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THEORY OP NETER S OP THE FIELD OF THE PULSATIONS OF THE REPRAC?IV ?

IN D E X  IN S P A  WA TER .

Ic. a. Aga foaov , S. ~~. Dotienko.
Tb. tb.or’y of astsxs of pelosti... of tbs

r.frsatics co.fficiøat in sos bst .. is 4i.aouss.d. T~~tafiwsac. of ths •sosotz ’ic diassoisas of sa ptio.1
is~~or so its baMpais of spatial. ....1 .. of p~a~Laa.
tioSs ti.ld uon—un.tforaities of tb. rofrootion oo.f—
Sioi.at is studi ed • Dj stortj o~a intxgduo.4 b~ tb. op-
tics) s.nsor t~to tb. poctri of th.o~r.ticai aod.la
of fields th. soot •i.ilar to vhs.. sacouat.red
is )qdrop (q~ ical ru~ earob or. oov.rod .

Tb. obtatnW r. ultg psi.Lt th. sluotdatto~ of di.to~-tion. introduo d by the opt ical asosor int o supposed tb..or...
tical aod.ls ui 1ield s aM sore d.lLhsr.%. appsosob to the
csaflruotioa of optical a.amors with tb. pr.—sol batsdpsas
of spatial seal.. of vhs r.fzacttou cosUioisnt

For dst •ru iai ng the sash chaaq .s in th. refractive indøz of

tra nspar. n t i.dia, vi . l i ly are a çpl led  the schliere n me thods. They

successfully are utilize d during tbe stud y of the co nv ection

curr ents, shoc k waves , quality cf cptical glass , cry stals of

differen t minerals , etc. These methods can t~e also use d for studying

density fluc tuations of sea water , which app ear un der the effect of

turb~1en t processes in water layer (1].

the possibili ty of using the schlieren methods for studying the

h~ drophy sical fields causes the need for the ccnstruct ion of the

- - ~~~—~~ — ~~~~~~~~~~~~~~~~~~~~~ ~~~- —~~~~~~~~- -• • - ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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theory of the work of the meters of the pulsations of the refractive

index of world/light taking into account the specific character,

whic h is inherent in the ph ysical fields of the ocean.

Page 133.

In this work is placed the task of the theoretical determination of

the spectral range of t)~e •eters of the pulsaticns of the refractive

index Cf sea water taking into account the three—dimensional /space

averaging of density field, realized by their sensors, which is

necessary for explaining the degree of distcrticns introduced by

these senects into the statistical characteristics of the fields

being investigated. The structure Cf the theoretical models of the

fields, with the aid of which is conducted the analysis of the work

of instrument, is close to real, that is encountered in the practice

of hyd r oph ysical investigations.

• Known there is many works on the t heory of the me as urement of

transparen t hetero geneities in connection with the tasks of gas j .

d~~ra mics , in which is utilize d the assumption atout the flat/plane or

axisymmetric form of heterogeneities. Such models are not used for

the study of the physical fields of the ocean whose structure differs

significantly fran those indicated idealized by heterogeneities

because of the charge variation of thea~ fields in time and space.

iIIII_ •_ _•___ — -•—--—
•—-•-—-.—--- .— — —

~ 
-
~~~ ~~~~~~~~~~~~~ ~~~~ — .•— ~— ---~~

.-- ~~~~~
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They here prove to be more corresponding to the realit y of the model

of the isotropic or locally isotropic fields which are  examined

belcv .

• The schema tic diagram of the meter of the pulsation s of the

re f rac t iv i ty  gradient (Pig. 1) coincides with the classical schematic

cf the schlieren—instrument. lcrld,light ftc. the source of light I is

ficused by lens L in the plane of point light diaphr agm D. With th~

aid of objective 0 1. is fcrm/ sbap e d the pencil beam , which through

t~ e exit of i l luminator  IL 1 enters into the volume of wa ter be ing

investigated IC. In  passing by this volum e , the luminous f l u x  fa l ls

to input illuminator IL 1 and w i th  the aid ci objective 0~ is

accumulate d in the p lane of the shadow diaphragm TD, a f ter  which is

arrange/ located the photcreceiver PP . Ii in water on the path of

l igh t  rays there  are no r e f r a c t i v i t y  g radients, then the source of

the image cf count is completely overlapped by circu la r shadow

diaphr agm and to p hotoreceiver world/ l igh t does not fall . In the

presence of gradients in the examine/ scanned vcluae , the l ight  rays

ar, deflect/diverted and are recorded by l ight  receptor.

Figure 2 give s the possible form of schhieren photograph. The

random character of a change in the density field de te rmines and the

random character of a change in the configuration of lig ht five—and ,

the displa cement /movements of its “center of gravity ” of 0, value of

~~~ ~~~~~~
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its area and distribution of illumination within th. lim it s of spot .

The study of the  statistical characteristics of any of the named

values makes it possible to investigate the  connected with the.

statistical characteristics of density field.

_ -. ~~~~~~~~~~~~~~~~~~~~~~
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ri g. 1. Schimatic of a scbli•ten instruasnt.

Page 13* .

Vs in vestigate cc.muaicaticn/connectiCJ) of th. statistical

characteristic , of the “center of gravity ” of spot with the

statistica l characteristics of field. For this first l.t ma find

communicat ion/ conn ect ion of the  angle of det l~ctio~ a of .l•.ntary

l ight  ray  ftcm th. axis of devic e with tori by passabl. by it optica l

heterogeneity.

It is known f for 2) that t~e coordinates of lig ht ray at point z

after its passage through the cptically inhcmogeneou s medium are

d.t.r.in.d by th. .gn.tio.s

~~~ /)f~~bs *,s*~
tt
~Z~V*1 (*)

~~~
. ~~~~~~~

where ‘ t Z ,Vi)— a refractive index of m edium , while 3 aid y —

coerdinates of position of light ray on plane . psrp.Mic*1*t to the

optical axis of device, which is located at a distan~~ w from •xit

of the illuminator (Pig. 8). Dy prime ii marked ditfermetiaties with
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re spect to ccordin a te

Let us introd uce the substitution

~~~~~~~~~ 1 5  ~~ ,
where n0 - cc;.tait component of r.tractiv. index; 

~~~ 
Cø,yjp) its

tlmctnetion component Pertberaore, let us designate

3 41~i1 ‘iI ”~V,”-, ’ •

where ~ XU,’)— sr.tial d istzib~tion of refractive in dsi, calibrated

in such a way  that

while value ~~aracterizes by itself the intensit y of

flactiations.

From the f o r m u l a  of Loren t z—Lore nt z  (3), that connects density p

and refractive index of •edium n , follows

(4)

where k — a côn~tant. erent’a t in~ ‘“~~ ~ri ’~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

to ‘ t r i ~~te !ncrer~entA we ~~~~~ obt~~n

~~ Q-~ ~~~~~~4) 
~~~~

:.
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pig. 2. Icklieros i.age; Sp — l ight  spot; TC — shadow d iaphragm.

Pig. 3. Passage of elevent ary  light ray through optical

heterogeneity.

Fags 135.

Calculation on the obtained formula  of the probable deviations

of the refractive index of water on the basis of the available these

fluc tuations of the dersity of sea water, ceased by the flactuations

of temps r a tu r e  and salinity, shoia that j~~~ 1O”~.It is possible te

count in actuality which t,~-Ld~, since tb. iccal juip4rops ii the

sa l in i ty  and te .p .tatmre, which corr.. p~~d ,M~~~
,, ~ in satare exists.

Combinin g expressions (2) sad (3), we will cbtsis

‘~ v’~ Vt0 (I.1rf (X,y,V).
In view of the sma llness of flectiations, it is possible to count

Lit VtG~~I). ~~~~ IfC~ V 1).

- -.- - —-~t-- ~~~~~
, - -~~~ • :

— ~~~~ — —.- — -
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The substitut ion of the obtained relationship/rat io into system

( 1) ,  sclut icn of t h i s  system by the exp ansicn of ent er ing it

equations according to the  degrees of the sm 11 psrasst.r ~ and

disregard of the terms , which contain ~ to d.qr.. is higher than

the  f irst, it give s

IS). r4f I
-

~ 
(,)

where ~(i)  and ~($) — angles of de lectton o’ ra~,/bea”~ ?‘roin ~.‘re”e,ence

aoordinatet~ along the aces (~x and fly , a~ Ilatanca ~ !rnni the out~ ut

t~ 1urn1nator. ~‘he beafl ’5 anr’ le o’ slope to the ~aes ~x and Ov , at which

4.t enters the window o’ the i nput lur~1n atn” , ~~~an~e/~ocated ~~ a

d~ stanoe £ 4’ror~ exi t  1’z n~ t~ r , uride ’ thq ne1i~~~r”, ~~ thet~’ ~~~~~~~~~~~

¶ccordinv’lv (5) they a’~e equal to

e (s)
- j f  ~~f(X,~,,*)d4.

Page 136. 0 W

The obtained re lat i cnsh ip~ret ios give unkno wn

con .unic.tion/Comi*cticn of the pr ojections of angle of deflection

i.~ and &~ of .l ..entary l ight ray f rom the optical axis of device

on it. ispat illusinator w i t h  the  form of the o ptica l he terogeneity,

p laced in funct ion  f ( x ,  y , 1).

— — 
. 

-- — •—•— --—-- --,— — — — .—- .-— — ~~~~~~~~~~~~~~~~ 
, r

~~~~~~ .•- —— ~~~~~ ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 
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~
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Since the heterogeneities of the refractive index of sea wate r

are movable and chaotic , sul~sequently we consider that the

distribstion of flectuaticas in space has r andc r  cha racter , i.e.,

fuic t i cn  fX )~4,1) .f ( ~) is rand cm and , genera l ly  spea king, it d epends

on tins. lndet the assumption cf u n i f o r m i t y  and isotropy of the  field

ci the refractive index and app licability of tie hypot hesis of

“frozen turbulence ” the autccorrelatic n functicn 8(f) of field f

de pend s cnly en the modul u s of three—dimensional/space shear bet ween

two points of field , i.e..

-

Further let us consider these assumpt icns carried out.

Let the instrupent move relative to m e diuu with a constant

velocity of 
~d. 

and the aiis cf its pexpendicular  to direction of

soticu . In this case, the ccordinates of function f(x, y, z) change

in time according to the law

( 7)
-.

where X-1, and y,~ — coordinates of th. optical axis of device of the

re latively stationary field of refractive index at the moment of time

taO , smd , — the angle, which  composes veloci ty  vector wi th  the

selected asia Ox. Tb. dependence of the angles ci deflection of

ray/beam frcm time , accordingl y (6) and (7), in this case takes thø

- -.- 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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form

~~~~~~JJ
L
~~~~f (~~ +V,tGC ,, WSt,1! ,a)0,

(3)

~~~ u f f L
4

~f y v,*.c~s~; . p ~iip,z)d2,

Page 137.

For a reduction in the recording during further c~tcu]ations,

let us designate 
. - -

(a)
In the real iistrma.st through the field being investigated it

passes not elementary light ray, but luminous flux, wh ich has final

cxcss section. Lot us deccnpose this flow on et 9ment ary light rays

and let us examine the result of the ccmbine d action of the system of

rae/beams. th. def lected part of this flow after input i l lumina tor ,

not delaye d ~y shadow diaphragm , it is shown cr Fig. 4. Let us

coisider that the intensity of elementary ray/~ea.s upon their

entrance into the •ediuu being investigated is ident ical, and

absorption and dissipation ci their energy in medium is absent. Then

the intensity of these ray/beams after shadcw diaphragm is also

identical, but , nevertheless, direct—shadow image can be

substantial ly beter cgeneous , since on any elementary are a/site it can

h i t  d i f fe ren t  number  of e lementa ry  ray/beaus .

Consequently, the “center cf gravity ” cf the luminous flux after 

~~~-— -— -—-—~~~~~~~~~~~~~ - -~~~-~~L ~~~~~~~~~~ 
- - ~~~~~~~~~~~~~~~~ ~~~~~

~—
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shadow diaphragm at the given instant has an angle of deflection from

the optical axis of device a long the axis Ox, given by the averaqinq

of aaql. •~(t) with respect to entire enseable of t h e  elementary

light rays (swin ging over the set of ray/beams let us designate by

btschets C )) $
L (10)

where the Imt.qrat to. is conducted over the surface of th. input

illuminator ci i n s t rumen t.  Divergence alo~ g the axis Dy is located

analogously. Is hence time average the position of the “center of

grav i ty ” of the f l o w  (average over time let us designa te by the

feature abov, the averaged funct ion) :

Taking into acco~~t expression (I) and assuming the absence of the

copstant field gradients of refractive index the standard deviation

of the “center of gravity ” from axis Ox at the fixed/recorded moment

of t ime we will obtain

~t~~ct’) -

- -- — --- — —-_--_-—-__-._ --_ —.——--. —. * — — .—.___
~~~~~ 

.s

IlI_ _ - — L. . .. ~~~~~~~~~~~~~ ~~ .. ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ 1.4.
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i ig .  II. The luminous  f l u x  a f t e r  shadow d iaphragm.

Page 138.

Substitution into fcruula (10) of first relaticnship,s’ratio (8) taking

into account designation (~) glu m

~~~ Lf~~~
_/ Ct$I,)dm

~
da

~
. (11)

after squaring of expression (11) we .iii obtain

act~? ~~~~~~~~~~~~~~~~~~~~~ (aa)

Is averaged the standard deviation of the “center of gravity” of the

luminou s  f l u x  during the i n f i n i t e  per iod of the time

this value can ~~~ve as the characteristic of the size/d imensions of

the luminescent spot on photoneceiver.  As it fcl lows  f r o m expression

(1 2),  for It s  de te rmina t ion  it is necessary to define

~~~~~~~~~~~~~~~~ %.v0t ~~çfi~ .i~t~~p, ~itM,I,~c,
while thi s ezpr~~~ioa is the cernelatios I uactios of field, which, as

noted above , in our came it depend s only  on the difference of the

arguments cf funct ion f, i.e., has the form

;— - — -  - -  
~~~~r-  - - --- - - - - - - — -- - ----

~ --~~~

-

~

- - ~~~- --- ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ______
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therefore

~~~
‘“

~~~~~ 

,9ilg ~~~~~~~~~~~ (, •)

Let is mote that the obtained value does not depend en va lue

aqd direction of the speed cf t~e moticn of instrument, i.ø., the

averaged for prolonged time interval schlieren image, obtained in the

isctropic “frozen” field, must te circumference independent of speed

and directicu of the motion of instrument in field. The difference

for this image from circumference lust speak about the absence of the

iac tr opy of field in the point Cf its measu rement.

Page 139.

km is kiown , the cor relation functio n of unifor m st ra y field

b.,(~) is conmec ted with its three—dimensional spectrum by

relaticm~~ip,rstio (*1
sP9t,_ ff1 ~~~~~~~~~~~ •(e~ ~~ ,

o() ~~~~~~~
substitution •f ~~Icb into formula (13) gives

x
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Taking  in to  account  t he  va lue  of the ir tegra l

~~~~~~~~~~~~~ ~2(Mj) . ~
1s~

9

it is simplified this exçressicn

~~~ i~’Sffr ~ ~~~~~~~~~ • y~ ~~~~~~~~~~~ (34 )~
where m .rkedl~ - ,

N~~, ~~~ ).I

Last /latter val u e depends only on form and size/dimensions of

the crcss section of the luminous  f l u x .  If f low has sect ion in the

form of the circle of radius a , thee ~~~~~4.5~S and

N(~,o~)- A~CO~~~
1’

~~~~
In this case relationship/ratio (1~) takes the torn

4~~~
- (jjA~ (a4.t,LPoL~’)$ 1(~ c) ~~ ,

For further simplification in the obt ained expressios, let us

note that the three—dimensional spectrum of isotropic field depends

c r ly  on the uo dul e~~m odu lus  ci wave nu mber  øc

Page 140.

After introducing in the space of wave numbers spher ical coordinates,

we will obtain

(is)
where

~~~~~~~~ ~~)i. 3 L ~ )J$ft~~ cNO)I4dSdI.
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Iranat.r/coaver ting in impression (15) to new variable ~i’ 4L. vi find
(1$)

whgr the esiØttng u nctio, of ex pne.aio; (16)

*Z~~~
v~~le3 .~ is ratio ef a radius of light bea . to its length.

Let us note that weighting function $(~~8) is determ ined by the

configurat ion of the luminous flux and reflect. the properties of

di f tir ent ia t ion  of f ie ld  by sensor and it. three—dimensional/ space

averaging , the for m of this funct ion  is laid in the

co~sttuction/deaig n of inst rument and doe s rot depend on the

s t r u c t u r e  of the measured  field.

In to  f o r m u l a  (16) enters the three—dimensional  spectrum of f ie ld

• Non natural is its replacement by the one—dimensional spectrum

of field G(() . This spectrum is measured by driving/moving in field

point sensor [5). Ut i l i z ing  cou.un lcaticn/ccnnection of these two

spectra (~~)
I ~ 3(~~)G(d~)a - — •  IL—

S 21* 4~~

inca expression (1$) we i l l  obtain

_ _ _ _  (3*)

Page 141.

An especially simple form accepts the obtained expression if the

I H..

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~ -~~~
- -- - ~~~~~~~~ S 

-~~~~~
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spectrum is descri bed by th. exponential function

(19)

In psrticular, the widely known “lam of five thir ds” is obtained

be oi w ith , uS/3. Taking litc accouct formu la (1~) vi obtain

~t~~~~
• %~~f 0 Mt.LM( ~ ) d~. ~~~~~~~~~~~~~ (30)

thus, the averag, standard deviation of the “center of gra vity” of

tbe luminous flux is proportional in our case to integral of the

product of the wei g h t ing  function of instrument N ( x , 6) to the

one—dimensional  spectrum of f ield

The f a m i l y  of the we igh t ing  funct ion s, calculated for d i f f e ren t

cnes 6 wit h the aid of numerical  integrat ion for  for mula ( 11) , is

given in Fig. 5.

Since the weight i ng fu ncticus have clear expressed maximums , it

is clear that the different regions of th. spectrum ma ke different

contribution to 6~~,Iost essential proves to be that pant of the

specttum of field, which is included in the band bet mao. and ~~~
corresponding to half from the maximum value of weight ing function

N(i, 6).

It is possible to count, as is customary in radio engineering ,

that withir the limits of band ~~~~~~~~~~~~~~~~~ weighting function I!(z,

6) (i.e. the transmission factor of the spect ru m ~,(f) ) is constant.

- 

~~ 

—

~~~ ~~~~~~~~~~~ •
h.. —~~~ - — -

‘
~‘ 

- I
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Consequently, in th is  band the value of t he  spectrum of the ou t put
signal of ins t rument  is prop or t iona l  to th e  value of the

cu —dimensional spectrum of the field of refractive index

Ihem X’~~~ function ~ (z , 6) behaves as the frequency char a ct er istic

of the filter of h i g h  frequency, and here the spectrum of the output

signs l of i n s t r u m e n t  is proportional  to the spectrum of the field

•1 gradient of r ef ract ive  index. This specia l feature/pec ul iar i ty  of

instrument is ccnnected wit h its d i f f e r ent i a t i ng  properties.



-- -,.-—-—-~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--—

~~~~~~~~

-

~~~~

_ - - ---- --- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

78189800 FAG ? 18

Fig. 5. Family of the weighting functions of optical sen sor.

Page 142.

In region ~~~~~~ f u n c t i o n  f l ( x , 8) corresponds to the frequency

characterist ic of the f i l t e r  of the low frequency, determined by the

prcpex~ty of the th ree—dimensional / space averaging of field by

instrument. The resul t ing curve is the f requency chara cteristic of

land—pass filter w hose parameters are wholly determine d by the

relaticnship,ratio of the size,#dimensions of the sensor of instrument

and can be previously taken into account in its construction/design.

As is evident in Fig. 5, the bandwidth of sensor strongly

depends on 6. Thus, for instance, passband cf the instrument, which

has 6— 0.1, exceeds by a factor of the passbend of the instrument,

which has daO 3. Is characteristic also an increase in values of N (z,
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6) during decrease 6.

Since in our case optical sensor is intended for obtainin g the

statistical characteristics of the field being investigated, then for

cbtaininq the perfect information about these characteristics it is

necessary to know the distorticns which are introduced by sensor into

the structure of the theoretical models of the fields, close to real,

that are encountered in the practice of hydiophysica l investigations.

This structure is laid in C- c t ~~

For explainin g the distortions, introduced by s~~sor into the

spectrum being investigated, was constructed the performance

characteristics of integrand (20) — M(i ,ô)X ~~
’ for the “law of five

th ird s” with d i f f e r e n t  ones 6 ciig . 6) • Such curve/graphs have

analogous character, also, for laws ‘* ~ 3/3, 4/3 and 6/3.
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rIg. 6. Depesd.m~~s M (4) X

Page 143.

In rig. 6 tc siupl y determine the band of the three— dimensional/space

scales, wh ich contribute the significant contribution to the output

signal of optical sensor for different spectra Cf the field being

investigated. Spectral ccmpcnent of the measure d field, wh ich lie out

of this band, do not virtually affect the out put sensor signal.

Analyzing the work of the meters cf the pulsations of the

refractive index of sea water, it is possible to note that the

decrease of the diaueter of light beam expand s the passband of the

three-dimensional/space scales, reproducible by optical sensor
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without distortion s. With the decrease of diameter , sore vividly are

exhibited the d ifferentiating properties of sensor. Narrow light beam

makes it possible to sclve the sma ll/finer cptical heterogeneities,

entering the structure of the field being investigat ed, decreasing

the effect of averaging acccrding to the diameter of the luminous

flex. It is possible to count that in the region of low frequencies

c~ section curved N(X~a)X
’’
~ from axis Ox to level 0.5 from maximum

value the sensor possesses the differentiating properties. In the

regico cf the passband of optical sensor, it evenly reproduces

changes of the ref rac t ive  index cf wor ld/ l igh t  in the medium being

investigated. On the descending high—frequency section of curve in

the region of mini m um three—dimensional/space scales, the sensor

exhibits the integ rating properties, which consist in the averaging

of small/ f ine thre e— dimens icnal/ space scales alcug the length of the

lasis of instrumen t.

Thus, is establish,installed communication/connection of the

output sensor signal wit h t)~e structure of fields, mos t frequently

esccuntered in practice hy drophysical  experiments , whi ch makes it

possible to  explai n the  dis tor t ions, introduced by sensor into the

field being investigated , and to ccmpose the representation of

boundaries of the applicability of senscr drririg the study of the

field of refractive index.
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