C.P. No. 54

o 13,865

MY AR.C, Technical Report

A TR W
T - -

MINISTRY OF SUPPLY

AERONAUTICAL RESEARCH COUNCIL
CURRENT PAPERS

Focussing
Schlieren Systems

By

R. W. Fish, M.Se., A.R.C.S.
and K. Parnham, B.Sc.

Crown Copyright Reserved

LONDON: HIS MAJESTY'S STATIONERY OFFICE
1951

Price 3s. éd. net.






C.Pob:l}.
(1,.800)

Technical Note No, I.A.P.999.
November, 1950.

ROVeL ATRORAFY il T6H BN

Pocussing Schlieren Systems

by
R.W, Fish, M,Sc. A,R.C.S,

and
K, Parnham, B,Sc,

SUMM. RY

The substitution of grids for the usual knife edges in a Schlieren
apparatus confers icussing propertics on the system, Three possible
systems are described and thelr optical limitations discussed. Achromatio
lenses arc used 1n place of mirrors because or the excessive of'f-axls

aberrations or the mirrors., Some practical suggestions for the oonstruce-

tion of the grid and the adjustment of the system are glven.
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1 gptrodqgiigﬁ

The formation of images 1n & Schlleren system is largely limited by
dirfraciion vhich, becausc or the narrowness of the beams, loads to duf'-
fuse images and spurious Prinpges at the edge of any dlscontinuity.

Further diltTicultics arise in practice through shorteomings in
materialsy the windows nced to be completely rree from inhomogeneities,
nlrrors have to rcach an extremely high standard of workmanship and even
the air itselr has to be kept Tree from tuvrbulence.

Vork recently rqported1’2 has almed ol overcoming these limifoations
by the so-called focussing systems, which give improved det'inition in the
1mage and allow optical components of lower quality. The pvblished work,
however, has not always been specific In outlining the optical condition.
and the Limitations or size, vield etc, ir these systems are to be suc-
cessfel,

The present note is intended to invesiigate these focussing systems
vith particular reference to their use in wind turnels for measuring air

dencities.

2 The Rasic Principles of the Focussing Systems

The basic optical layout of the conventional Schlieren system s
sho'n 1n Fig.1 where the siit § is at the foeus of the lens L, from which
a parallel beam of light emerges. A second lens Lo brings this beam to a
rocus and, at this position, the knire-edge K is arranged to cut orf the
image of the slit, No light then appears upon the screen T. Suppose new,
at a position O in the parallel beam, there ig a region of discontinuity
(a Schlierc) which deviates the incident light ray through a small angle &,
the ray 0P becoming OP'. Iy the uvsval optical theory, all rays passing
thraugh 0 wi1ll, arter rcfracticn at the lens Lo, pass through the conju-
gate point [. The ray Fl will no longer bo cut orf by the knit'e-edge,
and the point I will appear bright vpon the screen. The lens Lz will have
produced an image ol the dchliere O upon the screen at I.

1n order to .nvestigate the quality of this optical image, we need to
consider the cxact illuminating conditions at the point 0 and the manner
in vhich this light is prescented to the projection lens Lp. Fig.2 repre-
sents these 1lluminatling conditions., As the 1lluminating slit 1s at the
docus of the rfirst lens Ly, parallcl Jight cmerges corresponding to each
point on the slit allhough beams Jrom various points on the slit are not
all parallel %o cach other. Any point 0 in the 1ield will be illuminated
by one ray irom cach polnt of the slit, tn fact by a Tan of rays making an
angle © vhere 9 is the angle subtended at the lens by the slit. TFor small
values off © we have -

p = 4 (1)

where d 1s the slit width
and 1y Ls the tocal length of' the lens L,.

Fig.3 now shows the same cone being fooussed by the lens Lo to form an
image 2t I, the entire fan having been deflected sufficiently by the dis-
turbance to'prevent any wt orr at the knife edge K. The maximum possible
light is now going into the image I. Should the movement at the knife-
edge be insutTiciont to clear the knife-cdge completely, it can readily be
seen that this provides an erfective reduction in the slit width and the
angle @ will be glven by
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where dp 1Is the width of the beam transmitted past the knife-edge
and s 18 the Tecal length or the second lens,

In practice therefore the 1lluminating angle will be less than the value
given by equation (1) and may vary with the deflection e.

In conventional lens theory, the angle B determines the relative
aperture or ¥/no at which the lens Lo is worklng , the approximate rela-
tion between them being, vor small angles 0

f/no = g. (3)

For a typical case, the slit width may be 0,020" and the focal length of
the lens Iy may be 120", The image i1s then beinz rormed by a beam of angu-
lar extent & minute of arc and at an aperture equal to £/6000. The result
1s that the lens will have an enormous depth or focus in the object spare
about 0., The narrow angular beam causes diffraction erfects to become
prominent and the image, in the case when all the light passes the second
knifec edge, takes on the characteristics of' the diffraction pattern of the
1lluminating slit., Wwhen the knife edge cuts off part of the light, the
resultant 11lumination is a complicated function of the dirfraction pat-
terns of' the slit and the knif'e edge.

Another method of considering the 1ooussing problem is illustrated in
PFig.4 where the light path, because of its extremely narrow angle, is ron-
sidered to be merely a "light ray". The point Oy deflects the ray by an
amount €4 but berore striking the lens Lo, the ray meets another distur- |,
bance Op vhich derlects it a further amount €2. (On arrival at the lens the
total deviation 1s g4 + &5 and the lens finds 1t impossible to distingui.h
these deflectinns s separate entities, The 1ight patch at T will mecrely
be a function of Le4 taken along the entire light path and the lens has ne
fooussing action, Bad windows, poor lenscs or mirrors, convection currents,
local irregularities will all show up in the final picture, In addition to
the alteration in intensity, the position or the image I of the Schliere 04
will be affected by the presence or the disturbance Op, the image shitf't
depending on the term € ot (where + is the distance 0102) arnd the magni-
fication ratio between the image planes of 04 and I. This image movement
is 1ikely to be small; a window with a local deviation of 1 mimute of arc
will move the image of' o 3chliere 10" rrom it and photographed at a 3 & 1
reduction only by €.001",

We now consider an arrangement with two slits and two knife edges sc
arranged that the beams from both slits are cut ofr simultaneously, Fig,2
will apply again and the angle between the two beams will be given by
equation (1) wherec d 1s now the distance between the two slits, which can
be made much greatcer than the individual slit width. ¥®ig.L4 shows these two
rays both being deflected an amount £4 at the Schliere 04 and coming %o a
foous at the peint I, the congugate point to 04, The final image of the
Schliere is rormed by the superposition of' these two images. If a second
small disturbance occurs at the point Cp In the path of one beam only, this
beam will be deflected while the ether will be unchanged and will form the
image T with the szume intensity and at the same position. For a system
with a large nmumber of' slits and corresponding knife-edges, i.e., tor two
complementary grids, there will be a large number of rays forming the image
of the point 04 and the presence of a small disturbance Op in one or twe of
the beams will be completely swamped by the larger mumber of undisturbed
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beams, The systcm now hag a Pocussing action and the image from every
51it will only colnclde exactly in position and brightness for dristur-
bances on the one plane 04, conjugate to the image plane.

An alternative point of view uses the concept or the £/ne, 7ith
the same lens as previously censidered, the single slit width of ©,020"
may be replaced by o 12" grid containing 100 or more slits.

The angle © sublcnded by the outer beams at the projection lens Lp
1% now about 69, equivalent to £/10 and at this relative aperturce the
depth of Tocur will be much reduced; small disturbances nearer or far-
ther rrom the lens not being recorded. This 1s not exactly squivalent
te the usual case of lens focussing as thore 1s not necessarily any phase
relationship between the various biams aond they will therefore not inter-
ferc to form a diffraction image in all cases.,

3 Optrcal Limitations of the Focussing System

The explanations glven of the focussing action aiso help to bring
out some of the limiting raclors in this type of optreal imogery.

As the final image is made up Trom overlapping images Tormed by dit'-
verent light rays, 11 15 essentral that these rays should all have the
semg deviation, but vnless btwo-dimensional Schlicre arc being cbserved,
so that otherwise the rays are in a vnirorm medium, this is not laikely to
happen, Each ray will pass through a dirierent part oi’ the three dimen-—
grenal field, therce will be small dilrerences in the deviation of each roy
and the Lmages rormed on the screen will have ducterent brightnesses and
positiong, The iinal pleture will not have the corrcet intensity and will
be slightly bluyred Lo these deffercnces in deviation arc small, vhile ter
Jchlicre of emall diamcter a meltiple imape may be rformed. Thig efrect *.
rather similar bo the erfeet of optleal aberratlions upon the Minal image
quality or o photograph,

A Yurther diffrculty aritscs r'rom the tact that the beams striking the
Schlicre, do not do <o all at the samc angle, and will therefore be Jdevi-
atcd by unequal amountis, Hince the angle subtended by the beam 18 small,
this dirference is unlikely lo be large unless the mean angle between 1h
beam and the donsity grodient ig large, This cr'rfeet always exists however
and must lead to an uncertailn rclationship botween the density gradicnt
and the intensity ln the S8chlieren image.

The use o' the term "depth or tocus" suggests that, outslde a certain
range, doviating objects will net show in the final picture. This is only
partly trve, dopending largely upon the size of the disturbance., Tor a
very small dislurbance, well outside foous, only one beam may be aff'ectoed
and the loss to the final image may be small, But 1f the disturbance
affecets o large proportion of the total beams, it will be very noliccauvi.
in the final picture 24 an intensity dirfference and a very small shif't in
posttion. Should he disturbance cover completely the required Schliere
then the deviaticns will be additive, the position or the image on the
screen w1l be altercd and the intensity of the image will corrcspond to
the combaned deviation and will, therefore, not be a true indication of
the deviation os the Gchliere in focus,

vhile it 1s trvc lhat the efTec. of an out of ocus disturbance on
the focvgsed Schlierce 1s much reduced, the opposite 1s also true and an
out of' rocus disturbance avtects the image over a much larger area. In
Fig.5 a disturbance 02, not in focus, would in a single slit system merely
at'feet an aren AR cqual to 1ts own area in the plane or foocus. Using a
mulii=slit sysiem vith an iiluminating ccne o1 angle 6 an increased area
A'DR! will be grtected by the disturbance even though the inrluence of' the
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disturbance will be much reduced in the original area AB, The erfect of
the out of r'ocus disturbance is spread out and weskened,

The rocussing esrect 1s 1n many ways very similar to that seen in
normal pictorial photography where objects not in focus still appear in
the I'in&dl plcture unless they are very small, They appear to be larger
than when in focus, are very diffusc and when subtending a small angle at
the camera, allow other objects to be seen through them. This is the
appearance of out o' Tocus disturbances in a Schlieren figld and ir thesec
disturbances are large 1n area or possess large deflectlons they will
always be apparent in the final picture although 1n a dirruse manner. In
the Schlleren casc moreover there may be an increase in 11lumination and
a slight change of' the position of a Schlicre 1n the plane ~f focus, due
to an out of focus disturbance.

In spite of these difriculties, in a great many cases information
sbout a three-dimensional system can be obtoined by taking a sertes of
photographs through i1'ccus. The position of any Schliere can then be esti-
mated by finding the plane of sharpest imogery., When sharp discontinuities
are present, this cir be done wath an accuracy comparablc to that or focus-
sing 1n normal photography, In general, however, a change of focus will
merely alter the intunsiiy distribution in the image, there will be nothing
definite to focous vpon and the new intensity distribution will not be a
reliable guide to the actual density gradients in the plane of' focus.

L Der'ects 1n Optical Components

In focussing systems 1t may be possible to reduce the gquality requrred
in the wvaindows, mirrcrs cte. of the system, The wind tunnel is normally
clesed by windows of thick glass and the problem of obtaining glass of
sufticicnt strongth and homegenerty is very difficult to solve except at
great expense and wnth greai waste of glass in seleetion. Fig.6 shows a
focussing system or a wind iunnel. ERach Schliere 0 in the plane of focus
is illuminated by a cone ol angle 6 given by equation (1), and this cone
wiil interscct the window 1n a patch.of s1ze h given by

€4 £

h = £8 = — = (Z;_)
iﬁ f/’no
where £ 1s the distance from the Schliere to the window
d 1s the size or the grid containing the slits

£y is the tocal length of the rirst lens or mirror
T/no  is thc relative aperture of.the 1lluminating beam.

For a beam of rocal ratio £/10, the window paich slze frr a wind tunncl
o' total length 20" (£ = 40") will be about 1". The wandow wvall not affcci
the Schlicren images 1f any patch 1" in diameter contains a large proportion
of undeviating glass, By far the most common derect or glass i1s the pre-
sence of ream (or veins) in the form of long threads or filaments which, in
a single slit system, are registered directly upon the screen. They posscss.
however, only & small area and would disappear in many cases vwhen a focus-
sing system 1s used. Ordinary twin ground and polished plate glass, selce-
ted to be frec from major derccts, should be satisfactory for a system with
the dimensions quoted.

The mirrers or lenses are illuminated by each point in the Schlieren
Tield over an area instcad of there being a point to point correspondence.
The size or the illuminated patch will be governed bj equation (4) where {
1s now the distance rrom the plane of focus to the mirror. The mirror can
then have local dervcts, polishing marks, smail pits or narrow grinding
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zones wlthout atrecting the image, providing these never cover a high pro-
portion o this iiluminated area.

5 T'ocussing System No.t

This, die moo b sumple system, consists of a single lens and 1s shown
in Pig.7. Here L 1s thc lens, AB the srad, CD ihe focussing plane con-
talning the Schlicre, ¥ the plane of the complementary or kmare-edge grid
vpon which the lens forms zn image or the primery grid., The plane GH,
conjugatc to the Hcohliere plane CD, contains the screen or photographien
Tilm upon vhich the image is recorded.

With the notation shoun in the diacram, we can derive quite simply
the rollowing rclationships. The maxwmum diamcter h  or' the Schliere
obscrvable is

no= X, D) (
1 L

In this system, then, a sizeable field d(%ﬁ can be obtained with a

!
lens ot rzero aperturce D. Using the full field given by equation (5) the
extreme points suffor rrom considerablse vignetting and the focussing ef'foct
is accordingly much reduced., The largest {"ield that can be used without
vignetting 1s given by

h = @—M (6:’.1)
L L

1’ the Schllere 1s nearer the grid and a large grid is used or by

)
T
gl
1
&
R
[

SN @

1f' the Schliore 18 near the lens and a large lens is used., The effect of
vignetiing 1s to make the laght inionsity less 1n the cutler parts of the
rield. As this upsets completely the relationship between lighi intensity
and deflection, and may lead to the masking of Schliere in the outer parts
of' the f1eld, vignetiing 1s a bad fault 1n these systems. It should be
1nvestigated 1n the undisturbed field and only the central unvignetted
area used in subscquent work.

The total 111umln@ting cone 1s given rfor small angles by the smaller
value or the two expressions

. 6 = ._g_ . (7a)
or !
' 6= B (7b) .
L-¢

These are for corrcsponding conditions to those of' equations (6a) and (Gb)
above,

The sing' of the complemchtory grid must be

=) ' (8)

WL

-
i 4

, Cooa = 4

[
-
[
—_—
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The sizec orf the 1mage on the screen 1s

) (9)

:
ht = h(—%—

This 1mage size can always be made more convenient by the use of an
auxiliary lens between the complementary grid and the scrsen.

The necessary focussing conditions are

1, A
A (10)

+ -4
LI

= =
[l B

In this equation all the fterms are regarded as positive in Pig.7.

The 1mage movement 4s' at the knife-edge tor a deviation e at the
plane 04 is given by

Ag' = ¢ (_L“_‘aﬁ (JH)

L

The total deviation to bring the image from zero to maximum intensity
1s given by

Emax = (Lf'ﬂ) (12)

where s 1g thce width of the individual slits an the primary grid.

The black spaces 1n the primary grid should be large enough to pre-
vent interference between the individual beams at large deflections. The
thickness of the black spaces is given by

t = E(i~8) (13)
vherc E 1is the maximum deflection possible in the Schlieren system.

Equations (5) to {13) suffrec to design or to calculate the perfor-
mance of this type of system. As an example wc take a system with a 3 : 1
reduction of the grid and a rendering or the Schlieren r'ield at 1 : 1 mag-
mfication., From an application of equations (8), (9) and (10) the dimen-
sions become L = LF, £ = 2F and if the illuminating cone 1s to work at
P/10, D = &0 or =F/5, The lens should have a minimum aperture of
/5. IO the system is to work with a 20" wind tunnel, the Schliere being
approximately central, then L must be above 20" i,e. 4F = 20" or P = 5
and D = 1". The system can use a 5" £/5 lens, )

¥or practieal reasonsz, the largest grid would appear to be about 12"

square 1,8, 4d = 12". Application of equations (5) and (6) gives
n o= 12x2 , 1x2 . 65" 17 vignetting is permitted
4 L
or h o= 6" - %" = 53" if ne vignetting is pormitted.

The complementary grid at 3 : 1 reduction wall be 4" square and at
this sizc the width or the line obtainable with sufficlent definition 1s
about 0,003" equivalent to 0,009" slit width in the primary grid. With
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this slit width and the grid-Schlisren separation of 10", the total devi-
0.009

10
Wrth the sysiem set to meon intensity 2 range of + 1% minutes of deviation
agan bhe measured.

atlon from zero to maximum intensity will be = 3 minutes of' aro,

This calculated system is relatively 1nsensitive, at mean setting a
1Q% change 1n brightness boing given by a 9 sec &ev1atlon. The field ecover
is high for the diameter of the lens, an unvignetied field of 53" being
given with a lens of only 1" diameter. It has therefore been called a
wide-field system. To achleve this wide Tield, however, requirecs the use
of large grids with rinc slits and these are not easy to make and set up.

The lens requirement should be easily met, the system calculated re-
quiring a 5" lens at £/5 covering a ficld angle of 30° total, The main
disadvantage of the method 1s that the principle rays are inclined at an
anglc to the axis of the wind tunnel, and that therefore, unless the
Schliere arc approximately bwo-dimensional, the intensities recorded upon
the screen will not be truly represcntative of the density gradients of
the Schliere in fcous,

6 Focussing Systoem Neo,2

The previcus system requires a lerge diameter grid unlike the usual
systom which requires large diameter lenses, A modification to the first
system makes use orf a large grid prcduced 0ptlca11y. The arrongement is
shovm 1n fig.8 in which an imapge of the real grid 8 is formed by a lens I
at a position 3'. A condensing or field lons Lo must be used to form an
image of the lens Ly upon the third projection lens Lz to ensure an adequate
illuminating beam. The runction of this thurd lens 1s sumilar te that of
the lcns 1n the first fooussing systoem, namely io produce an image of the
grid 3' upon a complementary grla g* and an 1mage of the Schliere O upon a
serecn ot I. Tho equations of the previoue section govern the performance
of this part of tlhe wystem. A completely symmetrical arrangement can be
used with o supplumentary lens, 1f required, between the complementary pgrid
and the soroen.

This system may be more simple In usc, as 1t will be easler to make a
large field lens Ly than a large grid, particularly as the lens need not
have great accuracy of faigurc, The main disadvantapge of this system 1s its
length for it will be ot least twloc 2o long as the previous system, and if
the lens Lo 1s to have a reasonable rocal length may be morc than twice as
long., It also suffers from the same dirffleulty as the previcus system ir
the Schliere are not all in one planc, for the principal rays are inclined
to the axis, - ‘

7 - TFocussing System [o.3

This Ls the counterpart of the common parallel beam Schlieren system,
with grids replocing the slit and knife-adge. The system s shown in Fig.9,
in which the grid 5 1s placed at the Yocus of the lens Lo, so that a paral-
lel beam passes through the wind tumnel to the projection lens Lo. At the
foous of this lens, an image of the primary grid is formed upon the comple-
mentary' grid S'. An image of the Schiiere O is formed upon the screen at I.

!

' The introduction oir a fanite grld,of size d, 1lluminates the Schlierc
with a cone of angle 6 given, for small values of 8, by - -

LB:Q:_.:!__ 43
- g (13)
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where F 25 the focal length oy the two lenses
f/no 1s the relative aperture at which the 1liuminating beam works,

The diagram shows that Schliers 1n the plane O will not all be 11llu-
minated by this full conec of light, that vignatting will occur and that the
total dirameter of the field without vignetting will be given by

h = D =46 =D-C'—;- (1)

where £ is the distance of the Schliere from either lens if placed cen-
trally or is the longer of the distances 140 ,Lo0 1f unevenly spaced. The
fiecld is therefore restricted comparced vwith the usual single slit systcom
1n vhich a ficld equal to the lens diameter D is obtained, The size of
the Schlicren.field upon the screen I 1s given by

o

[asy

h' = & (.2

and ¢' and 4 arc connected by the equation

- (16)

+

B

1 il
B FA

with both distances being regarded as positive in the diagram,

The change 1n ray position As' at the complementary grid for a devi-
ation & 18 given by

' Ast = eF (17)

and so 1z independent of the separation of the two lenses and the Schliere
posttion, The maximum meastrable deflection from zero to maximum inten-~
sity is then given by

Chnax ~ % (18)

where s 1s the width of the individual slits 1n the grid.

These equations (13) to (18) allow the complete system to be designed
cr the performance of a given system to be calculated,

As a mumerical example we will assume twn 36" £/6 lenses are used for
the lenses Ly and Lp. For an illuminating cone working at £/10 the grid
size frem equation (13) is d = 3.6". From equationn%ﬁG), in order to
have a real image of the Schliere O formed upon a screen, £ would necl
to be larger than P i.e. 36" becomes the least value for ¢. Under such
clrcumstances we find

no= B0 _36 . 59" o380 o 2.9,
6.3 10

The field without vignetting is much reduced and would be reduned to
zero if with this arrargement the lenses had been separated by 144" to
produce a 4 : 1 image of the Schliere upon the screen at I, However the
use of an auxiliary lens placed beyond the knife-edge allows the tws lenses
to be brought oloser together, and we therefore take the case of Fig.9 with
the lenses separated by 20" and an auxiliary-lens placed at Lz to focus the
Schlieren image,
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The unvignetted drameter then becomes
h = 57" - 1" =4.7",

By application of equation (16) to L, and L succedsively, the necessary
focal length of the lens L3 can be Pound. ' For siit widtihs or 0.005" in
the primary grid, the maximum deviation becomes (equation 418) equal to

28 seconds or arc or at o mean 1nten5Lty gbttlng + 44 seconds of arc. The
10% 11llumination change in sensitivity is then 1% secs of arc, The system
may be made less sensitlve by having wider slits on the grid.

This system has greater sensitivity than focussing system Nc.1, hag
rather less icld and reauires threc large lenscs and two dmall grids.
Compared with the usual non~focussing type, it achicves its focussing
actlion at the cxpense of a reduced t'leld and the necessity for an auxi-
liary lens,

8 Application to Mirror Systoms

A common wind tunnel Schlicren system uses concave mirrors in placce
or a lens, the sysicm being shown in Fig. 10 , The slit end knife-edge are
not on the axis or the concave mirrors but are offset %o prevent inter-
ferénce with the main paralilel boam. They are ofiset by equal angles on
opposite siden or the axls, the coma orrors introduced by the two mirrors
are then cqual and opposite, the rinal image at the knife-edge being coma-
Iree but suiering vrom astigmatiss which does not cancel.

A typleal sysbom uscs mirrors 10" in diameter, working at £/10 or
1/1), vith a mirror scparation orf 120", This may be converted into a
Tocussing systom by the substitution or prids For the slit and knife- ~GUgL
The sizc of Lhe grids required for a given i1iluminating angle can be iound
from cquation (13), PFor a rocal length or 120" and a diametcr of 40", an
{1luminating conc ou' £/10 requires a 12" grid and with the murror scpara-
tion of 120" and thoe Schlicre mid-way botween the mirrors, this gives an
unvignotted freld of only 4",

18 the Schliore Ls within the foous of the second mirror an auxiliary
lens must be vsed o focus the Schlicrc vpon the {inal screen and this
lens must have a diamecter as large as the second grid, i1n this case of 42"
or cover in diameter.

These flgures admittedly ref'er to an £/10 system, this being a purcly
arbitrary choice, Using an illuminating conc of £/20 corresponding valucs
berome 6" for the grid and auxiliary lens diameters and the unvigneited
field becomes 7". These values are morc accepbable in many respects bui
the focussing ericct will be much reduccd by this change, The 111um1natc
patch size on the window of a wind tunnel 20" in length will be only v
or ror a 5" wind tunncl only &t As disturbances have to be small comn
pared with this pateh size, lt 18, gloar that there will be very little
focussing efTect w1m the 5" tunnel although some advantage might be ob-
tained in the 20" tumncl.

Another difriculiy in using o conventional mirrer system becomes
apparent in Fig.11. The opﬁlcﬁl path 1s halved by using an avxiliary
planc mirror to 'old up the light path and thus allew the main mirrors to
be brought closer togcther. When a grid is used, the necessary diamcter’
of the plane mirror is increascd, rrom 5" to 8 Lor an /20 systom or to
111" vor an £/10 system, The orff axis angle will have to be increased
considerably to prevent the interference of this mich enlarged mirror with
the main beam, This incrcase in anglc brings increased astigmatismin the
mage, this astigmetiem growing rapldly with angle, It is also apparent

.-.11..



that all the slats do not subtend the same angle with the axis and for
those at one edge of the grid on extra 3° apgle 1s necessary for an £/10
system, The incrensed nstigmatism present in some of the slit images
w1ll errectively reduce the focussing action of the system and cause a
general loss of definition, this being accentuated by the loss due to the
increase ol the overall angle with the axis and consequent astigmatism,

The sensitivity of the mirror system should not be affected by the
substitution of the grid providing the slit dimensions have been correctly
chosen, It seems unlikecly, however, thol the full benefit of a focussing
system can be obtained with the usual concave mirrors cwing to the large
f/no's and because of the necessity of forming 1mages of pood quality at
large angles off-oxis, Ifirrors are known to be poorly corrected for ofr-
axls aberrations and, from this point of view, the use of well corrected
flat~field lenses of much shorter focal length seems to be necessary if
the rull advantage of the focussing system is to be obtained,

9 Practical Details

It is not easy to suggest the best values for all the variables of
these systems, and 1t may well be that the Schlieren user will require a
number of systems having difforent sensitivities and field diameters,
these being the main variables, For fields of 4«5 inches diameter with a
107% sensitivity of 2-3 secs deviation, the system of section 7 using 36"
£/6.3 lenses should give good results. Shorter focal lengths could be
used with a loss of field ard sensitivity,

The two main lenses could be photographic lenses or even doublet
lenses could be uscd as they have to handle a total angular field of only
69, They should be well corrccted for spherical aberration, coma and
chromatiec aberration if the illumination in the Schlieren field is to be
uniform, frec from colour, and the full rocussing effTect 1s to be obtaincd.
The auxiliary lens required cannot be the usval single lens as the image-
Torming light 1s no longer confinecd to a single ray but has o cone working
at around /10 1n the cbject space and occording to the final image size
may work at even smaller apcrture ratios in the image space. The spheri-
cal aberration prescnt in a single lens may then be suff'icient to destroy
the definition in the Schlieren image. For an image size of 4" in the 36"
system, the auxiliary lens has an aperture of 33", a focal length of 18"
and has tc cover an image 5" 1in diameter., A {lat field photographic lcns
is necesscry here,

The primary and complementary grids are required to match each other
wirth great accuracy, and the optical system should form an image of the
primary grid with the highest possible definition. The complementary grid
may well be made by photography through the system using a photographic
plate in the position at which the primary grid is focusscd. The photo-
graphic plate, af'ter processing, becomes the complementary grid and has to
be replaced in the same position., Auxiliary marks should be placed on the
edges of the primary grid, so that the plate after processing can be re-
placed and re-aligned with the optileal imnge of the primary grid, This
method of making the cemplementer; grid has the advantage that any distor-
tion in the lens svstem will be compensated and even though the siit image
moy be curved slightly, the complementary grid will still match xt. If
the complementary grid is made by contract printing from the primory grid,
this matching vi1ll not occur in the prescnce of lens distortions and inten-—
sity errors will arise.

!
It should also be noted that 1t is essential Tfor the complementary

grid to be replaced in the correct plane with great care. If this is not
done, the imagce of the primory grid will not be in focus on the comple-
mentary grid and intensity differences will be blurred over. In addition
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the scale of the wnage will be wrong, it will not be possible to have all
the =lits cutting off teogether, the intensity due to sach slit will be
drfferent, the focussing cffect will be reduced and the relationship be-
tween intensivy and arr density gradient iy vary over the fleld., It will
thercfore be neccssary bo pay more attentiron to the correct focussing and
aligrment of thoe complemenbary grid when sctiing up the apparatus, thoan is
usval 1n the casc of 2 single knifec-edge.

As the grid gystem requircs the optical components to give an image
over an extended freld with o fimte aperture, lenses arc more appropriate
than mirrors, They have however appreciable chromatic aberration and Lt
may be neccssary to vork #ith monochromatic light perhaps from a sodium
lamp or green mercury light filtcred from a high pressure mercvry lamp,
Unless approximately monochromatic light 1s used the image formed on the
complementary grid may have dirfuse coloured edges and the visual Schlicren
field will have coloured patches,

Iliumination of the primary grid may prescnt a problem as the arcato
be illuminated is large (up to 12" square) and cach slit in the grid muot
Llluminate the whole of the unvignetted field. A condensing lens of large
dlameter can be used if the source has 2 large enough arca te illuminatc
the cntire fiecld, & condition not found in the compact source type of high
pressure mercury lamp. The compact source lamp 1s so desirable for its
nearly monochromatin, highly intense light output that 1t will largely be
used for focussing systems with an opal glass drffuscr closc to the grid,
This method of 1lluminating loses a great deal of light in the opal glass
and the [Minal image brightncss of the Schliere upon the scrcen may be lower
than the brightness normally met in zingle s1it systems.,

10 Conclusicns

(1) The focussing effcct depends upon the incrcassd 1lluminating
argle obtalned when grids arc substituted for the usual knife-edges.

(2) The cffect upon the final image plane of an out-cr-focus Schlicre
depends larpely vpon the amount of doviction causcd by the Schlicrce and its
area,

{3) Arcas with large deviatlions w11l always be recorded in the final
image cven though much out off focus,

(L) The location or discontinuiires can be found from their planc of
best {ocus.

(5) The rntensity distribution in the plane in focus 1s not a reli-
able guide {0 the density gradients in that plane.

(6) ¥Focussing systems have by normal wind tunnel standards a small
working field,

(7) TFor parallcl beam systems the unvignetted ficld is considerably
less than the mairror or lens diamcter although the grids can be small in
size,

{8) Por inclincd beam aystoms the field can be larger than the lens
dlameter aliheugh very large grids may be required and these are dlfficult
to make and 1lluminatc,

(9) The inclined bcam systems are at a disadvantage with three-
dimensional Schlicre,



(10) Wirror systems are not as well suited as lens systems because
of the large off-axis aberrations likely to be introduced. Present wind
tunnel mirrors cannot effectively be adapted to focussing systems,

{11) These focussing systems require very great care in setting up
and adjustment.

(12) There are likely to be more sources of intensity errors in a
focussing system and quantitative work is not likely to be accurate.

(13) The focussing systems are not suiteble for general wind tunnel
work beceuse of their smell fieclds but may be of use as special tools for
investigating problems in three dimensions.

(14) The use of lower quality windows and optical components s
possible in focussing systems.
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FIG.5,6.7&8

FIG.5 AREA AFFECTED BY A DISTURBANCE
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