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ABSTRACT

An optlcal measurlng technique for the high speed
wind tunnel of the LFA is belng developed for quantitative
and qualitative flow studles, The object 1s to determine
the denslity on test bodlies in the air flow and in their
neighborhood by interference measurement,

The results so far obtained in simple preliminary
experliments show that 1t 1s possible, seven with small Rey-
nolds numbers; to ascertain the density fiseld surrounding
a flow body by optical means. Simple, analytical relation-
ships give the comnnectlon between density, pressure, velo-
clty and temperature,

In addlition i1nterference measurement furnishes
valuable information about boundary layer relationships,
such as the type (whether laminar or turbulent) and thicks
ness, &s well as distribution of temperature and veloclty,
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INTRODUCTION

The development of an optical measuring technique
for tests in the high speed wind tunnel at the Hermann
Goering Aeronautical Research Institute, Brunswick (fig, 1)
is based on the fundamental 1dea that the introduction of
any mechanical measuring instruments. whatsoever into a high
speed flow must be_ avolded if the aim is to get measurement
data not affected by disturbances, The extremely high pro-
pagation speed of light further recommended it for use as
a measuring agency, since in this way even the most rapid
phenomena in a flow cen be registered completely free from
inertia,

The cholce fell upon an iInterference procedure
with spatial separation of the interference beams in accor-
dance with the Mach-Zehnder principle for analysing the
density field surrounding a body subjected to a flow, and
also for ascertalning the distributlion of pressure on the:
teat object itself, :

An opticai schlieren method is coordinated with
the measuring procedure so that the flow phenomena may be
made visible at the same time,

THE INTERFERENCE-SCHLIEREN APPARATUS AT THE HERMANN GOERING
AERONAUTICAL RESEARGCH INSTITUTE, BRUNSWICK

The physical principles of the 1nter§erenc3 pro
cedure have already been described elsewhere The
basic plan shown in Figure 2 will serve to clarify the optical
measuring equipment described below,

The light from a source L reaches the screen B via
two different paths of equal length, The two plane parallel
glass plates Py and Pg are coated by evaporation with a thin
layer of metal making them semi-transparent, The plane
mirrors S; and Sg are fully reflective, The light reaching
plate Py is thus divided into two equally bright parts, of
which one is reflected and the other allowed to pass through
the plate,

From plate Py, both partial light beams reach
plate Po via S; and Sp and can then be brought into inter-
ference,

A prerequisite for bringing about the interference
is a careful basic adjustment of the apparatus in which all
plates and mirrors must be parallel and the two light paths
exactly equal, The beams then interfere at infinity,
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In order to bring them into interference on a pre-~
determined plane an adjustment of the angles at Py and Po
must be made so that the two partial beams merge at the image
plane B (fig, 3), We then get a strip system in this plane,
which, by suitable adjustment of the mlrrors; can be altered
at will as to direction and width of the strlps,

If a test medium of different density from the
surrounding air 1is placed i1n the path of one of the two
partial beams, called the test beam, a distortion of the
interference strips occurs, The size of the bulge in a
strip is a dilrect measure of the denslty in the test medium,

The &ad justment of the angles 1n the interference
refractometer determines the directlion of the strip dis-,
placement in the interference image (fig, 3), This direc=
tion 1s positive or negative, depending on whether the two
interference strips Intersect to the right or left of the
screen's (B) centre plane, To illustrate, figure 4 shows
the spatial density field around a burning candle with the
interferometer adjusted at different angles,

By choosing the width of strip the sensitivity
of the interference procedure can be varied as desired
within wide limits, By choosing the position of the strips
and the sign of the bulgling, the procedure can be favour-
ably adapted to the particular test case,

_ - If we are dealing, as 1n the fleld of aerodynamics,
with the study of bodies within a flow, then by choosing our
width of strip we can ascertain the distribution of pressure
on the test object at a great many measuring points without
the necessity of having pressure holes on the object itself,

Moreover, the density field as ascertained by in-
terference ylelds data concerning the potential flow near
the test object as well as valuable conclusions about
boundary layer phenomena,

The schlieren procedure (fig., 2) is used for a
simultaneous qualitative observation of the flow phenomensa,
The light, of different wave lengths, is brought from a
source L' via a seml-transparent plane parallel plate P?
to the test beam of the interference system, It proceeds
with this beam simultaneously and in the same direction
through the test medium, Thereafter the schlieren beam is
separated from the interference beam by the second semi-
transparent plate, P'', and likewlse reaches the screen B
over the schlieren stop, The result 1s a schlieren image
of the flow phenomena of the same scale as the interference
image,
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Flgure 5 shows dlagrammatically the light path of
the interference-schlieren apparatus designed at the Hermann
Goering Aeronautical Research Institute, The 1light L, from
an ultra-high pressure mercury lamp (upper left) of highest
possible intensity 1s reflected at a small mirror, 1l,, onto
the concave mirror, 2, It proceeds from there as a parallel
beam to the gulde mirror, 3, and then traverses the four-
plate system as shown in fignwre 2, After the two partlal
Interference beams have come together again at plate Pg,
the light path continues via guide mirrors, 4 and 5, to
reach the concave mirror, 6, This mirror, which has a large
focal length (f = 3,5m), produces via mirrors 7, 8 and 9
an image of the test object in the wind tunnel, Mirror 9
is semi-transparent so that the light beam reaching it is
divided into two parts, The stronger part 1s used for the
image to be photographed; the weaker part is conducted via
mirror 10 to a ground glass plate for observation, A colour
filter installed in the light path serves to extract the
wave lengths A3 = 5770/90 A,U,, which are especially suited
to our purposes,

The change in the optical path of the test beam,
caused by the refractive index of the windows in the wind
tunnel and of the end plates of the model, is equalized by
a compensator in the path of the second beam,

The light path of the schlieren system begins
at the source (lower left) and proceeds via mirrors 11
and 12 to the concave mirror, 13, From there the parallel
beam reaches the test beam of the -interferometer via the
semi-transparent plate, 14, Together with this beam it
passe8 through the air flow via the windows in the wall of
the tunnel and the end plates of the test model (cf fig,
2)s -

Plate 15 again separates the schlieren beam and
directs it via the guide mirror, 16, to the concave mirror,
17, This, in turn, forms an image of the test model in
the plane of the image to be photographed as well as that
of the ground-glass plate, It has the same focal length
and the same object distance and hence the same scale as
the interference picture, -The path 1s over the schlieren
stop via mirrors 18 and 19,

Thus the course of the experiment can be observed
continuously through both optical,systems on a screen con-
tained in a sound-proof compartment, while independently
of this the same succession of eventsa can be photographed
or filmed, A high frequency motion picture apparatus per-
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mits the filming of exceptionally interesting and rapid
phenomena at high picture frequencies;, while the light sources
can be controlled from the motion picture camera to give brief,
strong overloading (and thus an increase in light intensity),

For special tests of short-1lived occurrences a
flash installation is also provided for as an additional
light source, This instal%ation permits slingle photographs
with exposure times of 10~° second (fig., 5), Looking at
the left-hand side of the diagram we can see that by simply
changing the positions of mirrors 1 and 11 the spark illu-
mination can be introduced into the two previously described
paths of the optical system, The optical arrangement shown
in figure 5 was chosen so as to reduce the large path dis-
tances in the apparatus itself before photographic repro-
duction, and so that both photography and observation could
be undertaken close to the test area,

All optical-mechanical components are housed in
a large test carriage built in the form of a box-girder,
which can be insulated from the outside by heat-absorbing
materials so as to shield the testing apparatus from sur-=
rounding temperature disturbances,

Al]l mirrors and plates are mounted in universal
arrangement, Each therefore 1s capable of angular rotation
about two axes at right angles to each other, When the
apparatus has been adjusted most of the mountings are locked,
The only components which remain movable while the apparatus
is in operation are plates P) and Pg of the interferometer,
the compensator, and the two plane parallel plates; 14 and
15, of the schlieren system,

The adjusting mechanisms of the mirrors, as well
as the optical com.ponents1 themselves, must be extremely
precise, since angular ad justments as small as a fraction
of a second must be possible,

The ad justable mirror units are fitted with mul-
tiple worm gears for fine adjustment, The reduction ratio
is 1373%,000,000,. The mirrors can be worked by electrical
remote control from the test compartment, by means of which
the smallest possible angular ad justment is 1/10 second,

1, All optical components were obtalned
from the firm of Halle and Sons, (Halle
Nachf,), Berlin-Steglitz, The excellent
universal mountings for the mirrors of

the interferometer were also manufactured
by Halle & Sons in accordance with our
specifications, :
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An electrical indicatioén of angular ad justment is linked

to each drive mechanism so that an exact plcture of the ad-
justment of the measuring equipment is always obtainable at
the control desk,

The test carriage itself rests vibrotechnically
on suspended beams, i.e,, it is connected to the_ outer mobile
supporting scaffold by accurately calibrated restoring
springs, In this way the test apparatus is protected from
all nearby shocks, whether they come from the wind tunnel
or the building (fig, 6),

INTERFERENCE MEASUREMENTS

While at present the scaffolding is still being
designed, the interference part of the testing equipment
has been in operation for about half a year with a pro-
visional carriage of the original size, The first experi-
ments have already been completed pertaining to optical
compensation and to the angle sensitivity of glass plates:
introduced into the test beam as boundaries for the wind
tunnel and the model, Further, a small experimental wind
tunnel has been bullt so that flow measurements by means of
light interference could already be carried out,

The bulging of the interference strips as compared
with the undisturbed strip field {(without air flow), provides
d direct measurement of the density, in accordance with the
equation

4&;’

hd
-

A 0.1 ife0
y . F

=
=

oo

where Ay (mm) the strip bulge:

b (mm) the distance between two undisturbed
" interference strips; _
n, - 1l = refractive index in % e undlistrubed
medium = 0,000293x 279 -
Too
a{ ]= air density in undistufbed conditiong
A(mm wave length of light employed (5790 A,U,)3

L(mm) = length of light path within the medium
of altered density,

‘ The magnitude _xl is independent cof the scele of
magnification and can be derived from each strip picture,
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‘For an adiabatic change of condition the relation-
ship between density and static pressure in the flow field

is given by the equation
(11')k
P2

If the static pressure on the surface of ‘the sub-
merged body 18 to be ascertained, then p mnd A are pressure
- and density on the test object and Poe 8nd g ., are the
pressure and density in the undisturbed flow, > Thus in the
first approximation we have »

P-Poe _  fee
pw .POO_,

When the Mach number is grédter than 0,5, then,
with the exact formula for the adiabatlc processes we get

(7%)

For the usual pressure coefficient Lp in measure-

ments of pressure distribution we thus get theqfollowing
expression (for M 0,5):

Ap P=Pee = k Bes Ap
e Qoo Q90

The value AL , however, is known from the optical
measurement, Hence

e

AE = Poo , A A
3 ol n ey e

Numerical Example

For evaluating a densityAfield
Span-L \ = 170 mm,
Strip width on photograph b . = 2.7 mm,
Dynamic pressure in the test section q = 350 kgoméz
p = 9975 kg.m=% at

a temperature
of 18° ¢,
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| o
%‘E = (194515(09975)(1% 92 Jcg,,lc")fn)o"zs;:; ;2:9%‘73 )('ASI)
éEB = 004951:%1 = 0,183 x Ay

Thus when the width of the strip 1is gilven the
bulge needs only to be multiplied by a constant factor in
order to get the pressure coefficlent,

From the result obtained for Ay we see that the
technique must be extremely sensitive to the smallest den-
8ity changes; since the strip displacement measured in the
interference picture is directly proportional to the strip
width as well as to the length L (on an airfoil L is the
span), Its remarkable sensitivity results from the fact
that the density change dccurring at each point in the flow
field is integrated over the entire extension in depth (L)
of the test medium, Through the cholce of these two mag-
nitudes b and L the sensitivity of the measuring technique
can be adapted within wide limits to the experimental con-
ditions 1n any given instance,

In this connection it should be mentioned that
the theory of potential flow treats the alr as an incom-
pressible medium up to a flow speed of 100 meters per second,
i,6,, it is assumed that the density remains constant within
this range, The fact, however, that in reality a change
of density accompanies every change of speed, is just the
principle of measurement underlying the interference tech-
nique, The assumption that the density in the potential
flow is constant for all.-plane sections in the flow field
is an error of negligeable proportions, However, the in-
tegral value of these small magnitudes, calculated over the
length L, results in sufficient displacement of the inter-
ference strips for measurlng purposes,

In the early stages of development of this optical
technique 1t was supposed that in any case a far-reaching
improvement in the sensitivity of the method would have to
be sought, The results so far obtained, however, already
show that even on a small model (170 mm, span), and at
normal flow speed, satisfactory strip displacements are
obtained, As a consequence the nature of the problem has
changed fundamentally,
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One has only to consider that the size of the
strip bulge 1s proportional not only to b and L, but also
to the change in density 4p and consequently also to the
square of the speed, or, in a compressible flow, approxi-
mately to the speed 1itself, to realize that large strip
displacements must occur when tests are made in the high
speed tunnel, If the span width, as used in thess prelimi-
nary experiments, is multiplied by 10 and the speed of flow
by 4, then with the strip width that has been thus far em-
ployed we can expect a strip displacement about forty times
as great, It wlll therefore be necessary at times, when
using the greatest possible speed of flow in the high speed
wind tunnel, to reduce both the span width of the model and
the width of strip in the interference picture considerably,
No disadvantage results, aerodynamically, from using end '
plates at the extremities of the model (two-=dimensional pro-
blem), The cholce of the very narrow interference strips
only 1increases the number of measuring points-on the test
object, For evaluation purposes, therefore, we can select-
- at will whatever measurlng points are considered important,

Figure 7 shows the density fleld of a cylinder of
length L = 170 mm, and diameter D = 25 mm,, at a flow
velocity of 75 metres per sec,, and with both signs of the
strip displacement as determined by the adjustment of the
angles in the interferometer, It is very clear, in the
example given, that the direction of the strip bulges as
shown in Figure 7a is the better for evaluation purposes,
since there are a great many more measuring points to be
had near the stagnatlion point and in the acceleration region,
Note the pronounced transition in the densities from poten-
tial flow to the stagnation reglion, as well as the uniform
intermediate value of the density behind the resistance
body, Also to be noted 1s the way in which a very intense
transfer of energy takes place in the two vortex trains at
a distance of about one cylinder diameter behind the test
body, This 1is caused. by rapid changes 1n velocity, The
haziness in the interference picture results from the fact
that the frequency of the density changes 1is greater than
that corresponding to the exposure time used, viz, 1/200
second, In the contlnuous picture of a slow motion camera
we would see how rapidly the density variations occlr,

Figure 8 shows the density distribution on the
cylinder over a range of angles from 0° to 180°, as plotted
from the interference measurement, For-purposes of compari-
son a density distribution curve from R, and M, 1210 is
placed alongside, The comparison shows that the optical
measuring technique is reliable and supplies absolute values
even under the primitive conditions c¢f the small experimental
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tunnel, This tunnel has as yet no honeycomb and the veloclty
distribution in the test section is very poor, Apparently,
too, it has a very high turbulence level,

Figures 9 and 10 show the density field around an
elliptic cylinde. with an axis ratio of 4:1 at two different
angles of attack, 0° and 8° and with both signs of the strip
displacement, Figures 11 and 12 show the results of the
interference measurement using both angles of attack and

for comparison the result of the pressure distribution as
calculated for zero 1incldence,

It is worth noting that the density distribution
on the elliptic cylinder depends to a large extent on the
Reynolds'! number and on the turbulence level of the wind
tunnel, as the results of the measurements in NACA Report
No, 652 show, The curve of density distribution from the
interference measurement 1s very similar to the result an-
nounced in the NACA Report for a different axis ratio, Come
plete agreement of the absolute values with the measurements
from other tunnels and with the theory is not to be expected
for ‘the reasons mentiloned,

In addition preliminary experiments on alrfoil
profiles were made, Figure 13 shows a serles of attack
angles of the profile Goe, 387, from which density distri-
bution figures are derived, Since the profile in question
has a thickness, amounting to 10 per cent of the tunnel
diameter, the angular setting results in considerable changes
in the flow field due to crowding of the jet, Calculations
and comparisons can only be made, therefore, for & = 0°
and, in some cases, & = 5,7°, With other angles of attack
the velocity in the test section can no longer be determined,
" For study purposes the photographs are given with the sign
of bulge displacement that is the least favourable for
evaluation, Note the distortion of the strips around the
leading edge near the stagnation point,

_. Figure 14 shows the result of interference
measurement on the profile Goe, 387 compared to the Goettin-
gen pressure distribution measurement for & = 0°, The de-=
viation in the pressure distribution on the pressure side
of the profile is caused by the disturbances due to the
support,

- Figures 15 and 16 show for the angle of attack
A= 5, ,7° the Influence of the support as this is placed
respectively on the suction side and on the pressure side
of the airfoil, Figure 17 gives the pressure distribution
on the undisturbed profile % ithout support) as compared to
the Goettingen pressure distribution curve,
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In this experiment the disturbance due to the
support is very noticeable, because in the first place the
latter 1s placed very close to the wall of the tunnel, and
secondly the span of the model is very small, In the high
speed tunnel the relationships are much more favourable,
Moreover it would be no problem to install the model in
such a way that the supports would be outside the end plates
and thus eliminate any influence of the disturbance on the
flow against the airfoil itself,

Figures 18 and 19 show a serles of angles of attack
with -a Joukowskl profile of 10 mm, chord up tc flow separa-=
tion,

. In all the interference pictures 1t can be seen
that the strips in the stagnation region directly behind
a resistance body, as well as thase in the flow beyond at
some distance from the model, show measurable bulgings from
which the_resistance can be ascertained, The evaluation
procedure1 for determining the resistance is now belng worked
out, :

Up to this point it has been tacitly assumed that
the interference strips are produced by monochromatic light
with the entire image field made up of saturated interference
strips, Homogeneous light was indeed used in all the examples
so far shown, There are, however, instances of application
where it 1s necessary to identify single strips, For this
reason certain ones must be accentuated, This occurs in
the so=called zero-interference, where single strips of dif-
ferent degrees of saturation and distinctness appear,

If we use a light that emits several wave lengths
these will give different interference strip widths, The
result 1s a group formation of strips, Between the indivi-
dual strip groups, at the place where the maximum intensity
of one colour system coincides exactly with the minimum in-
tensity of another, the light is wholly extinguished and no
interference takes place, There 1s only one strip group
containing a heavily saturated strip, the so=called zero-=
interference, which is formed in the line of symmetry of
all coherent points of 1light, The presence of this gero-
interference is at the same time the criterion for complete
adjustment of the interferometer, At thlis stage the two
light paths (fig, 2 and 3) must be so nearly equal in length
that they differ only by fractions of half a wave length of
the light employed,

l, A separate report is being issued on
the evaluation procedure in interference
measurement,
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Figure 20 shows a picture of zero-interference
from a mercury vapour lamp, The zero-interference strip
is clearly distinguishable from the others by its heavy
blackening,

Figure 20 shows further, how advantageously the
gero-interference can be used to ascertain, for example,
the velocity in the closed wind tunnel, If the upper part
of the photograph represents the interference strip picture
with the known original condition of the wind tunnel with-
out flow (v = 0O), then the lower part shows the displaced
strip field under flow, The extent of the displacement is
directly proportional to the change in density and there-
fore to the flow velocity., Similarly temperature and flui-
dity strata and the like,;, can be measured with zero-inter-
ference, since these characteristies of the otherwise homo-
geneous test medium are accompanied by density variations,

BOUNDARY LAYER INVESTIGATIONS

The interference pictures of the airfoils sub-
jected to flow already show other very interesting results
which also lend themselves to the measurement of pressure
distribution, The formation of the boundary layer and its
increasing thickness in the direction of the chord is
clearly recognizable on the surface of the profile, 1In the
examples so far studied we have been dealing exclusively
with a turbulent boundary layer which may be as much as
several millimetres thick on the edge of the airfoil,

The law of potential flow holds good only outside
the boundary layer, Therefore the measurling points for the
evaluation 1lie on the boundary line of potential flow, from
which the interference strips proceed at a sharp angle teo the
profile surface, At places where there is no boundary layer
the measuring points lie on the surface of the profile,

Since Bernouilli's equation is not walid within
the boundary layer--on the contrary the static pressure
through its thickness,; in a direction perpendicular to the
surface, can be taken as constant-=-it follows that the strip
displacement in the interference picture comes solely from

"'a temperature effect in the friction layer, Strip displace-

ment is most pronounced at the point of greatest heating,
that is, at that point on the airfoll surface where the
velocity has the value zero, The temperature distribution
in the boundary layer itself can therefore be determined ,
from the general equation of state = R,T, since the static
pressure at the edge of the bounda layer, is known from
the pressure in the potential flow,
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The question;, whether the assumption of constant
pressure within the boundary layer is justified, can be
answered with the help of the interference pictures, If a
change of pressure took place within the boundary layer,
1t would have to be indicated in the dlsplacement of strips,
The extension of each strip in the potential flow to the

surface of the proflle would have to lead to polnts which
showed a lateral dlsplacement in relation to the polnts at
the edge of the boundary layer, This amount would then
correspond to the change of statlic pressure in the boundary
layer, From all the interference photographs, however, it

1s very clear that at the place where the boundary layer

1s thick the strips run almost vertical, and at other places,
where they are bent, the boundary layer 1s almost zero, 1In
no case; however, do we dlscern a strlp displacement which
would be largses enough to merit our notice,

There 1s so far no other method of measurement
which makes the boundary layer visible and measurable &s
the interference method does, Figure 21 glves the thickness
of the boundary lager on the Joukowski profile at the three
angles of attack 0°, 4° and 8° (cf, fig, 18), For purposes
of comparison the measured boundary layer thickness for 0°
on a somewhat thicker symmetrical Joukowski proflle 1s in-
cluded, taken from R, and M, 1315, Figure 22 shows the
boundary layer thickness on the elliptical cylinder for -
three different angles of attack (see also figures 9 and 10),

Another Important example for studylng ‘the boun-
dary layer 1is given by the flat plate at zero incidence,
Although the pressure of the undisturbed flow prevails on
its surface, there 1s nevertheless a pronounced change in
density, which corresponds, therefore, to a simple tempera-
ture effect,

Figure 23 shows an enlarged sectlion of the den-
“8lty field around the flat plate and the dens ity -effect in
the boundary layer, Two different strip-widths are used
and the Reynolds' number 1s Re = 800,000,

Exact experiments on boundary layer phenomena in
which there 1s a transition from laminar to turbulent boun-
dary layer can be carrled out only under the aerodynamically
satlisfactory conditions of the high speed wind tunnel with
the turbulence level known. The large span of the model
then provides a means of making the laminar boundary. layer
visible esven at low speeds,
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ANALYTICAL RELA'PIONSHIP BETWEEN DENSITY. PRESSURE, VELOCITY
ND PERATURE , '

Notations
P = pressure
J = density at a chosen point
T = absolute temperature in the flow field,
v = velocity

i

P s P T » Veo corresponding values in the un-
oo oo had disturbed flow at considerable
- distance from the body,

Py » fg o Ts o Vg = corresponding values at the
outer edge of the boundary layer,
AD = P = Poo

AP = P - Po (in potential flow)
AP2 = fc’ = fs .. (in boundary layer)

k= £ = 1,4 for air

Cv
M= (%) = Mach number in the undisturbed flow

a = veloclity of sound in the undisturbed flow,

By an analytical approach Prof, Schlichtingl
obtains the following simple equations concerning the
relationship between density, pressure, velocity and tem-
perature, based on the general equation of state and the
law of conservation of energy:

l, For potential flow,

() For small Mach numbers

Relationship between pressure and densitys

P =DPe = i L=Pa
Peo P

Relationship between temperature and density:

i;lzm, = (k‘,, 1) &:_&_

Teo Poo

1, A special report by Prof, Schlichting
concerning the theoretical procedure is
to appear,.
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Relationship between velocity and density:

ve - y2 2 P=LpL
%o M2 Poo

(b) For large Mach numbers

Relatlonship between pressure and densitys

p. _ (L&
b T R

Relationship between temperature and density:

T _ (1i)k°1
Too Poo
Relatlonship between velocity and density:
ko
v2 - v, _ 2, E‘Q(L, j}
v (k = 1) M2 [ "Poo

For this series of calculations frictionless flow
is assumed, in which no exchange of energy with the sur-
rounding space takes place due to heat conduction, heat
radiation or convection,

2. Forvthe boundary layer
Relationshlip between pressure and densitys
P =Pg = 0

Relatibnship'between temperature and densitys

P-Fy
To% Saof T T
TP, 1.Tfs
* .

Relationship between velocity and densitys
F£=Fg

»vzwvg_( =2 )fs-=-f'_ 2 Ps
(k - 1) M2 £ (k~=l)M§1+&72&

8

)
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In contrast to the analytical assumption for po-
tential flow, the law of conservation of mechanical energy
(Bernouilli’s egquation) has simply been substituted here
following the hypothesis, usual in connection with the
boundary layer theory, that the pressure within the boundary
layer 1s constant at right angles to the surface subjected
to flow,

Since the equation for the relationship between
density and temperature in the boundary layer neglects a
transfer of heat, the temperature distribution obtained by
calculation must result in values that are too large,

An evaluation of the interference pictures has been
made for the example of the flat plate (fig, 23&),

Figure 24 shows the velocity distribution in the
boundary layer of the flat plate as calculated for turbu-
lent boundary layer by the law of 1/7 powers, For compari-
son the results of the interference measurement are also
shown,

Figure 25 gives the calculated temperature dis-
tribution in the boundary layer of the flat plate as well
as the interference measurement, We note that the latter,
corresponding directly to the actual density gives smaller
temperature values than the calculation, This result was
to be expected, as the calculation ignores any decredse in
the temperature in the boundary layer due to conduction or
radiation of heat or toc convection, To discover whether
the difference in the results corresponds exactly to the
absolute amount of temperature decrease through heat trans-
fer, requires testing by careful studies in the high speed
wind tunnel,

FURTHER POSSIBLE APPLICATIONS OF THE INTERFERENCE TECHNIQUE

The fact that measurement with the aid of light
is completely free from inertia and is therefore suitable
even for occurrences of movement which happen very swiftly,
opens up entirely new possibilities, the limits of which
cannot yet be foreseen, for applying the interference tech-
nigue, Of special interest in thls connection are those
non-steady phenomena on airfoils in which, at times; the
motion is so rapid that the flow process cannot keep up with
it., The simplest example of this kind is the transient in-
crease of 1lift on the airfoll accompanying a sudden increase
in the angle of attack,
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Measurements which, taken together, indicate an
increase in the maximum 1lift (squall effect), are not enough
to explain this effect, Nor do they give any clue as to the
behaviour of 1lift when the angle of attack 1s suddenly altered
in the reglon of small ¢y values; nor as to the displacement
of the centre of 1liftg nor to the part played by the boun-=
dary layer 1in non-steady flow processes,

"Another very important series of questions 1is
raised by the oscillating airfoil 1itself, as well as the
foll with fixed, extended flap and loose rudder,

Until now there has been no method which permits
measurement of the density distribution on the oscillating
wing simultaneously at many test points while it 1s in motion
and which; in addition, gives information about the boundary -
layer phenomensa,

It is difficult enough to dispose a large number
of testing points on a small airfoll model for tests of
steady phenomena at high speed, while leading the bundles
of connecting tubes out of the air stream to the pressure
recording instrument with as 1little disturbance to the flow
process ag possible, But it is much more difficult to lead
off non-steady pressure measuremsnts from the oscillating
airfoil,

The investigation of such questions presents no
problem for the interference method, since each instantaneous
picture gives the complete distribution of density on the
profile and in its neighborhood, as well as in the boundary
layer,

Experiments made to date with an airfoil under-
going torsional vibration at the rate of forty oscillations
per sec¢, are recorded on slow motion films and show the
density field changing with each movement, Each single
interference plcture contains all the measurement data re-
quired for analysing and evaluating the flow process, It
thus becomes possible to ascertain the relationships on the
oscillating airfoil in comnection with the problem of rudder
compensation, and also to determine the propagation of pres-
sure waves on the profile surface at high speeds with the
resulting change in 1i1ft and displacement of the centre of
.pressure,

Figure 27 shows a strip of pictures from a minia-
ture slow motion film (original sige shown in figure 27a)
of the Joukowski airfoil subjected tc a flow velocity of 75
metres per sec, and oscillating at 40 c.p.s,



Page - 17
Tech, Trans, TT=20

Interference measurements should also prove very
useful in investigating radiator shapes for high flying
speeds, It 1s well known that the resistance relationships
of spindle=body nozzle radiators (Spindelrumpfduesenkuehlern)
become very favourable when the cooling stream flows out
of the fuselage at a point of avallable excess speed and
then falls upon the rest of the flow body, Up to the pre-
sent we can only guess at the causes of these phenomena
arising with unheated radiators, Even pressure distribtion
measurements, which could be carried out at many measuring
points only by much selection, dc not clarlify these problems
satisfactorlily if the boundary layer ratios are left out of
account,

When a flat radiator model 1s used the interference
measurement gives all the denslty ratios, i,e,, pressure and
veloclity on the outer body as well as at every point of the
intake channel and of the diffuser, and iIn addition gives
information about the boundary layer and its influence
throughout the wind stream, The development of a suitable
nose shape at the intake point of the radiator for various
flow passages and angles of attack is likewise furthered
by interference measurement, If one knows the ratios in
the case of the plane problem, it is then possible to carry
over the results to rotationally symmetrical examples,

If the results of the plane problem are carried
over to the denisty fleld of a rotatiocnally symmetrical
body as developed in one plane, we seem tc come nearer (at
zero lncidence in any case}) to the actual ratios than with
a flow test of the three-dimensional density field, Owing
to the fact that the light rays in the three-dimensional
density field must traverse different zones c¢f varied and
unknown densities, some uncertalnty is always present in
the evaluation of the separate phernomena, The explcoration
of three-dimensional denslity fields is an important task
for the immediate future,

For plane problems the representatiocn has the
great advantage of permitting nc ambiguity to arise as to
processes and evaluation, while for the analysis of the
three-dimensional density field at the present stage of
development one must sti1ll be content with s very awkward
graphical interpolation procedure as a methocd of approxi-=
mation, An additional great advantage of the plane problem
is that the 1interference measurement also allows us a glimpse
of what occurs in the interior of a body, for example in the
diffuser, and in the flow passages of radiators, and in the
s8lots behlind spoiler flaps on models and the like, Thus
there are a number of further possibilities of applying the
interference procedure in problems which are outside the
scope of the earlier measuring technique,
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Figures 28 to 31 show as an example a plane model
of a NACA radiator cowling subjected to a flow velocity of
75 metres per second, Two different designs are showns
one with a somewhat extended, very Younded hub, and the other
with an ordinary (NACA), short hub only slightly rounded; In
figures 28 and 30 the flow passage 1s open; in figures 29 and
31 1t 1s plugged, Figure a glves the undisturbed interference
strip field in each case for no air flow; figures b, ¢ and
d glve the flow relationships at three different angles of
attack, 0°, 4° and 8°,

Even before analysis the interference strip pic-
tures lead to conclusions about the flow process on and
within the radlator cowling and about the relative suita-
bility of the respectlve shapes, From the interference strip
pictures we are able, by means of the simple analysis in-
dicated on pages 5 and 6, to deduce the prevailing velocity
at every point on the hub and in the flow channel,

Here, however, we might just point out some dif-
ferences 1n connection with the evaluation of the radiator
shapes which can be discerned even with the eye, From the
sharp deviations of the interference strips near the noses
and from the way in which they change as the angle of attack
is altered we recognize the presence of excess veloclty in
this reglon, With the,closed form in figure 29, hub and
cowling operate as a single shape to which the flow adheres,
It can be seen clearly that a region of still air forms in
the closed flow passage around which the external flow
streams as 1f over a proflle contour,

Figures 28b, ¢ and d show that the excess speed
on the projecting hub is considerably greater than with the
closed shape, From this we realize that when there is a
flow through the passage the two noses, of hub and cowlings-
form separate flow profiles, The velocity in the flow pas-
sage appears to be at its greatest when <« = 4°, whereas
with & = 8° a screening effect has already come into opera-
tion on the suction side, At 8° the flow still adheres to
the nose of the hub,

In figures 28b and ¢, a sharp change in density
can be recognized behind the region of greatest excess
speed on the suctlion side of the hub, This apparently rep-
resents the transition from laminar to turbulent boundary
layer, The portion of the layer lying behind it, is unmis-
takably recongizable as turbulent boundary layer, merely
from its conslderable thickness, The point of transition
from laminar to turbulent layer moves farther forward with
large angles of attack, The smooth part of the cowling
acts as a flat plate,
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Figures 30 and 31 show that even_.on the slightly
rounded nose the flow breaks away at an angle of afttack of
0°, The difference between the increased velocity on the
outer body and the zero velocity in the closed flow passage
is clearly recognizable from the picture series 3lb, ¢ and
d, The flow through the passage -of the radiator with short
hub exerts a conslderably stronger and less favourable in-
fluence on the outer flow than is the~case with the design
jllustrated in figure 28, Even at & = 4° we recognize
a sharp increase In the thickness of the boundary, layer and
an approach to the critical state where the flow breaks
away on the outer portion of the body, Figure 304 shows
how, at @ = 8°, the flow on the suction side has already
broken away from the outer portion of the cowling,

Presumably the favourable condition of attached
flow could be attained merely by rounding the short hub
more and pulling 1t just slightly forward, The screen
effect hindering the flow through the passage at larger
angles of attack then disappears, Whether the flow in the
example of the last named design still adheres to the body
when the angle of attack is relatively large has still to
be 1Investigated,

As an additional example, Interference pictures
of flow over a nozzle radiator with a large flow opening
are shown in figures 32 to 35, In figures 32 and 33 a per-
meable resistance plate contalning horizontal slits and
having a transmission of 50 per cent has been fitted into
the flow passage., Figure 32a shows (see also figure 7) how
at a short distance behind the resistance plate the density
has been equalized to an almost constant mean value over
the entire cross section, (None of the interference strip
fields has been retouched in any way})

We can determine the velocity at different points
in the flow passage directly from the dlsplacement of the
strips., The series of pictures in the right-hand columns
(fig, 33 and 35) shows the arrangement with a hinged flap,
in which a considerable increase of velocity in the flow
passage can be recognized very plainly, Figures 34 and 35
show the interference strip picture as flow passes through
the open n-zzle passage without and with the hinged flap
effect respectively,

These examples merely show how simply interference
measurement permits such experiments at quite a small tech-
nical experimental expense (provided an interferometer is
available) and affords a glimpse of many processes that are
sti11ll unknown otherwise, The interference analysis furnishes
the quantitative data for these processes,



VII

Page = 20 :
Tech, Trans, TT=20

The appllication of optical measuring techniques
growsmorse and more urgent as flylng speed increases, for
they possess the great merit of allowing us to make processses
vislible and measurable without the processes themselves
suffering any disturbance whatsocever, Ancther great advan-
tage connected with interference measurement is that all
pressure holes in the-model are eliminated and the manufac=
ture of the once very complicated and expensive models
(e.,g, models with pressure holes for high speed studies) is
greatly simplified, Moreover, from the point of view of
measuring technique, it is very useful to have every inter-
ference picture, even those made at high frequency on slow
motion film, contain all the measurement data of the test
process,

SUMMARY

A new optical measuring technigue, developed in
the Hermann Goering Aeronautical Research Institute at Brun-
swick, is described for simultaneocus qualitative and quanti-
tative representation of density fields surrounding bodies
subjected to flow, It was worked out particularly for ex-
periments undeér conditions of compressible flow in the high
speed wind tunnel, However, the results so far obtained
from preliminary trials with the interference part of the
measuring equipment prove that even at ordinary velocities
it is possible to getdensity filelds that we can evalutate
on bodies subjected to flow,

Simple analytical relationships give the connec<
tlon between density, as obtained by interference of light,
and pressure, velocity and temperature on the test body and
in its neighborhood, The process of analysis for pressure
distribution is explained and the usefulness of the method
is proven in numerical examples, At the moment work is
being done on the evaluation of resistance by interference,

. It is further shown that the optical measuring
technique makes 1t possible for the first time to visualize
the boundary layer and to obtain ¢ 1ts quantitative data,
Owing to the high propagation speed cf light all phencmena
in the flow can be recorded by the optical method entirely
without inertia, no matter how swiftly they take place,
Because it is possible to investigate events that were
utterly beyond the scope of the previous measuring technique,
many more possibilitles of application arise for the inter-
ference method in connection with a number of new problems,
We cannot yet estimate the extent of these possibilities,
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Flg. 7. Density Pield on Circular Cylinder in Air Flow
Diameter=25 mmy v = 75 m/ssc; L = 170 mm,
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Fig. 9. Density Field on Elliptic Cylinder at ot = Q°
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Fig. 23, Formation of Boundary Layer on a Flat Flate



Tech. Trans, TT-20
fo
|
|
|

Fig. 24

SN 3

Jo£w7 Axepunog )

) )

JBUTWRT J0J eaany 1 Snysuyg s
%4 2 %
uﬁ@ansmaos m@c?ﬁm.ﬁ@uﬁ k @ A
BTl mg

h&m@csom JueTnqang, .Ho,w \N.\

W HL°0 = 3 1°09S/W gL = A

v °181d 381 Jo
Jehw £avpunog Ul uvoigngiagsiq £970070,



Trans., TT=-20

Pig. 25
Tech.

*a8de] Aaepunog
JBUTWET J0J ®AJNG ,snlseTqy’

. : s FJUQUS NS EBY
8 BOULJIB I JAD
.wwwﬂ wNmM Jasjuy
ejvwigsy §,IUTqUOITUOS

Nm%%&am,m Wt ) mh.. M.WH rk@ SR VS —

wWnO sg 082 v o0s/w gy e

-

. 9187 3B OUl U0 JefoT
LJBPUNOE 9Y3 Uujg coﬂuﬂnﬂmumgmgﬁwwpoasme







Fig, 28 & 29
Tech., Trans. TT-20

e D o 8° Closed Fig. 29
Fig. 28 Ope L < A/:L g
Flow Fas:age .

terference Field of the Flow sround NACA Radiator
ia Cowling with long Hub

v = 75 m/sec,



Fig. 30 & 31
Tech, Trans., TT-20

&£ -2 Al B gy e ] Top R ) K
~f the Flow arcund NACa Radlater
bl ¥

- b Y _ .,
Ing with long Huk




Pig. 32, 33, 34, 35
Tech, Trens. TT-20

Fig. 32, o« = 8° big. 33,

#ithout— —p—— With
Hinged Flap

zadiator with Fermesable .Resistance Flate as Cooling Block

Fig. 34, -

' Without—— T ——With
Hinged Flap

with Flow Passage Open

Interference ¥ield of the Flow in & Nozzle Hadla

-
L C

with Very Wide O511°% pening
v = 75 m/sec.




