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This paper discusses the prescent state of kmowledpe concerning the use
of schlieren and direct-shadow methods fo~ the visualization of hagh-speed flow,
_the emphasis being on the use of the methods in wind tunnel experiments. The

techniques for observing flows which arc two-dimensional or which possess axial
syrmetry have reached an advanced stage of developrient, and are satisfactory for

rocont progress is reviewed in Pert I,

In contrast, comparativoly little work has been done on the development
of techniques for visualizing tho flow round finite wings and wing~body

Saveral mcthods which mey be useful for the study of flows of this

type are described briefly in Part II, but further work is necessary before the
value of these methods can bo assossed.
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1. Introduction

The changes of air density which occur when air flows at high speed past
& body are accorpanied by changes of refractive index, and they may thus be obscrved
or photographed by opticnl methods, Among these methods, the schlieren techniques
are those most widely used in aeronautical work, and although their use has been
largely confined ‘o wind tunncls, successful records have also been obtained in
flight, The nethods have also been in use for many years to photograph the flow
round projectiles fired along ballistie ranges.

Although the principle of the schlicren methods has been understood for
nearly a century, many improvements have recently beon mede largely as o result of
expericnce gained by using the methods to examine the flow in high-speed wind
tunnels, The prosent paper reviews some of these develorments and gives exomples
of the usefulness of the methods in aerodynemic cxperiments,

In thoory"]:2 it is sometinmes possible to usc the gchlieren techmiques to
neasurc the donsity srodients in the flow quantitatively, but there arc usually
severc practical difficultics3 and in acrodynemics they aro rost commonly used %o
show the positions and shapes of rcegions of density sradient such as those
occurring in shock and expansion waves, and in boundary loyers and wokes, Used
in this woy the methods require only corparatively sirple cpporatus and are of
great agsistonce in building up o physical understanding of the flow, They enable
a relatively large field to be exanined rapidly ond without the introduction of
the disturbances produced by exploring instruments, and when used in conjunction
with high-speed photography are porticularly valuable for studying unsteady flows,
Quantitative ricasurements of the density in the field of flow can bhe mode by
means of an interferometer, but although corparatively simple instrurients have
recently beon used successfully, the opparatus is more complicated and expensive
than a schlieren system with a corparable ficld, Morcover since an interferometer
record is a function of the density whereas a schliercn record is a function of
the density grodient, therc are certaln flow phenorena which are more clearly secen
by schliercen methods, Thus although the interferometer is of great volue in
certain types of investigation it should not be rogarded as on alternative to the
schliercn methods and it is frequently desirable to supplement the interferometer
measurements by schlieren observations. DBecause of the difficulty of interpreting
the photographs, the use of optical methods of exploration has been largely
confined to flows which arc either two-dinmensional or posscess axial syrmetry. The
importance of aspect ratio and planfors at high speeds mokes it highly desirable,
however, to develop the methods so that they may be used to study more
corplicated types of flow, Several techniques which nay be useful for this
purpose are described; some of these have already given valuable results, but
further work is nccessary before the value of others can be assessed,

The present paper is confined to optieal rethods. Other methods such as
the use of tuftg or of an oil filnf*s> on the surface of the model, or the
"vapour-screen"® and "tuft~grid"’ technigques for observing the trailing vortex
pattern behind the model are frequently of great wvoluc, and details ore given in °
the references cited,
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Part I. General Congiderations, and Methods {or
Two~dinensional Flow

2. The Principles of the 3chlieren Methods

The best-known schlieren methods are the TOugler sybtom and the direct-
shadow technique which is usually attributed to Dvorak The prineaple of the
Toepler riethod is illustratcd on the basis of geonetrical optics in Fag,1 which
shows diagramatically a typreal errongement of the apparatus round the worldng
section of a wind tunnel. A source of lisht (8) placed at the lfocus of a

concave mirror (Mi) produces a parallcel beam of light which passes across tho flow
to be examined, A sccond mirror (M,) placed behind the flow gives an image of

the sourcc in its focal plrne (K), and o comera lens (L) thon forms an image

of the planc of the flow on the screen or phetographic plate @, By plocing a

knife edge in the focal plang (K) a {raction of the image of the source is cub

off so that only part of the light reaches the scrceen., If the density in the flow
is uniform across planes normal to the direction of the light the screen darkens
uniformly as the knife cdge is movod across becausc the images of the source
associated with Light possing throupgh indoavidusl repions of the flow faeld are
colncident at K.

If, however, there is in the flow o density gradient normul to the
direction of the light the beam 1s deflectcd towards the region of higher densaty
because the light travels more slowly where the density is greoater., The wringe of
the source arising frorm the light which passes through this region of density
gradient is thus displaced relative to the knife edge and the amount of light
passing on to the screen choanges. Thus the illumination on that pert of the scrceon
corresponding to the density gradient din the flow changes relative to thot of the
surrounding image,

Of the types of stop which nny be uscd in the focal plane of the seccond
mirror, a knife edge usunlly gives the most valuable resulds in acronautical work,
With o knife edpe the system is sensitive only to doflections of the image of the
source in a direction normal to tho edge, and {his should usually be set, therefore,
perpendicular to the direction of the density gradient to be observed, Tor
exarple, Figs. 2(a) and (b) are Tocpler photographs of the flow round a double-
wedpe wing sccotion moving at 1.6 times tho speed of sound token with the knife edge
perpendicular to and parallel to the chord line respectively. The directions of the
positive corponents of the density gradient perpendacular to the kmife edge are
shown by arrows, and since the image of tho source will be deflected in these
dircctions it follows that the irage of any region of the flow where there is a
componcnt of the density gradient towards the opoque part of the edge will appear
dark. Regions of the flow in which there is a componcent awoy fron the opague port
of tho edge will appear as highlights, Thus in Fig.2{a) the shock waves {(through
which the density inecreascs) appear dark, oand the cxpansion waves as highlights,

In the boundary laycr and wake the density gradient is almeost entirely parallel to
the knife edge and thesc features arc, therefore, most clearly seen in Fig.2(p)*.

Dircet~shadow observations may be mode by using the light source and the
first rmirror shown in Fig.,1 to produce a parallel beam of lipght and obgserving the
flow on o screen or photographic plote held at @'  immedistely behind the working
section.

3, The Sensitivity and Working Ranpe

The Toepler apparatus is sensitive to doflections of the light beam only
over a certain range of deflection in which the imapge of the source remains
partially cut off by the knifc edge; 1f the image is deflected completcly on to
or away from tho edge, further deflection produces no change of illumination on
the viewing screen or photographic plate., If this working ronge is excecded in
parts of the ficld, detail is lost in the photograph because it is then impossible
to distinguish10 botween donsity grodicnts in the flow stronger than those
corresponding to tho limits of the range.

— i . —— e -— e et St e e Pt - S e S W

*Bocause of the bffOCtS of diffraction regiona of sharp density grodient in a
dircction normal to the knife edge are in foct visible,
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It is cnsy to show!0 that the scnsitivity (dofined as the rate of change
of contrast in the final image with change of density grodient in the flow) of the
apparatus is invorscly proporticnal to the working range, so that when the apparatus
is set up a compromisc is nccessary befween the conflicting requirements of
sensitivity and ronge. The only cortain woy of determining whether the range is
oxceeded is to make detniled observations of the displecement of the innge of the
source, but this is often impracticable in wind-tunncl experiments where it noy be
necessary to take in succession large numbers of photographs of flows in ecach of
which the density gradients differ., In such ceses 1t is usually found that the best
procedure is %o provide adequate ronge for the series of photogreophs end to acecepi
the ossoclated unnecessary loss of sensitivity in some of thom,

The only convenient method for adjusting1o the range and sensitivily of a
Toepler apparatus is to change the height of the light source (i.e., the dimension
perpendicular to the knifc edgo)s This mey be dons within limits by using en
optical system consisting of a condenser and slit, or by chonging the physical
dimensions of the source itself. A convenient method is to use a rectanguler shaped
source which con be rotated about the axis of the optical system so that the height
of the source can be adjusted to ony value botween its longth and its bhreadth.

In wind-tumel work a large range is sometimes nceded, and it is ofton
difficult to provide a wniform source whach is lorge enough to give this,
especially if the source is required to bo of very short duration for high-speed
photography, Morcover, if the ronge 1ls adjusted by changing thoe dimensions of the
sourcc, the position of the laiife cdge 1n an off=oxis system of the type showm
in Fig.1 also needs to be adjusted because of the astigmatism. To overcome these
and other (see Section &) drawbacks of the conventional Toepler method, a new
apparatus1 has been developed at the N.P.In Here, instcad of a kmafe cdge in the
focal plane of the second mirror, a filter is used, This is graded in onc
direction so that the amount of light which is tronsmitied changes as the image of
the gource is deflected, Since such a filter can be produced with any required
dimensions there is no limit Yo the ronge which coan be obtained by using a filter
of suitable size; moreover, a "point" light source can be used thus minimizing
the optical aberrations and increasing the depth of focus of the apparatus, os well
a3 enabling direct-shadow photographs to be taken without having to change the
source (sce Scction 6),

The filters used so far at the N,P.L. have boen nonde by using o
photogrophic enlarger to print from a neutrol glass wedge onto a photographic plete;
filters giving different ronges and sensitivitices are produced by altering the
enlargement in the printing process, PFiltcers with any required characterastic
could be produced by using a cam-driven shubter to control the photogravhic
exposure, and this method is being investigated. TIn poarticular the use of a
linearly-graded density in the filter is of interest as this would give an
apparatus whosce sonsitivity was indopendent of the position of the source image
relative to the filter, a fcature of considerable value on wind tunnels where a
considerable amount of vibration moy occur,

b, The Sharpness of Schlieren Fhotographs

One of the advantages of the schlieren methods over other methods of flow
exploration is the ease with which they may be used to examine unsteady phenomena. 1
The {lows to be cxandined generally contain regions of unsteadiness (e.g., the wake)
and it is, thorcfore, the practice at the N.F.L. to take the majority of still
vhotographs with exposurcs of less than onc microsecond, Time exposures are
sometimes taken for comparison with the high-speed photographs when it is
uncertain whether the flow is cteady or not, or as a simple alternative to high-
aspeed cinemntography when it is required to estimate the arplitude of o periedic
oscillation (e.g., the fore and aft oscillation of a shock wave along the surface
of an aerofoil). Since a schlicren syston integrates the density gradients over
the span of the wind tunnel anl conditions are nover exactly uniform across the
span (cspecially neor the side walls) it might be expected that, as the exposure
was reduced, a value would be reached beyond which further decrensc would give no
improvement in the sharpncss of the photograph, Experience in testing at specds
botween about + and 2 times the spoed of sound aerofoils completely spanning the
working section has shown that this 1limit has not been reached when the cxposure

hos/
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has been reduced to about 1/5 of a microsecond® which is the smallest valuc so far
achieved at the N.P.L. when sufficient encrgy is used in the light source to give
o satisfactory photagraph,

If the exposure is short enough, the sharpness of the photograph depends
mainly on the focussing and on the resolving power of the opticoal system and of the
photographac emulsion, The apertures of the mirrors and the camora lens should,
if possiblo, be large encugh not to limit the resolution, For acrofoil models
spanning or nearly spanning the working scetion it is frequently found thot the
appearance of the boundery layer and woake alter as the planc of focus is changed
over a region in which, when the twnel is not running, the image of the aerofoil
model remains sharp, This cffcet arises becousce roys of light entering, from one
side of the working section, the region of highest density gradient within the
boundary layer may be refracted so nuch that they pass right out of the opticel
system, whilst the curvaturce of other rays is such that their apparent point of
origin in the flow is displacedal3. It is, thercfore, found to be necessary to
focus the apparatus with the tunnel running so that the image of the boundary loyer
is not unduly distorted. ZThe practice of focussing on fine wires or elcctric-lamp
filaments held in the centre of the tunnel before the experiment begins is
unsatisfactory, .

The use of a graded filter instcad of a knife edge is found to give an
improvement in the sharpncess of the photographs in addition to overcoming
difficultiecs associated with the working range of the apparatus (see Section 3).
This feature is illustrated by corparing the image of the wake in Iig.3(a) which
was taken using a knife edge with that in Fig.E(b) walch was takon wath the same
exposure time using a graded filter in an otherwlse identical optacal system, The
improvement obtained with the filter 1s associated with an amelioration of the
effects of diffraction at the knife edge. The authors are unoware of any direct
reference to_thas matter in the literature, but several workers in Franceld,15
and Americal®s17 have studied the diffraction oflects associated with modifications
of the imaging aperture by mecans of shaped screens or filters with graded
transmission,

In this connection 1% is of intercst to compare the images of a pin hole
placed in the object plane {i.e., the working scction of the wind tunnel) obtained
with schlieren systems using a knife cdpe and a graded filter with the image when
neither is present. TFig.h(a) shows the extension of the image in a direction
perpendicular to the knmife edge which would be expected for this type of
aperture’8, and Fip.4(b) shows that tho offcct of the graded filter on the
distribution of light in thc image is comparatively small,

5, Schlieren Metheods givine Images in Colour

Simple modifications to exther the Toepler spvaratus or the graded-
filter apparatus enable a multi-coloured image to be obtained in which cach hue
corresponds to a particular density gradient in the flow pattern. One methodl9
is to place o prism in front of a source ol white light located at the focus of
the first mirror (M,) in Pig,1., A spectrum is thus produced at the focal plans
of the second mirror and the colour of the image on the screen can be adjusted by
moving o slit (parallel to the bands of the spectrum) across the spoctrum, When
a density grodient is present pert of the spectrum is displaced ond light of a
different celour passes through the slit.

An alternative method analogous to that employed in the graded-filter
apparatus is to use a point light source and to place a colour tronsparency of a
pure spectrum in the focal plane of the second mirror, This method is simpler
than that described above, end has the further advantage that the offects of
diffraction at the slit are aveided.

e fef P8 P g e s L (i s St A Y e e U T A e o T TR S A D SR S e S L S i AL 108 i Sl LR S S S B I Y ot P e O B P S B R e S o i e e AL R iy P s e s e g md

*The exposure times quoted in this paper have beon detormined by means of a photo
multiplier, and give the time interval over which the brightness exceeds 1/10
of the maximum,
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Since the eye is more sensitive to changes of hue than to changes of
illumination, the colour methods are morc sensitive than the conventional methods,
but because of the difficulties of processing and reproducing colour photographs
they are seldem uscd in routine work except when visual observations alone are
reguired,

6, Direct-ghadow Methods

If in Fig.1 the density gradient normel to the light beam is non~uniform,
adjacent rays will be deflected by different amounts and will convergze or diverse
on leaving the flow., An image mny then be formed dircctly as a shadow on a screen
or photographic plate held behind the working section at Q', To obtain o shorp
image the dimensions of the light source should be small.

Making certain assumptions 1t may be shovm that the chenges of illumination
in the image are approximately proportional te the rate of chenge of density
gradient normal to the laght beam. For this reason the method is sometimes superior
to the Toopler method (in which the change ef illumination is roughly proportional
to the density gradient) for observing certain flow phenomena, and it is, thereforo,
the practice at the N,P.L., to photograph ncarly all flows by both methods., In
addition to being valuable for visualizing shock waves®, the dairect-shoadow method
is useful for observing other regions whore the density gradient changes rapidly
such as boundary lgyers and wakes. For oxample, it has been found23 that the method
can be used to determine whether the flow in the boundary layer on a two-dimensionnl
aerofoil is laminar or turbulent, and to indicoto the position along the surface
at which transition from loninar to turbulent flow takes place, Tig.5 shows the
rear of an acrofoil at zero incidence held 1n an airstream moving at 0.7 times the
speed of sound. For the casc shown in the upper photograph observations by a
technique depending on the evaporation of a volatile oil from the surfece showed
that trensition was at about 0.73 of the chord behind the leading edpge, The
direct-shadow image of the laminar boundary layer ahead of this region is geen to
includc a white line rumming parallel to, but separated from, the surface of the
acrofoil, This linec bends towards the surface close to the transition region.

The boundary layer was made turbulent from clogse to the leading cdge before the
lower photogreph was taken, and the image of the boundary layer then consists of
a white line touching the surface,

The reason for this difference between the images of laminar and
turbulent boundary layers mey be explained by reforence to Fig.,6, The density
profils* for a laminar laysr dravm at the left hand side of the diagram is scen %o
contain two sharp changes of slope, At a small distance from the surface the
density gradient incrcases rapidly thus causing adjacent light rays to diverge as
sketched in the centre of the diagram and producing a roegion of low illumination
(I) close to the shadow of the sercfoil surface as shown on the right hand side.
Near the outer edge of the boundary laycr the donsity gradient falls thus causing
the rays of light to converge and producing s region of illumination (the white
line in the photogrephs) greater than that (I,) in the imege of the undisturbed
flow at some distance from the shadow of the aerofoil., The density profile for a
turbulent boundary layer shown in the lower half of Fig.6 contains only a single
region in which the density grodient changes repidly. Thus at a small distonce
from the surface the density gradient falls very sharply; this causes the light
rays to converge and producces a region of hizh illumination much closer o the
surface than for a laminar layer.

Te TLight Sources

It has becn pointed out in Section 3 that the range and sensitivity of
a Toepler apparatus depend on the dimensions of the light source. In general, the
source should be small because if it ig magnificd by a condenser arrangement the
amount of light passing through the system is increased, but if it is reduced
there is a loss of light which may be particularly urwelcome if short exposures
are required,
Fon/

®In cortaln cases it is possible to derive the strength of a shock wave from a
direct-shadow record (see Refs. 20, 21 and 22),

*In the diagram the ratio of the local air density p to the density po in the
undisturbed strcam is plotted against the ratio of the distence y from the
surface of the acrefoil to the thickness & ¢ the boundary layer.
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For continuous obscrvotiong, or for cincmatogrophy srithin the speed
ronge of the Kodak or Pastox high-speed coneres, tungsten~filerment projecior lertps
or hiph-pressurc norcury vapour larpps are usced. The latter are, of coursce, rmch-
brighter but this advantapge is partially offset by thoir comparatively hagh coct
and the harsh colour of their lirht. In applications where [loash cxposures are
required in addition to continuous obscrvations there arc two commercially awveileble
1ampsz4o25 which can be run contimuously ar flashed. Although btoth are satisfactory
for mch schlicren work, the flash duration is unfortunately too long for some
purposecs.,

If cxposures below obout one microsecond are roguirced, it is necessary
te use a spork discharpe20,27,28, At the N,P.L. most photographs are taken using
sparks in air resulting from the dilscharge of low-inductonce condensers of capacity
varying from 0.01 4o 0.1 PF, charged to between 5 and 30 XKV. The dascharge through
the spark gop is #scillatory2d, tho omplitude and period of the oscillation
depending on the rcactance of the discharge circuit., The oscillation is heavily
damped by the dissipation of energy in the spark gap and the circuit. If the
lowest possible duration of the current is roquired, the inductance of the
condenser and circuit must be minimizcd,

The light ocutput does not vary os ropidly as the current passing through
the gap, and if the cncrgy used is large the light may persist Jor o short time ot
a high level ummodulated?V by the oseillations of the curront. Thus if an
effecetive duration of less than onc microsecond 1o roquired, it 18 neccssory to
limit the energy discharged to less than about 5 Joules o8 well as keeping the
inductance small, The design of the gap itself has a considerable effect on the
light eutput; if the spork channel is constrained the light output is greater29
but more prolonged than if it ils unconstrained. In practice a pap which is atb
least partially constrained is csscntial if the shape and position of the source
need to be fixed,

The olectrodes of the spork pap vaporize to some extent during each
discharge, end the material from which they are made thus influences<9,30,31 the
colour, intensity and duration of the light ocutput, Unforiunately, metals such es
magnesium and cadniwn which give the greatest intensity also give long duration
because the light does not decay so rapidly as with relatively non-volatile metals
such ag ftungsten and steel., For this reason, and because of their relatively
long life, stevl eleotrodes are commonly used at the N.P.L.

Typiecal spark gops uscd at the N.P,L, are sketched in Fag.7. The desisn
shown in Fi3,7(a) utilizes the discherge up a Pyrox tube and produces a "point”
source of about 1% wm cffective diametsr suitable for use with the graded-filter
apparatus or for direct-shadow photography. The gap shown in Fig.?%b) coneists
of two flat elcectrodes clamped between gless plates and gives a source aboub
7 mm by 1% mm; it 45 usually mounted so that it can be rotated about the axis of
the optical system thus enabling the dimension porpendicular to the knife edge to
be adjusted to any volue betweon the length and breadth of the souwrce image, In
America extonsive use hos boon made of the so-colled Libessart gapd? which is
similayr in principle to that sketched in Fig.7(a) but has a much narrower tube
made of soap stone,.

By carcful arrongement of the spark gap and condenser the inductance of
tho discharge eircuit can be minimized, The concentric arrangement shown in
Fig.8 is uscd at the N.P.L. to achieve this objective, and has the additional
advantape that the high~voltage electrode is enclosed in the ouber shell which
con ho earthed for safety. Special condonsers?? with paper dielcctrics are
avallable in a variety of low-inductonce forms, and it is thus usuelly possible t¢
select a condenser to give the most compact arrangement when connected to a
particular spark gap. Recently successful experiments have been made ot the
N.P.L, with a condenser made in the {form of o tube from a ceramic of high
diclectric constant (=bout 3000), which was presented to us by The Plessey Co, Lic
of Towcester., The dimensions of the condenscr, and the inductance of the
discharge clrcult, can be made wvery small, and very short exposures are achicved.

High-specd cinemabtograph picturcs are usually taken ab the N,P.L. by
using a continuous light source and a standard Kodak or Fastax high~speed camern.
Cameras pgiving much hisher frame speecds have been developed for special

application



-8 -

applications of schiieren yhotography such as recording combustion phenomena in
internal combustien engines (sce, for cxample, Refs. 26, 33, 34). In epplicetions
where the exposure of each frame nceds to be shorter than that obtainable wath
standard high-speed cameras, a drum camera hos been developed®d to work with sparks
discharged at a single unconstrained air gep. This gives up to 2000 frames per sec
each with an exposure of less than one microscecond.

In most wind~tunnel exporaments it is unnecessary to control the instant
at which the spark fires precisely, but in some cases, such as when it a5 required
to photograph the flow past an oscillating acrofoil3® or in shock-tube3? or
ballistic-range38s39 work, accuratc control is essential. Trigger circuits which
may be used to do this are described in Refs, 27, 28 and 32, The signal which is
used to trigger the spark mey be cbitained in many ways depending on the nature of
the experiment which is in progress., One method depends on the use of an auwxiliary
schlieren opparatus. VWhen the acredynamie disturbance to be photographed enters
the field of this apparatus a signal is produced by a photoeccll locatcd in the
imege plane, and this signal is passed through a delay circuit and used to trigger
the spark gap of the main schlicron opparatus. This method has been widely used
in shock-tube experiments, and also in a sclf-siroboscoping schlieren aPparatusho
designed to photograph quasi-periodie acrodynamic phenomcna in a wind tunnecl,

8. Photographic Fmulsions for Spark Photosraphy

It is tho cxperience of many'workers%JZ;M that the characteristics
of photographic emulsions as determined for ordinary exposure times are not a
reliable pguide to thgir meriks when used with spark light sources for recording the
low-contrest images2 »%2 obtained with schlicron and shadowgraph systems, At the
N.P.L, it is found that the best results are obtained by using fast non-coleur-
sensitive emulsiong., The negatives are developed to maximum contrast thus
obtaining the highest effective speed from the material,

There is a tendency to underexposc rather than to overexpose the
negetive because it is found to be desirable to use a rother large image (% plate),
and because the duration of the cxposure is shortest if the encrgy discharged in
the gap is minimized, If the oxposure is increased, for example, by reducing the
slzc of the image, the superiority of the non-colour-sensitive ermlsions becomes
lesc marked, The light ocutput of the spark sources described above is
conoentrated29, however, mainly in the region 3000 te 5500 Angstrom units so that
there is little to be gained by using orthochromatic or panchromatic emulsions in
any case. Morever, if these emulsions are avoided it is possible to use bright
safe lights round the working section of the wind ftunnel; this is an importeant
practical advantagce as other observations are usually taken whilst the photography
is in progress.

The inherently low contrast of the subject 1s enhanced by printing the

negatives on hard grades of paper so that the full avallable range of tones can
be used to show the differcnt levels of illumination in the schlieron image.

Part 11/
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Part IT. MNMethods far Threg-dimensional Flow

Many of the featurcs described in Part I apply no motter whal tywe of
flow is to be observed, and it is now necessary to consider the special
arrangements which ay be necessary 1l three-dilacnsional flows are to be
visualized, If a throe-dimensionel flow is exanined with a parallel beam of 1lisht,
the inmage lacks depth and it is difficult o deteruine the positions along the
beam of the flow phenomena which arc prosent. The strongest deflections of the
light oceurl’ whon the roys are tansential, or wncarly so, to the shock and
expansion waves, Thus the image resulting from a system using paralicel 1light will
give the impression of superimposced cross scctions of tho flow, thc cross scctions
being taken normel te the beam at the points vhore the reys arce tongenticl 4o the
shock and expension waves, Morcover, in a coaplicated Tlow the light reys moy
follew tortuous paths and the deflections at czit from the working scction nay not
be a truc indication of the strengths of the disturbances., These are only
incidental dafficulties, hevrever, ond in sirplc cases the uso of a conventional
schlieren syston to observe a threc-dimenzional flow is satisfactory. TFor exnmple,
no difficulty usually ariscs for flows posscssing axial symotry since the inapgoe
is essentially a cross section of the flow at the median plane from which (together
with the tracos of the interaction of the shock waves with the glass walls of the
tunncl) the complete flow pattern can be deducod, If the flew is nearly axially
sytmetric useful results can usually be obtained by rotating the model about the
longitudinal wind axis so that, in effect, a series of photographs is obtained from
a number of directinns perpendicular to this axis.

In vany coses, however, the conditions are morc conplicated and it 1s
then necessary to assign positions along the beam of light %o the various flov
phenomena. Several tcechniques have bsen devised to enable this to be done, and
thesc are dcscribed briefly below. It should be crphasized that most of theso
tcchniques arce in a very early stage of development, and that rmch more work is
necessary before their volue can be assessed.

9 The Storcoscopic Method

The stercoscopic method was él.t-wo,lopeéllf-3 by Lyot and Frangon for examining
discs of glass, and has been used subseguently in Francehd and Americatd ror
observing combustion and acrodynamic phonomena, The apparabus (Fig.9) consists
of either a single parallel beam of light used to photograph the flow in the
working section from two different directions®, or two inclined beams used to taoke
photographs from two directions simultancously. The photographs are viewed with a
stereoscope. An cxampled3 of a stereoscopic pair of photographs showing faults in
a pgloss disc 1s reproduced in Fig.10,.

10. The Rangefinder Method

The rangefinder mothod was developed46 at the R.A.E. by ILamplough who
used it for photographing the shock waves close to the wing of an aesroplans flying
at high speed, The apparatus is sketched in T'ig,11 and consists of a conventional
parallel~beam arrangement with the addition of a glass wedge close to the
collimating lens. The light beam is sct up along the span of the wing, ond the
poesition of a shock wave along the beam is estimated by observing the relative
displacorient of the part of the imago associonted with light which has passed through
the wedge. The typc of record obtained is shown in the example rcproduced in
Fig.12, The displaccment of thc imege is proportional to the distance from the
shock wave to the plane in the object space conjugate to the viewing screen or
photographic film, and is in oppositc directions for shock waves lying on opposite
sides of the conjugate planec,

In the apparatus used by Lamplough no knife cdge was used in the focal
plone of the second lens, This arrangement appears 1o be entirely satisfactory
for observing shock waves, but if it is required %o visualize the boundary layer
as well it may be desirable to use a knife edge os sketched in Mig.11. If a knife
edge is used it must be set parallel to the digplacement produced by the rangefinder

wcdge/

T . o B ke B i P el e e . e B e e e i e D Bt e e e e e e e Sl S P P T A 4 PP R e it ey e e e P

By St v Sy B

®In Pig.9(o) the sot-up is for the cxamination of a.glass disc. It is thon siaplor
to rotate the disc (from position I to wosition IL) relative to the beam of lirht

than it is to move the beam itself,.
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wedge., Although phenomena producing deflections perpendicular to the edge may
thus be visualized, it will thus be irpossible to deterrine their position along
the light beam.

If the shock waves are highly curved, it may be necessary to incline the
light beam in the manner described in Scotion 12 until it is approximately
tangential to the elenent of the shock which is te be visualized., 3By bteking
photographs for a range of inclinations of the beam it may then be pessible to
obtain the position (and possibly elso the slope) of a number of clements of the
shock ond hence to deduce its shape,

11e¢ The Sharp-focus Method

The sharp-focus 1wethod was dCVulopedA7 on a small scale by Kentrowitz and
has been the subject of consaderable interest; ain its present form 1% suffers
from a nunber of disadventagos which have been discusseddd by Fish end Parnhen.
The method (Fig.13) depends on the fact that any point in the object is illurdinated
by rays of light within o s01id angle o equal ts that subtended at the first
lens or mirror by the cxtended source, The depth of focus depends on the angle P
and the diameter of the ascceptable circle of confusion in the imege; the angle B
1s determined by the angle o and the image size, Thus, for a given ratio of the
diameter »f the circle of confusion to the imaege size, the dopth of focus is
approxinately inversely proportional to the angle o . Hence a short depth of
frcus may be obtained by using a large source of light, The objection that the
scnsitivity as a schliercn system of the apparatus will be low when the source
is large is overcome by using on array of small slit sources ond a corresponding
array of knife cdges as a cut-eff,

Examples of the type of record are shown in Fiz.1L which is reproduced
from Ref.47 and shows photographs of a shock wave in o nozzle with dimcensions
2 in. by 2% in., the upstream Mach number being sbout 1.3, Fig.,i4(i) was taken
with a cenventional apparatus cnd Fig,14(ii) with the sharp-focus apparatus
focussed on the middle of tho tunnel, The comparison showg that the conditions in
the middle of tho tunnel differ from those nenr the walls,

When the sensitivity is moderately high the image qualrty suffers from
the effects of diffraction at the multiple knife edges, and the situation is
aggravated by the fact that thc object plane In sharp focus is shown on a back-
ground of the out-of-focus object plancs.,

12, Shock~wave Platting Methods

The shock-wave plotting method was developed46 by Lamplough end has been
used to rccord shock-wave patterns in flight and in the wind tunnel. The apparatus
used in the wind-turmel observations is sketched in ¥Fig.15; +the apparatus used in
flight opcrates on the samz vrineciple., It invelves the use of a parallel beam
of light which may be rotated about an axis normal to the plane of the wing which
will be taken as horizontal in the following discussion. The light passing through
a horizontal slice of the working scction is recelved on a filim through a narrow
horizontal slit. As the beam is rotated about the vortical axis the film is
nmoved in a vertical directi n, the slit remaining at rest. At any point in tho
rotation of the bcam where the light rays are tangential 4o the sheck front in the
narrow slice of the flow field under obsorvation a dark band is recorded on the
film, FProm this record it is possible to deducc the shape of the shock front in
the part of the flow cxamined., An exampleh9 showing the result obtained when the
shock contour is reconstructed from the orizinal record by means of a specielly
designod "reduction box" is reproduced in Fig.16, This shows the shock contour a
little above the surface of o wing with 50 deg sweepbaok,

By moving the slit in front of the film to successive positions across
the field of flow the cntire field can be scanned, a framec of film boing obtained
fer each slice explored,

The criticism has been mede that whon the method is used on a wind
tunnel, the windows in the sjide walls nced to be very long in order to allew the
beam &f light to be passed obliquely across the flow. The objection is not,

however/
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howcver, confined to this particular mothod of visualization since most optical
mothods require that the li~ht beam can be rotated until 1t is approximately
parallecl to the shock front which is to be obsorved,

13, Technigues fer Half Models

If the wall or relfcetion plate from whach a half model is supported is
transparent, a beam of light can bc passed across the tuanel and any of the
schliercn methods deseribed above can be used, Alternatively limited obscrvations
can be made throurh a small window located in the roflcetion plate; for cxanmle,
the flow neor the tip of a highly swept wine has been obscrved throush a window
Imcatcd at the rear of the reflection platce,

In most cases, however, the wall or reflection plate is opaque, az the
apparatus behind it wall obstruct the beam of light., It mey thon be possible to
use the reflection platc as an optical mirror and, using the schliercn methods
described above, visualize the flow by reflectinr, the lizht back ecross the
tunncl,

A simpler method for obtaining less detailed inforumation is to projoct
the image of shock waves and other {lov phenomena onto the proepared surface of
tho reflection platec in the manner sketched in Fig,17., This technique is, of
¢ourse, equally applicable to wing~body combinations (thc image of the flow near
the wing being projocted onto the surface of tho body) where the sizc of the body
would prevent observations of the flow near the wing surlace by the usuel
schlieren methods,

An alternative method which may be ugeful in special cases is to project
the image of the shock wave onto the surfacc of the wing as shown in Tig,17.
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Working section
(Flow perpendicular
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Sketch of a Toepler Schlieren Apparatus.

(Undisturbed rays shown full, disturbed rays shown dotted.




(b) Knife edge parallel to chord

FIG2. TOEPLER SCHLIEREN PHOTOGRAPHS OF THE FLOW
ROUND A DOUBLE WEDGE AT M=1-6, a=0°



(b) Graded filter system

FIG.3. SCHLIEREN PHOTOGRAPHS OF THE FLOW ROUND A
10 THICK AEROFOIL AT M=0-83, a=2".



FIGS. 485,

{(a) Horizontal knife (b) Graded filter (¢) No knife edge or
edge filter

FIG.4 IMAGES OF A PIN HOLE WITH VARIOUS SCHLIEREN
SYSTE MS

(a} Transition at 073 chord

(b} Transition near nose

FIG.S. DIRECT SHADOW PHOTOGRAPHS OF THE REAR HALF
OF AN AERQFOQIL SHOWING THE STATE OF THE
BOUNDARY LAYER
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FIGS. 14816,

(i)' Conventional apparatus (i) Sharp-focus apparatus
' focussed on the middle
of the tunnel.

FIG.14. COMPARISON OF PHOTOGRAPHSE TAKEN WITH A
CONVENTIONAL AND A SHARP-FOCUS SCHLIEREN
SYSTEM

FIG.16. RECONSTRUCTION OF THE CONTOUR OF A SHOCK WAVE
ON A SWEPT BACK WING FROM RECORDS OBTAINED
WITH LAMPLOUGH'S SHOCK=WAVE PLOTTING APPARATUS
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