CORRIGENDA to thesis OPTICAL DIAGIOSTICS IN
COMBUSTION SYSTEMS by i. J. R. Schwar, 1970
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pP221.9 insert ref. no. 7 imm:diately aiter coefficients.

P23L13 change serverely to: severely.

P33L7 change grain to: granularity.

P383117 changefinite grain to: irregular.

P38L19 change circumstanstances to: circumstances.

PLOL11  delete: quite, )

P44117  change 30m.s~' to: 300m.s” .
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P92116 add atfter 0.04: x107,..
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- of contact that can be used in practice...

P117L8, P123L14, P143L10 change depéndant to: dependent.
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P1321.21 change Figure 5.7 to: Figure 5.8.
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Chandler, Proc.Roy.Soc.Lond.A.317,265,1970)

P16219 change voloumatric to: volumetric.

P162123 add after temperature: in the case of argon and
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P180L12 change interferogram to: interferometer.

P170TABLE10 change 770 to 745 and 863 to 832.

P184L10 add to beginning of sentence: The exposure of...
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ABSTRACT

Becauge of the continuing need in combugtion research for
improved methods of investigating temperature, composition and
velocity distributicns the basis of a mumber of new optical
diagnostic methods are proposed. The advent of lasers has made
developments in this field particularly fruitful.

The construction, properties and use of holographic replicas
of conventional optical components have been investigated.
Holographic optical components may be a useful aid to optical
disgnostic methods on account of their relative cheapnegs and
large sizes possible.

A method of meassuring the velocity of pure phase as well as
solid objects and which combines the Doppler effect with schlieren
and interferometric techniques is developed. Doppler shifts are
neasured using a beat frequency method and iﬁ is shown how the
heat frequency signal may be interpreted as an interference fringe
pattern moving across the front of a photodetector.

A combined optical and ultra-sonic method of gas diagnostics
is proposed and described that ls based on deducing the velocity

of sound from a shadowgram of the pressure fronts of & high



frequency sound wave asg it passeg through a gas. The methnd 2
has been used to measure gas temperatures up to 1000%K in system s
in which the gas composition was known.

Another diagnostic aid that has been developed is a
particularly simple form of interferometer. By using holographic
methods it can form interferograms firee from boundary effects
even, for example, when windows of poor optical quality are in
‘the test gpace.

411 these methods have teen tested experimentally and

their linitations agsessed.
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CHAPTER 1 6

e

INTRGTUCTION

The sucject of chemical kinetics in reacting gzs flows has
developed along two different paths. One involves studiez at a
molecular Jevel and is concerned with the identification of
intermediaries, including radicals, which are formed during
reaction, viae energy vequired to digsociate molecules, aird vise
distribution of energy bstween the translabional ard various
rotatioral, vibirational and excitational states. The ouker is
more concerred with the macroscopic investigaticn cf temperabure,
composition and veloeity distributions, and overall heat release
rutes. There are rumerous experimental techniques that mway be used
tc obtain quantitative information on the magnitude cf these varicus
paranzters., For present purposey they may be convenienily divided
into optical and non-optical methods.

Optical diagnostic methods may be classified according to
whether the observed light originates from within the gystem or
from an exterral gource. Examples of the former are emission
gpectroscopy and pyrometry. Gaydonl, and Gaydon and Vlolfhard’?
degeribe how spectroscopic methods may be used in combustion
regearch, while Hottel and Sar«:)i:‘:'.m3 s and Ghandrza.ses:kha.z-4 review the
problems involved in radiative heat transfer studieg. Examples in

vhich the observed light originates from an exterrnal source sare

ahgorption spectroscopy, particle scﬁtt.ering including flow
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visualisnation by the pertiecle track method, schlieren and
interferometric methods. A review of light scattering by
particles in flames has been given hy Jores and Schwars, and
ia-’eiribe:rg6 discusses in detail the theory aad practice of the
schlieren and interferometric methods of studying combustion
gystems. Schwar and Neinberg7 have reviewed numerous new optical
meivhods that have become possible with the ready availability of
laser light sources.

Non-opticel methods generally uecessitate the introduction
of a solid body into the system being studied. Fristrom and
Westenberg8 have reviewed the whole subjeclt of flame diegnostics
and describe in detail the different methods that havs been usec
ineluding sampling probes, thermocouples, Pitot-tubazs and
electrical probes.

The perturbation caused by using opticel diagrosiic methods
are usually insignificant in comparison with non-optical methods.
They also have the advantage of being able to provide, in many
cases, a permanent and instantaieous photographic record of the
auantity being measured., There have not been many systematic
comparisons between ophical and non-optical diagnostic methods.
This is parvly due to the fact that the accuracy of the various
metbhods are not generally comparable over the region in which they
could both be applied. Bonne, Grewer and Wagner9 have compared
gpectroscopic and thermocouple temperature measuremsnts in a low
pressure (8 torr) stoichiomesric methans-oxygen flame and obtained
agreement to within 20°C for temperatures greater than 1500°K. Their

spectroscopic temperature determinations were made on the 0-0

n



OH ab.owpbion bands arourd 3064&. Although the first comparison
between a Geflection mapping method and a thermocouple measurement
of the temperature distribution within a slow burning, flat
hydrogen~-nitrogen--oxygen flame at atmospheric pressure, by Dixon-
Lewig and Islesl was luconclusive a later studyll by the same
authors suggested that the optical method was the more reliable.

The tendency in combustion to work at ever higher temperatures
and velocities (for example in augmenied flames aad standing
detorations) hag accentuated the need for mew and improved methods
nf diagnogtics. Fortunzately the advent of the laser has helped to
remedy thie need. Their extreme brightness enables them to outshins
highly luminous events, the possibility of Q-switching allows the
photography of extremely rapid transient events, and their excellent
coherency permits the development of'a whole new range of optical
interference methods. Three of the four major advances in optical
disgnostics deseribed in this thrsis would not be possible without
a light source having the excellent gpatiel coherency of a uniphase
helium-neon gas lassr. The fourth, altbough not relying on the
special properties of a laser light source, would have its range of
epplication considerably extended if, for example, a Q-switched ruby
leser were used instéad of the argon jet spark light source.

The advances described in this thesis are concerned with
inprovements in instrumentation ard with the developmeni of new
diagnostic methods involving velocity measurements of one sort or
another.

It is ghown how conventional optical components guch as lenses



~an he rsplaced by their holeograpnlc equivalenhs. These have
adventoges over conventional componants both frem vhe point of
view of cheapnezs and in relative ease of manufacture. They are,
brwever, less afficieni, Nevertheless il they are used it
sonjunciior wiita & very brigh® light source they could, in certain
circumstences, be more comvenisnb than lenses or mirrors. One
instance would te in optical zystems used for studying unconfined
explcnions where compenents are likely to become damaged auring ths
exXperimens.

Another advance in optical ingtrumentation thalt is described
i3 the design and performanze of a perticularly simple inberfero-
weter. It ig shown tha® by using holecgraphic techniquss the
instrument can be usad to obtain aberration free 'infinite fringe:
ihterferograms and hence eliminate the problem cf residual fringes
that are usuwally present in cther more conventional interferometers.

Normally opticel diagnostic methods for measuring the veloeiiy
of meving phase objects such as propagating flame frontg, detonaticn
fronts, or shock waves involve uslng some form of visuaiization in
conjuncitlon with high gpeed ciné or steak photography. IHere a
completely new method of measuring the veloclty of phase objects Ig
described. It has the added advantage of belng applicable to moving

method
sclid objects. The/depends on using a schlieren system to select
the angle through which & transluminating light beam ig deflected.
The angle of deflection is accufately defined by using a suitably
degigned selective wchilseren blind, and the shift in frequency ie

measured by the method of beats using ar iaverference technique.
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The liwmivevionec o the mothod lie in the required acciracy of the
voloeity mecguremeni an/u and the restrictions in the disbtance LA
over which the veloeity measurement is made. It ie shown that the
product W ‘AAY) iz of the order of N, where AN ig the
vavelengoh o2 the btransluminating light end © is the argle of
defloection. |

Another diagnostic method that is described is basdd on the
instantanecus photogrephy of high frejuency ultra-sonic wavea using
a shadow metincd of visualization. Tompersture measuremernis have
heen made using this teéhnique up to almogt 1000°K ard they agree
favourahly with thermocouple meazurements. The method has an
advantage over other purely optical diagnostic methods in that by
employing sound waves the markings are particularly easy to
interpret and correspoad to the pousitions of the pressurefonts; it
does not require any inversion procedure as is necesgsary when
i;werpreting, for example, interferograms of axially symmetric

cystems.

A list of the more important symbols used in the text is

given in Appendix 3.



CHAPTEER 2

FOLOGRAPHTC OPTIGAL ELEMENTS

2.1. INILRODUGZICN.

The gsimplicity and cheapness of construction of holographic
optical elements makes them a possible substitute for lenses or even
mirrors. The great adventage of vhis in combusticn resesrch is that
expensive schlieren lenses may be replaced by their holographic
equivalent. Applications in which this facility is highly desirable
are the study of bot and explcsive gystems which, for ons reason or
another, need to be in close proximity {o otherwise costly opticel
componentg. The posgsibility of making very large bologruphic copies
of lenses makes them particularly suited for studying combustion
processes occupying large test sgpaces.

It is demonstrated that the wavefront emerging from a lens can
be gtored as a hologram on a plane photographic plate and that becauce
o the inherent focusing properties of a hologram the curvature of the
reconstructed wavefront can be controlled by varying the curvature of
the illuminating wavefront - see Figure 2.1 . In other words a
hclogram of a lens mot only containg the information about vhe
original wavefront emerging from the lens, but it also behaves like
a leng and can therefore be used in the same way as a coavonbional
imaging device. It Jiffers from a lens or mirror in the way in which
changes in wavefront curvature are brought sbout, 1i.e. by diffraction

rather thav by refraction or reflection.
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Focusing propertiss of a point hologram showing the
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change in curvabturs of the primary, - and conjuzate,
C, waves with chanze in curvabturs of the incident
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wave, L, '

FIGURE 2-1,




The raganitude of the various disturbing effects introduced
during the recoxdiné and illumination of a leng bologram sre
assessed together with an examination of the aberrations that may
arige during its use. It is shown that as far asg their application
to schlieren systems are concerned these perturbing effects are
usually quite small. It is also shown that lens holograms can be
made very easily using either a Mach-Zehnder in%erferometer or the
very muck simpler type of interferometer describesd in Chapter é.
Fxamples are given illustrating the use of lens holograms for siding

ia the visualization of both phase and sclid objects.

?.2. THE HOLOGRAPHIGC PROCESS.

S

2.2.1. Introduction.

The prinbiple of reconstructing wavefronts by the process
known as holography was first proposed and demonstrated by Gabcr12
iu 1948, Lieth and Upatnieksl3 revived general interest in the
gsubject during the sixzties and the theory of holography is now well
establishedlA’ls’lé.

The first stsp of the process involves recording the phase
digtribution of an object wave on a photographic plate byvinterferance
vwith a reference wave. When the processed plate, which 18 now refered
to as a hologram, is illuminated by the original reference wave only,
part of the light transmitted by the plate has a phase distribution
identical to that which radiated from the original object. This
reconstructed wave is known as the primary wave. There ig also

another wave, known as the conjugate wave, that forms an image of

the object at a distance beyond the hologram equal to the distance



betweer. Lhe object and oxriginal recording plane.

When the wave illuminating the hologram has a curvature thet
i3 different from the original reference wave thers is a change in
direction of propagation of the primary and conjugate wavesl7. These
changes in direction are most conveniently expressed in terms of the
foczl length of the hologram. Below a lens hologram equation is
derived thab is analogous to the well known lens and mirror equations
relating object and image distances to the focal Zength of the optical
element being considered.

2.2.2. The bagic hologram squation.

In this section it is convenient to assume the focal region of
a lens to be a point. This then allows one to consider tnat the
wavefront emerging from a lens is part of a perfect sphere. The
analysis given here, therefore, strictly applies to a point hologram.
Howsver, this does not matter ag it is a simple matter to extend ihe
final result to a lens hologram by considering the Airy disc at the
focus of a lens to be simply a large collsction of points.

The shape of a reconstructed wavefront ean be deseribed in terms
of its phase distribution over the plane of the hologram. It will be
snown  how bhis phase distribution ig related to the phase
distributions of the referencs and illuminating waves.

Uasing Cartesian coordinates let the hologrem be racorded in
the plane z = 0. The object point source at (Xb’yo’zo) and reference
point source at (xr,yr,zr) produce comnlex amplitude distributions
0(x,y) and R(x,y) in the recording plane. Reconstruction is obtained
using illumination from a bbint scurce at (xc,yc,zc) producing an

amplitude distribution O(x,y) at the hologram. If the phase
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distributions of the object, reference, and illuminating waves at
the recording plane are respectively G;(x,y), ¢;(x,y), and ¢;(x,y)

one may write

0 = 0, exp(j¢;) eoola
R = R exp(jdr) eeolb
= 0, exp(jG;) ...lc

The resultant amplitude distribution at the recording plane

is cdue to the cokbined effect of the object and reference waves
so that the distribution in exposure, E(x,y), over the phctographic
plzte is given by

E(x,y) = (0 + R)(O* + B®) )
wheré the asterisgk implies taking the ccmplex conjugate. By
operating on the linear portion of the plate's amplitude
transmittance characteristic the resulting digtribution of amplitude
transmittance T(x,y) of the hologram is given by

T(x,y) = k(0 + R)(0® + R¥) veo3
The complex amplitude distribution transmitted by the hologram
when illuminated by the reconstructiag wave is therefore A

A(x,y) =kC(0 + R)(0* + R¥) vl
Substituting equations 1 into eguation 4 gives

Alx,y) = k {?oOozexp(j¢;) + Goszexp(jQ;)
RO exp(J(@, + ¢ ~d.))

oo o g
+ CoRoooe@(j(dc -9+ er)j, ere5
which is the basic hologram equation. It is geen that the phase
digtributions of the last two terms are related to the original
object wave - they are not, however, equal to it unless §_ is made

equal to Q;.
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2.2.3. Fgcusing properties of a point hologram.

- Pl it

The hologram theory proposed by Meierl8 can be used as a basis
for deriving a lens hologram imaging equation. To a first order
approximation (Qe + Q; -~ M;) and (Q; + G; + Q;) represent the
phage distribution cf spherical wavefronts. However, thig is only
an approximation and is exacily vrue only when Q; = ¢;. When taig
does not hold aberrations always exist in the reconstructed

wavefronts.

The phase aistribution (Q; + Q; - #.) corresponds to the

prinary wave which has centre coordinates (XU,YP,ZP) given by

7 P 7 + p eceba

P o] T c
i ==;L-Fi—- X-—1'-+ fg§~l 6b
Xp Zp L_ZO zI‘ ZC_J%

- ~5 __l

i = ;; {-ZQ- - ZI-: + ic-l n-oéc
Y Z | 2 G z |

P pt’o r c

The phage distribution (¢; - ¢; + ¢;) corresponds to the conjugate

wave and has centre coordinates (X ,Yc,Zc) given by

c

1 1 a 1
- = - - - + - e 076,
Zc zc zo 2,
:j: = ;L- i—x...g. - -}-c-g- + .}.CI.N; -l 7b
X boi % %o Iy
Y Z |z b4 Z orefC

c c c fo) T

By analcgy with the definition of the focal length of a lens an
evpression for the hologram's focal length can be found by locating
tiie points corresponding to the centre of curvature of the
reconstructed waves when ihe hologram ig illuminated with a plane

wave, i.e. by a point source at z, = + o0« The primary and conjugsate
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focal points, fb and fc, are therefore given by equations 6a and 7a

3 = ., = f andd =1 . at th
by putting 7o + o ,and Zp fp and Zc fc It follows that the

hologram's focal lengthg are given by

l -1 - 1 -1 _ *1 I
f f Z A £
r c ] r

If equation 8 is substituted into squation 6a and equation 7a
and if Zp and Zc are considered as image distances v and z,, ig the

object distaneeu the following equation is arrived at

& 1 = 1
v  ou t ¥ -9

Trus a point hologram behaves exactly like a lens except that it

ginnltareously possesges a positive and negative focal length.

2.5. SIZE LIMITATIONS,

2.3.1. Introcuction.

The gensitivity of a schlieren gystem depends on the diameter
of the focal gpot at the focus of the schlieren optical element. In
the case of a lens hologram this spot size is determined by the
éffective dimensions of the hologram, the dimensions of the object,
reference and illuminating gources, and by the aberrations of the
lens hologram. The contribution that these varioug factors make to
size of the focal spot of a lens hologram are examined below.

2.3.2. Diffraction limitations.

When an idealized lens hologram, i.e. a point hologram, is
illuminated with a spherical wave the reconstructed waves are never
perfectly epherical, even for an aberration free hologram, because
of diffraction effects caused by the hologram's finite size. The

effechbive diameter of a point hologram may be governed by the limitiig



aperture during the recording or reconstructing prccess or by the
resolving power of the recording mediwm. If a point hologram of

effective radius Tn is illuminated by a plane wave the spot

diameter s formed by the reconstructed wave is given b'14
s = Q.61 X2f, ee+d10
*h

vhere f is the focal length of the hologram and s is defined as the
rajius at which the first minimum in the Airy disc occurs.

If the reference and object beams completely fill the
recording medium the effective size of the point hologram will then
be determined by either the dimensions of the recording medium or by
%, the maximum spatial frequency that the medium can faithfully
record. Providing r2/ézr2 and rz/ézozéz; the radius of the p'>

bright fringe measured from the centre of the point hologram, having

a focal length f, is given by

rp2 = 2>pf. ...

The fringe separation Ar at a radius r is, therefore,

AI‘ = —é—-ﬁ 0.012

providing Ar/r <K1. The smellest Ar that an emulsion can resolve
ig 1/ec and so the maximum radius ¥y up to which fringes can be

19

recorded is

r, TOCAL ‘.13
When the gpot size is emulsion limited and when the point hologram
is illuminated by a plane wave the spot diameter is found by combining

eguations 10 and 13 to give

8 - o oveld
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Equation 14 gives the diameter of the focal spot
corresponding to an ideal point cbject. In the case of a lens
hologram the object is an Airy disc and this equaticn represents
the additional spread trought about by the holographic process. If
r, is the radius cf the lens (assumed to be perfect) the spot

diameter at the focus of the lens hologram is

N
s = Oaéu.k{gz + ;; veol5

vhen the reference and reconstruction beams are planar. When the
size of the hologram is limited by the width of the wavefront emerging
from the lens fL/%L = f/rh and so the spot diameter becomes

s = lL.22\fL veolb

L

where fL and f are the focal lengths of the lens and the lens
hologram respectively.
2.3.3. Source gize.

So far it has been assumed that a hologram can be made by
interfering the wave radiating from the objeet with a perfectly
spherical reference wave, and that the recongtruction is cbtained
using 8 pertectly spherical Illuminating wave. In pactice, however,
both reference and illuminating anurces have a finite size and thig
tco contributes to the gpread in the diameter of the focal spot formed
by the reconstructed waves.

In the absence of other limiting effects the focal spot
diameter formed by tihe reconstructed waves is of the order of the
sunm of the diameters of tne reference and illuminating sourceslﬁ.

The diameter, S, of the focal spot formed by focusing a Gaussiaa

laser beam of diameter 2w using a lens of focal length ﬂr is given 1320
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I
w

Sr = 0063 onn.L7

If fr/w is made much smailer than f/r; the effect of a finite
source gize becomes negligible.
2.3.4. Source line-width.

Yhen a light source of frequency 1) hag a finite line-widin
AV only a limited number of fringes Wercan be recorded. Therefore,
the finite line~width may determine the maximum redius of a point
hologram. From equation 11, it follows that in the absence of cther

limiting factors this radiusg is given by

1

r, = (2)\1‘.%937 ...18

-~

and, from equation 10 the spot size diameter formed when the hologram

ig illuminated with a plane wave is

= 0 [Af—“/-\lf]% 1
s o43 D coel9

A gpread in the spot diamater also occurs during the
recoﬁstruction process whenever the illuminating source has a
finite line-width. This spread increases with increase in the
hologram's rpatial frequency, i.e. with i1ncrease in the angle between
the reference and object wave., If the maximum angle between these
two waves is Qm the gpot size diameter in the absenée of other

limiting factors when a point hologram is illuminated by a plane

) . 15
wave is Ap
s = fzy f sian ees0

Providing & 1s not too large simd == 0 = rh/f. If the same
source is used for the construction and reconstruction processes

ry is given by equation 18 and equation 20 then reduces to



1
- (2
g8 = lJ,l[Af %j)-]- ees2l

The total spread resulting from using a source of finite
jine~width in the constructing end reconstructing processes is

given by the sum of equaticns 19 and 21, i.e;
- AY34
8 1.84 [)\f vf cee22

2.2.5. Hologram aberrations.

Whenever a hologram is illuminated by a wave having a
curvabure or angle of incidence different from that of the
original reference wave the reconstructed wave will suffer frcm
aberrations. Meier7 has examined in some detail the aberrations
produced by a hologram in terms of the phase difference J between
the reconstructed wavefront and a perfectly spherical abterrabicn
free wavefront.

From a practical point of view aberrations in a scbhlieren
system will affect the size of the focal spot and the quality of
the resulting record of the test space. According to Rayleigh's
criterior for sberration free imagery the phase difference ¥ should
not exceed 3% {see for example refs 21 and 22). Holder and North23
brave found from their practical ezperience that a phase difference of
the order ¥{ is tolerable for most schlisren applications.

It folloug from Meier's amnlysis that in the casa of a point
nolcgram ¥ increases with increasing radius and that if changes
betwasen the reference and illuminating beams occur in only one plane

¥ is given by

4 3 2 2
¥ = 2%[—%—8+LC~§—A- F+§D] ves23



where S, C, A, F and D are the‘five ccefficients for gpherical,
coma, agtigmaiism, field curvature and distertion aberration
roegpectively.

If a point hologram is used to replace a schlieren lens &=
in a parallel bean sysivem the radius of curvature, B of the
illumipating beam .g infinity. If this illuminating beam ia
inclined o the z-axis at an angle 8, ana the coordinates cf the
point object and reference source are (O,U,zo) ard (0,0,zr)
regpectively the five aberration coefficients reduce to the
expressions tabulated in Table 1.

TABLE 1
Generalized aberration coefficients
for a point hologram when illuminsted

by a parallel beam.

s|-——[_1] C| - tamd [+= - =
ZO ZI' ZO Zr Z2 22

L J L o] r
Al ten?e |2 - 1 F tenzoﬁ - %]
Lzo “r) ) T

The distortion coefficlent, D, is mero.

When the reference wave is plane S ig zero and the
¢ominant aberration ig coma. On the other hand if the curvatures
of the refersnce wave and illuminating wave are vastly different the
dominant aberration is spherical. Tabls 2 lists the sberration
cbefficients when the radius of curvature of the reference wave
is equal to infinity and to -2f for a point hologram illuminated
by a parallel beam. The angle © may be interpreted as repressnting

the angle of deflection produced by the test object and is usually
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sufficiently =small for tan8 to be put equal to ©, Making this
approximation ard substituting :hese coefficients into

TABLE 2
Aberration coefficients for a point
hologram illuminated by e parallel
beam when the radius of curvature of
the reference wave equals o and -2f.

zZ = o z, = -2f
S ; 0 s i 3/
|
¢ | N G ~tang /2%
A ’ tan%e/f A tan0/f
i
Foo tanzg/f F tan<e/f
equation 23 then gives
3
. 2K r 30
¥ o - R : -7y
zr—oo A 2f2 op
A 2
K, —pp = 3 32—:—{1 +» 80O, §92—£J .o 24b
Zpo A 32fj 3r T

For amall deflections £0/r <«{1. Therefore the radius for which

the total phase aberration is legs than < is given in these two

cases by - 1/3
r £ L%ﬁj , for z = @ ev 253
1 1/4
r £ (_l@%—f%l , for z_ = -2f ee25b

Equation 25b shows that when a parallel beam schlieren point
hologram ig made using a spherical reference and objesct wave of radius
-2f and +2f resgpectively its maximum aperturse must be serverely

limited in order to keep the total phase aberration below TS, Ga the



other hand equation 252 ghows that if the point hologram is made
using a plane reference wave and the angle of deflection produced
by the test object is small, very large noint holograms can be made
whilst still keeping the total phase aberration less than TX. The

minimum anguler deflecticn that can be detected is given by

.= Qéih ...26
min I‘h

Substituting this value of O into equatior 25a therefore gives an
expression for the maximum radius of a point hologram having a total

phase aberration less than IV, i.e.

1.28 £ -y

I

rh, max
The magnitude of all these limiting factors are evsluated for

a number of »nractiecal systems in the next section dealing with the

experiunental agpects of maifing lems holngrams.

2.4. MAKING LENS HOLOGRAMS.

2.4.1.,  Introduction,

From the expressions just derived it would appear that the
F~nuzber (f/érh) of a lens hologram may have a value less than unity
(see equations 13, 18 and 25a). However, this would generally requirs
an object lens having a similar F-number and in practice a sphericsglly
corrected lens having an F-number less than unity i urlikely to be
readily available. As diagnostie methads in combustion do not
usually require optical components having such exotie dimensions only
the properties and construction of holograms of conventional lenses
will be considered.Before deseribing esperimental details  the order

of magnitude of the quantities discussed in the previous section are



calculeaied.

The light source used was a Scieutifica and Cook Electronics
B16/2 helium-neon d.c. gas laser seh to give a uniphase output of
approximately imW, As the Doppler width of.the nson line is of the
order of 1.5x109Hz the cutput frequency, centred on 63288 (i.0.
407x1014Hz), consisted of akout five axial modes each separated by
about 3.Ox108Hz. The beam emerging from the laser cavity had a
radius of 0.3mm and was expanded using a microscope objective of
2cm focal length. From equation 17 it follows that the source has
an effective diameter of 2.7x10 “cm.

In Table 3 sre listed the various numerical gquantities
assoclated with making lens holograms from two gpherically correcied
lenses using the above Bl6/2 laser. The maximum fringe frequency
correpponding to the edge of the lsns hologram can easily be recorded
by a variety of commercially available photographic emulsxons7a; in
faet it is possible %o record gpetial frequencies in excegs of
3x10%em™* using suitable plates. Although the spread in the
¢iameter of the lens hologram's focal spot due to the laser's
firite line width is negligible it is'not so from the point of view
of its finite effective diameter. Apart from this it is seen that
the hologram's focal gspot diameter is at least equal to twlce the
diemeter of the Airy disc of the lens and is independent of the
~ focal length of the lens hologram.

These calculations show that sufficiently good quality lens
holograms are a practical possibility and can be made using a B16/2

lager and commercially available photographic plates. Although a



IABLE 3

Three examples of the properties
of lens holograms

Foeal length of lens

Paramster hologram L
20cm 50cm 173cm
Focal length of object lens 50cm 50cm 173cm
Radiug of object lens 3em 3em 7.5¢cm
Spread in diameter of focal
spot of lens hologram due to
i.) finite size of source used
for object and reference
beams 5¢40m 5.4]Jm 5.40m
ii) diffraction by object »
lens 6.4pm é.qlm 8.,%m
iii) diffraction by lens
hologram 6. 40im 6.4Pm 8.9m
iv) finite line width of '
laser light source 0.04pm O.le 0.3[m
Resultant diameter of focal
spot of lens hologram '.L%.Bpm 18.40m 23.5Pm
Maximum fringe freguency 948cm-1' 9480m"1 68em ™
Maximum aberration fres
deflection 15.0mRd | 5.8 mRd 4.5 mR4
Minimum detectable deflection|| 92PRd | 370R4 14URd




_7
lens holograr is not as perfect as the original object lens it can
be used as a subsbitute for the lens and ig capable of detecting
deflections up to about 10mRd and is therefore suiteble for using in
a schlieren system for combustion diagnostics.

R.b.2. Mach-Zehndoer method - plane referonce wave.

To test the feasibility of the proposed method of making
holographic replicas of lenses using a planep reference vave the
Mach-Zehnder interferometer shown in Figure 2.2 was sst up.

The beam from the 1mW B16/2 laser was expanded using a 2cm
focal length microscope objective, L, and collimated by a 5t focal
length schiieren mirror M., The expanded baam was made parallel Ly
adjusting the lateral position 6f the microscope objective until a
single broad interference fringe was cbtained as a resul¢ of
interference between the beams reflected off the back and front faces
of the first beam gplitter. An object lens, Lo’ was rigidly mounted
in the test beam between Mi and 32 so that it brought the parallel
teel beam to a focus beyond 52. By adjusting the orientations of the
mirrors and beam splitters the axes of the test and refersnce beams
could be maGe parallel or inslined t0 one another. The recording.
plate H wvas mounted perpendicular to the reference beam beyond the
focal point P at a distance equal to the required focal length of the
lens hologram. A stop was also placed beyond the object lens in the
test, beam to avoid light from the edge of the test beam vassing
around the object lens and falling onto the élate, H.

With the arrangemen® shown in Figure 2.2 the centres of the
reference wavefront and the spherical wavefront emerging from tha

object lens coincide and the résulting hologrem has the appsearance
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Optical arrangement for making lens holograms using a Mach-Zehnder
interferomster. L, short focal length lens; M, M,, M,, mirrors;
5,5 3,5 beam splitters, L _, object lzns; P, focal poiﬁt;

H, retording plane. ° ' . :

{



<29
of a get of concentric interference fringes with its centre faliing
on the optic axis of the system. When the axes of the test and
reference beams are inclined to one another the interference patiern
st1ll consighs of a set of corcentric fringes but ncw the centre
" ¢of the circular fringe pattern no longer coincides with the centre
of the test beam. If the angle of inelination between the two beams
is QrL/fL the centre of the concentric fringe pattern falls at the
edge of the lens hologram. |

A number of lens holograms were made with this arrangement using

a 50cm focal length teleszope objective as an object lens and
Ilford k52 plates, having a quoted resolving power of 180 line
pairs/mm, as a recording medium.

2.4.3. Simplified method - curved reference wavs.

As the construction of a Mach-Zehnder interferometer of
llarge aperture requires adjustable yet rigidly mounted large flat
beam eplitiers and mirrors a simpler optical system for meking lens
holograms was designed.

Figure 2.3 iliustrates the‘design of e simple system used for
making off axis lens holograms. The beam gplitter S was a thin wedge
prism while the reflector M was the plane face of a plano-convex
lens., The advantage of using these components was that it was
particularly easy to remove the disturoving effects caused by back
reflections. The method of mounting adopted was the same as that
vsed in the interferometer described in Chapter 7. It is seen from
the diagram that the object lens, Lo’ provides both the object wave

and the reference wave. If d 1s the separation between S and M, and
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Optical arrangement for making lens holograms using a simplified ‘
form of interferometsr. L _, object lens; S, thin wedge beam splitter;

C . . N
. M, plane glass reflector; H recording plane; d, separation bebwesn
1y L S > &y

S and M,
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the beam is brought to a focus on S, the focal length of the leng

hologram so formed is

1. 0 1 ‘
*F ST SEYa ne28

Agair using Ilford R52 plates and a 50cm focal length
telescope objective as an object lens a number of lens holograms
were made., By making d small it was possible to make holograms of
vary long focal length. It was also possible to make lens holograms
having a focal length as small as 20cm. It was not possible wo
make lens holograms of focal length much smaller than this on
account of the differences in intensity of the two interfering waves.

One congequence of this method of making lens holograms is
that its F-number is always greater than that of the object lens.

In general it is given by

= HS
Fh s FL [l + 2d;] 7..29

When d = oo this reduces to the Mach-Zehnder case in which Fh = FL.

244e4e Fringe structure.

Figure 2.4a shows how the separation between the fringes of a
lens hologren becomes progressively less on moving out from the
centre of the interference pattern. Thig photograph is a x5
enlargement of part of the original lens hologram recorded on an R52
plate using the optical gystem shown in Figure 2.3. The focal length
ig of the order of 6 meters and the maximum spatial frequency of fhe
fringes corresponds to about 8/mm in the original.

Ideally the variation of transmittance of the plate should bLe
proportional to the amplitude variations of the interference pattern

incident on the plate during the recording process. Fortunately in
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off axig systems it is not n.ecessary15 to process the plate precisely
so as to £~11 on the linear portion of its amplitude transmittance
characteristi024 - it is more important to avoid excessive
granlarity and to keep the profile smooth. Figure 2.4b ghows a
22230 microsecope eniavrgement of the fringe structure recorded on an
I1lford R52 plate, corresponding to an original fringe frequency of
about 28/mm. The grain is just becoming comparable to the fringe
width and this represents perhaps the maximum spztial frequency
that can be recorded on these plates without introducing too much
irregularity into the profile of the fringes. Random irregularities
of this nature result in urwanted scattered light, in the form of
background gpeckle, being superimposed on the transmitted and
reconstructed waves.

Operating on thé non-linear part of the plate's amplitude
trangmittance characteristic results in a 'squaring up' of the
fringe profile and theoretically25 should manifest itself by the
appearence of subsidiary foci. This has in fact been observedlg.
Examination of the light intensity along the optic axis of such
a non~linearly processed lers hologram has revealed subsidianyv
foci at £/2, £/3, £/4L, etc. This contrasts with the positions of
the subsidiary foei for a Fresnel zone plate which occur at £/3,
£/5, ete. Although the fraction of the incident light that is
diffracted into the primary focus of a Fresnel zone plate is greater

than for an ordinary lens hologram25s26,27

the opaque rings of the
Fresnel zone plate must mask out some of the information present in

the illuminating wavefront and so produce a poorer quality image.









Converting the lens hologram into a phase lens hologram should
UWS-17
theoretically increase its diffraction efficiency to approximately

2.5 times that of a Fresnel zone plate without this loss of image

quality.

2.5. USING LENS HOIOGRAMS.

2.5.1. Introduction.

To test the usefulness and quality of lens holograms as optical
elements a number of simple opticél gystems were set up consisving
solely of lens holograms recorded on Ilford R52 plates. Because it
we.3 ﬂnpréctical to make lens holograms with focal lengths smaller than
z 20cm using these plates it was not possible to transluminate objects
much wider than a few centimeters.

2.5.2. HWavefront reconstruction,

Figure 2.5 illustrates what happens when an on axis lens
hologram ig illuminated by a planar wavefront. The interference
pattern shown is the resultant intensity distribution brought about
by the mutual interference between the two reconstruéted waves and
the illuminating wave. Figure,2.6 shows how these three waves can
be separated by using an off axis lsns hologranm.

2,5.3. Uge of lens hologramg for vigualization.

The simplest method for visualizing changes in refractive index

is shadowgraphy. Figure 2.7a shows the optical system ussd to obtain
the shadowgram illustrated in Figure 2.8a of a coal gas diffusion
fiame stabilized on a bat's wing burner. In this case an 8mW heliun-

neon lager was used to illuminate Hl-and the shadowgram wag recorded
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Optical systems used for the visualization of the phasd and solid
objects illustreted in Figure 2.8. (a) shadow system. (b) schlieven
and ordinary imaging system. H,, H,, off-axis lens holograms; O, .

“object; P, recording plane; S, position of schlieren stop.

Hy, £.1, = % 20cn. H;,, fol. = £ 50cm. a = 475em, b = 125¢m, ¢ = 3%0cm,

4= 125¢m, e = 70cm,”f = &cm.

LE
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on an R52 plate in approximately 1/5th second.

By placing a suitable schlieren gtop at S in Figure 2.7b
e premixed coal gas diffusion flame stabilized on a micro-burner
crd standing sound waves developed in air between a #MHz transducer
ani a reflector plave were photographed. These are sghown in
Figures 2.8b and 2.8¢c. Figure 2.8d shows an image of an OBA
nut and bolt photographed using the optical system in Figure 2.7b
but without the schlieren stop. The flame and ths bolt were
recorded on R52 plates using an 8mW laser while the sound waves
were recorded on an FP4 plate using a 2mW laser. The exposure
time was the same in sach case and equal to 10 minutes.

The comparatively good quality of the photbgrapha in Figures
2.8¢c and 2.8d was because the objects were sufficiently small for
it tc be possible to select a reaconably uniform part of the
transluminating beam. The speckle in Figures 2.82 and 2.8b arises
from nonuniformities in the lens hologram's fringe pattern as well

as from the finite grain gtructure of the fringes themselves.

2.6, CONGLUSIONS.

Under certain circumstanstances it has been shown that the
aberrations of a lens hologram are for most practical purposes
insignificant and it has been demonstrated experimentally that they
can be used to replace conventionsl optical elements. One
consequence of this is that one could arrange to have a pile of
photographic copies of lens holograms for use under adverse conditvions
of, for example, extreme heat or in the event of explosion and

simply replace them whenever they become too badly damaged. Also
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the theoretical possibility of making large diameter lens holograms

suggests that it should be possible to make cheap substitutes for
iarge schlieren lenses and mirrors., One applicaticn is to
combustion rigs or wind tunnels of large working sections in
which optically flat viewing windows could be made to incorporate
the holographic elementg. 4 guiteble optical system is shown in
Figure 2.9. Among other advantages of this scheme ie that it
avoids long path lengths of the parallel beam in the laboratory.
From the exposure times used in Figure 2.8 it was estimated
that approximately l.2joules are required for an exposure on FP4
plates for urit magnification. As this is quite readily
available from a quite modest Q-switched ruby laser pulse lasting
as littie as a few tens of noncseconds it implies that lens
holograms can be used, in gpite cf their inefficiency, for studying
extremely fast transient evemts such as for example travelling

detonations.
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An example of an application of lens holograms for studying large
cross sections such.as in wind dunnels. W, window incorporating
lens hologram; T, test section. '
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CHAPTER 3

THE DOPPLER! METHOD

QF VEIQCITY MFASURFEMENT.

3.1, _INTRODUCTICN.

Velocity measurements are of vital importance in combustion
research as they are essential for the understanding of moving
phenomena such as lamina and turbulent gas flows, the flow of
particulate fuels and aernsols, the propagatvion of flame fronts%
detonation frents, and shock ffonts. The various techriques thai
exist for making such measurements all require the simultaﬁeoué
recording of both a digtance and time interval. Until now the
velocity of moving phenomena of interest in combustion has generally
heen deduced by measuring the time‘of traversal of a known distance,
uging methods such as ciné or streak schlieren photography, timing
between lonization probes a knowr distance apart, or repetitive
illumination of particles suspended in a gas. The new method
proposed here can be thought of in terms of using interference
fringes to mark a phase or solid object and thea recording the.fringe
separation and the beat frequency as a measure of respective
distance and time intervals. In these terms its merit lies in the
non-interfering nature of the well articulated distance marker and
the use of the beat wave as a comvenient clock,

The theory of this method of measuring the veloclity of any

moving object by applying schlierenrin$érferometry to Doppler-ghifted



laser lignt is given. It is shown how the microscopic shifts in
frequency may most conveniently be measured by the method of beats
and that the obserﬁed beat frequency may be interpreted as the motion
of interference fringes across the front of a photodetector. Apart
from the simpliciiy of the method it has the great advantage of

not requiring any other optical components than are necessary in

a conventional schlieren gystem.

The Doppler velocity method can be used for measuring the
velo?ity of flows and propagating phenomena of interest in combustion.
In the former case one is concerned with the physiczal motion of a
medium (e.g. a cloud of fucl droplets) while in the latter in the
motion of some phenomenon through a medium (e.g. a flame).

The Duppler principle has been applied to the study of

28 11 1842,

moving objects since its formulation by C. J. Doppler
who developed a theory to explain the colour of the light coming
frem ﬁoving stars. In the presentation of his theory he drew an
analogy between light and sound waves and showed that if a source
of radiation moves towards a stationary observer the observed

frequency, Lop? is given by

= ) [t
.ljob Vch-uJ 000301

where u is the veloeity of the source, ¢ is the velocity of
the radiation and 'Ui is the observed frequency when u = 0, On the
other hand if the observer moves towards a stationary source the

observed frequency is

- G+ u|
Vop = 'x)l( - J cee3a2




A’though both these equations may be correctly applied to sound

vaves only the first may be applied to light waves since for light
cnly relative velocities are meaningful, and in the case of a
moving observer the source always appears to move relative to the
cbeserver., However, in practice this difference is of little
congequence in practically all casces of interest in combustion

as u/c is generally very much less than unity and equation 3.1
approximates to

-~ 1) u
I%b = 11E'+cj ..23.3

which is identical to eguation 3.2.

A. H. L. Fizeau?? in 1849 was the first to apply the Doppler
principle for estimating the velocity of a moving star by
measuring the shift in vavelength of the spectrum lines emitted
by the star. Conventional spectroscopic techniques are probably
capable of resolving30 gpectrum ghifts in the visible of down to
apout 0.0065% and so the minimum velocity that can be measured this
vay is of the order of 30m.s™>. In more recent years the velocity
of rapidly expanding plasmas formed by the focusing of laser
radiation into a gas has been determined (for example by Ramsden
and DaviesBl) by direct spectrcscopic measurement of the wavelength
shift of light scattered off the plasma front. The 3R wavelength
shift, which was observed by Ramsden and Davies was well within the
capabilities of standard spectroscopic methods and corresponded to
a velocity of the order of 10%n.s™Y. Their method differs
fundamentally from Fizeau's because it makes use of an external light

source and does not have to rely on any spectral emission from the

moving body itself.
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The microscopic wavelength shifts caused by slowly moving
bodies canaiot bz measured directly. Instead, it is more convenient
to use an interference method. Thrs when two waves of differeﬁt
frequency are superimposed interference occurs and a beat frequency
develops. The advent of lasers has made this method of measuring
Doppler shifte particularly simple and the method to be described
here a@ay be applied to any moving body that either scatters,
reflects or refracts light. This is in contrast to all previous
beat frequency methods (for example refs 32 - 37) which have only
baen applied to moving scatterers.

Yeh and Cummings > were the first to used beats for measuring
the change in frequency of light scattered off small moving
particles suspended in water. PFigure 3.1 shows that in this and
3ubsequent33-37 applications of the method the direction of the
reference beam was always arranged to coincide at the photodetector
wilbh the direction cf the scattered beam. Alignment difficulties
exist in all those methods, except perhaps in the system vsed by
Rudd37. Problems of alignment do rot occur in the method proposed
here as there is no necessily to ensure that the angle between the
deflected and reference waves is zero at the photodetector. Whether
vhe moving object is a scatterer, reflector or refractor the angle
of deflection may be precisely defined using a parallel beam
=chlieren system in which the schlieren blind has a suilably
rositioned selective aperture - see Figure 3.1h. Iv is this

3

utilization of the schlieren principte 8,39 tkat provides such great

versatility to the proposed method and enables it to be applied to
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both moving solid and phase objects.

3.2. DOPPLER_SHIFT EJUATIONS.

3.2.1. Introduction.

In this section a general Doppler shift equation is first
derived and then applied to a number of gystems of interest in
combustion. When a moving body is illuminated or transluminated
by a stationary source equation 3.3 must be slightly modified as it
is then necessary to take into account both the motion of the body
relative to the source as well as its motion relative to the
cbserver. Consider Figure 3.2 in which the source is situated in
a medium of absolute refractive index R and the observer is in
a ncdium of absolute refractive index P If the interface {(which
may be either discontinuous of diffuse) between the two media moves
with a veloecity u in 2 direction inclined at an angle }{ to the
interface's normal the source will appsar to approach a point in the
surface of the interface at a velocity u cos(#7T - ¢ + Y% ), where
¢ is the angle be£Ween the incident beam and the surface of the
interface. The frequenqy of the radiaticn emitted by the source,
providing u/c {{1, will therefore appear to the point in the surface

to be given by
- b} L .
—[)p - ‘[)1 l + chOS(‘g'Tr bad ¢ +X )] --0304
Similarly this point will appear to move awsy from the observer

situated in medium 2 at a velocity u cos(377 - + *6 +0) and go

the radiation cominé from the point will have a frequency given by

Uz - _l)p [1 _ %zcos(_%_ﬂ_¢+‘g+o)}...3.5
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FIGURE 3-2

o



4%
Substituting squetion 4.4 into equation 4.5 and writing 01/02 as

1% therefere gives
7)2 = 1)1{1 + %1 [sin(d -¥) - 1Bsin(@ + 6 -X)jl} .es3.6
which is the general Doppler shift equation.

Frequently it is possible to greatly simplify this equation
for in many practical cases of interest in combustion }( and ¢ may
be made equal ‘o zero. In the case of a solid objsct moving in the
same medium as the sourcs and observer a turther simplification can
be made as 18 is equal to unity. Purther simplification can be
mede in the case of gaseous phase objects by making uss of the fact
that for gases (n - 1)1 and hence the angle of deflection © mast
always be small.

3.2.2. Doppler shift equaticng for g scatterer,

Equation 3.6 may be applied to a scatterer moving in the same
redium as that containing the source and observer without any loss of
geterality by putting 2{ =0 and 18 = 1. A practical application

is, for example, the motion of fuel droplets in air. The observed

frequency is in this case

T%b = %[1 ¥ %l[S'mQ’ - sin(f + 0)]} C...3.7a

As it 1s proposed to select the Light scattered through a particular
angle using a selective gperture in a schlieren blind it is possible
to define the angle of deflection very accurately even when @ is

made very srall. In this case

1), = 'V‘lEL --‘élg cosgx] .0u3.70

0
£ further simplification can be made by arranging for the illuminating

besm to be perpendicular to the direction of motion. When this is
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done ¢ = 0 and wo
-
ﬁﬁ) = le. — E g] ..-3-70
. 1

ob

It ie a simcle matter to extend the application of equation
3.7a to a scatterer moving in a medium of refractive index
different to that containing the source and the observer. This
would be of walue whenvmonitoring gas flows using tracer particles.

3.2.3. Doppler ghift equations for phase objects.

" Equation 3.6 is now applied to the three moving phase cbjects
illustrated in Figure 3.3. In all cases the source and the observer
are in a medium of refractive index o1
Bxample 1:

An isolated phase object moving through its surroundings.

The analysis given here could, with slight modification, be
applied to turbules or large transparent fuel droplets. 1In
Figure 3.3a ¢ =0 and ¥ = 0 at the interface at A. Equation 3.6
tiierefore reduces to

1% = 'La[; - %1 anSinQi] +ee3.8
At the secoad interface B Qé = 47T+ 6, and 3% = $7Tand so the

observed frequency is given by

T%b = 1)2 r.l + '2" [sin@l L si.n(Ol + 92)}} vee3.9

2
where o = cz/cl. Combining these last two equations

gives
ob

vV = ﬁlE -4 sing] ...3.10a
1

where 6 = Ol * ©,, the total angle ot deflection. When ©

is small this reduces to
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Y, = 1)1(1-1-‘-9] . 4..3.10b

Sxomple 2

Interface between medium 2 and medium 3 moving relative to
medium 1. Grazing incidence.

This situaticn applies to propagating or moving flame,
detonztion and shock fronts with the transluminating beam incident
tangentially. At the interface A in Figure 3.3b @) =0 and u; =0
and so there is no change in frequency on crossing the interface.

At %he next interface B 0’2 =0 and ‘})'2 =0 and so the fregquency in

medium 3 is given by

‘1)3 = "%.E. -2 2P sixﬂz] eee3.la

2
where 2n3 = cg/cB. There can be no change in frequency on crossing
the interface at C as uy = 0 and so equation 3.lla represents the
frequency observed in medium l. It may be put in a more
ccrnvenient form by expressing 92 in terms of the total angle of
dellection © vhere 6 = 93 + 02. If Snell's law can be applied to
the interface at C sind, = ;n,simd, where 3y = °3/°1' The Doppler

shift equation then becomes
- 2
‘ﬁéb - })1 {l —-— Cl Sixﬂ-] . ve 03 ollb
If the total angle of deflection is small this reduces to

_‘)ob = '1)1[ -% Q:[ eee3slle

L 1
e 3:
Interface between medium 2 and medium 3 moving relative to
medium 1. Normal incidence.

As uy = 0 there is no change in frequency on crossing the



<]
O

interface at A in Figure 3.3c. The frequency in medium 3 after
crossing the interface B where Qé =$7M end Y, =0 is given by

= 1)1 1+ —0@2(1 - 2n3)] .er3.12a
L 4

wnere ol = cz/ba. As uy = 0 there is no change in frequency on
crossing the interface C and so this last equation also represents

the observed frequency. Replacing ey by ¢ / 10, therefore gives

V. = 1)[ znq-l)] .. 3.12b

ob

In examples 1 and 2 it has been shown that the obsdrved
frequency is independent of the refractive index of the phase
cbject except in so far as it determines the angle of defleecticn
of the tramsluminating beam. Also for a given angle of
deflection vhe expressions that have been derived are the same
for both phase objects and solid scatterers. It is shown later
in section 3,54 that the result in example 3 ig consistent with

conventional interferometry theory.

3.3. INTERFERENCE BETWEEN TWO W.VES OF DIFFERENT FREQUENCY.

3.3.1. Introduction.

fxpressions have been derived in section 3.2 relating the
oubgerved Doppler shifted frequency to the original frequency of
the ineident beam. In all the cases of interest it has been shown

that the observed frequency is given by

1%1) = 1)1[1-159] vee3.13a

1
(see equations 3. 7c, 3.10b and 3 1lc). Solving for u gives

u _-T(v - 1) «+.3.13b
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(-L%b - 1)1) is simply the beat frequency,'1)b, that arises when

two waves uf frequency 141 and 'L%b are interfered with one aaother.

Equation 3.13b can therefore be put in the form
) ST
un = - -0"' ’l)b .0030330

where )\1 = cl/bil. Thus knowing )\1, u can be determined by
selecting © and msasuring 1)b.
3.3.2. Theory of interference.

In Figure 3.4 S represents a schlisren blind with a
selective point aperture Sob and a reference point source Sl.
PP!' represents a viewing screen and £ is the dista:nce along the
optic axis between the sereen and the schlieren blind. y is the
distance of the point of observation P from the optic axis
measured along the screen, and g is the angle the screen makes with
the normal to the optic axis. m and 1 are the distances between P
and S and S, respectively. ¥ is the angle between the two
interfering beams at the point P. The distance between Sob and Sl

is d and between S, and the optiv axis is a.

1
The resulbant amplitude A at P is equal to the sum of the

amplitudes originating from Sob and Sl, i.e,

A = A bcostT(’r) + —Xb b) + A coszrr<1>t "X, 9(1) veo3.1s
o ,

The instantaneoes illumination I at P ies given by A2 hence
I =4 %eos’2mYt -8 + 0 ) + A %os” 2rr(1)t SN
ob \ob >\ob 1 l

* A A coszﬂf‘)) ‘U b —()*ob X]) + (¢ +d )]

4 b cosZﬂE‘lJ (R Y G -] s



- between two waves of different frequency. SJ, Sob’

. . - » X .

Co-ordinate system used in the theory of interference

point sources of light of frequency V), end Uy
P, point of observation; P'P, viewing screen. -
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When the Zime constant of the photodetector is much larger than

-1 y -1
T%b and 2%

but emsller than (v)ob -1}1)'l the observed illumination
ah P becomes ‘

I = T +I +2(1 I)%cos?ﬂ"(v‘ e (B 3N+ @ g

ob 1 "'obl ‘ ob 1 Mob N ob l-]

...3.16&

. = 2 - 2
where I = A /2 and I, = A,7/2.
From Figure 4 and using equation 3.13a it can be ghown that if

(ycos/_g + (d—a))z/(X + :)rsinfg)2 1 and (yeos & - a.)z/(X + ysin§)2<ﬂ

1
- % X
I T, * I +2(1,1) COSZTT[‘I}bt R

ob
«7e3.16b
~ where .
T)b = (’%b - 'l)l) cec3.17a
N -1
x;‘ =‘_Rl (cos;g -%% sing\ ves3.17b
= 4
¥ X . ees2elTe
2

- ol ad  _ Xuo

g’s - ¢0b d gl + wl - X}.l - }\J-Cl -003017d

3.3.3. Eringe velocity.

Equstion 3.16b is a progressive wave and represents an
interference fringe pattern travelling in the y-direction.
?f” represents the fringe spacing in the interference pattern. If
the photodetecfor is to record the motion of the fringe pattern its
entrance aperture should ideally be less than -5-75 Ir ;’D'x is
independent. of time the fringe velocity Vo is given by

- =
Vf - -,)bx 00030188'

Substituting for —x)b from equation 3.13c and for A® from



equation 3.17b gives

9 ...3.18b

- _ u
£ U(éoggg - %?ysiq}i)

When g = 57f this reduces to

Ve = ey .ss3.18¢c

end represents the velocity of the interference pattern along the

v

cptic axis.
Whend§§==0, i.e. the viewing screen ig perpendicular to the

optic axis, the ffinge velocity bscomes

- ul
vf - - Ij oo.3.18d

The ratio vf/h represents a velocity magnification produced by the
interference process. This is discusséd further in gection 3.4.
3.3.4. Nolre fringe amaloey.

The physical sigrificance of the equations derived in this
section can perhaps be better understood by congidering the Mbiré
patiern prodiced by overlapping two gratings inclined at a small -
angle to each other, The angle of inclinition is analogous to ¥, the
iine gpacing is analogous to wavelergth, and the Moiré fringes are
analogous to the inberference fringes.

Figure 3.5 illustrates the Moire patterns produced when the
two overlapping gratings differ in line spacing by O, &R, and 2AN
respectively. Whatever the difference in spacing of the two
overlapping gratings is it is seen that the Mbiré fringe spacing
viewed on a screen perpendicular to the optic axis is always the
same. This is in agreement with equavions 3.17b and 3.13e¢. When

the differencein line spacing is doubled it is seen from Figure 3.5
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, 53
that the angle the Moiré fringes make with the viewing screen is also
doubled. Trerefore, as the fringe pattern propagates along the optic
axis there must be‘a doubling in the observed beat fresquency. As ths
Mbiré pattern propagates_alohg the optic axis it algo appears to move
across the viewing screen whenever there is a difference in line
spacing of the two overlapping gratings. This is in agreement

with equation 3.16b.

3.4. THEORY OF THE DOPPLER INTERFEROMETER.
3.4,). Introduction.
Figure 3.6 represents the simplest form of Doppler interferomete:.

S_, ig an aperture in the schlieren blind S placed in the focal

ob
plans of the schlieren lens L in such a position that it gelects

light deflected through an angle 6. S1 represents a reference point
light source which may be either independent of, an unperturbed
part of, or a perturbed (i.c. deflected) part of the transluminating
beam. The only requirement concerning i%s origin is that it and the
Doppler shifted beam ghould contiriuvute to ¢§ in such a way asg to make
it independent of tims.

In order that @ should be independent of time it is seen
from equation 3,17d that restrictions must be placed on both
(¢;b - ¢i) and XuO/chl. As u/c1 and O are always very small the
fifth term in the equation is negligible and so the effect of any
time variation in u is generally insignificant. Therefore the
problem becomes one of ensuring that (st - ¢i) is independent of
time. (¢gb - @) represents the phase difference between the

Doppler shifted beam and the reference bsam at Sob and Sl and is



Essential elements of a Doppler interferometer.

S., S, selective apertures in a schlieren
b}indog; 0, angle light is deflected by a moving
object; o<, angle reference beam makes with the
optic axis. '

FIGURE 3-5%
e et g




givan Dy

Sob Sl
_ dx ax
¢5b - ¢i = SQEECEF —0 -3:5E27 «ee3.19

If Aob(x) cr )\l(::) varies with time so will the phase

difference. For changes in this phase difference to be unimportant
it is essential that the optical structure of the phase object,
whose velocity is being measured, relative to the optical structure
of the reference beam should change, if at all, only slowly Zn

comparison with 1>b. I.e.

S0, - 8) KV ++:3.20

2,4.2, Shadow velocity.

In Figure 3.6 S0 only transmits light that has been

b
deflected through an argle 8 by the test object 0. The illumination
or. the screen may therefore be thought of as a selective shadow
ghowsing only the regilons in the test object which are capable of
proaueing deflections through an angle 6.

If u is the velocity of the object and M is the magnification
of the system the velocity ol the shadow vy is given by

vy = Mu cee3.21

When the shadow at P is conjugate with O the magnification of this
optical system may be defined as the ratio of viewing distance to
object distance (measured from the schlieren lens). By applying
the lens equation {M = 1 - v/f) it immediately follows that

M = - X/f 0-03022



By cimilar triangles it 'can also be shown that when P is not
eonjugate with O the magrification is still given by this last
expression. In this case M may be interpreted as being the ratio
of distances between P and the optic axis and O and the optic axis.
The shadow velocity may be related to the fringe velocity by
eliminating u between equations 3.18d and 3.21 to give
= 1id-lév cee3.23

This can be put in a more convenient form by expressing ¥ in terms
of the angles © and ocused in Figure 3.6. For paraxial rays it is

immediately obvious from Figure 3.6 that

¥ = % «..3.242
= b

e = F ...3.24b

b = d -a eea3.240

o0 = 2

A s vee3e24d

Eiiminating a, b and 4 from these four equations, making use of

equation 3.22, and solving for ¥ *hen gives

(
¥y = orox) .o 3,25

- M
When this is substituted into equation 3.23 one finally obtains
e
VB - Vf[l + OJ n003026

It follows that when the reference rource Sl falls on the
optic axis (i.e. X = Q) the interference fringes travel in the same
direction and with the same velocity as the shadow. Vhen < is
finite and positive the fringes becoms narrower and the fringes

move slower than the shadow. As Sl moves cloger to Sob the
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interference fringes becoms wider and the fringe velocity is greater
than the shadow velocity. Thus, whatever the fringe width one can
soe qualitatively that the rate of passage of fringes past any fixed
point always tends %o remain constant.

3.40.3. Minirum beam width.

Clearly beats can be observed only while the object is still
within the transluminating beam. The number of beats, and hence the
accuracy of the beat frequency measurement, will therefore depend on
the width of the beam. As the time required to cbserve N beats
ig N})b-l an object having a velocity u wili move a distande w_ given
|73

Y
W = = 00039278-
o 1)b :

uring the period of observation. Thug for N beats to be observed
the transluminating beam must have a width at least equal to LA

W, may be interpreted as representing the minimum beam width
necessary to obtain a beal frequency meésurment to a given accuracy.

By making use of equation 3.13c¢ it may be expressed in a more

convenient form. i.e.

. Dy
Wo - Q ¢003927b

The application of equation 3.27 implieitly assumes that the
gshedow i.s capable of forming N fringes 1f mllowed to interfere with
& reference beam originating from a point source on the npiic axis
in the sehliersn blind. To calculate the number of fringes so formed
it 1s necessary to considsr the diffraction effects produced by the

gelsctive aperture Sob' Diffraction is important becanse Sob has to



6,
be made very small so that the angle of deflection @ is defined
as accurately as possiblw. The width of a selective shadow of
a phase object having a continuonsly changing refractive index
gradient formed using an infinitesimally small selective aperture
would be zero using a geometric theory but infinity wide using a
wave theory. The angular width {7 of a selective shadow
broadened by diffraction - see Figure 3.7 - as a result of using
a selective aperture having a finite diameter Sob is approximately

given by
2)’\1 n

°s c3.28

n= =x

whare n is the number of diffraction orders (inelmding the central

mexinum) that the detector can see. The width of the shadow LA is

given by
WS = ﬂ X . t3.29
and the time T it takes to pass a small photodetector is
W
= -5
T VS ] 0‘3 O30

In general Ve ig not equal to vy and so the distance We the fringe
patterr. moves during this time is

Wf = va . -n3.31

The number of fringes seen by the photodetector in this tims

interval is

. n03-32

Zuhs

where }f is given by equation 3.17b. Vhen the viewing plane is

perpendicular to the optic axis 5
1

f\‘ = 7 cee3.33
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Combining equatinnag 29 to 32 one obtains
Ve X{L

v X

8

oo 03034

N =

Substituting equations 3.26, 3.28 and 3.33 into equation 3.34 and
then making use of equations 3.25, 3.24b and 3.22 one finally

obtains
i—"h ..23.35
ob

which is independent of both © and ©C. Thus, by making 8o, YOIV

N =

much gmaller than b, N can he made large; it also minimizes the
error in G.

There is no point, however, in making N greater than
w60/)\l (see equation 3.27b) as beats cannot be detected ance the
object has moved out of the transluminating beam, 1f N, given by
equation 3.35, is less than wa/)\l the number of beats reccrded is
'diffraction' limited while if it is greater thaa WOQ/)\l it is
beam width limited.

About 84% of the light in the selective shadow falls in the
central maximum and unless the sensitivity range of the photo-
detector is very large n appearing in eguations 3.28 and 3.35 may
be taken to be slightly less than nnity

The fractional error in the beat frequency measurement is of
the order of 1/N. If the accuracy is to be increase for exampls by
a factor of two in a diffraction limited system by doubling the
number of beats equation 3,35 indicates that it would be necessary
tc halve the diameter Sop However, the lower limit of Sob is set

by the sensitivity of the photodstector. Halving Sob will reduce



the flux passirg through the aperture by a factor of 4 and
sceording to equation 3.28) increase the angular divergence by
5 fachor of 2. If the incident Lean completely fills the
selective aperture there will consequently be a total reduction
in fringe intensity by a factor of 16. This may be below the
threshold of the photodetector'!s response and so simply reducing
the diameter of Sob may not in practice correspondingly increase
the accuracy of the frequency measurement indefinitely.

Figure 3.8 illustrates how the accuracy of a diffraction
limited system can be increased even when there is a loss in fringe
intensity. G is a ruled gratihg or instantaneous photograph of the
moving fringe pattern itself. The lens L projects all the light
transmitted by the grating onto the photodetector P which records
a signal each time the fringe system moves a distance equal to one
grating egpacing. The size of the signal is the same as that produced
by a single fringe multiplied by “he number of fringes covering
the grating at auy particular time. If there are N fringes in the
interference pattern and M clear rulings in the grating the number
of beats seen by the detector is increased from N to (N + M - 1).

It 514 represents the smallesﬁ selective aperture that can
be used with a particular detector the accuracy of the beat frequency
measurement can be increased as follows. In a diffraction limited
system the number of beats may be doubled by halving the selective
aperture diameter. From what has been said before this will
immediately result in a fall in intensity of each fringe by a factor

of 16. If the photodetector can just detect a single fringe when
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Use of grid, G§ to increasse the flux of light falling on the
photodetector, 7.

89



the selective aperture has a diameter Sp4 it requires at least 55

16 fringes in front of G before it can respona when the aperture
15 reduced to éSLt' In other words the first and last 15 fringes
prassing the grid do not contribute to the recorded beat frequency
signal. Therefore, the effective number of beats is in this case
given by (N + M = 1 - 30) and for N fringes to contribute to
the beat frequency sgigaal M must be chosen such that

N = N+M~-1-~ 30,
i.8. M must be made equal to 31.

Whenever a grating is used to increase the accuracy of a
frequency measurement in a diffraction limited system N appearing
in equations 3.27, 3.34 and 3.35 should be replaced by
(N + M~ 1 -K) where X is a factor that depends on the diameber
and the sensitivity of the photodetsctor and masy be caleulated

Sob
as indicated in the above example.

2.2, PRACTICAL DOPPLER INTERFEROMETERS.

S

3.5.1. Introduction.
Doppler interferometers may bes clagsified according to how

the reference beam is introduced into the system. Figure 3.9
illustrates the three basic typeg of interferometer in which the
raference beam is (a) independent of, (L) an unperturbed part of
and (c¢) a perturbed‘part of the transluminating beam.
3.5.2. Independent reference beam.

By using the system in Figure 3.9a the width of the reference
beam can be adjusted inGependently oi the test beam and it is

possible to obtain a region of overlap almost anywhere. The
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eligmment of the mirror M is not at all eritical as the fbregoing 7\
analysis has shown the method to be independeﬁt of the orientation

of the axis of the reference beam, The longitudinal position of

ths detector will depend on the width of the entrance aperture

and on the fringe spacing of the interference pattern. By

adjusting the effective distance between P and S, possibly using

an auxiliary lens or lenges,a position can always be found where

the fringe spacing is at least equal to twice the width of the
photodetector's entrance sperture.

3.5.3. Unperturbed reference beam.

Many of the mounting and alignment problems of the previous
gsystem are absent in the unperturbed reference beam arrangement
illustrated in Figure 3.9b. In this case the reference beam is
of limited width and so the region of overlap in which interference
can be obgerved is more restricted. When auxiliary lenses are
used to achieve the desired overlap the fringe sgpacing is still
given by ,XIX/d but the actual distance X of the schlieren blind
from the viewing plane must be replaced by its image distance.
3.5.4. Perturbed reference beam.

In the previous two systems it may be necessary to attenmuate
the reference beam somewhat in order to mateh its intensity with
the deflected beam. Figure 3.9¢c illustrates a particularly siﬁple
systém for measuring the velocity of solid particles in which the
intensities of the deflected beam and the so called perturbed
reference beam can easily be made equal. Thig is achieved by
arranging for the apertures Sob and Sl to select light symmetrieally
scattered in the forward and backward directions. With this
arrangement the best position for the photodetector is in the
conjugate plane of the object for it is here that the two scattered

beams exactly overlap.
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In the equations derived earlier it was always assumed that
the »eference team was unperturbed and of exactly the same
frequency of the transluminating beam. However, in this case both
beams are Doppler shifted. The frequency of the deflected beam and

the reference beam are given by

¥, = W [ - 51017 .3.36

Vo= Vl[l + %lc:c] -3:37
and so the obgerved beat frequency (vob —1)1) is given by

Bo= - :\“‘i ..3.38

where (Gl +0¢) has been replaced by ©, the total angle betwesn tne

raference and deflected beanms.

3.5.8. Congistency between interferometry and the Doppler sffect.

In gection 3.2.3 an expression was derived for the Doppler
shift in frequeney produced when a light beam passes both normal
to its direction of motion and ivs refractive index interface. When
thig Doppler shifted wave is coml‘ined with an unperturbed reference
wave a beat frequensy 1] = (1‘0,0 -'\}‘l) develops. Rsarranging
equation 3.12b, whicﬁ was derived by applying the Doppler

principle, one obtains
4 = u -
l)b = - N 1n (295 1) ces3.39%

On expressing all quantitieg in terms of free sgpace valuss this

reduces to

.}‘\ =‘ - Ll_ ( - n ) 0003-39b
b Ay ©3 02

It is easily shown that the same result can be arrived at
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by apvolying conventional interferometry theory to the system
iiusirated in Figure 3.10. Under static conditions the optical
path Jdifference between the references beam and the test beam is
‘given by

oL = (L - x) - oE = DA, +ee3.40
Clearly as x increases so p will change and for every integral
change in p there will be a corresponding cyclic change in intensity
which passes through a maximum and minimum. The rate of change of
p with time that occurs when x changes with time may be considered
analogous to‘L%. Solving equation 3.40 for p and then differentiating

both sides with respect to time one obtains

dp - 1 ax
a - T x (P = o) & see3e4l

On rsplacing dp/dt and dx/dt by-vb and u respectively equation 3.41

then becomes identical to equation 3.39b.

3.5, CONCLUSIONS.

A gelf consistent theory has been given describing in detail
the nature and limitations of a new methcd for measuring the velocity
of moving objects by epplying schlieren-interferometry to Doppler-
shifted laser light. This is particularly useful in combustion
research because 1t now provides a very simple means of measuring
the velocity of phase objécts such és rropagating flames and
detonations. The fact that it is also capable of measuring local
velocities has the added advantage of being able to detect local
fiuctuations in velocity that may be associated with various instabil-

i1ities in flame and detonation propagation.
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Interferometer for observing the beat frequency
signal. produced by an interface moving parallel
to the trang-luminating beam.
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1t has been shown that the limitations of the method
depend on the accuracy of the angle of deflection and of the beat
requency measurements as well as on the threshold sensitivity of
e photodetector. For the most accurate velocity measurements it
is necessary %o use a diffraction limited rather than a beam width
limited system. However, this will give a velocity value avefaged
cver a comparatively largo distance. In a diffraction limited
system this limitation may be conveniently summarized by the
expression

£\

A
Wo —; = -—O_]-(l + Zn) 0003-423.

vhere LA is the distance over which‘the veloclty measurement is
made and 4ku/u reprecents the fractional uncertainty of the
velocity measurement. Spatial and velocity uncertainties can be
kept to a minimum by making the right hand side of equation 3.42a
ag small as possible. In the firgt place this may be done by making
n small., In practice thié this means that Sob must be made very
small so as to diffract the light over a large area. However,
there is no point in makingﬂn much smaller than 1/2 as its effect
then will not appreciably contribute to reducing the uncertainty.
Under the mogt favourable conditions (i.e. Sop VY small and hehce
n small) the uncertainty equation becomes

Ay . A
wou -~ O o303.42b

In the case of gaseous phase objects usually encountered in
combustion research © does not generally exceed 1/50 radiams and so

for such objects this uncertainty becomes, at best
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Ay
W u - 50 Kl 9003'420

o
Thus & measurement in u correct to 1% cannot be made unless the
twonstaninating bean width is st least of the order of 5XI0°X.
Whoa the waveleng™ of the beam is €x10 e W, must be at least
3om. These expressions do seem to indicate that previous Doppler
valoeity measurements using focused laser beams cannot possibly
give very accurate results. Thus if the beam is focused dowm to
a veam width of the order cf 10)\1 and the atgle of deflection is
#I\ the velocity error must be at least 10%.

Apart from describirg the behaviour of the Doppler

interferomester the theory presented here can be used to explain
" the motion of interferogram fringes of a moving phase object

in which the reference beam is inclined to the test beam.



CHAPTER 4

*DOPPLER' VELOGIZY MEASUREMENTS

4.1. INTRODUGTION.

The combination of high brightness and good spatial
c herency of a gas laser makes it an ideal light source for

Doprler shift measurements and permits the Doppler method of

measuring velocities proposed in Chapter 3 to be tested. A number

of practical systems relevant to combustion are described and it
is demonstrated that the method may be successfully aprlied both
to moving solid objects, in the form of a rotating grating,
wires and discs simulating .clouds of particles, and to moving
phase objects in the form of progressive sound waves and

moving flame fronts.

4o2. APPARATUS.
4.2.1, Introduction.

One great advantage of the Doppler velocity method is that
ny more optical components are needed than are already used in a
conventional parallel beam schlieren system., The only other
accessaries required are a photodetector of suitable ssnsitivity
and frequency résponse, and some form of frequency meter.
4s2.2. Light gource.

The coherency requirements of the light source can be

estimated by considering the interference process which results
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in the formation of fringes in the Doppler.interferometers
illustrated in Figure 3.9. Fringes can only be formed in the
rexion of overlap of the two interfering beams when they are
coh:ovant both spatially and temporallyADa.

A helium-neon gas laser, giving a uniphase output, may be
used in all three of.the interferometers illustrated as they
have effectively perfect spatial coherence and even under the worst
possible conditions have a temporal cokerence distance longer than
BOcmél. However, such good coherency is not absolutely essenticl
for the Doppler velocity method.

Spatial arnd temporal coherence requirements are a minimum
in the Doppler interferometer illustrated in Figure 3.9a because of
the point to point correspondence between the test and reference
beams and bezause of the facility of being able to arrange for zero
optical path difference between the two beams. The perturbed
reference bean interferometer in Figure 3.9c requires the
transluminating beam to be spatially coherent over the cross section
of the object producing the selected deflections. In the case of
a solid object this distance is zero. The essentials of this
interferometer are very similar to Young's two aperturse interference
experiment in which it is well known that some interfsrence fringes
can be formed using even white lightAOb. Tdeally to obtain a large
numbar of gharp fringes the beam must be highly spatially coherent
over the cross section producing the deflection; this requires
the source to have a very small effectivs size4oa. Temporal coherence

of the source is important only in so far as it must be capable of



forming a finite number of fringes. Even a 508 wide 1line source
can form over 100 fringec. The temporal coherence length of such
2 source is less than O.lmm and go the optical path difference
beﬁween.the test and reference beams must always be kept less than
this. In principle, therefore, it would appear that thermal sources
could he used for the Doppler welocity msthod but because of
alignuent problems and their low power outputs (because of their
emall effective size) the availability of gas lasers with vastly
superior properties makes them redundant. However, if a gas laser
is unavailable it 1s possible in certain circumstances to make a
useful velocity measurement using a tungsten filament lamp as a
light sourcs. |

Apart from the preliminary work a Scientifica and Cook
Electronice B18/3 &mW d.c. uniphase helium-neon gas laser was
used for all the velocity measurements described here. The lager
cavity supports abouv five axial modes separated in frequency by
approximately 3x108Hz and each having 2 line width less than 106Hz.
The exact line width of each mode depends on the power output, the
cavity length and stability, and the reflectivity of the cavity
mirrors., The output from the laser is, therefore, modulated at a
number of beat frequencies as a result of mutual interference
between the various axial modesAl. In this case the lowest beat
frequency would be of the oder of BXlOSHz.
4.2.3. Detector.

The two requirements governing the éhoice of detector

are sufficiently high sensitivity and high frequency response. An
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An upper limit for the Doppler beat frequencies likely to be
encountered in combustion studies may be estimated by considering
5. Jdiseontinuous refractive index interface travelling at sonic
valocity perpendicular to the diagnostic beam. The beat frequency

in this case is given by

)} = u§25 )ﬁ.
vb Ny A |

if = B.Axloz*cm.sfl, 5= 2.9x10-4, and 7\1 = 6,3x10"%cn the upper

7Hz. This is twenty times

limit of v, is of the order of 1.3x10
smaller than the minimum beat frequency of the laser output and so
the presence of axial modes should cause no diffidﬁlty in

measuring frequency shiftsby the method of béats. If it is intended
to work at beat frequencies as high as 107Hz, the response tims of
the detector must be at least lob‘nsl. A detector that satisfies

this response time requirement and which is a.isb extremely

sersitive to very low levels of illumination is a phot.omultiplier.
The detector used in all the measurements described hére was

an EMI 9529B photomultiplier with an 510 cathode having a spectral
respongeup to 75008.

4e2.4+ Freguency metering,

The most convenient method of measuring the fi'equency of a
limited train of beats is to disp_"l‘ay and photograph the beat signal
using a cathode ray oscilléscope. Alterpatively an électronic timer

~can be used. Such an ‘inat—rwnent counts the number of beats sesn by

the detector in a preset _time: _iﬁterval. 'This method is particularly
suitable for examining a continuous train of beats. Another method
would be to measure the time i.“nt.erva.lf;)r a preset number of beats

ey 3. ‘e - t.. .. v ol e . ToL
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to pass in front of the photodetector. Both these methods of
frequency measurement may be performed using an Advance TC3
Timer Counter.

4.2.5. QOptical apparatus.

Figure 4.1l illustrates the essential features of the optical
apparatus used in all the Doppler velocity measurements described
here.

The beam emerging from the laser was focused onto a small
pinhole P of the order of 500m diameter. This had the effect
of eliminating7b any diffraction rings caused by dust on the
cavity mirrors and on the short focal length lens Ll' After
collimation the beam was passed through the test object and brought
to a focus on the optic axis using a schlieren lens of foeal length
between 50cm and 200cm (depending on the sensitivity required).
Deflections produced in the test space could be selected by making
two pin holes in the schlieren blind S as shown. These were usually
about O.lmm in diameter and lcm =eparation. It was found
convenient to first form a fringe pattern cloge to the schlieren
blind using a short focal length lens L4 (~10cm focal length) and
then to enlarge this using another short focal length lens L5
(~1cm focal length) to any desired size suitable for bhe detector.
If necessary the pogition of the fringes could be calculated from
the lens eqration by considering the objeclt to be located at the
point of intersection O of the back projection of the test and
reference rays. However, in practice this was often found to be

unnecessary as the region of overlap of the test and reference beams
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A practical perturbed reference beam Doppler interferometer.
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was usually guite large as a result of diffraction by the selective
apertures and could, therefore, be located without much difficulty.
Whenever a grid G was usad to increase the flux of light falling on
the photodetector, it was placed in line with the fringe pattern
and the lens L6 wag used to form a reduced image of the grid either
directly onto the detector or onto a ground glass screen

immediately in front of ths detector.

4.2. LINEAR TRACK VEIQCITY MEASUREMENT OF A RADIALLY RULED

ROTATING GRATTNG.
L.3.1. Experimental details.

A preliminary test of the Doppler velocity method was made
using a Scientifica and Cook Electronice B16,2 d.c. helium-neon
gas laser, set to give a uniphase output of about $mW., As the
output from this laser was very low the first test had to be made
on an object that was very effizient in scattering light into at
least one well defined direction. A linear optical grating is ideal
from this point of view, So that the Doppler shift in frequency
could be continuously monitored and to make the initial setting up
of the system as easy as possible, it was considered that the most
suitable test object would be an effectively infinitely lang
continuously moving grating.

For all these reasons the first test of the Doppler velocity
methiod was made on a radially ruled rotating grating made by

Optical Measuring Tools Ltd., High Wycombe, Bucks. This grating
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had 5600 lines, a mean track diametér of 9.7cm, a track width
of l.4cm, and could be rctated using a variahle speed motor up
to about 600 rpm. Figure 4.2 shcws the optical system and
illustrates how two pin holes in the schlieren blind, separated
by about 1l.2¢m, were used to select the light secattered by the
grating into the +1 and.-l aiffraction orders. The width of the
transluminating beam was about jmm and the focal length of the
schlieren lens was 50cm. The two dif:raction orders were allowed
to interfere with one another and the resulting intsrference
pattern magnified and projected onto a2 O.5mm wide entrance aperture
placed in froni of the photomultiplier using the two lens
combination illustrated in Figure 4.1l. With the motor running at
approximately half speed the beat frequency signal developed across
a 100k{l resistor of the photomultiplier, set to an anode voltage
of 0,7V, was display=d on a Telequipment oscilloscope, set to a
sensitivity cf 0.01V,’cm, and was found to correspond to approximately
50kHz.
4e3.2. Results.

The optical system illustrated in Figure 4.2 is in fact a
'perturbed reference beam! Doppler interferemeter and so the linear
track velocity of the moving grating may be estimated bty applying
equation 3.38, Substituting 1)b = 5x104Hz, )\1 = 6.3x10_5cm, and
0 =4/t = 2.4x10‘2Rd into this equation gives a veloeity of 130cm. st
which corresponds to a rotation of about 260 fpm. This is consistant

with the speed rating of the motor.
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Optical system used for separating the *.. and -
diffraction orders produced by

(a) a rotating grating,

(b) rotating spokes,

(¢) rotating discs, and

(d) progressive sound waves.
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body. VMGHYM;RM_@_NTS OF MOVING RODS AND DISCS. Q6
4Loho1. Experimental details.

In this and all subsequent expsriments an EnW B18/3 laser
was used. The apparatus was essentially the sams as that
illustrated in Figure 4.2b and c. The object whose veloecity was
being measured was either a wire spoke or spokes, or a
trangparency of an array of discs attached to the periphery of a
fiy wheel that was fixed to the spindle of the variable speed motor.
The diameter of the wire spokeé was about 0.3mm and the diameter
of the dises was about O.5mm. Figure 4.3 shows a projected image
of these two objects with and without the schlieren blind in plaecs.
In both cases the two apertures in the schlieren blind selected
light that was diffracted symmetrically about the optic axis. The
line joirning the centres of the two apertures was set parallel to
the direction of motion during the time the objeets were traversing
the 3mm wide laser beam. To increase the sensitivity of the
optical system selecting the angle of deflsction a schlieren lens
having a focal length of 173em was wsed. In order to .form fringes
of good visibility in the inlerference patiern it was necessary to
arrange the selective apertures to both coineide with the intensity
maxima of the diffraction pattern ; i.e. the illumination of each
pin hole should ideally be the same.

Beat frequency measurements were made by displaying and then
photographing the output from the photomultiplier on a 547 Tektronix
oscilloscope fitted with a 1A7 plug-in amplifier. Figure 4.4 shows
oscillogram traces of the beat frequency signals obtained a) during
the transit of a single spoke and b) and ¢) during the amccsesive
. transit of two spokes. In b) the spoke sep.cation was equal to the
beam diameter and in ¢) equal to a spoke diameter. In all cases the

anode voltage applied to the photomultiplier was 0.8kV and the
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oszilloscope sweep speed was 0.5ms/cm. The oscilloscope sensitivity
in Figure 4.4a was 0.05V/cm and in Figures 4.4b and c was 0.1V/cm.
404.2. Regultg.

The beat frequency was determined from the oscillograums
illustrated in Figure 4.4 by measuring the distance in which 15
oscillations occured. Assuming that the turning points of an
oscillation could be determined to 1/10th of a cycle the beat
frequencies were estimated to be a) l.OOxlUAHz, b) lAOAxiOAHz
and ¢) 1.07x10%Hz, a1l = 1.3%.

Measurements made on the schlieren blind gave a selective
aperture separation d equal tc 0.772cm z 0.2% and a mean aperture
diameter of 0.041lcm M 2%. Although the distamce between the
schlieren blind and the schlieren lens could be measured to M 0.2%
the actual focal length of the lens cannot be defined much better
(according to the manufacturer) than Z 1g.

The mean angular geparation O betwsen the two deflected beams
is given by d/f and is equal to 4.46x10-3Rd. The finite size of
the two pin holes makes the range of angular acceptance equal to
4 46x1072Ra ¥ 5.3%, If the uncertainty in the mean pin hole
separaticn and the fogdl length of the schlieren lens as also taken
irto account the uncertainty iﬁ50 is increased by a further 1.2%.

A pin hole of finite size must tfansmit a range of Doppler
shifted frequencies as a result of accepting a finite range of
angular deflections. The frequency range Av' is equal to ul8&/ INE
If the frequency spectrun is spread symmetrically about the ceatre
of the pin hole the transmitted light will behave as if it is of a
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single pure frequency eqial to the centre frequency of the spectrum.
However, this additional spread in the line width of the source works
out to be less than or at most of the order o%?ﬁoppler line width of
neon line of the laser and is of little consequence. It would
appear fror {his what it is the error in measuring the msan
separation of the two relective apertures thay determines the
uncertainty in © wrather than the finite size of the pin holes
themselves. In view of this the value of © is taken to be ecual to

“3pa L 1.09.

4.46x10
Substituting the above values fbr‘ﬁ% and @ into equation 3.38

therefore gives for the linear velocity of the moving spokes:

a) 142cm.s—l, b) 148cm.s-l and ¢) l520m.s-l, all = 2.5%.
Fxamination of Figure 4.4a shows that the number of

oscillations in the beat frequency signal corresponds to roughly

= 20. According to equation 3.27b if the system is beam width

limited the number of recorded oscillations should be about 22.

If the system ig diffraction limi%ed equation 3.35 predicts that

the maximum number of oscillations that one ghould be =ble 1o

detect in the system used here is of the order of 38 (where n has

been put equal to 1 and b = d). It appears, therefore, that the

gystem used was beam width limited and that an improvement in the

accuracy of the velocity measurement could be made most easily by

increasing the width of the laser beam.



4.5. VELCCITY OF SOUND MEASUREMENT .
4.5.1. Experimental details.

The Doppler velocity method wag next applied to a moving

phase object in the form of a progressive sound wave. This method
of measuring the velocity of sound could possibly be vsed in the

development of the 'ultra-sonic'! diagnostic method described in

the next chapter.

The apparatus used was the sume as dascribed in the previous
gection except that in this case the laser beam passed through an
acoustic field generated by a 498.6kHz x-cut quartz crystal - see
Figure 4.2d. 4gain the +1 and -1 diffrachtion orders were selected
using a schlisren blind with two appropriately spaced selective
apertures.

1t was necessary to increase the fregquency response of the
photomultiplier circuit by reducing its load resistor from 100k
to 1k{l. To restore the output signal to a reascnable value it
was necesgary to increase the anode voltage applied to the
photomultiplier to 1.2kV. This then gave an output beat frequency
signal of approximately 0.1V peak to peak. Rather than digplaying
and measuring the beat frequeney signal on an oscilloscope the
output from the photomultiplier was fed invo an Advénce.Electronics
TC3 Timer-Counter which gave a digital record of the beat frequency
accurate to 1 part in 106. It was found that if there was any high
frequency noise on the beat frequency signal the Timer--Counter gave
eratic readings. This problem was overcoms by reducing the noise

level of the signal fed into the Timer-Counter by first passing the
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output from the photomultiplier through a wide band tuned
filter.
4,5;2. Results.

The mezn separation d of the two selective apertures was
3.15mn z 0.2%. This was found from a measurement of the geparation
of an enlarged projection of the two diffraction orders, formed in
the focal plane of the schlieren lens, using a projection system
of known magnification. The foacl length of the schlieren lens
wae 173cm z 1% and so the angular separation betweer the two
diffraction orders was estimated to be 1.83x1C™Ra = 1.2%.

The beat frequency measured using the Timer-Counter was
found to be 997.2kHz : 0.0001% . This was_obtained using a scan
time of lOsec.

Sutstituting the above values for © an&l)b into equation
3.38 gives for the velocity of sound in air, at a measured room
tomperature of 21.5°C, 3.47x10%m 575 & 1.25 ( f.e. & 0.04cm.s™).

This is in good agreement with the accepted value of 3.45x104cm.s-1.

4.6. MEASUREMENT OF THE VELOCITY OF A MOVING FLAME.
4.6.1. Experimental details.

The method was next applied to a flame, as another example
of a phase object. A coal gas diffusion flame stabilized on a
'bat'!s wing' burner was made to move across the test space by the
mechanical device illustrated in Figure 4.5. It was the aim of
this study to measure the velocity of some facet of the flame, defined

by the selective aperture in the schlieren blind, as it passed a
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Device for mechanically moving a flams front across a
transluminating light beam. F, end on view of bat's
wing flame; VW, fly-wheel; P, pivot; R, push rod.

FIGURE /L.5



region close to ths centre of ths transluminating beam.

Again a perturbed reference beam Doppler interferometer was
used for this measurement. However, unlike all the previous systems
used the reference beam was only very slightly perﬁurbed. Figure 4.6
illustrates the plan view of the optical system and shows which parts
of the translumina*ing beam were used as test and reference beams.

It vas necessary to attenuate the reference beam using a2 neutral
density filter so as to match its intensily with that of the test
beam. PFigure 4.6d is a photograph of the filtered shadow of the
flame and Figure 4.6e shows a magnified photograph of the interference
Tringes formed by overlapping the test and reference beams.
Comparison of Figures 4.6d and 4.6a clearly illustrate which facet

of the flame is defined by the selective aperture in the schlieren
blind shown in Figure 4.6c.

A two lens projection system was used to focus the interference
pattern, which had a fringe spacing of 0.3cm, onto a 0.05cm wide
aperture placed in front of the photomultiplier. The beat frequency
signal, developed across a 100k{) load resistor of the photo-
multiplier set at on anode voltage of 0.8kV, was displayed and
rhotographed on a Tektronix 547 oscilloscope.

4.6.2. Results,

The separation of the two selective apertures was 0.549cm
: 0.2%, and the diameters of the apertures were 0.050c¢m ard 0,110em
- 5% for the refererce beam and thé deflected test bsam respectively,
As the focal length of the schlieren lens was 173cm : 1% the engle
of deflection © was taken to be 3.l7x10-3Rd I1.2%.






Figure 4.7 shkows the resulting oacillogram trace as the
{ringe pattern, shown beiow, moves across the photodetector. The
beat frequency determined fram this oscillogram trace, which was
recorded at a sweep speed of 1Oms/cm and at a sensitivity of
0.27/cm, was estinated to be 362Hz : 1.3% by averaging over 15
cycles.

Substituting the above values for @ and 1)b into equation
3.38 gives a value of 7.20cm.s™T £ 2.5% for the mean velocity of
the flame front during the period of the measuremert.

Taking N = 15 to be the number of recorded beats
equation 3.27b shows that this velocity measurement represents aa
average velocity over a transluminating beam width of O.3cm.
Multiplying this value by the fractional error in the velocity
measuremenc gives a figure equal to 0.4 )\l/O, which is in good
agreement with the uncertainty relationship previously proposed

in Chapter 3.

4.7. CONCLUSIONS.
It has been confirmed that the theory proposed in Chaper 3

to explain the principle of ths Deppler velocity method
satisfactorily describes all the observations made on moving

solid and phase objects. From a practical point of view it has
been found that the alignment of the perturbed reference beam
Doppler interferometer is particularly simple and that interferencze
between the deflected and reference beams can often he obtained
without complete overlap of the tWo beams. Velocities from

a few centimeters per second up to the speed of sound have been






reasured with an error of between 1.2 to 2.5%.

It would appear that the uncertainty relationship given by
equation 3.42b may be used for assessing, at least approximately,
the limitations of the Doppler velocity method. To assess the
potentialities of the method to propagating combustion phenomena
it is necessary to know the maximum angles © through which the
transluminating beam is deflected. In gensral & increases with
inereasing velocity and is greatect for dstoration and shock fronts
and smallest for flames having the lowest burning velocities. For
a premixed flame having a burning velocity of 50cm.s'l and a lem
bean traverse ® is of the order of lO-ZRd. If the wavelength cof
the transluminating beam is 6.3x10—5mm, AR = 6.3x10cn and so
if the velozity u is to be measured correct to 1% the bsam width,
or the distance over which the veloeity measurement is averaged,
must be at least 6.2mm. In the case of detonation and sghock
fionts the angle of deflection is given by (24 )‘% where & depends
on the temperature, pressure and composition changes that occur
acrogs the front. For a {large) deflection of 10184 and @ beem
traverse of lem the beam width need be only 0.63mm for the error
_in the veloecity measursement to be of the order of 1%. Thesse
distance estimates have been calculated using an uncertainty
relationship derived on the basis that the beat frequency could be
measured to the nearest whole cycle. If it is possible to measure

to a ffaction of a cycle the distances calculated here may be reduced

proportionately.



CHAPTER 5

THE ULTRA-SONIG METHOD
OF_GAS DTAGNOSTICS

5.1, INTRODUCTION.

The tendency in combustion to work at ever higher temperatures
necessitates the development of special diagnostic techniques.
Apart from being at a high temperature combustion systems may
also be highly luminous, for example in augmented flames and plasma
jets, and even transient as in travelling detonations and shock
fronts. The extreme brightness, monochromaticity and the possibility
of extremely short duration J-switched pulses makes a laser an ideal
light source for studying such systems, Many of the purely optical
methods of gas diagnustics depend on the variation of ths refractive
indsx with temperature and composition, However, the temperature
dependence of the refractive index of a gas decreases with
increasing temperature and such methods'are not always suited to
high temperature diaginostics. Because of this the possibility of
a combined ultra-sonic and optical diagnostic method has been |
investigated. Apart from the desirability of having a new
diagnogtic tool ecapable of furnishing additional information on
both temperature and composition; an ultra-sonic method has certain
advantages over purely optical methodg, For example au 100%K change
in temperature in air at 108¢°K produces a 4.2% change in the

velocity of sound and it may well be easier to meagure this
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velocity change than it would be to interpret the significance of

a 1/0th of a fringe shift in a lem thick column of air undergoing
a similar temperature change.

The measurement of the velocity of sound as a diagnostic
tool was first proposed by M'ayer42 in 1873. Sui’c,sl"3 developed
a method using a weak shock wave originating from an elsctric
spark, and obtained its velocity from a streak photograph. The
44

method has been improved by Edels and Whittaker ™ who were able
to use somewhat stronger shock waves. Rather than following a
propagating shock front Marlow, Nisewanger and Cady45 were able
to determine the spatial digtribution in the wvelocity of sound
behind a shock wave from an instantaneous photograph of the
wavefronts in an ultra-sonic beam. Non~viguel sound velccity
measurements have been madel*e”l"7 using = pulsed ultra-sonic beam
technique in which the transit time between a transducer and
recelver is measured electronically.

This investigation ig intended to examine whether or not it
is possible to obhtain the gpatial distribution of the velocity of
sound from 2n ingtanteneous photograph of an ultra-sonic beam
propagating through hot gases from a burner port or jet. If it is
possible one could then use sound waves to assist, for example, in
finfling the spatial distribution of temperature and composition
in the boundary layer produced Sy rapidly quenching a simple
reaction. A gystem relevant to combustion is the rapid quenching
of disrociated oxygen issuing from an oxygen plasma jet by aspirating

the hot gas through a3 cooled porous heat sink, If the flow
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distribution within the gas can also be determined this would then

provide a new method of measuring reaction rates at high temperatures.
After initially discussing the various factors that affect the

propagation of ultra-sonic waves in gases the results of a prelimin-

ary investigation into the visualization of ultra-sonic waves in

air at room temperature are given., These results are then used as

a basis for solving the more difficult problems of the visualization

of sound waves in gas flows which are discussed in the next chapter.

5.2. PROPAGATION OF SOUND WAVES TN GASES.
5.2.1. Introduction.

To apply the ultra-sonic method it is necessary to know how
the veloecity of sound depends on the temperature and composition
of the gas, and what factors affect the amplitude and hence
vigualization of the pressure waves. This can be found by setting
up and solving the equation of motion describing particle
displacement in a compressible fluid. The wave equation for

particle displacement_j; in an ideu.lly perfectly compressible flunid
48a

in a one dimensional system is
P | adE
= = : > se-5el
dx dr 4t

where p and o are respectively the fluid's pressure and density.

It follows that a disturbance travels thiough the fluid with a

A
v = dp) ® ceeh.2
% |

Further simplification requires a krowledge of the equation of

velocity v equal {o
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state of the fluid. When the disturbance is sinusiodal and of
frequency 1)3 a golution of equation 5.1 is

£ = §° sinzrrtx)slrt - ;—E] ces5.3

For ideal gases equation 5.2 may be simplified using Boyle's
law. For recl gases it is generally sufficient to use an equation
of state that includes the second virial coefficient49. Thorpe50
has calculated, using such an equation, that for ethylene at 25°C
and at one atmosphere the velocity of sound is 0.36% below the
ideal gas value. At higher temperatures the departure from the
2deal value would be expected to be even less than this. However,
as 1t is not anticipated to be able Yo measure the velocity of
sound to better than 4% the ideal gas equaticn for the velocity
of sound is considered to be gufficiently accurate for present
purposes. If the above wave equation is modifiedABb to take into
account the various loss mechanisms that exist in a real fluid
the solution becomes

’§ =§° g X sinszﬁe[t - %] LA

The various factors that determine the velocity of sound v
and govern the magnitude of the attenuation coefficient CC are
discussed below, This is followed by an examination of the various
ways in which a sound wave can mark a transluminating light beam.
5.2.2. YVelocity of gound. |

As it is sufficient to consider most gases to obey Boyle's

law equation 5.2 bezomes

) i
v = J?T-(l * %JJL vee5e5
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whore B is the universal gas congtant, T is the absolute
tempsrature, M Ls the molecular weight and Gv is the specific
heat of the gas at constant volume. In the case of zas mixtures
M and Gv appearing in this last equation must be replaced by an
effective molecular weight ﬁ, and an effective sgpecific heat Ev'
These two quantities may be evaluated from a knowledge of the

partial pressures of the various constituents43’51. Thus,

ﬁ = -—‘_—- nooSob

- 2,
R .e.5.7

Dispersion.‘l’Ba oecurs in the velocity of sound whenever the
time required for the exchange of heat between the various degress
of freedom and states of equilibrium of a gas is comparable with
the heating and cooling period of the compression wave. In & pure
nonreacting gas time lags exist in the tranafer of energy from
translational to rotational and vibrational energy states. Ip is
the transfer of energy to vibrational states that is o most
intercst hera. At sufficiently low fréquencies it is possible for
this exchange of energy to be complete while at high frequencies
this may well not be so. If G0 and Cq)represent the limiting low

frequeshcy and high frequency specific newats the velocity of sound

— N 1
Jﬁm fC + C (02172\ 2
V = -—l + R 9 X 100508

M 2 2 2,2
C.+ 6w T/ |

is given by

\



vhere (U= 2'K1)s and T is the relaxation time for the
departure from equilibrivm to be reduced to 1/e of its originel

value. When WOU® Go/ G the velocity of sound v is given by

Vo [%(l + %@)ﬁ eee5.9

Similarly ahenw'iZ{{Go/G the velocity of sou.nd v, is given by
[RT/ g 0 ...5.10
Yo

The point of inflection of equation 5.8 occurs at a frequency
1)1 given by . N
a1 {5

Y, = Z“T(C’m} ves5.1l

At low temperatures vibrational ensrgy states contribute
only slightly to the specific heat of a gas and so GO/GGD is only
very slightly greater than unity. Conscquertly dispersion effects
are small. At very high temperatures more and more vibrational
stetes contribute to the specific heat and so Go/ccn increases.
For a diatomic gas this ratio has a maximum classical value of
1.4. 1))._ can be calculated from equation 5.11 providing T is known.
The dependsrce of 1/2#7% on temperature has been calculated from
the ligt of experimentally determined relaxation times U tabulated
by Cottrell and McCoubreyl'B and graphg of this dependence are given
in Appendix 1 for a number of gagses of interest.

Velocity dispersion algo occurs in a reacting system. In the

cass of a partially dissociated gas the velocity of sound is given
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by /"AB+COJ l
v = {84 4+ g .ve5.128
\kB + 6w
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where A and B are given by
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k is the rate conscant of the reaction, D is the dissociation
encrgy and £ is the fraction dissociated. At nigh frequencies
this equation greatly simpiifies to
i
= |&L R\
vm - [M (l + G )] cou5:l3
vl ]
M ard Cv appearing in these last two equations apply %o the gas

mixture and may be evaluated using equations 5.6 and 5.7.. The
gimplicity of equation 5.13 arises because the period of
oscillation is very short compared with the time required for
the reaction to proceed to ite new equilibrium state. Providing
one works well away from the centre of a vibrational dispersion
band equation 3.13 is only a fuaction of temperature and
compogition.

5.2.3. The attenuation of gound.

The amplitude displacement ;Ei of a propagating sound wave
may be attenuated as a result of viscous and heat conduction losses,
and also as a result of disparsion losses. Thus the attenuation
ccefficient OC appearing in equation 5./ mey be written as the
sum (0{9 +8¢C +C£a) where X, OQ and OC; are the viscous, heat

h d
conduction and dispersion attenuation cuvefficients respectively.



106

oc, a.ndO(.‘h are given by523‘
2,2
27:CU% 4,
oC, = T ves5.14
v 3
2V 2(y - 1) K .
a‘ = : ...5. 5
h v ¢

P
where'i% and v are rrequency and velocity of sound, 7? is the

visevsity, o the density, X’the ratio of specific heats (Cp/Cv),
K the thermal conductivity, and Cp the specific heat at constant

pressure of the transmitting gas. When K is replaced by the

kinetic theary expression’>

Oy - 5)n¢,
T4

one obtaing for the combined viscous and corduction attenuation

00-5016

coefficients

22 )

: 2R <

oG e, == s ¥ [§,+ g‘/-14)gaz - 5)} vei5.17
/)

This equation has been used to celoulate ©C * ¢, )/q)° for a

number of gases and temperatures and these are tabulated in Table 4.

c{h is given by486
PAYEN N4
oGy = __2_%_3 vee5.18
W22
y = v
Where 1/m ;21)1 , ...5.19
00

is the frequency at which the dispersicu attenuation is a maximum

and equal to Q¢ where -
m V. v < _ v 2
of = e re5.20
2v V.V

To evaluate equation 5.18 it is necessary to make use of the
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expressions for v_ and vbogiven tn section 5.2.2. Thig in turn

o
requires a xnowledge of the contfibution that vibrational energy
states make to the total specific heat of the gas. This difficulty
does not exist when experimental data on A and Vo 2Te

available. In principle it is possible to make the effeets of Cua
small by working at a frequency well awasy from the centre of the

dispersion band.

TABLE 4
Sound attenuation coefficients
X=0g, *o
| Ls ypld
o5 Xh V3
Gas | oc o | g -
273°6 | 1000°K | 3000°K

air | 0.71 | 0.29 L34 | 172 | 1.87
N2 0.71 0.29 1,29 1.61 1.68
02 0.71 0.29 1.60 | 2.08 2.27
CH4 0.77 0.23 0.62 0.86 1.02
002 0.78 .22 1.50 2.07 2.6/
Ar 0.57 0.43 1.89 1.99 2.22

5.3, REFRACTIVE INDEX VARTATIONS IN AN ACOUSTIC BEAM.
5.3.1. Introduction.

An expression is derived below relating the refractive index
variations in an acoustic beam to the beam's mean acoustiec power
density assuming sinugoidal pressure weves. This is then used to
compare the various methods of marking a transluminating light

beem and %o assess their temperature dependencs.



5.3.2. FIresgure variations in an acouvgtic beam.

The instentansous pressure disturbance in an acoustic team

is given by54a

$ = v2/° gé; bJ . '005021

dx
vhere in the absence of attenuation & is givea by equation 5.3.
Differentiating equatinn 5.3 and then substituting into equation
5.21 therefore gi.vesi the following expression for the pressure

variations in an acoustic beam

o SR o) _X

P = P, coszm)s [t v] eee5.222
where

~

po - §027r%/0v 0..5.22b

5.3.3. Meaa power density of an acovslic bseam.

The mean power density P is giveu by the sum of the wean
kinetic and potential energy densities multiplied by the veloeity

or sound54b. IL.e. 5 2 2
5, i ov
P = ln05n23
2 .

593.4. Optical marking by an acougbic beam,

For adiabatic pregsure changes the refractive index n of a

gas is related to its instantaneous pressure p by

b= 4, [%Jl/’x vee5.24

where £= n-1and ‘{o is the value of cf at some reference
pressure p . If the ambient pressure is 1 the local pressure

P in the acoustic beam is equal to



1cy

- ~ X
p - pa + pO 00827(1)8[1'; - v] .ao5s25

The instantaneous value ofcf in the acoustic beam is therefore

- G2+ B emong -]

see5:26

vhere it is aésumeu that the amplitude of the pressure wave is
vary small compared with the ambient pressure. By combining
equations 5.22 and 5.23 it is possibles to express‘ﬁb in terms
of the mean acoustic power density of the acoustic beam, i.e.

66 = (2P/ov)%. eee5.27
Equation 5.26 can be used as a basis for assessing the magnitude
of the marking of the transluminating light heam when using
interferometry, deflection mapping and shadowgraphy.

In interferometry the degree of marking, i.e. the number
of interference fringes, depends on the optical path difference
between regions of compressior and rarefaction, If Z is the
thickness of the acoustic beam the number of interference
fringes N is given by

- 4
N o= /\o((gmax -({mi.n) 005028

where 6 max and 5min are the maximum and minimum values of (5
given by equation 5.26 and kb ig the wavelength of the
trangluminating light beam. Substituting equations 5.26 ard
5.27 into equation 5,28 gives

2 Z‘So( — (2 por)f  ...5.29
\(\opow D, 1-1/9

N =
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In deflection mapping the angular deflection © of a

transluminzting light beam is given byéh.

- af
e = ax Z eea5.30

where d8/dx can be fourd by differentiating equation 5.26. Hence

a§  _ ¢ (P My 2 (Rl <
£ - 4B B g s

where P, has been replaced by equation 5.27. The maximum angular

deflection is therefore given by

o 1% z
- o 2Ry 2P 0
Qmza.x 50 ','—‘1 ——E e Z v0e5.32
| Po ¥Ps
In shadowgraphy the fractional changs in illumination
brought about by stretching or compressing, but not folding,

axn initially planar wavefront is given byec

2
A a4
= — 4 1 0005033
T )

where 1 1s the distance from the centre of the sound beam to
the viewing soreen. Differentiating equation 5.31 and

subgbituling into equation 5.33 gives

- : 2.2 o % ‘
AL _ EET# 4riy)” 2P 0 x
T = 50 !‘poj Ypa 3 Z1 cos2m)s[t - v] eee5.34

The maximum fractional change in illumination in the shadow

record of a sound wave is therefore

2.2 oo -

Yy Av. 28

&L 5[3&.} ¢ NT /O]Zl cee5.34
°{ P, ¥Pa | v

Equations 5.27, 5.32 and 5.35 can be used to estimate the

degree of marking in the various types of optical records of



sirngoidal sound waves. They show how this marking depends on
the acoustic powsr density and frequency and may also be used to
show how it varies with gas temperature. For air at NIP and a
light besm of 0.58%Im tﬁese three equations may be expressed in

a more convenient form as follows
1

N = 6.5x10° 22 ves5.36a
- -6 & '

gmax - 3!63&-0 P Z 1)8 Radians LX) 15036b

%l =  6.,9x107 P? 2 1)82 1 ve.5.260

‘where P is in mW.cm-z, Z and ) are in cm, and 1) is in Mz,
Bocause o and v are functions of temperature it follows that
the marking will also be temperature dependent. If the pressure

is kept congtant

N o T0025 vee5 3T
o o< pke 50 vee5.37Tb
-‘-S‘I-L <><‘T-l-25 ces5.37c

Jormalized plots of these temperature dependences ére shown in

Figure 5.1.

5.4. THE TRANSDUCER.
5 5401 . IntrOdugtiog.z

The basic requirement of the traasducer is that it must be
capable of pfoducing effectively plans sound waves of knowr.
frequency. For good vigualization the effective widtﬁ of the
acousbtic bLeam should be as lerge as possible. Limitetions in ite

width may arise either from the finite cross sectional area of the
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trangducer or from the nature of the system being studied.

The minimum frequency of the transducer is set by the required
spatial resolution of the velocity measurement. This is clearly
set by the wavelength of the sound waves. Ideally for the best
spatial resolution the highest possitle frequency should be used.
Unfortunately, however, the attenuation of sound waves, as a result
oi wvigcous and conduction losses, increases as 1;%2. Table 5 ghows
how the attemuation distance (defined as cxfl) in air depends on the
frequency of the sound waves. The attenuation distance in other

gases may be caleculated using the data in Tabie 4.

TABLE 5
Sound attenuation distancas
in alir
Temperature || Attenuation diestance 1/o< (cm)
°k | 0.5MHz| O,7MHz | 1,0MHz | 2.0MHz
273 30.0 15.4 7.6 1.9
1000 23.4 11.8 5.8 1.5
3000 R1.4 11.0 504 1.4

It is clear that frequencies much greater than 2MHz would be too
gtrongly atlenuated to be of any practical use and this, therefors,
rapresents an upper frequency limit.

As dispersion attenuation can be even greater than that
produced by vigcous and conduction losses it 1s necessary to
work at a frequency well awsy from the centre of s dispersion
bard., The approximate centre frequency of these bands for a
number of gases at various temperatures may be estimated from the

curves in Appendix 1. When the coupling medium betweer the
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transducer ani the test gas is air and its temperature ranges
from about 300°K up to sbout 1000°K it is seen that the sound
frequency must be kept much greater than 0.0Q5MHz to avoid
strong dispersion attenuation. This representa a lower frequency
limit. When the ultra-sonic method is applied to the study of
an oxygen plasma jet having a temperature of up to say 3000°K
the curves in Appendix 1 show that the lower frequency limit is
increased and should now be much greater than 0,1MHz.

Of ail the ultra-sonic transducers reviewed by Garlins 8a
the only one capable of gensrating sound waves in the frequency
renge 0,5MHz to 2.0MHz is an electrically driven piezoelectric
x-cubt quartz crystal oseillator. The thickness of a piezoelectric
crystal decreases with increasing frequency. As it is‘eaaier to
cut and to mount a thick crystael it was finally decided to have
two 5cm diameter x-cut quartz erystal dises made (by Gooech and
Housego ILtd. in conjunction with Brooks Crystals Ltd., Cornhill
Factory, Illminster, Somerset) having thickness vibrational
frequencies corresponding to O.5MHz and 0.7MHz. The methods used
for mounting, driving and monitoring these erystals _re ncw
described.

5.4.2. Transducer co io erfo 8.

The erystal mountings used were based on a design described
by Arnold, McCoubrey and Ubbaathde5 6 and are lllustrated in
Figure 5.2. The crystals had an approximately 70 degree bevel
and were held by three equisgpaced mounting clamps that located onto

the apex of the bevel. The crystal faces were either gold or
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silver coated. Electrical connection was made between each of the
coated crystal faces and two of the three clamps, which also acted
as terminals, via narrow metallic tongues deposited across the
bevelled area. The tongues were made of a soft sclder and were
a few thousandth of an inch thick. I% was not possible to solder
lead wires directly onto the crystal faces or even onto the tongues
as the resulting damping proved to be too great.

Three different clamp designs were tried. The first consisted
of three brass pins, one of which was spring loaded, having V-ghaped
cut-outs at their tips for locating onto the apex of the crystalls
bevel - see Figure 5.2a. The second type consisted of three
copper foils held under tension as illustrated in Figure 5.2b. The
tension in each foil could be adjusted independently by ‘bﬁrning the
appropriate tension screw. With this design the area of contact
bet.ween the clamp and nrystal could be made very small. In the t.hird
tyoe of_ clamp three or four strands of wire were used in place of
each_ copper fo:.}, Thi_.s has the a.dyantage of reducing the area of
contact cvcn more. However, there ic‘ a practical limit as the clamp
must._t.):e:lablev to wichstand_ the mccha.nica,l vibrations snd local heabing
tha‘b occurs ,whe"n_ the crystcl is} cscillat.ing. It wag noticed that
wear cccured both J.n t.he w:.re a.nd f01l clamps as well as in the
soft solder tongues over *ohe arca of con; ac'o w:.th the clamps
Strengtheru.ng the tongues at the apex of the bevel by us:.ng a small
plece of gold fo:.l proved unsat:.sfac‘borv because of 'bhe addl.t.ional
damplng._ Ag wear was less using the copper foil clamp this was the
dec_igp finéll&'._édopted_‘chenehvc% high acctl;vs.t.i.ctpowez_'r‘ densities



were nseded.

A single valve self osclllating eircuit was used to drive
the crys'ba15 5b. This had the advantage of being able to operate
at both low and high powei's by simply adjusting ths supply
voltage betwesn 100V and 420V. Details of the eirecuit are shown

in Figure 5.3. It was found to work satisfactorily, without
moditication, at both 0.5MHz and 0.7:Hz. The acoustic pcwer
output was strongly dependant on the damping in the crystal
mounting ard on the values of the capacitors Cl, 02 and 03. Tha
values indicated were those giving maximum power output.

Regarding performance, the quantities of interest are:
constancy of frequency, uniformity of amplitude over the crystal
fece, and the magnitude of the acoustic power density. The
power densivy was monitored using a torsion-wire acousgtic watt-~
meter and is described in section 5.4.3.

The freguency of the two crystals showed an insignificant
negative drift of the order of 1 part in 105 as the power output

wag increased from 7,‘§m‘«1.cm"2

to 200m.cn >, The frequencies of
the two crystals, when operated at T5mW.cn® were measured on a
TC3 Advance Electronics Timer Counter and found to be 0.49862MHz

and 0.69960Mlz,

To check the uniformity of the amplitude of oscillation over

the crystal face the optical system illustrated in Figure 5.4 was
set up. In this arrangement the upper face of the erystal was

given a mirror finish by coating it with silver. This enabled

117

straight line wedge fringes to be formed as a result of interference
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between light reflected off the crystal face and I an inclined

glass slab placed a few millimeters above the crystal. A 3mW
helium-neon gas laser was used as a light source. As a dark
fringe changes to a bright fringe whenever the optical path
difference be’meen the two interfering beams changes by %X (i.e.
the crystal Tace is displaced by — »/8) the observed time averaged
fringe pattern becomes washed out whenever the change in path
length exceeds ¥\. Figure 5.5 shows the sppearance of the
interference pattern a) when the crystal is not oscillating, b)
when it is oscillating at a power output of €0 .cn™> and ¢) when
it is oscillating at 220ui.cn?. These photographs show that as the
power output is increased so more and more of the crystal face has
an amplitude of vibration exceeding ”\/8. Although the crystal

is elearly not vibrating uniformly, the regions having a large
amplitude of vibration are randomly distributed over the crystalls
surrace and so the transducer should prove to be a satisfactory
source of effectively plane ultra-sgonic waves.

5.4.3. Acoustic power considerations and its monitoring,

The acoustic power dengities nee@?%br their visualization
ucing interferometry, deflection methods and shadowgrephy may be
assessed using equations 5.36 and 5.37. The normalized
temperature dependence of the methods hag been plotted in
Figure 5.1. The marking produced by sound waves of a giver
frequeney and rower density at 1000°K and 3000°K is shown in

Table 6 as a fraction of the marking produced at 273°K.
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TABLE 6

Relative marking of sound waves
at different temperatures.

Method of marking Dﬁfriﬁa%faﬁa?%g% relative )
273°%¢ | 1000°K | 3000°K |
Interferometry 1.0 0.74 0.56
Deflection 1.0 0.14 0.03
Shadowgraphy . 1.0 0.20 0.05

Table 7 shows the factor by which the acoustic powsr density must
be multiplied in order to restors the marking obtained at 1000°K
and 3000%K to the value at 273"K.

TABLE 7

Power compensation factors

Mothod of marking Poweg compensgtion facgcr
273K | 1000°K | 3000°K R
Interferomelry 1.0 1.8 3.2
Deflection 1.0 51 1100
Shadowgraphy 1.0 25 400

The clearest record of an acoustic beam 1n a system in which
there is a large temperature range is obtained using the method of
visualization that is least eensitive to temperature changes. TIgble
6 shows that on this basis interferometry should be the best methbd
of marking the sound waves. Equation 5.36a and Table 6 may be used
to see whether the degree of marking is in fact sufficiently large
to be detected. Assuming that the maximum possgible power density
that can be obtained from the transducer is 250mw.cm.-2 and that
2 = 3om N works oub to be 9,31\ at 273%K and 0,17\ at 3000°L.

Although these quantities are small they should be largs emough for
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for the decection of the acoustic wavefronts.

The next best method of marking is shadowgraphy. A
quantitative asgessment of the magnitude of the marking can be
made using equation 5.36c only when AI/I is small, i.e. when
the deflections are small. However, ons can say qualitatively
that if the calculaied value of A\I/I is say greater than 0.1 it
shaild be possible to obtain a photographic record of the shadow
of the sound waves. When P = 25omW.cw ™=, Z = 3em, 1 = 20cm and
P, = 0.5MHz, AI/T = 1.63 st 273°K and 0.08 st 3000°K. Shadovgraphy
therefore seems a feasible method of visualization up to almost
3000°K. There will, however, ve vast differences in the quality of
the record in regions corresponding to low and high temperatures.

Deflection methods of marking sound waves are the most
dependant on temperature. Accordirg to eguation 5.36b and Table 6
the maximum angular deflection for P = 250mW.cm™, Z = 3cm and
V= 0.5Mz is 85x107%R4 at 273°K and 2.5x107°Ra a5 3000%K. These
deflections are too small to be of much use for marking the sound
waves.

~f the effects of attenuation are taken into account the degree
of marking will be even smaller than that ealculated above. However,
this may be more than compersated for in the case of shadowgraphy
and deflection methods by the fact that on account of their finite
amplitude the sound waves are almost certainly not sinuscidal and
have steeper refrective index gradiente than are predicted by the

above equations. (The wavefronts of a scund wave tend to steepen

whenever (dg/dt v = (2P// ;ov)%/v is no longer negligible compared



to urity?+%*57, For P = 250mM.cu™> this ratio is of the order
of 0.01).

The application of the ultra-gonic method doss not require
a knoﬁledge of the absolute acoustic power output from the
transducer., MNevertheless an idea of its magnitude would be useful
if the exact refractive index distribution within tne acoustic
field were also known for then precise predictions of ths
limitations of the method could be made. In practice, however,
it bas been found that the main requirement is to te able to
~ompare power outputs for then it is possible to use the results
of an experimental obgervation made at a particular power setting
and under certsin conditions to predict what observations should
be possible at different power gettings and under different
conditious.

An acoustic wattmeter suitable for comparing acoustic
powsr settings and for giving an idea of the absolute acoustic
power densities was made and ig illustrated in Figurs 5.6. Thse
principle of the device 1s based on an acoustic radiation pressure
measurement. If A is the cross-gsectional area of the acoustic
beam and F is the force the acoustic beam exerts on the vane

attached to the torsion wirs the acoustic power density is given

550 . Tes
e Po= 3= - i T ees5.38

whers T'ig the torsicn constant of the wire, © the angular
deflecoion and r the disbance from the wire to the centre of the

vane. The torsion constant was determined froﬁ a meagurement of

4
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the period of oseillation of a mass of ealculable moment of inertia
attached to the wire and vas found %o be equal to l.26x104 M 1%
dyne.cm.Rd-l. instead of measuring G, the linear displacement x of
a pointer attached to the vane was measured., Replacing 6 by x/R and
then cubstituting T = 1,26x104'dyne.cm.Rd-l, r = 10.0cm, R = 13.0cm,

v = 2.43x10%m. 5% and A = 14.4cn° for the 0.5MHz crystal and 15.9cc”
for the 0,7MHz crystal into equation 5.38 therefore gives for the

final expressions used for assessing the acoustic power densities:

P = 23.0x mH.om > for the 0.5MHz erystal
-..5.398.
P = 20.9% nM.em for the 0.7MHz crystal

«e+5.39
where x is measured in ecm.

Although this wattmeter may suffer from certain disadvanteges
as a result of the possible effects of attenuation, streaming and
standing waves the last is unlikely to be important at high power
Jevels and M’edwin59 suggests that the firgt two are rrobably self
compensating. Not only is the watumeter simple and direct reading
but by using the ecrystal mounting illustrated in Figure 5.2b it can
be used to monitor the power radiated from the back face of the |
erystal at the same time as the wavas propagating from the front

face are being photographed.

5.5. VISUALIZATION OF SOUND WAVES,
5.5.1. Introduction.
Because of the desirability of simplicity schlieren and shadow

methods were considersd to be preferable to interferomelric methods.
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Also, as measured power densities of the order of 200mw.cm-2 have
been obtained from the transducer previouslyidescribed the
refractive index gradients are certainly much steeper, due to their
finite amplitude, than was predicted for simusoidal waves and so
makes these methods of visualization much more favourable than were
suggested by the previous calzulations.

There are otvious advantages in using a Q-switched ruby laser
light source as regards duration, brightness and coherency, aad
hence in the application of the ultra~sonic method to highly
luminous systemg. As, at this stage, the problem is essentially one
of visualization the initial investigation may be carried out on any
ton-luninous system and so there is no great need for the extreme
brightness of a lager source. The main requirement is a sowrce
having a time duration less than'ug-l. This can be obtained
without much difficulty from a suitably designed spark gep. Such a
source was eventually chosen as it also had the advantage of
avoiding some of the incidental pr-blems caused by the extreme
cohersncy of laser sources.

It is shown how the preliminary visualization of standing
gound waves was made using a canbinmious light souice. The
limitations of both the schlieren and shadow methods ers examined
and in particular it is shown how the shadow method of visuallzation
of sound waves in alr at room temperature depends on the acougtic

power density.

a
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5.5.2. Light source,

Two argon~jet spark light sources were constructed having
a similar design to that used ah the N.P.L.23. Their effective
“lash duration was found to be sufficiently short to enable both
0.5MHz and 0,7MHz sound waves to be photographed. The first spark
gzp had an output of 0.125Joule and was built using one TCC low
inductance 0.01UF capacitor charged to 5kV. In later work the
light output was increased to lJoule by placing 3Swo 0.0%pF
capacitors in parallel as shown in Figure 5.7a, and overcharging
them to 10KV,

The spark gaps could be fired in the conventional way by
applyilng a voltage pulse to a trigger electrode via a trigger
trangformer. Figure 5.7b shnws diagiematically two ways which
were uged to develop a volitage pulse across the primary of the
trigger transformer. Method i) was used for firing the spark gap
for 2]1 the investigations described in this chapter, while
method ii) was nsed for the investigations described in the
following chapter. In method ii) it was possible to fire the
spark gap &t any pre-arrabged time after a particular event occured.
The adventage of being able to do this will become appar@nt later.

Figiure 5.8 illustrates how a continuous light source, in the
form of a high pressure mercury vapour lamp, was used for aligning
the spark gap. An image of the mercury arc was formed at the centre
of the spark gap using the condensing lenses Ll and Lz. Both the
spark gap and mercury vzpour arc could then be imaged onto the pin-
hole, A, using the condensing lenses L3 and L4. With this
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arrangcacnt it ‘was cisy to align the ract of the optical system
using the contiomous liglt source only. This light source wau

also used for the visualization of the standing sound waves.

5.5.3. Preliminary vigualization of gound waves in air,

As there is mo clear indication in the literature’’ 60‘64,

2 up to the year 1938,

vwhich hag been fully reviewed by Bergmann
on the minimum power density and depth of acoustic field

necessary for the good visualization of progressive sound waves
In air it was first necessary to carsy out a preliminary
investigation into this problem. For convenlence Lhis was carried
out using in the first place standing sound waves and a contimuons
light source.

The dark field schlieren system used for the initial
visualization 1is shown in Figure 5.8. The sechlieren stop K was
sufficiently large tc just mask out all the direet light. Standing
gound waves sould be formed in the approximately lem wide gap
between the 0.5MHz erystal (operating at a relé:}ively low power)
and the reflector piate using the crystal holder illustrated in
Figure 5.2a. At this gbage mo direct method of acoustic power
monitoring was usdd. However, an idea of its magnitude could be
assessed from the observation that when a ground glass sereen was
placed behind the sehlieren stop it wes just possible to detect
two or three reasonably well defined patehes of high iliumination
on either side of K, These were ideniified as the diffraetion

orders produced by a grating structure and illustrated the faet

that plane standing sound waves constitul a phase grating. Exactly
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the same diffraction pattern was obgerved after repositioning
the =rystal holder so that the transluminating beam passed only
through the prugressive sound fileid.

The presence of the standing and progressive gsound waves
could most simply be detected by placing ones eye immediately
behind the schlieren stop such thab at least the - 1 diffraction
orders passed through the pupil. The sound waves sppeared as regions
of oright illumination agaimst a dark background. As the eye can
detect extremely low levels of illumination this is perhaps the most
sengitive unaided method of visualization that exists and it was
possible using this method to detect the presence of progressive
sound waves up to a distance of 30cm from the crystal face. However,
the distribution in the illumination wag not completely uniform
and had the appeararce of two or three diffuse columns of high
intensilty. This indicated that not all of the crystal's surface
was oscillating with equal amplitude and is 1n agreement with the
previous interferometric observations described in 5.4.2.

The diffraction pattern formed by the standing waves is
illustrated in Figure 5.92 and was photographed on an Ilford HP3
plate at an exposure time of 10gec, The optical system used was
the same as in Figure 5.7 except that K was replaced by a
photographic plate. The cptical specification of the gystem is give
given in 0S1. The 'star' like appearance of each maxima was
caused deliberately by placing a triangular aperture in front of
the gap containing the standing waves, @0 as to make the diffraction

maxima visible by separating them from the dirfraction pabtern






produced by the parallel gap. Figure 5.9b shows the diffraction
pattern produced by the triangular aperture only (i.e. with the

0S1
S: 250watt Hg-vapour lamp + green filter
A: O.lmm diameter.
Lc: 100cm f.1.
LS: l85cm f.l.
M : 0.87 (magnification using L. )

tranducer turned off). By using the negative of Figure 5.9b as the
schlieren stop K in Figure 5.8 the schileren record or the stending
sound waves 1llustrated in Figure 5.9¢c was obtained. This was
recorded on an Ilford HP3 plate at an expoége of &ssc.

It was not posgible to record progressive sound waves with the
above optical system by simply replacing the Hg-vapour lamp by a
0.125Joule spark gap., With the present transducer this could only
just be done uging Ilford XK (blue sensitive) plates and by
modifying the optical specification to that given in 052 so0 as to
increase the light flux falling on the photographic plate.

082
S: 0.125J argnn jet spark.
A: 0.37mm diameter.
Lc: 50em f.1.
LS: 185¢m f£.1,
M: 0,36

These observations suggested that the acoustic field was not
sufficiently intenrs for it to diffract an appreciable amouny of
light around the schlicren stop and so affect the photographic plate.

Bevause ¢f this the trarsducer's circuit was redesigned so as to
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increase its power output by roughly an order of magnitude. It is

this modified circuit that is shown in Figure 5.3.
5.5.4. Limjtationg of the gchliergn method.

Increasing the acoustic poser density to between 100 and
,').‘(‘)Om\-f.cm-2 (when several diffraction orders become visible) did not
appreciably improva the schlieren record of the progressive sound
waves even after replacing the 0.125Joule swari by the lJoule spark.
Thig was because the exposure levels were probably so low that one
was operating on the tail of the photographic plate's (Ilford XK)
characteristic curve.

To overcome this problem it was necessary to sither inerease
i) the acougtic power density and depih of ascoustic field, ii) the
brightness of the spark, iii) the size of the pin hole, or iv) to
gomehow raise the background level of illumination falling on the
plate. As the crystal was probatly working at ite maximum power
output for continuous operation, and as ii) and iii) had also been
increased to their maximum values {ses 0353) the only way left was to
increase the background level of illumination falling on the plate.
This was most conveniently done by making the diameter cf the
schlieren stop slightly smaller than the diameter of the focal spot
of the schlieren lens. Figure 5.10 shcws three photographs of 0.5MHz
progressive sound waves teken on Ilford XK plates using the optical
system illugtrated in Figure 5.8 and the specification given in 0S3
in which the diameter of the gechlieren stop Ka,b,c was a) slightly
greater, b) equal to and ¢) slightly less than the diameter of the

focal spot of the schlieren lens. Although it was not possibls to
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083
S: 1J argon Jet spark.
A: 0.57mm diameter.
Lc: 50cm f.1.
L : 180cm f.1.
M: 0.36
: 2.3um diameter.
2.0mm diameter.
1.6mm diameter.

Qx Uiq ﬂ’m

maintain the aconstic power densities exactly equal for each of the
three photographs it is, nevertheless, quite clear that allcwing
some undeflected light to fall on the plate greatly extended the
amount of marking. K could not be reduced much more than shown as
the effects of the background light soon swamp those cavsedby the
diffracted light. ,

For optimum marking the size of the schlieren stop relative
to the size of the focal gpot therefore depends, amongst other

coustic peam

‘things, critically on the power and fwidth (i.e. the amount of
light diffracted around K) and sv it was concluded that bhis
method of visgualization and recoding would only be suited for
studying systems in which there does not exigt appreciable

distributions in the properties of the acoustic beam.

5.5.5. The shadow method.

To see how the degree of marking in a shadowgram of sound
waves depends on the viewing digtance, 1, and the acoustic power
dengity the optical system shown in Figure 5.11 was set up.
Figure 5.12 illustrates how the shadowgram of both progressive

and standing O0.5MHz soundwaves, at an acoustic power density of
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nomimally IOOmW.cm'z and an acoustic beam widbh of 4.5cm, depends

on the viewinrg distance (measured from the centre of the crystal)
from 5cm up to 1l45cm. Details of the optical system are given in

OSA.
084
S: 0.125J argon jet spark.
0.3mm diameter.

L : 50enm f.1.

[
1: variable from 5em to l45cm.
M: 1.0

Exgmination of the photographs in Figure 5.12 revealSthat
for small 1 very sharp asymmebrical marking of the progressive
wavefronts occurs. This indicates that the compression fronts are
~ steeper than the rarefaction fronts énd that the waves, therefore,
do not have a sinusoidal profile. It is also seen that the
visibility of the wavefronts is not particularly critical on the
viewing distance and that relatively good marking can be obtained
over a range of 1 covering several centimeters. The best marking
veeurs in the neighbourhood of 1 = 20cm. Below this the marking is
sharper as the light deflected out of a compression front only
partly fills the rarefaqtion regidﬁ; At distances greater than 20cm
the deflsctions overfill the rarefaction region and gplll into the
compression front and as a result introducss a loss in marking
contmst . lv S |

The effect_ofureducing the acoustic.powerldensity was next
investigated. Flgure 5. 13 shows five shadowgrams (photcgraphed on
Ilford XK plates) of 0. 5MHz sound waves at various acoustic power

denSLtles between approx1mately 3mw cm and 70mw cm ~ . (It was not






possible to measure the very low acoustic power densities using

the acoustic wattmeter asscribed in sectiqn 5.4¢3. In thess cases
the acoustic power levels were estimated by monitoring ths amplitude
of ths oscillator voltage on an oscilloscops. This was then
converted into apowr ensity using a calibration curve obtained

at higher power levels by extrépolation.) In all cases the acoustic
beam width was 3em and She erystal holder used was the one
illustrated in Figure 5.2b. Dstails of the optical system ars given

in 085.
| 082

:  1J argdn jet spark.

: 50c¢m f.1.
: 20cn.
M: 1.0

s
A: 0.,57mm diameter.
L
1

It is clear from thess photographg that the shadow method has
an extremely large range of acougtic power detection and is the most
suitable method of recording the acoustic wavefronts. It has the

added advantage of extreac simplicity.

5.6. SUMMARY,
The essential features governing the propagation of ultra-

sonic waves in gases had been discussed and exprsssions relating
the velocity of sound to both temperaturs and gas composition are
given.,

Acoustic power density measurements suggsested that the sound
waves radiating from a speclally constructed quartz crystal trang-

ducer were not puirsly sinusoidal, and this bslief was confirmed
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experimentally by an examinétion of the structure of a
shadowgram of the sound waves recorded at emall viewing distances.
Althaugh this conclusion invaelidates ths quantitative application
of the various equations describing the optical properties of the
acoustic field (which were derived assuming a sinusoidal profile)
they can probably etill be uged for predicting the temperature,
power and frequency depandenzes of the various opticel methods of
visualization.

It was shoﬁn theoretically that the least temperature
devendant (and hence most desirable) method of recording sound
waves is by interferomgtry. However, because of the desire to
develope as simple a diagnostic tool as possible the less complicated
methods of achlieren and shadowgraphy were looked into further. An
experimental gtudy of these two methods showed that schlieren
methods were unsuitable, and that shadowgraphy was the most
promising koth from the point of view of extreme simplicity and in
its ability to record acoustic waves having a very large range of
pover densities.

Having establiged the basis of an ultra-sonic method of gas
diagnostics both theoreticalLy:and experimentally it may now be
applied to practical gystems. An analysls of Figure 5.9c gives a
value for the veloclty of sound of B.LOxlOAGm.s—l 3% (averagad
over 13 half-wavelengths).This compares well with the accepted
value of 3.43x104cm.s-1. In the next chapter it is shown how the
ultra=-sonic method may be extended to the dlagnosis of gases in

vhicn tempsrature and composition gradients exist.
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CHAPTER 6

ULTRA-SONIC MEASUREMENTS

6.1. INTRODUGIION,

Having established the basis for a combined ultra-sonic
and optical method of gas diagnogstics it is now shown how it may
be applied to flame systems. In extending the method to practical
systems it soon became apparent that even at relatively low acoustic
power densities the ultra-sonic beam interacted with the gas flows
being studied. In particular the disturbing effects vresulting
from the interaction of an ultra-sonie beam with a premixed
methane-air flame has been examined and a method of overcoming it
ig described.

The volocity of sound is a function of both temperature and
composition and so the ultra-sonic method of gas diagnostics has
always to be used in conjunction with some other information
concerning the nature of the system being studied. This may take
the form of either additional experimentel data, e.g. the
distribution of refractive index, or theoretical predictions, e.g.
equilibrium composition. The number of additional bits of
information required will depend on how many unknowns there are.
To simplify this problem the ultra-sonic method has been tasted
here only on gimple systems in whichAequilibrium exists and
compositions are easily calculable.

Apart from attempting to measure flame teuwperatures ultra-

sonic¢ temperature measuremeats have been compared with thermpbouple
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meagurements in air and in argon. The temperature of the air
used in theso measuremenig was below 1500°K and go changss in
atomicity dus to dissocistion were insignificant®®. Should
digsociation have besn importani it would have been necessary to

65,66 of thermodynamic data

make use of the various sourcss
available, However the temperature dependencs of CP/Gv was
significant and had to be taken into accourt when interpreting

a velocity of sourd measurement. Neither of these problems

exieted in the cass of argon.

It appears that although the measurement error for the ultra-
sonic method is grea%er than that for a thermocoupls measurement,
the interpretation of the results in terms of a gas temperature
are easier and less liable to error as a result of the uncertainties
and inaccuracises in making thermocoupls corrections to compensate
for the disequilibrium that always exists betwsen the gas phase
and solid thermocouple junction. This disequilibrium does not

exist for sound waves - at least as far as translational and

rotational tempsratures are conce:ned.

6.2. THE INTERACTION PROBLEM,
6.2.1. Introduction,

The disturbing effects that sound waves produce on flames and
jets under certain circumstances have been obgerved for many years,
and W’ood546 has reviewed numerous cases dating back to Lecente's
discovery of this phenomenon in 1858. Figure 6.1 illustrates the

interaction produced when a 0.5MHz ulira-sonic beam, of a few %tens






147
of mW.cmnz, was directed towards the flat face of a roof shaped

reacticn zone of a premixed coal gas-air flame stabilized on a
rectangular buraer. It is clear that the boundary between the
burnt gases and the surrounding air is greatly perturbed and that
the reaction zone closest to the incoming beam is displaced.
However, it is nct certain whether or not these disturbances are
also accompanied by a complete inability of the souud waves to
actually penetrate the hot gases.

To study this problem further a very large square matrim
burner, 8cm x 8cm, was made up as i1llustrated in Figure 6.2a. To
provide a flat boundary betwesen the combustion products and the
surroundings the burner was designed so that it was possible to
sheath the hot gases with an independently controllable air flow,
roughly lem thick. A premixed methane-air flamé, in which the
methane flow was 2.5 litre.min.l and the air flow was 33 litre.min_l
was used throughout the investigation. A reasonably flat interface
between the hnt gases and the surrounding sheath was obtained for
& sheath flow of 40 litre.min™ .

To prevent the crystal and its mounting from over heating
they were placed behind a screen, as shown in Figure 6.2b. Each
time a photograph of an interaction was taken a slide, covering a
window immediately in front of the crystal, was momeatarily
removed.

6.2,2. Interaction's dependence on acoustic powsr density.
The series cf schlieren photographs shown in Figure 6.3 was

taken, using the optical system illustrated in Figure 5.8 and
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specified in 0S6, to seec how the interaction of 0.5MHz sound waves
with the flame varied with acoustic power deonsity. For the

086
8: 1J argon jet spark.
A: C.57 mm diameter.
L : 50em f.1.
L : 180cn f.1.
K: 2mm diameter.
M: 0,25,

purposes of comparison phobographs of the sound waves in air at
room temperature and of the unperturbed flame are shown in
Figures 6€.3a and 6.3b respectively. The dimensiouns of the
acoustic beam used for this and all subsequent studies was 3cm
wide x 2.5c¢m high and was defined by the size of the window in
the screen placed immediately in front of the erystal. When
taking the photographs:in Figure 3 the lower edge of the sound
beam was O.5em above the top of the burner and the erystal (not
shown) was about 2cm to the left of the interface being studied.
Examination of these photcgraphs shows that when acoustie
power densities are greater than 5Omw.cm-2 sound waves are visible
in the perturbed region above the flame. However, thes wavaelength
of these sound waves is not appreéiably different from those in
Figure 6.3a and suggests that the gas in this perturbed region is
guite probably air at essentially rooa temperature. 4Also, it is
seen that as the acoustic power density increasses so the interface
becomes deflected through progressively larger angles. It was |
concluded that the interaction between the acoustic beam and the

flame arises as a result of entrainment of cold air from the

150
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surroundings at a velocity dependent on the acoustic power density.

Subseq&ent observations showed that entrainment can occur
even at room temperature and that at high powers an appreciable
wind may develop in front of the transducer. This can most easily
be visualized in the rapid stream like motion of air borne dust or
smoke particles in the vicinity of the crystal face. This so
called 'quartz wind effect' has in fact been observadé'7 before,

and occurs as a result of a non-linear process dus to the finite

amplitude of the gound waves.

5.3. SQLUTION OF INTERACTION PROBLEM.

6.3.1. Introduction.

It was quite apparent from simple Just entrainment

experiments that the entrainment velocity was very much less than
the velocity of sound. Therefore it must take a relatively long
time, in comparison with the transit time of the wavefronts, for
the entrained gas to travel a given distance. By photographing
the sound waves almcst immediately after the crystal starts
oscillating it should be possible tc obtain a record of the sound
waves in the hot gas before it has been appreciably disturbed. A
method was devised for rapidly photographing the sound waves in the
fiame at a preset time interval after the slide shielding the
crystal from the flame was removed. The basis of the method was

to arrange for the slide on being removed to interrupt a light beam,
and then with the aid of a photodiode and suitabls circuitry cause

the argon jet spark to be triggered.



6.3.2. Design of 'slide-trigger! device.

To get some idea of the time intervals iavolved a
preliminary experiment was performed to find out how the
entrainment velocity varied wita distance from the crystal face
and on the acoustic power density. |

The entrainment velocity for air at room temperature, along
the normal to the centre of =2 B.5MHz quartz erystal, was measured
using a particle *racking technique68 by stroboscopically

3Hz.

illuminating entrained bentonite perticles at a frequency of 10
A chopped O.5cm wide unexpanded 8mW hellun-neon laser beam was used
as a source of illumination. The tracks were photographed at right
engles to this beam at a magnification of C.5 on Ilford EP3 plates
using a Kodak Specialist Camera. The analysis of a number of tracks
recorded for different acoustic power densities showed that the
axial ertrainment velocity L the distancs x from the crystal face,
and the acoustic power density P may be related by the empirical
expregsion

v, = 0.4 Px (0<x ¢5¢m) cesbll

where vy is expressed in cm.s-l when P is in mw.c:m-'2 and x is in cm.
It follows that if the gas is displaced a distance d with a

velocity v given by the above expression the time interval t in

which this dieplacement occurs isvgiven by

g = 2.3-% veebe2
Px

For P = 100:11\4.0:11"2 and taking O.5cm as an acceptable valus for the

poerturkation distance d (i.e. the permitted displacement of the
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interface between the sheath and the flame) this last equation

indicates that the sound waves must be photographed within a time
interval of less than 6ms from the instant the slide covering the
window in front of ths oscillating transducer is removed. From a
practical point of view this means that the slide must be removed
in a time inbterval less than this.

Figure 6.4 illustrates the design of the device used.for
rapidly removing the slide from in front of the crystal, and for
triggering the argon jet spark. When the sprung steel lever was
reieased it made contact with a light brass pin which in turn
pushed a thin aluminium slide (6cm x 3em and weighing 2.3gm) along
the “wo guide rails, At the ingbant the slide began opening the
window it also shut a small aperture through which a beam of light
passéd onto a Mullard OAP 12 photodiode. The signal developod in
the photodiode clrcuit was used to trigger the argon jet spark
using the arrangement shown in Figure 5.7b. The opening time of
the window was equal to 5ms and was reproducible to - 10%. The
time between the instant the light beam was interrupted (i.e. the
window started to open) and the moment the spark gap fived could
be varied from O.lms up to 100ms using a Laser Associates 52/6
Delay line.

6.3.3. Tegting 'slide-trigger' device,

Figure 6.5 shows a sequence of phovographs, for a range of
delay times from 5ms to infinity, of 0.7z l50mw.cm—2 sound waves
incident on the interface between the gaseous products of a methane-

air flame and the surrounding air sheath. 7The photographs were
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taken on Ilford XK plates using the optical system illustrated in

Figure 6.6 and the specitication given in 0S7. This system was used

087
S: 1J argon jet spark.

A:  0.28mm x 1.10mm (set
perpendicular to axis of

spark )

Lc: 50ca f.1.

l: effective viewing distance
20cm.

M: 1,0

in preference to the one shown in Figure 5.11 as the lens imaging
the 'l-plane' onto the photographic plate reduces the flux of light
radiated by the flame from falling on ths plate and so reduces the
amount of fogging.

Examinection of this sequerce of photographs confirms that the
entrainment of could air causes the perturbation of the flams, and
that it takes a finite time to fully develop after the initial
switching on of the ultra-sonic beam. Figure 6.5a shows that the
perturbation after a time deldgy of 5ms is as anticipated only very
small, while Figure 6.5e shows that after 100ms it is practically &
fully developed.

6.3.4. Digcuggion of regults.

A measurement of the wavelength of sound within the boundary
layer shown in Figure 6.5a reveals that it has a maximum value egual
to 1.7 :’O.l times the wavelength in the surrounding sheath of cold
alr. If it is assumed that the acoustic properties of these gases
(of which 75% is N, and 4b 02) are essentially the same as for air

+
this may be interpreted as indicating a temperature of 850 - 100°K.
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Optical system for imaging viewing plane outo photographic
nlate. 8, light source; A, pin-hole aperture; 1, distance
between cenbre of acoustic bean and viewing plane,

FIGURE 6.6
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Beyond thig point the marking of the sound waves is so weak that

measuz ements are impossible,

The reason for this fall off in marking within the column
of flame gases could arise from a reduction in gas density, =2
perturbation of the acoustic wavefront, an increase in the value of
the attenuation ccafficient and from the presence of dispersion
effects.

The effaect of a reduction in gas density due to a rise in
temperature has been given in chapter 5 and a curve showing the
temperature dependence of sound wave marking using shadowgraphy is
ghown in Pigure 5.1. According to the photographs in Figure 5.13
it should be possible to detect s 3cm wide heam of 0,.5MHz sound waves
down to an acoustic power density of 3mW.cm72. When 0.7MHz waves are
uged equation 5.36c¢ prediets that thils limit is reduced by a
factor (0.7/0.5)2,- i.e. the lowegt limit of detection of 0.7MHz
waves should be 1.5mw.cm-2. The power density used in Figure 6.5a
was 150mH. om . Therefore, as maiking is proportional to Pé-it
should be possible fto detect sound waves up to temperatures whers
the marking is equal to (1.5/150)% = 0.1 of its initial valus. The
curve in Figure 5.1 shows that for sir this occurs at a temperature
of 6x273%K, i.e. 1428°K. It is not possible, theéefore, to explain
the lack of marking above 850°K on the grounds of the reduced gas
density.

Shadowgrams of tje flame/air sheath interface taken at zero,
lms, 3me and 5ms delay show that even at 3ms some perturbation of

the interface occurs. Because of the method employed for switching
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on the ultra-sonic beam this initial perturbation takes the form of
a slightly skewed indentation of the interface. As a result of this
the angle that the incident acoustic beam makes with the normal to
the interface iz no longer zero but is spread over a range of angles.
For an acoustic power density of lsomw.cm~2 and a window opening time
of 5ms the maximum value of the skew angle is of the order of tanflo.z,
i.e. about 12°. For a ©inal flame temperatur969 of 1875°K this
will produce an argle of deviation in the incident acoustic beam of
roughly 20°. This is more than sufficient to account for the lack
of marking at the higher temperatures. However, not all parts of
the acoustic beam are deflected through this angle. Instead the
perturbed interface probably has a focusing effect and ths
penetrating acougtic wavefrcnt becomes curved rather than deflected
in a single direction. The curve in Figure 5.1 shows that the
theoretizal marking at 850°K is C.25 of that observed at 273°K.
This may be reduced to 0.1 simply by reducing the acoustic beam
width from 3em to l.2e¢m. Therefore, a perturbation to the acoustic
wavefront could account for the ls~k of marking above 850°K.

The increase iu attenuation of the acoustic beam «g a result
of the increase in the viscous and conduction atﬁenuation
coefficients with temperature is too suall to be nf any significance -
see Table 4 (page<ﬂ07) and Table 5 (page 113 ), However, attenuation
of the acoustic beam in the flame gases as a result of dispersion
effects is possible. The pressnce of carbon dioxide, which has a
relaxation frequency at atmospheric pressure of O,7MHz at 900°K, may

well result in sirong absorption even at the concentrations (i.e.
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7% by volume) that exists in the flame gases7o. Appendix 1 shows

how the relaxation fiequency of CO2 varies with temperature. An
exact prediction of the dispersion attenuation coefficlent is not
possible without a knowledge of =he vibrational relaxation times

of the constituents of the gas mixture as a function of temperature.

6.4. TEMPERATURE MEASUREMENTS IN NON-ABSORBING GASES.
6.4.1. Introduction.

To eliminate the undesirable consequeages of dispersion
attenuation (possibly due to the presence of GO2 and even H20 in
flame gases) the ultra-sonic method was applied to non-absorbing
gases. This should then show whether perturbations to the acoustic
wavefront do contribute appreciably to the loss of markihg by the
dound waves. The gases used for this test were air and axgon, and
it was demonstrated that the ultra~sonic method can in fact be used
to measure the temperature of these gasss.
b6.402. Blectrical gas heater and thermocouple design. .

The electrical heater used for heating the gas flow is
.illustrated in Figure 6.7. The outlet port measured 5cm x 5cm. For
a given gas flow and heater settings thermocouple measurements showed
| that the outlet gas temperature was constant to z 10°C over a region
extending up to lem from its centre in a plane perpendicular to the
flow, and up to 5cm above the outledl.

Gas flow temperatures were monitored using a 36 swg calibrated
copper~constantan thermocouple stretched horizontally across the flow.

The ends of the therimoccuple wires, which were 2.5cm long, were
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b
rigidly held in two relatively massive copper clamps which helped
to keep the ends of the wires at effectively rcom temperature.
6.4.3. Ultra-sonic and thermocouple temparature meagurements.

Three ultra-sonic temperature measurements were made for each
gas corresponding tothermocouple readings of ~20°0 (room
temperature), ~400°C and ~500°C. The flow velocity was
adjusted for each gas so that the above temperature readings were
obtained for heater currents of zero, 0,9Amp and 11.0Amp
respectiively. For air the voloumatric flow was kept practically
constant at 20litre.min - while for argon it was 301itre.min ~ for
all thrse heater current settings.

Shadowgrams of 0.7MHz 125qume sound waves at room
temperature and at thermocouple readings of nuAOOOC and ~4500°C
are shown in Figure 5.8 for air and in Figure 5.9 for argon. These
photographs were taken after a delay of 5ms using the optical
system illustratsd in Figure 6.6 and 087.

Measurements made on these shadowgrams are surmarized in
Table 8. The errors in the wavelength measurements were based on
the assumption that the wavefronts could not be located to better
than O.l>\&. Column (4) was calculstedby multiplying the measured
wavelength in cm obtained from column (3) by the transducer
frequency O.7x106Hz. Column (5) was then evaluated using tables65
of the velocity of sound as a function of temperature.

Thermocouple readings taken at about the same time as the shadowgrams

were recorded are listed in column (6).









TABLE §

Results of simultaneous ultra-sonic
and thermocouple temperabure measurements

( No. of Mg .Wavelength Velocity |Ultrasonic ;Thermocouple

f Gas |measured mm of sound | temperature|temperature
cm.go—t. K., K.

@@ () @ | () (6) .
air 50 0.495-0.4% | 3.46x10% | 296+3 2951
air | 21 0.78421.0% | 5.48x10% | 770415 683110
i air 3 0.827+7.0% | 5.79x10% | 863x121 773410
argon| 20 0.468£1.0% | 3.27x10% | 30426 296+1
argon| 19 0.735+1.0% | 5.15x10% | 765:16 670£10
argon| 13 0.800£1.5% | 5.60x10% | 90427 778410

inspection of Table 8 reveals

that in all cases the ultra-

sonic temperature measurement is higher than the thermccouple

temperature reading.

Also for any given thermocouple temperatute

setting the ultra-sonic temperature measurements are always higher

in argon tkan in air.

The ultra-sonic temperaturevalues give a more relliable

indrcation of the true gas temperature than the thermocouple

vemperaburs readings.

This is because the final temperature of a

thermocouple junction depends on the heat transfer to and from the

wire rather than solely on the temperature of the gas in which it

is immersed.

Nevertheless it is possible, in principle, to correct

a thermocougle temperature reading to the true gas temperature by

getting up the heat transfer equation for the wire immersed in the

eysten being studied, and then solving for T,  in terms of the

various heat trarsfer coefficients and other physical constants

of the systen.

Because of the complexities of such a correction
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preceduve it 1s usually necessary to assume that many of the
parameters describing tue system are spatially independent of
temperature. It follows then that an only approximate correction
.0 u. 2ade. The great beauty of ths wltra-sonic method is that
the propagation velocity depends intimately on the translational
and rotational temperatures and so temperatures deduced using this
r=thod represent the t»ue gas temperature - without the need of

having to make even an approximate correction.

Colbeh. Egtimate of difference between temperature of thermccouple
and gas.

To assess whether the differences between the ultra-sonic gas
temperature meagurements and the thermocouple tempesratures could in
fact be attributed to heat transfer processes between the thermo-
couple wirs and its surroundings an estimate of the temperature
difference between the gas and the wire was mads.

Under steady conditions the heat flow from the gas stream
tc the wire by cvavection exactly balances the heat losses from
+lo wrize due to radiation and aleng the wire due to conduction.

The heat transfer equation for an element of wire of length dx

is therefors

4R
2 2
N ) i b op Wlan g » DT AT L
-LﬂD(TgX Tx)udx %‘_0_~ [GxTx - QNTW J a-dx + . 2X.dx - O
4 dx
.ii6-3

where 6Cis the heat transfer coefficient between the gas stream

and the wire, D is the diameter of the wire, Tﬂx 1s the temperature

O
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of the gas at a distance x along the wire, Tx is the tempsrature

of the wire al x, ¢~ is Stephan's constant, €x is the emissivity
of the wire at x, Gw is the emisairity of the surroundings and is
«~ ‘anchion of position, Tw is the temperanuré of the surroundings
ari Le o Zuanshion of position, and K is the thermal conductivity
of the wire,

In general oc varies with x on account of its dependence on
temperature and velocity. Here, however, it is replaced by an
effactive heat transfer coefficient for the whole length of the
vire. In evaluating the radiation term it was necessary to conéider
the heat gained due to radiation from the electric heater as well
as the heat lost to the surroundings. . This compensating effect
tended to reduce the maguitude of the radiation correction. Also
the relatively low junction temperatures and large wire diameter
all contributed towards making the conduction term the predominant
loss mechanism. An approximate estimate of the magnitude of the
radiation correction can be made by considering that all the heat
lost by the wire is by radiation -nly. This gives a maximum
possible value for Tgas - To where To is the junetion temperature.

The radiation correction was calculated using Kaskan's

r;

equation

as K v
ga ° g P

/4 i
o W
where P 1s the density of the gas, Kg the thermal conductivity of
the gas and v is the gas velocity. The corrections calculated using

this expression are listed in Table 1.



It is clear from Table 10 that the radiation correction on
its.own cannot account for the diffsrences between the ultra-sonic
£Qs temperature measurements and the thermocouple temperatures. If

cenductien is assumed to be the dominant loss mechanism equation

6.3 bescres

2.

&, o
“E:# s A;E{T - T ) - 0
ax© w & X

Eefcre this equation ean e solved for T « Some knowledge of the
spalbiel variation of the gas temperature Tgx is required. Iceally

it 1 best %0 try to arrange i»r the wire to be stretched along an

isotherm g Hhat '.[‘g

000605

can he taken as a constant indepsndent of x.
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Unforturabeis such an assumption in this case would not be realistic

as the distauce in which the gas fell from its maximum value to

room temperature extended over an appreciable length of the wire.

A more reasonable approach is to assume that the maximum gas

temperature is proportional to the temperature of the thermocouple
Junetion (x = 0) such that Tgo = al . If this proportionality is

assumed to exist along the length of the wire (i.e, T . a‘l‘x)

the above equation simplifiss to

2
i_?_x + o’T = 0,
5 x
dx
where e = é"e-("(a-l)
KD

The solution of equation 6.6 is

Tx = FE cosmx + F sinmx

At x=0, T =T and de/dx = 0 and so this becomes

...6.6a

.t .646b

*e .6.7



T = T cos mx : eesb.8
X )

At x =L, i,e. at the end of the thermocouple wire held in the

clamp the temperature of the wire is equal to the clamp temperature,

T;. uolving this last equation for m at x = L gives
T.
m = L oot eeeb.9
L T
o
Combining this with equation 6.6b and solving for a gives
. T 2
a = 1 + E_Qé cos™t (TL>] eee6.10
4oL o]
A3 T:o = aTo one finally obtains for the gas tempsrature
immediately adjacent to the thermocouple junction
- T \12
moo=op Jdpoa BB gt (-L) ceeb.11
g0 ° AuLz To/ .

Equation 6.11 was used to correct the thepmcguple readings
given in Table 8. The constants used for this evaluation wege
K = 0.88cal.on .50, D = 1.78x10 %cm, L = 2.5cm and T, = 300°K.
The values used for the heat transfer coefficient are listed in
Tabie 9 and were taken from the curves given in Appendix 2
assuming‘that the effective gas velocities were 26cm.s-l and
30cm. s> for air, and 39cm.s™t and 45cm.s_l for argon, for the low
and high temperatures respectively.

TABLE 9

Heat transfer coefricients, K, for
a 36 gwg (0.0178cm) wire in air and

in argon
GAS OQ(cal.cm.z.s—l.OC-l) —
400°C 500°6
air 9.8x1073 10.5x10™2
argon ‘5.71:10"3 6.1x16™> ‘
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Table 10 compares the corrected thermocouple temperatures

with the ultru-sonic gas temperabure measurements. The % 103 error
in the thermocouple tempsrature represents only the reading error;
it does not tak2 into account any errors that may have been
introduced in making the correc*ions.

TABLE 10

Comparision between ultra-
sonic gas tomperature measurements
and corrected thermocouple

temperatures

Gas |Uncorrected |[Radiation {[Conduction |Corrected Ultresonic

‘thermocouple | temperature | temperature| thermocouple |gas

‘temperaturs corgection corgection temgerature temgerature
K K K K

oK
air | 683+10 17 53 753£10 77015
air | 773:10 18 A 855+10 863+116
argon| 673£10 14 0 T77£10 76516
argonl 778+10 19 112 909+10 904128

The degree of agreement between the two methods of gas temperature
measurement is quite remarkable, particularly when one considers
the approximations made in correcting the thermocouple readings.
6.4.5. Digcugsion of results.

According to equation 5.35 the marking of sound waves in
argon should be 1.07 times greater %han in air. The fact that
the marking in argon is poorer than irn air is almost certainly due
to a perturbation in the wavefront of the waves entering the
interface. This wavefront perturbation probably also accounts for
the overall poor marking in Figures 6.8 and 6.9.

In the absence of digpersion effects the marking_ih carbon

dioxide should be 3.00 times that in air. However Figure 6,10
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shows that in spite of thié the marking is very much less than in
both air and argon. Thig suggests that in carbon dioxide some
other form of attenuation must be present, i.e. digpersion

artenuation.

6.5. CONCLUSIONS.

It has been siown that the ultra-sonic method of gas diagnostics
can be used for the measurement of gas temperatures up to almost
1000°%. However, there is a problem of achieving good marking of
the wvavefronts aud this appears to be due to perturbations of the
acoustic wavefronts on entering the gas flow being utudied and, in
some gystems, elso due to attenuation of the acoustic beam by
dispersion effects. This may well be tha case in gas flows contain-
ing carbon dioxide. Marking could be improved by working at higher
acoustic power densities. 1f this 1ls done there is no obvious
reason why the method cannot then be extended to higher

temperatures.
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CHAPTER 7

7.1. INTRODUCTION,

Leger radiation has produced such a favourable mutation in
interferometer design that it has rasulted in the evolultion of a
compaetely new spscles of intérferometer. As a congequence of this
interferometry, in particular subtractive interferometry, has
bscome a very simple diagnostic tool.

The design and use of a particularly gimple subtractive
interferometer, suitable for combustion gtudies, is described and

+t is shown how its performance may be interpreted both in terms

of Mbiré fringes and holographic concepts. It is also shown how

the problem of residual fringeé, ever present in practiecal
interferometers, can be solved and how the disturbing effects of
poor qualitvaindows within the test space can be eliminated. The
uge of a high teuperature region as a reference state is particularly
advantageous in interferometry: it is demonstrated how this may be
done when studying, for example, the changes in phase that occur
when a heat sink is immersed in 2 flame.

Interferometry is used in combustion research for obtaining
the spatial distribution of temperature and composition in, for

xample, flame gagses and in the gaseous boundary layer separating a
gas at one temperzture and a solid at another. If in a particular

gystem the refractive inuex is primarily a function of temperacure



174

(composition effects being somsbtimes negligible) the temperature
distribution may be deduced from a measurement of the refractive
index distribubtion within thevsystem. It is not possible to
measure the refractive index distributior directly and this has to
be inferred from a measurement of the change in phase distribution
that occurs when a heam of light transluminates the phase object.
The three dimensional n:ture of most phase objects makes it possible
to relate changes in phase to a three dimensional distribution in
refractive index only for certain phase object geometries sucn as,
for example, axially symmetric systems. In combustion this does
not usually preéenm much of a problem as one can oiten choose
whatever geometry is most suitable. However, here the problem is
not one of interpretation bubt rather one of recording the phase
distribution in an unambiguous manner using subtractive interferometry.

Subtractive iaterferometry may be thought of as the comparison
of the wavefront profile of the test beam emerging from a phase
object with the wavefront profile of the sams test beam at a different
time. In other words it is the study of the phase changes that occur
in the test beam in the time interval separating the recording of the
two wavefronts. Ordinary interferometry, on the other hand, is the
ingtantaneous comparison of the wavefront profile of the test beam
emerging from a phase object with the profile of a reference wave-
front of accurately known structure.

The need for some form of subtractive interferometric
technique has been appreciated ever since attempts were made to make

interferometers of large cross-sectional working area. Cost
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iiritations make it impractical to manufacturs large diameter
optical componsnis to such close tolerances that the differences
in wavefront profile of the test and referencs bsams are much less
than half a wavelength of light. At best practically all
interferometers will form at least a few fringes (knoﬁn as residual
fringes) in the in%erferogram in the absence of a phase object in
the test beam. The subtraction of the effects of these residual
fringes from the interferogram formed when a phase obJect is present
in the test beam to give a 'difference' interferogram is known as
subtractive interferometry. Various attempts have been made in the
past to automatically correct an interferogram for the presence of
these residusls. Up until recently the methods employed (for
example ref. 6d) have usually been somewhat tedious as a result of
having to use thermal light sources. The avallability of laser
light sources, and in particular the advancement of double exposure
holographic techniques have recently (¢.g refs 73 and 74) enabled

very much sgimpler methods to be used.

7.2. PRINCIPLES OF SUBTRACTIVE INTERFEROMETRY.

7.2.1, Introduction.

The principles of subtractive interferometry may best be
understood by considering the theory of an ordinary two beam
interfecometer. By doing this it can be shown that all inter-
ferometry has to be a form of subtractive interferometry in order
that the effects of optical imperfections within the interferometer

may be eliminated. A number of ways of obtaining difference



interferomgrams @e described.

7.2.2. Generalized two beam interferometer theory.

It is sufficﬁ.ent here to discuss interferometer theory in
very general terms: the detailed theory and performance of
numeroug interferometers may be found in reference 6 for thermal
light sources; and Ln reference 7 for laser light sources.

Consider the parailel beam interferometer arrangement shown
in Flgure 7.1. Let the reference beam be inclined at an angle 6
to the test beam. Let the test space be gituated betwsen 0 <x<X
and let this be imaged with a magnification of +1 onto the image
plane at x = Xq o Let the three dimensional absolute refractive
index distribution of the phase object be represented by the
function n(x.y,z) and let the absolute refractive index of the
surrounding space, including the refererce gpace, be n..

In general a phase difference ¢ (xi »¥»%) will exist between
the test and reference beams at the image plane as a result of the
presence of the phase object in the tesl beam, defects or mismatch
in optical components and differences in beam geometry.

Thus (providing deflections are small)
X
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Q’(xi,y,z) = g—{-r—j [n(::,y,z) - nr] dx (due to phase object)
/7 00
+ d(xi,y,z) (due to opsical defects)
+ ZTTY' n L (due tc differences in beam
o length, L, at X ,y,2 )

+ S—ny siod (due to differences in angle

o : at the image plane)

where )\0 is the free space wavelength of the light used.
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Wherever the phase difference ¢(x. ,¥s%) between ths two
ingerfering beams 1s equal to a mult:.ple of 21t a bright
interferencs fringe occurs in the resulting interference pattern.
Tt is more convenient for interpreting the interferogram to express
the phase distribution in terms of a fringe order number
distribution N wbere

N = 2-(1,’{ eesTe2
Converting equaticn 7.1 iuto a fringe order number digtribution
gives

X
1
N(xi:Y;Z) = 7\"‘/ [n(x,y,z) —nr]dx +Nd(xi,y,z)

n L n_ysin®
+ -—-— + L » 000703
No Mo

where N d(xi,,v,z) is the fringe order number distribution of the
residual fringes arising from the optical defects in the
interferometer.

The fringe order number ah (x ;0,0) is

N(x,,0,0) = f [n(x,y,z) -1 ]dx
an
+ Nd(xi,0,0) + -)—\;' ool eds

I® the geometry of the phase object is such that n(x,0,0; = n
it follows from equation 7.4 that

nL
* = N(x;,0,0) - Nd(xi,0,0) cedTe5

Mo

Substituting equation 7.5. into equation 7.3 gilves



T )
N(x,,¥,2) - N(x;,0,0) = }\00/‘ |n(x,y,2) nr] dx

n_ysind®
e sdiiind eet7:6

Ao

I the interferogram fringes are counted using the fringe at

+

(:{i ,0,0) as the origin one may write
N(xi,y,z) - N(xi.,0,0) = NI(xi,y,z) eesTe78
and
N_d(xi,y,z) - Nd(xi,0,0) = NdI(xi,y,z) eesTTD
The integrated absolute refractive index distribution can then

be expressed in terms of measurable quantities. Hence

X

1

-m-% /[n(x,y,z) - nr]dx = NI(xi,y,z) - NdI(xi,y,z) -ty
)

O - e .7'8
where CC ig defined by

n_sind
L ’
Mo

and is the spatial shear fringe frequency along the y-axis in the

—

ess7.9

 absence of residual fringes,and a phase object in the test bean.
7.2.3. !MInfinite'! fringe arrangement. 4

By making 8, and hence ¢z, equal to zero an aberration free
interferometer will form, in the absence of a phase object in the

test beam, an infinitely wide interfereunce fringe. However,
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equation 7.8. predicts that for a practical interferometer a fringe

order number distribution given by
NI(xi,y,z) = Ndl(xi,y,z) ees7.10

will be observed.



When a phase test object is present in a real
interferometer adjusted for the infinite fringe condition the
irtegrated absolute refractive index distribution is given by

X
L [n(x,¥,2) = n Jax = No(x,,y,3) = Nyr(x;,¥,2)
>\°o i 7.11

and cannot be evaluated unless Ndl(xi,y,z) is known. This cannot
be deduced from a simple tinfinite! interferogram of the residual
fringes as it is impossible to tell just by looking at the
interferogram whether their order number increases or decreascs
with increasing y and z. To find this information some auxiliary
experiment is usually necessary.

7.2.4. !Finite' frinse srrangement.

When @ is not zero an aberration free interferogram will form
in the absence of a phase object in the test beam a set of
equispaced interference fringes parallel to the z-axis. However,
for a practical interferometer equation 7.8 predicts that a fringe
order number distribution given by

NI(xi,y,z) = NdI(xi,y,z) + oy P
will be observed. Ii the effects of the shear term, CLy, dominate
the effects of the residual fringes NdI the residual fringe order
nunber distriﬁution (including its sigu) cen easily be found.

If a phase test object is present in a real interferometer,
adjusted for the finite fringe condition, the integrated absolute
roefractive index distribution is given by

. |
-5%:[ [PGoyya) = max = Wplag5pe) = Ny (x,9,2) oo
! BRAL
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As the last two terms in equation 7.13 are the same as in equation
7.12 the comtined effect of the residual fringes and the shear
fringes can be deduced from a measurement of NI(xi,y,z) in the
absence of the ghase object,and then eliminated. This is
conslderably casier to do than in the case of an 'infinite!

fringe interferogram.

7.2.5. Subtractive methods.

With the 'irfinite! and 'finite' fringe arrangements
described above it was neéessary to first evaluate and then sﬁbtract
the offects of the residual fringe distribution before the integrated
refractive index distribution could be found. However, there is a
very nmuch simpler subtractive method whereby the refractive Index
distribution can be found without having to actually evaluate
NdI(xi,y,z). The principle of the method is based on the éuper-
position of two finite fringe interferograms, one made with one and
the other without or with another phase object in the test beanm.

% NIl and NIZ are the obgerved fringe order nmumber
distributions when phase objects of refractive index digtribution
nl(x,y,z) and h2(x,y,z) are respectively placed in the test beam it

follows from equation 7.8 that

X .
;%:gjf [bl(x,y,z) - n2(x,y,zz]dx = Npp = Npy eee714

If N, and N, are primarily determined by the shear term cCy they

I1 I2
effectively represent two grating like fringe patterns cf nominal

fringe frequency equal to, tut each having slightly different
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lccal fringe frequencies due to the differences in structure
of the two phase objects. When the two interferograms are
superimposed the glight differences in local fringe spacing give
rige 1o Mbiré fringes. These dark Moiré fringes occur at points
where Mi defined by

My o= N - N eeols15
is equal to (m + %) where m is an integer (including zero). Thus
the first dark fringe corresponds to a contour along which there
hag occured a relative phase shift of fi.

I? equation 7.15 is substituted into equation 7.14 it has
the same “orm as the equation for an ‘infinte' frirge, aberration
fre2, interferogram. There ig a fundamental difference however.
Previously the reference state corresponded to nr,the refractive
index ¢f the surroundinges, while here it is completely arbitrary.
vAlso ag the left hand side of equation 7.l4 represents the
differencs between two refractive index distributions in the test
space a constant term (for example the refractive index distribution
corresponding to a poor quality window or other complicated
refractive index digtribution) could be added to these dlstributions
at each exposure and the same difference gtill be obtained.

There are a number of ways in which the twc interference
patterns may be combined ard the resulting !'differencs' irterfero-
gram or Moire “ringes extracted. These will now be discussed.

A) Double exvosure/double plate method.
The interferomster is adjusted so that the shear term is

dominant in coztrolling the form of the resulting interference



fringes. Two interferograms are then recorded on two separate
photographic plates, ons with and the other without the phase
object being present in the test space. The two plates are then
processed (as negatives) to a high density and then carefully
stperimposed to obtain point to point correspondence within
the test space.

Outside the phase object the interference fringes of the
two interferograms coincide exactly and the overall transmission
of the two plate combination is grey (i.e. 50% clear and 50%
"opague). In moving in towards tbe phase object the fringe spacing
in one of the interferograms changes slightly with respect to the
other. Eventually a region is reached where the maximum ln one i
interferogram coincidss with a minimum in the other and the overall
transmizsion of the two plate combination reduces to zero (i.e.
100% opaque). The first black Mbiré fringe occurs wherever there
has been a relative phase shift of Tt,and each subsequent fringe is
separated from the last by 21<. Grey fringes occur wherever there
has beea a relative phase shift ot 27X and these too are separated
from each adjecent grey fringe by 21C. From the point of view of
interpreting the resulting Moiré interferogram using equations 7.1
and 7.15 it ig the grey fringes that have to be counted as it is a
grey fringe that occurs at the origin (xi,0,0). The disadvantage
of this method of obtaining an aberration free order number
distribution is that it requires two separate photographic recordings

which then have to bz superimposed exackly.
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B) Double osure/single plate method.,

The interferometer is again adjusted so that the shear term
is dominanl in controlling the form of the resulting interference
fringes. Without moving the pkotographic plate between exposures
two interferograms are recorded on the same photographic plate, one
with and the other without the phase object in the test beam. ThLe
plate of the two superimposed interferograms is then processed (as
a negative).

The position of the dark interfarence fringes outside the
rhase objset remain unaltered between exposures. These fringsu
and the parts of the other dark fringes within the phase object
that suffer a displacement ot 270 and multiples of 2T are twice as
great (assuming two equal exposures) as the fringes which suffer
a displacement of /T end odd multiples of V. The exact effect this
has »n the processed plate's transmission depends on the plate's
dengity-exposure characteristic curve. However, the overall effect'”
is vhat in regions outside the phase object the difference
interferogram is dark. On entering into the phase object there
occur alternate regions of first light and then dark di fference
interferogram fringes. The firsgt light fringe corresponds to a
relative phase shift of W while the first dark fringe corresponds
to a relative phase shift of 271.

This arrangement is simpler than in method 4) in so far as
orly one plate is needed and there is now no problem in obtaining
exact superpositicn of the two interferograms. An interpretation

problem may exist if the spacing of the shear fringes is comparable



to the width of the resulting difference interferogram fringes.
For this reason il is best to make the shear angle © as large as
poasible. Although the ambiguity in interpreting the correct
aberration free order number distribution decreases with increasing
Cx “;he processing of the plate so as to make the resulting
difference interferogram easily visible, becomes progressively more
critical. However, ifoc is g0 large that the difference fringes
are invisible to the naked eye they can generally be located by
using a microscope that is capable of resolving the shear fringes.
C) Holographic reconstruction method.

Thé interferometer ig adjusted so that the shear angle €@
is greater than the maximum anguler deflectiobvproduced by the
phase object. Without moving the photographic plate between
expogures two interferograms are recorded on the same plate, one
with and the other without the phase object in the test beam. The
plate of the two superimposed interferograms is, when processed
(2s a negative) a double exposed hologram of the test space.
Ideaily, therefore, exposures should be so arranged that the
resulting amolitude transmittance of the processed plate (i.e.}the
hologram) falls on the linear portion of the plate's ampiitude
transmittance-exposure characteristic curve24. However, as the
hologram is essentially the same as a side-band Lieth and Upatnieks

type hologr&v.m'?5

the exact exposure and processing procedure used is
not criticalls. Therefore, the recording of the double exposure
interferogram is exactly the game as In the previous method. The

difference between the two methods is in the way the two super-



imposed interferogramg are gubtracted to give the required
difference interferogram.

If ounly one exposuro was taken the intorfercnce pattern on
the processed plate would simply have a grating structurc and
consist of approximately equispaced continuous interference fringes.
When this fringe pattern is illuminated with the same reference
beam that fell on tne plate during bthe recording process the
transmitted light becomesvdiffracted by the grating. One of the
diffraction orders of thig light is in fact a reconstruction of
the original test beam and, by using an imaging sysiew can reform
an image of the original test space. Whether the test space
contained a phase object or not the image of the test gpace would
be of uniform illumination.

When two exposures are taken on the same plate, one wi%h and
one vithout a phase object in the test beam, the interference pattern
oa the processed plate (i.e. the double exposed hologram) will still
have basically the samne grating structure as before but some of its
iaterference fringes will be washed out aé a resuwlt of maxima in
one of the interferograms coinciding with minima in the other.

These regions of wash out occur along contours corregponding to
relative phase shifts of TC and odd multiples of ‘X . If this
double exposed hologram is now illuminated by the original reference
bean the areas of the holougram in which the fringes have been washed
out will be unable to diffract and hence contribute to the
reconstruction of the original test beauw. When this partially

reconsoructed beam is used to form an image of the test space the
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ilJumination in the image is no longer uniform but is interrupted
with dark fringss. These fringes correspond to regions in the test
space in which there has bsen a relative phase shift of JC and odd
maltiples of TV betwean exposures.

The advantage of this method over methods A) and B) is that
higher shear angles can be used and hence less amblguity occurs in
loeating the exact position of the difference interference fringes.
A holographic reconstructicn gives a clear high contrast record of
these fringes and it is infinitely easier to obtain these than to
use a microscope to locate the difference fringes in the double

exposed interferogram.

7.3. DESIGN aND PERFORMANCE OF INTERFEROMETER,

7.23.1. Introduction.

Tﬁe design and performance of an extremely simple
interferometer is described, and it is shown how 1t can be used to
obtaln difference interferograms.

7.3.2. Light source,

A Scientifica and Cook Electronics B18/3 8mW d.c. uniphase
helium-neon gas laser was used as a light source. This was
sufficiently powerful to enable very short exposure times (”Jlﬂ-zs)
to be used during the recording process, and not too long exposure
times (~~10s) to be used when making holographic reconstructions.
Without the excellent gpatial and temporal coherency of such a laser
the method of beam splitting used here would be impossible, and the

irterferometver's great virture of extreme simplicity would be lnst.
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7.3.3. Qptiecal system,
Figure 7.2 shows the interferometer in its final form. Not

only is it simple to construct and to align but it has theaadvantage
of requiring mo more optical components than are used in an
ordinary parallel beam schlieren system. If large aperture lenses
are not available they could easily be replaced by schlieren

mirrors.

It is seen in Figure 7.2 that one half of the parallel bean
between the collimating ard schlieran lenses acts as the test beam
and the other haif as the reference beam. The purpose of the beam
"gplitter is to divide the beam into two {division of amplitude) and
than to superimpose the reference half of o:e beam with the test
haif cf the other. Therefore, tbe neart of the interferometer lies
in the beam gplitting arrangemént and this is shown in greatar
detail in Figure 7.3. The test beam was reflected off the fronmt
surface of the first glass wedge Wy (which was half a Fresnel
biprism) and the reference beam was reflected off 2 second glass
wedge W, (which was the plane face of a plano-convex lens). As
only ~1/25th of the incident light is reflecled off eaci interface
the intensity of the tést and reference weams were essentially the
same. Wedges were used as beam splitters so thab the unwanted back
reflections céuld easily be deflected out of the optical egystem. So
ag to be able to adjust the angle of ghear tetween the test and
reference beams, at the recording plane, the wedges were mounted as
shown in Figure 7.3a.

If d is the geparation of the beam spiitters, and ¥ is the
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angle between the test bsam and the optic axis of the schlieren
lens after refiection at Wl, as shown in Figure 7.3b, the angle

between the test and reference beams, 0, is given by

. dsi
sin@ = P % 1Y
(42 +28dc0sH+d?) T

where A is the distance between the recording plaas R and the
firgt beam splitter. In the cbsence of a plhase objeoct in the

tect beam the spatial fringe frequency is (from equation 7.9)

given by
n, d sinlf
L
%b(A2+2Adcos¢4d2)2

0717

To achieve a reasonably uniform illumination across the
width of the beam in the test and referenze spaces it was
necessary to considerably overfill the collimating lens with
laser light. This was done using a sufficiently short focal length

lens L, in conjunction with an 80Um diameter pin-hole H. The pin~

1
hole acted as a gpatisl filter and removed unwanted diffraction
rings formed by dust varticles on the lens Ll and the mirror M.

The image space was focused onto the recording plane using
lons LA' To xeep imoge distortion to a mimimum the test beam must
be the one reflected off the front tace of the first beam splitter,
which should be flat, The distorsion of the reference beam as a
result of its dpuble passage through the first beam splitting wedge
and its reflection off the front face of the gecond beam eplitter

is unimportant. Apart from a good surface polish, which is

essential whenever using laser light, the beam splitting components
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do ot have to be of a particularly good optical quality.
7.3.4. GCholica of photographic Qlateg.

' Apart from the power output from the laser and the resolving
power and sensitivity of available emulsions, the choice of
photographic plate also depends on the nature of the phase object
being studied. The nature of the object is important from the
point of view of its stability, and its structure and size. The
stability determines the maximum permissible exposure time. The
gtructure and size of the object together with the design of the
camera determines the dimensions cf the image. Together these
givé a measure of the plate's minimum exposure (erg.cm—z). Once
the image size has been set the angle of shear required to give
the necessary number of shear fringes per centimeter of image, to
avoid ambiguity in the structure of the fringes in the difference
interferogram, can De calculated.

To assess the recording properties of a number of
photographic plates that may be suitable for recording holograms -~
of phase objects encountered in combustion research the interferometer
was set up to form an image of the test space, at a magnification of
~71/3 and with a spatial frequency of the shear fringes of 25/mm.
This corresponds to about 8/mm of object space.

Tests were made t6 find the exposure times that would give
the best fringe profiles (for & spatial fringe freqpency'V25/mm)
for a number ofvdifferent emulsions. Figure 74 shows microscope
enlargements of photographs of the fringes recorded on Ilford HP3,
FP, and R52 plates, on an Agfa-Gevaert 1OE70 plate and a Kodak 649F
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plate. Table 11 lists the exposure times and approximate

exposures (based on an estimate that the laser delivers roughly

20 erg.s-l.cm-z to the recording plane). There was little to

TABLE 11
Plate Exposgure Exposurg  _
time(sec) (erg.s —.cm )

ILFORD HP3 1/400 1/20
" FP4 1/400 1/20

n R52 1/100 1/5
AGFA 10E70 5 100
KODAK 6/9F 60 1200

choose between the Ilford R52 and the Agfa~Gevaert and Kodak
plates regarding smoothness of fringe profile. However, the
Ilford R52 platz was very much faster than the other two plates
and was therefore chosen as the most suitable plate to use.
7.3.5. (Choice of gpatial shear fringe frequency.

Tests were made to see how the gpatial shear fringe frequency
affects the visualization of the Iringes in ths difference
interfefogram., Figure 7.5 shows 1 set of double exposed holograms
in which a Rinch diameter premixed flat methane-air flcme wes used
as a phase object. The flame gases were sheathed by a fast air flow
to reduce the effects of flew flué%ﬂations caused by draughts and‘
entrainment. The advantage of this phase object was that it
exhibited a large number of interference fringes and possessed a
large range of spatial fringe frequencies (in object space) from
2.2/mm at the outer boundary to 0,2/mm near the centre. These

frequencies corresponded to 6.6/mm and 0.6/mm in image space.
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The maximum spatial shear fringe frequencies used
corresponded to about 8/um of object space or 24/mm of image space.
2% the higher shear fringe frequencies it was not possgible to
visualize the difference interference fringes easily with the naked
eye - see Figures 7.5e¢, 7.5f and 7.5g - and so the holographic
mathod was used. Figure 7.5h was obtained from Figure 7.5g using
this method. It can be seen that even the clcsest interference
fringes can be rerolved when using a spatial shear fringe frequency
equivalent to 8/mm of object space. Figure 7.5d was obtained from
Figure 7.5c¢ algo using the holographic method. In this case the
spatial shear fringe frequency was equivalent t@ 1.3/mm and the
difference interference fringes could be resolved only down to a
frequency of~0,7/mm. Therefore it would appear that the holographic
method cﬁn resolve difference interference fringes that have a
spatial fringe frequency that is at the very most equal to half the
spatial shear fringe frequency.

When the sheer fringe frequency was equivalent to 1l.3/mm of
'object spdce, or less, it was pos~ible to detect the difference
interference fringes directly with the nakéd gye - see Figures 7.6a,
7.6b and 7.6c. However, ambiguity clearly occurs whenever
the difference fringe frequency is of the same order as the shear”'i
fringe frequency. It is inveresting to note that in parta of
Figures7.6a and 7.6b very fine difference fringes ~2.2/mn of object
space can be detected in spite of the fact that the shesar fringes
have a spatial frequency~0.5/mm.

1t was corcluded that the holographic method of visualization
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gave the most easily interpretable record of difference

interference fringes, and that ideally the shear fringe frequency

should be as high as possible and at least equal to twlce the ’,/

P

difference interference fringe frequency.

7.4, APPLICATIONS OF -SUBTRACTIVE INTERFEROMETRY.

T-4.1. Introduction.
The wnole point of subtractive interferomebry is that firstly

there is no longer any need to worry zbout small optical
inperfections in, and the careful setting up of ths interferometer,
and secondly it provides a means of comparirg the structure of a
phase object with itself at two different times. After describing
the optical details of the holographic uwethod of forming a
'difference! interferograﬁ it is demonstrated how the perturbing
effests cf a poor quality window in front of a siall pre-mixed
coal gas flame, stabilized on a microburner, can be eliminated. It
is tvhen shown how suktractive interferometry may be used to record
the rgfréctive index changes that occur when a heat sink is Immersed |
in a flame. | |
T-4e2. Optical gystem,

The double exposurs holograms from which 'difference!
interferograms were to be ohtained were all first recorded using
the optical system illustrated in Figure 7.3. The specification
of the system is given in OS8. The plates used were Ilford R52 and
the two exposure times were I/QOOs’each. After processing the plate
was placed back into the optical system at exactly the same position

at which it was recorded. This repcsitioning was not particularly



199
diffiecult and after a little experience could be dome quite
easily. In prineiple it does not matter what position is selected
for the recording plane providing the processed piate is always
replaced into the original recording porition. However, ir
practice the best results were always obtained when the recording

plane R coincided with the image plane Il'

088
8:  SuW He-Ne laser.
Ll: l.5em £,1.,

Lz: 173cm £.1.
L3: 173ca f.1.
d:  4.0cm.

¥: 0.2Rd.

LA: 50cm f.1l.
M 1/3.

Next the plate was illuminated by the reference beam only
ag shown in Figure 7.b. Figure 7.6b illustrates the reconétruction
of the test beam when a double exposed hologram is illum;nated by
the original reference beam. The original test beam was prevented
from falling on the hologram by placing a small blind Bl,as shown,
between the beam splitting arrangement and the first imaging lens
L4' It was also nscessary to prevent tne direct light from the
reference beam from falling onto the recording plane of the
difference interferogram, i.e. the second image plans, and this
was dons by placing a second blind B2 in the focal plane of the
second imaging lens L5' The resulting difference interferograms

were recovrded on R52 vlates at exposure.times, for unit magnific-

ation between the first and second imaging planes, corresponiing
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to about 10s.

It was possible to record somewhai poorer quality difference
interferograms using considerably shorter exposure times
equivalent to apout 1/50s. These were obtained from a single
exposure hologram of the phase object by placing the processed
plate in the recording plane ag before, and illuminating it with
the test beam ag well as with the refererce beam. When a single
exposure hologram of a phase object is illuminated with the
reference beam only the complete original test beam is reconstruct-
ed. When this (weak) reconstructed test beam is combined with an
unperturbed (strong) test beam low éontrast ‘difference!
interference fringes are formed.

7.4.3. Subtractive interferometry for eliminating window

aberrations
To illustrate the effect that a poor quaiity optieal

window has on the interferogram of a flame the get of difference
interferograms shown in Figure 7.7 wag taken. The aberrations
in.the.window were not so large that they introduced any serious
distorsion in the imaging of the test space as subtractive
interferometry cannot be used to remove such optical defects.
Figure 7.7a is a difference interferogram of the plece of glass
used as a window. Micrometer measurements showed that it was
slightly wedge shaped and that the interferogram revealed a

wedge corresponding to about four wavelengths in 3cm.
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The double exposure holograms from which Figures 7.7b and
7.7¢ were obtained were recorded with nothing in the test beam
during the first exposure and with the window and the fiame
during ﬁhe secoad exposura. Figure 7.7b is the difference
interferogram that was obtained when the base of the wedge
window was at the bottom while Figure 7.7¢ was obtained when it
was at the top. These interferograms are the same as would be
obtained using an ordinary (but sberration free) interferometer
adjusted for the infinite fringe condition.

Figures 7.7d and 7.7f are the double exposure holograms
from which Figures 7.7e¢ and 7.7g were obtained. They illustrate
how subtractive interferometry may be uged to eliminate the
unwanted fringes produced by the optical defects in a window.

In these two cases the double exposurs holograms were recorded
with only the window in the test beam during the firgt exposure,
and with both the flame and the window during the second
exposure.

The difference interferograms in Figures 7.7e and 7.7¢g
differ from one another, especially in the neighbourhood of
steep refractive refractive index gradients, because their
respactive recording planes were not the same. Figure 7.7¢ was
obtained from the focused double exposure hologram in Figure 7.7d
which was recorded in the first imege plans, while Figure 7.7g was
obtained from the unfocused double exposure hologram in

Figure 7.7f. Figure 7.7f was recorded in the image plane
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corresponding to an obiject plane 120cm behind the aétual test space;
An unfocused image will always contain a proportion of high
frequency fringes and if the recording medium is unable to resolve
these fringes the derivéd difference interferogram will also lack
high frequency detail.

Figure 7.8b illustrates the quality of the difference
interferogram that can ps obtained from a single exposure
hologram (Figure 7.8a) using‘the technique described in section
7e4.2. Although it is clear from a comparison with Figures
7.7¢ and 7.7¢ that this latter method is inferior from the point
of view of fringe contrast the single exposure method does have
the advantsge that in addition to the interferogram, schlieren
and shadow records can also be obtained, These are shown in
Figures 7.8¢c and 7.8d.

Tebnde Subtractive interferomstry for studying perturbations.

Apart from the obvious advantages of having an aberration
free interferomecter, subtractive interferometry enables ons to
compare a phase pbject with itself at two different uvimes. This
facility may be used for studying the refractive index changes
(and hence changes in composition and temperature distribution)
that occur when a heat sink ig immerged in a hot gas.

Figure 7.9a is the difference interferogram
resulting f£rom the éefradfiée index changes that occured when
a water cooled heat sink,‘éﬁdeep x #"wide, was immersed into

the combustion products above a flat 2" diameter premixed
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methane-air flame. The fringes in the immediate vicinity of
the heat sink represent the difference betwesn the two
interferograms shown in Figures 7.9b and 7.9c, of the flame
in the absence and in the presence of the heat sink
respectively.- |

By making the column of ho%t gas completely stable it
should be possible using subtractive intsrferometry to obtain,
fbr example, an interferogram of the relative changes that
occur in the refractive index distribution in the centrs of =a
cylindrical column of gas before and after a cylindrical heat
sink is introduced. Providing the column of gas is
sufficiently ﬁide for at least part of the temperature profile
to remain a known congtant value betwesn exposures'this
temperature region can be uged as a reference state for analysing
the difference interferogram. Thig method of examining the
temperature distribution in the neighbourhood of the centre of
a hot column of gas ig subject to less error than in the direct

analysis of, for example, the interferogram shown in Figure 7;903

7.5. CONCLUSIONS.
Having establighed a theoretical basig for the necessity
and principle of subtractive interfercmetric methods the design
of an extremely simple interferometer was proposed. Ths performance
of this interferometerlwas examined and tests made on it showed

that it was suvitable for obtaining good difference interferograms



of flames, providing the spatial frequency of the shear fringes
was large in comparison with the spatial frequency of the
difference interference fringes. In the limit it appears that
the shear fringe frequency must be at least equal to twice
the difference fringe frequency. It was also satisfactorily
demonstrated that subtractive interferometric methods may be
used to eliminate the effects of optical imperfections in
windows in the test space, and should simplify interferometric
studies of refractive index digiributions inside, for example,
columns of hot gas,

This new facility of being able to subtract boundary
effects is particularly useful in combustion research., In the
past 1t has always been nscessary to {irst penetrate a boundary

envelope before being able to study what is happsening, for

example, in the neighbourhood of a cold quenching surface,'inside

the envelops. This requires first finding out what is going on
in the usually dﬁinteresting outer regions and any I.naccuracies
arising ouvt of this inevitably reduces the amount of useful
information that can be extracted from the later analysis of the
inner region of interest. Subtractive interferometry eliminates
the need for ;ﬁis unnecessary analysis of the outer region and

so greatly improves ﬁﬁé'accuracy of the investigation.
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CHAPTER 8

SUMMARY,

POTENTIAL DEVELOPMENTS

AND_APPLICATIONS

Various methods 6f making lens holograms have been described,
their imaging properties discussed theoretically, and their
practical use successfully demonstrated.

Developments in the field of holographic optical elements
will lie in improved methods of manufacture. Figure 8,1 illustrates
a possible method of making particularly good quality point
holograms. The method depends on the availability of an unbacked,
high resolution and transparent emulsion of good optical quality.
It would have the great advantage of requiring the minimum of
optical components, and by using a very small pin-hole the quality
of the diverging lens does not have to be very good. The quality
of the resulting hologram ig limited by the quality of the mirror
behind the photographic plate. o

From an applications point of view, it is conceivable that
if the efficiency of holographic optical elements can be |
sufficiently increased by, for example, sultable processing to
form phage holograms, they may become a general replacement for
conventional optical elements. At present they are most likely

to become useful replacements for the more expensive optical



Optical arrangement for
making a point hologram using a
transpsrent unbacked photographic

plate '

FIGURE 8.1
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components (e.g. large aperture schlieren lenses) that are
used in conjunction with bright laser sources. The output
from such a source is more than surficient to compensate for
the inefficiencies of the lens holograms. Their cheapness
of construction also makss tham particularly suited for use
in optical systems used for stuqying unconfined explosions.
The possibility of making lens holograms of extremely large
aperture could provide a means of studying the very large
test sections encountered in some wind tunnel experiments:
in this case the hologram could be made in situ on the windows
of the wind tunnel.

The theoretical basis of a method of measuring the welocity
of phase and solid objects, based on the gpplication of schlieren=-
interferometry and the Doppler effect has been proposed,
described in detail, and verified experimentally.

An obvious extension of the Doppler velocity method is
the measurement of the wvelocity of solid objects moving through
phase objects, Apart from having to take into account the effects
that schlieren deflections have on the direction of the scattered

ight the effect of possible fluctuations in the phase of the
transluminating beam will have to be eliminated.

The most useful application of the Doppler velocity method
wiil be in the study of moving phase objects as it is simpler,
has better spatial resolution, and is more convenient than most

other available techniques (e.g. streak photography, ionization,



pressure or temperature probes). The method has the added
advantage of automatically giving the velocity component
normal to the propagating refractive index gradient and
is, therefore, particularly suited to the measurement of
burning velocities as well as for measuring local detonation
velocities. The method may be extended and aspplied to the
study of an array of objects moving at different velocites
by performing a frequency analysis of the observed beat
frequency signal. This gives a measure of the velocity
distribution in, for example, a gtream of particles or
randomly moving turbules.

It has been demonstrated that the visualization of ultra-
gonic waves, using shadowgraphy and a short duration argon jet
spark, can be used as a dlagnostic technique for measuring the
temperature of gases up to almost 1000°K providing the gas
composition is known.

The most promising developmenmts of the ultrasonic method
will result by working at higher acoustic power densities
and/or frequencies as, at present, the method seems to be
limited by poor visualization at high tempsratures and in
certain gagses due to absorption. As the sound wavefronts
become distorted on entering the hot gases there is nothing
to be gained by increasing the cross—gectional area of the

transducer. It should be possible to operate the crystal at

AR



higher power densities by using pulsing techniques. Not only
would this eliminate the mechanical slide arrangement used,
but it would also improve the synchronization of the light
souree which, if fired just before the end of the acoustie
pulse, would reduce perturbation dlsplacement effects.
Interferometric methods of visuslization may also be possible
at high acoustic powsr densities. While this does not have
the simplicity of the shadow method its insensitivity to
temperature makes it particularly attractive.

The ultrasonic method has applications where solid
thermometry is difficult or impossible. It is less costly
experimentally and easier to interpret theoreticelly than
spectroscopic methods. The method, if used in conjunction
with a Q-switched laser light source, could be used for
weasuring the temperature of, for example, a highly luminous
plasma jet.

The design of a réiatively cheap, simple and aberration
free subtractive interf%rometer has been described and some
of its advantages demonstrated.

The ability of being able to obtain aberration free
interferograms represents the achievement of parfection in
interferometric experimentation. This greatly simplifies
interpretation as the problem of the correction for the presence

of rasidual fringes no longsr exists., The size and shape of



the phenomenon of interest may force chinges in design detail
and if test sections are much larger than 7em in width (or from
the axis of symmetry) the two large aperture lenses will
certainly have to be replaced by schlieren mirrors. Larger test
gections may even necessitate using lens holograms. Exposure
times could be shortened by partial silvering of the beam
splitting elements.

As well as being able to obtain 'infinite' fringe
interferograms one can, by slightly changing the direction of
the reference beam between the two exposures, obtain sheared or
'finite' fringe interferograms. These are easier to interpret
when studying very small refractive index changes. Avart from
the usual interferometric studies the interferometer may also
be used for obtaining ordinary single exposure holograms which
can then be examined at leisure uging conventional optical
techniques. These new facilities together with the ability of
being able to subtract the effscts of optical defects and
boundary layers will make interferometry a more versatile

diagnostic tool.
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APPENDIX 2

—

HEAT TRANSFER COEFFICIENT v. TEMPERATURE AND GAS FLOW VELOCITY
FOR 36swg WIRE IN AIR AND ARGON AT ATMOSPHERIC

PRESSURE.

For Reynold numbers in the range 0.1 < Re <1000 the heat

transfer coefficient & can be calculated using the relation7l

Na = Pro-3(0.35 + 0.47 RV*P?),
where
Nu = <
u O'D/Kg
— / - \ .
Pr= Cmfg = Ly /9y = 5)
Re = D/ov/?7

where D = diameter of wire (i.e. l.78x10_2cm), Kg = thermal
conductivity of the gas, Cp = gpecific heat of the gas at constant
pressure, o = density of the gas, 77 = viscosity of the gas.

Over the temperature range of interest here Pr and Cp may be
taken to be independent of temperature. For air and argon they have

the following values:

Air Argon
Pr =0.74 Pr = 0.67
6, =0.24 cal,gn~+.%c™t ¢, =0.12 cal.gn t.oGt

When these quantities are substituted into the above expression it

reduces to
o, = 16,677 + 2,027 048 00 0032
_0.48 0.52 0.52
= + 0,53 v
OQa.rgon 9.157 7 P
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APPENDIX 3

LIST OF SYMBOLS (followed
by chapter number in which they

are used)

distance between reference aperture in schlieren
blind and optic axis. '

area

aberration coefficient

distance between beam splitter and recording plane
amplitude distribution

'pin-hole!

distance between selective gperture in gchlieren
bilind and optic axis

velocity of light
velocity of light in media vacuum, 1, 2.

aberration coeffioient
amplitude distribution '
specific heats at constant volume and pressure

low and high frequeacy specific heats

distance between upertures in schlieren blind
aberration coefficient

dissociation energy

diameter of wire _

displacement distance cf sheath-flame interface
distance between interferomster beam splitters

exposure distribution

focal length of lens (f. in chapter 2 only)
focal length of lens (fLall other chapters)

focal length of point hologram
fraction dissociated
aberration coefficient

foree

tgrid

illumination

change in illumination
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reaction rate
thermal conductivity, of a gas

'gehlieren gtop’

viewing distance bebtween screen and object
distance between viewing screen and reference
point source

'lerc!

'collimator lens'

'schlieren lens!

length of thermocouple wire
difference in geometric lengths of test and
reference beams

digtance between viewing screen and Doppler
shifted point source

magnificatior

number of clear rulings on grid

molecular weight

number of diffraction orders
refractive index of reference space

refractive index distribution of phase object
refractive index (CJ/CZ)

absoluite fringe order number distribution
obser‘ved u ] 1 1t .

absolute order nurber distrib. due to sberrations

observed u n H n o8 1t

order number of interlerence fringes
number c¢f observed beats in Doppler beat
frequency signal

amplitude distribution

fringe order number
pressure
partial pressure of ith constituent

reference and ambient pressures

pressure disturbance
amplitude of pressure distwhance

acoustcic power density
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r,R

radius
fringe separation
radius of point hologram

radius of lens

universal gas constant
amplitude distribution

focal spot diameter
diameters of reference and selective apertures
in schlieren blind

diameber of smallest possible selective aperture
aberration coefficient

'light source!

'reference and Doppler shifted point sources'

transit time of shadow past photodetector

tempsrature

temperature of thermocouple junction, gas,
surroundings and at a point x respectively
temperature at end of thermccouple wire

transmittance distribution

velocity of test object
uncertainty of veloelty measuremsnt

velocity of sound
low and high frequency velocity of sound

gas flow velocity
entrainment velocity

frirge velocity
shadow velocity

radius of Gaussian laser beam
transluminating beam width, or distance over
which velocity measurement is made

width of fringe system seen by detector

spatial coordinates

viewlng distance of screen from schlieren blind
depth of phase object

thickness of acoustic bewan
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angle between reference beam and optic axis
maximum spatial frequency resolvable by emulsion
particle displacement attenuation coeffident
viscous, heat conduction and dispersion coeff.

gpatial ghear fringe frequency

heat transfer coefficient

cp/cv

angle between velocity vector and normal to
moving interface

refractivity (n - 1)

value of 4 at some reference state

maximum and minimum valueg of ¢ in an acoustic
beam

emissivity

viscosity

angle of deviation (deflsction or scatter)
angle between reference and test beam
maximum angle between reference and object beams

maximum angls of deflection

wavelength of light
wavelength of light in medium 1

fringe separation

light frequency .
obsgerved Doppler shifived light frequency
frequency of unperturbed light

frequency of lignt observed in medium 2
beat frequency

sound frequency

frequency of uoint of infection in sound
dispersion curve
line width of radiation

particle displacement
amplitude of particle displacement
angle between viewing screen and parpendicular to

optic axis
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density 5
Stephan!s constant 6
torsion constant 5
relaxation time 5
phase angles of light waves at Sob and S 3

resultant phase angle of wave desciibing moving

interference fringes 3
phase distribution at ihkage plane . 7
phase distribution at image plane due to aberrations?
angle between light beam and itoving interface 3
phase aberration 2
angle between two interfering beams 3
angle between incident and reflected beams 7

5

27(12

angular width of selective shadow 3
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