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ABSTRACT 

An o p t i c a l  measuring technique f o r  t he  high speed 
wind tunnel  of the  LFA i s  being developed f o r  quan t i t a t i ve  
and q u a l i t a t i v e  flow s tud i e s ,  The object  i s  t o  determine 
the dens i ty  on t e s t  bodies i n  the a f r  flow and i n  t h e i r  
nef ghborhood by in te r fe rence  measurement, 

The r e s u l t s  s o  f a r  obtained i n  simple prelfmfnary 
experiments show tha t  i t  i s  poss ib le ,  even with small Rey- 
nolds numbers, t o  a s c e r t a i n  the densi ty  f f e l d  surrounding 
a flow body by o p t i c a l  means, Simple, ana ly t fca l  r e l a t i o n -  
sh ips  give the connection between densi ty,  pressure,  vels-  
c i t y  and temperature, 

I n  add i t ion  in te r fe rence  measurement fu rn i shes  
valuable information about boundary l aye r  r e l a t i onsh ips ,  
such as the  type (whether laminar o r  t u rbu l en t )  and thick0 
ness ,  a s  wel l  a s  d i s t r i b u t f o n  of temperature and ve loc i ty ,  
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I INTRODUCTION 

The development of -an o p t i c a l  measuring technique 
f o r  t e s t s  i n  the  high speea wind tunnel a t  the Hernaann 
Goering Aeronautical Research I n s t i t u t e ,  Brunswick ( f i g ,  1) 
f s  based on the fundamental idea t h a t  the in t roduct ion of 
any mechanical measuring instruments whatsoever i n t o  a high 
speed flow must be. avoided i f  the ahu is t o  ge t  measurement 
data  not af fected by disturbances, The extremely high pro- 
pagation speed of l i g h t  f u r t h e r  recommended i t  f o r  use a s  
a measuring agency, s ince f n  t h f s  way even the most rapid 
phenomena i n  a flow c m  be reg i s te red  completely f r e e  from 
i n e r t i a ,  

The choice f e l l  upon an  in te r fe rence  procedure 
with s p a t i a l  separa t ion of the in t s r fe rence  beams i n  accor- 
dance with the Mach-Zehnder p r inc ip le  f o r  analysing the 
densi ty  f f e l d  surrounding a body subjected t o  a flow, and 
also f o r  ascer ta in ing  the  d i s t r i b u t i o n  of pressure on the? 
t e a t  objeot  i t s e l f ,  

An o p t i c a l  s ch l i e r en  method i s  coordinated with 
the measuring procedure so t h a t  the  flow phenomena may be 
made v i s i b l e  a t  the same time, 

I1 THE INTERFERE37 CE-SCHLEREN APPARATUS AT THE IXERMANEJ GOERING 
UROMAUTICAL RESEARCH INSTITUTE, BRUNSWICK 

The physical p r inc ip les  of the in ter ferencf  pro- 
cedure have already been described elsewhere 1 to , The 
bas ic  p lan shown i n  Figure 2 w i l l  serve t o  c l a r i f y  the o p t i c a l  
measuring equipment described below, 

The l i g h t  from a source L reaches the screen B v i a  
two d i f f e r e n t  paths of equal length, The two plane p a r a l l e l  
g lass  p l a t e s  Pi  and P2 a r e  coated by evaporation with a t h i n  
l ayer  of metal making them semi-transparent, The plane 
mirrors S1 and S2 a re  f u l l y  r e f l e c t i v e ,  The l i g h t  reaching 
p l a t e  PI i s  thus divided i n t o  two equally br ight  pa r t s ,  of 
which one i s  r e f l ec t ed  and the  other  allowed t o  pass through 
the  p l a t e ,  

From p l a t e  P1, both p a r t i a l  l i g h t  beams reach 
p l a t e  P2 v i a  S1 and S2 and can then be brought i n t o  i n t e r -  
f erence, 

A prerequi s i t e  f o r  bringing about the in te r fe rence  
i s  a ca re fu l  basic adjustment of the apparatus i n  which a l l  
p la t e s  and mirrors must be p a r a l l e l  and the two l i g h t ' p a t h s  
exact ly  equal, The beams then i n t e r f e r e  a t  i n f i n i t y ,  
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In order t o  bring them in to  interference on a pre- 
determined plane an  adjustment of the angles a t  P1 and P2 
must be made so t h a t  the  two p a r t i a l  beams merge a t  the image 
plane B ( f i g ,  a*), We then get  a s t r i p  system i n  t h i s  plane, 
which, by su i t ab le  adjustment of the mirrors, can be a l t e r e d  
a t  w i l l  as  t o  d i r ec t ion  and width of the strips, 

If a t e s t  medium of d i f f e ren t  density from the 
surrounding a i r  i s  placed i n  the path of one of the two 
p a r t i a l  beams, cal led the t e s t  beam+ a d i s t o r t i o n  of the 
in terference s t r i p s  occurs, The s i ze  of the  bulge i n  a 
s t r i p  i s  a d i r e c t  measure of the density i n  the  t e s t  medium, 

The adjustment of the angles i n  the in terference 
refractometer determines the d i r ec t ion  of the s t r i p  dis-, 
placement i n  the in terference image ( f i g ,  3), This direc-  
t i o n  i s  posi t ive  o r  negative, depending on whether the two 
interference s t r i p s  in t e r sec t  t o  the r igh t  o r  l e f t  of the 
screen's  ( B )  centre plane, To i l l u s t r a t e ,  f igure  4 shows 
the s p a t i a l  density f i e l d  around a burning candle with the 
interferometer adjusted a t  d i f f e r e n t  angles, 

By choosing the width of s t r i p  the s e n s i t i v i t y  
of the  in terference procedure can be varied as  desired 
within wide l i m i t s ,  By choosing the pos i t ion  of the s t r i p s  
an8 the s ign  of the bulging, the procedure can be favour- 
ably adapted t o  the papt icular  t e s t  case, 

If we are  dealing, as i n  the f i e l d  of aerodynamics, 
with the s tudy of bodies within a flow, then by choosing our 
width of s t r i p  we can a sce r t a in  the  d i s t r i b u t i o n  of pressure 
on the t e s t  object  a t  a grea t  many measuring points  without 
the necess i ty  of having pressure holes on the object  i t s e l f ,  

Moreover, the density f i e l d  as ascertained by in- 
terference y i e lds  data  concerning the po ten t i a l  flow near 
the t e s t  object  a s  well a s  valuable conclusions about 
boundary layer  phenomena, 

The sch l ie ren  procedure ( f i g ,  2) is  used f o r  a 
simultaneous qua l i t a t ive  observation of the flow phenomena, 
The l i g h t ,  of d i f f e ren t  wave lengths, i s  brought from a 
source Lg v i a  a semi-transparent plane p a r a l l e l  p l a t e  P @  
t o  the t e s t  beam of the in terference system, It proceeds 
with t h i s  beam simultaneously and i n  the same d i r ec t ion  
through the t e s t  medium, Thereafter the sch l ie ren  beam i s  
separated from the in terference beam by the second semi- 
transparent  p la te ,  P@s, and likewise reaches the screen B 
over the sch l ie ren  s top,  The r e s u l t  is a schl ieren image 
of the flow phenomena of the same sca le  a s  the in terference 
image, 
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Figure 5 shows diagrammatically the l i g h t  path of 
the in ter ference-schl ieren apparatus designed a t  the Hernrann 
Goering Aeronautical Research In s tL tu t eo  The l i g h t  L, fPom 
an  ul t ra-high pressure mercury lamp (upper l e f t )  of h ighest  
poss ible  i n t e n s i t y  i s  r e f l ec t ed  a t  a small mirror,  lo, onto 
the  concave mirror,  2, It proceeds from there  a s  a p a r a l l e l  
beam t o  the  guide mirror,  3, and then t raverses  the four- 
p l a t e  system a s  shown i n  f i g w e  2, After  the two p a r t i a l  
in ter ference beams have come together  again a t  p l a t e  P2, 
the l i g h t  path continues v i a  guide mirrors ,  4 and 5, t o  
reach the concave mirror ,  6, This mfrror,  which has a l a rge  
f o c a l  length  (f = 3,5m), produces v ia  mirrors  7, 8 and 9 
an image of the t e s t  object  i n  the wind tunnel,  Mirror 9 
i s  semi-transparent s o  t h a t  the  l i g h t  beam reaching i t  is  
divided i n t o  two pa r t s ,  The s t ronger  p a r t  is  used f o r  the 
image t o  be photographed; the weaker p a r t  i s  conducted v i a  
mirror  10 t o  a ground g l a s s  p l a t e  f o r  observation, A colour 
f i l t e r  i n s t a l l e d  i n  the l i g h t  path serves t o  ex t r ac t  the 
wave lengths hl  = 5770/90 AoUoD which a r e  e spec i a l l y  su i t ed  
t o  our purposes, 

The change i n  the o p t i c a l  path of the t e s t  beam, 
caused by the r e f r ac t ive  index of the windows i n  the wind 
tunnel  .and of the end p l a t e s  of the model, is  equalized by 
a coxpensator i n  the  path of the second beam, 

The l i g h t  path of the sch l ie ren  system begins 
a t  the  source LO (lower l e f t )  and proceeds v i a  mirrors  11 
and 12 t o  the concave mirror, 13, From there  the p a r a l l e l  
beam reaches the t e s t  beam of the - i n t e ~ f  erometer vfa  the 
semi-transparent p la te ,  14, Together with t h i s  beam L t  
passe$ through the a i r  flow v i a  the  windows i n  the wall  of 
the tunnel and the end p l a t e s  of tfie t e s t  model ( c f ,  f i g ,  
21, 

P la te  1 5  again  separa tes  the sch l fe ren  beam and 
d i r e c t s  i t  v ia  the guide mirr,or, 16, t o  tfie' concave mirrar,  
17. This, i n  turn,  forms an image of the t e s t  model i n  
the  plane of the  image t o  be photographed as well a s  t h a t  
of the ground-glass p l a t e ,  It has the same foca l  length  
and the  same object  d is tance  and hence the  same sca l e  a s  
the  in te r fe rence  p ic tu re ,  -The path i s  over the s ch l i e r en  
s top  v i a  mirrors  18 and 19, 

Thus the course of the  experiment can be observed 
continuously through both optical.,systems on a screen con- 
ta ined i n  a sound-proof compartment, while independently 
of t h i s  the same succession of events can be photographed 
o r  filmed, A high frequency motion p ic tu re  apparatus per- 
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mlts the filming of exceptionally interesting and rapfd 
phenomena at high picture frequencies, while the light sources 
can be controlled from the motion pfcture camera to give brief, 
strong overloading (and thus an increase in light intensity), 

For special tests of short-lived occurrences a 
flash installation is also provided for as an additional 
light source, This instal ation permits single photographs 
with exposure times of lom8 second (fig. 5 ) .  Looking at 
the left-hand side of the diagram we can see that by simply 
changing the positions of mirrors 1 and 11 the spark fllu- 
mination can be introduced into the two previously descrfbed 
paths of the optical system, The optical arrangement shown 
fn figure 5 was chosen so as to reduce the large path dfs- 
tances in the apparatus itself before photographfc repro- 
duction, and so that both photography and observation could 
be undertaken close to the test area, 

All optical-me chanical components are housed in 
a large test carriage bui lt in the form of a box-girder, 
which can be insulated from the outside by heat-absorbing 
materials so as to shield the testing apparatus from sur- 
rounding temperature disturbances, 

All mirrors and plates are mounted in universal 
arrangement, Each therefore is capable of angular rotation 
about two axes at right angles to each other, When the 
apparatus has been adjusted most of the mountings are locked, 
The only components which remain movable while the apparatus 
is in operatJon are plates PI and PZ of the Interferometer, 
the compensator, and the two plane parallel plates, 14 and 
15, of the schlieren system, 

The adjusting mechanisms of the mirrors, as well 
as the optical componentsl themselves, must be extremely 
precise, since angular adjustments as small as a fraction 
of a second must be possible, 

The adjustable mirror units are fitted with mul- 
tiple worm gears for fine adjustment, The reduction ratio 
fs 1:73,000,000, The mfrrors can be worked by electrfcal 
remote control from the test compartment, by means of which 
the smallest possible angular adjustment 1s 1/10 second, 

1, All optical components were obtained 
from the firm of Halle and Sons, (~alle 
Nachf,), Berlin-Steglite, The excellent 
universal mountings for the mirrors of 
the interferometer were also manufactured 
by Halle & Sons in accordance with our 
specifications, 
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A n  e l e c t r i c a l  i nd i ca t i dn  of angular  adjustment is  l inked 
t o  each d r ive  mechanism so  t h a t  a n  exact  p i c t u r e  of the  ad- 
justment of the measuring equipment i s  always obta inable  a t  
the con t ro l  desk, 

The t e s t  ca r r i age  i t s e l f  r e s t s  vfbrotechnfaal ly  
on suspended beams, f o e o ,  i t  i s  connected t o  the .outer  mobile 
support ing s ca f fo ld  by accura te ly  ca l i b r a t ed  r e s t o r i n g  
spr ings ,  I n  t h i s  way the t e s t  apparatus i s  protec ted  from 
a l l  nearby shocks, whether they come from the wind tunnel  
or  the bui ld ing ( f i g ,  61, 

INTERFERENCE MEASUREMENTS 

While a t  present  the sca f fo ld ing  i s  s t i l l  being 
designed, the in te r fe rence  p a r t  of the  t e s t i n g  equipment 
has been i n  opera t ion  f o r  about ha l f  a year  w i t h  a pro- 
v i s i o n a l  ca r r i age  of the  o r i g i n a l  s i z e ,  The f f r s t  experi-  
ments have a l ready been completed pe r t a in ing  t o  o p t i c a l  
compensation and t o  the angle s e n s i t i v i t y  of g l a s s  p l a t e s  
introduced i n t o  the t e s t  beam a s  boundaries f o r  the wind 
tunnel  and the model, Fur ther ,  a small experimental wind 
tunnel  has been b u i l t  so  t h a t  flow measurements by means of 
l i g h t  in te r fe rence  could a l ready  be c a r r i e d  out ,  

The bulging of the in te r fe rence  s t r i p s  a s  compared 
w i t h  t he  undisturbed s t r i p  f i e l d  (without a i r  f low) ,  provides 
a d i r e c t  measurement of the dens i ty ,  i n  accordance with the  
equat i on 

where Ay (m) = the s t r i p  bulge; 
b  (mu$ = the d i s t ance  between two undisturbed 

in te r fe rence  s t r i p s ;  
n, - P = r e f r a c t i v e  index i n  e  undistrubed 

2% medium = 0 , 0 0 0 2 9 3 ~  - 
T- 

P ~ , Y ] =  a i r  dens i ty  i n  undisturbed condition: 

>(mm) = wave leng th  of l f g h t  employed (5798 A,U,]; 
L(mrn) = length  of l f g h t  pa th  wi th in  the  medium 

of a l t e r e d  dens i ty ,  

The magnitude 3- 2s independent cf the sca l e  of 
b 

magnification ant3 can be derived from each s t r i p  p f e tu r e ,  
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  or an ad iaba t ic  change of ' condi t ion  the arelation- 
ship  between densi ty  and s t a t i c  pressure i n  the flow f i e l d  
fa  given by the  equation 

If the s t a t i c  pressure on the surface of-the sub- 
merged body i s  t o  be ascertained,  then p and P are  pressure 
and densi ty on the t e s t  object  and p, and p ,  are  the  . 

pressure and densi ty  i n  the undisturbed flow, Thus fn the 
. ' f i r s t  approxfmation we have 

- - 

When t h e  Mach number i s  &rea t e r  than 0.5, then, 
w i t h  the exact formula f o r  the  ad iaba t ic  processes we ge t  

. . 

For the usual pressure coe f f i c i en t  9 i n  measure- 
Q 

ments of pressure d i s t r i b u t i o n  we thus get the following 
expression ( fo r  M 0,5): 

The value P p ,  however, is  known from the o p t i c a l  
measurement, Hence 

- .  - .  

Numerical Example 

For evaluating a densi ty  f i e l d  

Span L =: 170 mm, 

S t r i p  width on photograph'b = 2,7mn, 

Dynamic pressure i n  the t e a t  sect ion q = 350 kg0ms2 

p = 9975 kg.mo2 a t  
a temperature 
of la0 C, 
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Thus when the width of the s t r i p  i s  given the 
bulge needs only t o  be mul t ip l ied  by a constant  f a c t o r  f n  
order t o  get  the pressure coe f f i c i en t ,  

From the r e s u l t  obtained f o r  b y  we see tha t  the 
technique must be extremely sens i t i ve  t o  the smallest  den- 
s i t y  changes, s ince  the s t r f p  displacement measured i n  the 
in ter ference p ic tu re  is d i r e c t l y  proport ional  t o  the s t r f p  
width a s  well  a s  t o  the  l eng th  L (on an a i r f o i l  L f s  the 
span),  I t s  remarkable s e n s i t i v i t y  r e s u l t s  from the f a c t  
t h a t  the densi ty  change accurring a t  each p i n t  f n  the flow 
f i e l d  i s  in tegra ted over the  e n t i r e  extension f n  depth (L) 
of the t e s t  medium, Through the choice of these two mag- 
ni tudes b and L the s e n s i t i v i t y  of the measuring technfque 
can be adapted wfthfn wide limits t o  the  experfmental eon- 
d i t i o n s  i n  any given ins tance ,  

I n  t h i s  connection it shoul$ be mentioned t h a t  
the theory of po t en t i a l  flow t r e a t s  the air as  an fncom- 
press ib le  medium up t o  a flow speed of BOO meters per  sewnd, 
f o e , ,  f t  i s  assumed t h a t  the densi ty  remains constant within 
t h i s  range, The f a c t ,  however, t h a t  f n  r e a l f t y  a change 
of densi ty  aceompanfes every change of speed, is  jus t  the 
prf  nc i  p le  of measurement underlying the in ter ference t e  eh- 
nfque, The assumption t h a t  the densi ty  i n  the po ten t f a l  
flow f s constant f o r  a l l  -plane sac.tfons i n  the flow f f e l d  
f a  an e r r o r  of negligeable proport ions,  Howevep, .the in- 
t e g r a l  value of these  small magnitudes, ca lcula ted over the  
length  L, r e s u l t s  I n  s u f f i c i e n t  dfsplacement of the i n t e r -  
f erence s t r i p s  f o r  measuring purposes, 

I n  the ea r ly  s tages  of development of t h i s  optf c a l  
technique i t  was supposed t h a t  In  any case a far-reaching 
Improvement i n  the s e n s i t i v i t y  of the method would ha've t o  
be sought, The r e s u l t s  so  f a r  obtained, however, already 
show t h a t  even on a small model (170 mm, span),  and a t  
normal flow speed, aa t l s i ae to ry  s t r i p  displacements are  
obtained, A s  a consequence the natuzze of the problem has 
changed fundamentally , 
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One has only t o  consider  t h a t  the s i z e  of the 
s t r i p  bulge i s  p ropor t iona l  no t  only t o  b and L, but a l s o  
t o  the change i n  d e n s i t y  AP and consequently a l s o  t o  t he  
square of the speed, or ,  i n  a compressible flow, approxf- 
mately t o  the  speed i t s e l f ,  t o  r e a l i z e  t h a t  l a r g e  s t r f p  
displacements must occur when t e s t s  a r e  made i n  the  h igh  
speed tunnel ,  I f  the span width, a s  used i n  these prelfmf-  
nary experiments, i s  mul t ip l i ed  by 10 and the speed of f low 
by 4, then w i t h  t he  s t r i p  width t h a t  has been thus f a r  em- 
ployed we can expect  a s t r i p  displacement about f o r t y  times; 
a s  g r e a t ,  It w i l l  t h e r e f o r e  be necessary a t  times, when 
using the  g r e a t e s t  poss ib le  speed of flow i n  the high speed 
wind tunnel ,  t o  reduce both the  span width of the model and 
the  width of s t r i p  I n  the i n t e r f e r ence  p f c tu r e  consfderably,  
No disadvantage r e s u l t s ,  aerodynamfeally, from us ing  end 
p l a t e s  a t  the  ex t remf t fes  of the  model (two-dfmensioml pro- 
blem). The choice of t h e  very narrow fn te r fe rence  s t l i p s  
only inc reases  the  number of measurfng pofnts  on the  t e s t  
ob jec t ,  For eva lua t f  on purposes, therefore ,  we can s e l e c t .  
a t  w f l l  whatever measuring pofnts  a r e  considered important,  

Ffgure 7 shows the  d e n s i t y  f i e l d  of a cy l inder  of 
l eng th  L = 170 nun, and dfameter D = 25 mm,, a t  a flow 
ve loc f ty  of 75 metres per  sec, ,  and with both s i gns  of t he  
s t r f p  displacement a s  determined by the adjustment of the 
angles  i n  the In ter ferometer ,  It f s  very e l e a r ,  i n  the 
example gfven, t h a t  t h e  d i r e c t i o n  of the s t r f p  bulges a s  
shown i n  Figure 7a f s  the  b e t t e r  f o r  eva lua t ion  purposes, 
s ince  the re  a r e  a g r ea t  many more measurfng pofnts  t o  be 
had near  the s t a g n a t i o n  po in t  and I n  the acce-leratfon region,  
Note t h e  pronounced t r a n s i t f o n  i n  the d e n s i t f e s  from poten- 
t f a l  flow t o  t h e  s t agna t fon  r eg ion ,  a s  wel l  a s  the unffo$m 
in termedia te  value of the densi-ty behind t he  r e s i s t a n c e  
body, Also t o  be noted i s  the way f n  which a very in tense  
t r a n s f e r  of energy takes p lace  in the two vor tex  t r a i n s  a t  
a d i s t a nc e  of about one cy l inder  dfameter behind the  t e s t  
body, This 1s caused by rapfd  changes i n  ve loc i t y ,  The 
haziness  I n  the i n t e r f e r en ce  p f c tu r e  r e s u l t s  from the f a c t  
t h a t  t h e  frequency of the  dens i t y  changes f a  g r e a t e r  than 
t h a t  corresponding t o  the  exposure time used, vfz,  1/200 
second, I n  the continuous p fc tu re  of a slow motfon camera 
we would see  how r ap i d l y  the dens i t y  v a r i a t i o n s  occb.1.': 

Ffgure 8 shows the  dens i ty  q i s t r i b u t i o n  on the  
cy l inder  over a range of angles  from O0 t o  b80°, a s  p l o t t e d  
f r o p  the  In te r fe rence  measurement, For- purposes of comparf- 
son a d e ns i t y  d i s t r i b u t i o n  curve from & and  M, 1210 is 
placed a longs ide ,  The comparison shows t h a t  the  optf c a l  
measuring technique i s r e l f  ab le  and supplies absolu te  va lues  
even under the  pr imft fve  conditfons s f  the  small  experimental 
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tunnel,  This tunnel has a s  yet  no honeycomb and the ve loc i ty  
d i s t r i b u t i o n  i n  the t e s t  s ec t ion  is very poor, Apparently, 
too, it has a very high turbulence l eve l ,  

Figurns 9 and 10 show the densi ty  f i e l d  around an  
e l l i p t i c  cylindb2 with an ax is  r a t i o  of 4 ~ 1  a t  two d i f f e r e n t  
angles of a t tack,  O0 and 8' and with both s igns  of the s t r i p  
displacement, Figures 11 and 12 show the r e s u l t s  of the 
in ter ference measurement using both angles of a t t a c k  and 
f o r  comparison the  r e s u l t  of the pressure d i s t r f b u t f o n  as 

calcula ted f o r  zero incidence, 

It is  worth noting tha t  the densi ty  d i s t r i b u t i o n  
on the e l l i p t i c  cyl inder depends t o  a l a rge  ex ten t  on the 
ReynoldsP number and on the turbulence l eve l  of the wind 
tunnel, a s  the  r e s u l t s  of the measurements i n  NACA Report 
No, 652 shorn, The curve of dens i ty  d i  s t r i b u t i o n  from the 
in ter ference measurement i s  very s imi l a r  t o  the r e s u l t  an- 
nounced i n  the MACA Report f o r  a d f f f e r e n t  axis  r a t i o ,  Com- 
p l e t e  agreement of the absolute values with the measurements 
from other  tunnels  and with the theory i s  not t o  be expected 
f o r  .the reasons nentioned, 

In  add i t ion  preliminary experiments on a i r f o i l  
p r o f i l e s  were made, Figure 13 shows a s e r i e s  of a t t ack  
angles of the p r o f i l e  Goe, 387, from which dens i ty  d i s t r i -  
bution f igures  a r e  derived, Since the p r o f i l e  i n  quest ion 
has a thf c h e s s ,  amounting t o  PO per  cent of the tunnel 
diameter, the angular s e t t i n g  resu l ss  i n  considerable changes 
i n  the  flow f i e l d  due t o  crowding of the j e t ,  Calculat ions 
and comparisons can only be made, therefore ,  f o r  = O0 
and, i n  some cases,  U = 5,7*, With other  angles of a t t a c k  
the ve loc i ty  in the t e s t  sec t ion  can no longer be determfned, 
For study purposes the photographs a re  given with the s ign  
of bulge displacement t h a t  i s  the l e a s t  favourable f o r  
evaluat ion,  Note the d l  s t o r t i o n  of the s t r i p s  around the 
leading edge near the s tagnat ion point ,  

Figupe 14 shows the r e s u l t  of in ter ference 
measurement on the prof i&- Goe, 38'7 compared t o  the Goett in- 
gen pressure d i s t r i b u t i o n  measurement f o r  a = QO,  The de- 
v i a t i o n  i n  the pressure d i s t r i b u t i o n  on the pressure s ide  
of the p r o f i l e  f s caused by the disturbances due t o  the 
support, 

Figures15 and 16 show f o r  the angle of a t t ack  
a = 5,7@ the influence of the support a s  t h i s  i s  placed 

respec t ive ly  on the auctjon s ide  and on the preeaure aide 
of the  a i r f o i l ,  Figure 19 ives  the pressure d i s t r i b u t i o n  
on the undisturbed p r o f i l e  f without support]  aa compared t o  
the Goettingen pressure d i s t r i b u t i o n  curve, 
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I n  t h i s  experiment the disturbance due to  the 
support i s  very not iceable ,  because i n  the f i r s t  place the 
l a t t e r  is  placed very close t o  the  wall  of the tunnel,  and 
secondly the span of the model i s  very small, I n  the high 
speed tunnel  the re la t ionsh ips  are much more favourable, 
Moreover it would be no problem t o  i n s t a l l  the model in 
such a way t h a t  the supports would be outs ide  the end p l a t e s  
and thus el iminate any influence of the disturbance on the 
flow aga ins t  the a i r f o i l  i t s e l f ,  

Ffgures 18 and 19 show a s e r i e s  of angles of a t t a c k  
with -a Joukowski prof i l e  of l O  mm, chord up t o  flow separa- 
t i on ,  

I n  a l l  the  in te r fe rence  pfc tures  i t  can be aeen 
t h a t  the s t r i p s  i n  the s tagna t ion  region d i r e c t l y  behind 
a res i s tance  body, a s  well  as  thase i n  the flow beyond a t  
some d i s tance  from the  model, show measurable bulgfnga from 
which the res i s tance  can be ascer ta ined,  The evaluat ion 
procedure1 f o r  determining the res i s tance  i s  now being worked 
out ,  

Up t o  t h f s  point  f t  has been t a c i t l y  assumed t h a t  
the In terference s t r i p s  a re  produced by monochromatic l i g h t  
with the e n t i r e  image f i e l d  made up of sa tu ra ted  in te r fe rence  
s t r i p s ,  Homogeneous l i g h t  was indeed used i n  a l l  the examples 
so f a r  shown, There a r e ,  however, ins tances  of app l ica t ion  
where i t  i s  necessary t o  fden t i fy  afngle s t r i p s ,  For t h i s  
reason c e r t a i n  ones must be accentuated, This occur8 i n  
the  so-called zero-interference,  where s fngle  s t r i p s  of d i f -  
f e r e n t  degrees of s a t u r a t i o n  and d i s t i nc tnes s  appear, 

If we use q l i g h t  t h a t  emits severa l  wave lengths 
these w i l l  give d f f f e r e n t  fn terference s t r i p  wfdths, The 
r e s u l t  is  a group formation of s t r i p s ,  Between the  fndivf-  
dual s t r f p  groups, a t  the place where the maximum i n t e n s i t y  
of one colour system coincides exact ly  with the milnfmum in- 
t e n s i t y  of another, the l i g h t  1s wholly extinguished and no 
Interference takes place,  There 1s only one s t r i p  group 
contafnfng a heavily sa tu ra ted  s t r i p ,  the so-cal led zero- 
in te r fe rence ,  which f s  formed f n  the l fne  of symmetry of 
a l l  coherent points  of l i g h t ,  The presence of t h i s  zero- 
in te r fe rence  i s  a t  the same time the c r i t e r i o n  f o r  complete 
adjustment of the in ter ferometer ,  A t  t h i s  stage the two 
l i g h t  paths ( f i g ,  2 and 3) must be so  near ly  equal i n  length  
t h a t  they d f f f e r  only by f r ac t ions  of ha l f  a wave leng th  of - 
the l i g h t  e m p P o c -  , - 

. 
1, A separate  repor t  i s  being issued on 
the  evaluatfon procedure i n  fn terference 
measurement, 
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Figure 20 shows a pic ture  of zero-interference 
from a mercury vapour lamp, The zero-interference s t r i p  
i s  c l e a r l y  dis t inguishable  from the others  by i t s  heavy 
blackening, 

Figure 80 shows fur ther ,  how advantageously the 
zero-interference can be used t o  ascer ta in ,  f o r  example, 
the velocfty i n  the closed wind tunnel,  I f  the upper pa r t  
of the photograph represents  the in terference s t r i p  p ic ture  
with the known o r ig ina l  condit ion of the wind tunnel wfth- 
out flow (v = O), then the Power p a r t  shows the displaced 
s t r i p  f i e l d  under flow, The ex ten t  of the dfsplacement is  
d i r e c t l y  proport ional  t o  the change i n  dens i ty  and there- 
fo re  t o  the flow veloci ty, Similar ly  temperature and f l u f -  
d i t y  s t r a t a  and the l i k e ,  can be measured with zero-intep- 
ference, s ince these c h a r a c t e r i s t i e s  of the otherwise homo- 
geneous t e s t  medium a re  accompanf ed by densi ty  v a r i a t i  ona, 

IV BOUNDARY LAYER INVESTIGATIONS 

The in terference p ic tures  of the a i r f o i l s  sub- 
jected to  flow already show other very in t e re s t ing  r e s u l t s  
which a l s o  lend themselves t o  the measurement of pressure 
d i s t r i bu t ion ,  The formation of the boundary layer  and i t s  
increasing thickness i n  the d i r ec t ion  of the  chord i s  
c l e a r l y  recognizable on the surface of the p ro f i l e ,  I n  the 
examples so f a r  s tudied we have been deal ing exclusively 
with a turbulent  boundary layer  which may be as  much a s  
s eve ra l  millfmetrea th ick  on the edge of the a i r f o i l ,  

The law of po ten t i a l  flow holds good only outside 
the boundary layer ,  Therefore the measuring points  f o r  the 
evaluation l i e  on the boundary l i n e  of po ten t i a l  flow, f ~ o m  
which the in terference s t r i p s  proceed a t  a sharp angle %o the  
p r o f i l e  surface,  A t  places where there  %s no boundary l aye r  
the measurfng points  l i e  on the surface  of the p r o f i l e ,  

Since Bernoui l l fQs  equation i s  not val id  within 
the boundary layer--on the contrary the s t a t i c  pressure 
through i t s  thickness, i n  a d i r ec t ion  perpendfcular t o  the 
surface,  can be taken a s  constant--ft  follows t h a t  the s t r i p  
displacement i n  the in terference p ic ture  comes so l e ly  from 

' a temperature e f f e c t  i n  the f r i c t i o n  layer ,  S t r f p  displace- 
ment i s  most pronounced a t  the point  of g rea t e s t  heating, 
t ha t  is,  a t  t h a t  point on the a f r f o i l  surface where the 
ve loc i ty  has the  value zero, The temperature d i s t r i b u t i o n  
i n  tho boundary layer  I t s e l f  can therefore  be determined 
from the general equation of a t a t e  = ROT, s ince  the s t a t i e  
pressure a t  the edge of the bounda 8 l ayer ,  i s  known from 
the pressure fn  the po ten t i a l  flow, 
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The question, whether the assumption of constant  
pressure withih the boundary 'layer i s  j u s t i f i e d ,  can be 
answered with the help of the  In terference pfc tures ,  If a 
change of pressure took place within the  boundary layer ,  
i t  would have t o  be indicated I n  the  displacement of s t r i p s ,  
The extension of each s t r i p  i n  the p o t e n t i a l  flow t o  the 

surface of the  p r o f i l e  would have t o  lead t o  points  which 
showed a l a t e r a l  displacement i n  r e l a t i o n  t o  the points  a t  
the edge of the  bowdary l aye r ,  This amount would then 
correspond t o  the change of s t a t i c  pressure f n  the boundary 
l aye r ,  From a l l  the in ter ference photographs, however, It 
i s  very c l e a r  t h a t  a t  the place where the  boundary layer  
i s  t h i ck  the s t r i p s  run almost v e r t i c a l ,  and a t  other  places, 
where they a r e  bent, the boundary layer  i s  almost zero, I n  
no case, however, do we d i scern  a s t r i p  displacement which 
would be la rge  enough t o  meri t  our not ice ,  

There i s  so f a r  no other  method of measurement 
which makes the boundary l aye r  vileible and measurable a s  
the  in ter ference method does, Ffgu~e 21 gives the  thickness 
of the boundary l a  e r  on the Joukowskf p ro f i l e  a t  the t h r e e  T angles of a t t ack  0 , 4 O  and 8O (ef, f i g ,  181, For purposes 
of comparison the measured boundary layer  thickness f o r  Oa 
on a somewhat th icker  symmetrical Joukowskf p r o f i l e  i s  fn- 
cluded, taken from R, and M, 1315, Ffgure 22 shows the 
boundary layer  thickness on the  e l l f p t i c a l  cyl inder f o r  
th ree  d i f f e r e n t  angles of a t t ack  (see  a l s o  f i gu re s  9 and lo), 

Another important example f o r  studying 'the boun- 
dary layer  i s  given by the f l a t  p l a t e  a t  zero incidence, 
Although the pressure of t h e  undisturbed flow prevaf ls  on 
i t 8  surface,  the re  i s  nevertheless a pronounced change in 
densi ty ,  which corresponds, therefore ,  t o  a simple tempera- 
t u r e  e f f e c t ,  

Figure 23 shows an enlarged sec t ion  of the den- 
s i t y  ki 'e ld around the f l a t  p l a t e  and the densi ty  . e f fec t  f n  
the  boundary l aye r ,  Two d i f f e r e n t  s t r f p  widths a re  used 
and the  Reynolds Q number is  Re 800,000, 

Exact experiments on boundary layer  phenomena f n  
which the re  i s  a t r a n s i t i o n  from laminar t o  turbulent  boun- 
dary layer  can be carr ied  out only under the aerodynamically 
s a t i s f a c t o r y  conditions of the  high speed wfnd tunnel with 
the turbulence l e v e l  known, The la rge  span of the model 
then provides a means of making the laminar boundary layer  
v i s i b l e  even a t  low speeds, 
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Notation:: 

g =: pressure 
p = density I at a chosen point 
T = absolute temperature in the flow field, 
v = veloqity 

'oo P m  
T , v, - colareaponding values in the un- 

00 disturbed flow at aonsfderable 
. . 

I distance from the body, 

ps , , Tg , vS = corresponding values at the 
outer edge of the boundary layer, 

A p = p -  Po0 
Afl = P - Poo (in potential flow) 
*PZ = $ - f s  . .  (in boundary layer) 

k = 2 = 1,4 for a b  
=v 
v 

11 = (,) = Mach number in the undisturbed flow 

a = velocity of sound in the undisturbed flow, 

By an analytical approach Prof, ~chlichtin~l 
obtains the following simple equations concerning the 
relationship between density, preasure, velocity and tem- 
perature, based on the general equation of state and the 
law of conservation of energy: 

1, FOT potential flowg 

(a) For small Mach numbers 
. . 

Relationshfp between pressure and density: 

- - 

Relationship between temperature and density: 

1, A special report by Prof, Schlichting 
concernsng the theoretical procedure is 
to appear,. 



Page - 14 
Tech, Trans, TT-20 

Relationship between velocity and density: 

(b) For large Mach numbers 

Relationship between pressure and density: 

Relationship between temperature and density: 

T - - p k-l - (-1 
T , Po0 

Relationship between velocity and density: 

For this series' of calculations frictionless flow 
is assumed, in which no exohange of energy with the sur- 
rounding space takes place due to heat conduction, heat 
radiation or convection, 

2, For the boundary layer 

Relationship between pressure and density: 

P o p s  = 0 

~elationshi~ -between temperature and densf tyx 

n P '  
T - T, = s, -f = + 
Ts P P + A  

PB 

Relationship between velocity and densftyn 
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I n  c o n t ~ a s t  t o  the a n a l y t i c a l  assumption f o r  po- 
t e n t i a l  flow, the law of conservation of mechanical energy 
( ~ e r n o u i l l i Q s  equation) has simply been subs t i t u t ed  here 
following the hypothesis,  usual  i n  connection with the 
boundary l aye r  theory, t h a t  the pressure within the boundary 
l aye r  f s  constant  a t  r i g h t  angles t o  the surface subjected 
t o  flow, 

Since the equation f o r  the r e l a t i onsh ip  between 
dens i ty  and temperature i n  the boundary l a y e r  neglects  a  
t r a n s f e r  of heat ,  the temperature d i s t r i b u t i o n  obtained by 
ca lcu la t ion  must r e s u l t  i n  values t h a t  a r e  too l a rge ,  

An evaluat ion of the In ter ference  p ic tu res  has been 
made fo r  the example of the  f l a t  p l a t e  ( f i g ,  23'1, 

Figure 24 shows the ve loc i ty  d i s t r i bu t ion .  i n  the 
boundary l aye r  of the f l a t  p l a t e  as  ca lcula ted  f o r  turbu- 
l e n t  boundary l ayer  by the law of 1/7 powers, For dompari- 
son the r e s u l t s  of the in te r fe rence  measurement a re  a l s o  
shown, 

Figure 25 gives the ca lcula ted  temperature d i s -  
t r i b u t i o n  i n  the boundary l aye r  of the f l a t  p l a t e  aa wel l  
a s  the in te r fe rence  measurement, We note that the l a t t e r ,  
corresponding d f r e c t l y  t o  the a c t u a l  densi ty  gives smaller  
temperature values than the ca lcu la t ion ,  This r e s u l t  was 
t o  be expected, as  the ca l cu l a t i on  ignores m y  decrease i n  
the temperature i n  the boundary l a y e r  due t o  eonductfon o r  
r ad i a t fon  of heat  o r  t o  convection, To dfscover whether 
the d i f ference  i n  the r e s u l t s  corresponds exact ly  t o  the 
absolute amount of tempersature decrease through hea t  t rans-  
f e r ,  requires  t e s t i n g  by ca re fu l  s t ud i e s  I n  the hfgh speed 
w b d  tunnel,  

FURTHER POSSIBLE APPLICATIONS OF THE INTERFERENCE TECHNIQW 

The f a c t  t ha t  measurement with the afd  of l i g h t  
i s  completely f r e e  from i n e r t i a  and i s  therefore  su i t ab l e  
even f o r  occurrences of movement which happen very swi f t ly ,  
opens up e n t i r e l y  new p o s s f b i l i t f e s ,  the limits of which 
cannot ye t  be foreseen, f o r  applying the in te r fe rence  tech- 
nique, O f  spec i a l  i n t e r e s t  i n  t h i s  connection a r e  those 
non-steady phenomena on a i r f o i l s  i n  which, a t  times, the 
motion 1s s o  rap id  t ha t  the  flow process cannot keep up with 
it ,  The simplest example of t h i s  kind i s  the t r a n s i e n t  in-  
crease sf l i f t  on the a i r f o i l  accompanying a  sudden increase  
i n  the angle of a t t ack ,  
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Measurements which, taken together ,  fndf @ate  an 
increase i n  the maximum l i f t  ( squa l l  e f f e c t ) ,  a r e  not enough 
t o  expla in  t h i s  e f f e c t ,  Nor do they glve any clue as t o  the  
behaviour of l i f t  when the angle of a t t a c k  i s  suddenly a l t e r e d  
i n  the region s f  small c, values; nor as  t o  the displacement 
of the centre  of l if t ;  nor t,o the p a r t  played by the bsun- 
dary layer  i n  non-steady flow processes,  

' Another very important s e r i e s  of questions i s  
ra i sed  by the o s c i l l a t i n g  a i r f o i l  i t s e l f ,  a s  well  a s  the 
f o i l  with f ixed,  extended f l a p  and loose rudder, 

Unt i l  now there  has been no method which permits 
measurement of the  dens i ty  d i s t r i b u t i o n  on the o s c i l l a t i n g  
wing simultaneously a t  many t e s t  points  while i t  i s  i n  motion, 
and which, i n  addi t ion,  gives informatf on about the boundary 
l aye r  phenomena, 

It i s  d i f f i c u y t  enough t o  dispose a l a rge  number 
of t e s t i n g  points  on a small a i r f o i >  model f o r  t e s t s  of 
steady phenomena a t  high speed, w h i h  leading the bundPea 
of connecting tubes out of' the alr stream t o  the pressure 
recording l n s t ~ u b n t  with as  l i t t l e  disturbance t o  the flow 
ppocess a s  poss ible ,  But i t  i s  much more d i f f i c u l t  t o  Pesd 
off  non-steedy pressure measurements from the o s c i l l a t f n g  
a i r f o f l ,  

The inves t iga t ion  of such questions presents  no 
problem f o r  the in ter ference method, s ince  each instantaneous 
p ic tu re  gives the complete d i s t r i b u t i o n  of densi ty  on the 
p r o f i l e  and i n  i t s  neighborhood, as  wel l  a s  i n  the boundary 
layer ,  

~ x ~ e r i m e n t s  made t o  date  with an a i r f o i l  under- 
going to r s iona l  v ibra t ion  a t  the nate of f o r t y  o sc f l l a t i ona  
per  sea,  a r e  recorded on slow motion f i l m s  and show the 
dens i ty  f i e l d  changing with each movement, Each s ing le  
in te r fe rence  p ic tu re  contains a l l  the measurement da ta  re-  
quired f o r  analysing and evaluat ing the flow process,  It 
thus becomes possible t o  a s c e r t a i n  the relationships on the  
o s c i l l a t i n g  a i r f o f l  i n  connection with the problem of rudder 
compensation, and a l s o  t o  debermine the propagation of prea- 
sure  waves on the p r o f i l e  surface a t  high speeds with the 
r e s u l t i n g  change i n  l i f t  and displacement of the  centre of 
ppe s sure 

Figure 27 shows a s t r i p  of p ic tu res  from a mfnia- 
t u r e  slow motion f i l m  ( o r i g i n a l  s f s e  shown i n  f i gu re  ma) 
of the Joukswskf a i r f o i l  subjected &a a flow ve loc i ty  of 75 
metres per sec, and o s c i l l a t i n g  a t  40 c,p,s, 
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In t e r f e r e nc e  measurements ahauld aPso prove very 
u s e f u l  i n  i nves t i ga t i ng  r a d i a t o r  shapes f o r  high f l y i n g  
speeds,  It i s  wel l  known t h a t  the r e s i s t a nc e  r e l a t i o n s h i p s  
of spindle-body nozzle r a d i a t o r s  (Spindelrumpfduesenkuehlern) 
became very favourable when the cool%ng s t ream flows out  
of the fuse lage  a t  a  po in t  of a v a i l a b l e  excess speed and 
then f a l l s  upon the  r e s t  of the flow body, Up t o  the pre- 
s e n t  we can only guess a t  the causes of these phenomena 
a r i s i n g  with unheated r a d i a t o r s ,  Even pressure  d i s t r i b t i o n  
measurements, which could be c a r r i e d  out  a t  many measuring 
po in t s  only by much s e l e c t i on ,  d.o not  c l a r i f y  these problems 
s a t i s f a c t o r i l y  If the boundary l a ye r  r a t i o s  a r e  l e f t  out  of 
account,  

When a f l a t  r a d i a t o r  model i s  used the i n t e r f e r ence  
measurement gives a l l  the  de ns i t y  r a t i o s ,  f o e o ,  pressure  and 
ve loc i t y  on the  outer  body a s  -we'Xl as a t  every pofnt  of the 
in take  channel and of the  d i f f u s a r ,  and i n  a dd i t i on  gives 
informat i  on about the boundary l a y e r  and i t s  inf luence  
throughout the wind stream, The development of a  s u i t a b l e  
nose shape a t  the in take  poin t  of the r a d i a t o r  f o r  var ious  
f low passages and angles  of a t t a c k  i s  IfkewXse fu r t he r ed  
by i n t e r f e r ence  measurement, If one knows the r a t i o s  i n  
the case of the plane problem, i t  i s  then poss ib le  t o  ca r ry  
over the r e s u l t s  t o  r o t a t i o n a l l y  symmetrical examples, 

I f  the r e s u l t s  of the  plane problem a r e  c a r r i ed  
over t o  t he  den i s ty  f i e l d  of a  r o t a t i o n a l l y  symmet~ iea l  
body as  developed i n  one plane, we seem t o  come neare r  ( a t  
zero incidence i n  any case81 t 9  the  a c t u a l  r a t i o s  than  with 
a  flow t e s t  of t h e  three-dimensional de ns i t y  f i e l d ,  Owing 
t o  t he  f a c t  t h a t  the  l i g h t  rays i n  the three-dfmensional 
dens i t y  f  i e l d  must t r a ve r s e  d i f f e r e n t  zones of va r i ed  and 
unknown d e n s i t i e s ,  some uncsertainty fa  always present  i n  
the eva lua t ion  of the separa te  phenomena, The expbora t i  on 
of thee-dimensional  dens i ty  f i e l d s  i s  an important t a s k  
f o r  the immediate f u t u r e ,  

For plane problems the represen ta t f  on has the 
g r e a t  advantage of pe rmi t t ing  no ambiguity t o  a r f s e  a s  t o  
processes and evaluat ion ,  while f o r  the  ana lys f s  of the 
three-dimensional de ns i t y  f i e l d  a t  the  present  s t age  of 
development one must s t i l l  be content  with & very awkward 
g raph ica l  i n t e r p o l a t i o n  procedure a s  a  method s f  approxf- 
mation, An add i t i ona l  g r e a t  advantage s f  t h e  plane problem 
i s  t h a t  the i n t e r f e r e nc e  measurement aPso aLlsws us a  glimpse 
of what occurs i n  the  i n t e r i o r  of a  body, f o r  example i n  the 
d i f f u s e r ,  and i n  the flow passages of r a d i a t o ~ s ,  and i n  the  
s l o t s  behind s p o i l e r  f l a p s  on models and the l i k e ,  Thus 
t he r e  a r e  a  number of f u r t h e r  p o s s i b i 8 f t i e s  of applying the 
In te r fe rence  procedure in-problems which ape ou t s ide  the  
scope of the e a r l 1  e r  measuridg .techniqueo 
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Figures 28 t o  31 show a s  an example a  plane model 
of a  NACA r a d i a t o r  cowling subjected t o  a  flow ve loc i ty  of 
75 metres per second, Two d i f f e r en?  designs a r e  shown: 
one with a  somewhat extended,,very r'ounded hub, and the other  
wfth an ordinary ( N A C A ) ,  shor t  hub only s l i g h t l y  rounded; I n  
f i gu re s  28 and 30 the flow passage i s  open; i n  f i gu re s  29 and 
31 i t i s  plugged, Figure a  gives the undisturbed Interference 
s t r i p  f i e l d  i n  each case f o r  no a i r  flow; f igures  b, e and 
d  give the flow re la t ionsh ips  a t  three  d i f f e r e n t  angles of 
a t t ack ,  0° ,  4 O  and 8' ,  

Even before analys is  the  in ter ference s t r i p  pic-  
t u r e s  lead t o  conclusions about the flow process on and 
wi thin  the r ad i a to r  cowling pnd about the  r e l a t i v e  su i t a -  
b i l i t y  of the respec t ive  shapes, From the in te r fe rence  s t r i p  
p ic tu res  we ape able ,  by means of the simple ana lys i s  in- 
d icated on pages 5 and 6, t o  deduce the p reva i l ing  ve loc i ty  
a t  every pofnt  on the hub and i n  the flow channel, 

Here, however, we might jus t  point  out some d i f -  
ferences i n  connection with the evaluat ion of the r ad i a to r  
shapes which can be discerned even with the eye, From the 
sharp devia t ions  of the  in te r fe rence  s t r i p s  near the noses 
and from the way i n  which they change a s  the angle of a t t a c k  
i s  a l t e r e d  we recognize the presence of excess ve loc i ty  i n  
t h i s  region,  With the,closed form I n  f fgure  29, hub and 
cowling operate a s  a  s ingle  shape t o  which the flow adheres, 
It can be seen c l e a r l y  t ha t  a  region of s t i l l  a i r  forms in 
the closed flow passage around which the ex te rna l  flow 
streams a s  i f  over a  p r o f i l e  contour, 

Figures 28b, c  and d  show t h a t  the  excess speed 
on the pro jec t ing hub i s  considerably g rea t e r  than with the 
closed shape, From t h i s  we r e a l i z e  t ha t  when there  i s  a  
flow through the passage the two noses, 02 hub and cowlings,* 
form separate  flow p r o f i l e s ,  The ve loc i ty  i n  the flow pas- 
sage appears t o  be a t  i t s  g r e a t e s t  when - - 4 O ,  whereas 
wfth = 8 O  a  screening e f f e c t  has already come i n t o  opera- 
t i o n  on the suc t ion  s ide ,  A t  8" the flow s t i l l  adheres t o  
the nose of the hub, 

I n  f igures  28b and c, a sharp change i n  densi ty  
can be recognized behind the  region of g r e a t e s t  excess 
speed on the suc t ion  s ide  of the hub, Thfs apparently rep- 
r e sen t s  the t r a n s i t i o n  from laminar t o  turbulent  boundapy 
l aye r ,  The por t ion  of the l ayer  ly ing  behind it ,  i s  unmis- 
takably recongfzable a s  turbulent  bounda~y layer ,  merely 
from i t s  considerable thickness,  The point  of t r a n s i t i o n  
from laminar t o  turbulent  l ayer  moves f a r t h e r  forward w%th 
la rge  angles of a t t ack ,  The smooth p a r t  of the cowling 
a c t s  a s  a  f l a t  p l a t e ,  
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Figures 30 and Zl show t h a t  evenson the s l i g h t l y  
rounded nose the flow breaks away a t  an  angle ~f a t t a c k  of 
0°, The d i f fe rence  between the increased ve l oc i t y  on the 
ou te r  body and the zero v e l o c i t y  i n  the closed flow passage 
i s  c l e a r l y  recognizable from the p i c t u r e  s e r i e s  3lb,  e and 
d o  The flow through the  passage-of  the  r a d l a t o ~  with s h o r t  
hub e x e r t s  a considerably s t ronger  and l egs  f a vowa b le  i n -  
f luence  on the ou t e r  flow than i s  the-case wi th  the des ign  
i l lus t$a ted  i n  f i g u r e  28, Even a t  a = 4' we recognize 
a sharp increase  i n  the th ickness  of the boundary- l a y e r  and ' 

an approach t o  the  c r i t i c a l  s t a t e  where the flow breaks 
away on the ou te r  por t ion  of the  body, F i g w e  3Qd shows 
how, a t  OI = 8', the flow on the s u e t i  on s i de  has a l ready  
broken away from the ou te r  po r t i on  of the cowling, 

Presumably the f  avoukable eonditf  on of a t  taehed 
flow could be a t t a i n e d  merely by rouriding the sho r t  hub 
more and pu l l fng  it  j u s t  s l i g h t l y  forward, The screen  
e f f e c t  hindering the flow through the passage a t  l a r g e r  
angles  of a t t a c k  then  d isappears ,  Whether the flow i n  the 
example of the l a s t  named des ign  s t i l l  adheres t o  the body 
when the angle of a t t a c k  fs r e l a t i v e l y  l a r g e  h a s - s t i l l  t o  
be inves t iga ted ,  

A s  an  a d d i t i o n a l  example, i n t e ~ f e r e n c e  p i e t u r e s  
of flow over a  nozzle  r a d i a t o r  wfth a l a r g e  flow opening 
a r e  shown i n  f i g u r e s  32 t o  35, I n  f i g u r e s  32 and 33 a  per- 
meable r e s i s t ance  p l a t e  conta in ing  ho r i z on t a l  s l i t s  and 
h a v h g  a t ransmiss ion  of 50 per  cent has been f i t t e d  i n t o  
the flow passage, Figure 32a shows ( s e e  a l s o  f i g u r e  7 )  how 
a t  a s h o r t  d i s t ance  behind the  r e s i s t a n c e  p l a t e  the dens i t y  
has been equal ized t o  an almost cons tant  mean value over 
the e n t i r e  c ross  s e c t i on ,  (None of the i n t e r f e r e nc e  s t r i p  
f i e l d s  has Seen ~ ~ e t o u c h e d  i n  any way: 1 

We can determine the ve l oc i t y  a t  d i f f e r e n t  po in t s  
i n  the. flow passage d i r e c t l y  from the displacement of the  
s t r i p s .  The s e r i e s  of p i c t u r e s  i n  the right-hand columns 
( f i g ,  33 and 35) shows the  arrangement wfth a hinged f l a p ,  
i n  which a considerable i n c ~ e a s e  s f  ve l oc i t y  i n  the flow 
passage can be recognized very p l a i n l y ,  Figures 34 and 35 
show the  i n t e r f e r e nc e  s t r i p  p i c t u r e  as flow passes through 
the open n - zz l e  passage without and wi th  the  hinged f l a p  
e f f e c t  r e spec t ive ly ,  

These examples me>ely show how simply i n t e r f e r ence  
measurement permits  such experiments a t  qu i t e  a  small  tech-  
n i c a l  experimental expense (provided an in te r fe romete r  15 
a v a i l a b l e ] . a n d  a f fo rd s  a  glimpse of many processes t h a t  a r e  
s t i l l  unknovrn otherwise,  The i n t e r f e r e nc e  ana lys f s  f u r n i s h e s  
the  quant i ta t ive  da t a  f o r  these processes,  
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The appl ica t ion  of op t ica l  measuring techniques 
growamore and more urgent as  f l y ing  speed increases,  f o r  
they possess the grea t  meri t  of allowing us t o  make processes 
v i s i b l e  and measurable without the processes themselves 
suf fe r ing  any disturbance whatsoever, Another great  advan- 
tage connected with in terference measurement is t ha t  a l l  
pressure holes in the-model a r e  eliminated and the manufac- 
tu re  of the once very comnplfoated m d  expensive models 
(e,g, models with pressure holes f o r  ha@ speed s t u d i e s )  i s  
grea t ly  s impl i f ied ,  Moreover, from the point s f  view of 
measuring technfque, it i s  very usefu l  t o  have every Y,ntar- 
ference p ic ture ,  even those made a t  high frequency on slow 
motion f f l m ,  contain a l l  the  measurement data  of the t e s t  
process, 

V I I  SUblMARY_ 

A new o p t i c a l  measurfng technique, developed in 
the Hermann Goering Aeronautica1.Researeh I n s t i t u t e  a t  Brun- 
awick, is described f o r  simultaneous q u a l i t a t i v e  a ~ d  quanti- 
t a t i v e  represen ta t ion  of densi ty  f i e l d s  surrounding bodies 
subjected t o  flow, It was worked out p a r t i c u l a r l y  fop ex- 
periments under condit ions of compressible flow i n  the high 
speed wind tunnel. However, the r e s u l t s  so f a r  obtained 
from preliminary t r i a l s  w i t h  the in terference part of the 
measurfng equipment prove t h a t  even a t  o ~ d i n a r y  veboci t ies  
i t f s possible t o  get densi ty  f ieLds t h a t  we can evaluta te  
on bodies subjected t o  flow, 

Simple a n a l y t i  cak rekatf onshfps gf ve the  somec- 
t i o n  between densi ty ,  a s  obtained by Lnte~ference  of l i gh t , ,  
and pressure,  ve loc i ty  and temperature on the t e s t  body and 
i n  i t s  neighborhood, The proceaa of analysis Fsr pkessure 
d i s t r i b u t f o n  I s  explained and the usefulness of t h e  method 
i s  proven f n  nume~f c a l  examples, A t  the moment work i s  
being done on the eva lua t i  on of r e s i  s tance by % n t e ~ f  erenca, 

It 1s fu r the r  shown t h a t  the o p t i c a l  measuring 
technique makes i t  possible f o r  the f i r s t  time t o  v i sua l ize  
the boundary Layer and t o  obta in  - Its quantf t a t i v e  data ,  
Owfng to  the high propagation speed cf Ugh% akP phenomena 
i n  the flow can be recorded by the o p t i c a l  method en t f r e ly  
without I n e r t i a ,  no matter  how swIftBy they take place,  
Because it i s  possible t o  fnvest igate  events t h a t  were 
u t t e r l y  beyond the scope of the previous measurfng technique, 
many more poss ibf lEt ies  of app l ica t ion  ampfse for the i n t e r -  
ference method i n  connection with a numbep s f  new problems, 
We cannot ye t  est imate the extent  of these posskbi l i t i ea ,  
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A n g l e  of Attack  d = 90 " 
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Fig* 28 
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Boundary Leyar Thickness on Elliptic C y l i n d e r  

V = 7 5 m / s e c e  b / a = 1 / 4  2 a = 8 0 m .  
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F i g ,  23, Farma%iaw of Boundary Layer sn a F l a t  P l a t s  
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