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Preface

T his study of what seemed a very sinrple system turned into a

rather involved ef,fort. It started at the request of Mr. Larry Roberts

of the 4950th Test Wing, Aeronaut ical  Systems Divis ion, AFSC, Wright-

Patterson AFB, Ohio, and benef i ted frorn his cont inued interest and

support .  Hopeful ly,  others wi l l  f ind the result  useful  al though i t

rmfortunately supported Larryrs concern that the vane dynanics and boom

notions night have a significant effect on the gust measurements he was

attempting to obtain.

The study i tsel f  was supported by nany others. 0f  pr imary assistance

was PrOfessor Harold Larsen, Head of the AFIT Aero Design Center,  who

advised and guided the wind t tumel test ef forts and the theoret ical

aerodynanrics. The test,s themselves could not have occuned without the

aid of several technicians. Dave Grube of the AFIT School Shops produced

beaut i ful  hardware from the crudest of sketches. J.R. Shera of the

4950thts Instrurnentat ion Branch assisted throughout in sett ing up the

vane and i ts associatod electronics. Torn Lokai and Scotty Whit t  set up

and operated the tunnel.  I  also wish to thank Dr.  Shine, Head of the

Aero-Mechanical Engineeri.ng Departnent, and the AFIT administration for

providing the tine which enables faculty to perform independent research

on real world Air  Force problens. This report  docunents the results of

AFIT Faculty Research Project Nunbet 74-4. However,  I  accept ful l

responsibi t i ty for any errots or omissions.
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l.lonenclature

a distance from pivot axis to rnid-chord; fraction of chord;
posit ive aft

A aspect  ra t io t  
S

b semi-chord;  b  = c /2;  in

B danping constant

c  chord;  in

Cto section l i f t  curve slope; dCr/da where C, = (Lift  per unit
spanJ /qc

CLo wing l i f t  cul 've slope; dC1/dcr where Cl = Lift /qS

C section noment curve slope; dtr,/dc where Cr = (Moment per unit
nc span)/qc2

C.. wing moment curve slope; dCt,t/do where CM = Monent/qSc
Mc

E Youngts  modu lus  o f  e las t i c i t y ;  ps i

fn natural ftequency in Hz; fn = un/2r

q accelerat ion due to gravi ty;  386 in/secz

h,h, i l  t ransvense cl isplacement,  veloci tY, and accelerat ion of pivot
ax is ;  in ,  in /sec ,  in /sec2;  pos i t i ve  down

ho magnitude of s inusoidal pivot axis motion; in

I  c: ioss-sect ion area noment of inert ia;  inh

j {:T

J rotary msss moment of inertia; in lbg sec2

Jr effect ive mass monent of inert ia of the ent ire vane assenbly;
in  lbg  sec2

K emperical  st ict ion Para$eter

f ,  distance from center of pressure to pivot axis;  in

L bean length; i .n

n  nass ;  lb f  secz / in

1,1,1,



nin ninimum of the absorute values function; nin (x1, xr, . . .
xn )  =  x i  when  l x1 l . l x5 l  f o r  j  =  t ,  Z ,  . . . ,  n

M noment; in lb6

q dynanic pressure; O . l 
pU2; psi

r distance from counterweight center of nass to pivot axis; in

sgn  s i gn  f unc t i on ;  sgnx=+ l  i f x>0 ,0 i f x=  0 ,  _1  i f x<0

S vane area; in2

t vane thickness; in

T t ine;  sec

U freestrean velocity, usuall), U"q, = ffi; in/sec

Vol Volwre, ir3

w spanwise width; in

W loading per unit length; fb6/in

x chordwise distance; in; posit ive aft

z vert ical displacement; in; posit ive up

c,c,c *gul?Irdisplacement, v-elocity, and acceleration; rad, rad/sec,
. tad/secz; posit ive clockwise

co init ial angular displacenent, or angle of attack of deformed
vane, or magnitude of sinusoldal angular displacement; rad

0 phase shift  of sinusoidal notion; rad

r log decrenent

uD dry friction coefficient

FV viscous friction coefficient

n  3 .14159 . . .

p  densi ty ;  lbg sec2/ in{

po sea level  densi ty  of  a i r ;  l '08.10-? lb f  sec2Tinb

f danping ratio

ut frequency of sinusoidal osci l lat ion; rad/sec

ron natural frequency; rad/sec
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Abstract

A relatively simple analyt ic modol Was developed for predict ing the

dynanic behavior of angl.'e-of-attack vane assernblies in response to changes

in the free strearn direction and/or to transverse notions of the vaners

pivot axis. Experi-nental tests of a typical vane were perfomed in the

AFIT five-foot, low subsonic wind tunnel. Conrparisons were nade of the

nodelts predict ions with these tests and with other test results found

in the literature" The natural frequenci.es of the vanes were predicted

reasonably well  (within ebout 20 percent) for al l  airspeeds -* subsonic

and supersonic. The t:hi. ,rf  dif f iculty was in estinating the center of

pressure location for these very low aspect ratio vanes. Viscous and

tip effects were not included in the model. The aerodynanic danping was

experimentally found to be essentially independent of airspeed as

predicted, but the modeLts cstinates were only within a factor of Z to 3

of the data. It, vras fcund that typical aircraft instrunentation boom

notions nay lead to signif icant errors in the apparent angle of attack.

D1,7.



Introductlon

Rocent svents in fltght tests havc genoreted thc necd for a vorifled

nodel of the dynanic behavior of angle-of-attack vanes -- also variously

called incidence vanes and wind vanes. The usual assumption that such a

vane responds instantaneously to changes only in the aircraftrs attitude

is no longer acceptable. Dynauic perfornance f l ight testing t l l

(obtaining useful data cotttinuously rather than going fron one quasi-

steady condition to another) is being considered to reduce the duration

and cost of f l ight test progfalns. For this use' one nust not only know

the response of the vane to quasi-steady aircraft motions [?l but also

the vanets dynauric behauior to transient motions [3]. Another coEnon

use of these vane assenblies is as meteorological sensors for wind gusts

[4,5]. In part icular, the 4950th Test Wing at Wright-Patterson AFB,

Ohio has been using these vanes i.n thunderstor:n penetration studies. In

this use, the airctaft is f lying straight and level while the vane is

being used to sense small,  rapid changes (gUsts) in the free streanrs

vel.ocity" Again, kerowledge of the vaners dynanic behavior is essential

since i. t  wil l  act as a low pass f i l ter to gusts, Since the vane is

usually nounted on a long, sonewhat flexible boon when performing gust

measurements, the mechanical vibrations of this boonr can also lead to

changes in vane angular position. These extraneous notions might lead

to signif icant errors in the observed gust velocit ies since the effects

are inseparable. For al l  these reasons, a study of the dynamic response

of angle-of-attack vane (hereafter cal led wind vane) assenblies was

undertaken.

First, a matheunatical urodel of a windvane was developed. Then

experirnental tests of the vane used by the 4950th Test ltling were rr.rn in
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the Air Force Insti tute of Technofogy (AFIT) f ive-foot, low subsonic

wind tunnel. These results, along with others found in the l i terature,

were compared with the nodelts predict ions. Finally, some comnents

concerning vane design are included.



Mathenrt lcal Modcl

Flguro I is a skotch of an ldeallzod wlnd vano. A frplaterr of some

geonetry is attached by an &rfi to a pivotlng shaft which extends from

the aircraftrs instrumentation boon. UsualIy, s counten\,oight is

provided so that the vane assenbly is statical ly balanced. The pivot

shaft is usually connected internally to the shaft of some angular

posi t ion sensor ,  o .9" ,  a  potent iometer ,  syncro,  o tc .

Four nrajor t)?es of rnoments were considered to act on the vane:

inert ial,  aerodynamic, viscous fr ict ion, and dry fr ict ion. We thus

require that

Minert ia n Maero * Mvisco.rs * Mdry = 0 ( 1 )

Letrs begin with the aerodynamic noments. Unfortunately,  there is no

simple exoression for the aerodylramS.c moarents of a snall aspect ratio

(n = w2/S) vane which is the nost co$uson in use. Instead, let fs fol low

the usual pract ice for wings and f i rst  consider the monents on a two-

dirnensional (A .  - ;  
"  

r 'ctat ing, plrrnging f lat  plate in an incompressible,

inviscid f lu id.  Figure 2 def irres the coordinates and geometry for such

a sys tem.  A  quas5-g f .aady  so lu t i "on  (wh ich  ig r ro res  the  e f fec ts  o f  t ra i l ing

vor t i ces)  nay  bre  found as  equat ion  5-348 in  B isp l inghof f ,  e t  a l  [6 ] ,  i .e . ,

Mouro * npbz tbafi - ub (f a) e-bz ($ *az) 
"1

+ 2irpUbz (a"\ [6 + Ucr + b (] - rl at (2 )

Recal l ing that the cenler of pressure for a symmetr ical  two-dimensional

air foi l  is at  the quarter ctrord (b/2) arrd that the l i f t  curve slope

Cl,o = dCr/da = 2T, this equat ion can be wri t ten as

Mu",o = - (n+l)z ,iprz o-2 Fq*g f [r"ou"t] 
;-Zrrpuztbc

f  Ze ,  +  b  b . . l* 2rrpuf,b 
ln.  *- i lnJ

(per unit span) (3 )
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I f  the  vane is  no t  s ta t i ca l l y  ba lanced,  there  w i l l  be  a  s ta t i c  monent .

However,  i ts only effect is to change the effect ive zero angle of at tack.

This rnonent has no obvious dynamic effect, but it can move the operating

range of the vane into the nonl inear l i f t  regime t7l  and thus preclude

the use of the sinrpte aerodynamic moment relat ion just developed in

equat ion 3. Thus, nost vanes are stat ical ly balanced. For subsequent

use '  le t rs  no te  tha t ,  fo r  the  idea l . i zed  rec tangurar  vane,

Msta t i c= rn" . ,anu  Ct . - ! )  - i l c * rcw=ovun"St  (a .h  -mcwrcw (s )

Fr ic t iona l  fa rces  in  bear ings ,  sha f tways ,  and the  l i ke  w iL l  lead  to

monents of a dissipat ive nature. other damping phenomena may result  f ron

the  a i r ' s  t ru ly  v iscous  na ture  (poss ib ly  enhanced by  per fu ra t ions  or  the

l i ke  [5J  o r  by  d isc re te  phys ica l  dampers  a t tached to  the  p ivo t  sha f t  [g l ) .

In  any  case,  nos t  f r i c t iona l  e f fec ts  a re  mode led  as  a  l inear ,  pure ly

v i s c o u s  d a m p e r ,  i , e .  ,

h i " "ous= -Bv ;

where Bv is usual ly an ernpericatr ly detennined danper constant.

Unfortunately '  nost f r ict ional phenomena for the usual vane construct ion

is real l .y of  the dry fr ict ion type. Dry fr ict ion for rotary motion is

( 6 )
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almost irupossible to analyt ical ly estimate a priori .  ' I t  
may result frorn

sl iding shaftways, potentiometer contact drag, bearing fr ict ion, or the

l ike. Dry fr ict ion is usually idearized as shown in Figure 3a. An

increase in the noment needed to init iate notion (sonetines called

st ic t ion)  is  usual ly  noted as in  F igure 3b.  However ,  th is  ideal izat ion

encounters diff iculty in digital sinulations because the zero condit ion

cannot be practical ly obtained. This latter problen leads to nunerical

instabil i t ies or convergence diff icult ies.. As a practical approxination,

sonething like Figure 3c nray be used. Three analytic approximations were

used at various t ines in this study. They were

la I  sen (, i )Mdry = - tsD o" nodt, - - BD 
fu 

ot Mc"y =

be cons idered is  the  so  ca l led

i f  l ;  l1 t /xu
.  t t )
c otherwise

torque or

flu,i- Bo 
tsn

iner t ia l

1+x1 l r i  I
The last nonent to

nonent

Minert ia = - Jc

where the nass rotary nonent of inerti t, J , for the idealized

vane is approxinately

( 8 )

rectangular

Jvane " i lvane @2+fu+f2) n rc" r3*, = pvane st (12+tb+ 
t*r, 

, ncw rtw (9)

substituting these various nonents into equation (1), we have

21+!  6

4tu

i+s1zn a+uD nin (K,ri ,  sgtt i ;  = - $,n.
2l+b b . .
-?r 

u h)

(10 )

( l l )

(r2)

-J; - (r.+)z $ousc-rfctgtltflr..uror) ; - crorqsc

CLoXqS 
,,, _ [ n

U
h) - \c - Bp rnin (Kqi, sgn o1 - g

o "o *  ( 2g r , r n+yo )

where
ClotqS

0 n =



-\-sucttott
(b ) ( c )

Figure 3 Ideal ized Dry Fr ict ion Models

J f  = J u . n u * J " u " o = J o * n "  +  U ' + \ 2 pbs

(a)

1l

z
G!'b) (s*t )

4L2
*  (21+b)  ( r+  b )

41.

o

i olt

(1  3 )

(14 )

( l  s )

( 16 )

By
u= -v  J l

BD
t rn=F

Usual ly,  Jvane rt  J.e.o. f jurt t rer,  s ince thj .s model was based on an

incourpressible developnrent,  i f  the airspeed t l  is interpreted as equivalent

a i rspeer l , t J *qr  -  A in ;  where  po  =  sea leve l  dens i ty ,  then the  aero*

dynamic damping rat io 6 is a constant for a given var1e, i .e. ,  independent

of airspeed. l lowever,  s irrce ar1 i"ncreases l inearly with airspeed, the

aerodynamic damping ter in,  2 g uln, increases with airspeed unl ike the two

fr ict ion based tenrrs,  t t .y ai ld l rp,  which are simply constants. The fr ict ion

tef lns wi l l  then only be signi f icant for relat i ,vely smal l  airspeeds. Under

a l l  these cond i t ions ,  assuming no  i rnpu ls ive  t lpe  o f  p ivo t  ax is  ve loc i ty

so that Ui i /U is not large, the vane model s impl i f ies to
I

s + 2 q uh ; + o3 a = - ,_t4n  nU
(  17 )



where on and e are st i l l  given

These sinpli f ied equations have

least as the l init ing case for

by equations 12

previously been

and 14 respectively.

developed IZ,SI  - -  a t

g-13 !whenr>>b
2V

However, this nore conprete developnent wil l  enable a designer or user
to quantify the suitabi l i ty of the sirnptif ied nodel as he can ialculate
the neglected terrns.

Nevertheless, one should caution that even the nore conplete nodel
given by equation (l l)  has nany inherent sinpl i f icarions. The obvious
ones are that viscous and t ip effects are neglected. Further, while the
inert ial effects of the support and pivot arn nay be rolatively easiry
accounted for in calculating or neasuring J, aerodynanic forces on these
elenents are not accounted for. If desirod, theso forces nay be
approxinated by the potential solution for the nonrent of e pivoted body
o f  revo lu t i on ,  i . e . ,

Mcw q support 
' 2q volnua c

( 1 8 )

( ls ;
where Voln"g equals the volume of counterweight and support shsft
forvard of the pivot minus the volusre aft of the pivot. usually, these
volumes ate nearly equal so that Voln"1 = 0 or in any case is usually
very nuch less than clo ls. Note that this approxination ignores the
suction peak at the nose usually noted in real air f lows. obviously the
vane is assumed rigid. Further, while this was basicarly a rectangular
wing development, we assume that the results wil l  be valid for any plan-
forn if the proper CLo and I are used.

Lift cunre slope predictions for very snall aspect ratio airfoils

are best given by Jonesf slender body theory [9J as



CLo = t  A/2

9

for A on the order of I  or less (20)

ra ther  than the  " l i f t ing  l ine"  va lue  c i ted  in  nos t  p r io r  a r t i c les .

WhiLe sLender bodrr theovy $i 'as str ict ly based on long, pointed planfonns,

i ts predict ions e.re nuch nore reasonable for any snal l  aspect rat io

planform than those nroviCed by "tr i f t i -ng l inei l  type fornlulas. For non-

pointed shapes, one shouid str ict ly use a ' t l " i f t ing surfacei l  solut ion.

Nevertheless, for a recr langr. l iar planform with an aspect rat io of one,

Gers tenrs  l i f t ing  sur face  so l .u t ion  [7 ]  p red ic ts  a  CLo =  l .46 .wh i le

s lender  body  theory ,  eqn (20 i ,  p reCic ts  CLo -  1 .57  ( less  than 8eo er ro r )

and l i f t ing l ine theory predicts CLa = 2.09 (a 43% error).  l rhi le not

usualLy encountored in alrcraft  v; tnes, larger aspect rat ios (on the

order of 2 to 4) are somstiynes used for meteoroLogica} vanes. In this

case,  an  a l l  aspec t  ra t io  fo rnu la  may be  used,  € .8 . ,  one due to  DeYoung

[ 1 0 ]

f '  ="Ltr
r ? r  l2r

r o -?'s+-&
Erlen more Cif f i -cuL<: i -s predict ing the center of p: :essr. l : "e locat ion for

smaLl aspect ya"; : los. For rectanguiar wings, an extTapolat ion oi l  the

results of Table I  of  Gersten [7] might be used. For other nore

rounded or pointed shapes, sl .ender body theoly [9J precl i"cts a center of

pressure at the &rea centroid of the I 'ef fect ivefr  planform. On a

posit ive note, s l-ender br:dy theory [9J might a1.so precl ict  that this mode]"

is  va l id  fo r  aL1 a i rspeeds (except  poss ibJ .y  t ranson ic )  in  sp i te  o f  i t s

inconpres sibl .e CeveLonntent.
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lrrcrlgglgl Prosran
A wind tunner test program was conducted on a typical wind vane in

the AFIT f ive foot diameter, low subsonic wind tunnel. This open loop
tunnel is capable of providing airspeeds in the test section from 15 to
about 200 ni les per hour (mph). The vane tested is one which is in
current use in thunderstorm penetration studies by the 49s0th Test wing,
ASD'  AFsc,  wr ight -pat terson AFB,  ohio.  I t  bas ica l ly  is  a  l /16 inch
thick f iberglass printed circuit board clad on both sides with l /32 inch
thick balsa streeting which is l inearly tapered to zero thickness at the
trai l ing edge. The vane is attached at the leading edge to a pivot
shaft, supported by a ball  bearing, which is attached to the rotor of a
synchro mounted in the instrurnentation boon. Figure 4 is a sketch of
the vane geonetry. The chord (zb) is about 4 s/ l  inches while the span
is 2 3/8 inches, so the aspect ratio of the vane is 0.s. The nass rotary
monent of inert ia of the entire assembly was calcurated and experimental ly
ve r i f i ed  to  be  0 .0012  i n  l b6  sec2 .

The vane was mounted on the upstream end of the horizontal member of
a cruciform nounting assernbly. Figure 5 is a photograph of the vane and
the supporting cruciform in the tunnel. The geometry of the cruciforar
upstream horizontal nenber is identical to that of the actuar fr ight
instrtrnentation boom.

An init ial series of tests were run with the crucifonn stationary

ltr=o) '  The vane was set at an init ial angle of attack of about 5 degrees
and held there by a pin at the base of the pivot shaft. The tunnel was
brought up to speed, and then the pin was pulled by means of selonoid
connected to the pin by a wire. Figure 6 is a typical osci l loscope

trace of the response. Figure 7 is a photograph of the electronics used
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Figure 5 T'.mnel. Instal l .at ion of Wright-Patterson Vane

Figure r'
an Ini. t

' ; 'picatr 0sci 1 loscope Trace
;  i  Angle c f  At tack Test  (see

of a Release fron
Tab le  I ,  Run 7)
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Figure 7 Electronic Monitoring Equipnent

AIIPLIFIER

DURATION
COUNTER

Figure 8 Block Diagram of Test Electronics
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to monitor and record the response. Figure 8 is a block diagran of the

major electronic components. The observed vane motion was lecorded on a

storage osci l loscope and a tape recorder.

For the next ser ies of tests,  the cruci fornfs vert ical  member was

connected to an air  piston mounted above the tunnel (see Figure 9).  The

assembly was set about.15 inches above the tunnel center l ine, the tunnel

was started, and then the piston drove the assenbly rapidly back to the

center.  The interest here was in the response of the vane to not ions of

i t s  p ivo t  ax is .  F igure  10  is  a  typ ica l  response fo r  the  f i rs t  few tes ts .

Unfortunately,  subsequent tests were character ized by a rapid reversal

of angular posi t ion on inpact.  Fipgre 11 is typical  of  the subsequent

tests.  The t ime history of the cruci fornrs posit ion was determined for

three tests by high-speed photography of the assenbly port ion which

extended through the bottom of the tunnel (see Figure 12).  The results

of these runs were quite consistent.  A typical  history is shown as

Figure 13. The overal l  t ime durat ion was checked on each run by neans

of  the  photoe lec t r i c  ce l l s  shown in  F igure  12 .

Table I  is a sunnary of al l  the test data and results.  As nay be

noted ,  the  vanets  response was essent ia l l y  tha t  o f  a  dampened second

order systen as expected. The effect ive damping rat io was deterrnined

f ron  the  log  decrement  o f  ad jacent  ex t rena,  i .e . ,

- ed{l:?= e
an* I
on

s ]'nce

then
l---?r-

6  = '

\  n 2 + r 2

* = q1i l l"r]
u"n j

(22)

(2s)

where (24)
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Figur*  1 . '
Mo t ion "

Lower ' j ' :

.Typical  ResDonse of Vane due trr  Transverse
iJ i -  the  l ' t vo t  , (x i  s  fo r  Remain ing  . ies ts

{ iJ1- rper  l ' ra lce  =  l .np_u lar  pos i t ion ,
i . ( . '  :  l  i r c toceL l  i ) * tpu t  !  see  Tab le  I ,  Run 21)

;'.
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and an denotes the ampl i tude of the nth extrena.

The natural  f requency was then detennined fron the damped period. Since

the interval  between extrena is half  the danped period,

we have Tn*l - Tn = -_*

?fn{ l-e2

(2s)

(26)

where

fn

T' denotes the

^ rt 
l----:

2  (Tn+ t -Tn )  ' t - e ,

t ine of occurance of the nth extrema.
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The l{r ight-Patterson vane is a rectangle of aspect ratio A = 0.5

which is pivoted about i ts leading edge. From Table I of Gersten [7] we

can obtain the center of pressure location, as a fraction of chord, b)r

dividing C6 by Cyo. The results are plotted . in Figure 14. Unfortunately,

one must extrapolate for aspect ratios less than one. Gersten's

inconpressible approach would extrapolate to an center of pressure at the

leading edge for an aspect ratio equal to zero. Using an i leyeballed,, f i t

to these points, the center of pressure is about 14 percent of the chord.

one should note that ordinary and spline polynornial f i t t ing schemes were

attenpted, but the result ing equations were obviously unrealist ic because

of inappropriate extrema. Slender body theory predicts a l i f t  coeff icien

CLo = nA/2 = n(0.5) /2  -  0 .785.  The natura l  f requency predic t ion is  then,

f rom equat ion (12) ,

where the aero inert ia tenn was neglected and q is neasured in psi.

Perforning some conversions, one has

70. 05 i ' -  
"f" = -7i- 

\ t* 
= o's2s /4

q h =

where the dynamic pressure q

compared with the wind tunnel

airspeed ,"qu = qTq and eo

danping predicted by equation

(2n+b)  ( r+b )

70. os 4'

is now neasured in psf. This predict ion is

results in Figure l5 where the equivalent

= 1.08 . Jo-7 lb6-sec2/in{. The aerodynamic

(14 )

[ 2  ( 0 .66s ) +  2 .375 i  [ 0 .66s  +  2 .375 )c l o l pos

4 L

-
- ,1  E _7_qU (0.66s)  ( t  .08 r0-7)  ( l r  .28)
a  l l  - - -

I  2  ( 0 .0012 )

4 (0 .66s)
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e  =  4 .23  (0 .016 )  =  0 .069

is conpared with experinent in Figure 16. Note that this theoretical
damping is independent of equivalent airspeed. For relatively large

airspeeds (u"qu > 50 mph), the observed danping is arso essentiarly

constant although the observed value i-s 2 to 3 t irnes that predicted by

equation (1c1. The damping predicted by a published formula is much
sna l l e r ,  i . e . ,  equa t i on  ( l g ) ,  t he  r i n i t i ng  case  o f  equa t i on  (14 )  f o r

I  >  t  b ,

-  I  ar -  0 .665e l i n i t  =  
t  u  

=  - - ;  ( 0 .0 f6 )  =  0 .0053

fire increased danrping noted at low airspeeds for this vane was

attr ibuted to mechanical fr ict ion. As noted in the theory section, two

trpes of fr ict ion were considered: viscous and dry. Viscous fr ict ion is
the type nost comonry considered in theoretical developnents [z,4,sl
prinari ly because of the analyt ic convenience of l inearity. A computer

program was written which solves equation (11) by moans of a 4th-order

variable step, Runge-Kutta, nunerical dif ferential equation solver. A

l ist ing is included as Appendix A. A l inear interporator is used to

approxinate any arbitrary variat ion in the velocity of the pivot axis.
Figure l7 shows f i t ted theoretical solutions to the lowest airspeed runs.

By tr ial and error, both a viscous and a dry fr ict ion solution can be

made to reasonably approximate the experinental data for this (for that

matter, any) single run. However, i t  is felt  that the dry fr ict ion

solution is nore appropriate for several reasons. l 'he rnain justi f ication

is si l t tply due to the physical construction of the vane assenrbly. possible

fr ict ion sources are alnost al l  the result of the relative sl iding of

mechanica l  sur faces,  i .e . ,  dry  f r ic t ion.  This  is  typ icar ,  in  fact ,  o f
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most vanes except for those where a discrete viscous danper was inten-

t iona l l y  added to  the  p ivo t  sha f t  [5 ,8 ] .  Second ly ,  a t  very  sna l l  ang les

of attack, the vane damping effect ively increases --  agai.n a character is-

t ic of  dry fr ict ion only.  For exarnple, Figure l8 compares the response

for var ious ini t ia l  angles of at tack for only dry and only viscous

fr ict ion. Obviously,  only the dry fr ict ion,can provide the ampl i tude

dependent  behav io r  observed.  Th i rd ly ,  the  dry  f r i c t ionrs  e f fec ts

diminish nore rapidly with airspeed then does the viscous fr ict ion.

Figures t9 and 20 show the response for nedium and relat ively high speed

tes ts  o f  the  Wr igh t -Pat te rson vane.  Aga in ,  the  dry  f r i c t ion  more  c lose ly

approxirnates the experimental  behavior.  Final ly,  dry fr ict ion is

couunonly reduced by smal l  nechanical  not ions --  of ten cal1ed di ther ing

when done intent ional ly.  In the pivot axi5 motion tests '  even at the

lowest  a i rspeeds,  s ign i f i can t  f r i c t iona l  e f fec ts  were  no t  observed - -

only the typical  aerodynanic danping. Figure 2l  shows a low speed

responSe.

Figures 22, 23, and 24 conpares the predict ions of the theoret ical

model with the experinental  pivot axis motion results.  Despite some

increased scatter,  reasonable agreement is again noted. The natural

frequency and danping latio data was ohtained after the vane reversal

effects at inpact had subsided, and the basic second order system response

returned (see Figure 1l) .  The angle at impact was taken to be representa-

t ive of the true behavior of the vane due to motions of i ts pivot axis.

The subsequent rapid reversal of  the vane was speculated to be the result

of  the vaners bearings instantaneously locking up under the large inpact

l o a d s .
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As a  qua l i ta t i ve  jus t i f i ca t ion  o f  th is  assuned bear ing  lock-up

phenomena, the potent ial  aerodynamic monent of a unifor.mly loaded,

cant i levered  vane was inves t iga ted .  Th is  poss ib i l i t y  was  se lec ted  fo r

two reasons. First ,  cracks were noted in the vaners p.aint just af t  of

i ts at tachnent to the pivot shaft .  secondly,  an aerodynamic phenonena

was suspected because the ampl i tude of the reversal var ied with airspeed

( s e e  F i g u r e  2 5 ) .

F i rs t ,  cons ider  a  cons tan t  th ickness ,  rec tangu lar  sec t ion ,  can t i lever

beam. whi le the vane is anything but slender,  s lender beam theory can

be used to provide a 2oeo type predict ion which is suff ic ient for our

purpose. Figure 26 indicates the coordinate system used. Most any

nechanics of nater ials text has the required solut ion for the def lect ion,

z,  of  a uniforn bean of length L assuning a constant modulus of elast ic i ty

E and sect ion area moment of inert ia I .  Since the density and nodulus of

elast ic i ty of f iberglass is much greater than balsa, the effects of the

balsa sheet ing were neglected, and the vane was treated as i f  i t  were

just the f iberglass sheet.  The def lect ion of such a beanr subjected to a

uniform load of W pounds per inch is found to be

z -

I f  we cons ider  the

def lec t ion ,

c =
o

-  l {  
[ ( L - x ) b

24El

effect ive angle

1r"* = "t' where
L 8EI

-  4L3 (L-x)  + 3Lt{J

of attack co due to just the stat ic

r=I! '
L2

(27)

(28 )
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t r f  we further consider the addit ional aerodynanic forces due to the

deformed beanrs canber,  we obtain

r- - - t. (o", * lll{l: . - T () \, n ) = - I r 5wL3t tL.E.=- i  
e6Er +(2'5ao)=- i t rof f i (2e)

by app ly ing  c lass ica l  Four ie r  ser ies ,  2 -d imens iona l  a i r fo i l  ana lys is ,

e .8 . ,  see  McCormic f  j f f1 .  Note  tha t  canber  has  the  e f fec t  o f  inc reas ing

the  ang le  o f  a t tack  by  a  fac to r  o f  2 .5 .  A  typ ica l  Young 's  nodu lus  E fo r

f iberg lass  is  2  106 ps i .  F iberg lass  has  a  we igh t  dens i ty  o f  about

0 .06  lbg / in3 .  The iner t ia l  acce le ra t ion  a t  i rnpac t  i s  approx i rna te ly

( f ron  F igure  13) .

a!  -  r l g ' : - .  o  =  35 t2s  in /sec2  =  9 l  g ' sI'T - -t':Onr

The effect, ive angle of at tack is then

s [pwt ii]4r rs ls  Ls l s  (4 .37s)  s  (0 .  oo )p A h
aeff =

-  r r  "  -  
l ' F J  

-
g t

l 6E [w t3 / t z1 4E  t2AT ( r ' lo ' )  
= 

to.* rY 
(e l )  =

4

.223 rad = L2.8 deg.

This estimate is somewhat conservative in that the basic deflection

solution, equation (27), assumes slorly applied loads, and an iupulsive

application could lead to twice as nuch deflection. When the bearings

release, one then has a deforned f lat plate vibrating in the free-free

node. It was beyond the scope of this study to investigate the damped

oscil lat ion of such a plate imnersed in an airstrean. Nevertheless, a

high frequency osci l l i tory notion was indeed obsened within the overal l

notion subsequent to inpact. Most importantly, the estinated effective

angle of deflection is suff icient to cause the nagnitude of overal l  vane

motions noted in the experinents subsequent to inpact.
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Langley Vane

Richardson t4] tested an al l-balsa vane used by NASA Langley for gust

neasurenents. This vane is geonetrical ly identical to the wright-

Pa t te rson  vane ,  bu t  i t  has  a  sma l l e r  i ne r t i a  ( J  =  0 .00014  in - l bg -sec2 ; .

Thus,  the vaners dynamic character is t ics  are predic ted to  be

fn=2 .72 .4 -  and E  =  0 .20

Release from an ini t ia l  angle tests were conducted at t r{ach number

l ' {  =  0 . 1 8 ,  0 . 2 7 ,  a n d  1 . 6 .  T a b l e  2  s u r u n a r i z e s  R i c h a r d s o n t s  t e s t  r e s u l t s .

Several  comments are in order.

First ,  the natural  f requency predict ion again shows reasonable

agreement ( less than 20eo error) as with the wright-Patterson vane.

S ign i f i can t ly ,  th is  p red ic t ion  is  va l id  fo r  the  superson ic  case as  we l l  - -

in  sp i te  o f  the  theory 's  i .ncompress ib le  background.  Reca l l  tha t  such a

possibi l i ty could be infened frorn slender body theory. secondly,  the

damping ra t io  i s  on ly  p red ic ted  w i th in  a  fac to r  o f  2  to  J  - -  aga in  l i ke

the Wright*Pattenson vane results.  l . lowever,  i t  is fel t  that much of the

apparent damping of the Langley vane is due to mechanical  f r ict ion.

Because o f  the  Lang ley  vaners  lower  iner t ia ,  the  f r i c t iona l  te rms can

rernain si .gni f icant for higher airspeeds. Further,  the Langley vane uses

a po ten t ioneter  as  the  sensor "  The po ten t iometer fs  inherent  w iper

contac t  p ressure  cou ld  on ly  lead tc l  a  re la t i ve  inc rease in  d ry  f r i c t ion

e f fec ts .  The arnp l i tude dependence o f  the  e f fec t i ve  damping  (see Tab le  2 )

is further err idence that dry fr ict ion effects are signi f icant in the

Lang ley  tes ts .  R ichardson no tes  tha t ,  fo r  a  g iven in i t ia l  ampl i tude,  t l i e

damping  var ies  approx i rna te ly  as  the  square  roo t  o f  the  a i r rs  dens i ty .

Th is  wou ld  imp ly  tha t  the  ve loc i ty  in  equat ion  14  shou ld  be  the  ac tua l
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rather than the equivalent airspeed. I t  is the present authorrs opinion

that equivalent airspeed is more consistent with the theoret ical  develop-

ment and other results to be subsequent ly discussed. The apparent

decrease in dry fr ict ion darnping could very wel l  result  f rorn the increased

nechanical  di ther ing provided by the higher speed airstrean. Further

tes ts  a re  neet led  to  comple te ly  reso lve  the  issue.  F ina l l y ,  i t  shou ld  be

noted that Richardson perforrned sone special  tests to deterrnine the center

o f  p ressu l "e  o f  the  Lang ley  vane.  I 'he  c .p .  was  found to  be  8 .8% o f  the

chord  a f t  o f  the  p ivo t  ax is  wh ich  was loca ted  a t  the  2 .5% chord  s ta t ion .

l - lowever,  the i rr ferred l i f t  coeff ic ient c1,,  = 1'52 is almost double that

pred ic ted  by  we l . l  es tab l i shed theore t ica l  ne thods .  Never the less ,  the

theoret ical .  methods reconmended in this report  for rectangular vanes

(Equat ion 20 and Figure 14) predict  a claf ,  product which is not

incons is ten t  w i th  R ichardson 's  tes t  resu l ts .

Edwards Vane

Anothet valre conf igurat ion is the dual t r iangle arrangement used by

the  AF F i igh t  Tes t  Cent€ ' f ,  e t  Edwards  AFB,  Ca l i fo rn ia .  Th is  vane is

used in conj*nct ioir  iv i th f l ight path accelerometers for dynarnic aircraft

per fo rmance tes t ing .  O lse : r  [1 ]  repor ted  the  resu l ts  o f  re lease f rom an

i n i t i a l  a n g l e  t e s t s  c o r r ' j r r c t e d  a t  [ i l a c h  n u r n b e r s  M  =  0 . 3 ,  0 . s ,  0 . 7 ,  1 . 5 ,

2 .5 ,  and 3 .  The s ign i f i can t  d imens ions  o f  th is  vane are  shown in

F igure  27 .  S lender  body  theory  p red ic ts  a  center  o f  p ressure  loca ted  a t

the centroid of the "effect ivetr  planform area. Any wing area downstream

of  the  w ides t  span d i rnens ion  is  cons idered i .ne f fec t i ve .  A l l  o f  th is

p l a n f o r m t s  a r e a  i s  t t e f f e c t i v e , r ' a n d  t h e  a r e a  c e n t r o i d  i s  l o c a t e d  3 . 9 5

inch  a f t  o f  the  apex"  ' l ' hus ,  the  center  o f  p ressure  is  2 .40  inches  a f t
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of the pivot axis. Again, according to slender body theory, the vane

l i f t  coef f ic ient  is

CLo  =  rA /2  =  n (0 .7 f4 )  / 2  =  L .LZ

The vanets predicted natural frequency is then, fron equation 12,

where q is again the dynanic pressure in psf. This predict ion is

compared wi.th 0lsenrs experimental results in Figure 28. Again, the

predict ion is within 10eo except for the two lower supersonic tests where

the error is about 20%. The l imit ing value of danping is predicted from

equation (f8) as

(2 .  40 )  ( r .  08 .  r0 -7 )  [2  (8 .  7s )  ]
2  (0 .0u)

4e" u 4  (2 .40 )

Ttre experimental data ranges in the vicinity of these predict ions. Again,

the predict ion of equation (14) matches the data within a factor of 2 or

so.  F igures 28,29 and Table 3 surmar ize Olsenrs r6sul ts .  Note that ,  for

this vane, the darnping ratio does not show any obvious dependence on the

square root of the density.

' {dn- l \ [G -z '40Et i r i t=tu =t \  
,n 

= 
,

=  1 .20 (0 .0 I52 )  =  0 .018

However, to evaluate equation (14), one needs to define the semichord b

for  a  non*rectangular  p lanform.  Wi th l i t t le  just i f icat ion,  le t rs  use an

average senichord

b"us = 
* 

= 
Z## 

= l '75 in

Then, the danping predicted by equation (14) is

_  (21 ,+b )  ( r+b )  u rn  lZ (2 .40 )+1 .751  [ 2 .40+ r .75 ]q = _._.--__---- _*--- --:-__

( r .12)
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S=8 .75  i n2
A=0 ,714

0 .011  i n  l b6  sec2

Figure 27 Geometry
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of Edwards Vane Assembly

40N

q-{

z

o
rll

t&

Fl

[i

z

, :

20

l0

0
2A0 400 600 800

EQUIVALENT AIRSPEEO T"Ou TOn

Figure 2B Conparison of Natural  Frequency predict ion
and Experiment for the Edwards Vane (fable I I I ;  data
d u e  t o  0 l s e n  t l l )
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Figure 29 Comparison of Damping Ratio prediction
and Experiment for the Edwardi vine (Table III;
data due to  Olsen [ l ] )

TABLE I I I

Experinrental Condit ions and Results for the
(af ter  0 lsen t l ] )

Mach No.
M

no .

0 .31

0 .  5 l

0 .71

1 .5

2 .5

3 .0

Ueqv
mph

168

226

260

605

640

595

ffi
no .

0 .69

0 .57

0 .49

0 .  6 l

0 .48

0 .42

fn
Hz

7 .8

10 .5

t2 ,L

35 .0

33.4

27 .2

c
no .

0.  045

0.  034

0.  034

0 .015

0 .016

0 .  013

Experimental

Edwards Vane

Predicted
fnc
Hz no.

7 .4  0 .043

9 .9  0 .043

r  1 .4  0 .043

26  .S  0 .  043

28 .0  0 .043

26 . t  0 .043

fEQH (ts)
uo-
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NCAR Vane

Lenschow [5] reports on some wind trtnnel tests perforned on a

rectangular vane which is pivoted about i ts leading edge. Constructed

of  cas t  po lyes ter  f iberg lass ,  the  vane has  a  chord  o f  2 .5  inches  i r . J  a

wid th  o f  I  inch .  Tho n$ment  o f  iner t ia  o f  the  assernb ly  i s  about  1 .8  l0 -5

in  lbg  sec2.  A  l i f t  coe f f i c ien t  o f  1 .3  was apparent ly  in fe r red  f rom a

static torque neasurenent and an assutned center of presstrre at the

quarter chord. Slender body theory predicts

cL* = r l /z  = '  
i t j€$ 12 .  o.628

This lat ter value of C1s and the experimental  CI1s would imply a center

of pressure at about rnid-chord. Lenschow also noted that the experi-

mental  damping was about double that predicted by the theory. The

message here is again that the predict ion of \ 'o 
= cLot for low aspect

ra t io  p lan for rns  is  d i f f i cu l t  a t  bes t ,  bu t  tha t ,  g iven  a  reasonab le  va lue

for  cnnr , ,  the  pred ic t ions  o f  equat ion  (11)  w i l l  be  reasonab le .



!e$g1 gon:i!9u"gt!n:_

The quest ion of a user would be how does one design a

given set of  desired character ist ics.  For some guidance,

consider a rectangular vane and ignore the effects of the

Then equat ions (12) and (14) become

(29.2+3tb+bz) clot  o" i r  s
--=_.-_

2gu"n"  S t  ( t2+ tb+b2)

becone

4 0

vane for a

l e t r s  f i r s t

counten  e igh t .

( 51 )

' n o

For a

andg '

relat ively long pivot arn ( l  > >

4t"

b ) ,  t hese

0 n = f o r C > > b (50)

In this case, the desire for a large u6 and reasonably large damping

( f  =  0 .7  i s  typ ica l l y  des i red)  a re  cont rad ic to ry ,  s ince  a  la rge  on  wou ld

imply a snal l  t  and vice versa. on the other hand, for t  1q b, these

becone

0 n =
cLo Q
_-___-_.-:-_'''. and 6gy2ns t  bz { o r t < < b

Again, the inf luence of t  on the two terms is contradictory, but i t  is

just  the opposi te  of  the other  l imi t ing case.  Thus,  l i re  can decrease o '

by both decreasing and increasing c. A maxinun must exist for urn's

var ia t ion wi th  t , ,  i .e . ,  when $ = n.  Wi th the other  parameters held
d L

constant,  on then has a maxinum when I  = b. This part icular value is of

l i t t le direct use because of the many approxinat ions i .nherent in i ts

development.  However,  one nay conclude that the conmon schenre of a

leading edge pivot is near opt inwn from the standpoint of  maxinr iz ing the

natural  f requency. one commonly then accepts the result ing darnping.

Crol q S

gvane St (92+1,6+52;
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For  most  des igns  in  r . rse ,  the  damping  is  sna l l  - -  on  the  order  o f  0 .2  o r

less. The most obvious way to both increase the natural  f requency and

the damping is to reduce the assemblyts mass monent of inert ia --  hence

the conmon use of balsa and f iberglass construct ion. l lowever,  one must

be  care fu l  because i f  the  iner t ia  becomes too  smal l ,  the  dry  f r i c t ion

effects present in any urechanjcal  device wi l l  renain dominant in the

observed behav ic i r  ( reca l l  the  Lang ley  vane) .  A  be t te r  a l te rna t ive  wou ld

be to  in ten t iona l l y  add a  v iscous  damper r  o .g . ,  see  Te l fo rd  and Warner  [g ]

o r  one wou ld  enhance the  v iscous  e f fec ts  o f  the  a i rs t ream,  e .g . ,  the

perforated vane scheme of Lenschow t5].  Another al ternat ive is to change

to  the  cons t ra ined vane scheme o f  Crooks  [12 ]  "  Note  tha t  wh i le  equat ion

(29) seeurs to i .mply that only the vaners density and thickness have an

effect on natural  f requency, t l ' le vane area S does st i l l  have an effect --

bu t  t luough c lo .  Reca l l  tha t  fo r  a  lead ing  edge p ivo t ,  L  "  b /2 ,  so  tha t ,

for a f ixed l ,  an i .ncreased area impl ies an increased aspect rat io and thus

c l o '

Cons ider  nu tn '  the  dounterue igh t  des ign .  S ince  i t  i s  usua l ly  des i red

to  have the  io ta l  iner t . ia  t ,o  be  as  smal1  as  poss ib le ,  one needs a  very

derrse counterwelght wi"th as short  a support  shaft  as is possible [see

equat ions  (5 )  and (9 )  I  .

Nex t ,  le t ' s  cor ts ider  the  cond i t ions  needed fo r  the  s i rnp le  mode l ,

equat ion  ( i7 ) ,  to  L re  va l i c l .  F i rs t ,  the  aerodynamic  iner t ia  tenn w i l l  be

n e g l i g i b l e  i f

J ' t " tu o t  J"uto

or ,  neg lec t ing  the  counterwe igh t ts  iner t i .a ,  i f

p o u n e  s T  ( t 2  +  c u + $ 2 )  > >  ( ! 2  *  t b  +  !  6 2 1 IT

2
o b S' a 1 r

( 31 )

(32)



42

or,  approxinrately,  i f  pvane r t  p" i .  
l l  

(S3)

For the accelerat ion of  the p ivot  ax is  to  be negl ig ib le ,  we need

t , t t z r . t b ! 1  ( 34 )
4e. u

For example, assuming a sinusoidal var iat ion of the base such that

h(t1 = ho sin oT, then i  = rho cos rT 
"rra 

t  .  -  ,n2 sin rrrT. Considering

magnitudes only,  we need

.  2 t+5  6  , ,  2 l+h  x
rho ,r ff ; , 'n" or -i 

g ro << I (35)

For reasonable airspeeds, this would be valid for al l  but the highest

frequencies or, equivalently, impulsive l ike notions. For that matter,

the inf luence of the pivot axis velocity rnay often be negligible. The

effect of the motion is to produce an extraneous sffective angle of attack

whose nagnitude is given by

oo=*=+ (36)

for low frequency, sinusoidal axis notions. For exanple, the l{r ight-

Patterson vane is mounted on an instnrmentation boon whose natural

frequency is about 14 Hz. Vibration amplitudes on the order of 2 inches

have been observed in f l ight. For a typical thunderstom penetration

speed of 300 rrph = 5280 in/sec, this boom motion could generate an error

whose anpli tude is on the order of

[ 2 r (1a )  ]  [ 2 ]
oo = =-fr;- = 0'033 radian = l '9 degrees

The signif icance of this tel:r wil l  depend on the intended use of the

data. However, this exarnple brings up a further point. The vanefs

natural frequency at 300 mph is also about 14 cps, so the error would

dynamically increased for this l ightly darnped vane. To minimize these
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effects, one nnrst avoid using a vane at airspeeds where the vanets

natural frequency is equal to or greater than that of i ts support ing

boon. More precisely, assuming a sinusoidal input of the h(T) = hoejoT

and a response of the form c = ooej (oT+41, w9 can obtain from equation

( tZ1 rhat

oo
toho/u t- 

,+)t
= : a : l d  0 = t a n - l  t u t n /

tr-/e-\tt 
2, 

249-2 2q(t'r lurr.,)
\on J t^,n

(s7 )

The rnagnitude u* has a maxi.num when ur = on. This maxj.munr is then

ut j l^ co t

ct^ = 
'n"g 

or -- - 
-*ua 

| - t*umax 
zeu 

ur 
; . r"*"r ,  

|  , . rn 

-  
t  

(98)

Equat ion (38) quant i f ies the dynarnic rnagnif icat ions possible, and why

one wants to avcid low damping. I f  the boomrs frequency is much greater

than the natural  f requency of the vane, the vane's dynamic behavior

f i l ters out the effects of these base motions (see equat ion (37) for

r ,r  >> on) "  Thus, one rreeds a st i f f  instrunentat ion boorn. Since this is

o f ten  i rnposs ib le  because o f  we igh t  l im i ta t ions ,  one cou ld  conceptua l l y

e lec t ron ica l l y  f i l te r  the  cont r ibu t ion  o f  the  boom mot ion .  Unfor tunate ly ,

data frequencj.es i rr  that same range would l ikewise be el iminated. Perhaps

the best aitel'native $,cluld be to mount an accetrerometetr or sorne such

device which could soi ise the magnitude of the pivot axis displacemsnt

with respect to i ts v" igid Lrody ai"rcraft  posi t ion. [ { i th this inforrnat ion

and the  moc le l  o f  eqr - ra t ion  (17) ,  one nray  e lec t ron ica l l y  cance l  Jus t  the

contr ibut ions of,  the baon motion.



44

Conclusions and Reconnendations

l. A simple rnodel of the dynarnic behavior of an angle-of-attack vane

assenbly has been developed and experimental ly verif ied by wind tunnel

tests of three vane designs. The model is val id for al l  airspeeds

(except possibly transonic). The natural frequency is predicted within

+ 204. Most of this error results from estirnating the l i f t  curve slope

and center of pressure for the very small aspect ratio planforms in use.

This error could be reduced to less than 10t i f  the actual Crot product

of the vane were known. Note that a single low subsonic value is

suff icient to predict behavior at al l  airspeeds. The darnping ratio is

only  predic ted wi th in  a factor  o f  2  to  3.

2. At the airspeeds in connon use, extraneous angular motions intro-

duced by typical transverse motions of the vanets pivot point nay not be

neg l i g ib le .

3. Ths free strean velocity used with the nodel should be equivalent,

rather than actual, airspeed.

4. Mechanical fr ict ion effects should be negligible for vanes in use at

reasonable airspeeds except for very snall  angular deflections.

5. I f  the predicted aerodynanic danping is less than desired, viscous

damping can be enhanced, e.g., by perforating the vane, or an alternate

measurement scheme should be considered, €.g., the constrained vane

discussed by Lenschow t5] .
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Appendix A

Computer Progr'an
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Addit ional Nonenclature

Ci i th capacitance; farad

ei voltage proport ional to i th variable

s Laplace variable

R1 ith resistance; ohm

c angle between vane and boon axis

I angle between vane and effective free streans direction; o - 0

K_ vane assembly electronics gain; volts/deg
c

xi '  acceleronetcr electronics gain; volts/ in/sec2
n

0 angle between effective free strean direction and boon axis

% break frequency associated with transverse acceleration; rad/sec
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Abstract

Addit ional release fron an init ial angle of attack tests were

perfonned on a variety of windvane designs in the AFIT five-foot, low

subsonic wind tunnel. Three basic construction types were investigated:

al l  balsa, balsa/f iberglass sandwich, sd TyteI (a tough plastic). Art

analyt ic model developed previously (AFIT TR 74-8) was further verif ied

in that it reasonably predicted the effects of aspect ratio and nonent

of inertia changes. For the vanes tested, perforations were not found

to have a significant effect on the damping ratio -- unlike the results

of Lenschow. For use as a wind gust transducer in thunderstonn

penetration studies, the Zytel vane with an aspect ratio of 0.5 in

conjunction with signal condit ioning is reconmended. A specif ic

conditioning design is suggest.ed which, in conjunction with an

acceleroneter, should electronically cancel any erroneous output of the

vane due to transverse notions of the aircraft instrurnentation boout.

't 1,1,



Introduct ion

Last year,  an invest igat ion into the dynamic behavior of angle-of-

attack vane assenbl ies was performed in support  of  thunderstorm penetra-

t ion studies being conducted by the 4950th Test Wing, wright-patterson

AFB, Ohio. The result ing report  [ f3, f4]  sunmarizes the developnent of a

rnathenat ical  model of  a vane and the modelrs ver i f icat ion by wind tunnel

tests perfonned at AFIT and by other tests found in the l i terature. Based

on the results of this pr ior study, some new vanes were designed which

would hopeful ly have a better dynanic response. The current report

sunmarizes the experinentat ly deternined behavior of these new vane designs.

In addit ion, these new designs al lowed further ver i f icat ion of the nathe-

matical  model in that several  addit ional paraneters were var ied. Final1y,

since none of the designs anel iorate the undesired response of the vane

to plunging not ions of the aircraft  instrunentat ion boom, a signal

condit ioning design is included which should rninimize these extraneous

s i g n a l s .

rn order to avoid an unnecessary dupl icat ion of mater ial ,  this

document was not wri t ten to stand alone but as a supplenent to the

original  study [13].  The f igures, equat ions, tables, and references are

numbered as a cont inuat ion of the or iginal  report .  Much reference is

made to nater ial  in the pr ior report  as i f  i t  were a part  of  this current

docunent,  €.g.r  a reference to equat ion (r1) which nay be found in the

original  report .



Mathenat ical  Model

In thunderstorn penetrat ion studies, the vane assenbly is not real ly

used as an angle of at tack indicator but is instead used to sense changes

in the local f ree strean direct ion due to wind gusts. Figure 50 is a

sketch of the coordinate systen used for this study; i t  d i f fers fron

Figure 2 only in that the free strean direct ion is no longer considered

to be al igned with the axis of the boom. When used as a gust neasurement

device, the aircraft  is in steady, level f l ight so that the boon axis may

be considered f ixed in space. The vaners synchro senses the angle cr,  and

the nechanical  rotary inert ia tern is proport ional to a. However,  in a

quasi-steady sense, the aerodynanic noments on the vane are proportional

to B = c -  0 which is the angle between the effect ive free-strean

direct ion and the vane. Neglect ing the addit ional f r ict ion terrns,

equat ion (11) can be rewri t ten as

i l (3s)

where

a*ee*nB*riB=-f,; .h

( o n =

( , b =

,r)2 o =
n

= 2 t
J

( 2 n " 2 + 3 e " b + b 2 )

49.

(  12 )

(14 )

(40)

( 4 1 )

of the

d isp l  ace-

Ct n

on

U

49"

o r r s i n c e B = a - 0

a + 2 e r n a *

2 9 . + 6  b

zcon6*,ufru-$rn. I  : ' __ n J
%

convert ing to Laplace notat ion and considering the response

vane to transverse accelerat, ions of.  i ts pivot axis rather than

ments ,  s ince  f , (s1 '52  6 , r ,  ana t r (s )  =  sh(s )  =  1  i i ( s ) ,  we have
s

L a l q s

I
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( s 2 t 2 f o n s + 1 ) c ( s ) = ( 2 q  0 h  s  +  l )  0 ( s )
-fr I *'
Us(%

n Crl

or
l +

1+1 -
(l)bwn/2r,

a(s)  = - ; ; ;Z  0(s)

1* ; r * ;7
i., Crl (42)

Thus, we f ind the angle of the vane with respect to the boom, d, may

be considered as the response of a classical  second order system to two

inputs3 the angle (and i ts der ivat ives) of the effect ive free stream

direct ion with respect to the boom, 0, and the transverse accelerat ions,

h ,  o f  the  vane 's  p ivo t  ax is .

Fron a pract ical  standpoint,  there are two najor probl.ens with using

such a vane to measure gusts in thunderstorns. First ,  the severe

turbulence and hail encountered invariab1y excites the instrtunentation

boon into a bending osci . l lat ion. For the boom in current use on the F-4

test aircraft  based at Oklahoma City,  the f i rst  bending mode natural

frequency was neasured as 16 Hertz,  and def lect ions est i rnated as large as

+ 2 inches have been observed in f l ight.  These f igures would imply pivot

axis accelerat ions of over 50 gts and could lead to vane def lect ions of

+ 2 degrees at the typical  aircraft  penetrat ion speed of 300 ni les per

hour.  These vane def lect ions rvould be further increased i f  this exci t ins

frequency were near the natural frequency of the vane since these vanes

are typical ly l ight ly damped. Unfortunately,  that is the case for the

vanes in use for their  natural  f requency is about 15 Hertz,  and the typical

damping rat io of 0.2 could lead to more than double the angular def lect ion

of the vane (see equat ion 38).  Since the instrumentat ion boon cannot be

made nuch stiffer, and a lower natural frequency of the vane would reduce

its abi l i ty to respond to rapid gusts,  a signal condi. t ioning scherne is



suggested to obtain the desired response electr ical ly. Figure 3l shows

one possible conditioning schene in block diagrarn form. First, the peaky

underda-Fed second order tern is cancelled by an identical nunerator

second order terr. Then, the output of an acceleroneter which is

sensitive in the transverse direction is conditioned and subtracted fron

the vane signal so that the output is now only due to changes in the free

stream direction, 0, and its derivative. FinalLy, a f irst order

denoninator tern is used to provide an electrical output which is linearly

proport ional solely to e for al l  frequencies. A specif ic electr ical

design for this condit ioning circuit is suggested later in this report.
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Experiment.al progran

Three basic tlpes of vane construction were studied in the current

series of wind tunnel tests: a balsa/f iberglass sandwich (see Figure 4),

two thin ZYTEL (a tough plastic) sheets separated and sti f fened by

longitudinal r ibs, and solid balsa sti f fened by f iberglass cloth near

the leading edge. Figure 35 is a photograph of some of the vanes tested.

A11 vanes were th in  ( .  t /A inch th ick) ,  f la t  p la tes 4.75 inch long,  2 .3g

inch wide, which were pivoted about their leading edge as in Figure 4.

Their aspect ratio was thus 0.5. Since the current design was known to

be excited by boon vibration at near its natural frequency, a najor design

goal was to attenpt to increase the damping ratio from its typical value

of 0.2. Lenschow [5] had reported a doubling of the danping ratio by

sinply perforating the vane. Thus, sol id vanes, md ones with 5/64 inch

(2 nn) dianeter holes, and 5/32 inch (4 nn) diarneter holes were tested.

The effect of chord length (and thus aspect ratio) was investigated by

cutting off one of the zyter vanes. Finally, although not tough enough

to survive hail  str ikes in actual f l ight tests, the al l  balsa vane was

tested to verify the effects of changes solely in moment of inert ia. The

inert ias of each vane were measured by a torsional wire pendulum assenbly.

All  tests were performed by sett ing the vane at a small init ial angle

of attack and then releasing the vane by pull ing a locking pin by means

of a solenoid. The tunnel instal lat ion and a typical 
"urporrr" 

are shown

in Figures 5 and 6. The effective damping ratio was dete:mined from the

Iog decrenent of adjacent extrena according to equation (23) and then the

natural frequency from the observed danped period according to equation

(26). The effect of init ial amplitude was checked on the al l  balsa vane.
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Conparison of Theory with Experinent

Figure 35 shows the experimental  and theoret ical  values of the

natural  f requency and damping rat ios of the balsa/f iberglass vane. This

vane is basical ly the sane as that or iginal ly tested except that the

fiberglass core included sone holes in an attenpt to reduce the moment

of inert ia.  Not much reduct ion was achieved ( less than lOe"),  so the

experinental  results are essent ial ly the sane as before (compare Figure

33 with Figures 15 and 16).  However,  the test of  Lenshowts vane

perforation schene did not produce the hoped for increase in damping"

The hole sizes tested were the same (2rnn) and double that found most

effect ive by Lenshow [5].  As a possible explanat ion of this discrepancy,

one can note that the inertia (and thus the forces) of this vane are

almost two orders of magnitude larger than that of the vane tested by

Lenschow. Thus, whi l .e the viscous forces due to f low through smal l  holes

nay have been signi f icant for Lenschowts smal l  vane, their  ef fect is

apparent ly negl igible on vanes of the size tested herein.

Perforat ion simi lar ly had a negl igible effect on the response of the

zyteL vanes as may be seen in Figure 34. since the Zytel  and balsa/

f iberglass vanes have simi lar geometry and inert ias, their  dynamic

behavior is essent iat ly the same. As before, sonne effects (probablyj  due

to dry fr ict ion are noted at the very smal l  airspeeds, but the damping

rat io is essent ial ly constant for air  speeds on the order of 100 nrph or

greater,  whi le the natural  f requency increases l inearly with equivalent

airspeed.

The effect of reducing the chord length (and thus increasing the

aspect ratio) of the zyteL vanes is shown in Figure 35. Here, as in the

other f igures, the theoret ical  l ines are predicted by equat ion (12) for
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natural frequency and equation (14) for the damping ratio. Measured

values for nonent of inert ia J ( including counteneight),  pl .anforrn area

s, seni-chord b, and dynamic pressure e, were used in conjunct ion wi. th

theoret ical  values for l . i f t  curve slope c1o from equat ion (2i)  and the

centet of  pressure locat ion t  f rom Figure 14 to perfonn the calculat ions"

As nay be noted, the effects of aspect ratio are reasonably predicted by

the theory.

While the reduction in chord also reduces the inertia of the Zytel

vane, the effect of  an inert ia change alone rvas invest igated with an al l

balsa vane which is geonetr ical ly ident ical  to the balsa/f iberglass vane.

As nay be seen in Figure 36, this fourfold reduct ion in inert ia does

indeed cause a doubling in both the natural frequency and darrping as

predicte<i. It is also apparent from the observed danping that dry

fr ict ion effects are signi f icant at higher airspeeds than before --  again

as expected. Final1y" the effects of in i t ia l .  ampl i tude were invest igateci

with this vane. Whi le the other tests were conducted with an ini t ia l

aqplitude of about 3 degrees, amirlitudes of about half, and double this

value were also tested in the balsa vane. The largest anpl i tude {about.

6 degrees) appears to lead to a natural frequency about 10eo higher than

do the smal ler ampl i tude values. This increase in natural  f requency

could possibly be explained by the non-l inearly increasj.ng l i f t  coeff j .c ient

with increasing angle of at tack for these low aspect rat io air foi ls {see

Figure 5 of Gersten [7]) .  However,  such an increase in l i f t  coeff ic ient

should also manifest i tsel f  in an increase in the danping rat io,  but such

was not noted. In fact,  the effect ive darnping rat io decreases with

increasing amplitude. Ttre observed damping behavior is a trait of dry

f r i c t ion  as  d iscussed ear l ie r  (see  F igure  18) .

I J
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Table IV sunnarizes the results of the supplenental  test program.

Listed are the conf igurat ions, moments of inert ia,  and average experimental

values for natural  f requency (expressed as fn/ /q where q is in psf)  and

danping rat io (using valuos only for airspeeds of 100 mph and greater in

an attenpt to est imate just the aerodynamic danping).  Also l isted are

the values of nonent coefficient CLo t inferred from the measured naturai

frequency in conparison with the theoretical values obtained from equation

(21) and Figure 14. The di f ference between these theory and inferred

values would represent an average error of + 7.2% with a standard

deviat ion of 8.0% in the predicted natural  f requency of the tests of

TyteL vanes as aspect rat io was varied. Sini lar ly,  the average disagree-

rnent in the natural frequency prediction for all the vanes with an aspect

rat io of 0.5 was + L2.4% with a standard deviat ion of 7.44. The observed

danping ratio was again about 3 times that predicted by equation (14) for

al l  vanes with an aspect rat io of 0.5. The larger aspect rat io vanes

showed ntuch less disagreenent. It should be noted that the observed

values of danpinr are st i1l  20 to 50 t imes larger than the est imate

provided by equat ion (18) which has appeared previously in the l i terarure.

1 5
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Design Conslderat ions

For the thunderstorm appl icat ion to which this study was dirocted,

the  so l id  zy te l  vane w i th  an  aspec t  ra t io  o f  0 .s  seens  the  nos t

appropriate. For the sane size, i t  has essent ial ly the same dynamic

behavior as the balsa/f iberglass vane but should prove much tougher

against danage due to hail. While one can raise the natural frequency

by reducing the chord and thus the inertia, the resulting dary1ng is lesso

Further, the shorter chord ZyteL vanes showed an increase in the 'rsteady

statefr  di ther --  possibly due to unsteacly vortex shedding frorn their  bl turt

t rai l ing edges. The peak-to-peak val.ue of this ' rsteady state, noise

increased fron about + 0.1 degrees to about + 0.5 degrees as the aspect

rat io was varied from 0.5 to 2. This noi.se night be reduced by tapering

the Zytel  vanes, but only addit ional tests courd ver i fy this;  and the

danp ing  wou ld  s t i l l  be  less .  Reduc ing  iner t ia  on ly  (as  w i th  the  a l l

balsa vane) does inprove both damping and natural frequency, but it also

allows dry friction to renain significant at higher airspeeds ancl

anpl i tudes. I t l i th the cutrent ly avai lable synchros and, shaft  bearings,

even i f  an ul tral ight but tough mater ial  became avai labl ,e,  i t  is eloubtful

that one coul'd raise the natural frequency to get it so far removed fron

the support  boomrs osci l lat ion frequency that one could avoid signal

condit ioning. Further,  i f  one must signal condit ion, i t  makes more sense

to use a rrpoor" performing vane with a low natural frequency and damping

but which behaves l inearly than to use a ,better,  vane whose dynanic

performance is doninated by nonl inear dry fr ict ion effects.  I t  is inuch

nore di f f icul t ,  i f  not impossible, to cancel a nonl inear undesired

behavior than to cancel a l inear undesired behavior.

1 ' l



Earl ier in this report (see Figure 3l), a signal condit ioning

approach was suggested. In this section, one possibl.e hardware design

based on operational arqpli f iers wil l  be developed to implement the scheme.

First, sone general designs are proposed to perform each condit ioning

function, and then specific components are selected for a vane and

operating condit ions typical of the actual f l ight test aircraft.  The

electricar designs are shown in Figure 37. A good reference for op anp

based circuit design is the text by Korn ancl Korn [15].

The upper circuit of Figure 37 can provide the desired nunerator

second order tenn. Note that such a circuit nay need to be preceded by

a low-pass f i l ter since it  is a noise enhancer. Based on the circuits

sunnarized in Appendix A of [rs], i t ts transfer function in Laplace

notation is
€ r

I

e
(l

(43 )

1 .+  2R1  C ,  s  +  n?  C r  Cz  t 2

provided we set

2Rz (1 + R,  C,  s ) ' ) r

+ - s +
{r}n

I
z

2 R r ( 1 . * R 1 C y s )

, 2 \

, 2 )
n /

Rr

c l

2Rr  C2

R? cr  cz

R2

ca

2e/un

L/u2
n

(a4a)

(44b)

(aac )

( 4 4 d )

The niddle cj.rcuit of Figure 37 can properly condition the accelerometer

output. Its transfer fwrction is

R
4j-\-r

* , t+Rsc+s)e 2

e-
h

l +RECss K. .
h

1+R,Cus

R3
,,-'o ,t.fo)

18

Us
(4s)



R^ J- R^
1 - - a T"

er

e2

FIGURE 57 A POSSIBLE DESIGN FOR SIGNAL CONDITIONING
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providod we set Rq - R3 (46a)

Rg Cq = l /s lb  (46b)

R,, Cs = r..  U/r (a6c1
hc r

The approxination in equation (45) is necessary to preclude saturation

of the op amp. Finally, the lower circuit wil l  act as a sumner and a

denoninator first order since its transfer firnction is

- .Rs  -Ro

t *n5 ,C5s  l . , qaCa t
ur = --ir--- ur * -l;-- uz 

$7)

or  "o  = -  
Re /Rs  

= - -  1
1+e .  r+&cr r= - ;T -  (48)

wn/ZC

provided R5 = R6 (a9a)

Re Co = ze lun (49b)

As an exaryle of a specif ic design, consider a sol id zyteL vane on

the test aircraft penetrating at 500 mph. The significant parameters are

then

U -  300 mph = 5280 in /sec,  b  = 2.375 in ,  and g = 0.655 in .

Then from extrapolating Figure 34, we find

fn = 15 Hz or urr, = 94 rad/sec and 1 o 0.2.

The aircraft test electronics is such that

Ko = 0.25 vo l ts /deg = L4.32 vo l ts / rad ian and

r -  =  o .2s  vo l t s /g  =  o .000647  
to l t t  

=h in lsec2

Then

0n rad r rad 4g" U radJ  =  236  ] ,  
- g  =  0 .00128  - ,  and  t o ;  =  l -  -  =  l 5g02e sec 

'  
r-U 

- 
sec 

'  ----- -D 
29.+b b sec

20



As with nost op amp designs, at least one component value nay be

selected arbitrari ly. Because of the relatively low frequencies involved

in this system, relatively large capacitances are needed. However, the

use of nonpolarized tantalun capacitors wil l  ninimize the physical size

of the components. Further, for proper functioning of the op anp, one

needs to require that all resistances be on the order of one negohm or

less .

with these points in mind, for the upper circuit of Figure s7, one

may arbitrari ly set C, = C3 = 10-6 farad = LUf. Then satisfying the

other parts of equations (44), in part icular (44d) states

ntcrcz=L
t ) a

n

or

but eqn

n . ' )

Rr (Rt c2) = +-' i tt

(aac) is 2Rr C2 = 2e/un

so 44a and 44d becone R, - RI + = =.-Jc 'rtr 
= 

GTps?11;s=ct 
= 53000 ohrn = 53KQ

Fina l l y ,

For the niddle circui t

Cs  =  10-3  fa rads  =  1000 u f ,

^ 1u 2 = -
R l  t ,

o f  F igure  37 ,

then equation

=  4 . 1 0 - 8  f a r a d  =  0 . 0 4 H r  o

(s3000)  (e4)

i f  one arbi t rar i ly  sets

(a6a) and (46c) requires

R3 = R4 - (* ;  U/ro) /Cs =

Satisfying the above relat ion is

motion cancel lat ion is the nrost

equat ion (46b) requires

I

@ 
= 78oooo ohm = 7Bo Ka

the most important s ince the transverse

cr i t i ca l  cond i t ion ing  func t ion .  F ina l l y ,

^1
L b = - -

n,. %
=  8 . 1 ' 1 0 - 1 0  f a r a d  =

2 T

(780000)  (1s80)
0 .00081 .  p f  =  810uu f



For the lower c i rcui t ,  arbi t rar i ly  set t ing CU = l0-Z farad _ 0.1 yf ,
thon equation (49) leads to

Rs . Re = 4 lc5 = -J= =_ = 4200oohm = 42 x0.,r ,  -  
(zs6) ( to-2,

In sunmary, one possible inplenentation of the signal condit ioning

schene of Figure 51 with the electr ical circuits of Figure s7 wilr resuLt
fron the cotryonents listed below when used with a solid zyteL vane on the

test aircraft flying at 300 nph.

C l=  l u f

C2  =  0 .04  y f

C3=  l u f

Cu  =  810  pp f

Cs = 1000 uf

C5  =  0 .1  u f

R r=  53Ka

R2=  53Ko

R: = 780 Kn

Rq = 780 Kn

Rs=  42Ka

R6=  42Kn
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r. The analyt ic nodel developed in the original study [ lr]  was experi-

nentarly verified further by varying the chordlength (thus, aspect ratio)

and the nonent of inertia. As before, the natural frequency was predicted

within 10-201, and the darying ratio was found to be independent of air-

speed. While the observed daqping was about 3 tines that predicted for

al l  vanes with an aspect ratio of 0.s, the other aspect ratios showed

better agreenent.

2. unl ike Lenschowfs results [5], vane perforations did not have any

significant effect on the dynarnic behavior for vanes of the size tested

herein.

3. A solid zytel vane of aspect ratio equal to 0.s in conjunction with

signal conditioning is reconmended for flight test. This vane has a

reasonably good dynanic behavior (fr,  = 15 Hz at 300 nrph, e = 0.2), is

tough enough to survive hair, and has a rinear behavior. The signar

conditioning in conjunction r+ith an independent neasurement of transverse

acceleration can provide an output which is alnost solely due to changes

in the effective free strean direction due to gusts.
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