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.‘0. Abstract
N

expe r I men ta 1 researc h o roqrain ha been to ada pt a qenera 1 pu s’ ose La ser Popp 1 or
V o l  oc irnetrv ( LDV ) two ‘

~ e 1 oc I ty component svs tern to dynain i C s t a l l  i’’ ~ per imen s

i n  the  Su ~‘sou is .’ Wind Tunne l at  the t ISAl A. The prel i na rv Jo’. I gu of the LPV
~~~ S t t N~~. i t s  spec Ia 1 cens t ra i nt- s and the character i :at ion of s y S t em s qua]
and no i so parameters art ’ Jecc r i  bed. Results presented for t he  i ni t  i a] opera —

t ion ot the LPV s stem demonstra to i t s  perfonnaimct ’ c a p a b i l i t i e s .  It has been
observed that ~iccura to moasu rei ment s in the wind tunne l env I ronment can be
ach ieve d on ly when op t i ca l  noi se uroduced N~ scat toned 1 aso~’ 1 1 qht from wind
tunne l sur fa ce s  s ui nimi :ed . W h i l e  the LOV syst e m c nfiqur~ 

( ion ca t  I sfies
a l l  constr a ints re la te d  to the USAFA Subset s i c Wind Tunnel smecin etr y and i s

ca pab le ot’ ac c ura te  veloc it y measure me nts in the two—dimen si onal  t’ low f i e l d
surrousid ~ns~ an a ir~ s.~ i 1 

* a recent iumir at i en ot the system is ‘ ; uosmes t e d to improve
c~’t ic a l  a I i,;nmen t rroced urc ’s and 5~vt ’ra l 1 s ’5 s t e m  s iq nal — t o — n o i s e  rat ie.
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~. :~ T ROD UCT Ifl N

The capabilit y ts. ~redict the lift , drag, and moment acting on an airfoi l
is a fundamen ta l recjir~ssment to the aerodyrmamici st. Solutions evolved in
oursult of tb~s ob,iec ti ve for a host of engineeri n~ problems forr’ the basis of

~~e ed i fice o~ classica l aerodynamics. ~hiie considerable confidence exists
wuen tack ling steady flows where v iscous and potential reg i ons cart be treated
separately , little quanti tative methodoloov is available for ~re~tin~ unstea~v
“‘ows where seoaration and reattachment of the thi n viscous layer near the
cur~ace occur . ~n son~e ano lications , this unsteady separated flow phenomenon
a~-ises wher a” otherwise steady flow environm ent abou t a solid ot’ject is upset
by u~desi~’~ble ~“ ct e a ’ (v  effects due eithe r to self-induced r’ot icrs s of the object
itself or to “uctuat ions or instabili ties in the surroundi nc flow. in other
aonl ica t ions . the device is designed to enera te -in an unsteady manner in order

~ :er co~
. ‘ ts desired func ti on . A recent review by McCroskev (Ref . 1)

,sxdr ~i r~cs t~’e current resea rc h thterest in unsteady stall and other unsteady
luid d’~na~’~cal effects that occur in a wide range of modern en~ineering

o’obl  er ’s .
The Frank 3. Seiler Research Laboratory (FJSRL ) at the U.S. A ir Force

Academy is ~reseitly conducting a comprehensive experimenta l researc h program
to study unsteady separated flows and in particul ar , the dynami c stall of

‘~scil latino a~rfgi1~ . ~ben dvn ar-i c stall occurs , transient forces and moments
deve lon which are fundamenta lly different from their static counterparts . the

~iost str~king differenc e beinc large increases in force and moment coefficients

above static values, the occurrence of ‘ moment stall ” before “lift stall ,nr and
the delay of the stall event to ang l es of attack it’ excess of the static stall
va lue. T he a i m  of this study is to achieve a clearer understandin g into the
ohvsical “sechanisms responsible for dynamic stall and to capitalize on these
unique stall features by usinci them to improve the turn performance and maneuver-
abil it y of f l iaht vehicles.

2. BACKGROUND

The FJSRL study is directed towa rd a detailed exami nat ion of the vortex
kinet ics associate d wi th dynamic stall. Figure 1 depicts a qualitative view
of the flow over an airfoil exe cuting a dynami c stal l .  It has been speculated
tha t the formation , growth , and propagat ion of a f ree vortex residinq on the



VORTEX FORMATION

VORTEX GROWN
AND PROPAGATION

DYNAMIC STALL

--FORMATION AND CONTROL OF A FREE SPANWISE VORTEX

--TRANSIENT FORCES AND MOMENTS FUNDAMENTALLY DIFFERENT (LARGER)
FROM STATIC COUNTERPARTS

--BENEFICIAL TO IMPROVING MANEUVERABILITY OF FLIGHT VEHICLES

Figure 1. Unsteady Separated Flows
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airfoil uorer surface, together with the acconinanying reverse flow region , are
central to the dynamic stall oroblem . However , no sound theoretical models

exist. Consequently , detailed measurements of the periodic space/time mean
velocit y field for an oscillating airfoil exhibiting dynamic stall will

orovide valuabl e info rmation about the stall process.

Presently, the two most conu~on techni ques used to measure local ti ie-

v ar v ~~ri~~ velocities are hot-wire anernornetry and Laser Donoler Veloci!’let-’-y (L~- V ) .
Both have distinc t advantages and limitations. Het-w re ane”ometry is a
traditional l y accented, highl y refined method for unstea dy flow studies , and

recently it was successful l y used by the FJSRL to map the vcrti~ it~ field in

a restr 4 cted unsteady se parated req i~’n behind an osc i l l a t i on  spr~ li~r on an
ai rf oi l surface (Ref. 2). However , the technique suffers fr~ ’~ two disacvan-
taqes wr ui c h liovi t i ts usefulness:  ( 1) a velocity measur oment is not a bsolct e ,
reo.~ires careful cal ibr at ion , and makes lon cm -term drift of exoe rime nta l condi-

tions a source of error; and (2) a mechanical probe must he inserted into the

~~~~ therefore inevitably disturbing the flow itse lf , esnecia llo i n  reuions

of reversa l .
T~’e L~V has become an increasingly at t ract ive diagnost ic to 1 for the

invest igat ~on o~ f l u id f lows (Ref. 3 ) .  I t  ma kes an ont ical r’oas rement of
ve l oc i ty  from the Doppler frequency shi f t  of light scattered by art icles
movinq .\\ ’ ith the f luid and thus is unobtrusive , absolut e . and dir’ c t .  However ,
the  technique is somewhat compl icated and ex pensive.  The FJSRL ‘ s develo pina
L~ V di agnostics to study dynamic stall and related unsteady separated flows .

and t o i s renort descri bes the current development of the LPV syste m .

3. OBJECTIVES

The object ive of this research program is to adapt a aenera l purpose
two component LOV system to dynamic stal l  expe riments in the Subsonic Wind
Tunnel at the U.S. Air Force Academy . Features of this system include ( 1)
special ized high frequency s icina l processing , (2)  an interactively controlled
two -dimens ional LDV trans lation supoort structure , and (3)  an interface wi th
a real-time disc-based minicompute r data acquisit ion system . This report
includes a description of the nrelirninary LDV system and its special constraints ,
init ial operation of the system . a cha racterization of system signal and noise ,
and options for improvement of the system signal-to-noise ratio , which in turn

suggest an imoroved LDV svstenm .
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2 s in

where ‘5 = fringe spacing

A = laser light wavelength

9 = included angle between the two beams .

When a particle moves through the probe volume and intercepts the fringe
pattern , it scatters light with intensity variations that depend on fringe

spacing and particle transit time. If the transit time between two adjacent

fringes is r , then the velocity component perpendicular to the fringes is just
the distance per time . given as -

where ~7 = par ti cle veloc ity vector
= unit vector peroendicular to fringes

T = transit time between two adjacent fringes.

Then the frequency of the scattered intensity oscillation s, f is ~
-‘ or

2 s i n~~~(~~.)~~
A

which is the same frequency obtained from the Doppler derivation (Ref. 4).

This ijoppler frequency is in direct proportion to a velocity component. 
—

For two-dimensional studies, a second veloc ity component orthogonal to

the first can be measured with a second set of dual beams which are rotated

900 with respect to the first set. If different laser wavelengths are used

for the two sets of beams , then the two color-coded Doppler signals w i ll

represent the two veloc ity components of a scattering particle , provided all

beams cross at the same point.

The dua l beam backscatter system described thus far works well for

scattering particle veloc ities that have unambiguous directions. However ,

since the measured Doppler frequency is proportional to a dot product of

veloc ity, it cannot distinguish direction. That is , two particles with equal

_ _ _ _  -~~ ‘ - ~~~~- - S~~ —~~~~~~~~~~~ ’ 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~
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speeds hut t rav e l ing  in opposite direct ions produce identica l output frequen-
ci es .  This ambiciui ty can he removed by frequency shi ft inn one of the two
dual beams , w i t h  an acousto—opt ic type Braqq cell (Ref . 5) . ~t v dci no s o ,

fr  inqt ’S in the probe vol unie move in re lat ion to th is frequency sh i f t  and a
particle wi thin the probe volume at :ero velocit y will register a floppier

• frequency equal to the frequenc y shi ft imoosed by the Bracig cel l  . Thus, this
imposed in cident beam freauencv shi ft nrov ides di scr imi nati on hett”een posi t ive

~nd negative veloc ity comnonents . The basic components of the dual -beam

syste m described here have been incornorated into the IJSRL LPV .

4 . ~ - 
The FOSRL LflV System

A feasibilit y study of an LDV system for the USAF Academy Subsonic and
Tn conic t~ m d  Tunnel s was cond ucted by the FJSRL (Ref. 7 )  . The purpose was
t o choose an LPV syste m that could sa t is f y the special constraints imposed by
subsonic and trisonic app] ications yet provide accurate . two—di me nsional

snace —t i n e f low ve loc i t y  capabi l i t y  at minimum cost .  The study included a
detai led oxatn inat ion of ma ny different trade —o ffs that led to a preliniinar’.
desi g n conce pt . A summar y of the system constraints and the preliminary
design , tocother with ‘~‘me sal ient tradci—offs . are oresented here .

4.d.l t~vstem Const’’aints

T he unstead y separated Flow research experiments pose a special limit a tion

for the tDV system . All ox 1st ing or a] anned experilnents associate d with the

unsteady setiarat ion researc h problem are mounted vertically in the Subsonic

I~ lad Tunne l , a n d the drive nechani snis for these experi ments are t ’Os i t i o ned
below th e win -I tunnel test. section (riaure 4). For two—dimensional stud ies,
this arrancienient precludes o pt ical  entry into the test section throuoh the

side windows , the only other access heinq through the top of the w i n d  tunn el
t es t  secti o n. The dua l beam hackscatter confiauration is  the only log ical LDV

optical arrangement which sa t is f ies  this constraint, since both the inc i dent

and scattered sinnals pass throuqh the same entry port.
In addition , a dua l beam backscatter system allows the collector optics

to he mounted on the same overhead optical support structure as the laser and
transmi ttina opt ics ,  thereby requiring only one drive syste m and ~l iin i n atin ci
the need for the slave optics detector unit tha t would he required for a dual
beam forward scatter optic al arrangement. The structure designed for this

1 ~i
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~lec t p’~c stepper motors to dr ive the 11W oat ica l support structure which will
lo c a t e the  p ro be v o l u m e  it a sp ecified X-Y position in the flow . Necessar y
so ftware for data  .mcqu i’ ;i t io n and interactive computer control are presently
hoi nsi des 4 qned .

4.3 - ~reii rn i r~~ry Operat ion of the L flV System - Ontics and S’ionai Processino

Preli m inar y efforts have concentrated on the initial oaeration and subse—
ciue’tt desiqn improvements of the o pt ics and si gnal processin c’ systems . The
fo l l ow ing brief chr ono leev outl ines these efforts.

Laser and TMirror Requirem ents: Initial high power operation of the argon
ion laser produced an ~~trut beam characterized by a donut mode (TEM ,.)]). In
addition , the aluminiz ed turnin g mirrors used to direct the laser beam into
th e  integrated optics assembly were such that they further accentuated the
undesirable donut mode shape. Considerable effort has been snent on modif ying
and tunin g the laser to ach ieve a fundamenta l mode operation (TEM

00
) .  Further,

all mirrors have been replaced with high power , multi -layer coated , argon i on
laser mirrors. “hese modifications provided the high qualit y , fundamental
mode laser beam reciuired for IDV applications.

Op tical System Alignment (cireen beam): The careful alion nent o~ the

intecirated optics assembly has ii rovided a well defined nrobe volume at artorox i-

;r’ateiv inidsaa n of the test section. The probe volume has been carefully

examined w ith a microsco pe objective and revealed a well defined fringe

‘attern . Upon coi’n’letion of the alianment procedure , a prel im inar y experiment

revea l ed large noise levels with no observable flonpier signals. It should be

noted that the system ’s sensitivity to alignment drift remains a serious

concern with respec t to the ease of operational implementation of the entire

LDV c’ipoaratus. The cantilever configuration and resulta nt long optical path

are hel i eved to be at least partly responsible for this difficulty . Beam

pointing drift of the laser durin g warmup was the major source of misalignment

• during the power uo phase of a cold system. Ali gnm ent drift was almost

nonexistent after subsequen t adjustment and realignment after the laser was

warm.
Noise Reduction : The following noise sources are comonly found in

practice : ( 1)  ambient light , (2)  scattere d laser light. (3) spurious laser
noise , (4) photodetector sho t noise, and (5 ) electronical l y induced noise. Of

l~

____— :: ~~~. : - •. 
—

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . •. -



these , the single most troublesome noise source encountered in  t he current
exneriment was that from scattered laser light: diffuse and specularly
reflectec laser ligh t from the tunnel optical window , from the airfoil surface.
and from the wind tunnel floor. It has become apparent that improving the
si g”al-to-noise ratio would present the single biggest challen ne to successful
system operation. Other LDV dual beam hackscatter experiments ,‘epoi’t a simil ar
difficult y (Ref. 5).

The scattered laser noise sources were systematicall y eliminated as shown
in Figure .. First, diffuse reflections from the tunnel floor were deflected
outside the collection optics solid ang le by mounting a mirro r flush with the
tunnel floor. Next, a beam-picker assembl y was positioned to intercept the
first surface reflections from the optical window . Although the window was
AR-coa ted , these reflections still represented a noise source larger than the
scattering particle signals. Finally, an isolation cone removed additional
stray and diffusel y scattered laser light. The scheme described here is by
no means intended to he a general orocedure but only demonstrates the necessit y

for systematically eliminating laser light refl ections in wind tunnel app lica-
t iOnS.

Preliminary Results: After optical noise was reduced to tolerable levels,

flopnler siqr .als were measured for ambient seeding l evels in the wind tunnel .

Typica l results for two different test section velocities portray large -signal ,

low-noise Doppler particle bursts (Figure 8). In addition to reducing optica l

noise , selective electronic filtering of the pho tomultip lier signals greatl y

enhanced the si gnal-to-noise ratio. Data rates for these measurements were
typically between 2/sec and 200/sec , a figure consistent with typical natural

seeding levels reported in other wind tunnel facilities (Ref. 5).

The LPV counter was used to make velocity measurements of these Pornler

signals for a ranae of test section speeds and comparison with pitot tube

measurements is given in Figure 9. A parallel procedure was followed for the

blue beam operation with similar results.

A major concern resultin ci from these earl y measurements is for a reconci l-

iation of previously developed analog (continuous signal) data sampling

al gorithms specifically designed for use with unsteady flows and the low da ta
rates (discontinuous digita l signals) experienced with the LDV tecnn i que.
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~~. CONCt ~~S IO~ S A’:fl REC0MMENPA~ IO~:S

Tee orel im’nary LU” system designed and modified as desc”i ,heJ above was
fouqd to satis~

’v all constraints imposed on the system con ficurat ion . Prelit”-
m ary exnerinentc performed wi th this system have shown t h a t  acc~:i’a to flow

velocity nleasu.’o’ents can he obtained i n  the S u b s o n i c  W i n d  Tunne l  e n v i r o n m e n t
w i t h  p’jrelv ‘)at nra l seeding leve ls .

“we areas o~
’ concern w~~ck nave surfaced from this prel imi ’o rv effort a”o

th ose o~ t~e SYS~em S tendency to become m~ s a l iqned and i ts  s usce : ’t i b ’H itv  to
ontic al noise rroduced by scat tered laser l içht from wind tunne ’t surfaces.
Th~ reduction of this noise to levels below scatter ing pa” t ic le signal levels
‘,‘.‘as ~cund to be the most des irah ’ e method of improvinc the svster’ sianal-to-

no ise rat~o . A “a ,ior  ~ ‘P r ove men t  in  optical al iqnn ient st ab i l i t y can he achieved
by requir nc a wa rm up period (15 min utes~ for the ldser before i’~P1eI”eI1t1n q on

“ea lir,nment correct ions.
An ‘~‘5)rOVeflent in ortical alignment situations m iab t he reali :ed if the

canti lever structure now used as a mounting fixture for both laser and optics

could he abar~toned in favor of a more stable configuration. A suoqested

structure “ 5 :“esontad in Ficure 1Q • The ‘T’ -confiquration is inherentl y

more stable , not on 1 y due to the l ower position of the cotics sub-assenihlv

w~ th resnect to the positioninq system hardware , but also because the base ond

support fr~”e can he designed to enve lon the LPV system . The ‘ta:oI’ prob lem

encou nte red in i-npler ’e”t ing th is concert is the need for a stable overhead

ola t~ c”-m or whic h the ass em bly and base can be mounted . This o latfor m need
n u t  be a ‘oerma nent structure hut must be rigid , sturdy and suffic ’ient lv massive

to also support researc h workers and necessary tools. Additionall y , these

com b4 ned concepts wil l allow the optics assembl y to be positioned closer to

the tunnel ootica l window thereby reducing first surface reflection problems

from the port by makin g the reflections fold directl y back into the incoming

beams , thus bypa ssin~ the ohotomultiplier tubes .

Recorded ambien t particle seeding level s may be high enough to obta in

accurate mean velocity measurements for unsteady , separated t’l~ws at locations

ou tside reversed flow regions. Seeding may . however , be required if experi-

menta 1 run dura ti on becomes exc ess ive . lt is recognized that the interpreta-

tion of LDV signals for unst2ady , separated flows whose composition is
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influenced Hi nar tic le s ize and seedin g , turb ulent flow content , r~d c:l ohal
unstea dy ef fects w i t ~ f low reversal nose soecia l pro ble ms. Their solut ion
wi l I reou ’i re a 1 cm ranne c omnrehensi ye e 4’fort in the ar c-a s of d ‘a  na noer”ent,
d” sc ont i nuo us s ’c rral aver aci imq . and d i g ita l correlation techni nues ,  based on
s i una l —to -n o i se  and sano ling co nside rat ions , The res o lu t ion  of t”ese diff i-
cu l t ies  w i l l tnen forl” the fi “'St ster tn-~-ar d the goa l ~f understa~~Cin:: and
“‘~dp li n o IJ~~~ S t e O d I  separated flows usinq [li v diag no stic techni aues.
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