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.. 	 FLOW VISUALIZATION TECHNI QUES 

'" . _. Par t I 

. h ' by Victor I. s t evens and Alvin Jo Sacks 
Ame s Aeronautical Laborat ory 

, . 
t • An understanding of the a ir flaw around and through v a r ious J 

components of an a i rcr aft is the bas i c goa l of all aerodynamic 
_ J.< 

research. To real i ze t his goal s i t is e s senti al that we be able 
to v i sualize the f lowe Since air f l ow i t s elf is not visible» 
considerab l e effort has been ai med a t devising techniques for. . 
making observation of the f l ow pos s i b l e. This is particular l y 
t r ue in recent years when fl i ght speeds of int erest have expanded 
to include the trans onic and super s onic ranges and we have been 
presented wi t h a number of new and previous ly unexp l ained problems. 
Before discussing t he f l ow visualization t echniques which have been 

, . 	 developed D l et us consider some of the things we would like t o learn 

by their use" 


Cons i der f or a moment9 the airp l ane s hown i n the fir st s lide 
(A- 19292-1) 0 Dependi ng on the par-ticul ar problem under s t udy ~ we 

'w • 	 may be int erested i n seeing the f low i.n a longit udinal p l ane or 

transv-ers e p lane . For example :> here at t h is wing section we would 

l i ke to know t he path of air aro-und the wi ng - - that i s 1) the shape 


., 	 of the stream.line s & The shape of the se s treamlines determine s.\> to 

a l arge extents the lift and dr ag charactl;lr is t ics of the wing and 

is therefore a maj or factor i nfluencing t h e performance of the 


- . 	 a i rp l ane. Next to the surface~ a thin shee t of air is dragged 
a l ong with t he airp lane~ producing a boundary l ayere We would like 
t o know the character (tIf t his b oundary layers i ncluding t he extent 

, . 	 of t he smoot h l aminar reg ionD the point of t ransition from l aminar 

, > 	
to turbul ent f l owl' and f inally» the details of t he thicker turbulent 
boun.dary layer " The s e factors aSS1Ulle cons iderab l e importance. The 
v'i scous f or ce s in the boundary layer produce f riction drag whi.ch 
:may account for half the to tal dra.g of an air p l anso These 'viscous 
forces are als o responsib le f or aerodynamic heating which bec omes 

'" ~ 	 i mportant a t a i rsp eeds of twice the s peed of s ound and grea·ter ~ 


The frict ion dra g and hea ting of t he smooth l aminar l ayer are only 

about 1/ 5 a s great a s t hat of t h e turbulent layer and we a re t here­


.. <'" 	 fore i nter es ted in me ans for k eep ing the f low l aminar . When the 
b oundary l ayer separates f r om t he s urface ,? which event ually happ ens 
wit h increas ing a ngle of atta.ck,\\ t he wing begins to lose lift 0 

" .. 	 This process may be gradual or abrupt and th e nature of its oo cUl'~ 

renee i s i mp or ·t;ant from t he standpoint of s afe l andi ng char a cter­. .. 
i s tics as well 	a s maxirm_un l ifto 

~ 

When we study the effect of the tail on the s t abi lity of t he 

"1"' 

airp lane ~ we are i nterested in the f l ow in t h is transverse p laneo 

, .. Here we can s ee h ow t he f low approachl~ the tai.l is twisted and 


.. distorted by the vortices f r om t he wing and b ody . These vor tices 

~ 
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are i n effecb miniat ure tornadoes and v although for s implicity 
only their cores are shown,j t heir influence extends over t he 
wh ol e tai l region. The stability provided by the tail in 't he 
presence of thes e vorti.ces then is ITnlch different than it I 
would be i n undis t urbed air o (Slide 1 of f o) ---1 

The probl em of making f low phenomena visib l e i s c ertain,ly 
not new i n the field of aerodynami c r e sea r ch and early effor ts 
to solve the prob lem produc ed a number of simpl e f l ow-visua l ­
ization techniques . One of these methods us es fi l aments of 
smoke i n t he wi nd tunne l o We wi ll now s ee a short motion 
picture made wi th this 't; echni que a number of yea rs ago i n a 
wind t unne l des i gned spe cifi cally f or t h i s pur pose 0 The 
sequences s hoWYl are tak en from a serie s illustrating methods 
for impr ov i ng maximum lif t of a i rfoi.ls 0 While watching t hese 
movies $ we should remember that f or good l if't; effectivenes s p 'the 
flow mus t a dhere to the upper surf ace of the wing .. 

(Smoke Flow Movi e ) 

This is a c omrentiona l airfoil mode l o We are l ooking a t a 
l ongi tudinal p l ane parallel to t he di r ection of the f low 0 Fila~ 

ments of smoke introduced ahea.d of the mode l are carried a long 
by the airf low and i ndica.t e the path of the air 0 In general D 

the flow clings smoothl y to the model as ang l e of att ack is 
incr eased but at a critica.l angle the b oundary layer separates 
f rom the upper surface D producing a turbul ent wake and a loss in 
lift . --- This model is equipped wi t h a retractab l e leadi ng- edge 
slato The s moke f l ow demonstrates the benefi cial a c ti on of t he 
slat in r e ducing the erient of the t urb ulent wake.. For ex:ample~ 

note that a.s the s lat i s clos ed the flow s eparates complet e l y 
from the upper surface o When i t r eopens the f low t ends to r e turn 
t o the s urfac.e ~ indicat i ng an i nc r ease i n l ift o Alth ough t his 
change i n. f low pattern. with s lat pa s l t ion may at f irst B,ppear 
slight~ the as socia ted change in lift is large (End of movie o) 0 

As most of you know~ modern a i rcr aft designed for h igh- speed 
f light dl.f,fer consi der ab l y from t he older conventi ona,l a i rp l anes 
in one maj or res pec't ; that is D t hey ar e gener a l l y more s l ender and 
the ir wing sp ans are much short er compar e d wi t h t he l ength of t he 
fuse l ageo From the s t andpoint of the aerodynami cs e t h i s general l y 
means more i nterference problems ~ since the a.ir influenced by the 
wing t ips a s well as by the long b ody often pas s es r i ght over the 
tai l s urf aces o From the s tandpoint of f low visuali z a tion9 it 
means a new look a t the flow o That is D instea d of looking at a 
streamwise slice out through the wing 9 a s i n t h e s moke movies 
you have just s eens we are now i n terested in cutting a slice 
a.cr os s the airstream a s we shvwed in t he first slide a nd look i ng 
at the f low i n the wake of t he wings and b ody o Several interes ting 
techniques have b e en developed f or maki ng this f l ow vis ibleo 
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Since some of the a erody namic iil'lte~ference s that we want t o 
study are p r i mari l y due t o the arrang ement of t he aircraft and are 
not much a ffec t ed by changes in ~ach number a we have b een ab l e to 
gain cons i der ab l e knowledge of these i nterferences through t he 
use of low-speed techniques like t he tuft grid and water t ank 
me t hods 0 The use of t he t uf t grid which was developed in the 
Langley Stability Wind Tunne l i s illus t r a ted i n. the next movi e 
sequence which Was taken of a t riangul a r wing mode l like t h i so 
(Hold up de l ta wing mode l .. ) These horizontal and verti.cal wires 
represent poss i ble horizont al and vert ical tail l ocatioDSo The 
grid of tufts is l oca.ted behind t he model and you will be l ooking 
upstream a t the model t hrough the tuf t grido 

(Tuft Grid Movie ) 

You are l ooki ng upstream and t he wing is on the other side of 
the tuft gri d. These are the wi res representing t he t a il and this 
l i ne represents the trai ling edge of the winge The ang l e of a t t a ck 
of the model i s increasing. Note that the tufts are swirling 
behind each wing t ipo These swir ls are due to the vortice s tha 
trail behi nd any lifting wi ng and increase in strength as the 
ang l e of atta ck is increasedo Here you can see the wing more 
c l ear l yo Note t hat as t he model i s s ide s lipped9 the tail move s 
i nto the vor tex. The flow in the t a.i l region is obvi ous l y domi~ 
nated by these vor tices and i n many cases severe changes i n both 
longi t udinal and di re c t i. onal stability of the aircraft hav e been 
traced to them.. Although vor t ices a lso exist on subsonic des i gns 
of l arge s pans t hey are weaker and are f ormed fur t her outboard 
so that their influence on the t a il is generally small a (End 
of movie 0) 

As you might s uspect" the a i rfl ow behind two wi ngs arranged 
in a cro s sed or cruciform pattern l i ke the se (hold up second model) 
is c ompl ex9 and i nterference ef fe c ts between wi.ng and tail become 
of pri mary i mpor t ance i n determining the stability of the aircraft . 
In fact9 wind- tunne l t ests of such a rrangements show that sev er e 
i r r egu l ariti es i n the pitch and roll characterist i cs are usually 
present . The water~tan.k method shown i n thi s next fi l m has been 
extreme l y he l pful in studying th:i.s problemo 

(Water-Tank Movie) 

In t h i s technique 9 aluminum p owder i s painted on the wing 
traili ng e d~e and the model i s lowered i nto a tank of water. The 
aluminum p owder is l eft on the water s urface and traces the wake 
of the wing~ This f irst run s hows the trai ling vor·tex: sheet 
r olling up behind a p l ane tria.'1gular winge The next sequ ence will 
show a crucifor m wing ba.nke d 4 5° and you will see that t he two 
upper vo r t ices come down and pass between the low lower vortices o 
As a resu l t of thes e studies 9 we have been able to deve lop methods 
f or predicling the path of the vor tices and henc e the s tability of 
s uch missiles. (End of movie o) 
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Flights of long s lender missi l es have sometimes resulted i:1 

01( 

failure since t he miss ile behaved erratically and the guidance 
.~ , system was unable to b r i ng the missile on targete The cause f or 

t his.? in lmny eases 9 is attributab le to a b ody~tail .interference , ., 
which was revealed. by t he VB.por s creen techniqueo The principle 
of this t echnlqu6:1 which can be employed at supersonic spee ds.9 
can be illustrated with t his sl i de (A~ 19292- l6 (a)) 0 

Here we see a mi.ssile model with its suppor ·t; and the vapor 
screen at right angl es t o the modelo Supers onic ai-flow i n the 

.~ 	 wind tunne l is fr om right to left as shawn by this a rrow 0 To 

produce the vapor sc:reenp fo g is introduc ed into the 'wind tunnel 

upstream of the mode l o A high- intensity light source p l aced behind 

a sli t projects a s heet of light a c r oss t he wind t unnel D thus 

illuminating a t h i n p l ane of the fog 0 Flm.. di sturbances v such 

as vor tice s 9 t hen altar the uniformit y of the fog patterno Her e 
·. we see two dar k spots caused by vortic es shed from t he b ody Which 
is a.t a s mall ang le to t he air stream" This dark region i s a 
shadow of' the model and has no sign i f icance as far as the airflow 
is concernedo In the fo llowing movie v the camer a is loeated here~ 

t • 	 and the fie l d of visi on will. i nclude appr oximately this areao 

(Vap or Scr een Movie) 

Ai r is f l owing in thi s di rect i ono This i s the body and this 
is the body sh adow wh ich is at a ri ght angl e to the bodyo The 

{ . angle of t he body t o the airstream is increa.singo Note ·the for ma­
ti on of two vort ice s a s shown by the s e dark s pots on the l ee side 

'T' 
of the b odye As the angle increas es D mor e vortices form .~- ev entu­

· . a l ly they b ecome unstab l e and s h i f t in a random mannero This move··, 
ment produces a correspon di ng change in the t ail force and i s 
responsib le for t he erratic b ehavior of the missile. (En.d of movie~ 

As a f inal examp l e i I woul d l i k e to show an. interesting result: 
obtained wi t h the v apor screen method At the top of this slide0 

. ,. (A-·19292~3 (a.)) we s ee the vapor s creen pattern behi nd a triangular 
wing moun.ted on a long bodyo The model is orien ted in approxi~ 

J... 	 mate l y thls manner o The flow i s supers onic 0 These are the body 

vortice s shown in the prev i ous movie and t h is pattern is pr oduc ed 

bY' the wingo On the basis of earlie r l ow-·speed studies and t heory.? 

one woul d expect to see a da r k region indicating a singl e vortex on 

each side o You s e e !) however ,? two yortice s on each side j oined by 

an S~ shap ed wake . Further examination showed tha.t our concept of 

the f low was over~simpl if:ied and had to b e r evised fo r this com= 

bination of wing shape and Mach number'~ Using the rev i sed concepts D 


the theory t hen predicted that the wake would roll up as s hown be l ow" 

Then a t some dis tance downs tream::> t h e wake .9 viewed in the t ransverse 

p l a ne D is shaped as shown here and is essentially that obs erved in 

the wind tunnel . 


~<. 
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The methods you have just seen are useful f or studyi ng f low 
phenomena in the t r ansverse pl ane f or b oth l ow-speed and high­
speed f l ight of s l ender shapes 0 However s> ii' t .he f low is to be 
studied i n a streamwise plane 9 the smoke techni que shovm earlier 
i s not pr actical for transonic and super sonic speeds and new 
techniques are requiredo 

The next speaker~ Mre Stalder ~ will di scus s meth ods 
particul arly suited for such studies o 
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F lOYT Vj s ualization Techni ques - Part II 

by 

Jacks on He St a l der 
Ames Aeronaut i cal Labor a.tory 

and 

Charles Ja Michels 
Lewis Fl i ght Propulsion Laborat ory 

Fortunately» the variati ons in a i r density throughout t he 
f low at t r ans onie and supersonic speeds a r e suff i ci ently large 
to bend l i.ght r ays in much the s ame manner a s does the gl ass in 
a l e ns s o 'that it has been poss i b le t o adapt op tical methods to 

• f l oW' v i.sualizat iono 

The shadow method i s t he simpl est of the optical techni.ques 
and i lS t he one common l y observedo You have probably seen shadows 

,,, 	 of heat waves f ormed by the suno These heat waves are oft en seen 
on the fl oor of a r oom where the sun i s rays pas s directly over a 
hot radi a t oT'Q A typi cal shadow system can be i llus trat ed wi th 
these c omponents o The l i ght source (left of stage) in this cas e 
i s a. high- intens i ty zi rconium arc lampo The rays from t h is .. 	 s our ce are col l ec t ed by a pa.rabo lic mirror (suspended f r om 
ceiling in f ront of l eft stage ) and r eflected in paralle l rays 
through the t e s t sec t i on to a screen or a photographic p l a te o 
I f we plac e a cigarett e lighter at thi s poi n t (drop lighter ) 

, , 	 y ou can s e e t he shadow of the lighter D and more i mpor t an t 9 t he 
shadow cast by the changes in ai r density in the heated region. 
around the f l ameo Very s imi l a r shadows are produced by s hock 
waves and boundary layers i n transonic and supersonic a i r f l owo 
The shadow me t hod is e xtensive l y used i n b oundary- l ayer studieso 

Thi s slide (A-19292~3) shows a typical shadowgraph of a 
research model. i n f light at a speed of 2500 mil e s per hOUT p i n 

'" 	 the Ames Super s on i c Free-Flight Wind Tunnel o The shadowgraph 
was taken with an exposure t i me of les s than one- mil lionth of 
a s e c ond s and shows the bow shock wa"t e ,!> the thin l aminar boundary 
l ay er D a r egi on of t rans i ti on from laminar to turbulent 1'1C1W 9 and 

~ ..... 	 f i nallYD the t hick turbulent b oundary l ayer o 

• 	 The pr obl em of predic t i ng the location of t r ans iti on. i s a 
diff icul t oneo Typi cal. experimental resul t s are shawn in t he 
next slide (A=l9292=4 ) 0 We f ound that by ca.reful contr ol of the 
s urfac e s moothness and te s t conditions D we were ab l e t o achieve 
l aminar f low (poi.nt t o top phot o) along the entir e l engt h of t he' " 	 body o However 9 s rmll change s i n test conditions fr om t he i deal . ., 
s uch a s one or two degr e es angle of a ttack (point to mi dd l e photo) 
coul d cau s e t r ansiti on t o occur well f o rward on the l ee side of 
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the model 0 It has a ls o been found that trans i tion doe s not 
a l ways remain at a gi ven place on the mode l a s wa s shown here 
and on t he previous sl i deo A nunb er of shadcwlgraphs have been 
obtained which show that turbul ence may be formed in bursts a s 
shown hereo Note the laminar region between the bursts (poi nt 
t o bottom photo) & The factors responsib l e for t hese burs ts are 
not compl e t ely known; however 8 we hav e dis c overed c or re l ati on 
between the occurrenc e of bursts of turbul ence and the exis t ence 
of minute i rregulariti es in shape of t he body nose 0 

stu di es on the probl em of t r ansition are continui ng because of 
the marked effect of transition locati on on payl oad and range of 
airpl anes and mi ssiles o For prOblems invol ving the enti re flow 
f ie l d ,9 great er de·tai l can be obtained by use of a schlieren optica l 
system shown i n, t he ne xt slide (A=19292- 5 ) 0 Thi s i s Din effect!) a 
shadow system with a mi r ror and kni fe edge addedo You will n ote 
that up to thi s point the components are the s ame 9 but that at 
this p oi nt the shadow screen is rep l aced. by a par abolic mirror 
whi ch pro j ects the model i mage on the screen i n this locati ono 
The kni fe edge i s pl aced at the focal poi n t of the mirror where 
a ll of the J.i.ght rays pass through a single point& It i s adjust ed 
to i nter cept about half of the light of all rays giving a gr ay 
ba ckground on t he screeno 

The next slide (A~19292-6 ) shows the operation of the schlier en 
s ystem with air f l cwi ono When the a ir f l ow is establ i shed9 the 
dens i t y changes produced by shock wav e s " and expansion regions ,9 
bend the light r ays pass i ng through themo If the ray is bent 
upward by a shook wav e as shown by t he so lid li ne ,!) the knife edge 
cu t s off all of the ligh t of t he ray ~ l eavi ng a dark line on t he 
s creeno If bent downward by an expans i on of a i r i n the tunne l D 
t he corr e sponding area on the s cr een is bri ght enedo 

On t his next slide (A~19292~ 7) are shown two repre s ent ative 
schlie r en phot ogr aphs t aken of a str ai ght and swept wi ng model 
wi t h ai r f l ow a t Mach 1 .20 Her e i s the bow shock wave f r om the 
nose and t his is t he shock wave f r om the winge You wi l l note 
that not only i s the wave itself shown!) as i n the case of t he 
shadowgr aph D but that v'ar i ous shades of gray are produced b ehi n d 
the wav e o This shows the pri mary d i ffer ence in the resu l t s of the 
s hadow and s ch lieren me t hods 0 The sm dow met hod is sens i t i ve 
onl y to abrupt changes i n the air den s i t y and !) henc e !) shows t he 
b ound a r ies of f l ow d is t urbanc eo On t he ot h er hand, t he s ch lier en 
is sens i t h e to the rat e of c hang e of air dens i ty and t hus n l)t onl y 
indicates the boundar y of t he di s t urbanc e" but al s 0 g ive s a more 
detai l ed and quant i 'tati ve p i c ture of the f l ow field in t he di s t urb ed 
regi ono For ex ai'11p l e ,!) i.n this photog raph we s e e a heavy b l ack 
r eg i on ahead of t he wing 9 i ndicating an erlensi ve and r ap i d change 
i n density and even without b enefit of force mea suremen t s we c an 
be c ert a i n that t he drag of thi s stra ight wing is much gr eat e r 
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than the drag of the swept wing. This ability of schlieren to 
indicate the existence of high drag and ~ mor e import ant, to indi­
cate the source of the drag, has been very helpful in improving 
the performance of transonic and superson ic aircraft o 

In a recent investigation in one of the Ames wind tunnels 
of a proposed supers onic airp l ane design~ schlieren observ'ati ons 
were instrumental in isolating the source of cert ain i rregul arities 
in the longitudinal and directional stability. The irregularity 
in directional stability was shown to be due to interference of 
the type shawn on this slide (A-1929209(b)) • 

Here are shawn the shock waves generated by the engine 
nacelles. Note that when the airplane is sideslipped, the tai 1 
is in the disturbed region behind one of the nacelles whe r e the 
flaw direction and velocity are differen"c from free- stream con­
ditions. In some cases this may resul t in signifi cant changes 
in directional stability. 

In the next slide (A-19292-9(a)) we see a simil ar type of 
interference between the wing and horizontal tai l . When the 
airplane is at law angles of attack, the tail is above this 
trai ling shock wave and consequently is in the high dawnwash 
region above the wing so that the stability contributed by the 
t ail is smallo As it passes through this wave with incr easing 
angle of attack» it moves into a region of less downwash and the 
stability increaseso 

In the examples we have seen~ schl ieren has been us ed to 
examine steady flow phenomena. Certain cases exist , hawever D 

where the fl~l fluctuates rapidly. The next movie sequence t ake n 
at Lewis illus t rates a fluctuation of f l ow through and a round an 
inlet. 

(Movie on) This is the inl et operating at a rvrach number of 
approximately 1 0 9 0 The flow is steady and the waves from t he 
inl et are weak. Note the s l ight b i l lawing of the wave. This 
fluctuation i s actually one hundred times f'asten than shown • 
When this viol ent fluctuati.on occurs the drag rises and t he engine 
is subjected to a pressure surgee Such viol ent f l uctuat ions are, 
of course 9 unacceptabl e and coul d conceivab l y destroy t he ai rpl ane . 
The next sequence taken at Langl ey shows a simil ar r esult obtained 
wi th shadawgr apho (Movi e off) 

As an aid f or studying f laws whi ch f l uct uate rapid l y i n a 
periodic manner " a s t roboscopi c schl i eren has been developed . 
In this system the l ight source is f l a shed on and off at a definite 
rate so that the mot i on appears to be slowed dow n or stopped . 
Unfortunatel y, f law fluc t uati ons at t r ansoni c speeds 9 as i n 
buffetingo oft en devia t e from a pure per i odic type so t hat t he 
strobo-schlieren i,s unab l e to stop the moti on by f l ash ing the 
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l:l.ght at any fixed rateo To overcome thi s difficultY l> a system 

was developed at Ames which was automt ical l y control l ed by the 


.., f l ow f luctuati on t o be ob s erved. The fo llowing movi e il l ustrates 

the use of this equipment in s tudyi ng high speed flowo 


l1li • • 

.. . (Movie on) Here we see an airfoil with a blunt trailing edgeo 
The flow is from left to right at 1'l8.ch 0 0 80 These are vortic es 
shedding alternately from the upper and l ower surr.aceso This type 
or. wake is called a vortex streetD and a t high speeds causes the 
shock waves which are moving forward over the airfoilo Here is 
the same type of flow behind a circular cylindero (Movie off) 

In the schlieren ex.ampl es covered so far s the rate of Changel 
of the air density controls shades of gray between white and 
black Q Colored schlieren j developed at the Nati0nal Physical 
Laboratory in England 9 i n which density changes control colors 
is a l s o i n use. Colored schlieren is similar to b lack and white 
schlieren with the foll owi.ng exceptions as sh own i n the next 
slide (A-19292-12). 

The simple white light source is repl ac ed by one incorpor a ting 
a prism9 which9 in effects produces a distributed source c omposed 
of the c alar spectrum. Each ray ba.n then be considered a s composed 
of a nuniber of separat e color s . These rays are brought t o fo cus 
at this point and pass through a s lito The s l it is adjusted to 
let only one color pass when there are no flow disturbances 0 Any 
floVl d i sturba..'1ce which bends the r ay will then cause a di fferent 
color t o pas s through the s l ito Thus 9 shock waves and expansion 
'waves are in co lor contrast to the backgroundo The streng t h of 

,. . 	 t he disturbance c ontr ol s the degr ee of bending of the r ay and 9 

hence 9 the col or which passes through the slito 

The fo llowing movi e sequenc e il l us trates one of the advantages 
of colored schliereno (Movi e on ) In t his sequence we see the f low 
field around a straight wi ng mode l as the speed is increas ed from 

, "'- subsoni c to supersonic . Here the s lit was adjusted to give an 

orange background and shock waves are now blue and expansi. ons are 
... 
redo Note the formation of shock waves as t r ansoni c flow i s 
establishedo The flow is now supersonic o 

In the next sequence the wing sweep is varied while the tunnel 
. ..... is operating. The slit was adj usted t o give a background of b l ue­

green and the prism was orient ed so that expansions are blue and .. 
shocks are ye l l ow., orange e or red 9 depending on the str ength of 

-< 	 the wave. In this swept position the shock wave from the wing is 

re l atively weak. As t he sweep is r educed .!) note the progressive 

change in co lor D i ndi cati ng increasing shock strength. It is 


~,. clear l y easie r to compa re shock s trengths on the basis of c olor 
rather tha n sh ades of gr ayo (Movie ofr)
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In tM,s short demons t ration we have had time to give only a 
few representat ive exampl es of many of the aer odynamic problems 
tha t have been at l eas t par t ially understood and s ol.ved with the 
aid of some of t he techniques in r egul ar use at t he l aborator i es 
of the NACAo Many equally i nteresting techni que s s such a s the 
interferomet er 1 the nitrogen aftergl ow used in studying sho ck 
waves and density variati ons in low- density flows 9 and the luminous 
lacquer and china-clay techniques for studyi ng boundary- layer 
f l ows D have necessarily been omitted o We hope 9 however~ t hat 
you have gained some i nsight into the wide range of techniques 
newf avai l able and of their importance in the understanding of the 
air fl ow which dictates the per formance of our aircraft o 
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