s  w e l l  w i t h  t h e  observed rotor vortices. This 
is seen i n  Fig. 1 , which is a re -p lo t  of t h e  untwie ted  b l a d e  data of Pig. 7. In 
t h i s  f i g u r e ,  t h e  d i s t a n c e ,  d,  is normalized by t h e  maximum v e l o c i t y  radius, rl,  
and p l o t t e d  l o g a r i t h m i c a l l y  in o r d e r  to  b e t t e r  see t h e  small inner core. The 
viscous  Region I is seen as a smooth r eg ion  ex tending  to  about 
Beyond t h i s  p o i n t  and extending  t o  about  I s  an obvious ly  t u r b u l e n t  
reg ion  whose v a r i a t i o n  on t h i s  semi logar i thmic  p l o t  can be reasonably  f i t t e d  to  
a s t r a i g h t  line - t h i s  is Region 11. Beyond t h i s  p o i n t  is a reg ion  which shows 
cons ide rab le  v a r i a t i o n  between d i f f e r e n t  v o r t e x  traces. 
v a r i a b i l i t y ,  t h e r e  is one f e a t u r e  which f r e q u e n t l y  appears .  
less d i scon t inuous  jump i n  t h e  c i r c u l a t i o n .  In Fig. 11, t h e  circulation seems t o  
be a sympto t i ca l ly  approaching a c o n s t a n t  va lue  o f  A = 0.8 u n t i l  d / r l  * 9.0,  at  
which p o i n t  A j m p s  t o  a new va lue  o f  0.95. A t  d / r l  = 22, an a d d i t i o n a l  jump 
t o  The noise which is 
seen i n  t h i s  outermost r eg ion  i n  t h i s  f i g r c c  is due to  t h e  p rev ious ly  mentioned 
s e n s i t i v i t y  of t h e  method. 
(Fig. 7) shows t h a t  a t  t h i s  p o i n t  :he velociL,* v a r i a t i o n  suddenly becomes q u i t e  
smooth. 
seen  a t  t h e  beginning of Region IV. 

d/ r l  * 0.9. 
d i r l  * 3.0 

In t h e  mids t  of t h i s  
This  is a more o r  

A = 1.0 occurs  and i n d i c a t e s  t h a  beg+aT,;ing of Region IV. 

In  f a c t ,  an in:--ection o f  t h e  o r i g i n a l  v e l o c i t y  d a t a  

This  sudden change i n  s i g n a l  c h a r a c t e r  is f r e q u e n t l y ,  b u t  n o t  always, 

I n  o r d e r  t o  see t h e  e f f e c t  of t h e  b lade  l o a d i n g  on t h e  v o r t e x  structure, i t  
is necessary  t o  compare d i f f e r e n t  b lade  load  v a r i a t i o n s  t h a t  have t h e  same rnaxi- 
mum c i r c u l z t i z n  value.  
blade a t  12' c o l l e c t i v e  has a 8 75 of 13.5'. 
shown i n  Fig.  1 2  ( t h i s  is a semifogar i thmic  r e p l o t  of Fig. 9). 
pa res  q u i t e  c l o s e l y  wi th  t h a t  f o r  t h e  untwisted b lade  (Fig.  11 vs. Fig.  12) .  For 
t h i s  tw i s t ed  b lade  c a s e ,  t h e  boundary between Regions I and I1 occur s  a t  about 
0.75 ( r a t h e r  than 0.9 f o r  t h e  untwisted c a s e ) ,  and t h e  boundary between Regions I1 
and I11 occurs  a t  2.0 ( r a t h e r  than  3.0). Again, t h e r e  are two c i r c u l a t i o n  jumps 
i n  Region I11 occur r ing  a t  5.0 and 16 .0  ( r a t h e r  than  9.0  and 22.9). 
previous  case ,  the  f i n a l  jump marks the  beginning o f  Region I V  and a sudden 
decrease  i n  t h e  measured v e l o c i t y  roughness. 
v a r i a t i o n s )  of t h e  tw i s t ed  and untwisted b lade  wakes have been ob ta ined  f o r  o t h e r  
c o l l e c t i v e  ang le s .  
8 ' ,  and Fig.  14 shows t h e  corresponding t w i s t e d  b lade  d a t a .  The la t ter  twi s t ed  
b lade  d a t a  c l o s e l y  f i t  t h e  p rev ious ly  desc r ibed  v o r t e x  s t r u c t u r e .  However, t h e  
corresponding untwisted b lade  d a t a  d i f f e r  somewhat i n  t h a t  on ly  one c i r c u l a t i o n  
jump is seen i n  Region 111. 
analyzed us ing  the above method. 
untwisted b l ade ,  AR = 6 ,  BC = 8'. 
corresponds t o  t h e  high aspect r a t i o  d a t a ,  except  t h a t  t h e  s i g n a l  is so no i sy  t h a t  
c i r c u l a t i o n  jumps cannot be r e a d i l y  d i sce rned .  F igure  16 shows low a s p e c t  r a t i o  
vo r t ex  d a t a  f o r  a c o l l e c t i v e  of 12'. This case  is unique i n  t h a t  t h e  i n n e r  co re  
region is much l a r g e r  (rl = 0.008R) than  i n  a l l  the  p rev ious ly  mentioned cases .  
Besides t h i s  d i f f e r e n c e ,  however, t h e  v o r t e x  i s  e s s e n t i a l l y  i d e n t i c a l  t o  a l l  t h e  
prev ious  cases .  A l l  t h e  prev ious  d a t a  are f o r  young v o r t i c e s  (less than 90' o l d ) .  
F igure  17 is t y p i c a l  of d a t a  from o l d e r  v o r t i c e s  and d i s p l a y s  a S t r u c t u r e  ve ry  
s i m i l a r  t o  young vor t ex  d a t a ,  except t h a t  c i r c u l a t i o n  jumps  a r e  no longer  p r e s e n t .  

The tw i s t ed  b l ade  which corresponds t o  t h e  above untwisted 
A c i r c u l a t i o n  p l o t  f o r  t h i s  case is 

This  f i g u r e  com- 

As i n  t h e  

S i m i l a r  cornparisoris ( w i t h  some minor 

F igure  1 3  shows t h e  untwisted b lade  wake f o r  a c o l l e c t i v e  of 

The low aspec t  r a t i o  d a t a  of Ref. [3] have a l s o  Leen 
F igure  15 shows t h e  v o r t e x  structure from an 

The gene ra l  s t r u c t u r e  of t h i s  v o r t e x  c l o s e l y  

In a l l  t h e  above d a t a ,  t h e r e  i s  f r e q u e n t l y  a g r e a t e r  v a r i a t i o n  between two 
success ive  v o r t i c e s  than  t h e r e  i s  between those f o r  d i f f e r i n g  b l ades  and c o l l e c t i v e  
ang le s .  The r e s u l t i n g  u n c e r t a i n t y  band f o r  t h e  d a t a  is shown i n  F ig .  18. A curve 
(also shown i n  Fig.  18) which b e s t  f i ts  t h e  d a t a  can be w r i t t e n  as: 
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Region I 

Region I1 
Region 111 

A = 0.37 (d / r1I2  

A = 0.32 + 0.39 a n ( d / t l )  
A - 1 - 1.2 e-0*52(d/rl) 

0 I d / r l  S 0.73 

0.73 4 d / r l  I; 3.0 

3.0 S d / r l  

wlic.i-c an average va lue  of  
.iIwve curve are those  f o r  t h e  low aspec t  r a t i o ,  12' c o l l e c t i v e  case. 
t.r*.won f o r  t h i s  d i f f e r e n c e  is t h a t  t h e  core r a d i u s  r l  is  q u i t e  d i f f e r e n t ,  f o r  
this  c a s e  r1 2 0.008R. 

rl is 0.003R. The only  d a t a  which do no t  f i t  t h e  
The only  

Although t h e  p r o p o r t i o n a l i t y  cons t an t  (0.39) i n  t h e  loga r i thmic  term shows 
l i t t l e  v a r i a t i o n  from t h e  average f o r  t h e  cond i t ions  t e s t e d ,  t h e s e  r e s u l t s  do n o t  
i i t u ? s s : r i l y  sugges t  a p o s s i b l e  u n i v e r s a l i t y  of t h e  cons tan t  as i n  t h e  case of  t h e  
tu rbu len t  boundary-layer theory.  
&'r a l .  [ 9 ]  r epor t ed  an average va lue  of 0.44 f o r  t h i s  p r o p o r t i o n a l i t y  cons t an t .  
h f f m a n n  and Jouber t  (51 and P h i l l i p s  [ 6 ]  obta ined  a va lue  of about  0.5. 
bldormick e t  a l .  [ l o ] ,  based on t h e  results from a f u l l - s c a l e  a i r p l a n e ,  go t  a 
v.ilue of 0.16. 
dence on the  Reynolds number. 

From t h e  fixed-wing measurements, C o r s i g l i a  

This  cons tan t  may vary wi th  t i p  geometry and have a weak depen- 
More tests are requ i r ed  t o  v e r i f y  such sugges t ions .  

5. Concluding Remarks 

The p resen t  s tudy  is aimed at an understanding (o r  a t  least a d e s c r i p t i o n )  
o f  t h e  e f f e c t s  of b lade  t w i s t  and aspect r a t i o  on t h e  geometry and flow s t r u c t u r e  
of  rotary-wing t i p  v o r t i c e s .  The main t o o l s  f o r  t h i s  s tudy  are a combined use of 
hot-wire probe, six-component ba lance ,  and a hover performance code (A.M.I.'s 
code, HOVER) t o  determine blade-load d i s t r i b u t i o n .  This  load d i s t r i b u t i o n  was 
r e l a t e d  t o  t h e  vo r t ex  flow s t r u c t u r e  which is  obta ined  from t h e  hot-wire output .  

The main conclus ions  from t h i s  s tudy  are: 

1. Vortex t r a j e c t o r i e s  ob ta ined  from high  aspect r a t i o  b l ades  compare q u i t e  
c lose ly  wi th  prev ious  publ ished da ta .  However, a t  t h e  lower aspect r a t i o  t h e  
vor tex  geometry does not ag ree  w e l l  wi th  o t h e r  publ ished d a t a .  I n  a l l  c a s e s ,  t h e  
present  measured vor tex  geometr ies  are c o n s i s t e n t  wi th  measured o r  computed 
loading. 

2. For t h e  p re sen t  h igh  aspect r a t i o  b l ades ,  t h e r e  is no measurable e f f e c t  
of b lade  t w i s t  on vo r t ex  s t r e n g t h  o r  flow s t r u c t u r e .  
vor tex  ro l l -up  occurs .  

In  a l l  cases, complete 

3. The vor t ex  flow i s  gene ra l ly  t u r b u l e n t .  This  s t r u c t u r e  may be con- 
venien t ly  d iv ided  i n t o  four  d i s t i n c t  r eg ions ,  namely: a laminar inner  Yegion, 
a t u rbu len t  logar i thmic  reg ion ,  a t r a n s i t i o n  reg ion ,  and an i r r o t a t i o n a l  o u t e r  
region.  Almost a l l  t he  v o r t e x  s t r u c t u r e  d a t a  f i t  a s i n g l e  empi r i ca l ly  ubtained 
curve.  
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F i g .  2 .  T y p i c , j l  wake probe d a t a .  
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Fig. 3.  dake georlietry measurement for O c  = 8' and comparison with c l a s s i c a l  
data and low aspect rat io  rotor blade. 
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VfV, 

U' I 1 I I L - - - l -  

0 .a I .02 .03 .04 .05 .06 .07 .08 
d/R 

Fig. h .  Circulation and tangential velocity prof i les  and hld curve fit. 
A R  = 6.0; c o l l e c t i v e  p i t c h ,  ? c  = 8"; vortex age, I) = 53.8"; V R  = 0.25V:,,. 
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0 .01 .02 .03 .04 .05 .06 .07 .08 

d/R 
F i g .  5 .  E f f e c t  o f  r e s i d u a l  velocity on circulation p r o f i l e .  AR = 6.0; collective 
p i t c h ,  t \C = 8"; v o r t e s  age, $1 = 5 3 . 8 ' ;  VR = VTA. 
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d/R 

COLLECTIVE PITCH, Oc = 8"; VORTEX AGE, $ - 57.5" 
Fig. 6. Circulation and tangential velocity profiles for untw*sted blade. 

i 

.- ~ _. _- - I 1 I 1 I-- 
0 .01 .02 .03 .04 .05 .06 .07 

d/R 
COLLECTIVE PITCH, Oc = 12 '; VORTEX AGE, $ = 76.3 

Fig. 7. CircuLation and tangential velocity prof i l e s  for untwisL-bd blade 
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d/R 
COLLECTIVE PITCH, Oc = 9.8.; VORTEX AGE, i. = 65.4 

Fik:. S. Cir- , .ul . i t  i m  .iml t ~!i;cnt i ; i l  v c l ~ i c i t v  pro f i1c . s  t o r  t w i s t t d  bL,uiCl. 



VORTEX LAYER 

REG1 

IV 

Fig. io. Sketch of roll-up and merging of a trailing vortex layer. 
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‘1 = 0.0025 R 

.1 1 .o 10.0 100.0 
dlr 1 

COLLECTIVE PITCH, 0, = 12‘ ; VORTEX AGE = 76.3‘’ 

Fig. 11. Circulation p r o f i l e  for  untwisted blade. 

‘1 = 0.0028 R 

I 

i 
* 

1.0 - 

A 

- 
- 

r 

i 
t 

.1 1 . o  10.0 100.0 
d l r l  

COLLECTIVE PITCH, Oc = 13.5’ ; VORTEX AGE = 58.4’ 

F i g .  12 Circulation p r o f i l e  for  t w i s t e d  blade. 
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A 

.t 1 .O 10 100 
d h  1 

COLLECTIVE PITCH, BC = 8"; VORTEX AGE, $ * 57.5" 
Fig. 13. Circulation profiles for untwisted blade. 

1 .o 

Fig. 14. Circulation profiles for twis ted  blade. 



r1 = 0.0027 R AR = 6.0 

'1 = 0.0081 R AR = 6.0 

, I  

, ,  , I  

L_.--LL 01 - 
.1 1 .o 10 100 

d h  1 

COLLECTIVE PITCH, 0, = 12"; VORTEX AGE, I$ = 52.2" 

F i g .  16. Circulation p r o f i l e  for untwisted b l a d e .  
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COLLECTIVE PITCH, 0, 

1.0 

X a 
f .5 
L 
L 
\ 

0 

10.0 1 O( 
rl/r 1 

= 12"; VORTEX AGE. 11, = 202" 

Fig. 17. c ircu la t ion  prof i l e  for twis ted  blade. 
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Fig. 18.  Empirical c i rcu la t ion  p r o f i l e .  

20 


