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The application of in ter ference  methods is considered for analyzing optical inhomogenei-  
ties. The experimental  data indicate that such methods can be successful ly  used for the 
analysis  of s ta t ionary as well as fas t  p rocesses .  

Optical and in ter ference  methods have found wide applications in the study of d iverse  phenomena oc-  
cur r ing  in t ranslucent  media and related to local var ia t ions  of the re f rac t ive  index. 

The optical ins t rument  most  often used nowadays is the IAB-451 shadowgraph. It is produced s e r i -  
ally by a domest ic  manufacturing enterpr ise  and is widely used for var ious  studies. Many in ter ference  
patterns canbe achieved with it. We will consider the application of in terference techniques with an IAB- 
451 ins t rument  for the study of optical inhomogeneities.  

There  are three methods of analyzing optical inhomogeneities:  the Tepler  or Schlieren method, the 
shadow method, and the in terference method. The ideas underlying all of them have been known for over 
100 yea r s  now. Until the 1950s, however, these methods were used only for essent ia l ly  qualitative studies. 
Monographs published at var ious  t imes cover the state of the art  in the respect ive  periods.  Among them 
one ought to mention the works by Maksutov [1, 2], Schardin [11, 12], Abrukov [3], Holder and North [13], 
and Vasi l ' ev  [4]. 

The method of in ter ference  fr inges in the Tepler  device has been perfected more  than any other for 
the study of flame s t ruc tures ,  it permits  the analysis to be car r ied  up to numerical  calculations.  

Both theoret ical  [5] a~d experimental  studies have shown that, in order  to produce a pat tern suitable 
for measurements ,  the f i lament diameter  must  be  

D...~ 1.2 /~ 
~d (1) 

If the focal lengths of the viewing tube objective and the col l imator  tube objective are equal, as they 
are in the IAB--451 instrument ,  the slit width must  be somewhat smal le r  than the fi lament diameter .  The 
ins t rument  can be set  up for  fr inges of ei ther  finite or infinite widths. In the f i rs t  case,  the in t e r f e re -  
g r a m  is p rocessed  in t e rms  of the measured  shift of fr inges.  In order  to produce an in t e r f e rog ram with 
a good contrast ,  one needs a narrow light source and, for this reason,  the study of fast  p rocesses  is 
fraught  with difficulties due to an inadequate il lumination of the screen.  

In the s l i t -and-gra t ing  method the light source is a slit  while a grating with the pa ramete r  2a se rves  
as the diaphragm. The grat ing lines must be parallel  to the image of the il luminating slit. One positions 
the grating in such a way that the undeflected light rays  are led back by its lines. Then the background will 
be dark  and the image of an inhomogeneity will appear covered by dark  and bright fr inges along which the 
deflection of light rays  is constant. 

This procedure  has served as the basis in the design of a diffraction in te r fe romete r  with the IAB-451 
shadowgraph, which offers cer ta in  advantages over the Schl ie ren- in ter ference  technique with a nar row slit  
and a thin f i lament:  the sc reen  is better illuminated, the in te r fe rograms  are of higher quality, and the 
procedure  is more  rel iable.  It is necessary ,  however, to protect  this in te r fe romete r  against vibrat ions 
and one must  avoid shaking the floor during recording.  
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Fig. 1. Interferogram of a flame (a) and graph of the tem- 
perature distribution over a flame cross section (b). r) 
Distance from the f lame edge, mm; A) nominal point on the 
boundary between the heating zone and the combustion 
zone; T, ~ temperature. 

These in terference methods are rel iable for the analysis of s teady flames.  One can determine d i s -  
tributions of the re f rac t ive  index and of the tempera ture  in a flame, and to measure  the f lame tempera ture  
as well as the size of the combustion zone, of the heating zone, etc. 

As an example, in Fig. 1 is shown the in t e r fe rogram of a Bunsen burner  flame, which has been by 
the s l i t -and-f i lament  method, and the tempera ture  distr ibution in the flame across  one section of the 
s to ichiometr ic  CO + air  mixture.  

The light source here was a DRSh-250 lamp with a yellow fil ter.  The in te r fe rogram was processed 
by the method shown in [6]. 

Polar iza t ion- type shift in te r fe romete r s  r epresen t  a new class  of two-beam ins t ruments  [7-9]. Com- 
pared to a shadow-type instrument,  they ensure  a higher measuremen t  accuracy.  While general ly  less ac-  
curate than c lass ica l  in te r fe romete r s ,  shift in te r fe romete r s  excel the latter in some other aspects.  They 
are easi ly  adjusted and regulated, they are stable in operation, and the lightLbeam spl i t ters  and the com-  
pensators  are small .  Certain shift in te r fe romete r s  can also be designed with the IAB-451 shadowgraph. 

Optical inhomogeneities are now most  widely analyzed with the aid of la tera l -shif t  in te r fe romete rs ,  
which can be classified into differential  ones and ones with a large shift. Among the latter are those with 
a shift approximately equal to one half the radius of the col l imator  lenses or m i r r o r s ,  and those with such 
a large shift that a separa te  set  of optical component s is required for each light beam. In differential in te r -  
f e rome te r s  the shift is much smal le r  than the t r ansverse  dimensions of the test  object. Such in te r fe ro -  
me te r s  can detect sma l l  gradients  of optical thickness and are almost  insensit ive to vibrations.  In differ-  
ential i n t e r fe romete r s  it is eas ier  to ensure  an invariabil i ty of physical conditions along the path of the 
interfer ing beams,  and a h igh-cont ras t  in terference pat tern can be obtained. 

In te r fe romete r s  with polarized light operate on the principle that a double-ref rac t ing sys tem (light- 
beam splitter) converts  a plane-polar ized wave into two waves: an ordinary  one and an ex t raord inary  one. 
These two waves are displaced f rom one another by the b i ref r ingency of the system.  In an in te r fe romete r  
with fully separated light beams one of them passes  through the test  object and the other passes  through an 
unperturbed field. F r o m  the in terference pat tern one can determine the distribution of the ref rac t ive  index 
in the tested medium. The most  commonly used l ight-beam spli t ter  for polarization in te r fe romete r s  is 
a Wollaston pr ism,  in which both outgoing beams are d isplaced symmet r i ca l ly  with r e spec t  to the incident 

beam. 

A convers ion of the IAB--451 ins t rument  into a polarizat ion in te r fe rometer  is accomplished as fol-  
lows. The illuminating silt  in the col l imator  tube and the Foucault  knife-edge in the viewing tube are r e -  
placed by identical double- ref rac t ing  sys tems.  For  producing polarized light and viewing the interference 
pattern,  one places a polar izer  before the f i r s t  p r i sm and an analyzer  behind the second pr ism.  Polaroids 
mounted between two glass  plates may be used as the polar izer  and the analyzer.  The polar izer  is installed 
so that the incident light at its p r i sm is polarized at 45 ~ to the optical axes of the p r i sm wedges. Depending 
on the purpose of the experiment  and On the object under study, a polarization in te r fe rometer  with the 
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IAB-451 ins t rument  can be se t  up so that the light b e a m  
will pass  through the t es t  piece twice and, in this way, the 
i n t e r f e r o m e t e r  sens i t iv i ty  will also be doubled. In this 
case  one uses  only the viewing tube of the IAB-451 i n s t r u -  
ment .  The des ign of such an i n t e r f e r o m e t e r  is shown in 
Fig. 2. 

Light f r o m  source  L pas ses  through condenser  K, 
po la r i ze r  P, and, af ter  re f lec t ion  at the s emi t r ans lucen t  
plate D, f o r m s  an image  of the source  in the focal  plane 
of the pr incipal  object  O. In the Wollaston p r i s m  B the light 
beam spli ts  into two (1 and 2). After  re f lec t ion  at the plane 
m i r r o r  M, the light beams  r e tu rn  along the s ame  path 
through p r i s m  B, the s emi t r ans lucen t  plate D, and ana lyzer  
P2, and produce an in t e r fe rence  pa t te rn  on s c r e e n  E. The 
optical  inhomogenei ty under study is placed in the H plane. 

Fig. 2. Schematic diagram of a polariza- 
tion interferometer with the IAB-451 in- 
strument. 

The interferogram can be processed by various methods of measuring the optical thickness of the 
inhomogeneity. If the transverse dimensions of the latter are greater than the linear shift of the light 
beams, then the optical thickness of the inhomogeneity is measured indirectly: on the interferogram one 
determines directly either the additional path difference or the angular deviation ex: 

In the case of complete double refraction, the interferogram is processed in a simple manner. If 
the test region is not wider than the birefringency, then the interferogram in the full birefringeney range 
as well as the interferogram obtained with a Mach-Zender interferometer yields the distribution of path 
differences directly. An interferogram can be evaluated with the instrument set up for operation in the 
single-color mode or in the fringing mode. A quantitative evaluation with the instrument set up for finite- 
width fringes consists in measuring the displacements between interference fringes on the image of the in- 
homogeneity relative to its position in a free field with a known refractive index. The fringe width is used 
as the scale unit for measuring the displacement of fringes. 

The sensitivity of a shift interferometer depends on the setup. Observations and photographs of in- 
homogeneities of known widths have shown that, with a setup for fringing and with the light beam crossing 
the inhomogeneity only once, one can detect changes in the optical thickness of the order of 0.01 ~. Under 
the same conditions (same optical system, same light source, etc.) the Tepler method is less sensitive 
than shift interferometry. 

The just described polarization interferometer was used for studying the propagation of a flame along 
a closed tube [i0]. 

A flame propagates along closed tubes under complex conditions, since it is accompanied by an in- 
crease in the pressure and in the temperature of the fresh mixture. Determining the time characteristics 
of these parameters is very important for calculations aimed at revealing the mechanism of oscillatory 
flame propagation. 

The static pressure and the temperature were measured by slit scanning the interferograms. One 
of these interferograms is shown in Fig. 3. It was obtained for a tube 86 cm long and 20 x 20 mm 2 in cross 
section. The burning mixture was 48% CO + air. 

In order to produce an interferogram, the reactor tube was positioned horizontally within the active 
range of the interferometer. The tube had a window covered on both sides with plane-parallel plates of op- 
tical glass. The window was further covered by an opaque screen with a narrow vertical slit. The inter- 
ferometer was set up for horizontal fringing, and the system of interference fringes on the tube image was 
projected on a horizontally moving cymograph film. The time markers were produced by a neon tube sup- 
plied from a GZ-34 audiooscillator. The slit was approximately 1 mm wide. The ignition of a hot mixture 
and the turning on of the cymograph with the neon tube were synchronized so that the entire process of 
flame propagation was recorded on the interferogram. 

In adjusting the interferometer properly for a clear interferogram, one must observe the following 
requirements: 

1) The sl i t  mus t  have p rec i s e ly  cut s t ra igh t  edges.  

187 



Fig. 3. I n t e r f e r o g r a m  of f l ame  propagation.  

2) The light b e a m s  shifted in the Wollas ton p r i s m  must  lie in the s ame  plane as the slit .  (The sl i t  
should opt imal ly  be as na r row as possible .  Diffract ion effects  make this difficult,  e spec ia l ly  as 
the s l i t i s  made na r rower .  For  a good resolu t ion  of images  of in te r fe rence  f r inges ,  fu r the rmore ,  
the i l luminat ion of the field mus t  be adequate.) 

3) It is  des i rab le  that the appara tus  be shielded f r o m  unavoidable v ibra t ions  in the labora tory .  In 
our expe r imen t  the light source  was an LG-75 optical  quantum gene ra to r  operat ing on the 
= 6328 A wavelength.  This,  together  with the twofold passage  of the light beam through the tes t  
piece,  improved  the cont ras t  of the i n t e r f e r o g r a m s .  

A scan  of the i n t e r f e r o g r a m  shows a change of s ta te  of the gas ahead of the f lame front  and shows 
r eco rded  d i sp lacement  of the in t e r fe rence  f r inges  along the sl i t  in d i s t a n c e - t i m e  coordinates .  The f lame 
propagated f r o m  the r ight  to the left.  The p roce s s  can be t racked by scanning the i n t e r f e r o g r a m .  

The instant  of sparking  is  r e p r e s e n t e d  on the i n t e r f e r o g r a m  (upper f r a m e  in Fig. 3) by a fine d i s -  
continuity in the i n t e r f e r ence  f r inges .  A cons iderable  j i t ter  of the in t e r fe rence  f r inges  is due to the g e n e r a -  
t ion of a weak c o m p r e s s i o n  wave by the spark .  F r o m  the instant  the mix ture  ignites,  decaying acoustic 
v ibra t ions  a re  excited whose init ial  f requency is c lose to the fundamental  tone of the tube. La te r  on one 
obse rves  weak v ibra t ions  at a higher  frequency.  As the f lame moves  along the tube, the amplitude and 
the f requency  of the acoust ic  v ibra t ions  change until ha rmon ics  appear .  Thus,  f r o m  the scanned i n t e r -  
f e r o g r a m s  one can quant i ta t ively evaluate  the changes in the f requency  and the amplitude of the acoustic 
v ibra t ions  during an osc i l l a to ry  propagat ion  of a f l a m e  along a tube. 

This is  not all the informat ion,  however ,  which such a p ic ture  yields.  An upward shift  of the i n t e r -  
f e rence  f r inges  co r responds  to s imul taneous  i n c r e a s e s  in the density,  the p r e s s u r e ,  and the t e m p e r a t u r e  
of the initial  mix ture ,  which can be calculated f r o m  the i n t e r f e r o g r a m .  F r o m  an analysis  of the p rocess  
i n t e r f e r o g r a m s  one can also conclude that the p r e s s u r e  and the t e m p e r a t u r e  i nc rea se  adiabat ical ly.  When 
there  a re  no t e m p e r a t u r e  grad ien ts  pe rpend icu la r ly  to the wal ls ,  then the in te r fe rence  f r inges  become 
para l l e l  to the tube and the i r  width r e m a i n s  constant.  At a ce r t a in  t ime af ter  the mixture  had ignited, at 
some  dis tance f r o m  the wave f ront  (center f r a m e  in Fig. 3) there  appear  large t e m p e r a t u r e  gradients ,  
which r e f l ec t  a higher r a t e  of heat  t r an s f e r  between the adiabat ical ly  heated gas and the tube walls .  The 
h e a t - t r a n s f e r  ra te  i n c r e a s e s  during s t rong v ibra t ions .  Thus, the depar tu re  of the p roces s  f r o m  adiabat ici ty  
can be es tabl ished by the appea rance  of t e m p e r a t u r e  gradients  at the walls .  It  is also noticeable that the 
width of the in t e r fe rence  f r inges  is not the same  at the upper  and at the lower wal ls ,  which indicates  that 
grad  T is not the same .  With active mix tu res ,  which burn fast ,  l a rge  t e m p e r a t u r e  gradients  appear  only 
at the end of the p roces s .  Fo r  this r eason ,  the propagat ion of f l ames  f r o m  such mix tu res  may  be con-  
s idered  en t i r e ly  adiabatic.  

Considering the p roce s s  adiabatic,  f r o m  the scanned i n t e r f e r o g r a m  one can calculate  the mean  p r e s -  
Sure and t e m p e r a t u r e  of f r e s h  mixture .  
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Fig.  4.  Graphs  of: a) m ix tu r e  p r e s s u r e  as a funct ion of 
t ime;  b) m i x t u r e  t e m p e r a t u r e  as a funct ion of t ime.  P, N 
/m2; T, ~ 

Fig.  5. F i l m  f r a m e  taken on the  po l a r i za t i on  i n t e r f e r o m e t e r .  

The opt ica l  d i f f e rence  be tween b e a m s ,  one of which  p a s s e s  th rough  the tube and the o ther  p a s s e s  
t h rough  the surrounding" med ium,  is  

6 = 2I (n - -  no) =/z~. 

It fol lows f r o m  (2) that  

(2) 

n = n  o +  2--~ (3) 

The fol lowIng r e l a t i ons  apply to an adiabat ic  p r o c e s s :  

- -  a n d  ~ = �9 

Po \ P0 ] To P0 ] 

F r o m  the G l a d s t o c k - D a h l  law we have 

(4) 

n - - 1  p 
- -  ( 5 )  

n o ~  1 P0 

F r o m  Eqs .  (3), (4.), and (5) one can  obtain  e x p r e s s i o n s  fo r  de t e rmin ing  the p r e s s u r e  and the t e m -  
p e r a t u r e  of the ini t ial  mix tu re :  

k~. \~' 
P = P 0  l-i- 2 / ( n ~ l )  ) (6) 

1 

and 

T = T  o I +  21(n o - l ) "  " (7) 

Graphs  r e p r e s e n t i n g  both p r e s s u r e  and t e m p e r a t u r e  changes  of f r e s h  mix tu re  ahead of the f l ame  
f ron t  a re  shown in Fig .  4, based  on the i n t e r f e r o g r a m  in  Fig.  3. The m e a s u r e m e n t  e r r o r s  a re  A p  = 5 �9 10 .7 
N / m  2 in the p r e s s u r e  and AT = 1~ in the t e m p e r a t u r e ,  at an a c c u r a c y  of m e a s u r i n g  the i n t e r f e r e n c e  o r d e r  
of 0.03 the f r inge  width. 

Analogous ly ,  a f te r  n e c e s s a r y  t r a n s f o r m a t i o n s ,  we obtain  a f o r m u l a  fo r  de t e rmin ing  the ampi i tude  of 
acous t i c  v ib r a t i ons  gene ra t ed  du r ing  an o s c i l l a t o r y  p ropaga t ion  of f l a m e s  in tubes:  

AP1 = Po ?k)~ 
2l (n o - -  1) (8) 

If the i n t e r f e r e n c e  f r i nges  at the f l ame  f ron t  a re  r e s o l v e d ,  then the t e m p e r a t u r e  behind the f l ame  
f ron t  can  be de t e rmined .  The i n t e r f e r o g r a m s  and the c i n e m a t o g r a m s  show that this is  e n t i r e l y  f eas ib le  
with the app rop r i a t e  i n t e r f e r o m e t e r  setup and with a r educed  ini t ial  m ix tu r e  p r e s s u r e  in the tube. 

In Fig.  5 we show f i lm f r a m e s  obtained on the i n t e r f e r o m e t e r  for  a 40~  CO + air  m ix tu r e  at an ini t ia l  
p r e s s u r e  of 3 .3 .104 N / m  2. 
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N O T A T I O N  

f is the focal length of the viewing tube objective; 
is the wavelength of the light; 

d is the dimension of the unperturbed field in the direction perpendicular to the filament; 
P0, To are the initial pressure and temperature of the mixture in the tube; 
k is the interference order; 
l is the tube width; 
7 = Cp c v is the ratio of constant-pressure to constant-volume specific heat; 
n, p are the refractive index and density of fresh mixture, both varying along the path of adiabatic 

compression; 
no, P0 are the refractive index and density of the mixture in the tube at P0 and T 0. 
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