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SUMMARY: » novel sot of simplifying assumptions maices computer prediction of schilicren
sensitivity possible economically. Predictions correlate with experimentel and
pmblished ficures. Other means of improving sensitivity are mivens H compact
schlieren system giving binocular stereoscopic viewing is described.

RESUME : n nouvel cnsemblec de suppositions simplificatrices rend économiquement pocsible la
vrédiction de la sensibilité schlieren par ordinateur, Les prédictions sont en
~orrélation avec les chiffres expérimentaux et publiés. Dfautres moyens d'am@liore:r
la sensitivité sont aussi présentés. Un systeme schlieren compact donnant une
vision binoculaire stéréoscopique est décrit.

Lo IHTRODUCIICH

The basic schlieren system as used to visualise ultrasound is illustrated¢ iu
figure 1; the camera shown may be replaced by a television camera or by the human
eye. nlthOUgh variations on this arrangement are possible, they are optically
equivalent for the purposes of this analysis.

Firure 2 defines parameters which are under the control of the user. Comvlez-
analy=es ol the effects of these parameters have been presented by variouc autnor.
isia- Uourier transform methods and their consequent complex number arithmetic E11L2)-
The expressions are necessarily complicated; one of the analyses [2] requires thre
evaluation of 43 separate integrals, none analytically soluble, for each set of
varameters, for each pnint on the image plane. A full wave analysis by digital
computer is not practicable because the enormous number of computations produces
anacceptable costs.

This paper presents a novel set of simplifying assum.tions which allow an
2 -onomical computer solution. Resulting predictions are confirmed by experiments
and allow further generalised predictions covering the effucts of the parameterc on
cenuitivity. Also presented are other methods of improving sensitivity, and a new
rorm of compact schlieren system which gives binocular stereoscopic viewing.

..o LOVLL CO-PUITR ~HALYSIS OF SCHLIEREN SYSTEMS

(I,1. The simplifying assumptions

"his analysis 1s based on the followins three assumptions :
The pnase opject is assumed to be of an idealised form lendins itself to dJdivicion
into separate parts, for each of which a standard analytical solution of ener-
iistribution in the knife edge plane is available. Figure 7 shows the form
aworte i it represents an acoustic pulse moving downwards (or uvwards). The
slopincs part will be called 'the discontinuity'. Its heishi (controlled by

daracion of the ultrasonic wave) is as defined, while its slopve {-onirolled o
+ne amplitude of the wave) is defined by D or 6.

a)

) It is assumed that attention can be confined to the knife edge plane and th the
part of the slit image (physical, not geometrical) which passes this plane when
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no discontinuity is present produces uniform baciground illumination on the
screens It is further assumed that, with a discontinuity inserted, the increase
in licht energy (again physical, not geometrical) passing the knife edge produces
on the screen a uniformly illuminated image of the discontinuity, of correct scale
size, whose ener;y is added o the background. The authors quoted [1J[2] have
socvm that neither ol these assumptions is riorously true, but their untruth is
seldom subjectively apparent, and the predictions resulting from them are found
to uatch experimental and published results.

c) ™ deducin. the diffraction pattern in the knife edge plane, scalar additicn of
the contributions of the diffraction patterns from the different parts of the
waveiront was adopted, not vector addition. This can be justiried by considering
a point in ihat plane and regardiny the phase of the lighl received from the centre
ot the field as a reference vector. Then Lhe vector contributions from other parts
of the phase objecl, either the slopins; part or the undeviated part, will assemble
to form a vector diagram which is symmetrical (because a phase advanc: rrom a point
above the centre of the field will be matched by an equivalent relardation from a
correspoadins point below the centre). Hence the resultant vector, for either tihe
sloplar part or the undeviated nart, will be in phase with the refevence vector.
Hdence scalar addition of the amplitudes from the Lwo varts, derived from the
standard analytical solutions, is ralid, leadin/, to consideravle economy in

computer usare.

Ile2. ihe computer prosram

4 pro-ram was wrilten for computin; image brightness for any set of paraue-
ters, incorporatins the above assumptions. The assumptions allowed computation by a
double numerical interration of scaler quantlties. Output was in the form of lo-
~htness values for a series or deviation (D) valucs in geometric prosression.
ach series of I values occupied only 1 or 2 seconds of processing time. Computation
g verformed usin;; normalised units, but the conclusions presented here will
be in the Torm or actual dimensions.

le e .quipment used for experimental conflirmation of computer vredictions

Me compact schlieren system of fi-ure 4 was used. A transducer consistins
o a INi] plate bonded to a stec’. backing ave the acoustic waveform of figure 5.
“easurements of apparent brightness of the image (and of the bachiground) were taken
witn the spot photometer shown in the firure. Control of discontinuity amplitude was
by means o a calibrated attenuatcr in theelectrical feed to the transducer.

Stroboscopic 'freezin~' of the pulses was achieved using a xenon-filled
~iroboscopic lamp as the cource of illumination in the schlieren system. Since the
~ompater pretictions are based on the assumption that the discontinuity image is of
‘niform brightness, the stroboscopic light Tlash must not be so short as to reveal
any ine structure in the imase. Fortuitously the lamp used had a flash duration
of avo.t 02 un, which is long enourh to 'smear' the image sufficiently to suppress
che loe structure and to allow mean brightness Lo be measured.

.. Results Srom computer vrogram : 'srey field' setting of xnife edre

For wind tunnel wor« the .inite edge is ~Tten set to obscure about half the
-eometric zlit imaye. his is not the most sensitive setting, but it gives 'orighter
tnan bacxrround' for discontinuities of one polarity and 'darker than background' for
the otiier. On setiing X as - %4 in the program this behaviour was correctly

rredicted, as 7i-ure © shows.

lle" . Pesults rrom computer prosram : 'black field' settins of the xnife edze

tor ultrasonic work the inife edge is positioned for 'best sensitivity', a
roslilcn which results in its obscuring the whole of the geometric slit image.
icted a 'best position' and this setting is

Corresvondintly the computer also pred
acrc ey throwshouat what follows.
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Figure 7 shows a computer prediction of the relation between the discon.l:-
uity deviation and brighiness. Fipgure 8 shows correspondin: experimental obhcerva-—
tions. The qualitative correlation is apparent.

In all cases the general form of the curves was as in figures 7 and £. 3o
far as the author is aware, the form of this 'standard' response of a schlieren
system has not beern reported before. The behaviour can be expressed in words t.us

shen amplitude is progressively increased from zero, the imase remain:
invisible until a certain threshold value of amplitude is reached. lhere
then a transition to an approximate square law relationship belween ampli' ..
and bri~htness, followed by a saturation effect at larie amplitulcw.

Recenl work by Urquhart (3] has confirmed this 'standard'! lLehaviowr wi:
continuous 1lluminalion, using for the discontinuity a static phace object, namel:
rlacs wedpe of controllable effective deviation angle.

The 'threshold' feature of this standard response is of importance when
considering whether schlieren sensitivity can be enhanced by making small changes in
brichtuess more apparent; for example by taking a photograph and artificially
increasing its contrast. On figure 7, point A can be taken to represent 'rea-ona.le
visibility' because it implies a discontinuity image brightness of about *
vaciisround. Suppose that a brightness of 1.1 x background can be made easily visi-le
by artificial enhancement of contrast; this is represented by B. Reference *o =
lor deviation scale implies that the minimum deviation detectable has been impros
by a factor of about 5.

However, this is about as far as this technique can be taxen, because voint
3 is nearly on the flat part of the curve. A ‘ower deviation value, for example a
value of unity (zero on the log scale), is effectively on the flat part and no amouant
of contrast enhancament will produce visibility. Hence this approach to further
improvement of sensitivity is unprofitable.

JI.ts Influence of scattered light

wuantitative correlations vetween curves of the kind in 7i-ures "' am:
vere attempted and it at once became apparent that a sood '[it'! could Le ovtainel at
the top regsions but not for the lower brightness regions. Investiration esta.lr::
that tnis effect could be ascribed to scattering of light in the lLenses and water-
rilled cell, an effect not surprising since the total light enersy in the slit im
is :tyvically 1000 times that which passes the knife edge.

o

The computer program was therefore modified to represent the presence of
seattered light, and it was then found possible to [it experimental curves to
predictions over a wide range of adjustment of the parameters.

Recause scattered light affects that part of the curves of greatest
inte1zst, namely the 'just visible' part, its influence must be incorporated
yuantitatively if meaningful computer predictions are to be obtained. For thi:
nurpose the influence on the image of scattered light was defined as follows :

LIGHT ENCRGY DUE TO SCATTER WHICH PASSES KNIF: ED3o TT.IN.
TOTAL LIGHT ENERSY ARRIVING AT MNTF: EDGY PLANC

{o nroduce the correlations referred to, different values of 3 were trie:
to fint :le value producing a 'fit' with experimental observations. The value Zour.a
was . = " x 1077, implying that about one 300th part of the lirh% eneryy passin:«
L.rourn tue ccnlieren lens ic scattered to pass the knife edge, a value which is
nt.izively acceptable.

5=

lests on a much larger schlieren system indicated scatter of the same or ..
Hlence it will be assumed that this is the irreducible order of magnitude of scate
1irht in all schlieren systems, and the computer predictions will incorpora*te val .
which embrace that figure.
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T1.7. Predictions from computer propram : effect of exit puvnil height L

, .
These-predictions, and those which follow, were extracted from a large «
number of computer runs arranged to cover the practical .range ol parameters likely
to be found.

Exit pupil height L may in practice range from about 2%mm, the diameter of
the human eye puril, to the diameter of a camera lens, say 5cm., The predictions
showed that, ror this range of values, the effect of L on sensitivity was penerally
small, but that in some cases it would be advantageous to add a further stop (an
'inverted knife edre!) above the existing one to minimise the influence of scattered

lirhte

tlede P'redictions from computer program @ effect of slit imayce hei,nt «

Here ‘'heipht' means the narrower dimension of the jeometric imare. e
reneral deduction wag that sensitivity is not ,rreatly affected by slit image heipht,
which corresponds with practical experience. More precisely it was found that,
with realistic valueg ol scatter, excessive slit imape heichts could introduce locc
ol sensitivity up to 10d3, but that imare hei,hts of a normalised value below about
200 avoideri such locos.

"o allow the user to apoly this criterion usine actual dimensions, the
constiraint can be expressed as follows :

ACTUAL SLIT THASL HEIGHT x FIULD HE/iHT x [T © e e
MySsT LOCXCEED 2
LIGHT JAVALEZNGTH X FIRLD TO KNIFX ZDGE DISTANCE S no 4 b 200

Lirht wavelencsth may be taken as 0.5 u, the figu-e assumed throurhout this analysis.

For schlieren systems of practicable proportions, this constraint indicates
a maximum slit imape height of about 0.5 mm to 1 mmy a limitation not diflicult to
achieve in practice.

7I1.9. Fredictions from cemputer program : combined effects of parameters

Un the assumption that slit imawe l,eight complies with the constraint already
guoted, lhe effects ol the remaining parameters, extracted from the computer runs,
are presented in figure 9. Three different discontinuity heights are shown, but
pvredictions for other values may be extracted by interpolat.on. The ordinate scaling
emnodies two different ways ol exuressines discontinuity amplitude.

it is
several authors
optics alone.

found that sensitivity is independent of T;, a property pointed out by
(and wronrly denied by others) which cannof be explained by geometric

lLooking at the vertical diznlacement rnelween the three values of disconti-
nity teisht (representiny duration) it is apparent that, for any given field heisht,
larrer discontinuity heights mive yrreater sensitivity. This is not surprising, since
lar-er hei-nts imply that a rreater proportion of the total light is deflected.
However, this exposure of the exact nature of the relationship is believed to be
oririnal. It is seen that a ten-fold incresse in discontinuity heipht imoproves
censitivity by about 10 42, leadins to the rule :

Sensitivity, on an amplitude basis, varies approximately as the sguare
root o” discontinuity hei.ht (duration) when other factors remain constant.

Jhe wotted lines show that a <iven amount of scatter causes greater reduction
senzitivity Yor small discontinuities than for lar-e ones. This is as expecrtea,
“ince lerss 1i-ht -asses the -mmife ed-e for small discontinuities.

field he for a given discontinuity
e re_evant lines (the solid ones) have a
ld neirht improves sensitivity. However.

o)

Lootine now at the elfect ol o
Int, it ir Seen that, Tor zerc scatt
ove wiiin inticates tnat increazins t
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it is believed that the 'no scatter!' situation ic o academic interest onlr. ‘When
scatter is taxen into account (the dotted lines), noting that the two valuec of 3

shown bracket the typical value found of S = 1072, it is seen that the slope iu
cancelled or even reversed.

The conclusion is that schlieren systems of large aperture are not, in
practice, sipnificantly more sensitive than small ones; a deduction supported by
exverience. This conclusion is of some importance since the cost of a schlieren
Syostem riges rapidly with increase in aperturce

Refractive index sradient can be converted into pear aldvance (or rovar.oi-n)
3l AD' fiprlyinp atlenlion to the two Ap valuers .01 and ool fn
Tiosare Ty, they are seen to cover a decade of discontinuity heinhis and emnrace 1o
ran-c of practical interest. 1t is seen that their 'workine arcas', ailh a veal:
decrec of scatter awssumed, are about n decade apart on tne pradient scnle, the lar
helont havine the lower sradient., It follows that they each represenc a peak odvan -
{or retardation) of about G x 107 wavelenpths of light.

oy

This Tigure is for 'useful visibility'. As figure ¢ indicates, 'thresholl
visinility! 15 about 3 times lower. Hence this conclusion :
.n a rract%gal schlieren system, a discontinuity of pea< advance (or retariation)
or 2 » 107 % wavelenrths of light is approximately thes threshold of senuitiviiy.

Ihis value of peax advance (or retardation) can be converted Lo pea: watt:
wiien water is the proparation medium; the f%gure is ebout 7 x 107 Twatts. Onyin et
al [4] quote a threchold seusitivity of 1077 watts/cm©, but since the relevant factor
is watts, not watts/cm® (as explained below), we musk make a guess that their figure
refers to a practical transducer area of ahout 1 cm=. On this assumption, the
computer prediction matches closely.

SEIPoN
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‘1.10. Validation of figure 9 from published sensitivity data for optical winiows.

Holder and Norin [5] quote the maximum sensit®vities available in vprarti-al

chilieren systems from experience in detecting imperfections in optical rlass windews
uced in wind tunnel worice Their order-of-magnitude figure for 'easily Jdetectable!

.6 1 wavelensth per iuch, which converts to 4 x 107! wavelensths ver cm, mar<ed as
voint ¥ on the gradient scale of figure 9. Maxing the assumption ‘hat this ovserva-
tion refers to the larger values of field height and that the order of size oI tie
imperfections sought is from 0.1 cm to 1 cm, an area in the region of the point
marked @ is indicated, and is seen to correlate well with the gradient represented
by point P.

1IZ.7. Increasing sensitivity by use of liquids other than water

i survey established that several organic liquids have the physical
properties required to give a greater refractive index gradient than does water for
a siven acoustic pressure gradient. Some of the attractive ligquids have undesiraile
vhysical properties, but a suitable liquid was found to be carbon tetrachloride.
Tests indicated a measured improvement in sensitivity of abort 10 times (on an
acoustic vower basis).

CIl.2. Increasine sencitivity by use of astipmatic deforusin-

a5 already pointed gut, the criterion Jor schlieren sencitivity is peas
acoistic watts, not watts/em“. This is because, if a wavefront of ~iven area is
a'vei in the directlon of viewin: (ca'led here 'lenTthwise') the light path len-~ih
15 halved but the veas stress is increased by J?; the net effect 1s a reduction in
cencitivity oy 2. However, a wid:hwise halving can similarly be shown Lo ircrease
sensitivity by J2. The two effects therefore cancel, and spherical focusing does
not effect image brightness. This phenomenon, apparently contrary to intuition, is
confirmed by practical observation.

n
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COMPACT SCHLIMREN SYSTHM GIVING BINOCULAR STEREOSCOPIC VIEWING

Schlieren Sensitivity.

owever it follows that, if a given wavefront is extended lengthwise only,
an increzase in sensitivity should result, and this without apparent degradation of
the imare since the extension is in the direction of viewing.

To test this hypothesis, the acoustic system of figure 10 was used. With
conventional meniscus lenses a plane collimated wavefront of square cross section
entering the top lens is focused to a smaller square wavefront in the imaging zone
below the bottom lens (this is actually a focusing system for imaging defects [6][7]
[3]). the ray pattern for this situation is shown in computer=-generated perspective
irn ficure 11.

After measuring sensitivity, the lenses were replaced with lenses having
¢ylindrical plus spherical components of curvatures. The expected focusing behaviour
i now astirmatic, as shown in perspective in figure 12.

Schlieren photographs covering the whole of the rar paths, seen from two
orthoronal directions, were taken. Fipure 13 shows the 'side view' and figure 14
Lhe 'front view's As is seen, the anticipated ray paths are obtained and the desired
cxter~ion of the image lengthwise has been achieved.

Measurements of reclative sensitivity in the imaging zones of the two systems
showed an increase of about 8 dB; a factor of about six in terms of acoustic power.
the theoretical figure was 10 dB. Hence deliberate astigmatic defocusing appears
vracticable as a means for improving sensitivitiy.

b wm e

By using graticules instead of the slit and knife edge, a compact system was f
developed having an exit pupil large enough to embrace both eyes of the observer. g
With it, birnocular stereoscopic viewing was successfully demonstrated. Although
~raticules have been used in schlieren systems before Qmo_] this form of application s
is believed to be novel.

sy
R

Fisure 15 shows the systems. A field lens is required, seen to the right of
the condenser lens, and careful design is necessary to avoid the need for impracti-
cably lar;e lens avertures[?).

#hen this graticu'le system is used in conjunction with a camera (television
or photographic) a striking advantage over the slit~-and-knife edge system becomes
apparent; it is that the increased effective lens aperture restricts the depth of
field sufficiently to allow dust and bubbles on the walls of the water-filled cell to
be defocused, thus greatly improving image qualitye.
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