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SUMMARY SOMMATRE 

The paper reviews the present state of 
knowledge concerning the use of schlieren, 
direct-shadow, and interferometer tech­
niques for visualizing and photographing the 
flow in high-speed wind tunnels. Emphasis 
is placed on the most widely used techniques, 
but brief details are also given of methods 
which are in an early stage of development, 
or which are useful only in a limited range 
of investigations. Information on suitable 
light sources and photographic materials is 
included. 

Cette etude passe en revue les emplois 
que nous connaissons, a 1'heure actuelle, du 
schlieren, de 1'ombre portee, et des tech­
niques interferometriques, pour visualiser 
et photographier l'£coulement dans les souf­
fleries a haute vitesse. L'accent est place 
sur les techniques les plus commun^ment 
employees, cependant, quelques details sont 
aussi donnes sur des methodes qui commen-
cent seulement a se developper, ou qui ne 
s'appliquent qu'a un domaine limite d'in­
vestigations. Des renseignements sur les 
sourcesde iumiere, et le materiel de photo­
graphic, a employer, completent cette etude. 
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PART ONE 
SCHLIEREN METHODS 

I. INTRODUCTION 

Numerous methods are available for vis­
ualizing the flow past the model under test 
in a wind tunnel. These include the use of 
tufts (Refs. 1 and 2), smoke (Ref. 2), an 
oil film placed on the surface of the model 
(Refs. 3 and 4), and the vapour-screen (Ref. 
5) and tuft-grid (Ref. 6) techniques for ob­
serving the vortex pattern behind the model. 
Many methods for the visualization of 
boundary-layer transition are also available 
(Refs. 1 and 2) and frequently depend on the 
physical or chemical behaviour of a deposit 
placed on the surface of the model. For 
information on these techniques the reader 
Is referred to the references cited and to 
their bibliographies. 

The present paper is concerned with the 
use of optical methods for observing the 
changes of refractive index which accompany 
the changes of density that are present in 
the flow past the model at sufficiently high 
Mach number. These methods are of con­
siderable value in a wide range of inves­
tigations. They enable a large field to be 
surveyed rapidly without introducing ex­
ploring instruments that may disturb the flow, 
and can be arranged to give almost instan­
taneous records thus avoiding difficulties 
that may arise, if the flow is unsteady, from 
the comparatively long response times of 
other methods of observation. 

We are here concerned with the use of 
optical methods in routine wind tunnel experi­
ments; although much of the material is 
applicable, we do not deal explicitly with 
the uses of the techniques in flight or in 
ballistic ranges or shock tubes. For details 
of these applications the reader is referred 
to Refs. 7 to 21. Also, no account is given 
of the uses of the techniques for the study of 

specialized problems (e.g. combustion prob­
lems and turbulence measurements) many of 
which are adequately covered in Ref. 22. 

Most attention is given to the methods that 
have been found to be useful for a wide range 
of wind tunnel investigations; other methods, 
many of which require further development 
before their value can be properly assessed, 
are dealt with only briefly. Since a number 
of accounts of the theory of the methods have 
already been published, emphasis is placed 
on the physical nature of the methods and on 
the practical problems that may arise in 
using them. However, it was felt that a brief 
statement of the theory dealing with the 
effects on a light beam of the density of air 
in the working section of a wind tunnel would 
be appropriate. 

The refractive index, n, of a gas is related 
with sufficient accuracy to its density,/0, by 
the equation 

n - I = kp 

(1) 

where k is a constant for a particular gas 
and a particular wavelength of light. 

For air, it is convenient to write this 
equation in the form 

i 
no (2) 

where P0 is the density at normal temperature 
and pressure. The factor K is dimensionless 
and, for air, varies between 0.000290 and 
0.000298 for the visible-light spectrum. 

Thus the density changes which occur in 
the motion of a compressible fluid past a 
body are accompanied by changes of refrac­
tive index which may be observed by optical 
techniques. If the technique is such that the 
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refractive index can be measured quanti­
tatively either absolutely or in relation to 
some datum value (e.g. thatof the undisturbed 
stream), the corresponding absolute or re l ­
ative density can be calculated. Knowing the 
local density, it is then possible in some cases 
to deduce the other local conditions from a 
knowledge of the conditions at the intake of 
the wind tunnel and that the flow is substan­
tially homentropic, or by making supple­
mentary local pressure measurements, or by 
allowing for the changes which take place 
through shock waves upstream of the meas­
uring station. 

Although the principal use of optical 
methods is for the visualization of flows at 
high Mach numbers where there are compar­
atively large density changes, some of them 
have been used with success to observe the 
small density changes that are present in the 
flow in atmospheric tunnels working at speeds 
as low as 100 ft . /sec. The methods have also 
been used to observe artificial refractive-
index changes produced by introducing into 
the flow filaments or small isolated volumes 
of a gas whose refractive index differs from 
that of the general s tream. This may be done 
by injecting a gas such as carbon dioxide into 
the wind tunnel, by heating a filament (Refs. 
23 and 24) or a small volume (Refs. 24, 25 
and 26) of the airs tream, or, in the case of 
a high-speed tunnel, by observing (Ref. 27) 
the wake of a wire placed across the flow 
ahead of the working section. It must be 
remembered, however, that although filament 
lines or particle paths may be observed by 
the use of artificial changes of refractive 
index, this is not the case when the method 
depends on the natural changes of refractive 
index. 

Consider a beam of light which is passed 
across the working section through glass 
side windows and which eventually falls on 
a screen. If the density in the working section 
changes, the time of arrival at the screen of 
a particular point on a light wave will change 

because the velocity of light, c, is related to 
the refractive index, n, by the equation 

(3) 

where c* is the velocity in vacuo. In the 
interferometer technique, due to Mach (Ref. 
28), the refractive index in the working 
section is obtained by measuring this change 
in relation to the time of arrival of a point 
on a second light wave which does not pass 
through the flow field which is being studied. 

If in the working section there is a gradient 
of refractive index normal to the light rays, 
the rays will be deflected because the light 
travels more slowly where the refractive 
index is larger (Eq. (3)). The deflection of 
the light rays is a measure of the first 
derivative of the density with respect to 
distance (i.e. the density gradient) and may be 
observed by one of a number of so-called 
schlieren techniques. The best known is that 
due to Toepler (Ref, 29). 

Should the refractive index gradient 
normal to the light rays vary, the deflections 
of adjacent rays will differ so that they will 
converge or diverge, giving increased or 
decreased illumination on the screen. These 
changes of illumination are observed in a 
particularly simple schlieren system called 
the direct-shadow or shadowgraph and usually 
attributed (Ref. 30) to Dvorak. On certain 
assumptions it may be shown that the effects 
observed with the direct-shadow method are 
a function of the second derivative of the 
density. 

Since the interferometer, the Toepler-
schlieren, and the direct-shadow methods 
give observations which depend on the density 
and on different derivatives of the density, 
the three methods are complementary rather 
than alternative, each showing features of the 
flow which may not be clearly observed by 
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the others. Photographs of the flow at high 
subsonic speed past a two-dimensional aero­
foil taken by the three methods are reproduced 
for comparison in Figs. I-la, I-lb, and I- lc . 
For the interferometer, the apparatus was 
adjusted so that the fringes represent approx­
imately lines of constant density in the flow. 
In each case the exposure time was approx­
imately one microsecond. 

Of the three methods, the only one which 
has been used extensively for quantitative 
density measurements is the interferometer. 
The main use of the Toepler-schlieren and 
direct-shadow methods is at present to show 
the positions and shapes of regions of density 
changes such as those occurring in shock 
and expansion waves, and boundary layers 
and wakes. Used in this fashion these two 
methods require only comparatively simple 
apparatus and have contributed largely to the 
knowledge of the physical nature of many 
phenomena of high-speed flow. 

II, SCHLIEREN METHODS 

The arrangement of a schlieren apparatus 
depends to some extent on the nature of the 
flow that is to be observed. Many features 
are, however, common to all types of 
schlieren systems and for simplicity it will 
be assumed in the following paragraphs that 
the flow is two-dimensional. Later (see 
II(o)) the modifications that are required if 
the apparatus is to be used to observe other 
types of flow will be considered briefly. 

(a) The Deflection of a Light Beam 
by a Density Gradient 

The schlieren methods depend on the de­
flection of a ray of light from its undisturbed 
path when it passes through a medium in which 
there is a component of the gradient of r e ­
fractive index normal to the ray. It may be 

shown (Refs. 31, 32, and 33) that the curva­
ture of the ray is proportional to the 
refractive-index gradient in the direction 
normal to the ray and that if the z-axis 
is taken in the direction of the undisturbed 
ray, the curvatures in the xz and yz planes 
respectively are given by 

dz2 
dn 
dx 

i l . I -3n 
dz' 

L £n_ 
dy 

(4) 

(5) 

If the total angular deflections in the 
xz and yz planes are denoted by «'x and «'y 

respectively, then 

•x J n dx 

r' = f l in. 
y J n ay 

dz 

dz 

(6) 

(7) 

If the optical disturbance is in the working 
section of a wind tunnel, the ray of light will 
be deflected on leaving the tunnel so that 

n sin « n0 sin < 
(8) 

where n0 is the refractive index of the air 
surrounding the tunnel, and n the refractive 
index in the working section. Thus, the final 
angular deflections, « , measured beyond the 
tunnel are 

J_ f in. 

no J ^ 

n o J dy 

dz 

dz 

(9) 

(10) 

where the integrals are taken over the width 
of the working section. 

3 
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In the case of two-dimensional flow in a 
tunnel of width L, these expressions become 
simply. 

x n o <3x 

. = JL. AD. 
y no dy 

(11) 

(12) 

the deflection being in the direction of the 
refractive index gradient (i.e. towards the 
region of highest density). 

(b) The General Arrangement 
of the Apparatus 

A typical schlieren apparatus is sketched 
in Fig. II-1. Here the light source, S, is 
placed at the focus of the concave mirror , 
M,, so that the working section is illuminated 
by a parallel beam of light. A second concave 
mirror , M2, placed beyond the working 
section, produces an image of the source in 
its focal plane, K, beyond which a focussing 
lens, L, is used to give an image of the model 
in the working section on the screen or pho­
tographic plate, Q. Since the light is parallel 
between M, and M-,, that from each point 
in the xy plane may be considered to give an 
individual image of the source in the focal 
plane of M2 . If there is no gradient of 
refractive index (or if the gradient is uniform) 
over the working section, the individual 
images of the source will coincide, but if 
the gradient in a small area differs from that 
in the rest of the field, the angular deflection 
of the light, « , will cause the corresponding 
image in the focal plane, K, to be moved by 
an amount given with sufficient accuracy 
by f2c , where f-*. is the focal length of M**.. 

Irrespective of its direction, all light from 
a point in the object is brought to a focus at 
the corresponding point on the viewing screen. 
The image on the screen is accordingly not 
displaced by the deflection of the rays 
produced by the refractive index gradients in 
the object. 

Several methods are available for detect­
ing the displacement of the image of the light 
source. 

(c) The Toepler Method 

In the Toepler method (Refs. 29, 31, 32 
and 33), the displacement of the image of the 
source corresponding to the deflection of the 
light passing through a particular point in 
the field results in a change of illumination of 
the image of this point on the screen, Q. A 
rectangular source is used and a knife edge 
is placed at the focal plane, K. The edge is 
adjusted so that in the absence of the optical 
disturbance, part of the light from the image 
of the source is cut off from the focussing 
lens, L, so that the illumination on the screen 
is reduced uniformly. 

If, when the optical disturbance is intro­
duced, part of the image of the source is 
displaced as shown in Fig. II-2, the illumi­
nation of the corresponding part of the image 
on the screen, Q, will decrease or increase by 
an amount proportional to < y f2 according to 
whether the deflection is towards or away 
from the opaque side of the knife edge. 
Displacement of the image of the source 
parallel to the knife edge produces no effect 
at the screen and the edge must therefore 
be set perpendicular to the direction in which 
the density gradients are to be observed. 
Thus for shock wave observations the edge 
is, for greatest sensitivity, set in a direction 
roughly parallel to the shock front, and for 
boundary layer observations it is set parallel 
to the surface of the body. 
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The operation of a Toepler apparatus is 
illustrated by Fig. II-3, which shows photo­
graphs of the flow round a 12.5 percent thick 
double wedge held in the working section of 
a wind tunnel running at a Mach number (M) 
of 1.6, In the first photograph, the knife 
edge* was perpendicular to the chord of the 
aerofoil so that the components of the density 
gradient parallel to the chord are visualized. 
The positive directions of these components 
are sketched in the diagram and the deflection 
of the light being in this direction (Eqs. (11) 
and (12)), the shock waves appear as regions 
of decreased illumination and the expansions 
as highlights. In the wake, the direction of 
the density gradient is almost perpendicular 
to the chord, so that this is no.t so clearly 
visible** as in the photograph described 
below. 

other of low illumination. Except in the shock 
and expansion waves and in the wake, the 
density gradient is zero (although, of course, 
the density is not the same in the different 
regions of the flow) and the remainder of the 
photograph is accordingly evenly illuminated. 

A further example is reproduced in 
Fig. 11-4. This is of the flow past an aerofoil 
at high subsonic speed, and shows the separa­
tion of the boundary layer at the shock wave 
on the upper surface, and eddies formed in 
the wake. Since these eddies are moving in 
relation to the light beam at speeds approach­
ing that of sound, this example illustrates the 
importance of short exposure times for the 
photography of such flows. 

In the second photograph the knife edge was 
parallel to the chord, and the positive direc­
tions of the components of the density gradi­
ents perpendicular to the chord are shown. In 
this case the images of the shock waves above 
the aerofoil are regions of increased illumi­
nation, and those of the shock waves below 
the model regions of decreased illumina­
tion; the converse is true for the images of 
the expansion waves. The density gradient 
changes sign in the middle of the wake,*** 
and one-half of its image is of high, and the 

*In the photographs, the direction of the knife 
edge is indicated by the line dividing the black 
and white halves of a circle. The black part 
of the circle shows the position of the opaque 
side of the knife edge. 

**The reason it is visible is discussed in 
sectionQl) ( / ) ( ! ) in connection with focussed 
direct-shadow systems. 

***The static pressure being approximately 
constant through the wake, and the temper­
ature highest at the middle. 

(1) The Sensitivity 
and Working Range 

If light losses are neglected, it is easy to 
show that when the knife edge is absent the 
uniform 
(Fig. II-
by 

illumination, I0, of the screen, Q, 
1) is given with sufficient accuracy 

Bbh 
n*ff 

(13) 

where B is the brightness, b the breadth, 
and h the height of the light source; m 
is the magnification of the image on the 
screen; and f, is the focal length of the 
first mir ror . 

The dimensions of the image of the source 
formed at the knife edge are (f2/f, )h and 
(f 2/f, )b, and if all but a height, a, of the 
image is cut off by a knife edge parallel to 
the breadth, b, of the source, the illumination 
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of the screen falls uniformly lo a value, I, 
given by 

T Bbo 
1 = m2f,f2 

(14) 

where f8 is the focal length of the second 
mir ror . 

When the optical disturbance producing an 
angular deflection, 8« , of the light rays is 
introduced, the corresponding image of the 
source is displaced relative to the knife edge 
by an amount, f2S« , so that the change of 
illumination of the corresponding part of the 
image on the screen is given by 

81 
BbS. 
mM, 

(15) 

The contrast, C, of this part of the image 
with respect to the background is , therefore, 
given by 

C = I L f 2 S ' 

(16) 

and the contrast sensitivity, S, by 

S -- d jL 
d< a 

(17) 

Eq. 15 will cease to apply if the image of 
the source is displaced completely off or 
completely on to the opaque side ofthe knife 
edge. If this occurs, the image on the screen 
will either have an illumination I0 given by 
Eq. (13), or be dark, and further displacement 
will have no effect. 

The maximum range of displacement of 
the image of the source for retention of 
sensitivity is, therefore, equal to the height 
(fz/f, )h of the image, and the_corresponding 
range of angular deflection S« is given by 

S< _h_ 
f, 

(18) 

If the range of displacement for deflections 
towards the opaque side of the knife edge is 
n times that for deflections away from the 
edge, the quantity a is given by 

a = n+l 
f . « 2 O * 

(19) 

and the corresponding illumination on the 
screen by 

I = " T 

n + 1 l o 

(20) 

Under these conditions Eq. (17) may be 
written 

S = 
I l 

"s7 

(21) 

so that the maximum sensitivity that can be 
achieved in conjunction with a given range 
of deflection towards and away from the knife 
edge is (Ref. 34) inversely proportional to the 
total range of angular deflection, and inde­
pendent of any property of the optical system 
or of the light source. In practice the system 
is frequently set up so that the range is the 
same for deflections towards and away from 
the knife edge (i.e., n = 1). 
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It is usually undesirable for the range to 
be exceeded in part of the image of the flow,* 
because if this occurs there may be little 
contrast between the images of regions of 
strong and weak density gradient. To give 
an extreme example, a strong shock wave 
would not be visible if it was embedded in a 
region of gradual compression where the 
density gradient was sufficient to exceed the 
range of the apparatus. 

The range of the apparatus may be in­
creased (Eq. (18)) either by replacing the 
first mirror by one of shorter focal length 
(which is usually inconvenient), or by increas­
ing the height of the source. The height of 
the source may be increased physically (see 
section II(m)), or by means of an optical 
system consisting of a condenser lens as 
sketched in Fig. II-5. With the notation 
of this diagram, the magnification, m c , of 
the source (i.e. the increase of the range of 
the apparatus) is given by 

m r 

(22) 

and the focal length, fc, of the condenser by 

'c ' mc+ I 

(23) 

If the full field of the mirrors is to be 
used for visualization, the maximum illumi­
nation is obtained when the condenser is 

idjusted so that the light beam just fills the 
irst mirror , i.e. when 

(24) 

where d is the diameter of the mirror , and 
dc the diameter of the condenser. 

If the transmission of the condenser 
system is perfect, the brightness of the image 
of the source is the same as that of the 
source. Thus, under the above circum­
stances, the illumination on the screen is 
increased in proportion to the increase of 
source area, that is, in proportion to m c . 
In practice, this advantage cannot be fully 
realised, because it is usually necessary to 
stop down the image of the source produced 
by the condenser if the part of the image 
exposed to the first mir ror is to be uniform. 
Also, if it is required to increase the range 
without increasing the breadth of the source 
a slit, of width equal to that of the source, 
must be introduced in the plane of the source 
image, and in this case the illumination is 
increased by a factor m c . Since in practice 
the brightness of the source is reduced by 
using a condenser because of imperfect trans -
mission, the use of a condenser is undesirable 
if a source can be obtained with dimensions 
which give the required range. Because of 
the reduction of illumination, it is also un­
desirable to use too large a source and a 
condenser to produce an image of reduced 
size. 

The lens used for the condenser should be 
corrected for chromatic aberration, and free 
from internal or surface defects. 

* Except perhaps in the image of a region of 
very strong density gradient where it can 
hardly be avoided if the apparatus is to be 
sufficiently sensitive to visualize the remain­
der of the flow. 

Although, for wind tunnel applications, the 
main problem is usually to obtain adequate 
range, there are sometimes applications 
where high sensitivity is the main consider­
ation. The quantity, a, in Eq. (17) then needs 
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to be small, and if the brightness is fixed, 
there is an advantage to using a large source 
breadth, b, in order to keep the illumination 
of the screen from becoming so low that visual 
observations or photography are difficult. 

(2) Estimation of the Range and 
Sensitivity Required 

The deflection of the light rays produced 
by various simple types of aerodynamic dis­
turbances can be calculated. It depends on the 
direction at which the light enters the dis­
turbance, and on the extent of the disturbance 
as well as the density distribution within it. 
For two-dimensional disturbances (i.e. d is­
turbances extending across the working 
section from one glass window to the other) 
the light rays entering the disturbance remain 
within it, and are continuously deflected 
across the whole width of the tunnel if the 
disturbance is weak and of large extent.* 
The final deflection of the light rays is then 
proportional to the tunnel width as shown in 
Eqs. (11) and (12), If, however, the dis­
turbance is strong and of small extent,** the 
light rays which enter it may be deflected so 
that they leave the disturbance before t ra ­
versing the whole width of the working section. 
Under these circumstances, the final 
deflection is independent of the tunnel width. 

The weakest density gradients which need 
to be detected are usually of the first type 
described above, and the strongest density 
gradients of the second. Thus, as the width 
of the tunnel is increased, the range of de­
flections which the schlieren apparatus has to 
detect becomes smaller, and difficulties 

*For example, a Prandtl-Meyer expansion 
far from its centre. 

**For example a shock wave, or an expansion 
wave close to its centre. 

associated with the achievement of a satis­
factory compromise between range and sensi­
tivity become less severe. 

Formulae giving the deflections occurring 
in expansion waves and in plane and curved 
shocks have been derived in Refs. 35 and 36. 
These provide a useful method for estimating 
the range and sensitivity required in the 
preliminary design of a schlieren apparatus, 
but it is desirable to check these estimates 
by experiments with the apparatus before 
putting it into routine use. For this reason 
it is valuable to arrange the apparatus in 
such a way that the range and sensitivity are 
readily adjustable. This may be done, for 
example, by designing the source so that its 
height is adjustable (see section H(m)), or 
by having available a suitable set of graded 
filters (see section 11(d)). 

(3) The Effects of Diffraction 

The discussion in section 11(c)(1) of the 
effects of a displacement of the image of the 
source on the illumination at the viewing 
screen was based on geometrical optics. A 
more rigorous examination based on wave 
theory shows (Refs. 37 and 38), however, that 
the effects of diffraction may be important, 
ll is found that, although the illumination on 
the viewing screen is usually approximately 
constant in the absence of the knife edge, this 
is no longer the case when a knife edge is 
present. The effects of diffraction then 
usually result in increased illumination on the 
viewing screen as the boundaries of the 
aperture are approached (e.g. near the images 
of the wind tunnel walls and the model under 
test). Also, the illumination does not fall 
sharply to zero at the boundaries, but dies 
away gradually. The magnitude and extent 
of these effects increase as the amount by 
which the image of the source is cut off by the 
knife edge increases; for the amount of 
cut off used in most practical systems the 
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effects are usually confined to regions very 
close to the images of the boundaries, and 
result in the formation of narrow bright bands 
running adjacent to them. 

If a deflection is produced in the parallel 
light beam by the introduction of a density 
gradient, the effects of diffraction may result 
in a change of illumination on the viewing 
screen which differs appreciably in both 
extent and magnitude from that expected on the 
basis of geometrical optics. These effects 
are again usually small if the apparatus is 
used at low sensitivity with only a small 
amount of the source image cut off, but 
may become dominant if the sensitivity is 
high. The effects are not readily calculable, 
and thus affect the accuracy of the schlieren 
methods when used for quantitative density 
measurements. 

(d) The Graded-Filter Methods 

In wind tunnel work the range (see section 
11(c)(1)) of a schlieren apparatus frequently 
needs to be large, and it may be inconvenient 
to provide a uniform source which is large 
enough to give this, especially if the duration 
of the exposure has lo be very short for high­
speed photography. Moreover, if the range 
is adjusted by changing the dimensions ofthe 
source, the position of the knife edge in an 
off-axis system needs to be changed because 
of the effects of astigmatism (see section 
11(e)). 

To overcome these drawbacks of the con­
ventional Toepler method, a modified 
apparatus has been developed (Refs. 39, 40, 
and 41). Here, instead of a knife edge in 
the focal plane of the second mirror , a filter 
is used. This is graded in one direction so 
that the proportion of light that is transmitted 
changes as the image of the source is 
displaced. Since such a filter can be produced 
with any required dimensions there is no 

limit to the range that can be obtained; more­
over, a "point" light source can be used thus 
minimizing the optical aberrations and 
increasing the depth of focus of the apparatus 
(see section 11(c)(3)), as well as enabling 
direct-shadow photographs to be taken without 
having to change the source. 

Filters have been made by using a photo­
graphic enlarger to print from a neutral glass 
wedge on to a photographic plate, different 
sensitivities and ranges being obtained by 
altering the enlargement in the printing 
process. Filters with any required charac­
teristic could be produced by using a cam-
driven shutter to control the photographic 
exposure. In particular, the useof a linearly-
graded density in the filter would give an 
apparatus whose sensitivity was independent 
of the position of the source image relative 
to the filter, although of course the general 
level of illumination would change. This 
might be of value in a system subject to 
considerable vibration. 

The use of a graded filter instead of a 
knife edge is also found to lead to an 
improvement in the sharpness of the schlieren 
photograph. The improvement obtained with 
the filter is associated with the different 
effects of a knife edge and a filter on the 
diffracted light (Ref. 42) from the fine details 
of the flow.* In the focal plane of the second 
mirror , this light is distributed round the 
image of the light source. If a knife edge is 
introduced, the sharpness of the final image 
deteriorates because the diffracted light near 
one extremity of the source image is un­
interrupted, whereas that near the other 
extremity is entirely cut off, and that near 
the middle half cut off. For a graded filter, 
the diffracted light is nowhere complete-y 
cut off, but the intensity of its contribution 

•Similar effects of gradation of the aperture 
are discussed in Ref. 43, 
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to the final image depends on the position 
where it falls on the filter. Since the field 
of diffracted light is usually comparatively 
small, this effect is not serious for filters 
of shallow gradient, and the sharpness of the 
final image is hardly affected. 

In this connection it is of interest to 
compare the images of a pin hole placed in 
the object plane (e.g. the working section of 
the wind tunnel) obtained with schlieren 
systems using a knife edge and a graded filter, 
with the image when neither is present. 
Fig. II-6a shows the extension of the image 
in a direction perpendicular to the knife edge 
that would be expected (Ref. 42) because of 
the effects on the diffraction pattern of an 
aperture of this type. Fig. II-6b shows that 
the effect of the graded filter on the image 
is comparatively small. 

The importance of the above consider­
ations decreases as the required sensitivity 
is increased, and for very sensitive systems 
(e.g. those for which the maximum angular 
deflection is about 0.0005 radian) a graded 
filter is found to have little advantage over a 
knife edge as far as image sharpness is 
concerned. Also, the improvement achieved 
by using a graded filter will frequently not 
be significant if the image is unsharp for 
some reason other than the effects of dif­
fraction (e.g., too long an exposure time). 

(e) Aberrations Arising in Off-Axis 
Mirror Systems 

Since the light source and knife edge must 
be placed so that they do not interrupt the 
parallel beam of light between the two 
concave mi r ro rs , strictly the mi r ro r s should 
be figured so that their foci lie off the axis 
of the parallel beam. Such mi r ro r s would be 
expensive, however, and in practice axially-
figured mi r ro rs give satisfactory results if 
the ratio of the focal length to the diameter 

(the f number) is not too small, and the 
precautions described below are taken when 
arranging the optical system. 

The diameter of the mir rors is usually 
determined by the size of the flow field to be 
examined. The focal lengths affect the 
illumination in the image, the range, and the 
sensitivity as discussed in section 11(c)(1), 
as well as the space required to install 
the apparatus. The aberrations discussed 
here depend largely on the ratio of the focal 
length to the diameter and, in practice, this 
ratio usually lies between 6 and 12. The 
additional expense involved in purchasing 
parabolic mir rors is not usually justifiable 
unless the f number is small* since the 
mi r ro r is to be used with the source off 
axis, and because, for mi r ro rs of typical 
focal length and diameter, the maximum 
difference between the surface shapes of a 
sphere and a paraboloid is usually of the order 
of only about one-half wavelength. Spherical 
mi r ro r s a re , therefore, usually employed, 
and notes on the desirable accuracy of surface 
shape a re given in section 11(h). 

The aberrations that ar ise (Refs. 38, 
44, and 45) when a mi r ro r system is used 
with the light source and knife edge offset 
from the axis affect the image of the light 
source formed by the second mirror , and, 
when the image is partially cut off by the 
knife edge, may result in uneven illumination 
on the viewing screen even when no optical 
disturbance is present. 

An aberration termed "coma" occurs 
because the direction of the light reflected 
from the mir ror depends on the position on 
the mir ror of the point of reflection, and in 
practice results in uneven illumination on the 

*For example, parabolic mir rors are used at 
the Ames Laboratory when the f number - 5.5, 
whereas spherical mi r ro rs are used when the 
f number - 7. 
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viewing screen. Referring to Fig. II-7, light 
from the source, S, falling on O, the centre 
of the first mirror, is reflected along OO', 
but light reflected at A or B proceeds in a 
slightly different direction (the angular dif­
ference being given with sufficient accuracy 
b y d 2 5 /16f f ). Similar effects occur when 
the rays are reflected at the second mirror , 
and if this mirror is tilled in the manner 
shown, these are of opposite sign to those 
arising at the first mirror . Thus, the effects 
of coma on the image of the source at K can 
be reduced by tilting the mirrors as in Fig. 
II-7, and if the focal lengths of the mir rors 
are equal the effects may be eliminated by 
using equal and opposite angles of tilt. 

Although the effects of coma may be 
avoided or reduced by arranging the mir rors 
in the manner described above, the effects of 
another aberration, termed "ast igmatism," 
are always present in an off-axis mirror 
system. If a point source is used at S, 
astigmatism will result in the image of the 
source consisting not of a point, but of two 
lines at different positions along O1 K, one 
in the plane of the paper and perpendicular 
to O1 K, and the other perpendicular to the 
plane of the paper. 

In practice an extended source is used, but 
the effects of astigmatism may be considered 
by assuming that it consists of a number of 
point sources. If, as is usual, the source is 
of rectangular shape it should be arranged so 
that one side is perpendicular to the plane of 
the paper (Fig. II-7). In this case,it will be 
possible to adjust the positions of the source 
and knife edge so that the effects of astig­
matism are largely confined to an extension 
of the dimension of the source image in a 
direction parallel to the knife edge,so that 
the illumination on the viewing screen is not 
affected. If the source and knife edge are then 
rotated through 90 degrees to alter the 

direction in which components of the density 
gradient are to be observed, it will be 
necessary to adjust slightly* the position of 
the source and knife edge along OS and 
O1 K,so that the effects of astigmatism are 
again minimized. This may be done by 
successively altering the source and knife-
edge position until the viewing screen darkens 
as uniformly as possible when the knife edge 
is traversed across the source image. 

Methods for the correction of astigmatism 
by the insertion of a suitably shaped lens in 
the optical system are described in Refs, 44 
and 46. Because of the aberrations (par­
ticularly astigmatism and spherical 
aberration), e r ro r s may arise with an off-axis 
system in the representation of angles in the 
image of the flow. These may be significant 
if the inclinations of shock waves are to be 
measured with a schlieren system in which 
the offset angles are large. The magnitude 
of these e r ro r s may be estimated by the 
examination of the image of a grid held in the 
working section. Also, because of astig­
matism it is not possible for vertical and 
horizontal lines in the object to be 
simultaneously in focus. 

Under most practical conditions, none of 
the effects discussed above are serious if the 
angular offset (20) of the source and knife 
edge does not exceed about 5 degrees. Larger 
angles are often used, however, where some 
deterioration of the image quality is accept­
able. 

*The movement is about one-sixteenth of an 
inch for 100-inch focal length mirrors of 
10-inch diameter, with the source and knife 
edge offset so as to lie just outs ide the parallel 
light beam. 
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(f) Derails of the Focussing Lens 

On the basis of thin lens theory, the focal 
length, f3, of the focussing lens is given by 
the equation 

f i 
m(f*f- ig) 

mJ! 

(25) 

where the notation is that shown in Fig. 
II-8(i), and m is the magnification of the 
inverted image on the viewing screen or 
photographic plate. The distance, H, between 
the object (e.g. the optical disturbance in the 
working section) and the focal plane of the 
second lens or mir ror , M2, is to be taken as 
positive when (as sketched in Fig. H-8(i)) the 
object is outside the focus of M2 , and negative 
when it is inside the focus. 

On the same basis, the distance, e, of the 
viewing screen from the focussing lens is 
given by 

m [ * - « • 
Wt-I tq) 
• l - l g + U * 

With the notation of this diagram, the focal 
length, f4, of this lens is given approximately 
by the equation 

U sm 
(I +mT 

(27) 

where m' is the magnification of the final 
erect image in relation to the size of the 
inverted image produced by the first focussing 
lens, L. The distance, u, between the lens, 
L 1 , and the image plane of the lens, L, is 
given by 

u = I + m 

(28) 

The diameters of the focussing lenses must 
be sufficiently large for them not to act as 
stops in the optical system. In order to keep 
the diameter of L as small as possible, it 
should be placed as close as possible to the 
knife edge. On the basis of geometrical optics, 
its size may then be determined from the 
expressions given in section 11(c)(1) for the 
dimensions of the image of the light source 
and its range of deflection. 

(26) 

If, as is frequently the case, l and g are 
small compared with f2, both f3 and e are 
approximately equal to mf2. 

For practical reasons it is sometimes 
necessary to place the viewing screen at a 
large distance from the knife edge without 
using a large image size which may result in 
insufficient illumination. This may be 
achieved by using a second lens, L 1 , as 
shown in Fig. II-8(ii). 

In order to achieve maximum image sharp­
ness, the diameter should in practice be 
larger than that calculated on the above basis, 
so that the lens will receive the necessary part 
of the light diffracted at the object. However, 
since the effect of the presence of the knife 
edge on the image sharpness is usually much 
greater than the effect arising from the 
limited lens diameter, this allowance need not 
be large. It is suggested that the diameter 
should be approximately 0.01 f2 greater than 
the value calculated on the basis of geomet­
rical optics to allow for the diffracted light, 
and the possibilities of misalignment. 
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The nature of the focussing lens depends on 
its focal length and aperture. Single 
component lenses of the type used in spec­
tacles are readily available in a wide range 
of focal lengths, and are satisfactory if the 
focal length is large (e.g., greater than 20 
inches) and the required diameter small 
(e.g., less than one inch). For more exacting 
conditions, a superior type of lens is desir­
able, and it is usually simplest to make use 
of a camera lens, such as those available from 
war surplus stocks. As far as field coverage 
is concerned, the performance of such a lens 
will be unnecessarily good, but it is usually 
cheaper to buy one than to have a lens 
specially made to a less rigid specification. 

that the dimensions of the apparatus (espe­
cially those of the light source*) are such 
that the range and sensitivity are suitable for 
the flow which is to be observed. 

The first adjustment is to locate the light 
source at the focus of the first mirror . The 
source is placed in approximately the correct 
position, and the first mirror is rotated until 
the light beam passes through the tunnel 
windows. If a screen is held perpendicular 
to OS (Fig. 11-7) an image of the source will 
be found which results from the reflection of 
light from the first tunnel window** back into 
the first mirror . The position of the source 
along OS is then adjusted until this image is 
in focus in the plane of the source. 

(g) Techniques for Setting 
Up the Apparatus 

The procedure which is adopted for setting 
up a schlierer system is simple and straight­
forward, but depends to some extent on the 
nature and arrangement of the apparatus 
(e.g., whether it is based on lenses or 
mirrors) , and on the type of flow which is to 
be observed. The basic principles are, 
however, the same for most schlieren 
methods and will be illustrated here by 
describing the procedure for the most 
common type system, namely a Toepler 
system using two concave mirrors (see 
Figs. II—1 and 11-2). There are several 
equally satisfactory ways of achieving some 
of the required settings, and alternatives to 
those described below may be preferred in 
certain applications or by other workers. 

It is assumed that means are available for 
making the necessary adjustments, and that 
the supports for the components of the 
apparatus are arranged so that the aber­
rations are minimized. It is also assumed 

The next adjustment is usually to set the 
parallel light beam formed by the first 
mirror so that it passes through the tunnel 
in a direction perpendicular to the glass 
side windows. This can be done by adjusting 
the position of the first mirror until (with the 
light beam passing through the required part 
of the working section) the source and its 
image coincide. In the case of two-
dimensional models, the span may not be 
exactly perpendicular to the glass side walls, 
so that the light beam when set up in the 
manner described above is not truly parallel 
to the span. If this is so, a screen held 
immediately behind the working section will 
reveal a bright band running parallel to one 
surface of the model, and resulting from 
reflection of the light from the surface. The 

*For the purposes of this section, this may be 
the actual source or the image formed by a 
condenser system (see section 11(c)(1)). 

**If the light reflected back from the window 
does not give an image which is bright enough 
to be clearly visible, a small plane mirror 
may be held in contact with the window so that 
the reflecting surface is parallel to it. 
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position of the light source and the inclination 
of the first mir ror are adjusted until this band 
disappears, leaving the approximately 
uniform bright band round the model which 
ar ises from the effects of diffraction. 
Examples of these phenomena are shown in 
Fig. Il-9a. 

The second mi r ro r is next moved laterally 
or vertically until it is filled* by the parallel 
beam emerging from the working section, and 
is rotated until the light reflected from it 
passes through the focussing lens and forms 
an image of the model under test on the 
viewing screen. Although the focus will 
usually need to be readjusted when the tunnel 
is run, it is worthwhile at this stage to adjust 
the position of the screen so that the image on 
it is focussed on the middle of the working 
section. This can be done by focussing on the 
boundaries of the model, or on a wire grid 
held in the working section. 

The knife edge is now inserted in the focal 
plane of the second mirror , and its position 
along O1 K (Fig. II-7) is adjusted until the 
screen darkens as uniformly as possible when 
the edge is traversed across the image of the 
light source. The edge is then set so that 
the required fraction (usually half) of the 
image of the source is cut off; there are 
several methods for making this setting, but 
for qualitative work it is usually sufficient 
to estimate the amount of cut off by holding 
a white card immediately behind the knife 
edge so that the parts of the source which are 
cut off and unobscured can be observed. 

model in the neighbourhood of large density 
gradients are more sensitive to the focussing 
of the apparatus than is the sharpness of the 
geometrical image of the model. Especially 
for an aerofoil spanning a wide wind tunnel, 
it is accordingly necessary to refocus the 
apparatus with the tunnel running so that the 
phenomena which are of greatest interest a re 
shown as clearly as possible and with a 
minimum of distortion. Examples showing 
the effects of focussing on the image of the 
flow near the trailing edge of an aerofoil 
moving at high subsonic speed are reproduced 
in Fig. II-9b. In the upper photograph the 
focus was towards the tunnel wall farthest 
from the viewing screen, and in the lower 
photograph towards the wall nearest to the 
viewing screen. In both cases the exposure 
time was about one microsecond. 

The procedure described above can be used 
with a light source that can be operated 
continuously, or flashed at a frequency that 
is high enough to give adequate persistence 
of vision. With some short-duration light 
sources this may not, however, be possible, 
and it is then usual to set up the apparatus 
with a continuous source such as a tungsten-
filament lamp. If this is done, it is finally 
necessary to place the short-duration source 
in the position of the filament of the lamp. 
This can be done by placing the flash source 
roughly in position and adjusting its position 
until its image is in focus at the knife edge, 
and lies in the same position as that originally 
occupied** by the image of the tungsten fila­
ment. 

It is found that the appearance of the 
images of shock waves and boundary layers, 
and the distortion of the boundaries of the 

It is, however, more convenient to design 
the apparatus so that the two sources are 
accurately spaced on a suitable base in 

*Because of the finite source size, the light 
beam is slightly divergent, and in practice 
extends outside the second mir ror by a small 
amount. 

**With graded filters it is usual to make a 
small mark on the otherwise rather feature­
less surface to provide a datum for these 
adjustments. 
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relation to a rotatable or removable plane 
mir ror used to pass light from either of them 
into the schlieren system. Alternatively, the 
flash source can be made in such a form that 
it is transparent, and an image of the 
continuous source can be formed at the 
discharge channel by a condenser lens 
The continuous source is then turned off or 
obscured when the short duration source is 
to be used. Another method is to illuminate 
the knife edge by means of a lamp with an 
opal bulb, and to place the flash source so that 
it coincides with the image of the edge* formed 
by light passing through the schlieren system 
In the direction opposite to that when the 
system is in normal use. 

details, which apply to a conventional appa­
ratus based on two concave mirrors , are 
given to indicate the factors that are impor­
tant, and as a guide to the order of magnitude 
of the acceptable imperfections. Since most 
wind tunnel schlieren systems are required 
from time to time to work at high sensitivity, 
the values quoted are those which have been 
found to give satisfactory results under this 
condition. If the apparatus is always to be 
used at low sensitivity, or to visualize 
gradients of refractive index considerably 
larger than those which occur commonly in 
wind tunnels, the tolerances may be relaxed. 

(1) Concave Mirrors 

When the flash source is in position, the 
image on the viewing screen should be checked 
by visual observation, which is possible even 
with extremely short flash durations if the 
observer triggers the source, and thus knows 
when it is to operate. Since the appearance 
of the image of a region of unsteady flow 
(e.g., a wake) depends on the duration of the 
source, it may be necessary to adjust the 
focus slightly when the flash source is to be 
used. Fine focussing with a flash source is, 
in the authors' experience, difficult by visual 
observation, and it is desirable to take a 
series of trial photographs before the final 
focus setting is selected. 

(h) The Quality Required 
for the Optical Components 

The quality required for the optical com­
ponents of a schlieren apparatus depends on 
its nature and arrangement, and on the 
sensitivity at which it is to be used. Accord­
ingly it is difficult to suggest tolerances that 
are generally applicable; the following 

•Ibid. 

These are usually made from well-
annealed selected plate glass, or specially 
manufactured glass blanks, whose thickness 
is usually between one-eighth and one-sixth 
the diameter of the mirror . Near the surface 
that is to be figured, the glass should not 
contain seed (gas bubbles), stone (solid inclu­
sions) or ream (streaks or striations of 
glass whose refractive index differs from that 
of the surrounding glass). 

After it has been figured, the surface of the 
mirror is coated with a highly reflecting 
film. The most common material is alu­
minium which has the practical advantage 
that, when necessary, it can be renewed 
easily and cheaply. A coating of rhodium is 
more robust, but is more expensive and 
difficult to replace. The surface of the 
reflecting film is sometimes protected by 
the application of a coating of silicon 
monoxide, lithium fluoride, or quartz. 

The choice of coating and protective 
treatment depends mainly on the liability to 
contamination of the reflecting surface. 
Under ordinary laboratory conditions an 
aluminized surface usually remains sat is­
factory for several years without cleaning, 
if protected by a cover when not in use. 
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When, however, the surface is liable to con­
tamination by oil or by an exceptionally dust-
laden or corrosive atmosphere, a more 
robust coating is desirable, especially as it 
may be necessary to clean* the surface 
periodically. 

As indicated in section 11(e), the surface 
of a concave mi r ro r used in a schlieren 
apparatus is usually a segment of a sphere. 
In general, an e r r o r in the radius of cur­
vature of the sphere is unimportant provided 
that it is not so large that it complicates the 
installation of the apparatus within the avail­
able space; a tolerance of ±2 percent or more 
is usually possible. The most important 
e r r o r s are those occurring In the surface 
slope, since these cause the local light rays 
to be reflected at an incorrect angle, and 
result in uneven illumination in the schlieren 
image. Such e r ro r s usually occur in con­
centric zones, the centre frequently coincid­
ing with that of the mir ror . They may be 
detected by several methods (Refs. 47, 48 
and 49) of which the Foucault test (Refs. 47 and 
50) (which involves using the mir ror in 
what is, in effect, a coincidence schlieren 
apparatus as sketched in Fig. II-18a) is the 
best known. In the authors' experience, 
the e r r o r s of surface slope should be less 
than one-fourth wavelength of mercury light 
per inch, and the overall departure from a 
truly spherical shape should be less than 
one wavelength. 

*Cleaning is seldom wholly satisfactory, but 
can be done by washing with distilled water 
containing a detergent (such as those supplied 
for photographic processing) which does not 
contain a reinforcing alkali. The surface 
should be blotted with clean white filter paper 
and allowed to dry, after which any water 
marks may be removed by very light polishing 
with lens tissue from the centre outwards. 

Small defects in the surface finish, such 
as scratches or indentations, may not be 
readily detectable in a Foucault test but may, 
nevertheless, be apparent in schlieren pho­
tographs. They may usually be observed by 
placing a point light source in the focal plane 
of the mirror , and projecting the reflected 
beam of parallel light on to a viewing screen. 

(2) Plane Mirrors 

As sketched in Fig. 11-10, it is sometimes 
desirable to insert a plane mir ror in the 
light beam. The displacement of the image 
of the light source at the knife edge arising 
from a certain e r ro r of surface slope at such 
a mirror is roughly proportional to its 
distance from the knife edge.** Thus, the 
required quality of surface depends on the 
position of the plane mir ror in the optical 
system, and for mir rors placed close to 
the knife edge an e r ro r of surface 
slope greater than that discussed above for 
the concave mi r ro rs can usually be tolerated. 

(3) Glass Windows 

The glass used for the windows in the walls 
of the working section must be of high quality 
since internal refractive-index gradients, and 
e r ro r s of surface figure will appear in the 
schlieren image. The only satisfactory 
method for selecting suitable glass is to 
examine it in a schlieren system, and the 
surface must accordingly first be polished 
at least roughly. 

The most objectionable type of internal 
imperfection is usually ream, and an example 
is shown in Fig, 11-11 (other examples may 

**Or from the source, if the mir ror is placed 
between the source and first spherical 
mir ror . 
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be found in Ref. 51). Seed (examples are 
visible in the direct-shadow photographs 
reproduced in Fig. II-9a) is usually less 
objectionable, and, unless the gas bubbles are 
very large or unfortunately located, they do 
not appear to have an appreciable effect on 
the strength of the glass. 

Since the striations that constitute ream 
are often approximately straight, they may 
pass undetected if they happen to lie normal 
to the knife edge. When testing the window 
in a schlieren system it should, therefore, 
be rotated* about the optical axis in order to 
ensure that the striations are at some stage 
parallel to the knife edge, and are thus 
observed with maximum sensitivity. 

The glass blank that is examined is some­
times thicker than that required for the 
finished window and it is, therefore, useful 
to know the depth of an internal imperfection 
below the surface, since it may be possible 
to remove it when machining the glass to its 
final thickness. Alternatively, it may be 
desirable to locate the depth of an air bubble 
to ensure that it does not break into the 
surface** when this is finally machined. The 
depths of the various internal defects maybe 
found by rotating the window about on axes 
perpendicular to the optical axis of the 

* If the surfaces are not parallel, rotation will 
result in a displacement of the image of the 
source, and the position of the knife edge will 
require adjustment to preserve approx­
imately constant sensitivity. 

**If this occurs the glass may break away at 
the edges of the bubble thus forming a rela­
tively large crater; the particles of glass 
that result may lead to scratching of the 
surrounding surface during polishing. 

schlieren apparatus, and observing the move­
ments of their images relative to points 
marked*** on the surfaces. 

The surfaces of the window need not be 
parallel since a lack of parallelism leads to 
a uniform deflection of the whole beam of 
parallel light, and this may be accommodated 
by a movement of the knife edge. Curvature 
of the surfaces cannot, however, be dealt with 
in this way, and it is desirable that each 
surface should be flat to within one-half 
wavelength per inch. 

Optical or plate glass specially made to be 
as free as possible from ream is supplied 
by some manufacturers, but ordinary plate 
glass is sometimes suitable if it is selected 
by tests with a schlieren apparatus. Plate 
glass is, however, usually supplied with a 
"cloth" polish and the associated imper­
fections of surface finish are usually visible 
in the schlieren image as for the piece of 
glass marked A in Fig. 11-11. This may be 
objectionable in many cases, and the surface 
should then be "pitch" polished to the stage 
where the e r ro r s are no longer visible in the 
schlieren image as for the piece of glass 
marked Al in Fig. 11-11. 

It has been shown that phase-contrast 
systems (see section ll(k)(3)) are particularly 
suitable for showing defects of surface polish 
because of their high sensitivity to small 
phase differences. Thus if a phase-contrast 
schlieren system is to be used, it is desirable 
to select the glass windows by using a system 
of this type. 

For thicknesses larger than those avail­
able for plate glass it is necessary to use 
rolled or pressed optical glass, but again it 
is usually necessary to examine this with a 
schlieren apparatus before il is accepted. An 

***With a Chinagraph pencil or strips of 
adhesive tape. 
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alternative solution is to laminate thinner 
sheets of glass using a transparent cement as 
described, for example, in Ref. 52. 

(i) Some Practical Details 

The mount in which a schlieren mir ror is 
housed should be designed to permit the 
necessary adjustments, to enable the mir ror 
to be protected when not in use, and to be 
removed easily for cleaning or for the 
application of a new reflecting coating. An 
example is shown in Fig. 11-12. Here the 
mir ror is inserted into the rear of the housing 
on to thin rubber pads resting on a lip at the 
front. It is then fixed inpositionby means of 
three metal str ips pressing on to rubber pads 
placed on the back of the mirror , after which 
the back of the housing is attached. When not 
in use, the front of the mir ror is protected by 
closing the doors shown. 

The mir ror housing is mounted so that it 
can rotate about a vertical and a horizontal 
axis. Coarse adjustments are made by 
rotating the housing by hand, and fine adjust­
ments by engaging radial a rms which are then 
controlled by means of tangent screws. Small 
adjustments to the height of the mir ror are 
made by means of the foot screws. If large 
adjustments to the height are required, they 
are made by altering the height of the stand 
on which the mir ror mount is supported. An 
example of a stand providing continuous 
adjustment of height over a large range may 
be seen in Fig. 11-13. 

The other components of the schlieren 
system should be supported on optical benches 
with means for making the adjustments 
described in section 11(g). Satisfactory equip­
ment is available commercially, and 
examples can be seen in Fig. 11-13, which 
shows the general arrangement of a schlieren 
system in which the light beams from the 
source and to the camera are folded by means 

of plane mi r ro r s . The only fine adjustment 
that is usually essential is in the movement of 
the knife edge or graded filter across the 
image of the source, and for this purpose an 
adjusting screw with about twenty threads per 
inch is usually adequate provided that it is 
free from backlash. 

An example is shown in Fig. 11-14. The 
graded filter is held in a frame which can be 
moved vertically or horizontally by meansof 
the adjusting screws shown. With the filter 
graded in a vertical direction (as shown) the 
vertical adjustment only is used; if the 
filter is turned in its frame through a right 
angle (so that the grading is in a horizontal 
direction) the horizontal adjustment is used. 
The filter is set in the focal plane of the 
second mir ror by sliding the saddle on which 
it is supported along the optical bench. The 
focussing lens is usually attached to the 
graded filter but, for clarity, is not shown in 
the photograph. 

Details of alternative designs for the 
mechanical arrangement of the optical 
components are given in Refs. 45, 53, 54, 
55, 56, and 57. 

Several techniques are available for 
mounting the glass windows in the metal side 
panels of the working section. One that is 
satisfactory for most purposes, and which has 
the advantage of not requiring the edges of 
the glass to be machined very accurately is 
illustrated in Fig. 11-15. The glass window 
and metal frame have bevels cut at 45 degrees 
from their inner faces, and the overall 
dimensions of the glass are chosen so that 
there is a gap of about one-sixteenth of an 
inch between glass and frame. The frame is 
set up in a horizontal plane on a number of 
ground bars of circular cross section, which 
ensure that the frame and window are accu­
rately aligned so that there is no discontinuity 
at the junction exposed to the airs tream. 
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The inner edge of the frame is coated with 
a layer of plaster* mixed to a consistency 
which permits any surplus to be squeezed out 
when the window is pressed into its final 
position. The window is then lowered into 
the frame until it rests on the ground bars, 
and the plaster is allowed to set. Surplus 
plaster is then removed by scraping, and a 
clamping plate is attached to the back of the 
frame and presses on to the window through 
a gasket which is inserted to protect the 
surface of the glass. If the loading on the 
window is always inwards, this gasket is made 
of hard rubber, but when the loading is out­
wards (as in some pressurized tunnels) a 
harder packing material is used. 

After long use the plaster frequently chips 
away from the metal-glass junction at the 
inner face of the assembly. To avoid this 
difficulty, the plaster may be removed for a 
depth of about one-eighth of an inch, and 
replaced by a metallic stopper of the type** 
supplied for preparing metal surfaces for 
cellulose spraying. 

An alternative procedure (Ref. 56) is to 
use a low-melting point alloy such as Wood's 
metal instead of plaster. This may be 
inserted into the gap between the glass 
window and metal frame by heating the whole 
assembly in a water bath. 

*The plaster should not contract when it 
dr ies . A suitable material is the LX2 plaster 
supplied by Messrs. G. W. Cafferata of 
Newark-on-Trent, England. If the frame is 
ferrous the plaster is mixed with a weak 
solution of potassium chromate to prevent 
rusting. To facilitate the subsequent removal 
of the glass, the edges of the glass and frame 
are lightly greased to within about one-
quarter of an inch of the inner surface 
before assembly. 

**For example, S4921 stopper supplied by 
Messrs. Cellon of Kingston-on-Thames, 
England. 

Since the pressure in the working section 
generally differs considerably from that of 
the atmosphere, the thickness of the glass 
window is usually determined by the maximum 
stress that it can safely withstand. In the 
authors' experience, this should not exceed 
1200 pounds per square inch for ordinary 
plate or optical glass, allowance being made 
for s t ress concentrations round any slots or 
holes that may be cut in the glass to support 
the model and, in such cases, for the contri­
bution of the aerodynamic loads on the model. 
When the model is supported in a slot cut in 
the glass as shown*** in Fig. 11-16 it is advis­
able to round or bevel the edges of the slot 
for a distance of about one thirty-second of 
an inch in order to prevent them from 
chipping. The interior of the slot should, if 
possible, be polished to avoid s t ress concen­
trations at local irregularities. Occasionally, 
the model is required to rotate or oscillate 
relative to the glass windows, and metal 
bearings may then be cemented into holes 
dr ;iled in the windows. 

(j) Other Schlieren Methods 

So far, the discussion has been largely 
devoted to the most commonly used wind 
tunnel schlieren systems. In this section 
modified systems which may be useful in 
special cases are briefly described. 

(1) The Use of a Circular Knife Edge 

The conventional Toepler arrangement is 
sensitive to deflections of the source image in 
a direction perpendicular to the knife edge, 
and insensitive to deflections parallel to the 

***ln this example pressure leads from ori­
fices located in the surface of the model are 
carried out of the tunnel through the tongues, 
and are finally connected to a monometer. 
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knife edge. This is usually advantageous since 
it enables the directions of the density 
gradients to be estimated, or the apparatus to 
be arranged so that only those features of the 
flow which are of greatest interest are 
observed with high sensitivity. If density 
gradients in all directions are of equal 
interest, however, it may be necessary with a 
Toepler apparatus to take two photographs 
with the knife edge in perpendicular positions 
to ensure that some of the gradients do not 
pass undetected. 

An apparatus for taking these two photo­
graphs simultaneously is described in Ref. 58. 
Alternatively, the number of photographs may 
be reduced (at the expense of ambiguity in 
interpreting the results) by using a modified 
type of knife edge. A circular light source is 
used and the knife edge is constructed in the 
form of circular hole (Refs. 38, 59, and 60). 
The images of all regions of density gradient 
then appear darker than the background, since 
any displacement of the source image results 
in decreased illumination. The system may 
have advantages when the illumination is 
severely limited, because the undisplaced 
source image is not cut off at all. It may also 
be useful for showing the position and shape 
of small isolated regions of density gradient 
(e.g., eddies) since these appear as black dots 
in the image. 

An alternative arrangement is to use an 
opaque circular stop which cuts off the 
circular image of the light source; dis­
placements of the image then increase the 
illumination on the viewing screen. A system 
of this type using a square source and square 
stop is described in Ref. 61. 

(2) Methods Giving Images in Colour 

Simple modifications to either the Toepler 
apparatus or the graded filter apparatus 
enable a multicoloured image to be obtained 
in which each hue corresponds to a particular 

density gradient in the flow pattern. One 
method (Refs. 62 and 63) is to place a prism 
in front of a source of white light located at 
the focus of the first mir ror , M,, in Fig. 11-1. 
A spectrum is thus produced at the focal plane 
of the second mirror , and the colour of the 
image on the screen can be adjusted by moving 
a slit (parallel to the bands of the spectrum) 
across the spectrum. When a density gradient 
is present part of the spectrum is displaced, 
and light of a different colour passes through 
the slit. The image of the region of density 
gradient is thus of a different colour to that of 
the surrounding image. 

An alternative and somewhat simpler 
method (Ref. 64) analogous to that employed 
in the graded-filter apparatus is to use a point 
source, and to place a filter containing bands 
of different colours in the focal plane of the 
second mir ror . The most satisfactory method 
for constructing the filter is , at present, to use 
strips of coloured gelatin film laid side by side 
and clamped between glass plates. 

Since the eye is more sensitive to changes 
of hue than to changes of illumination, the 
colour methods are more sensitive than the 
conventional methods. However, because of 
the difficulties of processing and repro­
duction, colour methods are at present seldom 
used in routine work except when visual 
observations alone a re required. Examples 
are reproduced in Refs. 63, 65, and 66. 

(3) Anamorphic Systems 

Occasionally, it may be desirable to 
arrange for the magnification of the image 
produced by a schlieren system to be different 
in mutually perpendicular directions. For 
example, the increase of boundary-layer 
thickness in the region of transition from 
laminar to turbulent flow may be detected 
more clearly if the magnification in a direc­
tion perpendicular to the surface on which the 
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boundary-layer is formed is greater than that 
parallel to the surface. The principles of an 
apparatus which enables this to be done by the 
use of cylindrical lenses are described in 
Ref. 67. 

(4) Schlieren Systems 
Based on Lenses 

A satisfactory schlieren system can be set 
up with lenses instead of concave mirrors , and 
the general arrangement is then as sketched 
in Fig. II-17a where it is assumed that the 
light beam passing through the working 
section needs to be parallel. The lenses must 
be corrected for spherical and chromatic 
aberration (the latter is never entirely elim­
inated unless monochromatic light is used, 
but is often less important for photography 
with panchromatic emulsions than for visual 
observations), and must be made of glass 
of high internal quality. 

The construction of such a lens involves 
the accurate figuring of numerous surfaces, 
and is accordingly much more expensive 
than the construction of a mirror especially 
if the diameter is large. Except in special 
circumstances lens systems are, therefore, 
seldom used unless they employ a readily 
available type of lens* such as war surplus 
camera lenses. The majority of the dis­
cussion contained in the preceding sections of 
this paper applies to lens as well as to mirror 
systems, and (apart from obvious differences) 
the techniques for setting up the apparatus are 
similar. 

(5) Schlieren Systems Using 
Nonparallel Light Beams, 
or Double Passage of the 
Beam Across the Flow 

Although it is usually desirable to arrange 
for the beam of light passing through the 
working section to be parallel, nonparallel 
beams are occasionally used and arrange­
ments for producing these are sketched in 
Figs. II-17b, Il-17c, and 11-18. Only one 
mirror or lens is required (apart from the 
focussing lens), but this advantage is to some 
extent offset because its diameter must be 
larger in relation to the field to be examined 
than if a parallel beam is used. 

In addition to employinga nonparallel light 
beam, the mirror system (Refs. 23, 59, 68, 
69 and 70) shown in Fig. II-18a involves a 
double passage of the beam across the working 
section. The source is placed at the centre 
of curvature of the mirror , and part of the 
image of the source is reflected on to the 
viewing screen by a small plane mirror held 
near the source.** If the image of the source 
is deflected in a direction perpendicular to the 
edge of the plane mirror , the illumination on 
the viewing screen changes; the edge of the 
mirror thus plays the same part as the knife 
edge in a Toepler apparatus. 

Since the source and its image are not 
truly coincident, the paths of the incident and 
reflected rays across the working section 
differ even in the absence of deflections 
produced by density gradients. This has an 
adverse effect on the image quality (in addition 
to any effect associated with the use of non-
parallel light) since two slightly offset images 
are produced. 

*For example, a number of satisfactory 
systems (see, for example, Ref. 38) have 
been based on 36-inch focal length, 5.5-inch 
diameter, surplus telephoto lenses. 

**Because the source and its image are very 
close to each other, the arrangement is often 
referred to as the "coincidence" system. 
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These images may be made to coincide at 
the expense of considerably reduced illumi­
nation by using the arrangement sketched in 
Fig. II-18b. Here a graded filter is placed 
at 45 degrees to the axis at the centre of 
curvature of the mir ror . A condenser lens 
is used to produce an image of the source on 
the surface of the filter, and part of the light 
from this image is reflected into the mir ror . 
The image of the source formed by reflection 
from the mir ror is made to coincide with the 
original image on the surface of the filter, 
and the light transmitted by the filter is 
arranged to fall on the viewing screen in the 
usual way. The source and its image may thus 
be made exactly coincident so that, in the 
absence of density gradients, the incident and 
reflected beams coincide. This will no longer 
be the case when the rays are deflected by 
density gradients, and some loss of image 
sharpness, or difficulty in interpreting the 
observations, may then result. 

A further difficulty ar ises because only one 
of the two images formed by the incident and 
reflected light can be in focus. It is usually 
best to focus the image associated with the 
reflected light since the incident rays are 
subject to further refraction during their 
second passage across the wind tunnel. 

The principal advantage of the system is 
that the double passage of the light beam, and 
the fact that the source image is formed at 
the centre of curvature of the mir ror instead 
of its focus, give increased sensitivity. For 
example, in a two-dimensional flow containing 
a region of density gradient of sufficient extent 
for the incident and reflected ray to remain 
within it, the. angular deflection of the ray will 
be doubled by the use of such a system. 
Moreover, the displacement of the image of 
the source for a given angular deflection will 
be twice as large when the image is at the 
centre of curvature as when it is at the focus. 
Coincidence systems may thus be valuable 
where extreme sensitivity is required, 

(for example, tunnels working with very low 
density) although for ordinary use they are 
undesirable for the reasons mentioned above. 

Part of the increased sensitivity 
associated with a double-passage system may 
be retained, without the difficulties associ­
ated with the use of nonparallel light by means 
of the arrangement sketched in Fig. 11-19. 
Here a parallel beam of light is produced by a 
lens or mirror and after crossing the working 
section it is reflected back by means of a 
plane mi r ror . 

(k) Schlieren Methods 
for Quantitative* Use 

The use of schlieren systems to obtain 
direct measurements of the density gradients 
in the flow has been discussed frequently, but 
seldom attempted in aerodynamic research. 
High accuracy (better than about five percent 
on the measurement of density gradient) has 
not been claimed in any of the attempts that 
have been made, and the accuracy appears to 
be limited for fundamental reasons. 

The conventional schlieren methods 
measure the total angular deflection experi­
enced by a light ray in crossing the working 
section. Assuming for the present that this 
measurement can be made accurately, the 
problem remains of determining the density 
gradient from the measured deflection. This 

*A11 schlieren and direct-shadow methods are 
quantitative in the sense that they enable the 
positions and shapes of shock waves and other 
phenomena to be determined. From the 
shape of the shock wave the drag can 
sometimes be calculated (Ref. 71). In this 
section, however, we restr ict the term quan­
titative to the measurement of the density of 
the air flowing past the model under test. 
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would be simple (see, for example, section 
11(a)) if it were known that a ray of light 
entering the working section remained in a 
region of constant density gradient through­
out its passage across the working section. 
Since, however, the ray is continuously 
refracted this condition may not be realized 
even in two-dimensional flow if the flow 
contains strong density gradients, and for 
three-dimensional flows the problem is 
further complicated by the variation of density 
across the working section. It is thus 
possible, for example, for two rays to suffer 
the same total deflection although they have 
followed different paths and traversed regions 
of different density gradient within the flow. 

The magnitude of this difficulty depends, 
however, on the nature of the flow and the 
width of the working section; for flows that 
are two-dimensional or that possess axial 
symmetry (Refs. 32 and 72), the problem of 
relating the total deflection of a light ray to 
the density gradient is frequently soluble. 
Assuming that this is so, the measurement of 
the total angular deflection of the rays can 
be attempted in several ways. 

(1) Methods Involving 
Photographic Densitometry 

On the basis of geometrical optics the 
illumination in the image of the flow in a 
Toepler apparatus is simply related to the 
angular deflection of the light rays. Thus 
the deflections may be determined by, for 
example, examining a photographic negative 
of the image with a densitometer. Because of 
the effects of diffraction at the knife edge, 
however, the accuracy of such a method is 
low, especially if the sensitivity is required to 
be high. Moreover, difficulties also arise in 
deducing the illumination from measurements 
of the density of the negative. 

An alternative approach which partially 
compensates for the effects of diffraction is 
to include in the field a number of "standard 
schliere" which may take the form ofa series 
of glass wedges (Ref. 32), or bubbles (Ref. 
54) of known size containing suitable gases, 
that produce known or calculable angular 
deflections. The images of these "standard 
schliere" on the photographic negative are 
then used as reference points when examining 
the negative with a densitometer. The 
effects of diffraction on the distribution of 
illumination in the image depend (Refs. 37 
and 38), however, on the shape and position of 
the object observed in the schlieren field as 
well as on the angular deflection that it 
produces. The effects will, therefore, usually 
differ for the "standard schl iere" and the 
region of the flow under consideration, and 
are thus not entirely eliminated. 

In another method, described in Ref. 54, a 
series of photographs is taken with different 
knife-edge settings. A small source is used 
so that the general level of sensitivity is high, 
and there are rapid changes of photographic 
density across the photographic plate. It is 
found (Ref. 54) that the point in the negative 
where the change of photographic density is 
most rapid corresponds to the point at which 
the ray that meets the knife edge has passed 
through the object under examination. From 
the series of photographs, the displacements 
of the rays at the knife edge may be 
determined for a number of points in the 
image. Since a number of photographs are 
required, the method is unsuitable for the 
study of unsteady phenomena. 

(2) Methods Using Grids 

In view of the e r ro r s that may occur In 
photographic densitometry, methods that do 
not involve this process are of interest. The 
knife edge may be replaced by a grid (Refs, 73 
and 38) of alternate transparent and opaque 
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strips of equal width, and spaced so that the 
maximum displacement of the image of the 
source is divided into several steps. The 
height of the image of the source is arranged 
to be less than the spacing of the strips of 
the grid so that, for deflections of the light 
rays that produce displacements less than this 
distance, the apparatus behaves as a con­
ventional Toepler system. Suppose the 
displacement to be in such a direction that the 
final image initially darkens. For a larger 
displacement (i.e., a stronger density gra­
dient of the same sign), the source image 
passes beyond the opaque strip of the grid, and 
the image lightens again. For gradually 
increasing density gradient across the object, 
the illumination across the image may be 
subject to several cycles of this process, and 
the image will thus contain bands or fringes 
each of which is a line of constant illumination, 
and corresponds to a certain displacement of 
the image of the source relative to the grid. 
To determine the displacements it is nec­
essary to identify the particular grid element 
that gives r ise to a particular band in the 
image. This can be done by taking additional 
photographs with some of the transparent 
strips covered up, or by using transparent 
bands of different colours in the grid and 
taking the photograph on colour film. 

In the system described above, the grid is 
located in the focal plane of the second lens 
or mir ror , so that in the absence of the dis­
turbance the image is evenly illuminated. If 
however, the grid is moved along the optical 
axis away from the focal plane, the image 
contains a system of fringes running parallel 
to the str ips of the grid, and increasing in 
number as the distance between the grid and 
the focal plane is increased. If a disturbance 
is introduced, the fringes are no longer 
straight and parallel, but move by an amount 
proportional to the deviation of the light rays 
produced by the disturbance. Referring to 
Fig. 11-20, a point, P, in the working section 

is imaged by the second lens or mirror , M2, 
and the focussing lens, L, (assumed for 
simplicity to lie in the focal plane of M2) 
at the point P' on the viewing screen, Q. 
A grid is placed at distance, g, in front of 
the focal plane of M2 so that the diameter 
of the light beam at the grid is (g/f2)d, 
whereas the diameter of the final image is 
approximately (fs/f2)d. 

If a ray passing through the point P' is 
parallel to the axis-, it passes through the 
centre of the lens, L, before reaching P' , but 
if the ray is deflected at P through an angle, 
e , it follows a different path before arriving 
at P' . Thus, it strikes M2 at a point 
separated from the undisturbed point of 
intersection by a distance /< , and the lens, 
L, at a distance f2« below the centre. The 
point on the grid through which the ray passes 
is thus separated by a distance 

[ f 2 + ^ ( / - f 2 ) ] 

from the corresponding point in the absence 
of the disturbance. 

If the undisturbed ray passes through the 
edge of an opaque strip, and the disturbed ray 
passes through the centre of the strip, the 
fringe in the image resulting from the shadow 
of the strip will appear to have been displaced 
by one-half of its width in relation to the 
point P' , which does not move. The number 
of fringes in the image depends on the number 
of strips in the grid illuminated by the light 
beam, and the spacing of the fringes depends 
on the spacing of the strips, and on the ratio 
f3/g of the diameters of the light beam at the 
image and at the grid. 

The apparent shift of the fringes is, 
therefore, equal to the displacement of the ray 
at the grid multiplied by the magnification of 
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this movement as viewed on the screen. That 
is, with the notation of Fig. 11-20, 

Fringe . 
shift 

f. 
['-•£«'-'.>] (29) 

so that the angular deflection of the light ray, 
and hence the density gradient, can be deter­
mined by measuring the fringe shift. 

The fringe shift does not depend on the 
spacing of the strips in the grid, and for 
detailed studies of the flow it is, therefore, 
desirable to use a large number of closely 
spaced strips in order to produce finely 
spaced fringes. Unfortunately, however, the 
grid acts as a coarse diffraction grating so 
that the sharpness of the image is seriously 
impaired if the spacing is too small. For 
example, Darby (Ref. 74) found that 100 lines 
per inch was the practical limit for his 
apparatus, and his photographs show that the 
definition was poor compared with that in a 
conventional schlieren apparatus. The diffi­
culty discussed above for the other grid 
methods of identifying the fringes in regions 
of rapidly changing density gradient is 
present, and may be overcome in the way 
described. 

(3) The Phase-Contrast and 
Field-Absorption Methods 

Regions of the flow of different density have 
different optical thicknesses, so that light 
waves passing across the flow will emerge 
with differences of phase. Such differences 
cannot be detected visually unless they are 
are first converted to changes of illumination. 
This is, of course, done in thcMach-Zchnder 
interferometer (see section III) where the 
differences of phase between a light beam that 
has passed across the flow, and a reference 
beam, are observed by arranging for the two 
beams to interfere. The following methods. 

however, use a different principle for pro­
ducing the interference, and are more con­
veniently described here than in section III. 
The arrangement of the apparatus is similar 
to that of a schlieren system, except that a 
certain portion of the light passing through 
the object plane undergoes special treatment 
in the plane of the image of the light source 
so that, in the final image, this light can 
interfere with the untreated light. Under 
certain conditions, the density in the flow can 
then be determined from the interference 
pattern. 

In the phase-contrast (Ref. 75) method a 
point or line source of light is used in a 
conventional schlieren arrangement with the 
knife edge or graded filter omitted. The light 
that is diffracted by the boundaries and fine 
structure of the object under examination is 
scattered in various directions away from the 
optical axis, so that the images of the source 
formed by the diffracted light are displaced 
in the focal plane of the second lens or mirror 
relative to the central or direct image of the 
source. If the object is transparent, but 
contains regions of different optical thick­
ness, the phase of the light waves is affected, 
but not their amplitude. When all the 
diffracted light passes undisturbed to the final 
image, the interference with the direct light 
is such that no visible effect is produced in the 
image, since phase differences between 
various points in the image and not intensity 
differences occur. If, however, the phases of 
all the diffracted light can be changed by 90 
degrees with respect to the direct light, it 
may be shown (Ref. 75) tha"t the interference 
of the diffracted light with the direct light 
results in intensity differences which corre­
spond with the differences of optical thickness 
in the object. 

The desired change of phase can be 
produced by putting a phase plate in the focal 
plane of the second lens or mirror . This 
plate is made of transparent material, and is 
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so constructed that its optical thickness in the 
region covered by the central image of the 
source differs from that of the remainder of 
the plate. 

Although the phase-contrast method has 
been widely used in microscopes and for 
examining the polish of optical surfaces, 
very few results obtained by using it in 
wind tunnel work have been published. One 
difficulty ar ises because if the phase changes 
are large and occur as gradients (as is usual 
in a wind tunnel), appreciable deflections 
occur at the object with consequent displace­
ments at the phase plate. The effects 
produced at the image are then more complex 
than discussed above. Also, the full sensi­
tivity of the method is reached for optical 
path differences in the object of one wave­
length, so that if large path differences are 
present, the intensity in the image varies 
through maxima and minima and fringes 
appear. Some aspects of these problems have 
been discussed in Ref. 76, where it is 
suggested that it would be advantageous to 
decrease the transmission of the outer part 
of the phase plate for the examination of 
aerodynamic fields. As far as the authors 
are aware, the only other paper dealing with 
the use of phase-contrast methods in aero­
dynamics is Ref. 77, which includes some 
photographs taken by the method for com­
parison with results obtained by the field-
absorption method discussed below. 

The field-absorption method which is 
similar in principle to the phase-contrast 
method has been described in Ref. 77. A 
narrow slit illuminated by a monochromator 
is used as the light source in an optical 
arrangement like a coincidence schlieren 
system (Fig. II-18a). Instead of a knife edge, 
however, an absorbing screen is used with a 
narrow central transparent region on which 
the source is imaged. In the work described 
in Ref. 77 this consisted of a partially 
aluminized glass plate on which a fine line 

was scratched, and it was found that the image 
of an aerodynamic field contained fringes 
depending on the orientation of the source 
and field-absorption plate. The fringe spacing 
corresponded approximately to integral in­
tervals of optical thickness in the field. The 
theory of the method given in Ref. 77 is 
improved in Ref. 78, where the fringe spacings 
for simple types of object are calculated. 

An analogous interference phenomenon is 
discussed in Ref. 79, where it is reported 
that if a line source is used and the central 
part of the diffraction spectrum formed in 
the image plane of the source is cut off by a 
thin wire, fringes appear in the final image. 
These fringes are found to represent lines 
of constant optical thickness in the object. 

(4) A Method Using Polarized Light 

The principle of the method (Refs. 80, 81 
and 82) is given in the following description 
which has been abstracted from Ref. 80. 
Referring to Fig. II-21a, white light from a 
slit, S, is converted into a parallel beam by a 
condenser lens, L t , and is then polarized by 
a polarizer, P . After passing through a 
semireflecting plate, G, a second lens, L 2 , 
produces an image of the slit at the centre 
of curvature of the spherical mirror , M, 
placed behind the working section. The light 
is reflected back across the working section 
and passes through the lens, L 2 , again, after 
which it is reflected at the semireflecting 
plate into a lens, L s , which forms an image 
of the flow on the screen, Q. 

If a suitably orientated Savart plate* is 
placed between G and L s so that the rays 
strike it normal to the surface, a ray, X, 

*A Savart plate consists of two parallel-sided 
plates cut from quartz crystals at an angle of 
45 degrees to the optical axis, and super­
imposed at right angles. 
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(Fig. ll-21b) will be split into two rays, x and 
x ' , which are parallel, of the same intensity, 
polarized at right angles, and separated by a 
distance, d, which is known for a given Savart 
plate. One of these rays, x' for example, 
will coincide with a ray, y, resulting from a 
ray, Y, separated from X by a distance, d. 
If an analyser. A, is placed behind the Savart 
plate, the resultant of the rays x1 and y will 
produce a colour on the viewing screen which 
is a function of the difference between the 
lengths of the optical paths followed by the 
rays X and Y. Thus by knowing the colour 
in the final image, it is possible to determine 
the difference between the optical path lengths 
in the flow of two rays separated by the small 
known distance, d. The local density gradient 
in the flow may thus be found. 

In practice it is preferable (Ref. 81) to 
place the Savart plate between G and L2 in 
Fig. Il-21a, since a large light source may 
then be used, which increases the illumination 
in the image. This form of the apparatus has 
been used to study the flow past a half-aerofoil 
attached as a bump to the wall of a wind 
tunnel. 

(f) The Direct-Shadow Method 

If the density gradient normal to the light 
beam is nonuniform, adjacent rays will be 
deflected by different amounts, and will 
converge or diverge on leaving the working 
section. An image will then be formed 
directly as a shadow on a screen or photo­
graphic plate held behind the working section 
as sketched in Fig. Il-22a. To obtain a sharp 
image the dimensions of the light source 
should be small.* 

*The lack of image sharpness due to the finite 
source size in Fig. II-22a is given approx­
imately by /d/f, where d is the source 
diameter, f, is the focal length of the 
mirror , and / is the distance between the 

Referring to Fig. II-22b and, as usual, 
assuming that the displacement within the 
optical disturbance of a ray from its un­
disturbed path (parallel to Oz) may be 
neglected, the light which originally illumi­
nated an area on the screen, dx dy, now 
illuminates an area increased by an amount 
given approximately by 

i d * d * ( r x
x + fyy) 

so that the change of illumination on the 
screen in terms of the initial illumination 
i s 

Al 
I • -' (£""• ft) 

(30) 

where / i s the distance of the screen from the 
optical disturbance. 

Thus by Eqs. (9) and (10) 

1 n o j Vdx2 dyV 
dz 

(31) 

where the integral is taken over the breadth 
of the two-dimensional disturbance. On this 
basis, therefore, the change of illumination is 
roughly proportional to the rate of change of 
density gradient. For this reason the method 
is sometimes superior to the Toepler method 
(in which the change of illumination is 
roughly proportional to the density gradient) 
for observing certain flow phenomena. 

optical disturbance and the viewing screen. 
As the source size is reduced, however, a 
limit is reached when the lack of sharpness 
is due to the effects of diffraction (see Refs. 
32 and 114). The magnitude of the lack of 
sharpness due to diffraction is of the order 
of r / 2 i \ , where X is the wavelength of 
light, which is the distance between the edge 
of the geometrical shadow and the centre of 
the first dark diffraction fringe. 
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The process leading to the formation of the 
direct-shadow image of a two-dimensional 
shock wave is sketched in Fig. 11-23, The 
left hand diagram illustrates the variation of 
density through the wave, and the second 
diagram the variation of density gradient. 
Because of this distribution of density 
gradient, the light rays are refracted as shown 
(see section 11(a)) and, as a result, the 
illumination on the viewing screen is of the 
form sketched. The image contains a region 
of low illumination on the low-pressure side 
of the shock, and this is followed by a region 
of high illumination. Analogous consider­
ations apply to the images of axially-
symmetrical shocks, and an example illus­
trating the dark and light bands in the image 
is reproduced in Fig. 11-24. 

In certain circumstances the strength of 
the shock wave may be determined by measur­
ing the width of the dark band in the Image; 
details are given in Refs. 83, 84, and 85. 

The exact nature of the illumination in the 
image clearly depends on the position of the 
screen relative to the working section, and on 
whether the rays are refracted out of the 
region of density gradient before completing 
their passage across the working section. 
Quantitative results can usually be obtained 
from the direct-shadow method only if, in 
addition to the usual assumption that the 
deviation of a ray from its undisturbed path 
is negligible within the working section, it is 
assumed that this is also true between the 
working section and the viewing screen. 
These assumptions are not usually valid in the 
regions of sharp change of density gradient 
commonly observed by the direct-shadow 
method. Accordingly it has seldom been used 
for quantitative measurements except in 
special cases . 

It has been found (Ref. 86) that the direct-
shadow method can frequently be used to 
determine whether the flow in the boundary-

layer is laminar or turbulent, and to indicate 
the position along the surface at which 
transition from laminar to turbulent flow 
takes place. Fig. 11-25 shows direct-shadow 
photographs of the rear of an aerofoil at zero 
incidence. In the upper photograph observa­
tions by a technique depending on the evap­
oration of a volatile oil from the surface 
showed that transition was at 0.73 of the 
chord behind the leading edge. The direct-
shadow image of the laminar boundary layer 
ahead of this region is seen to include a white 
line running parallel to, but separated from, 
the surface of the aerofoil. This line bends 
towards the surface close to the transition 
region. The boundary layer was made tur­
bulent from close to the leading edge before 
the lower photograph was taken, and the image 
of the boundary layer then contains a white 
line touching the surface. 

The reason for this difference between the 
images of laminar and turbulent boundary 
layers may be explained by reference to 
Fig. 11-26. The density profile* for a laminar 
layer sketched at the left hand side of the 
upper diagram is seen to contain two sharp 
changes of slope. At a small distance from 
the surface, the density gradient increases 
rapidly thus causing adjacent light rays to 
diverge as sketched in the centre of the 
diagram, and producing a region of low 
illumination, I, close to the shadow of the 
aerofoil surface as shown on the right hand 
side. Near the outer edge of the boundary 
layer the density gradient falls, thus causing 
the rays of light to converge, and producing a 
region of illumination (the white line in the 
photograph), greater than that, I0, in the image 
of the undisturbed flow, at some distance 

*In the diagram the ratio of the local air 
density,/*, to the density, P0, in the undisturbed 
stream is plotted against the ratio of the 
distance, y, from the surface of the aerofoil 
to the thickness, S , of the boundary layer. 
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from the shadow of the aerofoil. The density 
profile for a turbulent boundary layer shown 
in Fig. II-26b contains only a single region in 
which the density gradient changes rapidly. 
Thus at a small distance from the surface 
the density gradient falls very sharply; this 
causes the light rays to converge, and 
produces a region of high illumination much 
closer to the surface than for a laminar 
layer. 

It is clear from Fig. 11-26 that the presence 
of the boundary layer leads to a region of low 
illumination close to the surface, that is, to 
an extension of the direct-shadow image of 
the surface in a direction roughly perpen­
dicular to the surface. If the boundary layer 
should separate from the surface, this effect 
is reduced, so that the image of the apparent 
surface is displaced away from the flow after 
separation has taken place. This displace­
ment of the boundary of the dark image may 
take place quite suddenly, and in such cases 
gives a useful indication of the position of 
separation. 

According to Eq. (31), the screen should 
be held at a large distance, J , from the 
optical disturbance if the greatest sensitivity 
is required. As the distance is increased, 
however, not only does the lack of sharpness 
due to diffraction and the finite source size 
increase, but the displacements of the bound­
aries of the dark shadow of the model under 
test increase. These displacements vary 
around the periphery of the model according 
to the local density gradient, so that the image 
may be markedly distorted if too large a value 
of X is used. Moreover, as in the example 
illustrated in Fig. 11-26, certain aerodynamic 
phenomena will not be visualized most clearly 
if the value of i is too large. The practical 
result is that the photographic plate must 
usually be held quite close to the working 
section, the optimum position being found by 
a preliminary experiment. 

(1) The Focussed 
Direct-Shadow Method 

In the direct-shadow system described 
above the magnification of the image is 
unity, and the photographic plate must be held 
close to the working section. These features 
are sometimes inconvenient because it may be 
physically impossible to place the photo­
graphic plate close to the working section, or 
for example, because it may be necessary to 
darken the whole tunnel room during photog­
raphy to avoid fogging. In such cases the so-
called focussed direct-shadow system is 
sometimes used. The layout of this system is 
the same as in a conventional schlieren 
apparatus (Fig. II-l), except that there is no 
knife edge in the focal plane of the second 
mirror , and the focus is altered with the 
object of producing on the viewing screen an 
image of the spatial distribution of illumin­
ation in the plane occupied by the photographic 
plate during photography with the system 
shown in Fig. ll-22a. Because of the finite 
depth of focus, the illumination in the final 
image does not in practice correspond to that 
in a plane, but is the integrated result of the 
distributions in planes spread along the 
parallel light beam. Also, the apertures of 
the second mirror and the focussing lens are 
seldom large enough to collect all of the 
light refracted and diffracted in the working 
section, and thus act as stops in the system 
and affect the illumination in the final image. 
The aberrations in the mirror system also 
have some effect. As a result, the image 
obtained in a focussed direct-shadow system 
is not identical to that formed by a conven­
tional direct-shadow apparatus, and is usually 
less sharp. 

(m) Light Sources for Schlieren 
and Direct-Shadow Observations 

The most important properties of a light 
source for use in a schlieren or direct-
shadow apparatus are its dimensions, its 
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brightness and, in the case of flash sources, 
its duration. The spectral properties of the 
light may also be important. 

The dimensions required for a schlieren 
source are determined by the considerations 
discussed in section 11(c)(1). A direct-
shadow source must be small in order to 
give a sharp image (see section 1I(/)). 

The length of the exposure time required 
for a schlieren or direct-shadow photograph 
depends on several factors. Even if the flow 
is basically steady, it will usually be subject 
to small variations which, although of little 
aerodynamic significance, may nevertheless 
lead to a slight blurring of the schlieren image 
if long exposure times are used. Moreover, 
the flow will usually contain regions of un­
steady motion, for example wakes, in which 
the eddies and fine structure may move in 
relation to the light beam at speeds of the 
order of the speed of sound. In this case, if 
the magnification of the image of the flow is 
about one-half, an exposure time of the order 
of one-fifth microsecond is required if the 
motion is not to be detectable in a photograph. 
For these reasons it is frequently desirable to 
use very short exposure times in routine 
schlieren photography. 

There are , however, occasions when a 
longer exposure time is preferable on the 
grounds that a single instantaneous photo­
graph may not indicate the time average of a 
slightly unsteady phenomenon. For example, 
if it is required to observe the shape of a 
region of separated flow between a separated 
turbulent boundary layer and a wall, it may 
frequently be preferable to use a long expo­
sure time, since in an instantaneous photo­
graph the images of the boundaries of the 
region may be confused by transient phe­
nomena such as eddies. 

If unsteadiness of the flow is to be studied, 
some information (for example, the amplitude 
of shock wave oscillations) may be obtained 
from a photograph taken with a long exposure 
time, particularly if it is compared with an 
instantaneous photograph which gives a sharp 
picture of the motion at some instant, and thus 
enables the various phenomena present to be 
identified. In general, however, a series of 
photographs gives more valuable information, 
and this may be obtained with a high-speed 
camera. Such a camera may either use a 
continuous light source and some type of 
shutter, or a short duration light source oper­
ating at regular intervals (Refs. 87, 88, and 
70) or when triggered (Refs. 89 and90) by the 
object under examination. In cases where the 
required frequency of flashes is too large for 
a single light source, an array of light sources 
triggered in sequence may be used (Refs. 91 
and 92) with, in the case of a schlieren appa­
ratus, a corresponding array of knife edges in 
the focal plane of the second lens or mir ror . 

If extremely short exposures or high repe­
tition rates are required, it may be necessary 
to use a Kerr cell (Refs. 93, 94, and 95), a 
magneto-optic shutter (Ref. 96), or an image 
converter (Refs. 97, 98, and 99) of some kind. 

(1) Light Sources for Visual 
Observation or Photography 
with Mechanical Shutters 

For visual observations in subdued room 
lighting, the illumination (Ref. 100) on the 
viewing screen should be of the order of 50 
metre candles (lumens per square metre). 
Assuming that the image of the light source 
is, typically, half cut off by the knife edge it 
follows that the value of the quantify 
(Bbh)/(m*f f ) in Eq. (13) should be about 100 
metre candles, where b and h are measured 
in centimetres, f| in metres, and B in stilb 
(candles per square cm). If the image magni­
fication, m, is not large (about one-third, for 
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example) this requirement can usually be 
satisfied inexpensively and conveniently by 
using a tungsten-filament projector lamp as 
the light source. Lamps with a wide range of 
filament shapes and sizes are available, and 
it is usually possible to select one that is suit­
able for a particular schlieren system without 
the use of a condenser and slit. Examples are 
listed in Table 1(a). 

If a larger image is required without 
changing the source size (by using, for 
example, a condenser lens as discussed in 
section 11(c)(1)), it is necessary to use a 
brighter source. Various types of discharge 
lamp may then be used, and examples are 
given in Table 1(b). These lamps require 
special starting equipment and ballast r e ­
sistors or shunts, and some of them have 
restricted burning positions. 

High pressure mercury vapour lamps are 
often used since they are at least ten times as 
bright as a tungsten filament. A particularly 
high-powered and compact design, the Mazda 
BH-6 or B.T.H. MD/H which has been used in 
several laboratories because it can also be 
used as a flash source, requires water or 
forced air cooling. The light emitted is 
deficient in the red end of the spectrum, and 
is sometimes considered (Refs. 100 and 105) 
objectionable for visual observations. This 
difficulty has been partially overcome (Ref. 
105) by the inclusion of other metal vapours 
in the envelope, and lamps of this type are 
available commercially with somewhat lower 
brightness than the unmodified types. 

A new type of source, the zirconium arc 
lamp, has features which make it suitable for 
use in schlieren systems. The brightness is 
less than that of a high pressure mercury 
vapour lamp, but the spectral output is a 
continuum rising towards the red end of the 
spectrum with zirconium and argon lines 
superimposed. 

A small xenon discharge lamp, the B.T.H. 
FAS, has recently been marketed. It has a 
comparatively low brightness when operated 
continuously, but can also be operated as a 
flash tube by changing the external circuit. 
As a source for visual observation it is infe­
rior to a tungsten filament, because it is less 
bright, and requires special starting and 
control equipment. 

The high intensity carbon-arc lamp is 
occasionally used when extreme brightness is 
required, but by comparison with the other 
sources mentioned above it is bulky and in­
convenient. 

The sources described above are suitable 
for photography as well as visual observation, 
if the required exposure time can be obtained 
by means of a mechanical shutter. Since the 
photographic negative can be enlarged, the 
image size can usually be smaller than for 
visual observation, and there is usually little 
difficulty in obtaining adequate illumination. 
Because of the very small image size, a bright 
source is not usually required for cine photo­
graphy even with a high-speed camera. For 
example, successful photographs have been 
taken with the fastest available 16 mm and 
8 mm cine cameras, such as the Fastax, using 
a 48-watt tungsten filament lamp as the light 
source in a conventional schlieren apparatus. 

Unless long exposure times are to be used, 
it is desirable to use a direct current supply 
to a discharge lamp for still or cine photog­
raphy in order to avoid difficulties associated 
with the fluctuations of brightness ofa source 
driven by alternating current. 

(2) Short-Duration Light Sources 
for Flash Photography 

If exposure times less than those obtain­
able with mechanical shutters are required, 
they are most simply achieved (Refs. 109, 
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110, 111, and 112) by discharging a capacitor 
through a flash tube or spark gap used as the 
light source in the schlieren apparatus. In 
the simplest case, the light source is 
connected across a capacitor (capacity C) 
which is charged from a source of high 
voltage. When the voltage has risen to a 
sufficiently high value, V0 , the flash tube or 
spark gap breaks down, and an arc discharge 
begins. The resistance of the arc path 
rapidly falls to a low value, and a large 
oscillatory current flows in the circuit, de­
creasing in amplitude as the energy originally 
stored in the capacitor is dissipated. The gas 
in the arc channel is heated to a high temper­
ature (Refs. 109, 113, and 114) (10,000 to 
50,000° K) by the passage of the very heavy 
current, and acts as a light source of high 
colour temperature. 

For negligible arc-channel resistance, the 
peak amplitude (Ref. 115) of the current in 
V0 -/C/L, and the period of the current 
oscillation is 2-nVLC, where L is the in­
ductance of the complete discharge circuit. 
It has been shown (Refs. 113 and 115) that, 
for a given flash tube or spark gap, the 
intensity of the emitted light increases with 
peak current and also with the rate of r ise of 
current, which is inversely proportional to the 
period of the oscillation. 

The duration of the light emission 
decreases with decrease of the period of 
oscillation. For a given light source, the aims 
of achieving simultaneously maximum in­
tensity and minimum duration are, therefore, 
furthered by using a high voltage, V0, a 
large value of the ratio, C/L, and a small 
value of LC. Assuming that the capacitor is 
used at the maximum voltage that it can 
withstand, the total light output can be 
increased by increasing C, as is illustrated 
in Fig. 11-27. However, the period of the 
oscillation is thereby increased not only by 
the increase of capacity, but by the assoc­
iated increase of inductance which usually 

arises from the increased size of the 
capacitor. The practical result is that the 
shortest duration of light output is usually 
obtained when the capacity, and hence the 
total light output of the source, is small. 

The light emission lags (Refs. 109, 113, 
and 115) somewhat behind the development 
of the current through the light source. When 
the current decreases, the light emission 
decays more slowly, and does not fall to zero 
when the current ceases to flow. The 
duration of this afterglow may be several 
microseconds, and depends on the nature and 
pressure of the gas in the flash source 
(Refs. 92, 109, 113, and 116), and on the 
material of the electrodes (Refs. 113, 115, 
and 117). This effect results in a lengthening 
of the duration of the light emission as 
compared with the current duration, and this 
is most significant when the duration of the 
source is very short. 

The intensity of the light is greatest (Refs, 
92, 109, 112, 113 and 118) when gases such as 
mercury vapour, neon, argon, krypton and 
xenon are used in the flash source, but the 
duration of the afterglow is unfortunately 
longer than with air . Thus, when the duration 
of light emission is required to be very short, 
these gases are not used. When, however, a 
much greater light output is required, and the 
capacity, C, has to be large (with the asso­
ciated increase of inductance), the period of 
the oscillation and the duration of the light 
emission are increased. The afterglow of the 
ra re gases then becomes relatively less 
important, and advantage can be taken of the 
improvement of light emission which they 
give, without appreciably lengthening the 
duration. 

The pressure of the gas and the length of 
the arc channel also affect the light output. 
For a given peak current, the intensity ofthe 
light is increased by increasing the length of 
the arc channel or the pressure of the 

32 

http://www.abbottaerospace.com/technical-library


surrounding gas (Refs. 112 and 113). The 
maximum length of the arc channel is limited 
by the voltage available, and for a given 
voltage, is reduced when the pressure of the 
surrounding gas is increased. 

Details of flash tubes and spark light 
sources that are suitable for use in schlieren 
systems are given in the following sections. 
It is not always convenient to connect the 
source directly across the capacitor, and to 
increase the voltage until the discharge gap 
breaks down, because the length of the gap is 
then fixed in terms of the voltage and, more­
over, the discharge cannot be precisely 
triggered at any required instant. Methods 
that may be used to overcome these 
difficulties are discussed in section 
II(m)(l)c. 

a. Flash Tubes. Two similar 
tubes, the Mullard LSD.2 and the Siemens 
SF.7, have sometimes been used as a source 
for schlieren photography. They suffer from 
the disadvantage that the arc position may 
vary considerably from flash to flash, but the 
effects of this movement may be minimized by 
setting the knife edge perpendicular to the 
axis of the electrodes. If operated at the 
highest possible voltage and with the minimum 
capacity, the duration can be reduced to 
between 2 and 5 microseconds. 

A xenon discharge lamp, the B.T.H. FAS, 
is of different geometry to the tubes described 
above, the electrode spacing being only about 
one-half cm. As a result, the position of the 
arc channel is more nearly constant. The 
flash durations quoted for this source in the 
literature are rather long, but if a small 
amount of energy is used (e.g., 0.1 watt-
second), the duration can be reduced to 
between 1 and 2 microseconds. As discussed 
above, this source can be operated con­
tinuously by changing the external circuit, 
and this can also be done with the Mazda BH-6 

or B.T.H. MD/H sources. The latter are 
flashed at a voltage of from 2 to 3 kv, and, 
with a discharged energy of 4 watt-seconds, 
give a duration of between 3 and 6 micro­
seconds . Any of these sources can be operated 
at a higher voltage by using a series gap or 
thyratron to hold off the excess voltage until 
the discharge is required to take place. By 
this means the duration can be reduced by 
reducing the capacity and inductance of the 
circuit. 

Brief details of these and other flash tubes 
that have been used for schlieren photography 
are given in Table II. Further details may be 
obtained from the references cited. 

b. Spark Light Sources. Anum­
ber of successful spark light sources for 
schlieren photography have been described. 
The simplest form consists of two electrodes 
separated by an air gap. Such a gap has the 
disadvantage, however, that the path of the 
spark may be different for successive dis­
charges so that the position of the effective 
light source is not constant. 

The necessity for fixing the position of the 
source has resulted in a number of sources 
designed so that the spark channel is con­
strained. In the arrangement (Refs. 34, 40, 
41, 114, 120, 121, 122, and 123) shown in Fig. 
II-28a, the spark is discharged up a tube of 
insulating material set up along the optical 
axis so that the diameter of the effective 
light source is approximately the same as 
that of the bore of the tube, and of the hole 
drilled in the front electrode. The separation 
of the electrodes depends on the voltage that is 
to be used,* and within limits (from about 
0.01 inch to about 0.08 inch) the bore of the 
tube may be chosen to give the required source 
diameter. 

*For the type of gap shown, the voltage is 
about 20 kv per centimetre of electrode 
separation. 
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The material from which the tube is made 
should be a good insulator which does not char 
due to healing, and should be strong enough 
for the tube not to crack or shatter when the 
discharge takes place. Unfi red soaps tone has 
been used, but some samples of this material 
tested at the N.P.L. have been found to have 
comparatively low resistance. An alternative 
material may, therefore, be preferable, and 
glass-bonded mica has given satisfactory 
results. It is available in the form of rods 
which can be drilled to provide a bore of the 
required diameter. Other materials which 
have given satisfactory results are fluoro-
carbons (e.g.. Teflon) and glass capillary 
tubing. The electrodes may be made of mild 
steel or, if longer life is required, of stainless 
steel, tungsten, or tantalum. Magnesium or 
cadmium electrodes give (Ref. 115) a larger 
light output, but longer exposure times. 

A widely used type of spark gap which is 
similar in principle to that discussed above 
is shown in Fig. II-28b, and usually ascribed 
(Refs. 112, 114, 120, 124, and 125) to 
Libessart. The main features are the small-
diameter constraining bore, which assis ts in 
fixing the position of the light source, and its 
short length which improves the insulation of 
the rear electrode by surrounding it with an 
air gap. The fact that the spark channel is 
only confined for part of its length may also 
reduce the duration of the light emission, 
since some workers have found (Refs. 115, 
117, 120, 122, 124, and 125) that the duration 
is increased by confining the spark. 

The small circular light source provided 
by the spark gaps described above is suitable 
for use in a direct-shadow apparatus, or ina 
schlieren apparatus using a graded filter. 
Unless the range required is small it is not, 
however, suitable for direct use in a conven­
tional knife-edge system. Spark gaps for this 
purpose are sketched in Fig. II-28c and d. 
In one example (Fig. II-28c) the discharge 
takes place between two electrodes in a glass 

capillary tube (Ref. 121) setupperpenc 'ular 
to the optical axis, so that the source sht e is 
a long thin rectangle. With this arrangement, 
difficulties may be experienced with 
shattering of the glass, and because the bore 
of the tube becomes partially opaque after long 
usage. An alternative scheme (Refs. 120, 
121, 34, 41, and 40), which avoids these 
difficulties, is to form the spark between flat 
electrodes constrained as a sandwich between 
glass plates as shown in Fig. II-28d. 

With a source of this type, the range and 
sensitivity can be adjusted (Refs. 34 and 41) 
by rotating the source about the optical axis 
so as to change its effective height (i.e., the 
dimension perpendicular to the knife edge). 
If this is done, however, it may be necessary 
to adjust the position of the knife edge along 
the optical axis because of the effects of 
astigmatism (see section 11(e)), 

c. Details of the Electrical 
Circuit. In order to minimize the inductance 
of the discharge circuit, it is necessary to use 
short, thick, closely-spaced connections 
between the capacitor and spark gap, or a 
concentric arrangement. The best arrange­
ment depends on the form of the capacitor, 
and examples are shown in Fig, 11-29. Further 
details of these and other arrangements may 
be found in Refs. 40, 41, 114, 115, 122, 123, 
124, 125 and 126. 

A number of suitable capacitors are 
commercially available; they should have 
small internal inductance and internal con­
nections which are strong enough to withstand 
the loading that ar ises from the passage of the 
heavy discharge current. Designs using the 
squashed-foil type of construction (see, for 
example, Ref. 125) in a cylindrical case with 
a terminal at each end appear to be the most 
satisfactory at present available in the United 
Kingdom for use at high voltages (above 10 kv). 
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In an effort to improve the performance 
obtained with paper dielectric capacitors, 
tests have been made with a tubular capacitor 
with a barium titanate dielectric which, 
because of its high dielectric constant (1500 to 
3000 as compared with 2.5 to 4 for paper), 
results in a very compact arrangement. The 
object of the work done (Ref. 123) in the 
U.S.A. was to use a barium titanate tube as a 
transmission line (Ref. 114) of such a low 
surge impedance that it matches the r e ­
sistance of the spark gap. If this can be done, 
the current pulse through the gap should have 
constant amplitude, and a duration equal to 
the time required for a voltage wave to pass 
up and down the transmission line. Although 
a short duration of the light emission 
(2 x 10'7 second) was obtained, however, the 
duration was over ten times as long as the 
time calculated for the wave to pass up and 
down the transmission line. 

In some similar tests (Ref. 40) In the 
United Kingdom, a tube of barium-strontium 
titanate was used as the dielectric of a 
capacitor arranged as in Fig. II-29b. The 
results were similar to those reported in 
Ref. 123, but since similar performance was 
subsequently obtained from a good condenser 
with a paper dielectric, it was felt that the 
exploitation of the novel type of capacitor 
could await its commercial development. 

As remarked above, the total light output 
increases as the capacity or the voltage is in­
creased. An example is reproduced in Fig. 
11-27 where the spark was formed across a 
2 mm gap between stainless steel spheres in 
air, and commercial paper-dielectric capac­
itors were used. Here the energy stored in the 
capacitor was increased by increasing the 
capacity at constant voltage, but similar 
results were obtained if the voltage was raised 
with constant capacity. No systematic meas­
urements of the brightness of spark sources 
are knownto the authors, but the values appear 
to lie between 2 x 108 and 400 x 10s stilb. 

Values of the duration of the light from 
various spark sources are included in Table 
III. Further details of the gaps used, and of 
the waveforms of the light emitted may be 
found in the references cited. 

The power required for the high-voltage 
supply may be estimated from the energy 
discharged in each spark and the required 
frequency of sparks, allowing for half of the 
power to be lost in the charging resistor. If 
intermittent sparks only are required, 
cathode-ray tube power supplies of the type 
used in television receivers are suitable, but 
more powerful sources of high voltage are 
needed if frequent sparks are required for 
cine photography or for setting up the appa­
ratus (see section 11(g)). Metal rectifiers may 
be used in a voltage-multiplying circuit as 
shown in Fig. 11-30, or the schemes described 
in, for example, Refs. 21, 53, 87, 88,89, 107, 
114, 119, 128, 130, 131, and 132 may be used. 

The arrangement used to control or trigger 
the spark depends on the required per­
formance, and on the details of the circuit. 
The high-voltage supply can be connected to 
the capacitor as sketched in Fig. 11-31 through 
a mechanical high-voltage relay which is 
closed when a spark is required. This scheme 
is, however, unsuitable for the controlled 
production of a rapid succession of single 
sparks, since the charging time must be long 
compared with the operating time of the relay. 
Other applications of high-voltage contactors 
and thyratron switches are described in 
Refs. 70 and 88. 

An alternative scheme which may be used 
to produce single sparks at frequencies up to 
about two per second is to use (see Fig. 11-32 
and Ref. 121) an induction coil whose primary 
winding Is pulsed from a DC supply by means 
of a contactor. The voltage generated on the 
break of the contactor is greater than on the 
make, and the length of the spark gap is 
adjusted so that it fires only on the break. 
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This system has the merit of simplicity and 
reliability, and is very safe because the high 
voltage occurs only when the contactor is 
made and broken. 

In the majority of other systems that have 
been described, the capacitor is charged to the 
the steady level of the high-voltage supply, 
and the spark gap is fired by triggering a 
third electrode in the gap (see Figs. 11-29c 
and II-29d and Refs. 14, 92, 112, 114, 124, 
125,127,128, and 130), by triggering a three-
electrode gap or thyratron connected in ser ies 
with the main gap (Refs. 89, 92, 104, 107, 
112, 114, 125, 132, and 133), or by triggering 
a three-electrode gap or thyratron which 
disturbs the potential across the main gap and 
causes it to break down (Refs. 90, 112, 120, 
122, 131, and 134), Examples of these 
arrangements are sketched in Fig. 11-33; they 
enable the spark to be fired at any chosen 
instant, or at instants synchronized with the 
event that is to be photographed. 

The time that elapses between the arrival 
of a trigger pulse and the firing of the light 
source may sometimes be important, and 
depends on the details of the circuit and of 
the components used. The delay between the 
application of the high voltage to the light 
source or trigger gap can be made very short 
(0.02 to 0.1 microsecond)(Ref. 109), if the 
voltage applied to the electrodes is 
sufficiently (say, 20 percent) in excess ofthe 
minimum value required to break down the 
gap. The delay between the arrival of the 
trigger pulse at the thyratron control grid and 
the output pulse from the thyratron depends on 
the amplitude and rate of r ise of the voltage 
pulse on the grid, on the circuit values, and on 
the type of thyratron used. It is usual to 
employ xenon or hydrogen thyratrons because 
of their shorter ionization (and deionization) 
times compared with mercury-vapour types. 
It is found (Refs. 120, 128) that the delay in 
the firing of such thyratron circuits is one 
microsecond or less . 

The r ise times associated with automobile 
spark coils are stated (Ref. 122) to be 
between 10 and 150 microseconds, and the 
delays with circuits employing them are 
therefore relatively long (e.g., 10 micro-
seconds)(Refs. 90, 122, and 128). If a 
specially designed pulse transformer is used, 
the delay can be reduced (Refs. 122 and 125) 
to a fraction of a microsecond. An al ter­
native approach is to omit (Ref. 128) the pulse 
transformer or spark coil as shown in 
Fig. II-33a, but this leads to a rather short 
life for the thyratron. 

It is sometimes more important for the 
delay to remain the same on each operation 
than for it to be very short. Variability in 
the delay (termed " j i t ter") may arise from 
various causes such as varying supply 
voltage, circuit hum and noise, microphony, 
low rates of r ise of trigger pulses, inter­
ference from external sources, and variable 
triggering due to the effects of varying 
ambient illumination on the thyratron. By 
taking suitable precautions, the jitter can be 
reduced to less than 0.1 microsecond 
(Ref. 128). 

In some applications it is necessary to 
introduce a known delay between the trigger 
pulse and the firing of the light source. Many 
methods a re available for doing this, and 
details are given in, for example, Refs. 14, 
89, 125, 128, 132, 133 and 135. 

(n) Photography of the Schlieren Image 

The main factors leading to differences 
between schlieren photography and ordinary 
pictorial photography are the relatively low 
contrast of the schlieren image, and the 
frequent need in schlieren photography for 
very short exposure times. 
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If the schlieren image is formed on a 
photographic plate or film, the different 
illuminations, I, in the image will result, after 
development, in different densities, D, in the 
negative, D being defined by the equation 

log,, T 

If the contrasts Cj, C*y and Cp of the 
schlieren image, the negative, and the print 
are defined by the expressions 

Ci ' lo9,o , 
mm 

Tn 
CM « '09.0 P * 10 T, min 

where T0 is the intensity of light incident 
(e.g., in the printing process) on the neg­
ative, and T the intensity of transmitted light 
for the point under consideration. 

When the negative is printed, these differ­
ences of transmission density will appear as 
differences of reflection density, Dp, of the 
print, defined by 

Ro 
,09.o " I " 

where R0 is the intensity of light incident on 
the print (e.g., when it is studied visually), and 
R is the intensity of the light reflected from 
the print. 

The relationship between the appearance of 
the print and of the schlieren image depends 
on the photographic characteristics of the 
negative and positive materials, and these 
are conveniently discussed in terms of their 
characteristic curves. In these curves the 
negative and reflection densities respectively 
are plotted against the logarithm (to the base 
10) of the exposure, which is the product of the 
exposure time and the intensity ofthe illumi­
nation falling on the photographic material. 
Such curves (see, for example. Figs. 11-34 
and 11-39) usually contain portions which are 
approximately linear, and the slopes of these 

Cp= log,,, f 

portions will be denoted by 
for the negative 
respectively. 

'N and Xr 
and positive materials 

max » 
min 

it is clear that they are related by the 
equations 

• xp cN r P rN Cj 

It is usually possible to arrange for the 
product Yp yN to exceed unity, and the 
contrast* in the photographic print then 
exceeds that in the schlieren image. For this 
reason it may be possible to observe details 
in the print which are not visible by direct 
inspection of the schlieren image, although in 
practice the situation is complicated by the 
use of the nonlinear parts of the characteristic 
curves. 

Fig, 11-34 shows typical characteristic 
curves for a series of grades of printing 
paper. The exposure can be arranged to lie 
at any point along the abscissa by adjusting 
the printing time, but the difference between 
the logarithms of the maximum and minimum 
exposures is independent of printing lime, and 
equal to the contrast, Cfg, of the negative. It 
is clear from Fig. 11-34 that the full range of 
tones of the printing paper from black to white 
cannot be used to show differences of illumi­
nation in the image if C*\j is too small. For 
the range of printing papers available in the 

*The maximum value of Cp is limited by the 
characteristics of the printing paper to a 
value between 1.5 and 1.9 (see Ref. 136). 
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United Kingdom, the experience with 
schlieren photography at the N.P.L. suggests 
that, if possible, the negative contrast should 
be about 0.5, although values down to 0.25 
can be tolerated if a deterioration of print 
quality is acceptable. Thus, referring to 
Fig. 11-35, which shows part of a typical 
characteristic curve for a negative emulsion, 
it is desirable that a negative contrast of at 
least the value given above should result from 
the contrast, Cj , of the schlieren image. 

There is little published information on the 
contrasts of typical schlieren images, but an 
examination of a large number of examples 
suggests that it seldom exceeds unity (i.e., 
that the ratio of the maximum to the minimum 
illumination is less than ten). This value is 
lower than that calculated (Refs. 37 and 38) 
for simple types of objects on the basis of 
wave theory, the low value being due in part 
to the effects (Ref. 136) of stray reflections 
and flare in the optical system. 

Accepting this value of the image contrast 
as typical, it follows that over the region used, 
the average slope of the characteristic curve 
for the negative material (Fig. 11-36) should 
if possible be at least 0.5. There is usually 
no difficulty in satisfying this requirement if 
the exposure level is large enough to lie under 
the linear part of the curve, and this can 
generally be achieved in cases where short 
exposure time is not required. One of a wide 
range of different emulsions may then be used 
since, although each will give a different 
contrast, similar prints will be obtained on 
the correct grade of printing paper. 

Equally satisfactory results have been 
obtained with panchromatic and non-
panchromatic emulsions, but the fact that the 
latter can be handled in comparatively bright 
safe lighting is usually a practical advantage. 
According to Eqs. (13) and (20), the exposure 
in a typical system is approximately 
1/2 [(Bbh)/(m2 f J)] t where t is the exposure 

time, and the required values of the quantities 
that appear in this equation can thus be 
estimated in terms of the exposure required 
by the negative material. Approximate values 
are given for guidance in Table IV. 

Although the emulsion speeds quoted by 
manufacturers are a useful guide, it is 
desirable to take a ser ies of trial negatives 
before selecting the conditions for routine 
photography, because the contrast of the 
schlieren image is low compared with that 
usual in pictorial photography for which the 
manufacturer's speed ratings are given. 

(1) Photography with Flash Light Sources 

If a very short exposure time is required, 
it is necessary (see section II(m)(2)) to 
minimize the light output of the flash source. 
Under these circumstances it is desirable to 
use the minimum exposure of the negative 
that is compatible with obtaining a sa t is ­
factory print. The nonlinear portion at the 
toe of the characteristic curve may then be 
used in order to give an increase of speed, 
provided that adequate negative contrast is 
obtained. A useful guide to the speed of the 
emulsion when used in this way is the r e ­
ciprocal of the exposure, E i , (Fig, 11-36) 
which gives a certain average slope (e.g., 0.5 
or 0.25) of characteristic curve for an image 
contrast of unity. 

Under normal conditions, the density of a 
given emulsion developed in a given way 
depends only on the exposure, It, and not on 
the individual values of the illumination, I, and 
the exposure time, t. Thus, for a given 
density, the illumination and exposure time 
are related (Ref. 136) by the "reciproci ty" 
law. It = constant. For some emulsions this 
may no longer be true (Ref. 136) if t is 
very small, and the value of I correspondingly 
large. However, as far as schlieren photog­
raphy is concerned, this failure of the 
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reciprocity law is not usually Important, 
partly because the effects are small (Refs. 110, 
137, and 138) with suitable emulsions and 
development, and partly because the exposure 
cannot in any case be accurately predicted for 
a spark source, because of inadequate data on 
the brightness and duration. 

Since the sensitivity of a photographic 
emulsion depends (Ref. 136) on the wavelength 
of the incident light, the spectral properties 
(Refs. 109, 114, and 115) of the light emitted 
by the source may have some effect. As 
illustrated in Fig. 11-37,* the light from a 
spark is usually deficient in the longer 
wavelengths as compared, for example, with 
that from a tungsten filament. The result is 
that any advantage of a panchromatic emulsion 
for photography with a tungsten source is 
somewhat reduced for spark photography. 

Moreover, the spectral distribution of the 
light from a spark source or a flash tube 
varies with time, being richest in ultra-violet 
and blue in the early stages of the discharge, 
when the peak current is flowing and the 
temperature in the arc channel is highest. As 
the current decays and the channel expands 
and cools, the light output decreases and 
becomes redder. The duration of the light 
emission is thus shortest for the blue end of 
the spectrum so long as line spectra from, for 
example, the electrode materials, do not 
affect the latter stages of the emission. 
Accordingly, it has often been suggested that 
in order to reduce the effective duration of a 
spark light source, the photographic emulsion 
should be sensitive to blue light only. 

The possibility of failure of the reciprocity 
law does not appear (Refs. 136 and 137) to 
depend on the wavelength of the light, but 
there is evidence (Ref. 136) that the slope of 
the characteristic curve of the emulsion is 
less for a spark than for a tungsten source. 
This effect may be important if the exposure 
is marginal, because it reduces the speed and 
contrast. 

The characteristic curve for a particular 
emulsion depends on the type of developer 
used and on the development time, an example 
being shown in Fig. 11-38. In general, the 
speed of the material and the slope of the 
characteristic curve Increase with develop­
ment time up to a certain limit. For ordinary 
photography, development times are often 
limited to values below these giving maximum 
speed in order to restrict the contrast and 
grain size of the negative. For schlieren 
photography this is not usually desirable, 
unless very small images** are used for 
which the grain size may be important, and it 
is preferable to use long development times 
and energetic developers in order to produce 
(Ref. 110) the maximum contrast and speed. 

Because of the conditions of operation on 
many wind tunnels, it is sometimes difficult 
to avoid fogging the negative to some extent, 
especially when taking direct-shadow photo­
graphs. The curves of Fig. 11-41 illustrate 
the effect of fogging on the characteristic 
curves, the photographic plates being exposed 
close to a safelight for some seconds in 
addition to a normal exposure with a spark 
light source. In addition to increasing the fog 

*Curves for the reflectivity of aluminium and 
the transmittance of typical glass samples are 
included in Fig. 11-39, and show that these 
quantities are insensitive to the wavelength of 
the light over a wide range. 

**As discussed above, the permissible image 
size is related to the speed of the emulsion; 
for schlieren photography better resolution is 
in general obtained in the photograph when a 
fairly large image is used with a fast emulsion 
than when the alternative possibility of using 
a small image and a slow emulsion is adopted. 
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level, the slope of the characteristic curve is 
reduced and hence, also, the speed and 
contrast. 

As a rough guide for the selection of an 
emulsion, the relative speeds for various 
conditions of several emulsions available in 
the U.S.A. (Ref. 137) and in the United Kingdom 
are shown in Tables V and VI respectively. 
In Table V values are given for two negative 
densities; the density of 0.1 above fog is 
representative of the conditions when the 
exposure is very small and, although the 
phenomena present in the schlieren image 
would be detectable in the negative, the print 
quality would be poor. The density of unity, 
on the other hand, is high by comparison with 
the values usually achieved in schlieren 
photography at short exposure times, and is 
more typical of the conditions that can be 
achieved with long exposure limes. In each 
column the speed of the fastest emulsion is 
denoted by 100, and the speeds of the other 
emulsions are given relative to this speed. 
The numerical values in different columns 
cannot, in general, be compared. 

In Table VI the relative speeds are given 
in the same way for a density 0.1 above the fog 
level, and for average slopes of the character­
istic curves (see Fig. 11-36) of 0.25 and 0.5. 

Because of the desirability of using fairly 
bright safelights on the wind tunnel and in 
processing, and because of possible 
lengthening of the effective duration of the 
flash source, fast panchromatic emulsions 
are frequently not used for schlieren, and, 
especially, for direct-shadow photography. 
The practice at the N.P.L. is to use either 
Ilford Fast Blue Sensitive Type LN plates or 
Kodak Experimental Plates No. V1015, and it 
is found that under the conditions of spark 
photography these require an exposure ofthe 
order of 0.01 metre candle seconds for 
satisfactory results . 

(2) The Photography of 
Colour-Schlieren Images 

Although the same general principles apply 
to the photography of coloured schlieren 
images as to the photograph of monochromatic 
images, certain differences of detail a r i se . 
The colour material is normally designed to 
represent correctly the colours of an object 
illuminated by daylight or tungsten light of a 
certain colour temperature. If the best 
possible colour rendering is required, the 
colour temperature of the light source may, 
therefore, need to be considered, and filters 
used to correct it if necessary. It is not 
possible to assess the effect on the emulsion 
by visual observation of the image, because of 
the different spectral responses of the eye and 
the emulsion. Moreover, if a short exposure 
time is to be used, the colour rendering of the 
material may be altered by effects due to 
reciprocity law failure. 

True colour rendering may not, however, 
be important for qualitative work since there 
are no natural standards of comparison fora 
colour-schlieren image, and all that is r e ­
quired is that the colour range and gradation 
should be satisfactory. If some distortion of 
colour rendering can be tolerated, the use of 
the toe of the characteristic curve and 
prolonged development can give increases of 
effective speed as with monochrome mate­
r ia ls . Colour-schlieren images appear to 
have the same order of contrast as their 
monochrome counterparts, and are thus 
easily recorded on colour materials which, at 
present, have limited latitude and cannot 
accommodate satisfactorily high-contrast 
images. 

For cine photography the use of colour film 
is usually as simple as monochrome film, 
since it is often the practice for the processing 
to be done by a specialist firm in both cases. 
For single-exposure photography the extra 

40 

http://www.abbottaerospace.com/technical-library


time required for processing colour mate­
rials is a disadvantage in routine work, but 
this is to some extent overcome by the newer 
types of film which enable a monochrome 
image to be examined before the colour 
development is carried out. 

(o) Schlieren and Direct-Shadow 
Methods for Visualizing 
Three-Dimensional Flows 

Many of the features described above apply 
no matter what type of flow is to be observed, 
and we now consider the special arrangements 
which may be necessary if three-dimensional 
flows are to be visualized. If a three-
dimensional flow is examined with a parallel 
beam of light, the image lacks depth and it is 
difficult to determine the positions along the 
beam of the flow phenomena which are 
present. The strongest deflections of the 
light occur when the rays are tangential, or 
nearly so, to the shock and expansion waves. 
Thus the image resulting from a system using 
parallel light will give the impression of 
superimposed cross sections of the flow, the 
cross sections being taken normal to the beam 
at the points where the rays are tangential 
to the shock and expansion waves. It follows, 
for example, that for the visualization of the 
flow past swept wings it is frequently 
necessary (Refs. 139 and 140) to pass the 
light beam obliquely across the working 
section. Moreover, in a complicated flow the 
light rays may follow tortuous paths, and the 
deflections at exit from the working section 
may not be a true indication of the strengths 
of the disturbances. 

These are only incidental difficulties, 
however, and in simple cases the use of a 
conventional schlieren system to observe a 
three-dimensional flow is satisfactory. For 
example, no difficulty usually arises for flows 
possessing axial symmetry since the image is 
essentially a cross section of the flow at the 
median plane from which (together with the 

traces of the interaction of the shock waves 
with the glass walls of the tunnel as shown, 
for example, in Fig. 11-24) the complete flow 
pattern can be deduced. In many cases useful 
results can be obtained (Refs. 139, 141, and 
142) by rotating the model about the longi­
tudinal wind axis so that, in effect, a series 
of photographs is obtained from a number of 
directions perpendicular to this axis. Alter­
natively, valuable information often results 
from projecting (Ref. 143) the direct-shadow 
image of the flow on to one wall of the wind 
tunnel by means of a light beam entering the 
tunnel through the opposite wall. 

In many cases, however, the conditions are 
more complicated, and it is then desirable to 
assign positions along the beam of light to the 
various flow phenomena. Several techniques 
have been devised to enable this to be done, 
and these are described briefly below. It 
should be emphasized that some of these 
techniques are in an early stage of develop­
ment, and that more work is necessary before 
their value can be assessed. 

(1) The Stereoscopic Method 

The stereoscopic method was developed 
(Ref. 144) by Lyot and Francon for examining 
discs of glass, and has been used subsequently 
in France (Ref. 145) and America (Ref. 146) 
for observing combustion and aerodynamic 
phenomena. The apparatus (Fig. 11-40) 
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 

*In Fig. II-40a the setup is for the examination 
of a glass disc. It is then simpler to rotate 
the disc (from position I to position II) 
relative to the beam of light than it is to move 
the beam itself. 
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take photographs from two directions simul­
taneously. The photographs are viewed with a 
stereoscope. An example (Ref. 144) of a 
stereoscopic pair of photographs showing 
faults in a glass disc is reproduced 
in Fig. 11-41. 

(2) The Rangefinder Method 

The rangefinder method was developed 
(Ref. 7) by Lamplough who used it for 
photographing the shock waves close to the 
wing of an aeroplane flying at high speed. 
The apparatus is sketched in Fig. 11-42 and 
consists of a conventional parallel-beam 
arrangement with the addition of a glass wedge 
close to the collimating lens. The light beam 
is set up along the span of the wing, and the 
position of a shock wave along the beam is 
estimated by observing the relative displace­
ment of the part of the image associated with 
light which has passed through the wedge. 
The type of record obtained is shown in the 
example reproduced in Fig. 11-43. The 
displacement of the image 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 
opposite directions for shock waves lying on 
opposite sides of the conjugate plane. 

In the apparatus used by Lamplough, no 
knife edge was used in the focal plane of the 
second lens. This arrangement appears to be 
satisfactory for observing shock waves, but if 
it is required to visualize the boundary layer 
as well, it may be desirable to use a knife 
edge as sketched in Fig. 11-42. If a knife edge 
is used it must be set parallel to the displace­
ment produced Dy the rangefinder wedge. 
Although phenomena producing deflections 
perpendicular to the edge may thus be 
visualized, it will be impossible to determine 
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 section II(o)(4) until it is 
approximately tangential to the element of the 
shock which is to be visualized. By taking 
photographs for a range of inclinations ofthe 
beam it may then be possible to obtain the 
position (and possibly also the slope) of a 
number of elements of the shock, and hence to 
deduce its shape. 

(3) The Sharp-Focus Method 

The sharp-focus method was developed 
(Ref. 147) on a small scale by Kantrowitz and 
has been the subject of considerable interest; 
in its present form it suffers from a number of 
disadvantages which have been discussed 
(Ref. 148) by Fish and Parnham. The method 
(Fig. 11-44) depends on the fact that any point 
in the object is illuminated by rays of light 
within a solid angle, a , equal to that subtended 
at the first lens or mir ror by the extended 
source. The depth of focus depends on the 
angle, /3 , and the diameter of the acceptable 
circle of confusion in the image; the angle,/9, 
is determined by the angle, a , and the image 
size. Thus, for a given ratio ofthe diameter 
of the circle of confusion to the image size, 
the depth of focus is approximately inversely 
proportional to the angle, a . Hence a short 
depth of focus may be obtained by using a large 
source of light. The objection that the 
sensitivity as a schlieren system of the 
apparatus will be low when the source is large, 
is overcome by using an array of small slit 
sources and a corresponding array of knife 
edges as a cut off. 

When the sensitivity is moderately high, 
the image quality suffers from the effects of 
diffraction at the multiple knife edges, and the 
situation is aggravated by the fact that the 
object plane in sharp focus is shown on a 
background of the out-of-focus object planes. 
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(4) Shock Wave Plotting Methods 

The shock wave plotting method was 
developed (Ref. 7) by Lamplough and has been 
used to record shock wave patterns in flight 
and in the wind tunnel. The apparatus used in 
the wind tunnel observations is sketched in 
Fig. 11-45; the apparatus used in flight 
operates on the same principle. It involves 
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 
section is received on a film through a narrow 
horizontal slit. As the beam is rotated about 
the vertical axis the film is moved in a 
vertical direction, the slit remaining at rest . 
At any point in the rotation of the beam where 
the light rays are tangential to the shock front 
in the narrow slice of the flow field under 
observation, a dark band is recorded on the 
film. From this record it is possible to 
deduce the shape of the shock front in the part 
of the flow examined. 

An example (Ref. 149) showing the result 
obtained when the shock contour is 
reconstructed from the original record by 
means of a specially designed "reduction 
box" is reproduced in Fig. 11-46. This shows 
the shock contour a little above the surface of 
a wing with 50 degrees sweepback. 

By moving the slit in front of the film to 
successive positions across the field of flow 
the entire field can be scanned, a frame of film 
being obtained for each slice explored. 

The criticism has been made that when the 
method is used on a wind tunnel, the windows 
in the side walls need to be very long in order 
to allow the beam of light to be passed 
obliquely across the flow. The objection is 
not, however, confined to this particular 
method of visualization since most optical 
methods require that the light beam can be 
rotated until it is approximately parallel to 
the shock front which is to be observed. 

(5) A Method for Conical Flows 

For the visualization of conical or nearly 
conical flows, the technique described in 
Ref. 150 may be used. Here a conical beam of 
light whose vertex approximately coincides 
with that of the conical flow is used to 
produce a direct-shadow image on a screen 
held in the working section downstream of the 
model. In order to reduce the blockage caused 
by the screen, this takes the form of a 
propeller with flat white blades rotating at 
high speed. The arrangement of the apparatus 
for visualizing the flow past a half-span model 
supported from the tunnel wall is sketched 
in Fig. 11-47. For complete models a point 
light source is mounted either directly in the 
nose of the model or in an extension of the 
nose. 

(6) Techniques for Half-Span Models 

If the wall or reflection plate from which a 
half-model is supported is transparent, a 
beam of light can be passed across the tunnel 
and any of the schlieren methods described 
above can be used. Alternatively, limited 
observations can be made through a small 
window located in the reflection plate; for 
example, the flow near the tip of a highly 
swept wing has been observed through a 
window located at the rear of the reflection 
plate. 

In most cases, however, the wall or reflec­
tion plate is opaque, as the apparatus behind 
it will obstruct the beam of light. It may then 
be possible to use the reflection plate as an 
optical mirror and, using the schlieren 
methods described above, visualize the flow 
by reflecting the light back across the tunnel. 

A simpler method for obtaining less 
detailed information is to project the image of 
shock waves and other flow phenomena on to 
the prepared surface of the reflection plate 
in the manner sketched in Fig. 11-48, and 
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shown in the example reproduced in Fig. 11-49. 
This technique is, of course, equally applica­
ble to wing-body combinations (the image of 
the flow near the wing being projected on to 
the surface of the body) where the size of the 
body would prevent observations of the flow 
near the wing surface by the usual schlieren 
methods. 

An alternative method (Ref. 151) which may 
be useful in special cases is to project the 
image of the shock wave on to the surface 
of the wing as shown in Fig. 11-48. A similar 
method has been used (Ref. 8) in flight, the 
direct-shadow image of the shock wave being 
formed on the surface of the wing by light 
from the sun. 
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Fig. I-la. Interferometer photograph of the flow past a two-dimensional aerofoil. 
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Q 
Fig. I-lb. Toepler schlieren photograph of the flow past a two-dimensional aerofoil. 
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Fig. I - lc . Direct-shadow photograph of the flow past a two-dimensional aerofoil. 
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Fig. II-1. Sketch showing the arrangement ofa typical schlieren apparatus. (Undisturbed rays shown full, 
disturbed rays shown dotted.) 
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Fig. 11-2. The arrangement of the knife edge in the Toepler apparatus. 
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(a) Knife edge perpendicular to chord 3 

(b) Knife edge parallel to chord 

Fig. II-3. Toepler schlieren photographs of the flow round a double wedge at M = 1.6. 
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Fig. 11-4. Toepler schlieren photograph of the flow past 
a two-dimensional aerofoil at M = 0.87. 
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Fig. 11-5. The use of a condenser lens to produce a magnified image of the light source. 
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4 -

(a) Horizontal knife edge (b) Graded filter (c) No knife edge or graded filter 

Fig. 11-6. Images of a pin hole formed With various schlieren systems. 
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g 

( j i ) TWO FOCUSSING LENSES 
L AND L' ' 

AACE PLANE 
OF L 

Fig. II-8. Diagram of the notation for the focussing lenses used to produce an image of p at p' 
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Light beam parallel to aerofoil span 

Light beam inclined towards the upper surface 

Fig. II-9a. Direct-shadow photographs with no flow showing the effects of diffraction 
and misalignment of the light beam. 
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Fig. ll-9b. Examples showing the effects of focussing on the image of the flow near the 
trailing edge of an aerofoil moving at a high subsonic speed. 
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M. 

Fig. 11-10. The use of plane mirrors to fold the light beam. 
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Fig. 11-11. Schlieren photographs showing ream and defects in the surface polish of glass. 
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Fig. 11-12. A typical schlieren-mirror mount. 
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Fig. 11-13. A typical schlieren apparatus. 
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- J 

Fig. 11-14. Photograph showing a graded filter and its adjustments and a plane mirror 
used to fold the light beam. 
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(b) Finished assembly 

Fig. 11-15. Sketches illustrating a typical n ethod of mounting wind tunnel windows. 
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Fig. 11-16. A two-dimensional aerofoil supported by tongues passing through slots 
cut in the glass windows of a wind tunnel. 
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(a) With parallel light 

(b) With non-parallel light 

Fig. 11-17. Schlieren systems based on lenses. 
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Fig. 11-18. Coincidence schlieren systems. 
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SOURCE 
AND IMAGE 
AS IN FIG.n-18 

Fig. 11-19. A schlieren system in which the parallel beam crosses the working section twice. 
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Fig. 11-20. Sketch illustrating the Ronchi method. 
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Fig. 11-21 A method using polarized light. 
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(a) A typical arrangement of the apparatus 
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(b) Sketch illustrating the change cf illumination at the screen 
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Fig. 11-22. The direct-shadow method. 
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Fig. 11-23. Sketches illustrating tne formation of a direct-shadow image of a two-dimensional shock wave. 
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Fig. 11-24. Direct-shadow photograph of the flow past a body of revolution 
with a hemispherical nose at M • 1.6. 
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(a) Transition at 0.73 chord 

(b) Transition near the leading edge 

Fig. 11-25. Direct-shadow photographs of the rear half of an aerofoil 
showing the state of the boundary layer. 
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Fig. 11-26. Sketches illustrating the formation of direct-shadow images of two-dimensional boundary layers. 
(Flow perpendicular to plane of paper.) 
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Fig. 11-27. The variation with capacitor size of the light output of a spark gap. 
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Fig. 11-28. Simple types of spark gap. 
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Fig. 11-2*̂ . Spark light source and capacitor arrangements (Refs. 40 and 41). 
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Fig. Il-29c. Spark light source and capacitor arrangements (Ref. 125). 
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Fig. II-29d. Spark light source and capacitor arrangements (Ref. 124). 
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Fig. ll-29e. Spark light source and capacitor arrangements (Ref. 122). 
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Fig, 11-30. A multiplying circuit used as a high-voltage supply. 
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Fig. 11-31, A high voltage relay used to control the charging of the spark capacitor. 
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Fig. 11-32. An induction coil used to charge the spark capacitor (Ref. 121), 
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Fig. II-33a. Arrangements for triggering a third electrode in the spark light source (Ref. 128). 
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Fig. II-33b. Arrangements for triggering a thyratron or three-electrode gap connected in 
ser ies with the spark light source (Refs. 104, 125, 132, and 133). 
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Fig. II-33c. Arrangements for triggering the spark light source by disturbing the potential 
across it (Refs. 90, 100, 122, and 134). 
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Fig. 11-34. Typical characteristic curves for various grades of printing paper. 
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Fig. 11-35. Sketch illustrating the relation of image and negative contrast. 
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Fig. 11-36. Sketch showing a definition of emulsion speed. 
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Fig. 11-37. Spectral distributions of light sources and spectral sensitivities of photographic emulsions. 
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Fig. 11-38. The effect of development time on the characteristic curve of Ilford type LN 
emulsion after exposure to a spark light source. Developer Ilford ID 19 at 68°F. 
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LOG EXPOSURE 

Fig. 11-39. Illustration of the effects of fogging on the characteristic curve with spark 
exposures. Ilford type LN emulsion developed for 10 minutes in Ilford ID 19 developer at 68°F. 
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Fig. 11-40. A stereoscopic schlieren apparatus. 
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Fig. 11-41. A pair of stereoscopic photographs of a glass disc. 
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Fig. 11-42. A rangefinder wedge arrangement. 
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Fig. 11-43. Photograph showing the displacement of the image of a shock wave 
by a range finder wedge. 
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Fig. 11-44. A sharp-focus schlieren apparatus. 
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Fig. 11-45. The shock wave plotting method. 
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Fig. 11-46. Reconstruction of the contour of a shoe* wave on a swept-back wing from records obtained 
with a shock wave plotting apparatus. 
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LIGHT SOURCE AND 
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PROPELLER-SCREEN SUPPORT 

LIGHT PATH 

MIRROR 
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IMAGE OF LIGHT PATH 
ON PROPELLER SCREEN 

WING CAMERA 

Fig. 11-47. Drawing of conical shadowgraph system utilizing a half-span triangular wing 
and external light source. 
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SHADOWS OF SHOCK WAVES 
BOUNDARY LAYERS, WAKE 
AND TIP VORTEX FROM 
SPANWISE BEAM 

DIRECTION OF 
PERPENDICULAR 
LIGHT 

BEAM 

SHADOW OF SHOCK WAVE 
FROM PERPENDICULAR 
BEAM. 

t o 

FLOW 
DIRECTION 

DIRECTION OF 
SPANWISE LIGHT 
BEAM. 

Fig. 11-48. Methods for use with a half-span model. 
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MODEL 

CAMERA WORKING SECTION. 
FLOW PERPENDICULAR 
TO THE PLANE OF 
THE PAPER 

Fig. 11-49. The direct shadow image of a half-span model projected on to a reflection plate. 
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Table I. Some Continuous Light Sources for Schlieren Systems 

(a) Tungsten Filament Lamps 

Type of Lamp 

Siemens, CF/13 
Projector Lamp 

Ediswan Class F 
Projector Lamp 

Ediswan Class G 
Exciter Lamp 

Siemens Al /3 
Solid Source 
Projector Lamp 

Siemens A1/4 
Solid Source 
Projector Lamp 

Philips Class F 
Ribbon Filament 
Projector Lamp 

Voltage 

12 

6 

10 

12 

12 

6 

Watts 

48 

48 

75 

150 

250 

108 

Source Dimensions 
(mm) 

6 x 1-1/2 

3 x 2-1/2 

6 x 2 

6 x 4-1/2 

6 x 6 

7 x 2 

Average Brightness 
(stilb) 

A 

Between 1,000 and 

2,000 depending on 

whether the lamp 

is overrun. 

References 

Manufacturer's catalogues 
and Ref. 101 

Manufacturer's catalogues 
and Ref. 101 

Manufacturer's catalogues 
and Ref. 101 

Manufacturer's catalogues 
and Ref. 101 

Manufacturer's catalogues 
and Ref. 101 

Manufacturer's catalogues 
and Ref. 100 
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Table I. Some Continuous Light Sources for Schlieren Systems 

(b) Discharge Lamps 

• j t 

Type of Lamp Watts 

Mazda BH-6 1,000 
Mercury-Vapour 
Lamp 

Ames Type " A " 
Mercury-Vapour 
Lamp 

Ames Type " B " 
Mercury-Vapour 
Lamp 

B.T.H. MD/H 500 
Mercury-Vapour 
Lamp 1,000 

B.T.H. ME/D 250 
Mercury-Vapour 
Lamp 

B.T.H. FAS 150 
Xenon Lamp 

Western Union 2 to 
Telegraph Co. 100 
Zirconium Arc 
Lamp 300 

Source Dimensions 
(mm) 

25 x 1 

63 x 1 

13 x 1 

25 x 1 

3.4 to 4.1 x 1.5 

4.5 to 5.5 x 2.6 

0.075 to 1.5 dia. 

2.9 dia. 

Maximum 
Brightness 

(stilb) 

30.000 

60,000 

120,000 

30,000 

30,000 

20,000 

600 

10,000 to 
4,000 

5.200 

Remarks 

Brightness and burning 
position similar to 
MD/H below 

Water cooled 

Water cooled 

Brightness quoted for 
water-cooled lamp, it is 
somewhat lower for forced 
air cooling. Larger 
source dimension must be 
horizontal. 

Larger source dimension 
must be vertical. 

Larger source dimension 
must be vertical 

References 

Refs. 45, 102, 
54, 103, 104 

Private com­
munication from 
NACA 

Private com­
munication from 
NACA 

Manufacturer's 
literature and 
Refs. 105, 55, 
106 

Manufacturer's 
literature and 
Refs. 105, 106 

Manufacturer's 
literature and 
Ref. 107 

Manufacturer's 
literature and 
Ref. 108 
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Type of Tube 

• 

Siemens SF7 

Mullai d LSD 2 

Krypton Tube 

Mazda Type 
B-H6 

Mercury-
Vapour Tube 

B.T.H. MD/H 
Mercury-
V apour Tube 

B.T.H. FAS 
Xenon Tube 

Table II. Some Flash Tube Light Sources for Schlieren 

Continuous 
Operation 

(watts) 

1,000 

500 or 
1,000 

150 

Flash 
Voltage 
V(kv) 

7.5 

8 

7.5 

7.5 

15 

2 

2 

2 

10 

Capacity 
C 

Up to 2 

0.1 

2 

2 

0.01 

2 

2 

3 

0.25 t o i 

Flash Energy 
1/2CV2 

(watt-sec) 

Up to 56 

3 

56 

56 

1 

4 

4 

6 

4 to 8 

Max. 
200 

12 to 50 

Flash 
Duration 
{fi sees) 

1 to 2 

2 to 3 above 1/2 
amplitude of 
"photographic" 
effect 

About 1 

3 above 1/2 
amplitude of 
"photographic" 
effect 

0. 3 above 1/2 
amplitude 

3 

6 above 1/10 
amplitude 

10-15 

4 

3-12 

Systems 

Source 
Size 
(mm) 

30 long 

30 long 

2 5 x 1 

2 5 x 1 

4 to 5 x 2.6 

References 

Manufacturer's 
catalogues 

Refs. I l l , 116 

Ref. n y 

Refs. 99, 111. 
116 

Ref. 92 

Ref. 102 

Ref. 104 

Ref. 120 

Information from 
B.T.H. and 
Ref. 105 

Information from 
B.T.H. 

Ref. 107 

http://www.abbottaerospace.com/technical-library


Table III. Some Spark Light Sources for Schlieren Systems 

Type of Spark 
Gap 

Open 

Confined 
(Libessart) 

Confined 
(Libessart) 

Open 

Open 

Open 

Open 

Confined 

Confined 

Electrode 
Material 

-

Tungsten 
and steel 

Aluminium 

Aluminium 

-

Tungsten 

Tungsten 

Tungsten 
and 

stainless 
steel 

Voltage 
V 

(kv) 

20 

10 

6 

6 

6 

20 

10 

10 

10 

Capacity 
C 

(/xF) 

about 
0.0003 

0.12 

0.1 

0.5 

0.12 

0.01 

0.25 

0.25 

0.024 

Energy 
1/2CV2 

(watt-sec) 

about 
0.06 

6 

1.8 

9 

2.2 

2 

12.5 

12.5 

1.2 

Duration* 
(ft. sees) 

0.1 " tota l" duration 

1 above 1/2 
amplitude 

7.5 above 1/50 
amplitude 

4 above 1/50 
amplitude 

0.8 above 1/50 
amplitude 

0.1 

1 " tota l" duration, 
0.5 "photographic" 
duration 

3 to 4 " tota l" 
duration, 2 "photo­
graphic" duration 

1.2 " total" duration 
0.18 above 1/2 
amplitude 

Method for 
Measuring 

Duration 

Rotating 
mirror 

Rotating 
mirror 

Rotating 
mirror 

Rotating 
mirror 

Rotating 
mirror 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

References 

Ref. 127 

Ref. 114 

Ref. 124 

Ref. 124 

Ref. 124 

Ref. 128 

Ref. 122 

Ref. 122 

Ref. 123 
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Table III. Some Spark Light Sources for Schlieren Systems (Continued) 

oc 

Type of Spark 
Gap 

Open 

Open 

Confined 
(Libessart) 

Confined 
(Libessart) 

Confined 
(Sandwich) 

Confined 
(Sandwich) 

Open 

Open 

Open 

Confined 
(Libessart) 

Electrode 
Material 

Platinum-
indium 

-

-

-

Magnesium 

Magnesium 

-

Brass 

Magnesium 

Brass 

Voltage 
V 

(kv) 

6 to 10 

15 

15 

15 

15 

15 

3 

5 

5 

5 

Capacity 
C 

(MF) 

0.15 

0.5 

0.1 

2 

0.1 

2 

0.1 

0.25 

0.25 

0.25 

Energy 
1/2CV* 

(watt-sec) 

2.7 
to 7. 5 

56 

11 

225 

11 

225 

0.5 

3.1 

3.1 

3.1 

Duration* 
(fi sees ) 

2 " to ta l" duration 
0.2 above 1/2 
amplitude 

1 above 1/2 
amplitude 

3 above 1/2 
amplitude 

8 above 1/2 
amplitude 

0.2 above 1/2 
amplitude 

4 above 1/2 
amplitude 

0.2 above 1/2 
amplitude 

0.75 above 1/2 
amplitude 

2 above 1/2 
amplitude 

3 above 1/2 
amplitude 

Method for 
Measuring 

Duration 

Rotating 
mirror 

T 

Rotating 
mirror 
and 
photo­
electric 

f 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

References 

Private com­
munication 
from Svenska 
Flygmotor AB, 
Sweden 

Ref. 120 

Ref. 120 

Ref. 120 

Ref. 120 

Ref. 120 

Ref. 115 

Ref. 125 

Ref. 125 

Ref. 125 
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c 

Confined 

Open 

Open 

Confined 

Confined 

Open 

Open 

Tungsten 
and 

tantalum 

Steel 

Steel 

Steel 

Steel 

-

Steel 

6 

6 

13 

13 

17 

10 

9 

0.005 

0.2 

0.01 

0.01 

0.01 

0.25 

0.025 

Barium-
strontium 
titanate 
dielectric 

0.2 

3.5 

0.8 

0.8 

1.5 

12.5 

1 

0.1 

0.8 above 1/2 
amplitude 

0.3 above 1/2 
amplitude 

0. 4 above 1/2 
amplitude 

0.6 above 1/2 
amplitude 

0.5 above 1/2 
amplitude 

0.1 about 1/2 
amplitude 

Photo­
graphic 
and 
photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Photo­
electric 

Ref. 126 

Ref. 129 

Ref. 129 

Ref. 129 

Ref. 129 

Ref. 21 

Ref. 129 

•Various criteria have been used to define the duration of a spark light source, and because of inadequate 
data it has not always been possible to quote in the table values for a consistent definition. In many cases 
the duration is quoted as the time for which the intensity of the light exceeds half the peak value. Even on 
the basis of this definition, however, it is difficult to compare the performance of different sparks because 
of differences of the waveform of the emitted light. It Is preferable to quote the duration in terms of the 
print contrast or the contrast sensitivity of the eye (Ref. 124). 
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Table IV. Exposures Required for Typical Emulsions 

Emulsion Speed 

B.S.I. 
or 

Scheiner 

38° 

28° 

18° 

Weston 
ASA 
GE 

400 

40 

4 

Required 
Exposure 

(metre candle sees) 

0.001 

0.01 

0.1 
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Table V. Relative Speeds of Certain Emulsions Manufactured in the U.S. A. (From Ref. 137) 

Ni 

Emulsion 

Tri-X Aerial Recon* 

Super-XX Panchromatic 

Super Panchro Press 

Ortho-X 

Super Ortho Press 

Linagraph Pan* 

Blue Brand X-Ray* 

Linagraph Ortho* 

Tri-X Panchromatic 

Photoflure Green Sens. * 

Density = 

Mercury Arc 
(2 p. sec) 

100 

100 

98 

92 

88 

65 

63 

55 

43 

38 

0. 1 + fog 

Flash Tube 
(20 p. sec) 

80 

47 

65 

65 

71 

80 

100 

60 

32 

54 

Tungsten 
(1/64 sec) 

100 

40 

62 

30 

38 

62 

23 

28 

32 

27 

Density = 1.0 

Mercury Arc 
(2 p. sec) 

47 

12 

17 

10 

18 

43 

100 

60 

9 

39 

Flash Tube 
(20 M sec) 

19 

4 

7 

5 

10 

22 

100 

68 

4 

35 

Tungsten 
(1/64 sec) 

72 

20 

30 

14 

24 

100 

59 

60 

15 

45 

•Developed for 5 minutes in Kodak D-19 developer at 68 F; the remainder were developed with the same time 
and temperature in Kodak DK-50 developer. 
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Table VI. Relative Speeds of Certain Emulsions Manufactured in the United Kingdom 

B 

Emulsion 

Kodak Experimental Plate No. 68981 

Kodak Experimental Plate No. 68979 

Kodak Experimental Plate No. V. 1015 

Kodak P .2000 

Kodak Experimental Plate No. V. 1002 

Ilford Fast Blue Sensitive Plate Type LN 

Ilford Zenith Plate 

Ilford Orthotone Plate 

Ilford H.P. 3. Plate 

Ilford H. P .S . Plate 

Ilford H. P .S . Film 

Ilford H.P. 3. Film 

Ilford Hyperchromatic Film 

Kodak Ortho-X Film 

Density = 

Spark 
(1/2 p. sec) 

56 

79 

56 

100 

32 

36 

8 

16 

50 

63 

71 

45 

20 

20 

0.1 + fog 

Tungsten 
(1/25 sec) 

32 

32 

25 

100 

22 

11 

6 

16 

40 

80 

80 

50 

22 

20 

Average slope = 0. 25 
(see Fig. 11-36) 

Spark 
(l/2>i sec) 

80 

100 

71 

100 

28 

40 

11 

20 

80 

71 

89 

40 

25 

28 

Tungsten 
(1/25 sec) 

32 

36 

28 

100 

20 

11 

7 

20 

63 

63 

63 

63 

23 

23 

Average slope = 0. 5 
(see Fig. 11-36) 

Spark 
(1/2 p. sec) 

100 

100 

50 

50 

16 

25 

8 

16 

32 

40 

40 

25 

16 

20 

Tungsten 
(1/25 sec) 

40 

40 

32 

100 

20 

13 

10 

20 

79 

100 

100 

63 

25 

25 

All developed for 10 minutes in Ilford ID. 19 or Kodak D. 19. b developer at 68°F. 
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PART TWO (SECTION III)* 
INTERFEROMETER METHODS 

The interferometer is useful in the study 
of gas-flow problems for the same reasons 
that the shadowgraph and the schlieren ap­
paratus are useful: namely, it permits the 
flow to be visualized or observed, it provides 
a photographic record that can be studied at 
leisure, it permits rapid flow fluctuations to 
be "stopped," and it does not require the 
insertion into the flow of pressure probes or 
other tangible measuring instruments that 
would disturb the flow. The interferometer 
has the additional advantage over the other 
two methods in that it gives quantitative, as 
v/ell as qualitative, results. Under the proper 
conditions, the density distribution in the flow 
around a test object can be determined with 
an interferometer. Along with this advantage 
of the interferometer go several disadvan­
tages that will be pointed out later in this 
section. 

(a) The Mach-Zehnder Arrangement 

The commonly used type of interferometer 
is the Mach-Zehnder arrangement originated 
by L. Mach and Zehnder in the 1890'sfor use 
in studying phenomena of airflow and of bal­
listics. Not much application of the interfer­
ometer to problems in airflow was made until 
after its revival in Germany during World 
War II (Ref. 152). Since the war, Mach-
Zehnder interferometers have been designed, 
constructed, and put to use in the study of 
supersonic flow phenomena in several 
American laboratories and universities 
(Refs. 153 to 166). The basic arrangement 
of the Mach-Zehnder interferometer is shown 
in Fig. Ill—1. Light from a source is made 
into a beam of parallel rays by the colli­
mating lens system, L, . This beam falls 

onto the splitter plate, S* , where it is split 
into two beams. Part of the original beam 
of light is reflected by the splitter plate, S*, 
and part is transmitted by it. The part that is 
transmitted goes to the mirror , M,, where it 
is reflected onto the splitter plate, S2. A 
portion of the beam is transmitted by S2 and 
is not used. The other portion is ref lected by 
Sz, passes through the lens, La, and falls on a 
screen or a photographic plate, P. The light 
that was reflected by S, likewise goes to a 
mirror , Mz, from which it is reflected onto 
the splitter plate, Sz. AtS2 apart of the beam 
is reflected and is not used, and the remainder 
is transmitted, passes through the lens, Lz, 
and falls on the screen or the photographic 
plate, P. This arrangement fulfills one of the 
necessary conditions for the interference of 
the waves in two beams of light: namely, that 
the two beams originate in the same light 
source. From a practical standpoint the 
arrangement also permits the condition to be 
met that the two beams be widely enough sepa­
rated in space that the disturbance to be 
studied can be introduced into one of the beams 
without disturbing the other. The disturbance, 
or the "test section," can, of course, be 
located anywhere in either of the two beams. 
In the apparatus described in the present 
paper the test section was situated midway 
between the mirror , M2, and the splitter plate, 
Sz. 

(b) Theory of Ideal Fringe Formation 

The two beams of light that reach the pho­
tographic plate, P, appear to come from sep­
arate sources, 1,, and I2, situated to the left 
of the mirror , M2. By proper orientation of 
the two splitter plates and the two mirrors , the 

*For purposes of continuity, Part Two of this paper is also considered Section III. 
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two beams of light can be made to appear to 
cross each other, as is shown. If, for the 
moment, it is assumed that each beam is com­
posed of strictly parallel and monochromatic 
rays, then the wavefronts can be represented 
by equally spaced straight lines perpendicular 
to the direction of propagation, as in Fig. 
III-2. Here the straight lines represent the 
" c r e s t s " of the waves. Midway between two 
successive " c r e s t s " are the troughs" of the 
waves. Where two lines intersect, two crests 
occupy the same position in space, reinforce 
each other, and cause an increase in the am­
plitude of vibration and an increase in the 
intensity of the light. Where a line intersects 
a point that is midway between two adjacent 
lines of the other beam, a crest and a trough 
interfere destructively, and a decrease in the 
amplitude of motion and in the intensity of the 
light results . The plate, P, will therefore be 
crossed by parallel lines of alternately weak 
and strong intensity. These lines are the in­
terference fringes. They can be oriented in 
any direction by proper rotation of the 
two splitter plates and the two mi r ro rs about 
two axes, one in a plane parallel tothat of the 
paper and one perpendicular to the plane of the 
paper. 

When a disturbance is produced in the 
air in the test section, changing the speed of 
the light in the beam that actually t raverses 
this section, then the wavefronts in that beam 
will be advanced or retarded and therefore 
shifted with respect to the corresponding 
wavefronts in the other beam, thereby shifting 
the positions of the fringes down or up. From 
the shift in the fringes, the average speed of 
the light can be calculated; from that the 
average density of the air can be calculated. 

(c) Theory of Practical Fringe Formation 

So far it has been assumed that the light is 
strictly monochromatic and is a beam of 
parallel rays. But parallel light can be 
obtained only from a true point source. 
Because in practice neither monochromatic 

light nor a point source is used (because, with 
available means of approximating these to a 
very high degree, the intensity of the light 
would be too small), neither condition is 
actually met. With a point source and a 
strictly parallel beam, fringes are formed at 
all points along the two axes, I, - i, and 
I2 - I2, where the two beams overlap (see 
Fig. II1-1). But in an actual case in which a 
light source of finite extent is used, the axes 
I, - li and I2 - 12 become very numerous. 
The most distinct fringes are then formed 
where the various axes intersect. The inter­
ferometer should be so adjusted, by rotation 
of the splitter plates, that this intersection is 
centered in the test section. 

For obtaining the greatest contrast 
between fringes, it is also necessary that 
the optical-path length through the inter­
ferometer be the same for the two beams. 
This condition becomes the more important 
the more the light departs from being mono­
chromatic. For a given setting of the splitter 
plates and the mir rors , the fringes have a 
given spacing for each wavelength. The 
greater the wavelength, the greater the 
spacing between wavefronts and consequently 
between fringes. Thus, fringes produced by a 
large number of wavelengths coincide only 
at one point, the center of the band of fringes. 
On either side of this center the fringes get 
out of step with each other and the contrast 
between light and dark becomes less and less. 
The optical paths should be so adjusted that 
the center of the band of fringes, where the 
contrast is greatest, appears to be located 
in the test section. 

(d) Design of the Interferometer 

Because differences in the optical path 
lengths for the two light beams in an inter­
ferometer, as evidenced by fringe shifts, 
can easily be detected when they are of the 
order of only one-tenth of a wavelength ol 
light, or 5 x 10"6 cm, the interferometer 
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is a very sensitive instrument and, as such, 
is subject to being thrown out n adjustment 
by temperature changes and b> mechanical 
vibrations. 

There are two philosophies with regard 
to the desirability of trying so to design an 
interferometer that the effects of these 
disturbances on the adjustment will be 
minimized. Some of the universities appear 
to feel that it is not particularly necessary 
to go to great lengths to design an instrument 
that will stay in adjustment day after day, 
but that valuable experience is gained by 
the students in readjusting the interfer­
ometer each time they use it. On the other 
hand, in government laboratories where full 
time is spent on research, the point of view 
is taken that time spent in readjusting 'an 
interferometer is time wasted, therefore 
efforts are made at the design stage to 
incorporate stability of adjustment against 
the effects of changes in the ambient tem­
perature and of ever-present vibrations. 

The writer has participated in the design 
and use of an interferometer (Ref. 163) that 
has stayed in adjustment for more than 12 
months, during which time no readjustment 
of any kind was made despite variations in 
temperature and location near several 
sources of rather severe vibration. In this 
instrument, shown in Fig. 111-3, the base on 
which the mirrors and the splitter plates 
are mounted is a heavy one-piece iron casting 
in the form of a four-leaf clover. (A rigid 
base is of prime importance in achieving 
stability.) The base is therefore sym­
metrical, has a low coefficient of thermal 
expansion, and has a large heat capacity. 
The base is supported at its center in a 
vertical plane by a single mount that is 
attached to a framework of steel welded to 
a steel table. Although isolating the instru­
ment from vibrations by mounting from 
springs had been recommended, it was found 

that the instrument could be kept in adjust­
ment when the table on which it was mounted 
was merely set on the floor. This arrange­
ment also obviated the difficulty, which 
occurred when the interferometer was spring 
mounted, of keeping the beam of light oriented 
parallel to the surface of a two-dimensional 
model. 

Each of the two splitter plates and two 
mirrors must be rotatable about two mutually 
perpendicular axes. Each rotation can be 
effected by turning two opposed screws, and 
the adjustment can be maintained by a very 
tight adjustment ofthe screws. The custom­
ary method of providing an adjustment of the 
difference in optical path length of the two 
light beams is to provide for the translation, 
in a direction perpendicular to the plane of the 
mirror , of the entire housing of mirror , M, 
or M2. An additional adjustment that is 
usually provided for fine adjustment is that 
afforded by inserting a compensating plate 
in each beam and by making one of these plates 
rotatable in such a way that the path length 
in glass can be changed by rotating the plate. 

The front surface of each of the two 
mirrors should be polished flat within about 
one-tenth wavelength of light. Probably the 
best coating for the mirrors is aluminum. 
The two splitter plates, the two compensating 
plates, and the two test-section windows 
should be free of striae and should be polished 
flat on both sides to a tolerance of about 
one-tenth wavelength. The two sides of each 
plate should be parallel to each other within 
about 2 seconds of arc . One side of each 
splitter plate should be coated with a semi-
reflecting material. Some years ago the 
conventional coating was a thin partially 
reflecting and partially transparent layer 
of silver. A metallic coating has the dis­
advantage that a considerable portion of the 
light is absorbed. Available today are 
dielectric materials (for example, zinc 
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sulphide) that are transparent (do not absorb) 
and that form satisfactory beam splitters 
when deposited on glass in the proper 
thickness. 

(e) Design of the Light Source 

A satisfactory light source for application 
of interferometry to the study of flow 
phenomena must provide nearly monochro­
matic light in a nearly parallel beam of suf­
ficient intensity and of sufficiently short 
duration. A satisfactory compromise among 
these four contradictory requirements is not 
always easy. If the region to be studied is 
in a free or open supersonic jet which 
inherently contains high frequency vibrations, 
then exposure times of only a few micro­
seconds must be used. With a completely 
enclosed supersonic test section somewhat 
longer times can be used. Because mechan­
ical shutters are not fast enough, the short 
exposure times are obtained by an electrical 
discharge of a capacitance as a spark or an 
arc . The energy in the discharge, CV z /2 , 
must be sufficient to give a good exposure 
on the photographic negative, but the capac­
itance, C, must not be too large since the 
time duration will be too great, nor must the 
voltage, V, be too large since multiple 
ionization will occur and the light will not 
be sufficiently close to being monochromatic. 

One combination that is frequently used 
is a capacitance of about 2 microfarads 
charged to 2000 volts and discharged through 
a General Electric High Pressure Mercury-
Vapor Capillary Arc BH-6. The light can 
be made sufficiently monochromatic to give 
about 200 usable fringes by insertion of a 
simple filter (e.g., Kodak Wratten No. 77A, 
or Corning Nos. 5120 and 3484). 

Another satisfactory light source uses 
a high-voltage capacitance of 2 microfarads 
charged to about 16,000 volts and discharged 

in air between magnesium electrodes. With 
such a light source the writer obtains 
effective time durations of about 3 micro­
seconds. Because of the high voltage, the 
light is far from monochromatic and a 
simple filter is not sufficient. A mono­
chromator, which can be constructed from 
a low-cost prism spectrometer, can be used 
to isolate the region of the green triplet 
of magnesium or the blue line at 4481 
angstroms. 

The width of the exit slit of the mono­
chromator should be set to pass a band of 
about 30 angstroms and the height of the slit 
should be so adjusted that it subtends an 
angle of about 9 minutes at a distance equal 
to the focal length of the concave mirror 
or the lens on which the light next falls. 
These adjustments result in a beam of light 
that is sufficiently monochromatic and 
parallel to give about 200 usable fringes. 
When the BH-6 mercury-vapor lamp is used, 
a mask containing a small hole should be 
used to reduce the size of the light source. 
The BH-6 lamp has the advantage that in 
addition to giving a flash of short duration 
it can also be burned continuously and is 
thus useful for adjusting the interferometer. 

With either of the above light sources, 
it will generally be found that the photographic 
negative must be rather small (about 20 
square cm) in order to obtain sufficient 
exposure. 

(f) Adjustment of the Interferometer 

When the interferometer is first set up, 
a number of adjustments must be made in 
order to obtain fringes and to orient them 
properly. 

The first step in the initial adjustment 
is to make the reflecting surfaces of the 
two splitter plates and the two mir rors 
nearly parallel. This is done by making 
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the two mirrors as nearly parallel as pos­
sible by eye, and then leaving them there, 
because it is possible to produce all fringe 
orientations by adjustment of the splitter 
plates alone (except for adjustment for white-
light fringes, which is made by rotating a 
compensating plate or by translating a 
mirror) . Then the plates are set nearly 
parallel to the mirrors by simple inspection. 

A small light source is placed 15 feet 
or more away from the interferometer, and 
the light is directed at plate S, . Two sets 
of cross hairs are set up, one near the light 
source and the other near plate S,. Two 
screens are set up on the opposite side of 
the interferometer in such positions that 
a lens placed after plate S2 focuses one set 
of cross hairs on one screen and the other 
set on the other screen. Each set of cross 
hairs produces two images on one screen. 
One image is produced by the light traversing 
one path of the interferometer and the other 
image by the light that goes through the 
other path. 

The splitter plates are then so adjusted 
that the two images of one set of cross 
hairs coincide, or merge into a single image. 
This procedure is repeated for the other set 
of cross hairs. As the adjustments for the 
two sets of images are not independent, they 
must be continued until the images of both 
sets of cross hairs appear to be single. 

then the fringes cannot be found because 
their apparent location would be above or 
below the test section and out of the light 
beam. 

A satisfactory monochromatic light source 
is a sodium-arc lamp, or a General Electric 
BH-6 mercury lamp operated at an under-
voltage of about 60 volts. The lens in the 
beam emerging from the interferometer is 
replaced by a telescope placed some 15 feet 
beyond the interferometer. Interference 
fringes generally can then be brought into 
focus by adjusting the telescope. If they 
cannot be found, either the elimination of 
double cross hair images has not been 
sufficiently achieved or the difference in 
optical-path length is too great. Inspection 
of each cross hair image (on the screens) 
with a magnifying glass will usually reveal 
that the elimination of doubling has not been 
completely effected. 

Once the fringes have been located, a 
monochromatic light source is set up to 
give a parallel beam. If the BH-6 lamp 
has been chosen as the permanent source, 
it is set up with lens (or mirror) and filter. 
If the magnesium spark-monochromator light 
source has been chosen as the permanent 
source, the spark is temporarily replaced 
by a BH-6 lamp placed at the entrance to 
the monochromator, the slits are narrowed 
to about 0.3 millimeter and the mono­
chromator is set to pass the 5460-angstrom 
line. 

The light source is now replaced by a 
monochromatic light source. This light 
source should be sufficiently close to being 
monochromatic that many hundreds of fringes 
can be produced. The reason for this is 
that at this stage of the adjustment the two 
optical paths through the interferometer 
are likely to be considerably different. If 
such is the case, and a light source that 
would give relatively few fringes is used, 

The first adjustment is to tilt the fringes 
into the desired orientation, say a horizontal 
position, by rotating a splitter plate. The 
next two adjustments are to move the fringes 
into the test section and to adjust them to 
the desired width, or spacing. (For the sake 
of clarity, these adjustments are described 
here as though the test section were located 
between the mirror , M2, and the splitter 
plate, S2. The test section can, of course, 
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be located anywhere in either of the two 
beams.) These two adjustments are made 
simultaneously by alternate rotation of the 
two splitter plates and by observation through 
the telescope of the location and the spacing 
of the fringes. 

This adjustment is not difficult. For 
example, suppose that the fringes are located 
between S2 and the telescope and are too 
narrow. The first step is to determine 
which of the two beams goes through which 
path in the interferometer. This is deter­
mined by focusing the telescope on the light 
source and blocking off one of the paths. It 
is desired to have the beams cross in the 
lest section, midway between M2 and S2. 
If the slope of the beam that passes through 
the test section is positive with respect to 
the slope of the other beam, as shown in 
Fig. III-l, then plate Sz is rotated counter­
clockwise to bring the fringes back almost 
to the test section. If this adjustment makes 
the fringes too broad, then S, is rotated 
clockwise to move the fringes the rest of 
the way to the test section and at the same 
time to narrow them. 

The next adjustment is to make the two 
optical-path lengths through the interfer­
ometer equal. With the fringes in focus in 
or near the test section, the slits are opened 
until the fringes visible in the telescope 
become faint. By translating a mir ror , the 
fringes are caused to appear to pass vertically 
through the test section until they disappear. 
The position of the mir ror is noted, and the 
mir ror is moved in the opposite direction 
until the fringes with the greatest contrast 
have passed through the test section and 
the fringes again disappear. The mir ror 
is then positioned halfway between the two 
positions where the fringes disappeared. 

The interferometer is then nearly in 
adjustment for white-light fringes. A 
source of white light is placed just ahead 

of the first splitter plate. (A convenient 
point source is the Western Union Labora­
tories Concentrated-Arc Lamp.) Then a 
slight rotation of a compensating plate or 
a slight translation of a mirror will bring 
the white-light fringes into view. If the 
disturbance of which an interferogram is 
to be taken contains a region in which there 
is a density gradient of considerable 
magnitude, such as a boundary layer, the 
fringes will be crowded together in that 
region, and distinguishing individual fringes 
may be difficult. It is advisable to place 
the white-light fringes in such a position 
that they will move, when the disturbance 
is produced, into the region of "'ensity 
gradient and thereby provide the fringes of 
greatest contrast in that region. 

The final adjustment is to remove what 
might be railed " twis t" from the two beams. 
For horizontal fringes the two splitter plates 
have been rotated with respect to each other 
about horizontal axes and the two images 
of the light source, as seen in the telescope, 
lie one above the other. It may be, however, 
that the two beams do not lie in the same 
vertical plane. If they do not, sharp fringes 
can be observed only when the source is a 
line of zero width (and is also vertical, for 
horizontal fringes). 

Because it is necessary that the light 
source have a finite width in order to give 
enough light, the fringes will appear con­
siderably blurred unless the rotation of the 
plates is corrected in order that the two 
beams lie in the same vertical plane. To 
check this, the telescope is removed and 
the eye placed in the emergent beam some 
distance away from the interferometer. The 
fringes may then appear to be cocked at an 
angle to the horizontal. If so, then as one 
walks toward the interferometer the fringes 
will slowly rotate back to the horizontal 
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position which they had when viewed with 
the telescope focused on the test section. 
By alternately rotating the two plates about 
their nonhorizontal axes, the two beams can 
be swung until they both lie in the same 
vertical plane and the fringes appear hori­
zontal when viewed from both a close and a 
far position. 

When all these adjustments have been 
made, the following conditions prevail: 

(1) The fringes are centered in the 
test section. 

(2) The fringes have the desired 
orientation. 

(3) The fringes have the desired 
spacing. 

(4) The white-light fringes are in 
correct location in a cross 
section through the test section. 

(5) The two beams lie in the same 
vertical plane. 

Another adjustment of the interferometer 
that is useful for observing two-dimensional 
flow fields is the single-fringe adjustment. 
To obtain this adjustment, the above-
described adjustments are made, and then 
the splitter plates are further adjusted to 
make the fringes broader and broader until 
only a single fringe covers the entire field 
of view. Then, when a disturbance is in­
troduced into the test section, more fringes 
appear, each one of which is a contour of 
constant fringe shift. 

interferogram (determination of air density 
throughout the field of view) is very easy. 
But it has two disadvantages. First , because 
the sensitivity of the interferometer is 
greater the broader the fringes, the adjust­
ment is difficult to achieve unless the inter­
ferometer is especially well designed and 
constructed. Second, the adjustment is 
difficult to maintain, consequently one cannot 
always be sure that the interferometer was 
not vibrated out of the single-fringe adjust­
ment at the instant at which the interferogram 
was taken. 

(g) Evaluation of Interferograms 

The evaluation of an interferogram to 
obtain from it the variation of density in 
the flow is a process that requires some 
care and labor. The methods are different 
for the three kinds of interferograms: 
interferograms of two-dimensional flow, 
interferograms of two-dimensional flow taken 
with the single-fringe adjustment, and 
interferograms of axially symmetric flow. 
The three methods are discussed here. 

The production of fringe shifts is 
illustrated in Fig. 111-4. Consider that when 
no disturbance is present both beams of 
light travel in air of density, p , and refrac­
tive index, n. The value of the refractive 
index is a function of the density of the air, 
for a given wavelength of light, according 
to the Lorentz-Lorenz relation 

n2 - I 

or 

This adjustment of the interferometer 
has the advantage that evaluation of the 

QJLL ( n - l ) a P 
n2 + 2 
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Because n is very nearly equal to unity, 
the equation can be written 

I = KP 
(32) 

where the constant of proportionality, k, is 
the Gladstone-Dale constant. 

Then 

n- l . n'-1 
p - ~ ^ " 

or 
n : ( n - l ) ( - £ - - l ) . 

(33) 

Now let a portion of one of the two beams 
pass, for the distance L, through air of a 
different density, P' , and index, n' , and let 
values of density and index be constant along 
the length, L, but let them be functions of 
the vertical coordinate, y. Then the wave-
fronts will be distorted, as in Fig. III-4. 

The amount of retardation, X, at any 
point is a function of the velocity of light 
at that point. The time for passage of light 
of velocity, V1 , through a distance, L, is 
L/V1 . In that same time, light of velocity, 
V, will pass through a distance L+X. 
Therefore, 

L L+X 

or 

But 

ere 

since 

V 

* 

V 

X 
' X' 

X's are wavelengths, 

L 
X" 

X 

L + X 
X 

• • * • " • 

her 

X') 

But, since 

yo. 
V 

where the subscript, o, refers to vacuum, 
and since 

n -
Xo 

therefore 

X i -•=- ( n ' - n ) 

= L 4 - (n'-n). 

By similar triangles in Fig. III-4 it 
follows that 

i - x • Vn ' -n) 

where b is the fringe spacing. 

Then by use of Eq. (33), 

x . Jjvu-oftl.,) 

or 
fL - X. 
P ' b fr-xh) + I 

or, by use of Eq. (32), 

£ . Y_ / X o \ + ,. 
P b \L\.PI 

If Y/b, the fringe shift in terms of fringe 
width, is designated by S(y) and the quantity 
in parentheses is designated by C, then 

•£- -- CS(y) + I. (34) 

In this equation P'/P is the density ratio 
between some position in the disturbance 
and the undisturbed air . 
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The easiest method of finding the fringe 
shifts, S(y) of Eq. (34), at various points 
throughout the field for two-dimensional 
flow is to superpose on the interferogram 
an interferogram (on transparent film) taken 
with no disturbance or no flow in the test 
section. This superposition results in the 
appearance of lines throughout the field, 
as illustrated in Fig. III-5. These lines 
are contours of constant fringe shift, S(y), 
and the value of S(y) varies by unity on 
adjacent contours. Therefore, the density 
variation over the flow field can easily be 
obtained if the density can be determined 
for one of the contours. This determination 
can be made by a judiciously placed static 
orifice in the model or in the glass window 
of the test section. 

On interferograms of two-dimensional 
flow taken with the single-fringe adjust­
ment, the fringes themselves are contours 
of constant fringe shift and the value of the 
shift varies by unity on adjacent fringes. 
Here again it is necessary that the fringe 
shift or the density be determined for one 
of the contours. The usual method is to 
calculate the fringe shift at a static orifice 
from the pressure measured there. 

For axially symmetric flow an entirely 
different method of evaluation of interfero­
grams must be used. In two-dimensional 
flow a ray of light that traverses the flow 
experiences constant air density along its 
path. In axially symmetric flow, however, 
the density is a function of the radial distance 
from the axis of symmetry. Consequently, 
a ray of light through the test section 
experiences a constantly changing density. 
The fringe shift at any point on an interfero­
gram is therefore the summation of the 
shifts produced in each element of path of 
the ray of light. 

The method of analysis is, in simple 
terms, to divide a cross section of the flow 
into zones of equal width that are concentric 
about the axis of symmetry, to find the 
fringe shift for a ray that traversed only 
the outermost zone, and from that and the 
known path length through the zone, to find 
the density in that zone. Then, for the ray 
that traversed the outermost zone and the 
next adjacent zone, the fringe shift must be 
measured and the density in the next to the 
outermost zone must be calculated. And 
so on for all of the zones. The same 
procedure must be repeated at all cross 
sections for which results are desired. The 
process is rather tedious and requires con­
siderable computation, but it has been 
systematized and tables of numerical coef­
ficients for use in the computations are 
available (Ref. 164). 

(h) The Diffraction-Grating 
Interferometer 

There is a new interferometer that is 
less complicated, less costly, and less dif­
ficult to adjust than the Mach-Zehnder 
arrangement. This is the diffraction-
grating interferometer that was developed 
in 1950 (Refs. 167 and 168). 

This new interferometer is somewhat 
similar in arrangement to the grid-screen, 
or Ronchi, schlieren system, but works on 
an entirely different principle. The light 
is divided into two beams by a diffraction 
grating and then recombined by another 
diffraction grating to produce interference 
(Fig. III-6). Light from the source, S, is 
focussed by the lens, L-, onto the plane 
diffraction grating, Gi . One-half of the 
beam, however, is eliminated by a stop. 
Only the zero-order and the first-order 
spectra are used, and the angle, /3, and the 
spacing of the lines on the grating should 
be so chosen that the light in each of these 
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two orders will essentially fill half of the 
lens (or concave mirror) , Lz. Each of 
the two beams is focussed by L2 into an 
essentially parallel beam and then is brought 
to a focus at the second grating, G2, by the 
lens (or mirror) L 8 . After diffraction at 
the second grating, the first order of the 
incident zero order beam is used and the 
zero order of the incident first order beam 
is used. These two beams are superposed, 
and other orders are eliminated by a stop. 
These two beams have received essentially 
identical optical treatment and are therefore 
able to interfere with each other. Fringes 
therefore can be formed. 

The apparent source for the two final 
beams is the image of the first grating. 
When the second grating is placed at the 
image of the first grating, there is in effect 
a single source for the two final beams, 
and the single-fringe adjustment is obtained. 
When, however, the second grating is moved 
slightly away from the image of the first 
grating, the first-zero order beam still 
appears to originate from the same source, 
but the zero-first order beam appears to 
come from a virtual source that is displaced 
from the real source, as shown in Fig. III-7. 
The two beams therefore cross at a small 
angle and form fringes whose spacing depends 
on the angle and thus on the displacement of 
the second grating from the image of the 
first. 

This kind of interferometer is relatively 
uncomplicated in construction. A conven­
tional twin-mirror schlieren system can be 
rather easily converted into an interfer­
ometer. The adjustment is relatively easy 
because both beams are handled by the same 
optical elements. In contrast to the Mach-
Zehnder arrangement, however, the two 
beams are not widely separated. The dis­
turbance to be studied must occur in only 
one of the beams, and the other beam, 

because of the proximity of the two, must 
generally also go through the test section, 
but through a region in which the density 
is uniform. 

(I) Examples of Application 
of Interferometry to 
Specific Problems 

We consider a vertical cross section 
through a horizontal flow. If the density 
of the air at that cross section is a function 
of only one coordinate, then it is possible 
to obtain values of air density from an 
interferogram. For the flows that have been 
called "two-dimensional" in this paper, 
the density at any cross section depends 
only on the vertical location and not on the 
depth into the flow. In other words, a hori­
zontal ray of light through the flow expe­
riences the same density all along its path. 

For axially-symmetric flows, the density 
at a given cross section again depends on 
only one coordinate, the radial distance 
from the axis of symmetry. In this case 
a ray of light experiences a variable density 
along its path but, because of the axial 
symmetry, it is possible to obtain the value 
of the density at any point. 

For other flows, for which the density 
at any point of a cross section depends on 
two coordinates, interferograms can not be 
quantitatively interpreted. The application 
of the interferometer is therefore limited 
to study of the flow about two-dimensional 
models and axially-symmetric models and 
the latter must be at zero incidence with 
respect to the free stream. 

Another limitation of the interferometer 
Is due to the refraction of light. In a region 
of large density gradient a ray of light is 
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refracted, or bent, and its path is not close 
enough to being a straight line for it to 
experience constant density along its path. 
Consequently, interferograms do not give 
correct density variations near stagnation 
regions nor the correct density profiles 
through boundary layers. Some work has 
been done to calculate the corrections for 
the refraction that occurs in boundary layers, 
but the corrections are rather large and the 
results are not as accurate as is desirable. 

Despite its various limitations, the 
interferometer is a useful instrument for 
quantitative measurement in aerodynamic 
research. The following examples illustrate 
the kinds of problems for which the inter­
ferometer is suited. 

When an airfoil with a sharp or a thin 
leading edge is at an angle of attack and 
the subsonic Mach number of the free stream 
is increased, a change takes place in the 
kind of flow pattern that occurs in the 
vicinity of the leading edge. The two kinds 
of flow pattern are shown in Figs. III-8 and 
I1I-9, which show interferograms of the flow 
and Mach number distributions in the flow 
field obtained from analysis of the interfero­
grams. These results, taken from Ref. 166, 
illustrate the applicability of the interfer­
ometer in the quantitative determination and 
examination of the flow field around a two-
dimensional body at transonic speeds. 

Another example, taken from Ref. 165, 
is shown in Fig, 111-10. The model here is 
half of a circular-arc airfoil mounted on a 

flat plate (to increase the Reynolds number). 
In this example the interferogram permits 
the determination of the detailed structure 
of the imbedded supersonic zone on the 
airfoil, of the conditions along and near the 
base of the shock wave where il interacts 
with the boundary layer, and of the pressure 
distribution on the surface of the airfoil. 
This example also illustrates the fact that 
the interferometer enables the pressure 
distribution to be measured on a model 
that is too small to be instrumented with 
many pressure orifices. 

The use of an interferometer to study 
axially symmetric flows is illustrated by 
Figs. Ill-11 and III-12, which were taken 
from Ref. 164 and which show an interfero­
gram of the flow about a sphere and the 
contours of constant density obtained by 
evaluation of the interferogram. 

There are other examples of the applica­
tion of the interferometer method, such as 
Refs. 153 and 160, which describe investiga­
tions of the flow around various axially-
symmetric models; Ref. 154, which is a 
study of a supersonic jet; and Ref. 163, 
a study of the mixing zone of a supersonic 
jet. Boundary layers are investigated in 
Refs. 155 and 162. Studies of various kinds 
in shock tubes are reported in Refs. 156 
and 157. Wind tunnel flows around two-
dimensional models are discussed in Refs. 
158 and 168. Application of an interfer­
ometer to the study of projectiles in free 
flight is described in Ref. 161. 
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V i r t u a l s o u r c e s 

Fig. 111-1. Basic arrangement of Mach-Zehnder interferometer. 
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Fig. Ill-2. Production of fringes by crossed beams. 
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Fig. Ill-3. Interferometer. (Splitter plates, lower left and upper right; 
mirrors , upper left and lower right.) 
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Fig. 1II-4. Production of fringe shifts. 
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Fig. Ill-5. Contours of constant fringe shift made visible by superposition of interferograms 
with and without flow. 
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Fig. III-6. Basic arrangement of diffraction-grating interferometer. 
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Fig. II1-7. Crossed beams resulting from displacement of second grating. 
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Fig. III-8. Interferogram and Mach number distribution of the flow about 
the leading edge of a wedge. M0 = 0.72. 
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Fig. III-9. Interferogram and Mach number distribution of the flow about 
the leading edge of a wedge. M0 = 0.85. 
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Fig. 111-10. Interferogram and Mach number distribution of the flow about 
a c i rcular-arc airfoil with turbulent boundary layer. M0 = 0. 88. 
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Fig. 111-11. Interferogram of flow around sphere. M0 = 1.62. 
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Fig. 111-12. Contours of constant ratio of density to free stream density in flow-around sphere. M0 = 1.62. 
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