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The present  r e p o r t  begins with a d e s c r i p t i o n  
of t h e  d o u b l e - s l i t  i n t e r fe romete r  and a d e r i v a t i o n  of the  
in te r fe romete r  formula, Following t h a t  the  a p p l i c a t i o n  of 
the in te r fe romete r  t o  measurements of d e n s i t y  i n  flows i s  
d iscussed  and the formula i s  modified f o r  t h i s  p a r t i c u l a r  
purpose, A c a l i b r a t i o n  of t h e  in te r fe romete r  i s  e s s e n t i a l ,  
The poss ib le  sources of e r r o r  a re  p a r t i c u l a r l y  s t r e s s e d ,  
The formulae given i n  t h i s  repopt  a re  app l i cab le  t o  a l l  
i n t e r fe romete r s .  I n  conclusion measurements of dens i ty  i n  
a  Lava1 nozzle a re  discussed. These aneasuremgnts permit  
an i n s i g h t  i n t o  the accuracy of the measuring method, 
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OPERATION OF TH3 INTERFEROMETSR 

In te r fe rence  of l i g h t  i s  genera l ly  produced 
by l i g h t  from a  luminous poin t  a r r i v f n g  a t  a po in t ,  say  a  
screen  o r  a  miscroscope, by two pa ths ,  the  lengths  of which 
d i f f e r  by a  few wave-lengths of t h e  l i g h t ,  An i n t e r f e r e n c e  
image r e s u l t s ,  and po in t s  i n  the  image plane appear e i t h e r  
b r i g h t  o r  dark, depending on vhether  the lengths  of t h e  two 
paths  by which the  l i g h t  t r a v e l s  t o  t h e  image plane d i f f e r  
by an even o r  odd mul t ip le  of h a l f  the  wave-length of the 
l i g h t ,  It i s  important here  t h a t  l i g h t  of uniform phase, 
i , e , ,  so-ca l led  coherent l i g h t ,  t r a v e l s  from the luminous 
po in t  i n  the  d i r e c t i o n  of the  ' two l i g h t  , p a t h s o  The i n t e r -  
fe rence  apparatus  a re  genera l ly  d i s t ingu i shed  by the manner 
i n  which separa t ion  of the  l i g h t  rays which a r e  t o  cause 
i n t e r f e r e n c e  i s  produced, 

The problem i s  probably solved most e a s i l y  
i n  a  doub le - s l i t  i n t e r fe romete r  ( ~ i ~ ,  1 1 ,  

The l i g h t  from an a r c  l i g h t  B i s  p ro jec ted  
on a s l i g h t l y  opened p r e c i s i o n  s l i t  PS by means of a  con- 
denser K O  The p r e c i s i o n  s l i t  produces a  beam of coherent  
l i g h t  due t o  d i f f r a c t i o n ,  The p r e c i s i o n  s l i t  i s  imaged i n  
the  microscope M by means of the  l e n s  Lo A t  the l e n s  L a  
double s l i t  DS i s  introduced i n t o  the l i g h t  path,  Both 
openings of the  double s l i t  a r e  p a r a l l e l  to  the p r e c i s i o n  
s l i t ,  The l i g h t  can e n t e r  the microscope only by two paths  
and produces t h e r e  a  system of s t r i p s  p a r a l l e l  t o  the  pre- 
c i s i o n  s l i t ,  I f  white l i g h t  i s  used, i , e , ,  l i g h t  of d i f -  
f e r e n t  wave-lengths, then the po in t s  of g r e a t e s t  l i g h t  in-  
ter-si t y  f o r  d i f f e r e n t  wave-lengths, i n  genera l ,  dg no t  co- 
i n c i d e ,  Only a t  the po in t  t o  which the l i g h t  t r a v e l s  on 
pa ths  of equal length ,  i , e o ,  the maximum of l i g h t  i n t e n s i t y  
of zero order ,  does no i n t e r f e r e n c e  occur, hence, an abso- 
l u t e l y  white s t r i p ,  This i s  bounded by two dark s t r i p s  wi th  
var icoloured  edges, The subsequent maxima and minima of 
l i g h t  i n t e n s i t y  a r e  more va r i ed  i n  colour and l e s s  marked 
and can be e a s i l y  d i s t ingu i shed  from the  p r f n c i p a l  maximum, 
by these f a c t s  alone, 

The double s l i t  may be replaced  by two ho les ,  
the  connecting l i n e  of which i s  normal to  the p r e c i s i o n  s l i t ,  
The openings of the double s l i t  depend on the one hand only 
on the shape given to  the  l i g h t  ray ,  which i s  s e n t  through 
the a i r  t o  be inves t iga ted  and, on t h e  o the r  hand, on t h e  
q u a n t i t y  of l i g h t  requi red  i n  t h e  microscope, The l e n s  L 
can a l s o  be replaced  by a  s u i t a b l e  concave mi r ro r ,  However, 
i t  i s  n o t  recommended t h a t  the microscope be replaced  by a  
photographic p l a t e ,  
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The mounting of t h e  appara tus  i s  ext remely  
s imple ,  The double s l i t  i s  removed t empora r i l y  and c a r e  i s  
taken t h a t  a  c l e a r  image of the  p r e c i s i o n  s l i t  r e s u l t s  .in 
t h e  microscope,  Only then is  t h e  double s l i t  i n s e r t e d ,  The 
c o r r e c t  opening of t h e  p r e c i s i o n  s l i t  produces ,  thereupon,  
an  i n t e r f e r e n c e  image, The microscope must be p r o t e c t e d  from 
d i s t u r b i n g  s t r a y  l i g h t  a s  f a r  a s  p o s s i b l e ,  

For  t he  e q u a l i t y  of t h e  two l i g h t  pa ths  i t  i s  
n o t ,  of  course ,  geome t r i ca l  l e n g t h  which i s  d e c i s i v e ,  b u t  the  
time r e q u i r e d  by the  l i g h t  t o  t r a v e l  from t h e  p r e c i s i o n  s l i t  
t o  t h e  image p o i n t ,  The t ime ,  however, depends on the  speed 
of l i g h t ,  i , e , ,  on t h e  r e f r a c t i v i t y  of t h e  media t r a v e r s e d  
by the l i g h t ,  I f  the  two l i g h t  r ays  a r e  s e n t  through two 
chambers o f  d i f f e r e n t  r e f r a c t i v i t y  then displacement  of  t he  
i n t e r f e r e n c e  image w i l l  r e s u l t ,  S i n c e  t h e  r e l a t i o n  between 
o p t i c a l  d e n s i t y  and mass d e n s i t y  o f  a  body i s  known, t h e  
p o s s i b i l i t y  o f  a  measurement o f  d e n s i t y  from t h e  displacement  
o f  the  i n t e r f e r e n c e  image i s  given,  

Next we s h a l l  d e a l  wi th  the  d i s t a n c e  of t h e  
i n d i v i d u a l  maxima of l i g h t  i n t e n s i t y  i n  t h e  i n t e r f e r e n c e  
image, i , e , ,  t h e  s o - c a l l e d  width of  s t r i p ,  The microscope 
f s  assumed t o  be r e p l a c e d  by a  s imple  s c reen ,  

The s e p a r a t i o n  of  t he  gaps of  t h e  double  s l i t  
i s  des igna t ed  by d  ( ~ i ~ ,  2 ) ,  t h e  d i s t a n c e  of t h e  double s l i t  
from t h e  image p l ane  by , the  wid th  of  s t r i p  by V and t h e  
mean wave-lerigth of t h e  l i g h t  by  Furthermore l e t  

With t h e  assumption (which can  always be 
made) t h a t  d 4 &  , we may w r i t e :  

from which it fo l lows  t h a t  

I f  the  r e f r a c t i v i t y  o f  a  medium r e l a t i v e  t o  
a  vacuum i s  d e s i g n a t e d  by Ni, t h e  speed o f  l i g h t  i n  t h i s  

medium by c i  and t h e  mass d e n s i t y  by pi, then t h e  fo l lowing  

equa t ions ,  which a r e  known from t h e  theo ry  of  o p t i c s ,  ho ld  
t r u e  : 
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Let there  be two chambers, 1 and 2, of the length  b  i n  the 
immediate v i c i n i t y  of the double s l i t ,  One l i g h t  r ay  i s  
assumed to  pass through each of the two chambers, If the 
same densi ty  p l  = p2 preva i l s  i n  both chambers, then the 
maximum of i g h t  i n t e n s i t y  should be i n  the image plane a t  
the point  2 = 0, If p l  f p2, then the  maximum of l i gh t  in- 
t e n s i t y  should be d isplaced by the length  & , The l i g h t  must 
a r r i v e  a t  the  maximum l i g h t  i n t e n s i t y  through both s l i t s  
wi th in  the  same time i n t e r v a l ,  I f  c l  4 cg, then the follow- 
ing  equation is  t m e :  

co i s  here the speed of l i g h t  i n  the a i r  of the  labora tory ,  
Because d  4 1 and hence, a l so  6% 1 we ob ta in  

With s u f f i c i e n t  accuracy we may equate No t o  u n i t y  i n  t h i s  
equation and obta in ,  then, by means of equat ion (3) 

The dev ia t ion  from the zero p o s i t i o n  I s  
hence propor t ional  t o  the absolute dens i ty  v a r i a t i o n  i n  the 
two chambers, I t  i s  a l so  propor t ional  t o  the length  of 
chamber b  and to the r a t i o  4, 

d  

I n  order  to  ob ta in  da t a  on p2,  the dens i t y  
p1 must be known, I f  the dens i ty  i n  chamber 2 i s  not  uniform 

throughout, only the  mean densi t y  can be measured, and the 
dens i ty  d i s t r i b u t i o n  must be known i n  order t o  give the den- 
s i t y  a t  each individual  po in t ,  The s e n s i t i v i t y  of the  pro- 
cess increases  with the length  of chamber b ,  It  a l so  in- 
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I creases  with the inc r sase  of the  r a t i o  g , but  no t  to the  

sar,ie s x t e t i t ,  s ince  i-l;  must be taken i n t o  account t h a t  the 
width of s t r i p  increases  a t  the same time, which i s  de t -  
rirnental  t o  the accuracy of r ead in  . Nevertheless,  one 

d: 
should at,ter.lpt. to  make the r a t i o  3 as l a r g e  as  poss ib le ;  

hence, t o  keep d  t o  a  minimum and t o  remove the image plane 
flaom the double s l i t  as f a r  a s  poss ib le ,  i , e , ,  t o  use a  l en s  
of long focal  length ,  s ince  with l enses  of s h o r t  f o c a l  l eng th  
:;nd l ar:;a image d i s  tarlce the l i g h t  i n t e n s i t y  of the  image i s  
to6 small ,  

PI R;;~;AST-~~<T;IL'IT:NTS OF D5US I T Y  I N  NOZZLZS AXD TUNNELS 0 

I n  order  to  measure the  dens i t y  i n  nozzles  
and tunrlels, the  In ter ferometer  must be mounted i n  such a 
ruarlrler t h a t  the flow i n  f i gu re  2 i s  v i sua l i zed  as normal t o  
t l le plsns  of the drawing, Two sidev?alls of the tunnel  must 
be of' g l a s s ,  a t  l e a s t  a t  the po in t s  wherg the l i g h t  r ay  
t.rsvo12ses the tunnel ,  Crys ta l  g l a s s  f r e e  frorn s t ~ f a a  i s  
e r ~ ~ i r e l y  ~ d e q u a t e  fo r  t h i s  purpose" I n  t h i s  manner the 
r;.,ea~i t-ierlsity I s  measured on a  s t r a i g h t  l i n e  i n  a  cross-  
s ec t i ona l  plane of the  tunnel* 

The l i m i t i n g  e f f e c t  of' the d i s t ance  between 
tkl? t;wo l i g h t  rays proves t o  be tlie so l e  d i f f i c u l t y  i n  us ing  
t:41e dou.hl.e-slf t in te r fe romete r ,  However, t h i s  l i m i t i n g  
eff'e;:.! i s  n:?tl $00 severe,  as w i l l  be shown when d iscuss ing  
th;. e<:.t:.uracy of mea.surement (conclusion of Sec t ion  I V  b') 
In  general., v~1:at i s  of i n t e r e s t  a r e  the dens i t y  f i e l d s  i n  
%he v i c i n f t y  of any body introduced i n t o  the flow, e ,g, ,  
dens i ty  f i g l d s  i n  the v i c i n i t y  of an a e r o f o i l ,  boundary 
SJ~ayel-s  alcng p l . a t e sc  e t c ,  I n . a l l  these cases the t e s t  
b 'sdies  can be used simultaneously as  comparison chambers by 
c .or is t~~~ct fnp;  therri hollow and by pa-ssing the l i g h t  r ay  1 
t i-!.rl 0 1 2  ~ Y L  [;hem, 

In  order  no t  t o  l e t  the  dev ia t ion  6 increase  
t ~ o  niuch, it i s  recormended t h a t  the  an t i c i pa t ed  approximate 
der i s i ty  where the measurement i s  t o  be taken be reproduced 
i n  t;he .;o:;~r:~~.rison chamber and the dev ia t ion  from t h i s  an- 
t i c i p a t e d  densf ty  only be measured by means of the  i n t e r -  
f  e r ~ r : ~ e  t.er.. 

Turning now t o  the  de r iva t ion  of the dens i t y  
forrnula f o r  the app l i c a t i on  of the interferome t e r  and keep- 
int; i n  rr,ind t h a t  i n  the  reading by the microscope a  
nlf ' icat ion factola occurs i n  add i t ion  to the quan t i t y  
equation 14) cah be  wr i t ten  as follows: - 
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The f a c t o r  A i s  t o  be  subsequent ly  determined by c a l i b r a t i o n ,  

When beginning t o  work w i t h  t h e  i n t e r f e r o m e t e r ,  
i t  i s  m o s t  l i k e l y  t h a t  t h e  d e n s i t i e s  i n  t h e  range of measure- 
ment and i n  t h e  comparison chamber a r e  n o t  equa l ,  The com- 
p a r i s o n  d e n s i t y  must be determined by measurement of  t h e  
p r e s s u r e  p  and t h e  a b s o l u t e  temperature  T, If, wf!th  a i r  
a t  r e s t  i n  the tunne l ,  a l l  q u a n t i t i e s  a r e  des igna ted  by t h e  
s u b s c r i p t  o, then t h e r e  i s  a  d i sp l acemei~ t  o f  s t r i p  i n  t h e  
microscope even be fo re  in t roduc ing  t h e  f low 

Here, R i s  the  abso lu t e  gas cons t an t  a n d m  the  molecular  
weight of the a i r ,  

If i n  t h e  comparison chamber t h e  p r e s s u r e  t o  
be a n t i c i p a t e d  i s  now e s t a b l i s h e d  (wheeh can be c a l c u l a t e d  
from the  de t e rmina t ion  of  t h e  p r e s s u r e  p l  and the  temper- 
a t u r e  % i n  the  comparison chamber] and i f  t he  flow i n  
t he  tunne l  i s  s t a r t e d  then  a . d e f l e c t i o n  i s  ob ta ined  i n  t h e  
microscope 2 

Only the  d i f f e r e n c e  5- 6, can be read  i n  the  microscope. 
From the two equat ions  above 

If t h e  v a r i a b l e s  denot ing  the  s t a t e  of the a i r  i n  t h e  
l a b o r a t o r y  a r e  denoted by the s u b s c r i p t  o  a lone t h e .  formula 
( 5 a )  i s  ob ta ined  f o r  t h e  f r e q u e n t l y  involved value 82 

Po 
0 

This formdla i s  g e n e r a l l y  s i m p l i f i e d  by t h e  f a c t  t h a t  some 
of the  q u a n t i t i e s  occu r r ing  a r e  equa l ,  Above a l l ,  i n  most 
Cases plo = pZo = poo 
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The c a l i b r a t i o n  of  t h e  i n t e r f e r o m e t e r  can be 
c a r r i e d  o u t  i n  such a  manner t h a t  t he  va lues  a t  t he  second 
p o i n t  o f  nieasurement a r e  l e f t  unchanged and v a r i o u s  d e n s i t i e s  
a r e  produced i n  t he  comparison chamber, The c a l i b r a t i o n  
va lues  aye denoted by t h e  s u p e r s c r i p t  E, Then: 

I f  c a r e  i s  taken t h a t  t he  d e f l e c t i o n s  S - do n o t  become 
too l a r g e  i n  t he  measursments, then the  l a s %  term of  equa t ion  
( 5 )  f s  sma l l  as compared w i t h  the  f i r s t  term on the  r i g h t  
hand s i d e  o f  the  equa t ion ,  so t h a t ,  when c a l i b r a t i n g  i t  is  
s u f f i c i e n t l y  a c c u r a t e  t o  w r i t e  

It i s  qui?-,e sufficient i f  the  va lue  - - i s  ob ta ined  a s  a mean 

Po A 
va lue  of about f i v e  c a l i b r a t i o n  v a l u e s ,  It i s  o f  cou s e  most 
favourab le  f o r  c a l i b r a t i n g  t o  work wi th  d e f l e c t i o n s  cfE - 8: 
ns l a r g e  as  p o s s i b l e ,  

SOUACZS OF ERROH AND CORRECTIONS, 
--=- 

I f  a  microscope of  50 diameters  m a g n i f i c a t i o n  
i s  used i t  i s  s t i l l  p o s s i b l e  t o  observe displacement  of  
s t r i p s  of 0,002 cent imet re  reasonably  we l l ,  S ince ,  a s  a 
r u l e ,  the  appara tus  w i l l  have a  l e n g t h  o f  s e v e r a l  met res ,  
v i b r a t i o n s  o r  e l a s t i c  d e f l e c t i o n s  o f  t h e  f l o o r  may e a s i l y  
f a l s i f y  the  measurements, P e r c e p t i b l e  v i b r a t i o n s  of the  
f l o o r  g e n e r a l l y  make measursments ~ m p o s s  i b l e , T  Care must be 
taken  t h a t  a l l  persons  who a r e  n e a r  the i n t e r f e r o m e t e r  dur-J 

measu~ement  remain i n  one p l ace  from the  time o f  r ead ing  
u n t i l  t h e  r e a d i n g  of & . of  0 
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b) Density Variat ions of the A i r  i n  the Laboratory, 

The in ter ferometer  i s  of course very s e n s i t i v e  
t o  these va r i a t i ons ,  In general ,  dens1 t y  va r i a t i ons  e a s i l y  
a r i s e  from thermal convection, The mere presence of a  person 
i n  the v i c i n i t y  of the  double s l i t  can cause o s c i l l a t i o n s  
of the in te r fe rence  image, It i s  the re fore  advisable,  even 
though no t  absolute ly  necessary, t o  conduct the  l i g h t  rays  
through a tube, p a r t i c u l a r l y  where they a r e  a t  some d i s tance  
from each o ther ,  

c )  Influence of th) 

Tunnel. 

Boundary l ayers  which may f a l s i f y  the measure- 
ments of dens i ty  o r i g ina t e  along the g lass  walls  bounding 
the flow. The order  of magnitude of the  r e s u l t a n t  e r r o r  
w i l l  be est imated,  

Let T2 be the  temperature of the flow, It is  
s u f f i c i e n t  for the  es t imat ion  t o  assume t h a t  the  g lass  wa l l s  
have the s tagnat ion  temperature T2 of the  flow, Let the  

dens i ty  of the flow be p2 and along the  g l a s s  wal ls  

P; = P2 . I f  6' i s  a  measure f o r  the  thickness of the 
T2 

boundary l ayer  and i f  l i n e a r  increase of the  a i r  dens i ty  i n  
the  boundary l aye r  i s  assumed, then the mean dens i t y  of the - 

1 
boundary l a y e r  i s  - ( p i  + p Z )  The mean dens i ty  of the  a i r  

2 
along the l i g h t  ray f a  then 

Hence the e r r o r  i n  the  measurement of dens i ty  caused by the  
boundary l aye r  i s  of the  order  of magnitude: 

3 ) ~ r a n s l a t o r ~ s  Note: The l a t t e r  por t ion  of t h i s  
equztion appears i nco r r ec t l y  i n  the o r i g i n a l  
document and should read 
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ivlier3 LI, as usual represents  the Mach number, In  order  
t o  be abbe tao escirnate the epror ,  i t  i s  e s s e n t i a l  t o  ob t a in  
by some means tht: thickness of bounda~y  l a y e r  ixO The 
er3rol- i i v i l l  b e  of irrpolttancc only i n  long narrow tunnels  and 
with high Eiach rlurnkers, 

d l  - Clmnge l r l  Opt ica l  Densf t y  of the Glass Due t o  Coolinq 

c=.f the Flow, 
------= - 

Tne g l a s s  walls  undergo a change in temperature 
due to the a f k  flowfng p a s t  them, The change i n  temperature 
r e s u l t s  i n  a change of mass dens i ty  and consequently of the 
op t i c s1  dens i ty  o f  the Q a s s ,  The e r r o r  thus r e s u l t i n g  i s  
given below , ~ i t h c ~ u t  c a l cu l a t i on  fo r  a case which occurs 
frequent1 y o  

It i s  assumed t h a t  the  temperature of the 
glass remains unchaniged 8.t the poin t  of passage of bight. pay 
" r c A t  t1.1e p o i n t  of passage of l i g h t  r a y  2 a l i n e a r  tempera- 
t u r c  grad ien t  i s  assumed. t o  a r i s e  due t o  the flow, The d i f -  
f 'zrsrice i n  tiemperature between the ou t s ide  and i n s i d e  of .the 
{;lass 3s assumed to be  ten pe r  cen t  of the  d i f fe rence  of 
t.ernperat- re AT between .the ou te r  wa l l  s f  the g lass  and t h a t  
of %he flow, Let the  r a t i o  s f  the  thickness of the  two 
g2;lasszs t c  the l eng th  of the l i g h t  pa th  i n  the flowing a i r ,  
i , e , ,  t o  the width of the tunnel ,  be 1:5, 
Let 

tl?e ~ ~ e f r n c t i v t . !  index o f  the  g l a s s  be N = 1,50, 
the t~ernpzrature c o e f f i c i e n t  of 

Linear e:x,onnsion of the g l a s s  I3 = 0 0 8  loa5 
c , g o s ,  u n i t s ,  

sa cf 

the  e r r o r  i n  the dens i t y  r a t i o ,  a 
PoD 

cx~ised 139 t?;.~: expansion of the g lass  be &ae 
Po 

It I s  k).roved tE!us t h a t  the e r r o r  can be too hfgh t o  be per- 
cifssiijle f o r  ar!. exact" ea lcu l&t ion ,  It i s  propor t ional  t o  
t.l-:e la a t i o  of t h e  th.ickness of g lass  t o  the width of  the 
tunnel and t~ tiie c o e f f i c i e n t  of expansion of the g l a s s  a s  
w e l l  a.s to t ~ l o  d i f f e r e n c e  of temperature A T ,   his e r r o r  
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can be reduced by s e l e c t i n g  a  g l a s s  a s  t h i n  as  p o s s i b l e  and 
with a  low temperature c o e f f i c i e n t  of expansion, On account 
of the  complicated condi t ions of hea t  conduction i n  the  
g l a s s ,  i t  w i l l  be p re fe rab le  i n  the ind iv idua l  case t o  de- 
termine experimental ly  t h e  e r r o r  descr ibed above by comparing 
the  r e s u l t s  obtained a f t e r  var ious  dura t ions  of  flow, A 
dura t ion  of flow so b r i e f  t h a t  s teady condi t ions  canna6 de- 
velop i n  the  g l a s s  must be  used as  a  s t a r t ,  Another p o s s i b i l i t y  
f o r  determining the e r r o r  i s  to  observe the  d e f l e c t i o n  go f o r  
var ious cool ings of the g l a s s  , 

The e r r o r  can a l s o  b e  avoided i f  con ide rab le  
cool ing of the g l a s s  i s  permit ted.  The reading of 8 must 
i n  t h a t  case be c a r r i e d  out  immediately a f t e r  the rea8ing  of 

hence with cooled g l a s s  wal l s ,  I n  t h i s  manner the e r r o r  
was success f u l l y  el iminated i n  the measurements given below, 
It i s  important i n  t h i s  case t o  determine what temperature 

can be ascr ibed  to  the a i r  i n  the  tunnel immediately a f t e r  
c e s s a t i o n  of the flow, 

e )  Dependence of the  Opt ica l  Density of A i r  on Water Vapour 
Content and Water Content, 

Regarding the e f f e c t  of water vapour, r e f e r -  
ence i s  made t o  the  formula i n  K o h l r a u s c h ~ s  Lehrbuch d e r  
Praktfschen Physik, 16 th  Edi t ion ,  page 269, r h i c h  i n  the 
p resen t  n o t a t i o n  $s expressed as 

i n  which NL i s  the  r e f r a c t i v e  index of dry a i r ,  N2 the  r e -  
f r a c t i v e  index of t h e  a i r  containing water vapour which flows 
I n  the  tunnel  and e  the p a r t i a l  pressure  of the water vapour, 

The d i f fe rence  I n  the value of N2 - P (which 
i s  d e c i s i v e  f o r  the measurement of d e n s i t y )  between d ry  a i r  
and t h a t  s a t u r a t e d  with water vapour a t  20°C and 760 mm, Hg 
pressure  i s  9.0 o Accordingly, f o r  a  value of  NL = 
1,000273 t h i s  d i f f e rence  i s  0,003 of  the value of N2 - 1, 

The water vapour content  of the a i r  a f f e c t s  
accura te  d e n s i t y  measurements only a t  temperatures above 
those of normal room temperature and a t  h igh  humidity of the 
a i r .  I n  t h i s  case the  water vapour content  of t h e  compari- 
son chamber would have t o  be taken i n t o  account, 
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9x1 o r d e r  t o  ss t fmate  the  inf luence  of w a t e ~  
d r c p l e t s  exis t i r ig  I n  the a i r  on the o p t i c a l  d e n s i t y  of  the  
air.- l t  would be important t o  know the  s i z e  of the  water 
clro~)$et,s. Hcwevsr, as a p u l e ,  i t  w i l l  be unknown, Therefore 
two extreme cases will be escimated, I n  t h e  f i r s t  case i t  
1 s  assumed t h a t  t h e  diameter  of the  water d r o p l e t  i s  small  
as cornpared wf th t he  wave-,length of the l i g h t ,  I n  the second 
case l t  I s  assumed t h a t  618 the water i s  concentrated f n  one 
P a y e ~ ,  The v e i o c i t i e s  i n  water i n  the t w o  cases  a r e  assumed 
ts be ?qua1 ard l ikewise the  v e l o c i t i e s  I n  a i r ,  FOP the f i r s t  
casa the L o r e n t z  Lorenr law, by which the s p e c i f i c  r e f r a c t i o n  
of a molecular mixture squals  the sum of the s p e c i f i c  r e f r a c -  
t , i o r ~  c r f  tha  ~ n d i v f d u a l  mixture components, i s  used, I f  the  
mass 2s designated by  G ,  with W as  s u b s c r i p t  f o r  water and L 
f o r  a f s ,  then :;he s p e c i f i c  r e f r a c t i o n  according t o  Lorentz- 

~2 , 

Lorenz is % 0 @ and then 
~ 2 , 2  P 

From t h i s  equat ion a f t e r  some transformations and simplf-  
ff ca t ions  

The secand es t ima t ion  w i l l  now be d e a l t  with,  Let  the volume 

of the a i r  be Vg .- -- 'L the volume of the water  VW = 9 ?old 
Pw 

%he voluune c P  t he  mlxture V2 = VL + VWo If the  l e n g t h  o f  the  

L i g l , t  path i n  water 1s denoted by lL and dw, then 4 = JL% 

and, associa t , lng  a  mean velocf t y  c2 with the l i g h t  when 

pass ing  throupg the water and a i r  l a y e r s ,  the fol lowing can 
be wsff t e n  

Hc\wever, s l n c e  e2 : iL : ew = V2 : VL Vw,, according to  
equat ion (2) 
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Then a f t e r  some t r ans fo rma t ions  and s i m p l f f f c a t i o n s ,  

The term r e p r e s e n t i n g  t h e  e r r o r  caused by t h e  presence  of 
wate r  d i f f e r s  i n  t h e  two equa t fons  merely  by  t h e  f a c t o r  

3 N+ = 0.927, f o r  a  r e f r a c t i v e  index of  wate r  NW = 1,33. 
2 N W 9 2  

With a  g iven  mean e r r o r  i n  measurement t h i s  f a c t o r  i s  wfthout  
s i g n i f i c a n c e ,  S ince  p r a c t i c a l l y  t h e  same r e s u l t  was ob ta ined  
f o r  bo th  extreme cases ,  i t  may be  assumed t h a t  t h e  e r r o r  i n  
t h e  d e n s i t y  measurement, caused by  the  presence  of wate r ,  i s ,  
i r r e s p e c t i v e  of t h e  s i z e  of  t h e  water  p a r t i c l e ,  

Assuming t h a t  a l l  t h e  water  vapour of s a t u r a t e d  a i r  a t  20°C 
and 760 mm, H g  atmospher ic  p r e s s u r e  i s  condensed by a d i a b a t i c  
expansion,  an e r r o r  o f  a lmost  two p e r  c e n t  i s  ob ta ined  f o r  
G ~ / G ~  = O o O K  

f) R e f r a c t i o n  of  L igh t  Raysc 

I f  t h e r e  i s  a  cons ide rab le  d e n s i t y  g r a d i e n t  i n  
t h e  flow, then the  l i g h t  r a y  2  w i l l  undergo a change of 
d i r e c t i o n  due t o  r e f r a c t i o n ,  This change can be  e a s i l y  ca$- 
c u l a t e d ;  however, t h e r e  i s  g e n e r a l l y  an a d d i t i o n a l  change of 
d i r e c t i o n  due t o  a  g r a d i e n t  of  the o p t i c a l  dena f ty  i n  t he  
g l a s s ,  This  change of  d i r e c t i o n  i s  i n  most c a s e s  oppos i t e  
and cannot be c a l c u l a t e d  on account of  t h e  complicated c'on- 
d i t i o n s  of h e a t  conduct ion i n  t h e  g l a s s ,  The exper iment ,  
however, shows t h a t  t h e  r e f r a c t i o n  even w i t h  a  d e n s i t y  gra-  
d i e n t  o f  

3~ & = 0,s 0 .lom3 c o g , s .  u n i t s  

i s  s t i l l  so  s l i g h t  t h a t  t h e  i n t e r f e r e n c e  image i s  impaired 
by i t  b u t  n o t  des t royed ,  



Page .-. 12 
Tech, Trans, TT-37 

a] D o s c ~ i p t l o n  o f  t h  M a k x g  Measuremen to 

The author used t h e  doub l e - s l i t  in ter ferometer  
for  rneasurements of' dens i t y  i n  a  Lava1 nozzle ,  The cross-  
s e c t i o n  of the  nozzle is shown i n  f i gu r e  3 in f u l l   scale^^, 
The width of the  nozzle was b  = 5 cm, throughout, The arrow 
IndLcates the  d i r e c t i o n  of the flow, ' he  l abora to ry  a i r  was 
draivn through %he nozzle i n t o  a vacuunl tank, U,p.s+;keam from 
the  nozzle the re  inrere devices f o r  t he  product ion of  a3-r of 
d i f f e r e n t  humidi t ies  which w i l l  not  be described here ,  Down.- 
s t r a e m  from the nozzle the re  was a quick-closing stopcock, 
O n e  ha l f  of a symmetrical nozzle was used ana I . ts  curved wal l  
was ad jus tab le ,  The comparison chamber i s  deno+.ed by P,, It 
was heat . - insula ted  aga ins t  r ap id  changes i n  temperature from 
t.he outs ide  by a layer: of hard rubbero By means of a  pressure  
hole  i t  w8.s poss ib le  to produce various d e n s i t i e s  i n  the  
colnpai-isctn char~lber and t o  measure the pressure  p reva i l fng  
there, A thermocouple was introduced i n t o  the chamber f o r  
meas~iring t h e  t t=mperatu~e,  A second pressure  hole mads it 
poss ib le  t o  measure the s t a t i c  pressure  a t  po in t  3 ,  A second 
t~hermacoup1.e was introduced near  t h i s  poin t  i n t o  the curved 
''cheek of tkie nozzlet' (msenbacke)  i n  order  to de t emf ne  a t  
t h i s  po in t  t41e t m p e r a t u r e  e x i s t i n g  i n  t he  cheek, The 
arrangement. des cri.bed made i t  possibl.e to  measure pressure  
and cie3sit.y a t  any pa in t  of the nozzle by means of  one cornc. 
p ~ r f 3 ~ ~  chainber and one pressure hole by s h i f t i n g  t he  curved 
ck i e~k  of t h e  n0zz9.e~ Heading by means of a  ve rn ie r  permit- 
ted  the  determina.tior: of displacements of the cheek of Q,Ql 
cerltirneb~e . The doub1.e s l i t  cons is ted  of two square holes  
with s3.des approxirnate1.y 0,18 cen t i r ne t~e ,  The c e n t ~ e s  of 
tihe t.wo holes  w e r e  apprcximately 0,9 cent imetre  apapt ,  The 
double s l l t  fsshowrl i n  the f i gu r e  by do t t ed  l i n e s ,  Care 
w a s  taken t h a t  the l f n e  jofnfng hole 2 of the double s l i t ,  
l ~ i t l i  the hole f o r  the s t a t i c  pressure was exac t l y  normal 
t o  the plane cf!eek of the nozzle ,  how eve^, t h i s  by no 
m e a n s  g ~ a r ~ a ; ~ t . e e s  measurements of dens i t y  and pressure  a t  
the same po in t ,  On %he con t ra ry ,  i t  sho:va t h a t  f o r  exact  
meas?lrernt>nt;s i.n such a sho r t  nozzleD constant  values of 
:i.ensFt.y and pressure  o v ~  the  cross-sec t ion  cannot be 
assurfled, POP the  measurements a  curvature correc t ion: ,  based 
on the assumption t h a t  the s t reamlines  decreased l i n e a r l y  
from the curved t o  the plane cheek of '  the  nozzle,  w a s  fntpo- 
ducsd f'or t h e  d e t e m f n a t i o n  of t he  mean dens i ty  and mean 

I essure ,  This ca lcu la t fon  wf 11 not  be ca r r i ed  out  here  s fnce  
---,.=- ---- -- 

1) Tra?;s la torQs Note: The f fgu r e  a s  shown 
has been enlarged from microfilm and r e -  
drawn and probably df f f e r s  i n  size from 
the o r i g i n a l  r s f e r r e d  to ,  
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i t  i s  not  a  case of in ter ferometer  co r rec t ion  but  r a t h e r  one 
of the e r r o r  r e s u l t i n g  from the  app l i ca t ion  of the one- 
dimensional nozzle theory t o  s h o r t  Lava1 nozzles ,  

An a r c  l i g h t  of 20 amperes a t  220 v o l t s  was 
used as l i g h t  source,  I ts  l i p a t  was projec ted  on a p rec i s i on  
s l i t  by means of a  condenser, A l ens  of two metres f o c a l  
length produced an image of the p rec i s ion  s l i t  i n  a mfcro- 
scope of 50 diameters magnif icat ion,  The d i s t ance  between 
double s l i t  and microscope was approximately s i x  . le t reso  A 
s c a l e  having 50 d iv i s ions  was i n  the ocular  of tne microscope; 
one d i v i s i o n  thereby corresponding t o  1/50 mill ime t r e  , The 
dis tance  between two maxima of l i g h t  i n t e n s i t y  amounted t o  
approximately 19 d iv i s i ons ,  as  can be  e a s i l y  c a l cu l a t ed  from 
formula ( I ) ,  With t h i s  l a r g e  width of s t p i p  i t  would not  be 
easy t o  read with accuracy t he  cen t re  of a  maximum of l i g h t  
i n t e n s i t y ,  The edges of the  f i r s t  two maxima of l i g h t  in-  
t e n s i t y ,  however, showed a  marked t r a n s i t i o n  from a  d e f i n i t e  
r ed  t o  a  d e f i n i t e  b lue  which was p a r t i c u l a r l y  c h a r a c t e r i s t i c ,  
A t  t h i s  poin t  the readings were taken, This can be done 
d i r e c t l y ,  s ince ,  with a  change i n  d e n s i t y ,  the e n t i ~ e  system 
of s t r i p s  shows a  uniform displacement, 

It was poss ib le  to  read one d iv i s i on  with 
accuracyo which appeared i n  the measurement due 
t o  the  ready:: :rfrT and go the re fo re  amounted t o  no t  more 
than one d iv i s ion ,  i , e , ,  approximately - 1f & = 5 , 7  0 loa5 em,  

20° 
and No - 1 = 2.9 l on4$  t h i s  r e s u l t s  according t o  formula 

( 4 )  i n  an inaccuracy of the  dens i ty  values 

By comparison with t h i s ,  the temperature and pressure  read- 
ings may be  considered completely accurate ,  It i s  obvious 
t h a t  the percentage e r r o r  i n  the deteqxnination of g in- 

creases f o r  smaller  dens i t y  r a t i o s  Po 

The comparison chamber was on the one hand 
connected with a  comparatively l a r g e  g l a s s  sphere and on the  
o the r  hand with the outer  a i r  by a  three-way cock, The 
volume of the g lass  sphere was l a r g e  compared with t h a t  of 
the  chamber, A mercury manometer was connected t o  the  g l a s s  
sphereo By means of a  water - je t  vacuum pump the dens i ty  
des i red  i n  the chamber could be p~oduced  i n  the sphere,  This 
dens i ty  underwent only a  s l i g h t  change when the chamber was 
connected wi th  the g l a s s  sphere,  
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Durl-ng the  rending of go the chamber was con- 

nected with the  ou t s ide  air, Hence, plo = po = pZo was t o  

be s u b s t i t u t e d  in ,  sqi.xation (5a1, Furthermore, i t  became 
evideizt t h a t  with the f l ~ i l r  brought t o  a  s t a n d s t i l l ,  the a i r  
between the cheeks of the nozzle assumed the t e m p e ~ a t u ~ e  of 
these wi th in  one second, It was poss ib le  t o  demonstrate 
t h i s  by mornerlt,ariby switching the flow on and o f f ,  I n  t h i s  
way a i r  or" t he  t..eraperature To came between the  cheeks, A 
small  deflection, whfch became evident  i n  the microscope, 
d i s a p p e a ~  ed ;dtT-lin one aecond, The temperature T20, t he re fo re ,  
was t o  be  eq-uat.ed t o  t h e  ternperature measured i n  the cheek of 
the nozzle a t  point  3 ,  

Measurel~ient was ca r r i ed  out i n  the following 
manner, Each day on ~J ' r~ ich  measurements were taken, the  i n t e r -  
feromster  was, flr?lst of a l l g  c a l i b r a t ed  by adjustment of 
various d e n s i t i e s  i n  the comparison chamber and by reading 
the a p p ~ o p r i a t e  de f l e c t i ons ,  There was no df f f i c u l t y  i n  
obta in ing  s u f f i c i e n t  accuracy when ca l i b r a t i ng ,  

For t h e  measurement i t s e l f  two persons were 
always requi red ,  one f o r  reading the d e f l e c t i o n s  i n  the m i c ~ o -  
scope and t h e  o the r  one f o r  opera t ing  the manometers and 
reading the  galvanometers of the  two thermocouples, F i r s t ,  
the a r c  l f g h t  was switched on and the  curved cheek of the  
nozzle was screwed t o  the po in t  des i red ,  The a i r  d e n s i t y  
a1iticipat;ed d u r i n ~  t h e  rncasurement was obtained i n  the g l a s s  
sphere by evacuation, Then everyone got  t o  the p lace  assigned 
to him and was no t  permitted t o  leave i t  before t he  conclusfon 
of  tho  me asl~renlent, I n  the beginning the comparison chamber 
was connected t o  r-hs outs ide  a i r  i n  order  t o  make su r e  o f  the 
q u a l i t y  of the i t l te r ference  image i n  t h e  microscope, Follow- 
ing  t h a t ,  the flow was swftched on by means of the quick- 
a c t i ng  cock and the cornpo~ison chamber a t  the  same time con- 
n6cted to  t h e  glass sphereo  I n  the microscope the i n t e ~ f e r e n c e  
image was gerleral ly  d isp laced by severa l  d iv i s i ons  a n d m a ~ ~ r a t h e r  
i n d i s t i n c t ,  Durfng t h e  f i r s t  seconds another  displacement of 
the image by s eve ra l  d iv i s i ons  occurred due t o  coo l ing  of t h e  
g l a s s ,  Af te r  the n te r fe rence  image had become s t a t i o n a r y ,  
the displacement $ was read i n  the  microscope and, a t  the  
same time, the  mel-cury manometers were blocked by means of 
g l a s s  cocks, Immediately a f t e r  t h a t ,  the flow was brought 
to  a  s t a n d s t i l l  by c los ing  the  quick-act ing cock and the 
comparison ohmber was a t  the  same time connected t o  the  
outs ide  a i r ,  'rNhilst one o f  the a t t endan t s  speed i ly  read  the 
d e f l e c t i o n  & i n  t h e  microscope, the o the r  one watched the  
de f l e c t i ons  o? t h e  two galvanometers, Af ter  recording these,  
f t was poss ib le  t o  r ead  t h e  blocked manometers, 
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With some p r ac t i c e  t h i s  manner of reading was 
e a s i l y  c a r r i e d  ou t ,  Importance u s t  be a t tached to quick 
succession of the two readings $and Jo i n  order  t o  prevent  
too l a rge  changes i n  the  o p t i c a l  eens i ty  of the g l a s s ,  Speedy 
reading of the galvanometers i s  l e s s  importarit, s ince  t h e i r  
de f l e c t i ons  do not  change as r ap id ly  and the  e r r o r s  caused 
by them a r e  smal ler ,  

I f  t h e  cooling of the g l a s s  had not  been taken 
i n t o  account i n  the measurement under consfdera t ion ,  the e r r o r  
a t  Mach number M = 1 ,6 '  would have amounted t o  3 per cen t  of 
the value of , 

"0 

b )  Resul ts  and Accuracy of Measurement, 

The r e s u l t s  of t he se  measurements a r e  given 
below, Pressure and d e n s i t y  measurements were c a r r i e d  out  a t  
a  temperature of 17OC i n  the le-boratory with r e l a t i v e  humfdit ies  
of 0, 40, 75 and 90 per  cent ,  With d ~ y  ad i aba t i c  expansion 
of the a i r ,  the dens i ty  values a re  now wel l  s u i t e d  f o r  the  an- 
a l y s i s  of the q u a l i t y  of t he  i n t e r f e ~ o n e t r i c  t e s t  procedure, 
s ince  dens i t y  values, which a re  obtained by ca l cu l a t i on  from 
the a ; a t i c  pressure measurements by assuming a  d r y  ad i aba t i c  
expalsion, can be used f o r  comparison, In a  r e p o r t  t o  be 
published sho r t l y  the  author w i l l  show t h a t  moist  a i r  a l so  
expands i n  a  dry ad i aba t i c  manner i n  sho r t  nozzles  a t  M <  9, 
For M 7 l, on the  o ther  hand, t h i s  can genera l ly  no t  be 
claimed, I n  t h i s  case condensation phenomena a r e  encountered, 
and d e n s i t y  measurements of moist  a i r  i n  t h i s  region a r e  there-  
f o r e  no longer of i n t e r e s t  here ,  s ince  there  are  no p o s s i b i l f t i e s  
f o r  comparisons to  permit an ana lys i s  of t h e i r  nua l i t y ,  The 
de ns i t y  values f o r  moist a i r  i n  the region lV ,>. 1, measured 
by in ter ferometer ,  a r e  not included i n  the t av l e  below, In 
the  region M L  1, the re  i s  no d i f fe rence  i n  the  r e s u l t s  of  
dens i ty  measurements of d ry  and moist  a i r  (wi th in  measuring' 
accuracy) ,  

The f i gu r e s  i n  the f i r s t  column of the  t a b l e  
i nd i ca t e  d i f f e r e n t  pos i t ions  of the curved cheek of the nozzle 
i n  mi l l ime t res ,  The f i g u r e s  i n  the second column represen t  

.the values f o r  ;;)f mathematically ca lcu la ted  from the nozzle  

dimensions by assuming d r y  ad iaba t i c  expansion without boundary 

l ayers .  The dens i ty  values (e) , obtained from s t a t i c  
Po ad 

pressure  measurements by assuming dry  ad iaba t i c  expansf on, 
a r e  compiled i n  column 3, The di f fe rence  between these two 
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va lues  i s  a t t r i b u t e d  t o  t h e  presence of a boundary l a y e r ,  
Colurrins 4-7 g ive  tk:s values  f o r  va r ious  r e l a t i v e  d e n s i t i e s  - 
as  ob ta ined  by i n t e r f e r o m e t e r ,  T h e i ~  mean va lue  L= is g iven  

Po 
i n  column 8, The mean e r r o r  f o r  each i n d i v i d u a l  nozz l e  

p o s i t i o n  A E  i s  sholTm i n  column 9 and t h e  mean e r r o r  f o r  
Po 

thz  f i r s t  seven nozz le  p o s i t i o n s  i n  column 10 ,  F i n a l l y  the 
a p p r o p r i a t e  Mach numbers a r e  g iven  i n  column 11, Each of 
t he  d a t a  g iven  was ob ta ined  by one i n d i v i d u a l  measurement, 
t a k i n g  i n t o  account the  c u r v a t u r e  c o r r e c t i o n  mentioned. above, 
I t  was s'iown i n  s z c t i o n  3 ( a  and d )  how t h e  e r r o r s  a  and d  
car1 be avoided,  According t o  t h e  fomiulas  g iven  above, the  
o t h e r  e r r o r s  a r e  s m a l l e r  t han  t h e  inaccuracy  of t h e  p r e s e n t  
r e s u l t s  Lnle t o  u n c e r t a i n t i e s  i n  t h s  microscope r ead ing ,  

T h e  ewer i n  nzcasx~rement i s  tlslus d e f i n i t e l y  w i t h i n  the  l i m i t s  
which were t o  be  expected i n  accordance wi th  t h e  e s t i m a t i o n  
i n  S e c t i o n  IVa, 
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The Lava l  nozz le  ,, employed i n  t h e  measurements = 

i s  f  avourable  f o r  the  a p p l i c a t f  on of the  i n t e r f e r o m e t e r  i n a s  - 
much a s  i t  was p o s s i b l e  t o  keep t h e  double s l i t  d i s t a n c e  d  
q u i t e  smal l .  On the  o t h e r  hand the  Laval  nozz l e  i s  extremely 
unfavourable  a s  to l e n g t h  of t h e  l i g h t  r a y  b  - 5 cm, i n  t he  
a i r  t o  be  i n v e s t i g a t e d ,  It  1s t h e r e f o r e  p o s s i b l e  t o  o p e r a t e  
w i t h  t h e  same accuracy a s  h e r e  i n  a tunne l  of 50 cen t ime t r e s  
width wi th  a  d i s t a n c e  of l i g h t  r a y  d  - PO cm, I n  somewhat 
l e s s  a c c u r a t e  measurements the  temperature  measurements may, 
as a  r u l e ,  b e  omi t ted ,  p a r t i c u l a r l y  when o p e r a t i n g  wi th  lVIach 
n u ~ b e r s  M ( 1, 

The d o u b l e - s l i t  i n t e r f e r o m e t e r  i s  hence a  
r e l a t i v e l y  s  irnple and a c c u r a t e  a i d  f o r  t h e  de t e rmina t ion  o f  
d e n s i t y  i n  f low, 

V SUMMARY 

I n  the  d o u b l e - s l i t  in terferonie  t e r  t h e  d e n s i t y  
i s  measured from the  displacenzents of an  i n t e r f e ~ e n c e  image, 
This image o r i g i n a t e s  froni i n t e r f e r e n c e  of  two l i g h t  r a y s  
conducted p a r a l l e l  t o  each o t h e r ;  one of ivhich i s  conducted 
through t h e  a i r  to  be i n v e s t i g a t e d  and t h e  o t h e r  one through 
a i r  w i th  d e n s i t y  known, The accuracy of  t h e  measuring pro- 
cedure depends on the  d i s t a n c e  between t h e  two l i g h t  r a y s ,  
The e r r o r  i n  measurement i s  g e n e r a l l y  ve ry  s l i g h t ,  I n  t h e  
example of  measurements of d e n s i t y  i n  a Laval nozz l e ,  quoted 
i n  t h i s  r e p o r t ,  the  mean e r r o r  amounts t o  l e s s  t han  two p e r  
thousand, 

The i n s  trument i s  p a r t i c u l a r l y  s u i t a b l e  f o r  
point-by-point  measurements of two-dimensional d e n s i t y  f i e l d s  
i n  t he  v i c i n i t y  of t e s t  p i e c e s ,  I t  Is w r t h  ment ioning 
t h a t  t h e  d o u b l e - s l i t  i n t e r f e r o m e t e r  can be ob ta ined  a t  Pow 
c o s t  and i s  ea sy  t o  mount, 
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Fig .  1: D o u b l e - ~ 1 l t  i n t e r f e r o m e t e r .  
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F i g ,  2:  Arrangement  o f  t h e  chambsrs 
I n  t h e  i n t e r f 9 r o r n e t e r .  
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Fig. 3: L o n g i t u d i n a l  s e c t i o n  t h rough  
n o z z l e  a n d  chamber, 
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