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ROLLING MOMENTS IN A TRA1L:LNG 

VORTEX FLOW PIlXE,n 

By Oden 5. McMillan, Ricl~ard  G. Srrhwinc'i, 
Jack N. N i e l s e n ,  and Marnix F. E. l l i l l e n i u s  

N i e l s e n  Engineering & Research, I n c ,  

An experimental investigation has b e r ~ n  car r ied  out: to prcJvi8e detai.lcc1 

press*lre distributions on a wing i n  c lose  proximity to a tip vortex of 

known s t r u c t u r e  generated by a l a rger ,  ups~cxeam sernispan wing .  Overall  

loads calcula ted by i n t e g r a t i o n  of these pressures axe checked by inde- 

pendent measurements made w i t h  an i d e n t i c a l  model mounted on a force 

,balance. For ce r t a in  . p o s i t i o n s  . of the fa l lowing  wing,  the data are shown 

to include effects f r o m  the unrolled-up p o r t i o n  of the vortex sheet from . .  . 
the genera t ing  w i n g .  With the vortex close to the wing ,  t h e s e  effects 

are minimal. 

Conventional methods of wing a n a l y s i s  arc used to predict  t h e  loads 

on the following wing. Two different ver s ions  of s t r i p  theory are shown 

to give uniformly poor results f o r  the loading distribution, although the 

predictions of overall lift and rolling moment are sometimes acceptable. 

Modeling the i n c i d e n t  vortex with vorticity distributed in the core i n s t e a d  

of concent ra ted  at t h e  center is important  when t h e  vor tex  is w i t h i n  a 

care radius of the w i n g .  Vortex-lattice theory gives  good results if the  

vortex w i t h  distributed v o r t i c i t y  is constrained t o  be r e c t i l i n e a r  and the 

loadings are calculated from linearized pressures. The equivalent r e l a t ion  

from reverse-flow theory that can be used to give o v e r a l l  loads is presented. 

Failure t o  model accurately the  nonlinear contributions to  loading is shown 

t o  have small impact on the ove ra l l  r e s u l t s .  

INTRODUCTION 

There i s  considerable  p r a c t i c a l  i n t e r e s t  i n  t h e  ability to calculate 

the loads induced on a w i n g  surface i n  a free stream by a nearby stream- 

w i s e  vortex. For example, t h i s  a b i l i t y  is important in the analys i s  of 

the vortex hazard problem for a sma l l  a i r c r a f t  operating i n  the wake of a 

larger a i r c r a f t .  ft is also central to the a n a l y s i s  of helicopter r o t o r  

systems and to t he  design of c o n t r o l  or l i f t i n g  surfaces for  missiles or 



aircraft if these surfaces are subject  t o  concentrated vort ices  genc:rated 

by the nose or by canards. Severa l  investigators h a v e  i o rn~u la tcd  modc1.s 

for  c a l c u l a t i n g  induced loads of t h i s  type; varying l e v e l s  of success 

have been acllicved in t e r m s  of prediction of overall. af fect:s . 
In spite of t h e  f a c t  t h a t  t h e r e  i s  a voluminous l i t e r a t u r e  on t h i s  

subject, t h e r e  exists a need f o r  experimental data of sufficient detail 

and completeness to evaluate the theore t ica : l  a~e thoc l s .  W i t h  t h e  cxcept.j.ort 

of t h e  i n v e s t i g a t i o n  of reference 1, the e x i s t i n g  data lack e i t h e r  

detailed measurements of t h e  distribution of loading on t h e  wing o r  know- 

ledge of t h e  s t r u c t u r e  of the apsroachirig vortex; reference f d e a l s  w i t h  

t h e  case where t h e  vortex-generating wing  i s  at most 02 t h e  samt? span a s  

the  fo l lowing  wing. Therefore, p r e v i o u s  tests of thcor.jcs for cases 

where the vortex core is at all appreciable compared tu the scale of .!.:he 

fallowing wing have been in terms of gross  cf fects, o r  have requi re i ,  

c r i t i ca l  assumptions w i t h  r e s p e c t  t o  t h e  nature of the vor t i : a l  f l o w  

f i e l d  involved. 

The purpose of the work described h e r e i n  i s  t o  provide measurements 

of s u f f i c i e n t  completeness t o  a l low d e t a i l e d  evaluation of existing 

t h e o r i e s  fo r  loads of t h i s  type and t o  conduct such an evaluation. In 

t he  particular cases t r e a t e d ,  t h e  loads are measured with  the following . - " .  . - . . * -* - . -  
wing a t  zero angle of attack u s i n g  pressure' taps; t h e  vortex genera tor  

is a larger semispan wing. To hllow checking of the overall loads calcu- 

l a t e d  by integration of t h e  measurea s u r f a c e  pressures, independent 

measurements are made using an  i d e n t i c a l  model mounted on a force balance.  

The theoretical methods eva lua ted  are standard methods of wing ana lys i s .  

T h i s  report  describes the experimental arrangement utilized, p r e s e n t s  

and analyzes t h e  d a t a .  The t heore t i ca l  methods used are described, 

detailed comparisons with t h e  measurements are  made, and shortcomings of 

t h e  rnethods are assessed .  



three-dimensional  l i f t - c u r v e  slope 

lift-curve slopes for wing por t ions ,  e q ~ i a t i o l ~  (18) 

aspec t  r a t i o  of wing por t ion ,  equation (17) 

w i n g  span 

wing chord 

s e c t i o r l - - l i t  k zoeff icient 

section l i i t - c u r v e  slope 

1 
section--;if L coeff ic . i ,ent  f o r  wing i n  s t e a d y  roll, 
eg;lration (1.7) 

ro l l i rq -moment  coeff ic ient  , ~/q,bS 

rolling-moment coeff ic ient  for force model at zero angle 
of atrack in absence of vortex;  tare'value 

l i f t  coef f ic ien t ,  

lift c o e f f i c i e n t  for force model at zero angle of a t t ack  i n  
absence of vort.ex; tare value 

pressure c o e f f i c i e n t  (based on corrected pressure )  , 
(P  - ~ m ) / q m  

exponential integrals, equations (15) , (16) and (21) 

const ant in model for le ading-edge contribution to section 
lift, equation (4) 

l i f t  

s t a t i c  pressure corrected for pressure measured a t  same 
p o i n t  on pressure model a t  zero angle  of  attack i n  absence 
of vortex; also r o l l  angular velocity, p o s i t i v e  - r i g h t  
wing down 

r a t i o  of semi-perimeter t o  span o f  wing p o r t i o n ,  equation (17) 

f ree-s t ream dynamic pressure 

r a d i a l  distance from vortex c e n t e r l i n e  

rolling moment, positive right wing down 

Reynolds nurrber base* on t h e  c h o r d  of t h e  following w i n g  

wing semispan, b/2 



S w i n g  area, bc for rectangular w i n g  

t: pseudo t i m e  coord ina te  ,, equa t ion  (1) 

v8 tangential ve l oc i t y  in vorkex, cqua t i o n  (2 )  

Vt.3 free-strea rn velocity 

component normal to wing of ve loc i ty  due t o  vortex, 
equations (9) and ( 2 2 )  

C a r ~ e s i a n  coord ina t e s  w i t h  o r i g i n  at the c e n t e r l i n e  of the 
leading edge of the following wing, cm, figure 1 

yvyzv 
coordinates of t h e  vortex center assuming the presence of 

t h e  w i n q  causes no de f l ec t i on  

a angle of a t tack  

*yV, Azv change in locat ion of t h e  vortex center  duo to deflection 
caused by t h e  presence of t he  wing 

c i r c u l a t i o n  of vortex at radius ; r , equation (I) ; ~ositive 
for counterclockwise rotation 

strength of p o t e n t i a l  vortex; or c i r c u l a t i o n  of vortex a t  
la rge  r 

V pseudo viscosity, equation (1) 

Subscripts 

A pertaining to the aged vortex of equation (1) 

G generating wing 

a lower wing surface 

P pertainir ig  tu a potential vortex 

S per ta in ing  to the split-wing version of s t r ip  theory 

u upper wing surface 

v vor tex  

03 free stream 



APPARnTUS AND INST17UMENl'ATION 

The experiment w a s  parformed i n  the wind Z.unnel which is under t he  

j u r i s d i c t i o n  of t h e  U. S. Arlny A i r  Mobility Research and D e v e l o p ~ e n t  

Laboratory at the N A S A / ' A ~ ~ S  Research Cerll-or. This 5.53 a closed-circuit, 

atmospheric tunnel v:.i.Gh a t e s t  s e c t i o n  of r ec tangu la r  cross s e c t i o n  2.1 

meters (7 ft) I l i . ~ jh  F , O rr:eterc (10 ft) wide. It  is described i n  m o r e  

detail j.n ref z lxllcr.. 2 ,  She general arrangemenk and c:oordinate system 

used are shown in E L c j i ~ r e  1 ,  The " g e n e r a t i n g  wing" i s  a semispan model 

attached t o  t l ~ r :  tuli-.lel.  scales with its L r a i l i n g  edge at t h e  center of: the 

tunnel. turntable. Tllc geometrical charac~eristics of this wing are  l i s t e d  

in Table I. Its measured lift curve (verified i n  this investigation) and 

more geon~etrical  d e t a i l  are available i n  reference 3. The "following wj.ng" 

was mounted by means of a small fuselage tothe kunnel  traversing system 

( n o t  shown) with its leading edge t w o  genera t ing-wing  chord lengths down- 

stream of t h e  g e n e r a t i n g  wing trailing edge. T h i s  streamwise position 

w a s  chosen to m i n i m i z e  t h e  effects of v o r t e x  meander (discussed later) and 

to coincide w i t h  a position where a p o r t i o n  of the velocity field of t h e  

v o r t e x  had previously been measured (ref. 4 ) .  While t h i s  close proximity 

t o  t h e  g e n e r a t i n g  wing i s  totally u n r e p r e s e n t a t i v e  of the vortex hazard 

problem, minimizing meander and operating i n  a vortex whose s t r u c t u r e  is 

a t  least partially Icnown greatly f a c i l i t a t e  a p p l i c a t i o n  of theoretical 

methods, The f o l l o w i n g  wing geometrical charac~teris t ics  are listed in 

Table I; the exterior l i n e s  of the fuselage are shown i n  figure 2. 

Provision was made t o  pitch the following wing-fuselage assenibly relative 

t o  t h e  t r a v e r s i n g  system. 

There were ac tua l l y  t w o  f o l l o w i n g  wing-fuselage assemblies of iden- 

tical exterior shape but of different internal construction and 

i n s t r u m e n t a t i o n .  One (the "force model") was fabricated of wood and 

f i b e r g l a s s  and was mounted t o  t h e  traversing system through a 2.54 c m  

(1 i n . )  d i a m e t e r  Task Mark XIVA force balance (balance center  at x = 2.59, 

y = 0, z = -2.54) . The gages used to measure l i f t  and rolling moment were 

cal ibrated in the tunnel; the estimated experimental uncertainty for a 

s i n g l e  measurement of lift i s  5 percent, for r o l l i n g  moment 3 p e r c e n t .  

The o t h e r  assemlsly (the "pressure model") was fabricated of aluminum and 

was instrumented with 371 pressure taps dis t r ibu ted  in chordwise r o w s  on 

the upper and lower wing su r faces  as shown i n  f i g u r e  3 .  The taps ind ica ted  
L 

as missing a t  a particular section in this figure were e i t h e r  omitted 

because of manufacturing c o n s t r a i ~ ~ t s  or were found to leak or to be plugged 

a f t e r  asseribly of t h e  wing t o  the  fuselage. 

5 



The pressure t ap s  were installed in t h e  ,sp:Lil: wing  in one of the two 

ways shown i n  f igure  4 .  Thc s t a i n l e s s  stee l  ttll>es from the pressure t a p s  

were l e d  out through the wing and fuselage interiors and w o r e  connected t o  

n i n e  Scaniva'Lve modules (with internally mounted pressure kransiiuccxs) by 

0.75 meter (30 i n . )  l engths  of flexible tubing. 'J'he Scanivalve modules 

were attached to the t u n n e l  t r a v e r s i n g  mechanism aft of the model. 9'he 

e l e c t r i c a l  leads from the transducers w e r e  led out through the t u n n e l  

f l oo r  to t h e  power supplies, siynal c o n d i t i o n i n g  equipment, and d a t a  

a c q u i s i t i o n  system (described below) located i n  t.11e t u n n e l  c o n t r o l  area. 

The i n d i v i d u a l  pxessure  l i n e s  were carefully leak checked 'at several .  

stages i n  t h e  c o n s t r u c t i o n  of the model, including after i t s  final 

installation i n  t h e  t unne l .  

The pressure transducers used were a11 of the differential type; 

t h e i r  reference sides were manifolded to the s t a t i c  pressure from the 

standard tunnel "q" probe. This s t a t i c  pressure (as well as the total 

pressure from this p r o b e )  was a l so  i n p u t  t o  a port on each Scanivalve .  

Because all pressures recorded were to be converted to pressure coeffi- 

cient form before  use, t h i s  procedure e f f e c t i v e l y  allowed each transducer 

to be calibrated on each cycle of the associated Scanivalve. The ranges 

of t h e  transducers used varied from 1 .72  kPa (0.25 p s i )  to 17.2 kPa 

(2.5 p s i ) ;  pressure taps located nearest t h e  t r a i l i n g  edge were connected 

t o  t h e  transducers w i t h  t h e  smallest ranges f o r  best r e s o l u t i o n .  

To allow determination of t h e  mean vortex p o s i t i o n  under various 

cond i t ions  (which are described later) , a dual-beam, two-color b a c k s c a t t e r  

laser Doppler velocimet-er furnished by the Large-Scale Aerodynamics Branch 

a t  t h e  N A S A / A ~ ~ S  Research C e n t e r  w a s  used. For a given test  condition, 

t he  two beams were positioned so t h a t  on the average they bracke ted  t he  

vor tex  core, as described i n  reference 4,  and t h e  mean vortex position 

was determined from knowledge of t h e  LDV focus location. The LDV beams 

were made visible by injecting vaporized mineral oil i n t o  the t u n n 2 l  i n  

one of two ways: s i t h e r  a conventional r e s i s t a n c e  heating smoke. w a n d  was 

placed with its t i p  near the t i p  of t h e  genera t ing  wing ( i n  which case 

t h e  vortex was smokefilled in a clear free s t r e a m ) ,  ox t he  entire tunnel 

was f i l l e d  w i t h  vapor formed by an air-blast atomizes (in which case the 

vortex core was clear i n  a smoky free stream). In this latter technique, 

the smoke was ducted i n t o  the tunnel i n  t h e  diffuser s e c t i o n  just dawn- 

stream of t h e  test section. Both techniques proved u s e f u l  in different" 

facets of t h i s  i n v e s t i g a t i o n .  



One f i n a l  piece  of i n s t r u rncn t a t i on  wi;s proviclcd t o  al.1or.r assesslncnt  

of t h e  i n s t a n t a n e o u s  deviation of t h e  vortex from i t s  mean position 

(meander). T h i s  in format ion  allows cond i t iona l  sampling of t h e  d a t a  from 

the force model. Using t h i s  procedure, only daka  collected when t h e  

vortex is i n  its mean p o s i t i o n  are used t o  c a l c u l a t e  ro l l ing  moment and 

lift,  his approach i s  not pass ib le  t v i t h  t h e  pressure model because af 

inadevuate frequency response of t h e  pressure instrumentation due to the 

(rc?.a t ively) long pieces of sma3.l diameter tubing required to col~nect the 

taps  kc. ' 5 ~ ~ 5  '3canivalves. The instrument used to provide this instantaneous- 

p0s.i t, - . \  i, ' -rrrmation i s  a v o r t i c i t y  meter ( s k e t c h e d  i n  figure 5) specially 

des..g: : : :or t h i s  purpose. The m a x i n r u m  diameter of t he  b l a Z e s  i s  approxi.- 

mately equal to the measured diameter of the vortex core (ref. 4) and the 

device was constructed t o  a l l o w  r a p i d  response to rotational speed changes 

( the  c a l c u l a t e d  t i m e  constant of this instrument is on the order of 

10 rn/secj. When the position of  the vorticity meter is adjusted to c o i n -  

cide w i t h  t h e  mean vortex position, decrease i n  . i t s  rotational speed i s  an 

i n d i c a t i o n  of movement of the vortex away from t h i s  mean position. ~y 

averaging only force model d a t a  associated with a vor t ic i ty-meter  rota- 

tional speed which is above some value, and then increasing this threshold 

value, one can gain an understanding of t h e  sensitivity of vortex-induced 

lift and r o l l i n g  moment t o  dev ia t ion  from vor tex  mean position, This 

approach cannot, of course, e l i m i n a t e  the contribution t o  these quantities 

from the mcander v e l o c i t y  of the vortex i n  i ts  mean pos i t ion .  The condi- 

t i o n a l l y  sampled data w i l l  i nc lude  this contribution. 

The vorticity meter l a t e r a l  and v e r t i c a l  positions were adjusted to 

coincide with  t he  mean vortex position (as determined by t he  LDV) for a 

given locat ion of the force model. It w a s  a l w a y s  located t h r e e  following- 

wing chord l engths  downstream of the fallowing-wing leading edge (x = 3c). 

The response of the vorticity meter t o  t h e  vortex motion is illustrated , 

i n  figure 6 which .is a t racing of the r o t a t i o n a l  speed output obtained on 

an oscillograph for a case where the wing was very close t o  the vortex, 

Although no vigorous c a l i b r a t i o n  of t h e  rotational speed w a s  maintained 

(because o n l y  relative values were t o  be used i n  the conditional s a r ~ l i n g  

process), it is known that the peak speed obtained in this t r a c i n g  is i n  

excess of 940 rad/sec (9000 rprn). It is clear from this f i g u r e  t h a t  the 

frequency response of t h e  vorticity meter i s  adequate for it t o  serve as  

an indicator  of r e l a t i v e  vortex position. 



The d a t a  a c q u i s i t i o n  system i n  tho t u n n e l  can s imul taneous ly  d i g i t i x c  

up to 12 analog i n p u t s  and punch t h e s e  values  on computer cards for  later  

r e d u c t i o n .  One of these ana log  input channels was always used fo r  t h e  

output of khr "q" probe Lransducer. Tn .kesCi l lg w i t h  t h e  Iorce model, for 

each p o s i t i o n  of t h e  wing r e l a t ive  to the mean vortex p o s i t i o n ,  t h i s  

sys tem was used t o  record the i n s t a n t a n e o u s  signals from the h a l a n c e  and 

v o r t i c i t y  meter a t  appr'oximately 100 d i f f e r e n t  insIr.ani-.s in t i n l e  . N o t e  

t h a t  c o n d i t i o n a l  sampling w a s  n o t  p r ac t i ca l  at data-accp~isi t i ,on time h u t  

w a s  done later during data reduct ion .  with the p r e s s u r e  model, t h e  

pressure transducer in each of the nine Scanivalves was connected t o  an  

a n a l o g  input channel (after appropr i a t e  amplification) . Because the 

Scanivalves had t o  be cycled through all the p o r t s ,  a period of about 

30 seconds was r e q u i r e d  to record t h e  pressure field on the whole wing. 

This  process was repeated on t h e  order of 20 t imes.  t o  generate an average 

of the pressure at each point on the wing, 

TEST CONDITIONS AND PROCEDURES 

Vortex S t r u c t u r e  and Location 

As previously mentioned, the streamwise p o s i t i o n  of t he  f o l l o w i n g  

wing was chosen to coincide with one of the measurement planes  in an 

e a r l i e r  study of t h e  structure of t h e  t i p  vortex f r o m  t h i s  g e n e r a t i n g  

wing ( ref .  4) . f n that study, the i den t i ca l  generating w i n g  was mounted 

i n  a s i m i l a r  way ( v e r t i c a l l y )  i n  t h e  test section of the o t h e r  2.1 meter 

by 3.0 meter (7- by 10-foot) wind tunnel a t  t h e  Ames Research Center and 

a rapid-scanning LDV w a s  w e d  t o  o b t a i n  l a t e r a l  traverses of t a n q e n k i a l  

velocity through t he  vortex core. 

Figure 7 shows t h e  r e s u l t i n g  prof i le  ( f o r  aG = 12O, V, = 24 m / s e c )  

i n  the streamwise plane of  interest here. I n  t h i s  figure, t h e  t a n g e n t i a l  

velocity ( co r rec t ed  f o r  tunnel w a l l  images) 'is normalized by the free- 

stream velocity and t h e  r a d i a l  c o o r d i n a t e  i s  normalized by t h e  span of 

t h e  generating wing. The c e n t e r  of t h e  vortex is taken ti:, be equidistant 

between the positions of maximum measured tangential velocity. A s e a s o n -  

able degree of symmetry is exh ib i t ed  betweel? t h e  t w o  s i d e s  of the traverse, 

except  just a t  the edge of t h e  core (r/bG ' 0.01) and for r/bG > 0.08. 
One may n o t ,  of course, infer any further degi-ec of symmetry f o r  t h e  vortex 

from t h i s ,  f o r  t h i s  close t o  the wing one would expect neither t h a t  t h e  

vortex i s  axisymmetric nor t h a t  it is f u l l y  rolled up (e.g., see r e f s .  1, . 



5-8). In fact, t h e  small asymmetry noted at large r/bG in figure 7 may 

be e v i d ~ n c e  of t h e  unrolled--up portion sf t h e  wake ( re f .  7 ) .  The effeo1.s 

on the following wing of t he  unrolled-up portion of the wake arc  a p p a r e n t  

i n  some of the da ta  discussed i n  a l a t e r  sect ion.  

Having  duly noted that the vortex at this l o c a t i o n  is not axisymmetric, 

we w i l l  nevertheless proceed t o  represent i ts  velocity distribution by 

two axisyrrmetric modzls, Thasc models are used l a t e r  as i n p u t  to theo- 

retical c a l c u l a t i o n s  of the lifk and rolling moments induced  on t h e  

following w i n g .  This approach is dictated by a desire to determine the 

accuracy achievable by simple modeling, as well as by a lack of detai.led 

d a t a  on t h e  asymmetric structure. The two models are shown in f i g u r e  7 .  

The first is a simple potential vortex with strength detmrrnined by f i t t i n 9  

the experiments1 velocity distribution f o r  r/bG > 0.02. The second has 

v o r t i c i t y  d i s t r i 3 u t e d  in accord w i t h  that i n  a two-dimens ional ,  laminar, 

unsteady vortex (an "aged1' vor tex)  : 

This equation can be recast  in the form: 

In applying t h i s  nodel, ro, t h e  c i r c u l a t i o n  of t h e  vortex at large r, 

is taken to be equal to the circulation of the potential vortex of t h e  

first model. The combination hE/4vt i s  chosen t o  provide best agreement 

t o  the experimental data as r e p l o t t e d  i n  t h e  form of figure 8. As a 

r e s u l t  of these procedures, l ?0 /2~~ ,bG = 9 . 6 8 ~ 1 0 - ~  , bz/4/4yt = 1.052X104. 

It is of some interest to note that 
To determined in this w a y  i s  7? 

percent  of t h e  value calculated f r o r  the maximum* s e c t i o n - l i f t  coefficient 

measured on t'nis wing at aG = lZO (as  reported in ref. 9). T h i s  is 

suggestive of the extent of: the rdxling-up process at this strearmvise 

location. 
* 
Th is rnaxlimum c, occurs for 0.35 !: y /s  h 0.61). 



P.13, d a t a  i n  the present  invcs l - iga t i r ,~?  wore taken w i t h  V, = 4 3  rn/sac, 

( ] G O  fpsl whit.12 corresponds to a dynamj,c pressure of 1.44 kPa (30 ps f )  . 
The generating wing w a s  always a t  a~ 

= 12.6: Because these values are 

somewhat different from t h e  condikions used t o  generate the data of 

figures 7 and 8 (V, = 24 m/sec, aG = 12O), the constants just calculated 

musk be adjusted before they are  appl ied t o  the p r e s e n t  s i t u a t i o n .  

Because theroll-upprocess is essentially i n v i s c i d ,  no correction i s  

applied for the change i n  Reyl-loJcls nunfber (the V, discrepancy) .  I.L= i s ;  

f u r t h e r  assumed that the small  (0.6*) discrepancy i n  a has no effec t  
Q 

on the d i s t r i b u t i o n  of vorticity (b2/4vt unchanged) b u t  that the effect 
G 

on the total sked vorticity is linear in a 
G *  

This  leads t o  the f i n a l .  

value,  ro/2rv;bG = 10.14~:~ 17-' . 
The position of tile ~[n;: -:usbed vortex ( i n  the absence of a following 

wing) was established usi ny the LDV described earlier. To allow for posi- 

tioning of the v o r t i c i t y  meter, it was also necessary to measure the 

perturbed vortex location at x/c = 3 as a function of following-wing 

p o s i t i o n  again using  the LDV. Because of t h e  window arrangement i n  t he  

t u n n e l ,  t h i s  prohzedure was possible otlly with t h e  vortex over  t h e  l e f t  

w i n g .  Measurements w e r e  made for y,/s = -0.5 over a range of pos i t ive  
, .... . . ....... . * . .  * .  

zJc. The d e f l e c t i o n  of t h e  vor tex  from i ts  unperturbed location i s  

shown in f i g u r e  9. These d e f l e c t i o n s  were also used to position the 

vorticity meter for the data taken w i t h  t h e  force model for yJs = 0.5. 

T e s t s  with the Force Model 

Most of the t c s t i n g  with the force model w a s  done using the arrange- 

ment  shown i n  f igure  1 (following wing l ~ o r i z o n t a l ,  angle of attack 

nominally zero) w i t h  t h e  vorticity meter appropriately positioned. The 

vortex posit ions a t  w h i c h  dnta were taken are shown in Table 2 along w i t h  

the run nunifser assigned t o  that da ta .  Notice that t h e  coordinates i n  t h i s  

t a b l e  are f o r  t h e  unperturbed position of the vortex relative to the  force 

model. Although i n  these terms the vortex w o u l d  appear to be beneath the 

wing ( for  z@ < 0 ) ,  i n  actuality t h e  wing caused the vortex to deflect 

upward as shdwn for zv/c > 0 in f igure  9. The m i n i m u m  zJc posi t ion 

s h w n  (zJc = -0.18) i s  f o r  t h e  case where t h e  w i n g  was observed to  

'bifurcate the vortex 

A s  is also shown in*~&ble 2, some data were obtained w i t h  the follow- 
b 

i n g  w i n g  vertical ( r o t a t e d  900 counterclockwise,  looking upstream), but 

s t i l l  nominally a t  zero angle of attack. Because fhe coord ina te  system 



shown in T i g u r c  L is taken to be fixed in . the model., w j t h  the wing v e r t i c a l  

a vertical sweep of the mode 1 corresponds to varying yv/s, a l a t e r a l  

sweep to varying zv/c. Runs taken at the i n t e r s e c t i o n  of the l a t era l  

and v e r t i c a l  sweeps are listed under both l t inds of sweeps in Table 2. 

To account for s m a l l  imperfections i n  i t s  cans - t ruc t i on ,  the loads 

on t he  force model were also  obtained w i t h  the generating wing s e t  to 

generate zero lift. For t h i s  measurement, the force model (still norninall~y 

a t  zero angle of attack) was s e t  horizontal and was l acaked  well above the 

g e n e r a t i n g  w i n g ' s  wake. These loads (EL = 0.OU5U, cQ = -0.00866, run 43) 

were applied as tares to a l l  the other da ta  from t h e  force model; the  

r e s u l t a n t  values (CL, CQ) a r e  thus induced s o l e l y  by t h e  presence of t h e  

vortex (under the assumption t h a t  for  the posit.j.ons occupied by t h e  

following ~ v i n g ,  v a r i a t i o n s  i n  the fTow a n g u l a r i t y  in t h e  free stream are 

small). The l i f t  curve f o r  t h e  force mociel w a s  also obta ined  (runs 4 3 - 4 8 ) .  

As previously mentioned, t h e  capabiLity existed for  condi t iona l ly  

sampl ing  the  d a t a  from the force model using the r . , t a t iona l  speed ou tpu t  

of t h e  vorticity meter as an i n d i c a t i o n  of i n s t a n t a n e o u s  vortex p o s i t i o n .  

Nonlinear e f f e c t s  of small c h a n g e s i n v o r t e x  position would be removed 

from the average values determined i n  this way,and one w o u l d  expect the 

resulting mean values  t o  converge and t h e  standard deviation ta be reduced 

as more of t h e  data where t h e  vortex is "out-of-position" are excluded. 

However, the e f f e c t s  of dec reas ing  t h e  sample size apparent ly  offse t  the 

effects of eliminating data for which the vortex was out-of-position, 

for no such behavior for mean and s tandard  deviation was observed. 

Therefore, values from t h e  force model presented in this report are 

averages  of a11 t h e  samples collected at a given test condi t ion .  

Tests with the Pressure Model 

All of the t e s t i n g  with the  pressuremodeEwas done with the pressure 

instrumented wing horizontal. The vortex positions a t  w h i c h  data were 

obtained are shown i n  Table 3 .  As w i t h  t h e  force model, the loads in t h 3  

absence of the vortex were measured (run 69) and a11 results corrected 

for  these t a r e  values.  T h i s  process ,  when applied t o  the  pressure at 

each tap location, results in C the loca l  pressure coeff icient  from 
P' 

which t he  effects of the wing thickness and any cons t ruc t ion  i r regular i t ies  

have been removed. The l i f t  curve for the pressure model w a s  also measured 

(runs 50-51, 59-74) . 
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A s  mentioned previously, f o r  each r u n  approximataly 20 samples of 

the pressure at each pressure-tap l o c a t i o n  were recorded. A t  each tap 

location, these values were averaged,.converted to C and integrated 
P' 

chordwise to d e f i n e  t h e  span laading as follows*: 

The second and third terms on the right-hand side of this equation are 

evaluated by a straightforward numerical  i n t e g r a t i o n  o f t h e d a t a  using 

the trapezoidal rule. The fourth term provides a neg l ig ib l e  c o n t r i b u t i o n .  

The first term, however, provides a substantial contribution, although 

it involves on ly  a s m a l l  r eg ion  in t h e  wing which cannot be adequately 

instrumented w i t h  pressure taps i n  a model of  this scale. Therefore, the 

c o n t r i b u t i o n  of this term w a s  modeled h y  the relation 

where k w a s  determined to be 0.0639 from two-dimensional section data 

for an HACA 0012 wing (ref. 10).  his procedure should be quite a c c u r a t e  

over most of the win g  as long as the loca l  angle of attack induced by the 

vortex does not become too large. 

Span loading as calculated by equations (3) and (4) is integrated 

again to get the overall wing lift and rolling-moment coefficients: 

* 
This procedure cannot be applied at the fuselage loca t ion  ( y / s  = 0). 
No cj is calcula ted there. 



These equat ions ,  va l id  f o r  a reckangular w i n g ,  a r e  evaluated Zy the t x a p e - .  

zoidal  rule making use of the f a c t  t h a t  c = 0 at y / s  = -I- I. Linear  
P, - 

i n t e r p o l a t i o n  i s  used through the  fuse lage  loca t ion .  

PRESEZI'PATION AND Df SCUSSLON OF 
EXPERIWNTAL RESULTS 

All of the data  acquired in t h i s  i n v e s t i g a t i o n  are tabulated in 

~ p p e n d i x  A. I n  this s e c t i o n ,  selected results are presented and discussed. 

The Following Wing i n  t h e  
Absence of the  Vor tex  

In figuxa 10,  the in tegra ted  l i f t  coefficients for both the force 

and pressure models a r e  shown as funct ions  of angle of attack. With t h e  

,exception of one apparent ly  anomalous data point, the  agreement for l i f t  

derived from t h e  two models i s  good (within the uncertainty of the force 

data ,  2 5 percent). Pred ic t ions  of the lift curve from a vortex-lattice 

program (described l a t e r )  and f r o m  t h e  method of r e f e r e n c e  11 are  shown 

for' comparison and agree w i t h  the data t o  within  t h i s  same order of 

accuracy. It i s  shown i n  reference 12 that for the l o w  Reynolds nunher 

of t h i s  test (Rec = 330,000) the l i f t  curve hecones nonlinear for  a 

greater  than  about loo. The er ror  bands on the data po int s  from the 

force model show the standard deviation of those measurements. Because 

of t h e  assumptions required to i n t e g r a t e  t h e  pressure data, accuracy of 

these d a t a  i s  best assessed by comparison t o  t h e  force model data  and t o  

the t h e o r e t i c a l  estimates. 

An example of t h e  ' span loading measured by means of the pressure  

model i s  shovn i n  figure 11. A decrease i.n section lift i n  the immediate 
I 

v i c i n i t y  of t he  fuselage is evident. Good agreement i s  shown w i t h  span 



loadix~g ca lcu la ted  by the vo r t e x - l a t t i c e  program. The break in t h i s  calcu- 

lated curve a t  the fuselage location indicates that t h i s  pxogram a s  

currently configured does n o t  ca lcu la te  t h e  l i f t  carry-over o n t o  t h e  

fuselage.  

The Following Wing i n  the 
Presence of t h e  Vortex 

Measured r o l l i n g  rnomerrt and l i f t  are  shown  in figures 1 2  ( a )  and (b) , 
respectively, with t h e  vortex at di f ferent  I l e ights  above the r i g h t  ha l f -  

semispan, Measurements from the force and pressure models a re  shown; in 

both  cases, the following model w a s  h o r i z o n t a l ,  Good r epea tab i l i t y  and 

reasonable agreement between measurements w i t h  the different models is 

evident. The standard deviation of t31e measurements  from t h e  force model 

in the presence of t h e  vortex is approximately represented by t h e  synibol 

s i z e  i n  these figures. Note that this a p p r o x i m a t e l y  bounds the  effects 

of meander i n  these data. 

The span loadings measured on t h e  pressure model at the cond i t ions  

of figure 1 2  a r e  shown i n  figures 13(a) through (f). Tn these  figures, 

the (unperturbed) p o s i t i o n  of t h e  vortex relative to t h e  wing and the 

approximate core size are shown to scale.  With the vortex far f r o m  the 

w i n g ,  as in figure 13 (a)  , t h e  loading directly under the vortex should be 

essentially zero. It i s  seen t h a t  
c.J 

is substantially nonzero at 

y/s  = 0 . 5 ,  and t h a t  because of t h e  mild g r a d i e n t  of t he  span loading, the 

discrepancy is considerably more than could be a t t r i b u t e d  t o  uncertainty 

i n  the vortex pos i t ion$  F u r t h e r ,  
C~ 

a t  y / s  = 0.5 is nearer t o  zero 

with the  vortex somewhat closer t o  t h e  wing, figure 13(b). The l i k e l y  

source for t h i s  behavior i s  the unrolled-up portion of the  wake from t h e  

wing;::.$ mentioned earlier, a t  the streamwise position of t h e  

following wing, a subs t an t i a l  amount of the shed v o r t i c i t y  is not r o l l e d  
. . . ~ - , . -  .... - .  . .  . *.l_ . . _ _ _ . _ .  _ _ 

up into a symmetric vortex ( see  sket.ch on following page) . while we 

propose to do no modeling of the residual vortex sheet t o  i n v e s t i g a t e  this 

po in t  further, it i s  reasonable t o  suppose t h a t  the behavior observed in 

figures 13 ( a )  and (b) is due to the f a c t  t h a t  more of t h e  w i n g  is exposed 

* 
The estimated uncer ta in ty  i n  t h e  unperturbed vortex p o s i t i o n  i s  + 0.02 
for YJS, 2 0.07 for z,/c. Movement of t h e  vortex induced by a e  

presence of the w i n g  depends, of course, on the proximity to the wing. . 
A t  z,/c = 1.73, figure 9 i nd i ca t e s  very little la tera l  movement of the 
vor tex  . 



t o  t h i s  shact  as t h e  s e p a r a t i o n  b e t w e e n  .the ro:L:lcd-up vortex and wing 

increases; a d d i t i o n a l l y ,  i ts  effects become proportionally more i m p o r t a n t  

as those of the vortex are  diminished by d i s t ance .  

- r Rolled-up v o r t i c i t y  

Gener atlng . \ / / ' L V o r t e x  sheet 
wing 

Following \ 
wing 

when t h e  vortex is closer to t h e  wing (and  t h e  e f f e c t s  af the  un- 

rolled-up wake are m i n i m a l ) ,  one would expect  to see evidence of the 

nonlinear suct ion  lift and vortex-bending c o n t r i b u t i o n s  t o  surface pres- 

sure discussed in Appendix B.  The ubump" i n  t h e  span loading curves of 

figures 13 (c) and (d) a t  y/s = 0.55 presumably xepresents these e f f e c t s  

(as previous ly  observed i n  reference 1 3 ) .  N o t e  that because t h e  n o n l i n e a r  

s u c t i o n  and vortex-bending pressures peak directly under t h e  vortex 

(see Appendix B ) ,  this bump i s  an i n d i c a t i o n  of the per turbed  vortex 

l oca t ion ,  

It is reported in reference 3.3 that when the vortex gets s t i l l  

c l o s e r  t o  the wing, b u r s t i n g  occurs  and the suc t ion  peak disappears. 

This seems to be the case i n  f i g u r e s  13(e) and ( f )  which have no "bump" 

at y / s  = 0.55. Remember t h a t  t h e  z,/c p o s i t i o n  reported i n  f i g u r e  13 

i s  the unperturbed location. The vor tex  i s  bifurcated by the wing i n  

f i g u r e  13(f). The span-load d i s t r i b u t i o n  remains smooth even f o r  t h i s  

extreme cond i t ion .  

Further effects of the unrolled-up wake are evident in figures 14 ( a )  

and (b). In these figures, t h e  rolling-moment and lift coefficients 

measured w i t h  the force model are shown f o r  y / s  = -0.5. Measurements 

are shown with t h e  following model h o r i z o n t a l  and vertical. It is clear 

that changing t h e  attitude of the model r e l a t i v e  t o  t h e  wake causes a 

s u b s t a n t i a l  change i n  r o l l i n g  moment and t h a t  this change i s  increased as 

zJc i nc reases .  The effec t  of l i f t  is seen t o  be small .  



The remainder of the d a t a  g a t h e r e d  i .n t h i s  i ~ r v e s l i c j a t i o n  w e r e  for 

varying yJs at zv/c = 0.05. These  da ta  are shown in f igures  15(a) 

and (b). Measurements with t h e  pressure  model h o r i z o n t a l  and the force 

model both  horizontal and vertical are included, as  are some theoretical 

results discussed i n  t h e  nex t  s e c t i o n .  The rolling-moment coefficient 

data of figure 15 (a) e s s e n t i a l l y  c o n f i r m  the above remarks ; that is, 

measurements made w i t h  the force and pressure models horizontal agree 

reasonably well, w h i l e  those made w i t h  fr1.1e :force   nod el verti.ca1 show 

subs tant ia l  disagreement.  The l ift-coeffic:ient results of figure 15  (b) 

again show smal l  effects of model a t t i t u d e .  

To i l l u s t r a t e  t h e  detailed loading d i s t r i b u t i o n s  t h a t  result in the 

i n t e g r a t e d  values  p r e s e n t e d  t o  t h i s  paint, a series of isometric pl.ots 

of t h e  pressure coefficient o n  t h e  top  and bottom wing  surfaces is given 

in f igures  16 (a) through (f). The position of the vortex for  these 

f igures i s  t h e  same as f o r  figures 13 (a) through (f) ; that is, yv/s j.5 

and z@ varies from 1.73 to -0.18. The spanwise s t a t i o n  yv/s = 0.5 

i s  marked with an arrow i n  these f i g u r e s .  The pressure c o e f f i c i e n t s  

plotted have been adjusted fo r  t h e  tare run;  t h a t  is ,  t h e  pressure d i s t r i -  

bution due to thickness (and any i r r e g u l a r i t i e s  i n  the wing) has been 

subtracted out .  The c o e f f i c i e n t s  measured a t  taps located forward of 

x/c = 0.05 are not plotted i n  these figures because they were n o t  used 

in the integration of loads, as discussed previously, The curve shown 

a t  t h e  wing center l i n e  on t h e  top surface is the measured pressure 

d i s t r i b u t i o n  there, although it was also no t  used i n  t h e  integration. 

Obviously, no p r e s s u r e s  could  be measured on the bottom wing su r face  a t  

the centexline. 

In the earlier comments about f i q u r e s  13 (c) and (d) , not ice  was made 

of t h e  "bump" i n  the loadings a t  y / s  = 0,55, The surface pressures  

resulting in these loadings are shmn i n  figures 1 6 ( c )  and (d ) .  P a r t i c u l a r  

a t t e n t i o n  should be d i r e c t e d  t o  the top wing surface; y / s  = 0.55 i s  the  

spanwjse s ta t ion  j u s t  ko t h e  right of t h e  arrow, The chordwise d i s t r i -  

but ion  at t h i s  s t a t i o n  (and t o  a l e s s e r  degree the d i s t r i b u t i o n  a t  the  

station marked w i t h  t h e  arrow) contrasts markedly with the distributions 

shown at the other spanwise s ta t ions .  The (relatively) large nega t ive  

pressure coefficients existing over the m i d  and aft portions of the wing 

at y / s  = 0.35 resu l t  i n  a locally increased ce ( the  "bump"). These 

augmented pressure coef f ic ien ts  are interpreted as the n e t  of t h e  nDn- 

linear suction l i f t  and vortex-bending con t r ibu t ions ,  As t he  vortex 
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approaches the wing ,  figure Ib (a) , and i s  bi.1 w c a t c d ,  f i g u r e  iG (f) , tllc 

increased loading over tllo mid and a f t  p o r t i o r ~ u  of t h e  w i n g  disappears. 

The pres su re  3 i s t r i b u t i o n s  f a r  from the vor tex in all these f igures 

resemble s tandard  section data and suggest  t h a t  that port ion or t.he flow 

field might be mode1.ed in a s t r a igh t fo rward  fashion using s t r i p  theory.  

The success of t h i s  theoretical approach (and others )  is assessed i n  t h e  

next s e c t i o n .  Some more d e t ~ ~ . l s  of pressure d:i-str ibuti ,ons are presented 

i n  support of specific po in t s .  

DESCRIPTION OF TEIEORETICAL PWI"I'ODS AND 

COMPAlZISON WITH DATA 

Three standard methods of linear w i n g  analysis (strip theory, vortex- 

lattice theory ,  and reverse-flow theory) are used to predict t h e  loads on 

t h e  wing due t o  t h e  vortex. The boundary, conditions used i n  these calcu- 

lations consist of the induced velocity f i e l d  f r o m  either a potential 

vor t ex  or the "aged" vortex of e q u a t i o n  (1) , w i t h  t h e  c o n s t a n t s  required 

for t h e  description of t h e  vortex s t r u c t u r e  determined a s  described 

ea r l i e r .  The methods are applied assuming that the presence of t h e  wing 

does n o t  a l t e r  t h e  vcrtex structure; t h a t  is, t h e  vortex remains recti- 

l i n e a r  and t h e  incident v e l o c i t y  f i e l d  is unchanged f r ~ m  t h a t  existing 

fo r  the i s o l a t e d  vortex. Because t h e  vortex models used take no account 

of t h e  presence of t h e  unrolled-up vortex sheet d i scussed  earlier, the 

models are  appl ied only with the vortex close to the wing where the 

effects of t h i s  sheet are minimal. 

S t r i p  Theory 

Several vers ions  af t h i s  simple approach have been app l i ed  to this 

problem in prior Investigations, with varying claims of success (see, for 

example, refs. 1, 7 ,  14, or 15). 

Using strip t heo ry ,  each i n f i n i t e s i m a l  element  of t h e  w i n g  i s  considered 

t o  be independent of  the others, and the load on each element is assumed 

t o  be calculable from t h e  l o c a l  s e c t i o n  angle of attack. Thus f o r  a 

rectangular wing 



where c i s  the s e c t i o n  lift-curve slops and wv/v, is the local 
La 

s e c t i o n  angle of attack. Previous applications of t h i s  method di f fe r  ia 

the amount of e m p i r i c i s m  used in the  spellif  i c a t i o n  of c and wV/v,. La 

In t h i s  s e c t i o n ,  two ver s ions  af s t r i p  theory  ( d i f f e r i n g  in the 

treatment of c~,) are used to illustrate the fundamental features oC t h e  

method. In the first version, cLa is assumed to be c o n s t a n t  over the 

ent i re  wing and equal to a,, the three-dimensional lift-curve slope 

(a, = 4.58/radian = O.OS/degree is used, see f i g ,  10). Both descr ipt ions  

of the vortical velocity field devel-oped earlier are used in conjunction 

with this assumption. If the vortex is to be represented as potential, 

application of the Biot Savar t , '  law yie lds  

and 



I, the vortex is represented by eguatioll (1) (an  4iagcd't vor ' lex) ,  

and 

The l a s t  term on t h e  r igh t -hand  side of equat5.m (14) is eval-uated 

numerically. I1 and I= are  t h e  exponential i n t e g r a l s  

The second vers ion  of s t r i p  theory used here is based on t he  reasoning 

( s k t  f o r t h  in reference 15) that the por t ions  of the w i n g  on ei ther  side 

of the vortex act as separate wings ,  each with i ts  own [constant) value 

of l i f t - c u r v e  slope. The lift-curve slope for either port ion of the wing  

is determined f r o m  



where A? is the aspect  ratio and P is .the ratio of semi-perimeter to 

span, each eva lua t ed  f o r  the wing por t ion  t rea ted  as a separate wing.  

Thus for the rectangular wing t rea ted  here, 

Specifying c as double-valued at yV/s causes no problems in equa t ion  
L m  

(7) or (8) because wV/v, vanishes there. 

In this second (split-wing) version of strip theory, the aged-vortex 

relation of squation (12) is used to describe the distribution of s e c t i o n  

angle of attack. Thus 

= cw (&JGOL [ ~ n *  Z :  
S , A  ( y ,  + s ) ~  + z 2  

+ 3 - ,I 
v 

(y, - 9)"  + z2 
+ a [l. v + 1, 

OR 
zB 
v - 1.1 1 



where I, i s  the exponent ia l  i n t e g r a l  

The j.ntegrals involving q i n  equation ( 2 0 )  are evaluated numerically. 

Pred ic t ions  of rolling moment from equations (11) , (14) , and (20) are 
shown f o r  z@ = 0.05 in figure 15 ( a )  . The p r e d i c t i o n s  shown ignore  

the  effects of the image v o r t i c e s  presen t  because of the  t u n n e l w a l l s .  

Inc lus ion  05 the closest e igh t  of t h e s e  images results in very small 

changes in the coe f f i c i en t s  (0.002 in C j ,  0.01 in CL) ; the effects of 

these images are therefore neglected i n  a l l  s ~ s e q u e n t  ca lcn- la t ions ,  
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I t  is seen that t h e  bcst o v e r a i l  ayreement w i d t h  data js obtained for 

the approach of equation (14) w h i c h  uses c = a L 
for  t h e  whole wing i n  

0 

conjunction with the aged vortex. However, @he agreement at ta ined  by 

t h i s  method i s  q u i t e  variable. N e a r  y v / s  = 0 ,  agreement w i t h i n  about 

10 percent is a t t a i n e d ;  at yv/s = 0.5, the discrepancy  is nearly 40 

percent; but a t  y J s  = 0.9, there is excellent agreement. Examination 

of t h e  l i f t  coef f ic ien t  results of figure Z5(b)  reveals a similar1.y 

varying- l e v e l  of agreement for this method (eq. (13)); here, however, the 

whole-wing method in con j unc t ion  with a p o t e n t i a l  vortex (eq. ( L O )  ) l eads  

t o  v i r t u a f . 1 ~  ident ica l  r e s u l t s ,  w h i l e  t h e  split-wing method (eq. ( 1 9 ) )  

exhibits considerably improved agreement with da ta  fo r  a l l  yv/s. 

The reason f o r  this s e e n ~ i n g l y e r r a t i c b e h a v i o r  is apparent from exam- 

ination of the predicted and measured span loadings in figures 17 (a) and 

(b), These figures show cases w h e r e  t h e  agreement w i t h  data fo r  rolling- 

moment c o e f f i c i e n t  f r o m  equa t ion  (14) i s  poor and excellent, respectively. 

The span loadings predicted using the  whole-wing and s p l i t - w i n g  vers ions  

of s t r i p  theory and equa t ion  (12) are shown; t h a t  from t h e  &hole-wing 

approach and equation (9) ( n o t  shown) dif fers  from t h e  whole-wing, 

equat ion ( 1 2 )  approach only in t h e  i n m e d i a t e  vicinity of t h e  vor tex  where 

lcQl becomes very large. Predictions from vor tex- la t t i ce  theory are also 

shown and a r e  discussed later. It i s  clear i n  both figures that both 

versions of strip theory do a poor job of predicting t h e  spanwise distri- 

but ion  of loading. This i s  p a r t i c u l a r l y  obvious n e a r  the  vortex w h e r e  

t h e  strong spanwise g r a d i e n t s  invalidate t h e  assumption of no i n t e r f e r e n c e  

between adjacent strips. Therefore, where strip theory gives good results 

it i s  fortuitous, Compensating e r r o r s  occur a t  d i f f e r e n t  positions on 

t h e  wing. 

In t h e  context  of l i n e a r  theory, t h e r e  are two major possible sources 

f o r  these (o f f se t t i ng )  e r ro r s .  The first is that mutual i n t e r a c t i o n  

between adjacent w i n g  sections is iinportant. The second i s  t h a t  t h e  aged 

vortex of equation (1) is a poor representation of the ve loc i ty  field 

t h a t  exists when the vortex is close to the follcwing wing; t h a t  is, t h e  

p r e v i o u s l y  mentioned deflection and poesib1.e bursting cf t h e  vortex are 

no t  represented  by this model and may have s t r o n g  e f f e c t s  on t h e  induced 

loading. The first possible source of e r r o r  i s  removed by applying 

v o r t e x - l a t t i c e  theory (or reverse-flow theory) to the problem with t h e  

vortex assumed r ec t i l i nea r  and represented by equati on (1 2 )  . These 

approaches are now described. The second ~ o s s i b l e  source of error is 

discussed subsequently. 



Vortex-Lattice Theory - R e c t i - l i n e a r  Vertex 

The vortex-lattice method is  a n  implementa t ion  of linear, potential 

theory wherein the w i n g  and fuselage a r e  r e p r e s e n t e d  by a network of 

distributed singularities . The particular implcmentatj .on used in t h i s  

work i s  described i n  r e f e r e i ~ c e a  16 and 1.7. I n  t h e  present  work, it w a s  

found adequate to model each wing p a n e l  by 20 spanwise rows o f  4 chordwise 

horseshoe vortices. The fuselage i s  nodeled as a circular cylinder with 

diameter of 4.47 crn (1.75 i n . )  and its itxis coirleidcnt with the x-axis 

shown in figure 1. The image of the incident vortex in this cylinder is 

required :t;, m a i n t a i n  t h e  f low tangency c o n d i t i o n  on its surface.; a second 

image at 1 %  cylinder's axis i s  required t o  m a i n t a i n  the proper circul.ati.on 

at infinity . 
Once t he  wing per turbat ion  velocities a r e  calculated by t h e  linear 

theory of t he  vortex- la t t ice  program, t h ey  car1 be used in any desired 

pressure-velocity r e l a t i o n s h i p  to calculate the surface pressureE on the 

wing. These pressures are then integrated to get lift and rolling moment. 

It is shown in Appendix R t h a t  t h e  contributions t o  surface pressure of 

nonlinear terms present in the Bernoulli pressure relation a r e  of the 

same order and of opposite s ign  from the contributions due to vortex 

bending. Therefore, i n  t h e  present treatment of a rectilinear vortex, it 

is appropriate to use the linear pressure-velocity relation, However, far 

illustrative purposes, examples of loadings calculated from Bernoulli 

pressures are a l s o  included. 

Integrated rolling moment and lift'calculated i n  these ways are shown 

i n  f i g u r ~ s  15 ( a )  and (b) which are f o r  zJc = 0.05; vortex-lattice cal-  

culations were made at yv/s = 0 .2 ,  0.5 and 0.9. Except w i t h  t h e  vortex 

very near  the wing t i p ,  agreement w i t h  the rolling-moment data is good 

f o r  calculations using ei ther  linear or Bernoulli pressures. At 

yJs = 0.9, ne i the r  method does very well but the method using B e r n o u l l i  

p re s su res  i s  slightly better. The agreement w i t h  the l i f t  data i s  of t h e  

same order as  the agreement between data f r o m  the force and pressure models. 

As before, examination of t h e  distribution of loading can l e n d  some 

i n s i g h t  i n t o  t h e  behavior of t h e  overall results. Returning to f i gu re  

17(a), w e  see t h e  span loading f o r  a case (yJs  = 0 . 5 )  v~here both linear 

and Bernoulli pressure  calculations resulted i n  good agreement with data, 

with the l i n e a r  pressure calculation doing slightly better. T h e  improve.- 

r n e n t ' i n  span  loading gained by accounting for mutual interaction between 



wing secti.ons i s  immediately obvious by  con-bras t ing the agreement: of 

either vortex-lattice approach to data w i t h  that of strip theory. ~t is 

seen that  t he  loads are calculated quite well, except in the immediate 

v i c i n i t y  of bhe v o r t c ~  loca t ion .  U s i ~ ~ g  l;l.ie Bornou1J.i relation leads tc) 

no p a r t i c u l a r  i rnprover~~znt  here; the agreement is slightly better on the 

left of the vor tex ,  s l i g h t l y  worsa on the r i g h t  s i d e .  The sirnilar 

behavior shown in figure 17(b) :Leads to s l i g h t l y  improved agreement using 

t h e  Bernoulli pressures, because t h o  a r e a  to the r i g h t  of t h e  vortex is 

off  t h e  wing. The span loadings  froin vor t ex - l a t t j  cc t.haory shown in 

f igurs  1.7 (b) r e s u l t  in poryar agreement with data for rolling moment 

than  for  l i f t  probably because t h e  area of greatest d i s c r e p a n c y  has a 

large moment arm in the rolling-momen t calculation. 

Some f u r t h e r  understanding of the lev91 of agreement achieved by 

these vortex-lattice methods is derived b y  examining the mos t detailed 

output of these methods, surface-pressure coefficj.ents. It is particu- 

l a r l y  instructive t o  compare the spanwise distribution of pressure a t  a 

cons tan t  chordwise position. Figures  18(a) and (b) show measured and 

calculated pressures due t o  t h e  vortex on t h e  top and bottom wing surfaces, 

respectively. The measured pressures are for x / c  = 0.65. The calculated 

pressures axe for x/c = 0.688. I n  t h i s  region of t h e  wing, this small 

discrepancy in chordwise p o s i t i o n  is not important  for the purposes of 

t h e  present d i scuss ion .  The pressure d i s t r i b u t i o n s  on b o t h  surfaces 

emphasize again  that the agreement w i t h  data achieved is good, except 

near t h e  vortex. On t h e  upper su r face ,  t h e  calculated suction peak 

fusing Bernoulli pressures) is ovaremphas ized and slightly mislocated, 

i n d i c a t i n g  t h a t  the vortex has i n  fact moved slightly to the r i g h t .  On 

the lower wing surface (fig. 18(b)), there is also a calculated and a 

measured suction peak. H e r e ,  however, t h e  calculated peak i s  underempha- 

s ized and too f a r  t o  t h e  right. It is clear from these remarks that while 

us ing  the Bernou l l i  pressure relation does qualitatively represent some 

real effects i n  the calculation, i ts  use i n  conjunction w i t h  the assump- 

t i u n  of an unaltered vortex structure does not lead to improved agreement 

fo r  loading over a calculation made using l i n e a r  pressures and a recti- 
. a .  

l i n e a r  vortex. ~rn~rovernent i n  the accuracy dk pred i c t i on  would s e e m  to 

depend on an accurate representation of the  effects of the w i n g  on the 

vortex, The improvements to be gained,  however, do not appear to warran t  

the effort requi red .  



Reverse-Flow Theory 

Under the assumption of a r o c t i l i n c n r  vor tex ,  reverse-flow k.hoory 

( re f s .  18 and 19) can be used t o  c a l c u l a t e  t h e  induced r o l l i n g  moment and 

t h e  t h e ~ r i  ..s equivalent to t h a t  of t h e  preced ing  section, A f t e r  an 

irlitial calculation of the span loading i n  t h e  appropriate  reverse flow, 

subsequent calculation of r o l l i n g  moment for any vortex position is 

reduced to a simple quadrature. Although t h e  load ing  dj , s t r i ' bu t ion  is not 

an ou tpu t  of t h i s  method, the calculation is of t h e  same accuracy as t h a t  

of the preceding s e c t i o n .  Reverse-flow theory is  t h e r e f o r e  a very  eco- 

nomic approach, as long as d e t a i l s  of t h e  load ing  are n o t  required. 

The reverse f l o w  r e l a t i on  fos  rolling momeni is 

c = - -  
Pt 4s l2 - S  f (2) (:)jcb) roll dy. 

w h e r e  ( c ~ )  i s  the span loading distribution f o r  t h e  rectangular 
r o l l  

wing in steady r o l l  at roll angular veloci ty  p. Either vortex model can 

be used f o r  w,/v,. In t h i s  investigation, (ce) was ca l cu l a t ed  
roll 

using vortex-lattice theory and equation ( 22) w a s  applied using wv/v, 
from equation (12). It was verified that t h e  results  f r o m  $ h i s  approach 

are equiva lent  t o  those from vortex-lattice theory (using linear pressures'. 

Some Remarks on Calculations 
Including Vortex Bending 

A s  mentioned previously, it is shown in ~ p p e n d i x  B t h a t  f o r  a point 

vortex, con t r ibu t ions  t o  loading from vortex bending and nonl inear  terms 

in the Bernoulli pressure  r e l a t i o n  are of t h e  same order and of oppos i t e  

sign. To achieve agreement improved over that demonstrated in the 

previous sections would therefore seem to require satisfactory modeling 

of vortex bending as well as i nc lus ion  of the B e r n o u l l i  t e r m s .  

The vortex-lattice program used i n  t h i s  investigation incorporates 

a vortex-tracking scheme based on slender-body theory. This scheme is a 

simplified version LX t h e  analys is  for  t h e  cruciform wing case discussed 

i n  references 1'3, 20,  and 21.  It is inappropriate f o r  use here, however, 

because it does n o t  take into account the upwash field ahead of the  

rectangular w i n g  which r e s u l t s  i n  the Large vertical deflections of t h e  
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shown i11 figure 9. But: even sf a Inore cmp3eC.c t r a c k i n g  schclne 

were devised ,  it would not  lead t o  f u l l y  sat:i.sfactory res 'Its for t h e  

case w i t h  the vortex very close to t h e  wing.  I n  t . h i s  s i t u a t i o n  the  

v o r t i c i t y  i s  more widely  distributed and neither equation (9) nor (12) is 

applicable; higher order accuracy would require proper accounting f o r  the 

full mutual i n t e r a c t i o n  of khe vortex and the wing. 

T h i s  requirement is fortuna.lrely n o t  of mn:j or  col-icern. The accuracy 

achieved through the straightforward a p p l i c a t i o n  of s tr i c t i y  l i n e a r  

analys i s  i n  conjunction with a rectil.inear vortex model should be entirely 

satisfactory for most purposes. 

CONCLUDING REMARKS 

, T h i s  i n v e s t i g a t i o n  has resulted i n  d e t a i l e d  measurements 02 t h e  loads 

on a wing in close proximity t a  a t i p  vortex generated by a larger, up- 
stream semispan wing.  These measurements show tha t  over most of the w i n g  

these loads are due to t he  spanwise varying angle of a t t a c k  induced by 

t h e  vortex. For a limited range of wing-vortex spacings,  these are also 

contributions to the loading from vortex bending and t h e  nonlinear terms 

i n  the .  Bernou l l i  pressure r e l a t i o n .  It is demonstra ted,  however, . tha t  

f a i l u r e  to model t h e s e  last two effects results i n  only  a small penalty 

i n  predictive accuracy. 

Good zgreement of t h e  i n t e g r a t e d  pressure measurements wi th  overall 

loads measured by means of a force balance  i s  attained. with t h e  v o r t e x  

very much above t h e  wing, however, t h e  da ta  a r e  shown t o  include effects 

of the unrolled-up portion of the vortex sheet emanating from the gener- 

ating wing. These e f f e c t s  are also evident w i t h  the  Eollowing model 

r o l l e d  90° relative t o  i ts  normal position. 

An attempt was made to minimize t h e  effects of v o r t e x  meander on the 

measurements by cond i t iona l ly  sampling the data, w i n g  the output of a 

v o r t i c i t y  meter t a  indicate vortex ins tan taneous  position. Because the 

conditional sampling process used here resulted i n  seduced sample sizes, 

no improvements were attained over averages c a l c u l a t e d  using all t he  data. 

Various theoretical methods were used to compute the loads fo r  the 

experimental  cases for  which t h e  effects of the u n r @ , l l e d - p  wake are 

minimal, Straightforward a p p l i c a t i o n s  of st-rir, theory resulted in a 

varying level of agreement with t h e  measurements. comparison of the pre- 

d i c t e d  and measured span loadings reveals uniformly poor accuracy, however,. 



indicating that the l i m i t e d  success strip theory does achieve  i.s fortuitous, 

I n  these comparisons, two models for t h e  vortex ve loc i t y  f i e l d  were usecl; 

one a simple po t en t i a l  vortex, t h e  other allowing f o r  distributed vorti- 

c i t y  i n  the core, Bath model-s are based on previously publ i shed  LDV 

t r a v e r s e s  of the vortex of i n t e r e s t  a t  the appropriate  strearmvise station. 

Allowance for  t h e  f i n i t e  vo r t i ca l  core improved ayreenlcnt slightly over 

c a l c u l a t i o n s  made with t h e  potential vortex model. 

Loads predicted using linearized p r e s s u r e s  from vortex-lattice t h e o r y  

applied in c o n j u n c t i o n  w i t h  a r c c . t i l i n c a r  vortex model (with dis t r i ' hu ted  

v o r t i c i t y )  are within about 15 percent of  measurements unless t h e  vortex 

is very close t o  t h e  wing t i p .  Agreement with measured span Loadings i s  

good except in the immediate v i c i n i t y  of the vortex, The reverse-flow 

theorem, which can be used to calculate  ove~:a l l  loads to t h e  same 

accuracy, is presented. 

The use of pressures calculated using the Bernoulli relation in 

conjunction w i t h  vortex-lattice theory and a rectilinear vortex does not 

result in improved agreement for loading although it does improve agree- 

ment for pressure d i s t r i b u t i o n  somewhat. Improvement i n  predictions 

should result from accot:nting for the interference of the w i n g  on the 

vortex path, unless the  wing is very close to the vortex. In t h i s  case, 

the r e s u l t a n t  more widely  distributed vor t  i c i t y  would have t o  j be modeled. 

I n  summary, economic p r e d i c t i o n s  of overal l  loads of sufficient 

accuracy f o r  most applications can be achieved by using reverse-flow 

theory.  If t h e  predictions are fo r  cases where the vortex i s  within a 

core radius of t h e  wing, a vortex model w i t h  a core should be used, If 

detailed Loading d i s t r i b u t i o n s  are required, fully linearized vortex- 

lattice theory gives  good r e su l t s .  Significant improvements i n  accuracy 

beyond this s i t u a t i o n  are l i k e l y  t o  be obtained only by accounting fully 

for mutual wing-vortex interference. 

NIELSEN ENGINEERING & RESEARCH, INC . 
~ o u n t a i n  View, ~ a l i f o x n i a  

February 1977 



Sec t ion  

TABLE 1,- GEOMISTRICAL CI3AFtACTERISTXCS OF 

GENERATING mD FOLLOWING WINGS 

G e n e r a t i n g  
Winq 

NACA 0015 ( t h i c k e n e d  
trailing edge) 

Pkanform Rectangular 

T i p  Shape Squared off 

Chord, c, cm (in,) 45.7 (18.0) 

Semispan s ,  cm (in.) 123.2 (48.5) 

Aspect Ratio 5.4 

Following 
Winq 

Rectangular 

Squared off 

9.91 (3.90) 

44.12 (17.37) 

8.9 



TABLE 2.- VORTEX P O S I T I O N S ,  FORCE MODEL 

la) Horizontal Wing, V e r t i c a l  Sweeps 

Run Number -- 

(b) Horizontal Wing, Lateral  Sweep 

Y Js  
Run N u m b e r ,  zv/c = 0 . 0 5  - 

(c) Vertical Wing, Vertical Sweep 

Y , / S  Run Number, z J c  = 0.05 - 

(dl Vertical Wing, ~ a t e r a l  Sweep 

zV/c Run Number, y v / s  = -0 .S - 



TABLE 3 .  - VORTEX POSITIONS, 

PRESSURF, MODEL, HORTZONTAL WING 

(a) Vertical Sweep 

zV/c Run Number, y,/s = 0 . 5  

(b) Lateral Sweep 

Run N u m b e r ,  zv/c = .05 



Figure 1.- Experimental arrangement. 



(All dimensions in cm) 

NACA 0012 

4 . 7 8  

1 1 

NOSE SHAPE 

Dis tance  from 
Tip Diameter 

Figure  2.- Fuselage exterior shape. 



Row number : 

PLAN VIEW 

Top surface 
7 

Tap number: 1 

B o t t o m  surface A 

SECTION A-A ( N o t e  chancre of scale1 

Chordwise Location 

Tap 
Number (I) 

Spanwise Location 

Row 
N u m b e r  ( 3 )  

I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17. 
18 
19 

Missing 

Tap 
Numbers 

~ i g u r e  3 .  - Pressure t ap  locations. 



0.4 mm diameter pressure Lap 

Wing shel l  

To fuselage 

0.71 mm O.D. by 

(a) Typical construction, kaps 1-12, 34-20. 

Each tube plugged at end 
and bent so t h a t  taps are 
all at x/c = 0.9 

Wing trailing edge 

0.4 mm 
diameter 
pressure 

tap 

0.71 mm O.D. by 
0.16 mm wall 
s ta in le s s  steel 
tubing 

Slot in w i n g  shell ' 
filled w i t h  epoxy 
after kubes are I 

l a i d  in, then tap3 
are drilled, 

Plan View End V i e w  

(b) Typical construct ion,  taps 13 and 21. 

Figure 4. - Pressure tap c o n s t r u c t  jr. .?. 



F i g u r e  5. - Schehatic of vosticity m e t e r .  



0.5 

T i m e  ('sec) 

Figure 6.- Vorticity meter output. 



F i g u r e  7.- Tangential velocity profile through vortex 

core (from ref. 4 ) , two chord l eng ths  downstr~am of 
genera t ing  wing. Vm = 24 m/sec, CL= = 12 . 



d b G  

Figu re  8 . -  Vortex circulation as a f u n c t i o n  of radius. 



Figure  9.- Late ra l  and v e r t i c a l  deflection of vortex 
from i t s  unperturbed posi t ion ,  as measured behind 

the  wing (x/c = 3 ) .  yJs = -0.5. 



Figure LO. - L i f t .  curve of the following wing :  



Y/S 

Figure 11.- Span loading of the following wing, c = 7.4'. 



(a) Rolling-moment coefficient. 
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(b) L i f t  coefficient. 
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Figure 12. - Measured rolling m o m e n t  and l i f t ,  
yy/s = 0.5, horizontal w i n g .  
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I I I 

0 Horizontal w i n s  - - 

a Vertical wing 
- - 

0 - 

1 i 

(a)  ~ o l l i n g - m a m e n t  coef f i c i c n t .  

0.4 - 1 I 1 
- 

0 Rorizanta l  wing 

V e r t i c a l  w i n g  

C~ 
0 . 2 -  0 -. 

0 

0 
1 1 I 

-0.5 0 0 . 5  1.0 1.5 2.0 

(b) L i f t  coefficient. 

Figure  14. - Measured ro l l i .ng  m o m e n t  and l i f t ,  
yv/s = -0.5, force model. 
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\ Vortex-Lattice Predictions - 
R e c t i l i n e a r ,  A g e d  Vortex 

@ Linear pressures - 

$1 Bernoulli pressures - 

-0 .02  
- 

-0.04 
- 

-il. 06 - 

S t r i p  theory , 

-0.12 
- 

vortex 

-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

Y,/S 

(a) Rolling-moment coefficient. 

Figure 15.- Measured r o l l i n g  moment and l i f t ,  t / c  = 0.05.  



Vortex-Lattice Pred ic t ions  
Rectilinear. Aqed V q r t e x  

Linear pressures 

A Bernoulli pressures 

DATA 

- Horizontal Winq 

Force 

Pressure 

Vertical liinq Strig eheory, 
- - s p l i t  w i n g ,  a Force model aged vortzx 

Y , / S  

(b) Lift coefficient, 

Figure  15. - Concluded. 



RUN 6 6  - TOP 

RUN 66 - BOTTOM 

w\ of vortex 

Figure 16.- Vortex-induced pressure d i s t r i b u t i o n s  
on f o l l o v ~ i n g  wing, y,/s = 0.5. 



RUN 67 - TOP 

A13 / . spanwise 
loca t ion  

W/\ af vor tex  

RUN 67  - BOTTOM 

(b) z,/c = 0.73. 

Figure 16. - Continued. 



RUN 6 8  - TOP 

Unper rurbed 
spanwise 

V\ of vortex 

RUN 6 8  - B O T T O M  

Unperturbed 
spanwise 
location 
of vortex . 

( c )  zV/c = 0.23. 

Figure 16. - Continued. 



RUN 6 0  - TOP 

RUN 6 0  - BOTTOM 

\I / Unperturbed 

'-77 spanwise '. I ---..L: 

iI-C of vortex 

Figure 16. - continued. 



RUN 6 3  - BOTTOM 

(e)  z,/c = -0.02. 

Figure  16, - continued. 



RUN 5 8  - TOP 

Unperturbed 
spanwise 

fi\W 7 loca t ion  

W\ , of vortex 

RUN 5 8  - BOTTOM 

1 Unperturbed 
spanwise 

V\ of vortex 

location 

( 5 )  z,/c = -0.18. 

Figure  16. - Concluded. 
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I I 1 1 1  I 

0 Run 60 = a 
0 

2 - - 
Vortex- lattice 
theory, BernouLli 
pressures 

1 - - 

I I 

Vortex-lattice 
-I - theory, l inear  

pressures 

-2 - - 

I 1 I 1 -3 
-1.0 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

( a )  y,/s = 0.5. 

Figure 17.- Comparisor~ of predicted and measured span 
loadings. zv/c = 0.05.  Predictions use rect i l inear ,  

aged vortex, equat ion (12). 



Figure 17. - Concluded. 
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n 
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- 0 . 2  - 

C 
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-0.4 
- - 1 
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-0.6 

- - 

- Vortex-lattice- 
-0.8 

- 
(-J Run 60, x / c  = 0 .65  

~ e r n o u l i i  
-1.0 - - 

x/c = 0.588 

I I I I 1 I 1 
-1.2 I 

-1.0 -G. 8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

Y / S  

(a) Top wing surface. 

Figure 18.- Pressure coefficients, .yVlS = 0.5 , 
z v /c = 0.05. Vortex-lattice pred~c t lons  use 

rectilinear, aged vortex, equation (1). 



0.4 1 1 I I I I I I 

0.2- 
- - 

-0.4 - x/c = 0.688 

-0.6 - 
- 

Bernoulli pressures, 
x / c  = 0.688 

- 

ORun  60, x / c  = 0.65 

-1.0 
- 

t 1 
-1.2' 

-1.0 -0.8 -9.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1.0 

(b) Bottom w i n g  surface. 

Figure 18. - Concluded. 





APPENDIX A 

TABULATED EXPERIMENTAL DATA 

A l l  of t h e  reduced d a t a  from this i n ~ c s t i g a t i o n  a r e  l i s t e d  by r u n  

nurriber* i n  Tables A . l  thraucjl-1 A . 5 .  I n  this appandix ,  the organization of 

these tables and the nomenclature used a r e  explained.  

Table X.3 contains the results from testing with t h e  force model. 

The average values f o r  CL and C shown are t h e  averages us ing  all the 
J 

d a t a  taken a t  a p a r t i c u l a r  t e s t  c o n d i t i o n ,  after correction for t he  no- 

vortex loads (eL,6,) . The standard deviation for each quantity i s  also 

shown, a s  a r e  the wing orientation (horizontal or vertical) and t h e  angle 

of attack of t h e  force model ( z e r o  except f o r  t h e  lift-curve r u n s ) .  

The i n t e g r a t e d  average results from the pressure model are  shown i n  

Table A.2 ( a f t e r  c o r r e c t i o n  for t h e  no-vortex l oads ,  r u n  69) . The format  

of t h i s  computer printout is now described. J and Y are the spanwise row 

number and y/s location, respectively, of a chordwise row of pressure 

t a p s  (as shown in figure 3 ) .  

LIFT is i n t e g r a t e d  from t h i s  row of taps u s i n g  equations ( 3 )  

and ( 4 ) .  ALPHASUBS i s  a f i c t i o n a l  s e c t i o n  a n g l e  of attack ( i n  degrees )  

d e f i n e d  by the pressure d i f f e r e n c e  between t h e  upper and lower w i n g  sur- 

faces at x / c  = 0.05 according to the relation 

The c o n s t a n t  in this relation was derived from two-dimensional w i n g  section 

da ta  ( ref .  10) . LIFT FROM AEPEIASi 35 i s  t he  product of ALPHASUBS and t h e  

two-dimensional s e c t i o n  lift-curve slope f o r  the NACA 0012 s e c k i o n  

(0.107/degree, ref. 10) . This resul t ,  if apprec iably different than c 
B 

i s  an indication t h a t  the section pressure distribution w i l l  not be wall 

modeled 'by considerations involving only induced angle of attack (e.g., 

s t r i p  t hec ry )  . CL LDNG EDGE i s  the contribution of  e q u a t i o n  ( 4 )  to  LIFT, 

Table A . 2  a l s o  contains i n t e g r a t e d  lift ~nc l  rolling moment (CL and C d )  on 

the l e f t  and r i g h t  w i n g s ,  a s  well a s  the total values frnm equations (5)  

and ( 6 ) .  Finally, t h o  overall i n t e g r a t e d  values from KLWAST.JBS and the 

c o n d i t i o n s  in t he  t u n n e l  free stream for the p a r t i c u l a r  run  are shown, 
'k 

Tables  2 and 3 arc a guide t o  t h e  test conditj .ons for  a given  r u n  number, 



Table A. 3 contains the average pressure c o e f f i c i e n t s  ( a f t e r  correction 

for the no-vortex loads) at a l l  of the pressure t a p  locations. I is t h e  

pressure tap n u m h r  in a given chordwise row according t o  f igure  3 .  X i s  

the x/c coordinate of that t ap ,  Y is y / s  as before. A series of 

asterisks i n d i c a t e s  a mi~sing pressure t a p .  Table A.4  follows the same 

format, b u t  the v a l ~ t e s  listed are  t h e  s t a n d a r d  d e v i a t i o n s  associated w i t h  

t h e  mean pressure coefficien+s i n  Table A.3. 

Table A.5 c o n t a i n s  t h e  .tare values  for the pressure model in t h e  

absence of the v o r t e x  (rurl 6 9 )  . T a b l e s  A. 5 (a), (b) and (c) follow the 

formats of Tables A.2 ,  A.3,  and A.4 r e spec t ive ly .  



TABLE A.  I.-REDIJCED DATA - FORCE MODEL 

Run No. 

11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
24 
25 
26 
27 
28 
29 
30 
31 
32 
3 3  
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
4 7  

Average Ovcx 

Wing 
A l l  Samples 

O r i e n t a t i o n  cl (degrees) C~ - = A  - 
Vert . 

Standard 
Deviation -- 

-- - " a  



TABLE A. 2. - INTEGRATED RE5 LILTS - PRESSURE MODEL 

ZUN 50 SECTION COEFFIC IENTS 

J Y L f  FT AL?HASJBS L I C T  FROa ALPHASUSS 

t. l F T  R O L L I N G  H3f4EdT 

RIGHT U I B G  

TOTAL 

f L  LDKG EDGE 

PAVE m 3a.244 PSF (STAKOARU OEVIATIDN 1 0909 PSFI 

TEHP . 23, DEG*  CENT. B A R C n  PRESSLAE * 29.92 IN. HG* 



LEFT UING 

RIGHT YLKG 

TOTAL 

TABLE A. 2 .  - CONTINUZD 

RUN 5 1  

LIFT 

a527 
- 573  
,735 
c 8  56 
8 69 
8830 
.a14 
.733 
.a12 ' 

8 31 
- 870  
.Yo1 

a 57 
* 3 57 
, 8 5 3  
0858  
.795 
m732 
0522 

S E C T I U N  CJEFFIZ IENTS 

L D I D  CDEFFICIENTS 

OAYE 3 0 . 1 3 4  P S F  ( S T I N O A R D  D E V I A T I O N  mC38 P S F )  

CL LONG E3GE 

TEH? 23. D E G *  C E N T *  BARD.  PRESSURE 2 9 0 9 2  IN. HG.1 



TABLE A.2.- CONTINUED 

RUS 53 SECTIfltt CSEFFICIEi4IS 

L I F T  ALPHASUBS L f f T  FRO# ALPdtSUJS 

LOAD COEFFICf  ENTS 

L I F T  ROLLING HOXENT 

LEFT UING 9. LO6 -a 031 5 

R I G H T  YLNG 1.385 -*015+ 

TGTAL - 0292  -.GS>O 

FROH LLPhASU0S -.253 -.Ob53 

CL LD?;G EDGE 

OhVE 35. t15 PSF (STANDARD DEVIATION = .30b P S F I  

YEBP * 26. D E C e  CENT. BARD.  PRESSURE 2 9 0 9 2  IN. HGm 



TABLE A. 2. - C O ~ T T I m D  

RUN 54 S E C T I O N  CDEFFfCIENTS 

J Y L I F T  ALPHLS'JBS L I F T  FROH ALPHASUBS 

L O A D  COEFFiCI5NT.S 

LIFT R O t L I d G  HGflENT 

L E F T  WING - m  195 -. G331 

TOTAL -.339 0331 

PLY& a 29.772 PSF (STANDARD D E V I b T l O N  rOlb ?SF3 

C L  LONG EDGE 

TEHP 1 28. DES, CENT. 8ARO. PRESSURE = 2 9 - 9 2  IN. i4G- 

m 
a 



TABLE A.2.- CONTINUED 

L E F T  WING 

R I G H T  WING 

TOTAL 

FROH ALPHISUBS 

PAVE = 2 9 . 6 3 1  PSF 

TEflP u 36 .  DEG. CENT. 

RUN 56 S E C T I O N  C O E F F I C I E N T S  

L I F T  ALPHdSJBS L I F T  FRO4 ALPHISUBS 

LOAD C O E F F I C I E N T S  

L I F T  ROLLING nDME S T  

(STANDARD D E V I A T I G N  , 3 4 8  P S F )  

BARO. PRESSURE 2 9 . 9 2  I N .  HG. 

CL LDNG E D G E  



TABLE A.2.- CONTINUEID 

LEFT WING 

RIGHT UIhG 

TOTAL 

FROM ALPHASUDS 

QAVE . 2 9 . 9 3 2  PSF 

TEbP * 36 .  OEGo CENT. 

RUN 57 SECTIDN COZFFICIENTS 

L I F T  ALPHASUBS L I F T  FRO# ALPtiASUaS 

LOAD COEFFICIENTS 

L I F T  ROLLING M3MENT 

DAKOI PRESSURE = 2 9 . 9 2  I N .  HG. 

CL LDNG E D G E  



L E F T  W I N G  

R I G H T  WIN6 

TOTAL 

F R O n  AL?HASUBS 

R U N  58 S E C ~ I O I V  C O G F F 1 : I E N T S  

L I F T  AL?HL . J S  LIFT FAOH ALPHASUBS 

LOAD C O E F F I C I E N T S  

L I F T  K O L L I d G  83MEET 

- e l 9 3  -. 03 78 

C L  L D N G  EDGE 

O A V E  33.010 PSF ( S T A N D A R D  OLVlIrlON , 0 0 7  P S F )  

TEkP 8 30. D E G o  C E N T .  BCRO. P R E S S U R E  = 2 9 . 8 5  IN. HG. 



TABLE A.2.- C O N T L W D  

RUN 59' S E C T I O N  C O E F F I C I E t i T S  

J Y L I F T  ALPrIASVBS L I F T  FROY ALPSASUBS 

L04D C O E F F I C I E N T S  

L I F T  R O L L I N G  M O M i d T  

L E F T  WING -.I42 -. 1275 

TOTAL - . 4 4 b  0 4 2 4  

FROM ALPHASUBS -.4D2 ,0295 

OAVE 1 2 9 . 1 2 7  PSF (STANDARD D E V I A T I O i l  a ,006 ? S F )  

CL LONG E J G E  

TEHP 30. DEG* CENT. BARD. PRESSURE = 29.35 IN. H G *  



RUN 63  SECTION C 0 4 F F I C I E ' i T S  

J Y L I F T  ' ALPHASUBS L I F T  FRO?l ALPHASUBS 

1 - .953 
2 -. 8 5 0  ' 

3 -. 709 
4 -. 5CO 
5 -. 4CO 
6 -.295 
7 -. 1 0 0  
d -.060 
9 0. COO 

1 0  .loo 
I 1  ,250 
1 2  , 4 0 0  
1 3  . 4 5 0  

1 4  . 5 C O  
1 5  , 5 5 0  
16 . tC3 
17 . 7 5 0  
1 8  , 8 5 0  
1 9  .F5C 

L E F T  WING 

TABLE A. 2 .  - CONTINUED 

L I F T  R O L L I 4 G  MOMEgT 

- a  1 9 7  - . 0 3 3 5  

R I G H T  WING - r 0 4 0  - .D240  

TOTAL - .245 -.06?5 

CL LONG E D G E  

OAVE 3 0 . 2 2 2  PSF (STANDARD D E V I A T I O N  = .DO8 P S F )  

TEHY a 31, DEG. CENT. BARD. PRESSUKE 2 9 . 3 5  I N .  HG. 



TABLE A.2.- CONTINUED 

L E F T  i I N G  

R I G H T  WING 

TOTAL 

FROki ALPI IASUOS 

QAVE * 30.131 P S F  , 

TEUP 8 31, D E G .  CENT. 

RUN 01 S E C T I O N  Z O E F F l f I E N T S  

L I F T  ALPHASUBS L I F T  FROM ALPHASUBS 

LOAD C O E F F I C I E f l T S  

L I F T  R O L L I N G  I'IOMENT 

(STANDARD D E V I A T I O N  - ,313 ? S F )  

8ARO. PRESSURE 2 9 . 8 5  I N .  HGI 

C L  LDNG EDGE 



TABLE A.2.- CONTINUED 

L E F T  WING 

R I G H T  WiNG 

TOTAL 

-. 9 5 0  -. 8 5 G  -. 7CO -. 500 -. 'tcir -. 250 -. 1 0 0  -. 0 6 0  
0. G O O  

103 
,250 
e 4 C . U  
.450 
. 5 C O  
55.1 

.boo 
750 
8 5 0  

, 9 5 0  

RUN 6 2  SECTION C O E F F I C I E N T S  

L I F T  ALPiiASUBS L I F T  FRO?i ALPHASUaS 

LOAD C O E F F I C I E N T S  

L I F T  ROLLING MUkENT 

FROM ALPHASUBS - 2 8 0  - . 0 b 7 2  

CL LONG E D G E  

Q P V E  - 2 9 . 9 9 8  P S F  ( S T A N O I R D  D E V I A T I O N  = . 0 0 8  P S F )  

TEMP 3 1 .  DEG. CENT. BARO. PRESSURE 8 2 9 . 8 5  I N .  HG. 



?'ABLE A. 2. - CONTINUED 

RUN 63 SECTION C O E F F I C I E N T S  

L I F T  A L ? H A S U I S -  L I F T  FROti ALPHASUBS 

LOAD C O E F F I C I E N T S  

L I F T  ROLLIo4G RONEaT 

LEFT U I N G  -.I97 -. 6333 
R I G H T  ' J I L G  - . 0 4 3  -. 0264  

T O T A L  -. 2 4 3  -.C647 

FRO11 ALPt14SUBS -el84 -00729 

PAVE 3 0 . 1 6 6  PSF (STANOA2LI  D E V I A T I O N  ,005 P S F )  

CL L D N t  E D G E  

-1 TEHP = 29. OEG. CENT.  OAKO. P R E S S U R E  n 29.35 I N 1  HG. 
.I 



TABLE A.2.- CONTINUED 

L E F T  WING 

R I G H T  W I b G  

TOTAL 

FRON ALPHISUSS 

P A V E  - ?0.104 F S F  

TEHP m 27.  D E G .  CENT. 

R U N  6 4  S E C T I O N  t 3 E F F I C I E N T S  

L I F T  ALPHASVBS L L F T  F R O d  ALPHASUbS 

LOAD C O E F i I C I E 4 T S  

L I F T  ROLLl?4G ROMENT 

( S T A N O A ~ O  D E V I A T I O N  = , 3 3 8  P s i )  

BCRO. PRESSURE a 2 9 . 6 5  I N .  HG. 

CL LDNG E D G E  



TABLE A.2.- CONTZbTUED 

L E F T  X I V G  

R I G H T  Nib; 

T O T A L  -. c ~ n ?  -.li3i 

P A V E  J 2 3 . 1 3 3  F S F  ( > T & . i L & i J  C ; \ r I b T l L b ;  = -9 .5  ? S F )  

C L  L O V G  I:JGE 

-.;95 
- . 3 7 7  
-.i.JL 
- . ~ 1 7  
- . l ' r 2  

-.17; 

- e l 1 1  
- . 257  

+ * * d + t  

- . :35 
- 1 5 5  . iui 
. I 7 3  . : bd 

el53 

e 1 4 5  

. L l 5  

.ii 2 5  

. ? b ~  

T E H P  a 2 5 .  0.1;. C t h f .  t i i .>%i,  ? < L $ S b x E  a 22.~5 is .  HG. 



TABLE A.2.-  CONTINUED 

LEFT d l U G  

RIGnT A 1 t . G  

TOT4L 

F R O M  ACPtiASUSS 

OAVE - 3 P . O j l  P S F  

L I F T  . I G  L I F T  FdUzl ALP i A S b i l S  

L J \ D  C 3 ~ 6 t l ; I ~  I T S  

L i F  r 6 J L L i ' J S .  ' I ! I n i g r  

(5TA~l:b".  Lf l'l A T I L l > l  = .J:I', P j i  1 

U&P['. ? ? f j S U ? i  2 9 . 3 3  IN. 4:. 



TABLE A.2.- CONTINUED 

L E F T  '4I'JC- 

R I G d T  k I h ;  

TOTAL 

F R O H  \ l .PH~i>bjS  

GAV.2 * SC.132 P S F  

T E P P  1 1 9 .  D t G .  C € t \ T .  

~ 1 f r  A L Z  1L5.1'35 L f  F'I' F;,.O': A i i ' i A S U J S  



TABLE A. 2. - CONTINUED 

LEFT k'I?ll. -:..71 - . ' t ? a ?  

RIGHT UIF:: - r , ' 7 7  -. ?La7 

TGTAL - . 7 7 4  r 5  
t J S 9  

P A V E  n ?0,C55 P S F  (YTn,lrJ:r:, D E \ I Z , i T i U N  = .3 ;5  ? S F )  

T k M P  * 19. 9 + 6 .  C L \ T .  B!.t?D. ?icj:Uit = i P . 3 3  IN. 46. 



TABLE A. 2. - CONTINUED 

L I F T  :LPi+aS J Z S  L I F T  F d O Y  A L P H A S U S S  

R I G H T  U1I.G . L ? C  -. J l 2 1  

TOTAL . ~ C : J  . L 3 . l C  

FRUn ~ L ? t i A S i i 3 S  . LC47 - . ( ' , ) : 5  

O A V E  Q '0.: 3  SF ( S T C  iD4ur1 JECIAIIO?~ = .::J 2 5 i )  

CL LDUG i 3 G i  

T k M P  * 29. Dl:;, C i l : T .  t 3 a i i o .  t';::;::li;:: = Z\.jl I d .  HS. 



TABLE A.2.- CONTINUED 

L E F T  UI.16 

L I F T  ALPr lASJ3S  L I F T  FRO.? ALPHBSlldS 

L I F T  R J L L L ~ G  x ~ n f ~ ~  

r z 3 7  . . 2334  

R I G H T  WItlL; l ? 3 /  - .L*5  31 

T O T A L  .47U .0032 

a n v ~  3 3 . 4 3 9  P S F  ( : T A N U ~ \ ~ D  D ~ J I A T I O N  .3,11 P S F ~  

T t f l ?  Z 3 .  D t S .  CLNT. C r X 3 .  ? ? , + : ~ U P L  = 29.31 Ib!. HG. 



TABLE A.2.- CONTINUED 

L E F T  WIJG 

R I G H T  h'I1.:6 

L I i - T  . L L ? + A S . J O S  L I F T  F 2 O N  A L P ~ A S U C S  

T O T A L  . b 5 5  -. J ? . ) 3  

i L  L D N S  i3Gt 

O A V E  ~ : I , ~ A J  P S F  ( ; T A ; . I C ~ . ( C  L ' t ~ 1 ~ l l O ~ l  I: ,;C7 P j F l  

T E M P  = 23. DL;. C E d T .  ~ ' , t l b G .  ? < l i , S U ? 1  = 2u.91 iii. HG. 



L E F T  b I N G  

R l G H T  A I P G  

T O T 4 L  

FZbpl  n L P P A S L 9 S  

TABLE A.2.- CONTINUED 

0.555 
ti. j7i 

u .  2 1 3  
t . ) 3 !  
7, '.l:j 

' 5 . 3 2 . '  
+ b 4 r J 7 t  

7 . 3 c / t j  
7.73 r, 

7 . 3 0 5  

7.753 
7 . 7 ~ 1  
7 . 4 3 9  

7.357 
7 . ) L o  

b. i 5 7  
4 . i 4 3  

C L  L O N G  C2Gf 

T E h P  i Y i  UFG.  Cc;uT. bA!-'i;. r ' 3 i i S L l r . L  = P ' i . 3 ) :  IN. H(;. 



TABLE A.2.- CONCLUDED 

L E F T  vf13rC 

L l r l '  A L ? ~ A S J I : S  L I F T  FdQY A L P A A S U a i  

M I G H T  JIE: , 2 5 7  

T u T A L  . ? b 4  

F R O ( +  . ILJ l lhSU:\S . 7 i  J 

:L LDNG i D G l  



TABLE A. 3. - SURFACE PRESSURE COEFFICIENTS 

A V E 2 A S E D  P R i S S U R E  C O E F F I C I E N T S  



TABLE A.3 . -  CONTINUED 

RUN 5 1  , AVEaAGEO ? Z E S S U R E  C O E F F I C I E N T S  



R U N  53 d V f R A G E D  P I E S S U Z E  COEFFICIENTS 



TABLE A.3.- CONTINUED 

R U N  56 A V E R A G E 0  PRESSURk C O E F F I C I E N T S  

O.Or,O 
-075 
.1350 
,150 
r 153 
.2DG 
,250 
e 3 0 2  
.400 
-500  
-650 
- 7 8 0  
. 9 P C  

. C 5 U  
,100 . ZCO 
,300 
.5 00 
e650 

.780 
,903 
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TABLE A. 3 .  - CONTIhTUED 

RUN 57 A V E Z A G E D  F 2 E S S U R E  C O E F F I C I E N T S  

0.3GO 
- 0 2 5  
,050 
r lit0 
-135 . L C 0  
0 250 
,300 

.430 
,500 
,650 
.700 
.uoo 
-050 
* 16; . ZGO 
a300 
.5;c 
,650 
r7GC 
6900 



TABLE A.3 .- COXTINUED 

RUN 5 3  AVERAGED P X E S S U 3 E  COEFFICIENTS 



TABLE A.3.- CONTINUED 

RUN 59 A V E a A G E O  P Z E S S U a 2  C O E F F I C I E N T S  



TABLE. A.3.- CONTINUED 

!UN 62 A V E R A G E D  P3ESSURE COEFFICIENTS 

Yn-.73 Y=-.5D YI-.40 Y=-.25 ym-.13 Y=--96 



TABLE A. 3 .  - CONTINUED 

RUN 6 1  hVERhGED PRESSURE C O E F F I C I E N T S  



TABLE A. 3.  - CONTINUED 

R U N  6 2  A V E X A G E O  P a E S S U R E  COEFFICIENTS 



TABLE A.3.- C O N T I N m D  

R U N  6 3  A V E Z A G E D  PXESSURE CDEFFIClEKTS 



TABLE A.3.- CONTINUED 

RUN 64 AVERAGED PRE'SSURE COEFFICIENTS 

Y=-.06 

-.731 
,827 
r 6 5 1  
,384 
.313 
,198 
.090 
. @ 3 6  
rGll -. OC 5 

-.1)36 
- a  15 1 
-r 207  
-.586 -. 579 -. ibl 
-el90 

9*9C+"r 

-.315 -. 2 8  5 
-.351 

Y-  * 7 5  

-.tr?3 
-1.375 
-.F73 
-.692 
-.544 
-.420 
-.323 -. 28 5 

rCC4Y44 

-.?a? -. 133 
-.C162 
-.GJ3 

, 6 7 5  
,541 
b339 
- 2 5 6  
,147 
.I03 
-667 

-.029 



TABLE A. 3 . - CONTINUED 

X 

- .  - ., . ,-I. 
..;'!5 

,. i . ..,- 
.?LC. . L.20 

7 , 1'; . f :  

" 2 2 0  
$ j. : 

.%cL 
, 5,jd 
, i f C  

.7bU . '4& 1. 
, . , d .  -* 

. - b  . l : ,G 
,? ;r 
.3 ;c 
, j.','! . .j !. ,'I 

.7Ub 

.9;rt 

X 

>.:>r 
.9.?: 
* .c;L . . 
V + . , b  

. I J C  
* ? L a  . ?'jG 
. J . ' ,  
. $ . < :  

.',LC? 

.o5i 

. 7?0  

.7: D . . L.:? . Lc t 
" 3 '"t . J JO 

, 5 5 9  . la: . ir Y C, 



TABLE A. 3 .  - CONTINUEC 



TABLE A. 3 .  - CONTI NUED 

-. 527  . s 5'3 . b 6 3  . 2 c.1 
,397 . ;Ci . 29.3 
.2 35 
. L t l ?  
,131 
.lG2 . > a 3  

-.21C 
-.99? -. 06.3 
-.'I75 
-.212 -. s7'! -. i ca  -. .i4:. - , .; 5 i, 



TABLE A.3.- CONTINUED 



TABLE A. 3 .- CONTINUED . 



TABLE A.3.- C O N T I m D  



TABLE A.3.- CONTINUED 



TABLE A.3. , - CONTINUED 



TABLE A.3.- CONCLUDXD 



TABLE A. 4. - STANDARD DEVIATIOLTS 
PRESSURE COEFFICIENTS 

RUN 5 0  SrSNDARD DEVIATIONS 

.I12 . . G53 
el09 
,006 
.513 

r * e * + v  

1'315 
.uLm 
.all', . GO3 . GO2 
, 0 0 0  -' 

- 3 0 3  
.UlD 
- 3 3 1  . ooa 
,010 
* G O 2  
" 0 0 4  

004  
.3C2 

15 OCCURRING AT I = 1 AN0 J = 8. THE MAX STANDARD DEVIATION I S  e 



TABLE A.4.- COL.TINUED 

RUN 51 STANODRD DEVIATIONS 

- 0 5 8  .a35 
-097 - 0 5 4  
, 0 3 7  -S5b 
, 314  - 3 J 4  
,015 - 0 1 7  
.C  12 . 3 ~ b  

- 9 5 7  .015 
.003 +r*c . ru  
, 0 0 2  0 + 3 4 + 0  

,932 .OOZ 
.ooa .OD 3 
,092  .002 
.031 - 5 ~ 2  

G -322 -319 
,217 . 3 i 7  
e 0 1 3  .03b . ooa . o o ~  
. i s 6  .3J6 
-302 .051 
.GO2 -332 
.334 .CJ3 

THE U A X  S T A N D A R D  O E V l A T l D N  IS -35 OCCUXKING AT i a 1 4ND J a 12. 



TABLE A.4.- CONTINUED 

RUN 53  STANDARD D i V I A T I C N S  

X Ya-.95 Y=--85 Y=-.73 y1-.50 Y.-.40 Y*-.25 

,303 **+*** 
, 0 2 7  . 0 7 1  
- 0 2 7  , 3 6 4  
.'I25 e l 0 7  

001.5 ' a017 0 0 2 1  ,104  
.Dl1  .078  
, 0 2 9  077  
, 029  ,951 
. 016  a 3 5 2  
,311 * * a + * *  
.Pi5 . a 3 5  . G31 - 0 3 1  
. I J P ~  , 0 2 9  
e555 e 4 1 7  
, 2 4 2  -158  
-132 . 374  
.Oba . I 0 8  
, 1 3 1  e l 5 3  
e l 2 2  , 1 1 7  
- 1 3 4  .114  
. I L ~  . oa8 

HE HAX STANDARD D E V I A T I O N  I S  . 5 3  OCCURRING AT I = 

063 
. a 3 3  
. 0 4 4  
.62+ 
c 3 2 2  
.020 
- 2 1 4  
.01? 
.OD6 
o l'iGB 
s 005 
- 5 0 6  

( i t6  
- 0 7 5  
o 0  48 
, 0 2 3  
.Dl0  
rn 009 
, ooa 
.OG8 
r 306 



TABLE A. 4. - CONTI Nm3D 

RUN 5Q STANDARD D E V I A T I O N S  

THE R A X  STANDARD D E V I A T I O N  I S  - 4 9  O t C U a R I N G  AT I 



TABLE A.4.- CONTINUED 

RUN 5 6  STnNOnRO OEVIAT IOP4S 

THE M A X  STANDARD D E V I A T I O N  I S  176 O C C U R R I N G  AT I 2 4ND J 1 6 .  



TABLE A.4.- CONTINUED 

R U N  57 S T A N D A R D  D E V I A T I O N S  ' 

I X' Y=- .95  Y e - - 8 5  Y = - . 7 J  Y = - . S O  Y ~ - . 4 0  Ym-.25 

THE M A X  S T A f i O A I D  D E V I A T I O N  I S  1.78 O C C U R R I N G  AT I 0 2 AND J 0 i7 .  



TABLE A.4. - CONTINUED 

RUN Sd STANOCHO O E V I A T I O U  

1 O* UDG a123 166  .191 *****+ 
2 i 0 2 5  ,024 .OlB .011 -063 
3 .950 . d l 8  .Dl3 - 0 1 3  ' ,093 
4 ,160 . O l t  * 0 1 1  .U21 .373 
5 .?5J  ,011 .Dl0 -016 ,053 
6  * Z O O  .039 eC09 * 0 1 4  * 074  
7 ,250 ,006 .008 , 0 2 7  ,073 
8 ,300 ,006 ,007 ,022 ,044 
9 .COO ,006 * * * * r e  .a14 079  

1 0  + 5 0 0  .OOb * * 9 + + *  .Dl7 8 4 t 9 Q P  

11 ,650 + 4 ~ 9 4 0  s o 1 3  .025 ,033 
12 ,780 ,015 .013 ,017 ,039 
13 ,900 .024 ,023 .Old O l 4  
14 . 35D - 1 4 3  236  .111 ,122 
1 5  e l 0 0  1 1 9  e095 ,099 en93 
16 r 200  - 1 0 8  .O68 .049 - 0 7 6  
17 - 3 0 0  .a39 ,640 .05+ . I 1 3  
1 0  ' a500 ,055 ,040 .0$9 .Obi 
1 9  ,653 * + r r r *  . d 3 9  , 035  - 0 4 9  
2 0 .780 - 0 7 0  0 0 4 3  .035 .$35 
2 1 0 Y 0 0  0 0 7 4  0 4 0  ,035 -051 

r 

THE HAX STANDARD DEVIATION I S  .05 O C C U R R I N G  AT I 2 ANC J = 16. 

.095 
eG31 
. C 2 7  
.Ci1 
.Dl2 
,939 
.010 
- 0 3 9  
.C35 
e 0 2 3  
"COT 
.OS9 
.010 
. l o 2  
,279 
e l 4 7  
,050 

* ' * I * *  

.010 

.Ob9 
,057 



TABLE A. 4. - CONTINUED 

R U N  5 3  S T A N G A R O  D E V I A T I O N S  

t-' 

2 ,  

THE HAX STANDARD D E V I A T I O N  IS . Z 2  O C C U R R I N G  A T  I * 1 4  AND J = 16. 



TABLE A. 4, - CONTINUED 

RUN 65 STANDARD DEVIATIONS 

,158 * a * * * +  

.Dl2 ,066 ' 

- 0 1 6  . I 0 2  
,019 .3a3 
-023 , 0 5 0  
. i )2J  , 3 6 3  
,019 ,072 
, 023  ,068 
0 3 2 2  .,:'J47 
,019 ****+* 
. 3 2 4  e 3 2 4  
- 3 2 4  , 0 2 6  
.045 .@GO . :25  , 093  
,153 e l 3 4  
e l 0 3  - 0 7 3  
.U84 ? C S 9  

. 0 4 0  0 '026  

.052 . 344  . >8k .353 
074 0083 

O C C U R R I N G  AT I = 2 AND J = 16. 



TABLE A.4 .- CONTINUED 

C,OOO 
,025  
, 050  
.lOii 
.15C 

Z G G  
-250  
.30C 
e400 
,500 

650 
.780 
-900  
.35a 
.1GO 
. zoo  
.30C 
,560 
a 650 
0780 
.9CO 

,381 
027 
-023 
e $ 2 5  
,012  
.012 
,315 
.008 . ooa 
033 . L'Qb 

e016 
-311 
.069 
.020 
.GI? 
e 019 
.GO6 
c 'J07 
0007 
e005 

\ 

THE M A X  S T A N D A R D  D E V I A T I O N  I S  -41 O C C U R R I N G  A T  I 2 AND J 12. 



TABLE A.4.- CONTINUED 

P RUN 52  STANDIRD DEVIATIONS 
N 
0 

I X Y=-.95 Y=--85 Y-- .7J )'I-.53 Y=-.i ,D y=-.25 

,113 
* 1 0 4  
,032 
.046 
- 0 2 6  
.911 
.015 
,316 . J16 
,025 
.041 
-363 
,650 
.323 . U i C  
.G I )  
.a12 
,012 
. 5 1 2  
. d l 3  
.010 

Z 3.000 .078 .095 ,181 +* * *U*  

2 225 el03 .Qb0 .!I91 0 3 6 6  
3 -050 ,049 *L'63 .362 .342 
4 .lCO , 3 4 6  . ~ ' + ( 3  -76'4 - 0 7 1  
5 e l 5 0  * 0 3 3  ~ 0 3 2  .31b - 0 2 9  
b *ZOO .OZO - 9 1  b -013 r 014  
7 250  .013 . ,015 a 0 2 1  0 1  6 
8 .300 ,010 -313 - 0 1 9  .Old 
9 . 4 C C  . t i l o  * * + + + C  .011 .G13 

1 0  .$LO .306 4 + * * * *  , 537  **$*+* 
I 1  ,650 ***'4*+ 1034  *OGb ,307 
1 2  .780 e007  ,907 * 0 0 4  .DO3 
13 .YJO - 0 1 7  .')I5 . 025  .OD6 
1 4  .050 ,019 .a25 - 0 2 9  e329 
1 5  *LGO - 0 3 1  .525 .025 ~ 0 3 1  
1 6  r 200 eC13 ,319 e315 - 3 1 6  

3 0 0  0 0 1 8  .Ol 6 .GI0 - 3 1 3  
1 8  l7 ' - 5 0 0  .006 0006 .003 - 0 0 7  
19 .650 P S * O C U  ,005 . 005  - 6 3 7  
20 0 7 8 0  ,006 ,005 ,033 ,005 
21 ' * 9 0 0  eCG4 - 5 0 3  0 8 0 5  ,016 

THE MAX STANDARD DEVIATION I S  - 7 5  OCCURRING AT I a 

,058 
.LO5 
,356 
,053 
,333 
. D l 0  
.D l4  
e019 
,014 

******  
e035 
,003 
.337 
.03$ 
,336 
. Y ? B  
.318 . a09  
. 336  
,009 
,310 

2 AND J = 



TABLE A.4.- CONTINUED 

2UN 63 STA~IOARD OEVIATIONS 

. J 6 C  
,038 
e O 2 7  

025 
e ' J 1 5  
. 0 1 7  . o l a  
. G I 0  
. D l 1  . c o a  . G07 
.007 
- 0 0 7  
-053 
, 0 4 4  
.022  
-314 
~ 9 1 9  
e C09 
? O C 5  
, 0 0 5  

THE M A X  STANDARD DEVIATION I S  .a5 OCCURRING AT .7 * 2 A40 J = 16. 



TABLE A. 4. - CONTINUED 

RUN 5 4  S T A N O 4 R O  D E V I A T I O N S  

THE RAX STANDARD D E V I A T I O N  I S  -39 OCCULRIdG AT I - 1 AN0 J = 7. . 



TABLE A.4.- CONTINUED 

X 

> . ! ? J C  
. : ; 2 5  . > L G  
.:LC 
, 150  . CC * 
. 2 > c  
3 : , v  
, r ;3 
.5cu . J J < /  . r c c  
a : :  

: : t i  

.1:c . L' 2 

. ? C U  . 5 !! i; 

. & y o  . 7 t i C  
, 9 3 3  

X 

. J53 . 2 8 7  

. 3 4 d  . L ~ ?  

.JtI .9'4i 

mJ25 ,823 . :I#> • <222 
. : is * * . r+sr ;  . l i 3  .ji? 
. : j i b  J:+ 

.>LC ..30J 
* 4 4 c . * 4  .Ji4 . J l 1  a i l 3  

8 ; )  

. ' J - -  .:I; . ):3 . > ) j  . J111 ~ 3 2 1  . J i ?  *(I72 

. . S L ~  .:.I1 

, > i 3  .a12 . ')2* ,;35 
. l j i  , 5 9 1  
.1)2 5 .u09 

.JUT . L:J5 

.J?J 

. 2 i E  

. a i l  

. O J 7  . 2 ; .> 
.5DLi 

i r  . - 
.,IL J 

6 4 4 4 0 C  

9***** . Si? 
. 5 i 3  . $1: 

* T H E  M I X  S I ' I N D A J U  DEVIAIlGN 1 5  .?(: d C C ' J 2 R I V t i  A T  I = 



TABLE A.4.- CONTINUED 

. D l ?  . O i d  

. L b t  . ; 28  
, 2 2 2  .727 . C 3 i  .5:7 
.GI5 . J l b  
.?it . J i 4  
.GO 3 . O J B  
j * * * s t *  

, * r * + ? +  

,:.- * .&"> 
.2u3 .'I i 3  
,932 ,035 
- 3 3 2  . 3 3 3  
• O i ' 3  -920 
. L 2 2  . 12.. 
.C1'. .>..IS 

.017 . 2 3 7  
- 2 3 3  . d 3  J 

. 3 3 3  .C33 

. a 0 3  .DO2 

.GZZ .233 

TtlE M A X  S T i k D 4 7 D  DEVIirIOM IS . 



TABLE A.4.- CONTINUED 

, 1 5 7  *+* * * *  
- 9 t 4  . 3 8 5  

J 3 5  *a55 

, .37, .93 ,9  
, , " 3 9  .3Y? 

.< .4 )  . 3 3 . !  
0 3 3 ?  ~ 3 2 7  
* J 3 ?  . ? Z j  
a21 2 . . ! i 7  
, 3 2 2  4 ~ z i . 4 r  

• > I 7  ,315 . ~.!< : 4 I , .  . 
.<LC 

,313 . C U ?  . z ;  9 .1s4; 
. ' ~ ? 3  ,;,55 

3 (5 .34Z 
. iL? . ;ZC 

.Ul> ,015 
, *.: .: 3 . ::,3 . -1 .! 4 . '.jb 
e 2 2 j  .J27 



TABLE A.4.- CONTINUED 

RJA 5 3  S T 1 M D 4 2  J O E V I  4TIJNS 

' THE M A X  S T A N 9 A 3 D  DtVIATIiril IS e . j l ,  J C C O Y R l d G  A T  I * 1 Aq3 J a il. 





TABLE A.4.-  COXTINUED 

*+*++*  
. . tb5 

J + ?  

~ 3 1 1  
,325 
.311 
.097 . J i 5  . > L L  . J O C  
. 5 3 3  
-033 
, 3 0 5  
. . I29 
. 3 2 S  
, ! : : I  . "! i. ?J . ,.l.'2 
.33?. 
, 3 5 4  
,533 

' THE H A Y  S T A h D A I D  D E V l A i l O r  IS .13 JCC1Jd31*G bT I s 2 S V 3  J = 13. 



TABLE A.4.  - CONTINZ! ?b 

' THE n4X S T A r 4 D A Z D  D E V l 4 T I d k  I S  . 



TABLE A.4.- CONTINUED 

. : 5 5  . G30 

. 2 3 u  

.LLS . l ' i i  

. G l o  
9'J 7 

+*++* *  
.031 
.C,d 
.;>5 
. O C 3  

.:.9 

.013 
,012 . 6 5 8 2  . C33 . C ..I Z . Ui,C 
r u 3 2  



TABLE A. 4. - CONCLUDED 



TAELE A. 5. - TARE RUN (RUN 69) - PRESSURE MODEL 

(a )  Integrated resu l t s .  

L l i - l  P L ? ~ A S J ~ S  L l F T  F K O Y  AL?tlAbl~r3S 

TOTAL . $ L o  - .U223 

TEHP = 26. OEG. C E t i T .  BPRLi. ? R E S S U R S  - 29.91 If.!. HG. 



(b) 'Surface pressure coef f ici 'ents .  
?!UX 67 nVi2A;;O PXkSSJL;  C O i i i 1 i l " i T S  



TABLE A. 5. - CONCLUDED. 

(c) Standard deviations for pressure coefficients. 
,<JN 5 3  S IAt4 iAdu O L V I P T I J Y S  



SLENDER-BOY ESTIMATE OF THE CONTRIBUTIONS TO 
SURFACT: PRESSURE OF VORTEX BENDING AND 

dONLINEAR VELOCITY TERMS 

Consider  a  g e n e r a l  p l a n a r  wing a t  z e r o  ang le  o f  a t t a c k  under  t h e  

i n f l u e n c e  of a  p o t e n t i a l  v o r t e x  a t  yv,  zv i n  a  f r e e  s t r e a m  of  v e l o c i t y  

V,. I n  g e n e r a l ,  t h e  v e l o c i t y  p o t e n t i a l  on t h e  wing wi1.B have t h e  func- 

t i o n a l  form 

iW z i W ( x ,  Y, s ,  YVy zv) (B. 1.) 

The v e l o c i t y  components a r e  

The c o n d i t i o n  w = 9 r l epresen t s  t h e  boundary c o n d i t i o n  for  t h e  p l a n a r  

l i f t i n g  s u r f a c e .  The d e r i v a t i v e s  dyv/dx and dzy/dx i n  e q u a t i o n  (B.2) 

can b e  w r i t t e n  

where ~7 and wv a r e  t h e  components o f  t h e  v e l o c i t y  o f  t h e  v o r t e x  i n  t h e  
v  

~ s o s s f  low plane.  For a  r e c t a n g u l a r  wing,  e q u a t i o n  (B. 2 )  becomes 



where 

The p re s su re  c o e f f i c i e n t  can b e  c a l c u l a t e d  from t h e s e  ve1oc:ity components 

u s i n g  e i t h e r  the l i n e a r i z e d  r e l a t i o n  

o r  the Be rnou l l i  r e l a t i o n  

I n  the fol lowing,  t h e  con t r ibu t ion  t o  e i t h e r  p re s su re  c o e f f i c i e n t  of u 
v 

(vor tex  bending)  and t h e  c o n t r i b u t i o n  of t h e  nonl inear  t e r m s  i n  equa t ion  

( B . 9 )  a r e  eva lua ted ,  using a  slender-body s o l u t i o n  f o r  $ .  It i s  shown 

t h a t  t hese  con t r ibu t ions  a r e  of  t h e  same order .  Thus, i f  e i t h e r  c o n t r i -  

b u t i o n  i s  included i n  an a n a l y s i s ,  bo th  should b e ,  Note t h a t  t h i s  conclu- 

s i o n  cannot  be assumed t o  hold  i f  t h e  presence of  t h e  wing apprec i ab ly  

modif ies  t h e  vortex s t r u c t u r e  from t h a t  used h e r e ;  t h a t  i s ,  i f  t h e  p o i n t  

vo r t ex  becomes a c loud  of d i s t r i b u t e d  v o r t i c i t y .  

The p o t e n t i a l  
QW 

i s  so lved  f o r  by a p p l i c a t i o n  of  t h e  methods of 

conformal t ransformat ion .  I n  t h e  c ross f low p lane ,  we have t h e  l i f t i n g  

s u r f a c e  l y i n g  along t h e  y-axis  on t h e  i n t e r v a l  -s ( y ( s with  a v o r t e x  

of s t r e n g t h  r a t  (yv, zv) . We w i l l  t ransform t h e  l i f t i n g  s u r f a c e  from 

a l i n e  i n t o  a  c i r c l e  wi th  t h e  flow und i s to r t ed  a t  i n f i n i t y .  



The equat ions of t h e  t ransformat ions  are ( r e f .  19)  

(B. 11) 

T h e  vortex a t  pei' i n  t h e  G plane i s  r e l a t e d  t o  t h a t  i n  t h e  .r 

plane as f 01 lows: 

(B. 12) 



(B. 1.3) 

r 
= (p - +) s i n  c 

v  

A p o i n t  on t h e  l i f t i n g  s u r f a c e  i s  r e l a t e d  t o  one on t h e  c i r c l e  

through t h e  r e l a t i o n s h i p  

y = 2 r  cos  8 
0 

(3.14) 

It i s  simple t o  w r i t e  down t h e  complex p o t e n t i a l  i n  t h e  o plane.  

The vo r t ex  a t  uv i n  t he  u plane has an .Lmagc~.7ortex a t  r of 

oppos i te  s ign  with a vortex a t  t he  c e n t e r  of t h e  c i r c l e  t o  preserve  t h e  

c i r c u l a t i o n  a t  i n f i n i t y .  The e n t i r e  c ~ m p l e x  p o t e n t i a l  is  t hus  

and 

W ( U )  = - 2 a  [ n o  - C J  - In  (u -3)- 1s GI 

r 
a r g ( o  - ov) - a r g b  - $)+ arg CJ] 

(B. 15) 

On the  wing 

s o  t h a t  



a r g  (CT - ov) = a rg  (roe i8 - p e i Q )  

r s i n  8 - p s i n  Q 

= tan-. ( O 
r cos @ - p cos Q 

0 

= a rg  r + arg(pei' - r e iQ 1 
0 0 1 

p s i n  0 - ro s in  Q 
= tan-' (. p cos B - r cos 9) 

0 

On the  wing t h e  p o t e n t i a l  i s  thus  

r s i n  8 - p s i n  Q 
*w = I 2~ [tan-' ( o 

r cos 9 - p cos Q 
0 

p s i n  6 - r o s i n  Q) + 
- tan-' 

p cos 8 - rocos Q 

(B. 17)  

(B. 18) 

After  a cons iderable  amount of a lgebra ,  the d e r i v a t i v e s  aaw/ayv and 

a@w/bzv appearing i n  equat ion  ( ~ . 7 )  a r e  

p ( p 2  - rg)  [2rOp s i n ( @  - 6 ) c o s  - (p2 + rg) s i n  @] 
[ r ~  + p 2  - 2 r O p  c o s ( 0  - m)] (rz + p 4  - 2rgp2cos 20) I (B. 2 0 )  



I f  t h e  conjuga te  of t h e  complex veloci.ty of t h e  v o r t e x  i n  t h e  cr 

plane i s  denoted Vv - i W v ,  t hen  

(B. 21) 

The v o r t e x  v e l o c i t y  i n  t h e  T plane i s  no t  r e l a t e d  t o  t h a t  i n  t h e  o 

plane by the  u s u a l  conformal t r ans fo rma t ion ,  b u t  i s  g iven  by t h e  fo l l owing  

express ion  from r e f e r e n c e  19.  

I t  can be shown t h a t  

( p 2  + r;) s i n  Q 
+ r E p ' ( p 4  + r4) s i n  4 - 2r4p4s in  

o  I o 2ii (p4 + r4 - 2rED2cos 20) 
0 



Subs t i tu t ing  equations (B.20), (B.23) and (B.24) i n t o  the  d e f i n i t i o n  of  

uv, equation (B .7 ) , we f i n d  

U 
v 

- @ ) s i n  @ cos @ - ( p 2  + rz) ( p 4  + rd o - 2r:p2~os2@)] 

[ P 2  + rz - 2rop cos (0 - @)I (p4  + r: - 2 r ~ p 2 c o s  2@)2 

2 p 2 ( p 2  - r;) 

( [;2 + r; - 2 r o p  cos ;; - ] ( 4  + r - 2rZp2coi 2.;) 
0 

(B. 25) 

To allow ca lcu la t ion  of the  cont r ibut ion  t o  pressure  of t h e  squared 

terms, we need v. Now, 

as 
1 a@w 3;  v = = -  1 

ay 61 = - 
3% - 

r 2 r  s i n  0  a 0  
0 

0 

The r e l a t i o n s  j u s t  derived were used i n  an i l l u s t r a t i v e  ca lcu la t ion .  

The c a s e  considered was f o r  yJs = 0.5,  zv/c = 0.25. This choice of 

zT/c e l iminates  complications brought about by  t h e  use of  the  p o t e n t i a l  

vortex model, f o r  it removes the  vortex core from con tac t  wi th  t h e  wing. 



The s u r f a c e  p re s su re  distri7su.tion due t o  vo~:tex bending has  been ca lcu-  

l a t e d  by  means of equat ions  (B .25)  and t h e  r e l a t i o n  

(B. 2 8 )  

The su r f ace  p re s su re  d i s t r i b u t i o n  a s soc i a t ed  wi th  -V'/V: as  ca lcu l .a ted  

from equat ions  (B. 9)  and ( B .  2 7 )  has a l s o  been determined. The r e s u l t s  

a r e  shown i n  f i g u r e  19. 

~t i s  noted t h a t  t h e  s u r f a c e  p re s su re  d i s t r i b u t i o n  f o r  vo r t ex  bending 

produces uniformly p o s i t i v e  p re s su re  on t h e  upper s u r f a c e  of t h e  r i g h t  

ha l f  of t h e  wing w i t h  a  peak a t  t h e  l a t e r a l  vo r t ex  p o s i t i o n .  The d i s t r i -  

bu t ion  due t o  -v2/'v$ i s  negat ive  everywhere; t h e  nega t ive  p re s su re  peak 

i s  about twice t h e  magnitude of t h e  p o s i t i v e  p re s su re  peak, b u t  it is  

about h a l f  the  b read th .  Thus, t h e s e  e f f e c t s  a r e  of comparable o rde r .  
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