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. ~~~~SUMMARY
~ A simple method of adapting a wind tunnel Schlieren system for interferometry is

described. This new interferometer arrangement employs a laser light source , a lens which
splits off the reference beam after test beam expansion and a lens and Lloyd mirror to re-
combine the two beams. The reference beam passes through the test section but is contracted
to a narro w waist and displaced well away from the model location.

The proposed design combines a number offavourable characteristics which render it
particularly useful for wind tunnel tests. These characteristics include: simplicity, optical
robustness, low vibration sensitivity, modest coherence requirements and ease of interftro-
gram analysis. The main disadvantage is that slightly less than half of the totalfield of view
can be recorded on a single interferogram.

Interferograms obtained from tests on a prototype instrument based on a Schlieren
system of low mechanical rigidity are presented. Also included is a comparison between
aerofoil pressure distributions obtained by direct measurement and by inter ferogram
analysis. ~

POSTAL ADDRESS: Chief SuperIntendent, AeronautIcal Research Laboratories,
Box 4331, P.O., Melbourne, VIctoria, 3001, AustralIa.
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NOTATION

c Chord of aerofoil model

M Tunnel Mach number

R Reynolds number (based on c)

P Static pressure

Ii Free stream total pressure
x Chrodwise co-ordinate

Angle of incidence

I

,

~1

V .
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1. INTRODL crtoN
lkftne lasers became readih a~aiiahle schuieren. shadowgra ph and inter ferometric methods

of optical t los~ sisu ali sat ion ’ 2 had been ~ idel~ used in transoi uc and supersonic wind tunnels.
Schlieren and shadowgrap h systems , which are sensi t ive to the first and second d er is a t i sec  of
den sity respectixel y. require relat ively simp le optical arrangements and gi%e results sshi ch are
excellent for quat i ta t ixe  use hut are . in general , unsu itable for quant i tat i se  analy sis. Conxen-
tional interferometers. which are sensit ive to den sity directi~ , require optic al arr angements of
ex treme accurac~ and stabi l i ty  and gi se results which arc good f~ r qual itat ise use and sscll
suited for quan t i t a t i se  analysis.

The increased avai ta h i l i t ~ of lasers with ver~ hi~h spatial and temporal coherence has made
possible a numbe r of ness int erfero me t er arra ngeme~ t s which were impract ical with conventional
thermal light sources. In particular a numbe r ot interferometer designs based on a conventional
schlieren optical sy stem have been proposed and a comprehensive re~icw of these arrangement s
is presented in Reference 3. The potential importance of a practical interferomeier inx ol s ing
onl y minor changes to a schlieren ssstem is great since many of the trans onic and supersonic
tunnels in the world are already t itted ssith sch licren sy stems sshi le fr~ hase interferometric
capabilities.

in this note a new schlicren based interferometer design is described which is believed to
have charact eristics s~hi ch render it suitable for many practical wind tunnel app lications. The
results of tests w i t h  a proto t~ pe based on the A R L  transonic wind tunnel  schlieren ssstem are
also presented.

2. RI Quu(I:~wNr s FOR INIERFIiROMEI~ERS BASEI) ON
SCIII. IFKFN SV STF~ 1S

The main p oints to be considered when selecting a laser interfero meter arrangement based
on a schlieren s~ stem are :

~ The mechanical r igidit y and sibrat i on isolation of most ex is t ing  schliere n ss stems are
x~ stl y inferior to the standards required for traditional inter ferom eter design s. Any
inte rf eromcter design based on a schlieren s%stenl must be very in sen sit ixe to sibr at ion
it ’ ii is to have wide application.

The ~ihrat ion sensi t iv it y of rn inter ferometer appears to be primaril~ dependent
on the separation between the test and reference beams. Inter ferom eters ss it h ‘s idcl~
separated beams such as the traditional Mach Zehn der and rss man Green desi gns ’
are extr emel~ s ibration sensitive. The m i n im u m  x ibration sensiti s it~ is ex hibi ted h%
beam shearing int erfero meters a where each part of the test beam inter fe res ss it h  an
adjac ent part of the same beam.

(i i )  To be usefu l t~ r wind  tunnel app lications an inte rferomet er must produce an int erf ero—
gram s~ hich is easil ~ an al ~sed to obtain de, isitv and lwnce the other flow s ,t r ia h les at
any desired locations in the h ow. Traditional desi gns s~ ith separate refer ence and test
beams meet this requirement since the fringe shift is directly related to the density at a
particular point in the floss . E xcept for ve r~ sma ll tunnels where the ss hole schlieren
s~stem is mounted on a sing le ri gid base the use ot’separate reference beams in schliert n
based systems is precluded by vibration sensitivit y problems. For this reason in all
practical schlieren based interferonieter desi gns both the test and reference beams p~~s
through the tunnel test section and the fringe shift s are related to the density ditl’erence
between two points in the flow . There are two cases where such interferograms are
re’at ively easily anal ysed.

Ei rs tls . it’ the reference bea m has a very small diameter when it passes through
the test section the whole reference beam can be regarded as being subject to a co nstant



density sshich if neces.ar~ can be measured with a pressure probe. In this case the
resulting inte rf er ogram can he a n a l )  sed in the same v .uy as a traditional separate beam
interferogram . 1 he second t~ pe of inierferogram which can be easil y analysed is
obtained from a beam shearing inter fer oineter with a small shear distance.3 In this
t)pe of interferometer the test and reference beams are effectivel y slightly displaced
parts of the sa m e beam and the t’ringe s h i f t s  are related to loca l density gradients.
These gradients can he int egrated from p~ int s  of known density to obtain the density
at univ dcsircd point in the fl4 )~ A l l other interferometer types 3 such as those employing
large lateral shear , lateral insc r s i  •n . an~ u lur  shear or linear compressive shear give
interferograms sshich are diflicult to :inat )sc.

( iii) Transonic blow.’. are often se rv unsle.id > and experience has shown that exposure
times of the order of l j~ second are nc~.essar) to obtain sharp unbiurred flow visual—
isation pict n ’res . 1 o produce interle ropi~ims at t hese short exposure times using normal
photographic films a c~ mnti nu~ us laser of at least I watt or a Q switched solid state
laser is required. The optic’. of ann~ practical inter ferometer must therefore be sufficiently
robust Ic . i ’ .  oid dama ge Ii om ei ther  of the above laser s pes.

In pract ice thi. requirement precludes the use of di Traction gratings or cemented
optical component ’. ne ar focal po ints.

( iv) Because the main features oh a .omptessi h l~ flow, such as the occurrence of shock
wave ’ .  and houndar~ Ia~er separat ion s . arc more clearl~ shown by schlieren pictures,
than h~ inte rfe rc~grams . bot h s y stem s should he available as they are complementar)

t to one another. In v iew c f  this rc’quir emenl it is desirable that  onl ) minor alterations
to t he schlieren opt ical s\s t em he requirvcl to  produce the interferometer so that changes -

‘

betwee n the t w o  ss sten is c.i n hc n~idc quick b y and ea sily -
—

3. pRELl~IlNtR ~ l\VI~~II( ;.% I lO\ OF FXISTI\ (; DESIGNS

When t he published schliere,i h~ised intcrfcrometer designs3 are considered in the light of
the requirements listed in the prev ious section it is es ident that most of them can be eliminated
from serious consideration for pr a ct i ca l  w i n d  tunnel applications. Overall the most promising
arrangements appea r to be the reflection plate beam shearing desi gns described ori ginally in
References 4 and 5 . Of t he Iwo the ~s1urtv Tanner desi gn of Reference 4 is the simp ler and since
it has no obvious d is . idsant ages it wa s selected fo r  more detailed investigation. Using the ARL
transonic w ind  tunnel  schlicren sys t e m (dcsc r ihed iii  Appendix A) as a basis , a Murty — Tanner
int erferomcter was con s tru cncd and tested (Appendix B). The main conclusions from these
tests are :

( i )  Laser in t crf er om eter s based on sch lie ren s\st ems can give good quality interferograms
despite the problems of mechanic al s t a b i l i t y ,  reflections from tunnel windows and
scattering from imperf ect optical components.

( i i )  Beam shearing interfero nicter s involve  a trade off between spatial resolution and
sensit is i t v  - F o r  tunne ls  of r ebative l~ small si/c and low operating pressure this corn-
promise leads to results of toss accuracy. It  appears that beam shearing interferometer s
would ( in l y  be reall y attractive for tunnels where the parameter [tunnel width x
stagnation pressureI exceeded about 750 kPa m.

It appears that  none of the schlicren based interferometer desi gns pro posed up to now are
entirely suitable for the maj ori t y of small and medium size wind tunnels. This view is supported
by the fact that despite over JO year s development there does not seem to be any published aero-
dynamic investigati on where a laser interf e rometer based on a schlieren system has been used to
obtain quantitative measurements.

4. THE NEW INTERFERO~s1FTER

4.1 General Description

The basic arrangement of the most common wind tunnel schliere n system is presented in
Figure I .  The modificati ons to produce the proposed interferometer are shown schematically
in Figures 2 and 3 . A laser wi t h  a standard microscope objective-p in hole beam expander is

2
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used as a li ght source. A lens of suitable diameter and focal length (see nest section) is intro—
duced betwee n the li ght source and the collimating mirror so that a portion of th e li ght which
would otherwise form the collimated beam through the test section is brought to a focus on the
tunnel mid plane. l’he lens is used off the mirror av i s  so that the focal spot is displaced awa
from the centre of the field ot ’ v iew where the model would he located . The light captured by’
the lens and focused on the tunnel midplane forms the refere nce beam and the li ght not obstructed
by the lens forms the test beam. By selecting a suitable lens it can he arranged that  approximately’
halt ’ the original heani is unobstructed and tha t  most ot ’ the remaining li ght is captured by- the
lens to form the ieference beam (Fi g. 2) .

At the re ceiv ing end of the system (Fig . 3 )  another lens is used to inter cept the reference
beam and form a source image coincident with the source image formed by the test beam . A
plane mirror wi th  it s  leading edge adjacent to the source image and approximatel y parallel to
the focusing mirror centr eline is used to fold the reference beam hack onto the scene beam. The
ang le of this plane mirror is adjusted so that  the scene and re fe rence beams are superimposed in
the test section image plane. The ang le of ’ r ixomb inat ion of the two beams and hence the fringe
spacing in the region of overlap is dependent on the distance between the plane mirror and the
focusing mirror centreline. As this distance is increased the fringe spacing is reduced .

When the tunnel is operating t he sou rce images formed by th e test beam and to a lesse r
extent the reference beam vs ill he blurred by refraction caused by density gradi ents in the flow .
If the plane mirror is placed too close to the focusing mirror axis its leading edge w il l  cut oil some
of the refracted li ght and unwanted schlieien etTects will appea r in the result ing in terferogram.
For this reason the proposed interferom eter is inherentl y’ more suited to the production of tine
f in i te  fringe ~nterf ’erograms than nea r inf ini te  fringe interferogra m s.

I f “no flow ” and “vs ith flow ” fine finite fringe inter ferograms are superimposed a new- set of
composite moir e fringes become vi sible. These fringes which are analogous to those observed
in an inf ini te  fringe interfero gram are lines 01’ cons tan t densi t y .  This superposition technique
has the major advantage that disturbances present in both interfer ogran is are cancelled out.
therefore mirr ors , lenses and tunnel  windows of low’ quality can be used without  atlecting the
accurac~ of ’ the final composite inter ferogram. This techni que has been used in the past wi th  non-
laser interfero meters 7

~ hut in these cases the resolution of the composite fringes was poor due
to the limited number ot ’ clear fringes in the ori ginal interferogran is imposed by- the relativel y-
large spectral bandwidth of ’ the source. 5 This resolution l imita t ion is not a problem with a laser
light source.

The reference beam geometry emp lo~ed . wi th  a waist  at the tunne l  mid plane. has the
important  advantage that  a first order conce llation occurs of densit y gradients across the beam.
This feature can be il lustrated by considcring a t~iir ly small diameter reference beam passing
throug h a locally lineari setl two dimensional densit y field (Fi g. f’). Consider a ra y wi th in  the
reference beam enter ing the tunnel  at a point v i. :i .The co—ordinates of any point on this ray
are g iv en by:

mc ~~.v i ( l  --

The density (;‘) at any point near the refere n~e beam ax is is given by

( f )  ~~~p 
~

- p11 + ‘ + -( .V ~~

The fringe shift ( 5 \ )  due to the density field is given by:

= A’ p
ci

where ?~ is a constant depending on the wavelength of the li ght used

.3



From the above equations
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It is ev ident from this that  for a small hut f ini te  reference beam traversing a tw o dimensional
density field wi th  linear density gradients each ray in the beam experiences a constant fringe
shift . Similar hut less comp lete density gradient cancellation occurs for symmetrical three dimen-
sional density fields such as those generated by unyaw-ed aircraft models. Although no detailed
ana l y s i s  has been carried out it appears that  refraction effects should be no worse with a w’aisted
beam than w i th  a collimated beam.

4,2 Detail Design

The operation of this interferometer depends primaril y on the selection and location of the
( two lenses. The requirements for the lenses wil l  be developed considering the source optics

(reproduced diagramatical lr  in Figure 4 w i th  the reference beam focusing lens on the mirror
eentre line for simp l ici t r ) .

The parameters to he determined are :

= Focusing lens focal length;

= Focusing lens diameter:

Distance f ron t collimat ing mirror ax i s  to ) ocusrng lens optica l centre :

= Distance t’rom source to t’ocusing lens.

• The known parameters are :

Collim ating mirror focal length:

I rn = Distance from col l imating mirror to tunnel centre line :

mc = Distance from tunne l  centre line to reference beam waist ,

Other parameters tha t  will  be used during derivation:

I = Distance from focusing lens to vir tual  image of source:

rn = Distance from coll imating mirror to virtual image of source formed by focusing

4 lens:

= Diameter ot’ reference beam at coll imating mirror :

= Diameter of reference beam at tunnel sidewall.

The si gn convention used is show-n in Fi gure 4.
Unfortunately it is not possible to derive exp licit expressions for the quantities to be deter-

mined hut relationships to assist in their  rational selection will be developed.
From the general mirror equation :

I I I
+ . = ‘ 

(II
1 T II ( III Ill

and from the th in  lens equation

— 
I
, + 

I
, = 

I (2)
I i ( i  !i

4 
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Front Fi gure 4 ii can he seen that

~~i f i  t ’ tn - / nc (3)

From equations ( I t . 2 and (3) it cail be show n t h a t :

- ~ i~ 
( I  ~ — I’ m) F ( 1 cc ’

= 
Ill ~ 

- (4)

rs ii . When usin g t h i s  equation to calculate the va lue  of ’ for a giv en I-~ t he posi t ive root is the
relevant one .
From Fi gure 4 i t  can be seen t h a t :

i/ icc = d~ ‘ ( c )
I t

I sing equations ( I )  and ~2) to e l imina te  the un know its ~~~ and I i from equati on (5) we obta in :

‘in I rn t’i —

~‘Ill 
-~ Il l ‘ - . - ‘ (6)

I III — I~1 ( i I- i

From Figure 4:

I,
(/ll i/ icc ‘ -

— UI

Combining equations t.6) and ( 1  sve ob ta in :  j -
u d l_ ’

TiI Il — i ,- d~ ‘4 2 ~ F1 I ~ — I’~
Since the r .is pas sing through the optical centre of the lens is not deflected , the reference beam
can he moved , iw , i y from the tunnel  centr eline by simp !\ moving the reference beam focusing
lens oIl’ the mirror centrehne. From Fi gure 4 ii can be seen that :

5 = S i  
2~

c 
(ii )

The den s ati on of ’ the above equat ions ‘mc ,is carried out for I
_
ni t~11 (vs hich is the case for most

schlieren sy s t em s)  If ’ I~~ !-~ the refe rence heani focusing lens w ould he required to f ’orin a
real intage of ’ the source be~ ond the co l l imat ing  mirror and I i and rn would change sign
These s ign  change s do not affect an y  ot ’ the above equat ions and they are app licable in both
~~~~~~~ The above an a ly  s is  Is  also direct l y app licable to the receis ing end op t i cs .

The arrangement g i v i n g  the m , i x imu m usable interierogran s coy erage . and hence the most
desirable arrangement for most app lications , is show it in I”igure 5. The suggested procedure f~ r
achie v ing this  desirable arrangement vs i t h ou t  resorting to expensive custon i made lcn ~cs is  .is

• follow s:
~i)  Select a mechanic a l ly  cons enient location betmcs een the source and the col l im at ing  mirror

to mount  the re ference beam focusing lens . J o  keep the lens sii~’ to a readil y ,is ai l . ihk
v alue  the beam diameter vs here the lens is inser ted should be in the range 20 mm to
160mm.

• (ii) ( sing equation (4) calculate the lens f’ocat length i- i.
‘ i i i )  From a lens supp liers catalogue select a lens vs i th a f ’ocal length near the ca lculated

v alue and a di ameter  s l i gh t l ~ less than h a l t ’ the beani diameter at the desired insertion
point.

( i v )  ( se  equations (4), (6) atid (Q) wi th  the actual  mc .ilues of lens diameter and f’ocal let igth
calculate i . i / ~ and ~i .  ( sin g these mc a l i i ~s check tha t  the proportion of ’ the t cst  beam
cut otT by the lens is acceptable and that the ret’erence beans does not overlap the edge
of the col l imating nt irr or ,

( m c )  If ’ the arrangement is unsatisfactor y select another lens and repeat ( i s ) .
If the schlieren s~ stem is sy mntetr ical about the tunnel  test section t i e. I~~ (source end) =

1’ rn (receiving endli identical lenses at the same value of t 1  (measured from the source image at
the i cceiv-ing end) can be u sed for the reference beam focusing and expanding lenscs. I f ’ the

L ~~~~~~~~~ -—
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sch l ier eii  s y s t e i i i  i s  t o t  s , ,  i i i n ie t i i c , i l  about the test se , , l ioi i . .is is  the case ~~~~ the \R 1.  t i , i i i s c ’ i i i ~
tunn e l  ss s te in  I ig  i . the f o l lo w iii .’ pic ’~L’~f u i e  Is  s L I L ’~~esie,l

( i t  Select ,i s u i t , i b f ~’ i eL i  i’i i ~~ ’ hc,’ai i i  f t c,, L i s i i l t . ’ lens .i’~ des~ i i bt\l ,th ( l vL ’.
( u t  I. ‘iii ~ mc’qu.i t io imc ~4)  , , . i l~ u f. i tc  / i  i 1 c i  the ref t ’reii ~-c bea iii e x p a n d i n g  len s as sui i i i i ig  the

s, i it ie  s , i l L i e  ~c i  ( .is  f c ’i the fo~’ 1 I s i i i L ’ k i t s .

( i i i )  I i c l i l i  ,i L . i t . i l c ’i Ij i ,’ c c i  sta nd aid len ses s~’k’ç t ~liie vmc h i ch f i , i s  the saut e d i ame te r  as the
i,’~. t is i i iL’ lens and .i v a lue  c ’t / . i s  i iear as pc ’s s ih l e  t o  th at  c aL u la t ~’d i i i  s tep  ( i i ) .

1 1 %  I I. s i ng  th e sele~ ted mc . i lue of / ~- , i lcu i la te  i .i id m c i  l c d the  beam ex p and in g  lens f ron t
equ at ion s  i - l i .i it d i ’~)

1 he hc ,im fo ld in g  ~~~i i 1  c i  1 I h i s  i i , ’ sj’cl 1 , 1  I eq i l i ren le i l t s  except t h , i t  i t  be t i  c ’f l t  s L i I f . k ’ L’tt

~It Kf of ’ .id equ.i t e s i c  to ief le, ,  I the  c ’ i i i p lc ’ie ieteienc ~’ he ,im If it  w ’ i e  more ~-~‘i i s en i e n t  the  test
beam 1c ’u l d L’qu.i l ; - . ~~~~~~ he fold ed ont o  the ie f ~,’reitc e bcj an.

It sh ou ld be tiot ~’~I t h a t  ‘ ‘ ice the i e t e i e i i c e  bmc’ai it .i re.i is  l e ss  t h a n  the  t est  he.im ,ire,i , an
i n t erf ’et , c~ i . i i i i  ~c s e t  i i t t  the  hol e t e s t  be ,itn is  not c ’ht .iined j i  i~ 

Sj  I l owes e r , by , i d j u s t in t !  th e
an gl e  of the beani f o l d i n g  i l i c i  i o i  and the lateral po si t ion  of th e beam e x p a n d i n g  lens  the ref ’ereiict ’
be,ini t n ,iy be supe i i i itp o sed on , i i i s  desired port io n of ’ the t e st  bc.im.

4,3 Sunurn~ r~ of I’u ’aturt ’~
I he i n t e l  f~’i , ’n i e t c i  ~I e s t c n  de sc i if smc’d h ere h , i s  the  lolloss ing s i g t i i f i c a i t t  f e a tu res

~i I he l c ’ i t 5 ~~’ t 5 i O l l  ~~t .1 s i , t i i s t . i i ~~t sc l i l i e ren  s \ st em  i c ’ th i s  i n t e i  t e t c ’in et e r  ~m r r . mn g e m e n t
i i t m c o l m c e s  , ‘i ds  t I l l ’ p ic ’s is ic dn c f  .i s i i i t . i h l e  l . i s e i  l i e h t  source (s ee ~mc and ( s i t  bcfoss ) , the
i e n i o mc , i l  c c l  t h e  k i i i l e  edc ~e ,i ii d the  , id d i t i o i i  ot ’ t w o  lenses ,i nd a p la t t e  mi r ror .  I h e  optic a l
q u a l i t y  of t h e se  added ¼ c 1 t i t ~~~~h I t c t l i 5  is  1101 t i t i , , , i l .

i t  I li e opt i ca l  . i t  t . i i t gen ie i i t  is  m c c i , ,  t c ’t ~u st  . iT td no d i f f i cu l t i e s  should he exp cr ien ce d in
u i s i i i g f i i g l i  l’ c d \ % l ’t c ’i i t i f l h i O l i s  l . i s e i - s c ’i Q sw itcl te d pulsed l . i s e i s

( i i i t  since the l e s t  , mi t d  i e I e i ~’i i , ,  e hc . it t t ~ t o l l , ’cs sei ~ si m i l a r  p , iths and are reflected f ’r otti the
same c o l h i t t t . i t i i i g  ,mnd l , ’1- u s i n g  m i i i  c ’ i S  the  mc ihr.ition s e t i s i t i s  i t y  shoul d be loss

( ‘ .1  Due i c c the  s n t . i l f  d c . t i i i e t e i  c~ ! the i e t e i e t i , , -e bt’.it ii . i t s  l.ui g e ~lisplaceitsent t i~ n~ the Centr e
c c ?  the f ield ~‘l ‘ l e s s  .mnd the  d e n s i t y  gr.m diet il ~.inceIl.ition . i t  should be possib le to regard
t he en t i r e  i e t e i e i i c c  hc, int is  bein g subj ect to ~i Cc ’ i l s t , i i i t  f r i nge s h i f t ,  t h i s  gr ea t l y  s i n i p l i —
l i e s  the  , inals  s i s  c c l the tes ul t t i sg  u n t e i t e i o e t . i t n s

( m c )  I he p , i ih l c t t m ! t f t s  of ’ t h e  te st  ,i nd reference be. ints , i t ~ ve ry s i i n t l . i i  . i i t d no d i f l i cu l t i es
should he e v pe t i e  te ed ss i t  h f r i  it ge e c i i i  i . 1s t  pros i 1lett the coherence len gt it of ’ the last ’
used st gis t t ic ~u s t ly  e~~eeec.ls the th ickne ss of ’ the ref ’erencc beam focusin g and expa nd ine

k l enses  I .mse i s  w i t f i  ve i ~ poc c i temp oral  coherence ii i . i , ,  require the use of ’ a p l. i i ie  g l . m s s
p l. ite i n th e tes t  lse. itn to compens. i te  f ’or t h e  t w o  lenses in the ref ’erence t’ cc .miit.

i t  Due to the L’ec ’nt c t i of ’ the beam f ’o f d t n ~ used , the l , mset output  onl y r equit  es to be
ec ’ l i e i e i i t  c ’S et s l i g h t l ~ more t h , m i t  h a l f ’ the beam d iameter .

1 he m.i in di s .m d . m t  ag e c the proposed a rr .i nge tue n is  t h at  o it I y sli g htl y lcss t ha is ha I f ’ of
t he origin al  sc l i l i i ’ ie i t  (‘e,i m .i iea is . isat l ahl e.  In man\  eases th i s  is not .i s e t R ’u s  problem since
onl y ,u port ion ~c1 the floss h eld i s  of ’ i i i t e i e s t  I loss eser . i f ’ iie cess . ir \  t w o  sepat . i te  i t t t e r f ’e i o g t . i i t t s
ss i th  the model u pni ~ ht .ind m v  erted vs ill  e,,’s ci a lmost the ent ir e ficld.  I ’h e in . thi l i t y  of the pro—
posed 55 ‘te nt to  produce .m f i n i t e  f r inge i m i t c i  fei c ’ ei  .~nt sv t th  i n i t i a l l y  s i r . i i g h t  ft i t i ge s  ma~ . i l ~~ c he a
dis.idsa n t ~ige in sonic  , , i r c u n l st . m n c e , ,.

S. PRO1’O I’~ P1” I’s~ l R (  ~ll- ~~ I ’

~.I Description
\ pr otot ’~pt’ in t e r t ’eront et er smc ,m~ c onstructed il s i t i g  the t t . i t i so t t i c  tunne l  seh l ier en s~ s te in

I i~~ and .‘~ppcn~ti x ~ t is .5 h.t5i ~ I o fi t  the I t-n \\ le “s e laser used for thes e t e s t s  i n t o  the
limited ~p u ~ e between the plenum chan sher and the re turn leg of ’ t I e  tunnel the source opt ics
h.id t c ~ he s l t g f t t l s  altered ~I c~ st I he beam ex pand in g  .i r range nic nt show it in th i s  fi gure 55 ,is
used because t he eonlpc ‘ i t e t i  i s  vs crc R’,id Is , t  s .iilahle. It ss oulti in f~ic t have  beeti preferable to
use a higher tsovver t t t i c t  I d seope ohte ct iv e and d i spe t t se  ss i th th e cc ’t i c . i mc e lens f ’ollomcs i t ig  the p i t  hole.

-‘ pair 0f ’ cc sit e it ted .i cl i i  o m.i t ic  If on h ’l e t s  60 t t t t t t  d iam eter  a itd 4~0 iii iii focal lengt is ss etc
used for  the re ference beam t oc t i s i  ng ,ind ex pan din g  let i se s i h e  beam folding mtrr or  ss . t s  a

6
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l t c c i i i sitv ~~~d pie~ e c d t  ;‘l .ile ~‘ l . i s s I4~ mnt ss ide and 3Ni fl i nt I c ing l i c c t f m  t h e  k’ t is es  . i imc f  t he i t c h  m c c i‘ser e sel e~ ie1f l’I’l , I i l sc  c l  t heir a m c . m m l .i I’c i l i t y  i ic ’t be e, muj s&’ t f t e ~ y~ei l ’ in a tm )  s~ i s  “ J ’ t m f i i un t  b~ c~ t h is~tpp hmc. mt io i t  t O  l , i c  c l t i , i te  .111 u~t t tmL ’ i i t  c c l  t h e  s\  st l ’ i i i  t h e  le nses ss e ie  st i iek mit pl .k e mcs n it  hum ps  c cl ’“plas l i cm n e ” su i t abl e  t i I u l t i c fe g r ~e c t  f i e edo t t i  opt ic a l i t i o u i i t s  m c c c i ht’m m m g  amc . i i l ahle )  .mn d theI t t i r r cc r  w as  stisl\’ i isfCtj  t t ot t i  t f t R ’ e i i d t u s t i i i g  set ess~ I he lc ’e.it,on , c f ’ t ime i e l e i ~~ii11 ’ beant i c c 1 I i s i m m glens is  si is imc mc ii in I g u m e  S I he i e l e i e t m L e  be~m ttt  esjc .m n d t i t g  l ens  5~ .ts lc c c . i te d bt ’tsse1’ii t h e  t h i rd  .it tdf~’ui t f t  p l .m ne t t t i r r s ’ r s  ( I  7~ f o r t u t m a t e l y  ifl  .i po si t ion  ~ h ere i t  di 1f not  ob s t ru ct  e i t h e r  t i me testr ef ’er eihe h e, i i ics  I lie use ~c l i d e m i t i 1  i i  l e f l s e s  . i t  i’1 ’th et id s I t  t i me ss si e t u  J i t s t e a d  t ’ f  t h e  O p t m i t m u t t ia rra ngeme nt  f o r  th e .ts~ i i t i t t e t t i ~, mJ s~~ste ~~ t ’eelmoii 4 2 t  re su lted t i m “ t ime loss of t C ? s ’i e t iee  bcantt ight  .it  t h e  te l  e tv  m u g  end th e s\  s tem ( lie ~f t t h c r e t m t  I i t t e t t s i t , e s  i t t  t I me  le st  .itt d i L’b ( i e i l l e  h~e .immmwould be espe1 ie1I  t , c  i ’ i l u .  C lj m1 h i  c m i ~’e c m l  .is i hut  in t h i s  . m s ~’ the pr obl em did not .ippe .i m tobe set Oi ls

2 sqtm. ir e  s i n e k ’  lefts  l I l i e s  L . m t n c t , t  w i t h  t f t e  lens i & n k c y , , ’1l ~% .i s used f c c  ceec cr 1f t h e  i i i i e m h ~’ m ~ c-Ci . I t t t s  , itt d .1 ~s ~ ~~~~~~ hi ln i  ss , m ~ used f~ cr al l t est s I f t e  e \ l c c s t i m e  5 S . i s  ‘ci w i t h  .i si mplespr in g  loaded s l i t  ‘f l u t t e r  c cl t i e d  ne ar t ime le . idmt jg ed ge of t he he .mn t t~d I l l i m i e  m u  t o m  I ’he ? ‘c cc,dplatte sh u t i e i  t i t l ed to the , i i i c e m  .i ~ i s  us ed s imp ly  is ,m e.i~c ç d u m m g  sf m u t t ~ r ic c p re mcei t t  t o g g i n g  b et w eenexposur es It  ss .ts i’s ‘ii ii d t ii~m t g, ‘i’d i mmi .i ges .u ppro vi n ma i eR ~ I ~~ ~ d man iete t ’ c,,c u Id be o b t , m in e~i atan ex posure t c i i i e  c ’i ~~~ ) s I he , I i i i e i . m .mit ~l ( l ie sI n  m u g  loaded shu iter  ‘s e m e  t t t , c u n ( e d  on asep.m t .it e suppor t  ~s hi 1 Ii s i i i t p l y s t s c c c t f  & ‘ ui th e floor . I l c d i m g s i 1 ~ t u e  S li c ’l’k i i iO Ut i tC,,f f r a t i t e s s o r k  ss hi~ hsuip I S ,c rteif the rest c ’t  (he opt i1s  I I l l s  Si i s  f~ ’t i t l c f  i c c lc~ mme cess . mi , ,  f c c p r ev e t i t  i h i , i t i c c t i du e 101 , i i i i e i , iand sp r i n g  lc c . Id ed sh u t t e r  . I e t u . i t i o n  c . i i I su n g  t r t i t g e  b lu r r ing

~~. 2 %dju stum ’nt I’roe ’dur

lLised c i i  t he e\ I~~r ie ii,,e ~. i i i i e1f ss i t h i  t he  pm c c l o t \  p1’ i i t s t r u i t t e n t  t h e  I ’, ‘ l l ~~ ,, t t g  ‘ei i i  r i g  t i pprocedure is su gg es i e 1j
( i i  51’L’1 su i t . ih le  O~~t t l  . i i  l’ c d i i m l l c cn e i t l s l c d l ’ \ t ’ , i id t he l.m ser h e ,ut t t If .i t t t i c i c c sec d l c e , ‘h t e c t i m c ei s u sed i t  i s  e s sent i a l  to use .u pi t t  hi s c le  sp~i t r , i l  f i t t e r  .m t mt ~ I c c e ,II  po int  to r e t t tomc e t h ei L’S U t  noise h o w  es ci , i f ‘cru r~ It ch sly cleats u u s e  r atche d sin g le e leti ie ti  t c m i  se~ .1 i eus ed good t e s u l t s  I , i f l  he , mlf t i e v 1’11 mcs t hout s p , ImI , i l l i l te r i i i e  flue to the ( .l tis s~.u i 5 i t t te t t -s i t y  c f m s t r i h u t m s sm t ‘i l . i s e m h ea m ims i t  is  best to osc r e \p . mt td  the he , iut at id ref lect o i i l , ,  them Istie r , hig her i i m t c n s i t y  p o r t i c c im of t h e  beam front t h e  cc c I ! l m i i , i i i i i g  i t t l r t o r .( n t  \s  smc Ui ,i s~ l r l i e i ~’ m i “st ei n a d j u s t  thi ~ source ~o s i tmo n  atsd the L’c c l l i t i t , i t t r m ~ t i m i r i s c i  (0prod nec .i rr’ cpe I y co lhu i t t , I  ted he,i itt a f i g  ned in th e Ill ’s i r ed direct ioit  -\d j u si the  t ’

~ ,, t i s i  i it t iu rr c cr sc c t hm.t t  th e s o u ne e  i m age c d l ’ L ’ I i r s  a t  th e de sir ed lc cc , i t i o n( m m m l  I n t r oduce  the m e j c , ~’ ic1 ’e b eat it ?c c c i i s t c s g l ens  ~I ig 2 , i t i f o  th e “ ‘:e mt t  ,mt t he lo c ,mti , snc.tl eul,it e1t is  desct bed in s ee t i c ’ i i  4 2 .  Place a ss hue  screen on the tun ne l  cett tr l ’ ht ne .ui m d‘ tsi. tk e f i ne  f i s e  ,i~~is (.111 cl e g ie ~s cl f ’r~edc cni evc ept rc c t a t i o t t  about  opt ic , i l  . I \ l s  I . I c h t i i s t -t t ) e tt ts to t he le its u t t t i l  th e  st t t . ih les t  possibl e t itt vh i st o r ( C11 spc di is cc b t , i i t t c d  on the  ~ 1. mt t he desired ref ’e ren ce f~e, iit t l c ’c , I t i o i t ,  R e i imos 1’ the ‘cm ccii .iit d check tl t . i t  the refer eitcehe .mtt i i s  ot Use ‘attic s i /c  .ind sh ape . mt the C c i j m  .1111 -c a nd exi t  n cr 1f d c s s  s i f ’ t to l  cam i s  ~‘utf u r t h e t  el m s .i u t l ( m s r t t i e f t i s  If ’ the  i’el ~~r ei i~ 1’ bea m l ’, c S e i s  ,my ‘ c m , u i c i c , , ’ s cc i  ch i p s  ut li tet unne l  w i t t d o smc s m ove it  s l i g h t l y  to I S c d i c l  these lIL ’ lCc is( s i t  In t r o du1 e the i e b c m e m i 1 e  h~,it tt e\ p ,musd ctg  kit s 1 i~~, i itt0 the ‘sste it t  . i t  th e locat ioiic .il cu latc d by t h e  method oh se ct i or t  4 2 \ t a k e  f iv e  degree of t’reedottt . i cbJ tus t t t t e ; t ( ~ tothe lens un t i l  the best Possib le i e l e re mi1 -e he.m n s sc d u n cc  i i t i , t g e e o t c m c i c l e s  mcs i t h  t ime tes the.i ni sc c u i , , e  ins.igc . I n  ~i hl c ( t i t se i t t io t s~il s c h i l i e i ’e i i  sy ‘t e n t s  l’vel ’i d f t hose l i s i m i g  L u 5 1 ’5 orof) .1 x is  pa r , m h, c lo t sl ,i I mu i rr o rs I th~ Ss~tt rce i i t i . m g i ’ f~ t r ined by Use te s t  h e . i m r i  ‘ s i l l  su tIersc ’iiiC degree of ’ ‘i s t  i g n t , m t i s i t i ,  l ime sc c i i  i-ce i i i i . i ec for itt ed by the reference bt’.int ss i l l  befoi r l~ free of ’ t l m c s  ahc r ratmo n due to t hte s itm ~il l st/c of t h i s  he .it t t , I f ’ th e  , i s i u g m m i , u i i s ~~c issign i fk . i n t  i t  is sugge st ccl I b m i t  the reference beans he fo emi setf in the in idd Ic oh ’ the I i  m seirti ,ige ss hi ch lies p ar a llel ~s i th  the he.i i t t  t o ldu r tg  mirror . I i m t s  Procedu re u t t c i l i c t i c s i ’s thent l r r or  I ct i se t r equired to .i mc oic f schl t er en cut of) etl ’ectsm c )  I ocus tbte i m.m g e of ’ the test  re g m ,, st s f ’or med by ftc t e ’t hea in ,,c i5 t ~ ’ the c .m m iii ’ r. i Ii h u t  pl,i it eusing .m su i t able l Ci t s  i t ’ iiecess , m i y  I’ m i t e  l c ’ci is c i tg  5 best done bs cc 1S L’F ,I i i  m g t h e tun nel  , t t t , , (mov r i g ( lie c .mni er ,t .i nti or l en s u n t i l  shu:d o mcs g r , ip h eth ’ct s  a t e  n t i n i i t i i s i ’1h \ t i e m m m p t s  . i t
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focusing f i y oilier methods are fru is t  rated hy the large depth of field ~‘a used by the v c iv  .: -
small  source si/c.

( m c m l  Inser t  ti te h ea itt  folding mirror (Fig. 3) w i th  i t s  leading edge aligned w i t h  the  l ine  of ’ the
a s t i g i t m a t i c  source image which is parallel to the mir ror ,  Adjust  the  ang le i ut d ofiset of’
the mirror  to produce the desired f’r inge spacing and overlap betwee n t he t w o  beams. If ’
the l’ringes are s gn i l ic ant lv  curved they can he centred by a small t r ~m t ts mcer s e  ftto v ert lerit
of the ref ’ercnce beam expanding lens ,

5.3 ‘l’csf Results

- , ‘ The in t e r f ’eronie t cr y su ms set up  and adjusted as described in se et io its  5. I and 5 2 A I t ) I  -6 mm
ch ord model of su mpercr i t ica l  aerofoil 13(1 K~ l i t  which comp letel y spantied t h e  wid th  of the tunnel
vs as mounted  be t ween glass mcmc i n d ovv s . The int erferogram was centred on the upper surf ~i~’e c c l
the  aerof ’oi l since th u  was (lie reg ion of ’ major aer odynamic  interest ,

‘I lie no fht ss f ’r inges sver e found to have si gn i f i can t  curva ture .  1 his c u r v a t u r e  w a s  reduced , -‘

as the f’r i ng e  spacing was reduced , by increa sing the beam folding mirror  ofl ’set ( I ’i gs 9. I t )  and I D ,
‘I ft c  to ta l  number  of fringes across the in te r f er og ian i s  i l lus t ra ted  in F i gur e s  9, It )  and II are I tX ) ,
21M ) and 404 ) re spectisel ~ - l e s t  in terfer ograms wi th  up to I 2()0 fr inges were produced hut  beyond
4(Xl the f ’r in ge  cont ras t  w as  f ’outid to ste adil y ’ deteriorate ,  The 4(X) fringe inter ferogra ni s  were

~~ cd UI -ed 55 it It a hea in f ’oldi iig i t t i r ror  oflset of ’ approximatel y ’  2 mm , .Since I his i m f b s e i  was  suh ’—
f i c i e t i t  to iv oicl i tt o st  schh iere ii  cut ofT problems it w a s  used for al l  f u r the r  tests . ‘[he dark reg ion
ne ar fie l e ad i i t g  ed ge in the  wi th  flow interferogram of Fi gure I I  is due to v e s t i ges of f t c
sc l t f i e re u t  elect

I 0 .issess t lie n i e c l t an i cu i l  s t a b i l i t y  of the  sy s tem a number  of no—flow in t e r f ’er ogr u mi n s  were
re l  c c i  d l C c  I ,i iu f  s u m p’ , t i p t  ‘seif m i t  pa irs , I It is Superp osit ion produced front one to f i v e  hack grouti d
f ’r inge s c c v c ’ ;  c u t ’  lie f i e l d  I ig. 12 ) .  An unavoidable  unce r t a in t y  of’ about  l ive  f ’r i m t g e s  across t h e
f ie ld  vs If t f t e r e  ‘.rc app l~ t c c  a l l  superintpos ed i i i ter t ’ero gr an i s due to mechanical  unsteadiness iti

It e s’ m iii I ht ese f c , 1 k g i o U fill ifi oi re f ’ri nges tended to he predom i n i  t i t l  oriented parallel  to t lte
i n i t i a l  f i m i i g e s  s t m t ’ t’L’ s i i i i t ’ i i i  t i t ey were caused by changes in the in i t i a l  f ’rin ge spa c i t ig  ra the r
thai t  t i  i t i ge  sli . ip u, ’ c c i ang le. l i t  1- igur e 12 t h e  s e t i s i t i v i t y  of ’ the int erf ’ero grani superposition to
a ngu 1.1 r .i till i’Its i rd w ise itt i sal ig ii i t t  en t is i l l  t ist rated , Moderate iii isa I i gn men t normal  to ftc eltord
(lid not pr ol f l i l e  . i t t y  f ’rmn g es . I lie s e i m s u t m v  m t y  to angu la r  mi sa l i gnmen t  increases w i t h  the crea sing
f r i n g e  sp aci i i i !  mcmc i t m le  t ime  s e f l s i t i m c  i t y  ( c c  i-hor d mcs se i i t i sa h ig n ni ent  increases w i t h  i i tcr ea s i ; ; ,’ f ’ringe
c u r v a t u r e  ( m e .  i i t c re . i sm n g  f r i n g e  spac ing )  For the tests reported here ali gnment  errors svere
i’s t i in a tell t O i’ m tn t  ri but  e less I It a it one f r i n g e  iv, er the  vs mole f ield ,

k .-\ i tu n iher of ’ coit tp osi te  nt o ir ~ f r i n ge in t e r f ’erogra uis oh ’ the flow over  (lie tipper surf ~ii’e
oh ’ the  u mero lo i l  were produced ( I  mgs LI 18) I)ue to (lie long exposure t i m e required by the low
power la ’,e r t ms et f , f r i n g e  b l u r r i n g  occurred in uuistead ~ f loss- regions . i’he i n te r f ’erogra ms where
I lie I rm ti g e l e g ih i l i f ~ 55 as i n s u  ilieient mm di i’i’i’t phm t t ogr a  p h i  reprod uct ion are reprod ui’~d in I lie
f~c r i t i  of ’ f r i n g e  t r , i c i i t e s  ( I  ig s I S I S )  \~ here the f ’r i i tge s  vv’e re conip lete lv i l legible iii the or ig ina l
comp m csi te i n ( e i  I~ ’ i c d e i . i l i t  hu t  t h e i r  l c c c : u t i o t t  couh i f  he reasonably i i t t e r r ed  t h e y  are show n as
broken l ines I c c ~~. i t i c  i ts  mcs hte re ~ipp arei ttl y pltysm i ’ . i l l y  unrea l i s t ic  f r i n g e  d isco nt inui t ie  occur are
r t i ar k e s f  w t I m  .i q u m e s t i c c n  i t i , i r k s  I t  is cc cir s td ere d t h t u i t  these f ’r inge  d i s c o u i t , n u i t m e s  are also caused
by’ ( lie long exposure t in te  i is ’ ’ t I .

I he i i t t e r t e r c c g r u i u t l s  in I m g i i i ’es I I S e x l t i h i t  g c c c c d  q u a l i t a t i v e  agreement ss i th  the known
na tu re  of ’ t he  I’ cv, d y er  th i s  aerofoil  s e i t i c c n .  For t h e s e  result s  there is  l i t t l e  d i f f i cu l t y  in i n f e r r i n g
the s i g i t  of t ue mcki i s i t y  cha iige between , i dj , i c e i t i  l r i i t g es  l i i  tt lor e coit ip lex f low s  t h i s  can he
determined I’roni t l te  & h i r e c i m c m n  ccl  fringe move ntcnt mit  i i  c c r i g i i i a l  f i u t u t e  f ’r i i t g , ’ ‘‘sv i t h  flovs ’’

in fe r l ’erog r att i .  I or ex a mp le in the ‘‘vv i t lt flow ’’ i u i t i ’ : t ’c, ’ t o g  m i i i  c l I iguie II tlte f ’r i i t g e s  a re dis-
p laced u pvv i r I s  it ree i c c  i t s  c c l  red uiccd lie nsi t

Since u i i t  exper imental  sur t , i ce  pressure c f i s i  i ih ~i t i c c i t  s js a v a i l . i hh e ’’ fo r  the s ui te  t e s t  co lt—
dit ion s as the in t e r f ’erogram in I i gu re  U’. t h is in t e r I c ’ i c -~ir. 1 ’’ , si m s se le cted f o r q u u i n t i t u m t i v e  ana l y s i s .
Front Reference 8:
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I
vs ite,e I’ m c t . t t i s ’ I m l e s s u i s’ i t  ins  point

II t iuiint ’ l s f , i ~ i i , m i i c c u t

I c.’ ft ’i i’t t c  t’ l t I t ’mcst I,’e

i’
~c t in t  it ch st ag nation te 1151551 , i t t i i i ’

I tu iu t n i ’I vs is l th

fl m’.ms convi mit t

4, . l , i s t s t , m i i i ’ l ’~a Ie i’oiimc t , i nt

mci as eien gt l t  , c f f i g h t  tu v~J

t . I t i c m c cl spet ’i t i c  hic ’ a t mc

\ Ii in ge i tui t ib er  ss )t e i s ’ / ‘ iv uequ i t e d  ~ / ‘, is nit ’a v u u s ’d on f r i n g e  ,‘ s’i o )

I w o  su r l~ii’~ prs’mcmcI u i t ’s Sit ’ i t ’ u i i e , i s i i t c ’d c m i i  the ,iei c c f o i l  at s (1 I I  ‘ and 0 $s4 L s in g  these
tsv o p i e s s i m i e s  in c h the tot a l  nu inbmc ’u of ’ I i  i i i g e s between t h e  t w o  p~ u u l t m c  ~the v i i i  f i s t ’ f l I t ’ S S h l i s ’

being kno vs it fc c m c i i  s i t i iuu ~otc cutica Il y  betwee n the se point s )  the 5 , t f u s ’ of the c ’t is t a i t t  ) F ~’! cc ~ I II
vs ms i’a li’ti Iat i’il It  out t h e  ,u bc ’s e eq mi, i  t i c c u t  I hits I t t  c m , -~’~f iii e as i cudes ) the e i i c  ‘i s vs ii t i l t  vs ot ihti  c c i bet
vs ise have  been i t i t i  , c s t i i s ’s’sI b~ t h t t ’ sidess a ll b oun dau mc l a s ci

I he it i ea si iut ’d ‘rc ’s s ut e  . mt  s c ’ 0 I I  sv , i s  defined as l’c in the , i h ’ c m s t’ s’ q i i , m l i c c i i  ss h u t  hi si t s
then used to c . i l c m i l a t e  P i t  ‘.m~ hi cu t l e t  se cti on bet vv een a Ii i it ge and the . i e i c c f c c c l  mci i i  f i s t ’ 1 lie i e su l t
of this ~~~~~ I sis is p is’seiii t’d in I i gti m e I ‘) -\ s nieui t touted pre s iotisI ~ I It t ’ hat ’k g iou n~f I i  i itges
caused lsy v i h u , i t i s cn s s ei t ’ p i e s h o i i i m t t . i i t t l y  p a r allel to the ai’u c c f o i l  m c i i i  t ’.mcc a nd mcsouhtl  not t h i t ’ ic ’ tc c i s ’
i’ c c i i t i  ihu t e  ci i c c i s  to t he above a n a l y s i s

S u i i t . m c s ~ pie ss u is ’ n i e a sm it ’euiien t v for the sau te  condi t ion s  ( %f - ‘ 4) ‘( m l , 1 4 I f ’r oin
Rs’f ’et e nce 0 mi e I’ I0t t ecI i i i  I- igure 10 to il lustrate the se i t su t i y  ut ~ of ’ the flow to small  c l t a i mgs ’s in
\l . mc h i nu ui t b e i .i p i i ’s s i i i i ’ s hus u  i ht i m oi t  f~m i if 0- “1’ I . I 4 is also plotted ( ‘onsudet ing
the ex t i e n i e  ss’n s i t iv  i t v  c m l f lte floss to \ t a c f t  nun tb ei  chaiige s I t g u i i l ’ 10 s ht -mss  s good .mgt e enw’ist
he t is i’en t his ’ u i i t ~’ i fei ‘t t u e  tue a ti d I ~ i’ss i i i  e nie i vu ut ’itie l i t  d , i t , i

ti . (O ’\t -l I

\ nt ’sv laser in I ci f ’er c m u reter based on a cons eu i i  oila I vs i nd I t in ns’l sc - It  I ier eti 55 ste it i It as been
ds’sug it ec h .1 151 is ’s t es h I l i i  mc in t erf ’eroine t ci- ilesi gut hi I s l i i i’ f ’ol loss u n g f~t on r .m hI s’ f t ’,i t h u t ’s

~ ~f I hi s’ o l s tm c .il at iat igcm et it  is sen simple req u ir iu tg  only (f i t ’  add i t i on  oh a sumt , i t s l ~’ l , u s s ’u
lig ht  s , c u i t  s c ’, tss 0 lei t se s and a pl an e ntu rr , mr to a s tanda r d  ss’ h t l m s ’us ’ii s~ ste m

( I i )  I t  u s opti c  .111 v tohust and no sIt fi i 1’ul ties shost Id be expet ienced u sin g It i gh 
~~~ s’ I ( ‘\\ c c i

Q vss u i~ ht ed l ,is ei
( i i i )  I hi t’ v i b r a t i o n  se nmci t tv  i t s  us boss si n ce the ss’ent ’ ansI rs’ft’rt’nct’ fs s’aiiss follow sin ii lai  paths
~i v 1 I It t ’ s he s u g it I i t t  pc ms es i t i t l  y niode u- a It’ req u u ren ten is on t hi’ it’ in p ‘ra I a nil spa t i a l  ~‘l ts’ie ncs’

of ’ f l i t ’ l , i s s ’i i i s t ’mf
v 1 I he i ef ’e i s ’ I i i ’ s’ be,i i t t  us  of ’ vi lla II di a i ris ’ iei and passes lI t  uo u g h  the test 5s’~ t i s l it at ,i ~ Oi u t

vsell  removed f r o m  the i i t cud eh  I oc a t iou t .  I his  k atu i s ’ g is ’, i i l s  , i s s i s l s  t h i s ’ , i u i , i l s  vms oh t he
i t t  tel h~’iog i a i t u s  -

( v u )  I he i uu t e i f ’er ctgi’ anis produced are vvef l  s u i t e d  Ic ’ the sii~~s’i pc cs i t i o i t  lev - luiu u q tu e  , m f . u t t s  s ’ l l m i t g
optica l ss st s ’iii  i i l t~tei f ’s’t ’ t i c t i t s ,

I lie ma in c l m s . i c h s  an t . ugs ’ of ’ (lit’ sle sug it is IIt ~it s hughI l ~ less t i t an  h i l t  c cl th e  tc m t . u l  t i c ’ ls l  of iue5s
is iv a i iahle.  Iloss ever’ , t hi s’ ys h ishi ’ h eld may be coveted Its t ak ing  u u i i i l t u p ft ’ u u i t s ’ t  f c ’i c c + ~i u r is  I h e
in abilit y of ’ t I tus  i n t e l  f~’i c c i t t t ’Is ’t Ic ’ product’ a f i n i t e  ii ings’ l i t te r  t e r o gu . un i with ini tial tv s t i c u i g h i t

h u t  ges ii t.m mc ,u Iso be a ~h isasIv an tage in sort ie i i  ri-t i t l is t a u s e s
I lie -‘ K I I i  c l i i  sc cii It ’ vs u nd lu uu u u ;  I sclu I ueu’e ii vs stein mused t~ ci  th i s’ pu ot ot v ps ’ i s ’s us  h i .i s a i r

nui t i s  mi , i l  lv I ,i ge nti  in her of bet  in folding mu u i , t i  s , Ii ‘iii si’hi f iereis qu mfi t glass ss u n~I ‘ss s in I f i s ’

text beaiti ails1 rs’l , i l u v s ’ls loss ms’t’l t a i i i s -al r u g i d i t s  diii’ I c ’ t h i s ’ ss’ p . u i . i l s ’ nlc c u n t i n g  c cl the  sc c i i i  c s ’
a ru st  te s t’ us in g c tm p h it ’ s .1 svs ’ iii ~h u e s

\ l f  ~u t ’ I h m s ’ss’ s l m , m i . i s ’ t e i  is t i s ’ s , vs t r i le  pCi I~’t t h m c  s. i t i s f , u s  I c ’I y  h c c i  the c ’i i t ’i na f plu pose ‘I ’ t Il e
ss ‘c I C i t i , I I l u t i ~iats’ ~u it , iu i t s t  this ’ s t is ’s s ’ssl ’tul i s ’. i i i s .i t i c ’i i c m l ’ t h e  i nter f s ’ i c c i t ts ’ti ’t t his ’ f a5 t th ,,t  good
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qua lity inter ferogr ams were obtained from the prot otype suggests that this inte rferometer
arrangeme nt could be used successfully with many existing wind tunnel sehlieren systems.
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API9’NI)IX A
I )t’~erl ption of ‘l’rrni~onk ‘I ’uiwcl Mchlkren System

Ike  ,‘~ R t .  transonic tunnel  is ,m conv entional  co ntinuou s closed circ uit f~iciIit ~ . ‘I’he test
section, whic h is 533 mm vs ithi’ and 8 1 1  mm h i g h . us surrounded by a 2 - 54 in diameter pressure
shell. l’hc tunnel Mach numbe r range is 0 ~ to I ‘4 . I’he ma x imum stagnation pressure (mci hich is
limited by th ie .ii lmihle dru s  e power) s ar ie s  f ’rom It ~ ) k Pa for Mach numbers up to (1 ti to —

23 kt ’a at lI 1 - 4 .
I ’he tunn el is equi pped vs i lk a perman euith installed 44Wi nirn aperture sclrhi ereii s~ rst ~ iii , ii

scale drawing of which is presented in I- igur e 7 Due to the hin iite sl space available between the
test sect ion pressure shell and tI r e r eturn leg of ’ t he t uuu n el the optical path of ’ the source et ti l
optic s is folded with  a pair of plane mirrors Similar ly ,  to save space in the tu n nel control room .
the rec eiving optics also enip lci~ a folded con ti gu ratu oii - All the mirror s are f ’ront al u mi iiuze sl and
all csi’ept the two 4tki mm diameter spheri cal mirrors are quart ,  coated. ‘I ’ke two test section
wtnslovs s and the t w o  pressure shell winds iw s have  surftices vs’hich are f l at to ss-ith in 0- 025 ,\ mm
(where .~ ~90 iini for soduum lu ght  1 and parallel to vs i t lt in ~ minutes.  None of ’ the window
sur I ~ices is anti ’retlect ,o ,i coatesl , Ik e  source and receiving optics assemblies are mounted on

- l separate tubular  stee l frames fit te sh vs it l t  sof ’t rubbe r shoc k mounts vs -hick rest on the concrete
floor slab , I ’he natur al vibra t ion  f ’r equ encies of ’ (lie Iwo optics assemblies appear to be less than
10 I i , ,  1 he rela t ive disp lacements between the Isv- ti optics assemblies due to s- ih r mi t io , i during
Iwmei mijx’ ralu in h av e flciI hi-en ns’s’ur;ns’h- ;nt’asurt’mJ but are belies-i’d In be cii’ ih~’ order iii ’ hI - 2  Inn)
h or i ,o i i ta f ly and somess hat less s crt i call ~ -
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Arr I ;N t)Ix B
l ’t ’sfs on ~.Iurt ~ -‘Fanner Inferf erom eter

i’hie t ra i t sc i i iuc  tunne l  schlieren s~ sti ’u ti is as converted to a M u r t y  l’anire r beam sluea r iu ig
interl ’cron ’ieter (1 ig. 20) .is follows

‘t he orig inal lig ht  source vsax rep laced v s i th  a I~ niW continuous lie Ne gas lase r , (f it’ fl ut—
4 - put bemmi t i of ’ vs hick w as  expatided using a microscope tth~ectiv-e and pin hole spatial fil ter.  The

knife edge vsas removed and a g lass plate approximatel y 20 nuni dimirneter  mind 2 mm th ick  w as
introduced mist p i s t  the kni f ’e ed ge location , incl inesi mi t m t pp rox iu t im iteI ~ 45 to t h e  incident beam.
‘The front mind rear reflection ” f ’rom the g lmts s plate vsere focused to produce t w o  sli g ht l y  di sp lacesi
image s on the fl In t p lat ie ot ’ a cm im ci’a ,

On completion oh ’ the vet up clear in(erkrence fringes of hig h csintr ast siere it n n iesli.itel y
ohtm min ed . l’rev cm liv lab orator y tests cmirr iesl out mit A RL~ i hmt d shown thm i t  the shear d ustm m n t ’e
mind the fr ii ige spacing could he mc aries i independentt ~ Lix Using shighOy non-par sttc( glass retlec-
t h in p lates. A plate vs as selected vs hick gm lve a sh emmr sl ist an ce of ’ appr oxim m itelv 9 mm and a
convenieti t in i t i a l  t’ringc s pacing 240 t’ri ng es across the field of ’ 5 iesv ) A 155c m di mensional
aerof ’oul model comp 1etel ~ spm inning the vs id th of the tunnel  vs -mis used for these test s An exposure - 

-

titt ie of ’ I iii see (the fastest shu t te r  spcesl miva i l a b le )  ssmIs f~iuiis1 to g iv e a good exposure vs it l i an - 
-

m ange .vpproxittvatet ~ 50 nana dims nw(er on 400 ASA panchroniati c tit t at lii Fi gure 21 “sv i t hu
fl oss- and “ list h o w ’’ inf erfer ogran i s  mire presented ss i lk the shemir pmirm t l l e l to the acrot ’oil chord
gi mc i i t g  fringe .Ii if ’ts pr op or ti onmt l to chorstsv u ’ce densi t ~ gradients.

L:rom Fi gure 2 1 it catu be veeti ( fiat  the ‘‘ ito floss ’’ interf ers igram has fringes oh ’ h igh coui ti  .is t

vs itIt  re la t i v ely l i t t l e  ba ckground u tc mis s’ . I ’hi s i i i sf i c a es tha t  scattering front t h e  large nu tu ih e r of ’
mirror surfaces in the iranso n ic tunne l schl ieren sy stett i  atisi mul t i ple reflections from the four
vsind ovv s in the beani does u iot p i-eveiit flue t’ormm itio n of ’ good qumi l i t ~ Imiser i t ut er l ’erogranis. 1 hie
f ’r inges in the “vs it hu floss ’’ interf ’erogratii are sonsevvh at patch~ due its floss unstemisl ine ss ansi the
r e la tixel y long exposure time used . lhs v xeve r , the fact th at good I’rtnges mi re obtained in regions
vs-here st em m sl y floss ssould he expected (s’ g . upst remin i of ’ t he model) indicates tha t  tI r e niecha nica I
st abi l i t y  of ’ the arrat igenient ss as adequate.

An at tempt to quan t i t a t i s  ely an a ly  si’ the in te r f ’erogu ’anis of I”i gure 21 showed th at  miss ny f ’roni
(lie leading ed ge reg issis (lie fring e shift s svere too st ii m ill to be mm ccur mt te lv measured , t h i s  loss
accuracy- she it s i t  y grasi uen t iii t’ornia l ion IesI to g rc ms s i u t iccu r acies iii I he result u h g  in fegr a ted
densit y ansi pressure sLi ha Increa s in g t h e  beam shear increased the h inge sl iuh ’ts hut tlit’ a n mml y sis

became unmi ccep t ahI~ cont phi cat csh becmitis i’ the f ’ringe s f t i h ’ts coulsi no longer v imp l~ be regarded
as being caused by- local s he t t sc ly  gr isit eiti s , On the basis of ’ experieiice gained dt i r i iu g t h e  current
t ests it mippem irs that  bem int shearing int erf ’crotuii’ ters vs ofllsi only be rem i ll y usefu l oh h , i i gs’ high
pressure tunnels , i i ’. fI r e p arm in i eter  (model vile x tui u ne l  pressure l nu ore than in t in ier of
magnitude lmmr ge r .
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