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FI.OW MEASU‘REI\&ENT B‘.‘{ MEANS OF LIGEEL‘ INTERFERENCE*
By Th. Zobel
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Abstract: There has been u.nder d.evelopment fox the high—speed wind.
. tunmel of the IFA en optical measuring arrangement for
‘the qualitative and guantitative investigaticn of flow.
By the use of interfersnce measuréments, the determinstion
of density at the surface of the bodies being tested in
- the alr stream and in the vioinity of thesa bod.ies can
' ‘be underta.ken. .

~ The. results o'bta,ined. 80 fa.r in the simple preliminary
- investigations ‘show that it 1s possible, even at -2 low
Reynolds mmber, to obtain the density field in the
- .7 2ttt neighborhood of & test body by optlcal means. -Simple
analytical expreasions’ give the relation betwsen density,
pressure, veloclity, and temperature.

In addition to this; the interference measurement furnishes
valusble data on the state of the boundary layer, that is,
the sort of boundary layer (whether laminar or turbulent),
as well as the tempera.ture and velocity distribution.

Contents: I. Introduction . | . |
II, The Interfereme énd Schlieren Appara.tus of‘ the I.FA
- IIT, Imtae:forence Measuremsrts ' -
v, Boundary Iayer Investigations

V. Analytical Relations Be’Ween Density, Pressure P
Velooclty, and Temperature '
.1« For potential -flow

2. For the boundery layer

VI, Other Possible Applications of the Interference
Method.
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T. INTRODUCTTON

The development of an optical measuring technigue for the
investigations in the high-speed wind tunnel of the Herman GSring
Aeronsutical Research Institute at Brauschweig (fig, 1.) rests on
tho danic idea that fundamsntslly, the introduction of any
mechanical measuring device in the high-veloolty flow must be avoided
1f the results of the messurement are to be free of interferenve
effects, An additional point in fevor of light es = meens of
measurenment is its unusuelly high velocity of propagation, as a
consequence of which, the most rapid phencmena in the flow can be
recorded without any lag st all, - .

The cholce was made of an :I.n’cerference me’chod. with e special
separation of the interfering rays, or the Mach—-Zehnder prinoiple d
for the destermination of the density fleld in the vicinity of a
body immersed in the flow, and for the additional purpose of N
determining the pressure distridution on the bedy being investigated. v

The measuring epparatus is a.rrahged for simultaneous observetion
of the flow pattern with e Schlieren optical apparatus.

IT, THE INTERFERENCE AND SCHLIEREN APPARATUS OF THE LFA

The physical principles of the interference method have already
been described in other places (referemses 1 %o 5). The basic diagrem of
figure 2 will aid in understanding the optical measuring arrangement
which will be described in the following: _

The light from a light source L travels down two equelly long
but different paths to the image soresn B, The two plane parallel
gless plates, Py and DPp, are made semitransmitiing by the

evaporastion of & thin metel coatins, the plene mirrors S; and Sp
ere completely reflscting., The light impinging on plate Py 1is
divided into two equally bright pertions, one of which ls refleoted
and the other is transmitted through the plate,

The two portions of the beam go fram plate P; by means of
8y and Sy to the plate Pp and can then be made to interfere.

A presuppesed condition requirement for obtalning the inter—
ference pattern is e careful initlal adjustment of the devioce,
. in which all the mirrors and plates are parallel and the two light v
paths must be exactly equal., The rays then interfere at infinity.,
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_In order to bring them into interference on & previcusly ohosenr
image plane, there must be a certain angulsr dlsplacement between
Py and Py, =0 that the twe portions of the beam pass through the

image plane B (fig. 3). There then originates in thie plane a
streak or fringe system that can be changed at will with respect to
the direction and breadth of the stroaks by means of a sulteble
mirror mounting,

If one places in one of the two bundles of rays the so-called
messuring ray, a medium under investigation which is of different
density from that in the undisturbed air, the formation of the inter-
ference fringes results, The magnitude of the distortion of the”
fringes is a direct measure of the density in the medium under '
investigation. ' ' . ' o

The angular displacement in the interference refractometer defines
the direction of the fringe movement in the interference lmage (_fig. 3).

If the two interfering rays intersect on the one or the other
" gides of the central plane of the image area B, the direction of the
streak displacement will follow with appropriate sign as the oircum—
stences dictate. Figure U4 shows as an exemple the spacial density
field around s burning candle for various angular settings of the
interfercmater.

The sensitivity of the interfersnce technique can be varied at
will through wide limits by choosing the width of the bands. The
measuring teohnigue can be adapted in a satisfactory mammer to the
imnediate problem under investigation by choosing the arrangement of
the stresks and the sign of the streaks'! distortion,

If one is concerned with the investigation of bodies Ilmmersed in
the flow as is required in aerodynemic applications, then one can
determine by choice of the fringe width, the pressure distribution -
at very many test points on research bodles without having to make
pressure orifices in the test obJeot.

In addition to this, there can be obtained from the density
field, determined by the interference method, data on the potential
flow in the neighborhood of the test body, as well as valuable infor—
mation on the condition of the boundary layer, : Coe

. The Schlieren technique is used to cbiteln simultaneous qualite~
tive observations of the flow conditions (fig. 2), ILight of another
wave length from a source L' Iis directed by a pertielly transparent
plene parallel plate P' over the measuring arm of the interfercmeter
and traverses the test medium in the same direction and at the same
time, Following this, the Schliersn rays eare let out of the



L ' NACA TM 1253

interfercmeter beam by the second partially transperent plate P!'!
and passing through the Schlieren diaphregm also fall on the image
soreen B, A Schllieven imsge of the flow condition is formed there

with the same soale as the original, -

Figure 5 shows the completed interference Schlisren apparatus
of the IFA with a schematic representation of the ray paths. The
light L of a high-pressure meroury lemp (above) of the greatest
possible light intensity goes from a small mirror 1 to a convave
nirror 2, goes from there as parallel light to the mirror 3, whioh
redirects it, and then traverses the four plate system as shown in
figure 2, After the two interfering portions of the ray are again
united at plate Py, the light path continues over mirrors L4 and 5
to the ooncave mirror 6 of long focal length (f = 3.5m), which
produces an alr image of the test area G in the wind tumnel after
pessing over the additional mirrors 7, 8, and 9, Mirror 9 is partially
trensparent, so that the light hitting it 1s split into two parts,
of these the more intense portion goes to the air image, and the
weaker light is directed by mirror 10 to & ground glass Por cbserve~
tion. A .color filter inserted in the path of the beam provides for
the selection of the wavelength M = 5770-5790 AU which is especially

adapted to our needs, :

The variation of the optiosl path in the measuring beem of the
interferameter caused by the lndex of refraction of the glass in the
wind tumnel and &t the end plates of the model is equalized by a
compensator in the second amm,

The light path for the Schlleren apparatus starts at the light
source L' (below) and goes from mirrors 11 and 12 to the concave
mirror 13. Fram there the parallel beam goes to the semitransparent
plete 14 in the measuring arm of the interfercmeter and, slong with
1t, goes through the glass windowe in the walls of the wind tumnel
and the end plates of the model being tested and through the air
stream (fig. 2). A _ ' '

The plate 15 again deviates the Schlieren beam and the beam is
redirected by the mirror 16 to the concave mirror 17. This mekes on
ite part with equal foocal length and obJect distance, that is, also
wlth the same lmage scale, en image of the test object in the plane
of the air image, as well as on the ground glass, The path, after
pessing the Schlieren shutter, 1s by wey of mirrors 18 end 19.

With this epparatus the veriations during the test can be
continuously observed in a scundproofed test cell by both optical
epparatus, while the same events may be lndependently photographed
or filmed. A high-speed motion-picture epparatus makes it possible
to take successive exposures with a large number of frames per second
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of particularly interesting and rapid events, while the light source
caen be controlled by the motion—plcture camera to run in a heavily
overloaded condition for & short time (and therefore inorease the

light intensity).

Tor special investigations of short—perlod events, there 18
also provided as an additional light source a spark generating
arrangement, which permits of single exposures with discharge times
of about 10-0 secomds (fig. 5), It can be seen at the left of the
diegram +that,by simple repositioning the two mirrors 1 and 11, the
light of the spark passes down the two previously described light
paths of the optical arrengement. The optical arrangement of fig-—
ure 5 was chosen to provide the long paths to the photographic image
in the device itself and to enable photographic exposures as well as
observations to be made near the measuriag location.

All the optical mechanical parts are oombined. in & 1arge
measuring carriage, which is built as a box carriage, that cen be
isolated from the surrcundings by heat absorbing means, in order
to keep tempereture disturbances from the neighborhood of the
measuring devioce.

All the mirrors and plates are fully cardon mounted, and can
therefores be shifted in angle about two axes at right angles to one
another, After the adjustment of the device has been completed,
most of the mountings are clemped. Only plates Py and Pp of the

interferometer, as well as the compensator and the two plane parallel
plates 1l and 15 of the Schlieren system, may possibly have to be
moved during the operation of the egquipment.

The drives for the mirror mountings as well as the optical
components® themselves must be of the highest precision, as displace—
ments of the mirrors to fraoctions of a second of arc must be possible,

The adjusteble mirror assemblies are fitted with multiple worm--
gear drives for fine control, The step down is gbout 1l to 73,000,000,
The mirrors can be operated electrically by remote control fram within
the test rocm, and with thils control one can obtain as the minimum
angular displacement about 1/10 second of arc, In addition, there is
provided an electrical repeater for the angular setting from the
drive mechanism itself, so that there is avallable at the measuring
desk an acourate survey of the adjustment of the optlcal test
equipment.,

e

1a11 optical components were produced by the firm of Halle
Nachfolger, Berlin-Steglitz, The excellent full cardon mirror mountings
for the interferometer were also manufactured by the Halle company
from our design proposels, -
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The frame of the measuring equipment itself is based on
principles derived from vibration technology, that is, it is
comected to the external moveble supporting framework with accurately
graduated sets of springs. In this manner, all vibrations fram the
surroundings from the wind tumnel and from the building are imolated
from the measuring apparatus,

III, INTERFERENCE MEASUREMENTS

During the time to the present, while the framework is being
completed, the interferometer portion of the equipment has been in
use for sbout half a year with a provisional frame unit of the
original size, The fivet investigations of the optical beam compen—
sation, as well as the angular sensitilvity of glass plates, which
are inserted in the path of the measuring beam as dboundary windows
for the wind tunnel and the model, have already been completed. A
small test tumnel has also been built, so that 1t is possible
already to meke flow measurements by means of light interference.

The bulging of the interference fringes as compared to the
undisturbed fringe field (without air flow) is a direct measure of
the density from the relation:

' bXLX(Pi"‘l)

ot

A Xp, X o
Wherein the symbols are as follows:
AL (zm) fringe bulging
b{am) distance between two undisturbed interference fringes

Dy, — 1 index of refraction of undisturbed medium = 0,000293 X -2-%03

2
0 K&.E_ﬂ_ eir density in undisturbed region

® m
A{rm) wavelength of light used (5790 AV)
L{vm ) length of path which light traverses in medium of

altered density

The magnitude % 1s one which 1s independent of the scale size
of the image and which can be determined from every fringe photographe.
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In an adisbatic oha.nge of gtate, the velation between the
dsnsity and the static pressure in the £low field is given by the

equation:
Py . Dj_ X
e 3 e
P2 \e2

If the sté_.tio- pressure on the 's-\'zrfaoe- o'.'f‘ a:-i':'oé,y.in”"cﬁe flow ié' ‘i.-,o -
be determined, then designate p end p a8 prossure and density
et the test hody, B, and. P, pressure end density in the free

streem. - There then follows as & first a.pproxime.tion' -

=7, b"‘f""
p P
P P

™) A

At a Mach' number greater than M = 0.5, the exa.ot fomula for the
ad.ia.'be.tio )

T e

“E"’('E:)K | L
R\ Co
P R s : o STlee e

should. 'be used,

For the pressure coefficient £B oomonly ueed in pressure—
d.istri'bution measurements one then gets (for M = 0. 5) fouowing
expression: = . . L . Lo o

B'Q.t the qﬁaﬁti‘by_ Ja%.} '1s'known frgm 'b.ho” op:biool' moasuremen'b.
Conseq_ue_n’_sly we have: - . R
p . o -
TR ERITY
_ Numerical Example o
For evalua-bing a d.ensity field.' Span L = l"{Omm

Fringe Spa.oing ‘from the pho-bograph b = 2 'Tm Impa.ot pressu.re
in 'the test sectlon q = 350kg X M2, p = 9975kg X 2 at a
tempsrature of 18° C,
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T
= PPNV LAY o790 X 1077 X 291 o A8 | | )
q 350 © 170 X 0,000293 X 273 " b

&p at -
rik 0.495 = _0.183 Al ._

For a glven fringe espacing it is, therefore, only necessary to

mltiply the fringe shift by a constant factor to obtain the pressure

coeffiolient. e T _
It is apparent from the final equation for 4y, that the

measuring teoclhnique must be extreordinarily sensitive to the emallest

ochange in density since the measured fringe shift in the interference

pattern is direotly proportional to the fringe spaoing as well as

the length I (with airfoils, I is the span). The great sensitivity !

results from the faot that the variations in density existing at each

point in the flow fleld are integrated over the entire extent of the

test objeot (L). By choosing these two velues, b and I, one can

accommodate the sensitlivity of the technique within wide Yimits to

the research problems of interest at the moment.,

It is mentioned, in this connection, that the theory of potentiel
flow oonsiders alr as an inoompressible medium up to a stream veloclty
of 100 meters per second, that is, it is assumed that the density
remeins constant in this flow region. The fact, however, that in
reality there is a density variation esscoiated with every velccity
variation, forme direotly the basis of measurement for thes interfer—
ence technique. The assumption that the density 1s constant in X
potentlel flow for each plane geotion of the fleld of flow produces &
negligibly emall error., The value of the integral of this small
quantity teken over the length L glves, however, a displacement of o
the interference fringes which is sufficient for measuring purposes.

The essumption existed at the begimning of the development of
this optical technique for flow measurements, that in any event an
attempt to further increase the sensitivity of the method will be
requived, The results obtained to date have already shown, however,
that with & emall model (170mm span) and with e normal stream
velocity sufficient fringe shift will be obtained. With this, the
conditions of the problem have been fundamentally altersd.,

If 1% 18 realized that the magnitude of the fringe distortion
is not only proportional to b and I, bubt also to the density -
variation Zp and therefore at low speeds to the square of the speed
and in compressible flow to about the veloclty itself, then large
fringes shifts should result in the investigations in the high-speed ¥
wind tunnel. I the spen is 10 times and the streem velooity 4 times
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as great as that in the preliminsxy investigations presented, then
the expected fringe shift with the previously used fringe spacing
should be 40 times as great. It then may be possible, the necessary
ciroumstances pexmitting, by utilizing the highest possible streanm
velooity in the high-speed wind tunnel 6 substentially decrease the
span of the model as well &s the fringe spaocing in the interference
image, By terminating the model with end plates (plane case) no =
serodynamic difficulties are introduced. The choice of the very
nexrow interference fringes only increases the number of test points
on the body being tested., There can then be used in the evaluation,
as one pleases, the measuring points which are ‘believed. to be
importazrb.

Figure T shows the density field. of a cylinder or length

= 170 millimeters and dismeter D = 25 millimeters in flow at a
veloolty of 75 meters per second, with both of the possible signs of
fringe shift avallable by adjusting the angles in the interfercmeter.
It is cbvious that in the exemples given, the direction of the shift
in figure 7(a) is more adventageous for evaluation as many more
measuring points are availeble in the vicinity of the stagnation
point and in the region of inoreased velocity. The marked change in
density from potential flow to the stagnent region mey be noted, as
well as the uniform mean velue of the density behind the dreg-—
producing body. A very intense energy loss, which should also be
noted, tekes plaece in the two vortex trails et & dlstance behind the
test obJect of sbout onesbody diameter, this loss being a result of
rapid velocity fluotuations, The fuzziness of the interference fleld
is a result of the fact that the density fluctuation occours mores
rapidly than exposure time of 1/200 second which was used. The
velocity with whioh the density variation takes plece cen be :E'ound.
from the pioture sequences in e slow motion pic'hm.é.

Figure 8 shows +the pressure distri‘bution on the oircular
oylinder over the angular range .of 0° to 180° as svaluated from the
interference measurements. A pressure distribution from R & M 1210 is
drewn on the same graph for compaiison. The comparison shows that
the optical measurements give a reading with the proper trend, end
that usable absolute values may be obtained from the fairly primitive
arrangements of the small test turmel., The wind tunmnel does not as
yet have any screen and, therefore, & very poor velocity distribution
resulte in the test Sseotion. The tumnel probebly also has a very higx'
degree of turbulence,

Figures 9 and 10 show the density field of elliptical oylind.er
of exis ratio of 4 %o 1 .for the two different angles of atitack of
0° and 8° end with both signs of fringe displacement, TFTigures 11
and 12 show the results of the inbterferometer measuresments for bo’ch
angles of atteck and, for comparisofi, the result of the calculation
of the pressure distribution for zero angle of attack,
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It should be noted, as shown by the resulis of the measurments
in NACA Rep. 652, that the pressure distribution of an elliptical
oylinder is quite dependent on the Reynolds number and the emount
of turbulensce in the tumnel. . The shape of the pressure-distribution
curve obtained by interferometer is very similar ‘to that presented
in the NACA report as the result for a body of df{fferent axis ratio.
Agreement of the sbsolute values with the measurements of other
tunnels and with:the theory can not be expeated. for "che reasons
stated,

In ad.d.ition, inVestiga.tions were made of a.irfoil sections.
Figure 13 shows a series of angles of attack for the Gdttingen
387 section which were taken for the pressure~distribution measure—
nments, As the section In gquestion hes e thickness which approaches
10 percent of ‘the diameter of the tunnel, Iinduced flow effects
introduce appreciable chenges in the flow field at different. angles
of attack. Therefore, only o = 0° end. o = 5.7° may be evaluated
end ocmpared. The velocity in’the test section cannot be determined
for other angles of attack., The records are presented for the purpose
of studying with them the evaluation of the fringe shift with '
unfavorable signs. The fringe shift in the reglon around the noss
and neer the stagne,tion point should be observed..

Figure 14 shovs the ocmparison of. results of the Géttinsen
pressure-distribution. measurements with those of the interfercmeter
Tor the G&ttingen 387 seotion at o = 0° The deviation in the-
pressure curve on the pressure. .8lde of the airfoil ia a result of
the distortion caused by the support.. : : : .

Figures 15 and. 16 show. the effect of 'bhe support for an a.ngle
of attack o = 5.7° = for attachment on either the pressure op
suction side of the wins. Figure 17 presents the pressuvre digtri-
bution of the undisturbed wing (without support) in comparison wi'hh
the GBttingen meaeureman'bs of pressure d.istribution.

far o=

In the case oonaidered the distur‘ba.nce oaused. by the - eupport 15

very noticeable, but this distuybance can be confined.to the immedtate
vicinity of the wall and the span of the model 1s also quite small,

In the high-speed wind tunnel the proportions sre much move favorable,
In additlion, there.is no problem in oconstructing the model so that
the support is located outside of the end plates and so is completel;r
prevented from disturbing the flow on the wing itself,

Figures 18 and 19 show the flow on & lO-percent-~thick Joukowaky
seotion for a series of a.ngles o:E‘ attack up to -bhe separation of '
the flow, _ _ SRR ---~-s+.:;; o _'

...‘. .

From the large group of 1nterferomete:; reoords it aen be noted. T

that dlstortions which can be evaluated. are produoed. in the fringes,

i
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in the stagnant region immedietely behind a drag-producing body,
and also at the greater distances from the model in the wake, At
the present time a method of evaluation for drag determination® is
beling worked out, - : S

Up to this point it has been taoltly assumed that the inter—
ference fringes were a result of the use of monoochromatic light,
vhich completely filled the image field with interference fringes.
There was used also, in the previously presented exemple, continuous
homogeneous light. There srs, however, applications where the
identifioation of individusl fringes arises. For this reason, 1t is
necessary to particularly single out certain fringes. This can be
done by the so-ocalled null interferense, in which the individusl
fringes show up with different strengths and sharpness. If light
ocontaining several wavelengths is used, then the resulting inter-
Perence fringes will have different widths corresponding to the
appropriate wevelengths, The result of this is e building up of
groups of fringes, The light is completely out off at the point
between the individusl groups of fringes where the maximum intensity
of the system due to one ¢olor colnoides with the minimm of that
of another, and no interference fringes appear, There is only one
group of fringes with a highly dense interference pattern, the so-
called nmull interference, which is formed on the line of symmetry of
all the coherent points of light, The exlstence of this null inter-
ference is exactly the criterion for the complete adjustment of the
interfercmeter, in which the two light paths (figs. 2 and 3) must
be g0 exactly of the same size, that they differ from one another by
only & fraection of a half wavelength of the light being used.

Figure 20 shows e photograsph of the mull interference with
mercury light. The null interference fringes are identified in a
positive manner by ccmparing thelr grester intensity with that of the

remaining fringes.,

Figure 20 also shows how the nmull interference may be used in
a valueble menner, for exampls, to determine the veloclity in a closed
turmel. If the upper portion of the exposure of the interferometer
field shows the image for the known outlet condition in the tunnel
without flow (v = 0), there the lower portion of the exposure
shows the frings fleld displacement with air flow, The shift 1s &
direct meesurement of the varilation in density and therefore of the
flow velocity. In a similar feshion, temperature end fluid flow
distributions and the like, in whioch the medium being tested at the
time remains homogeneous but changes density, may be measured,

23 report especially on the evaluation techniques for the Ilnter—
ferometer will be published.
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IV'. BGUNDAH IAYER INV’ESTIGA.’I‘IONS '

. PPN P . N
C e . as iy n

The 1n’cerfereme photos of the flow around. airfolls have
already indlcated very interesting results which were in addition
to the pressuré~distribution measurements, - The growth of the
boundsry layer on the surface of the section can be already seen as
cen 1ts inorease in thickness in the direction of the sectidn chord,
The examples presented up to now have been éxcluding the turbulent
boundary layer, which increases to no more than e few millime’cers
at the ed.ge of 'bhe airfoil. '

The laws of potentia,l flow a.pply only 'beyona. 'bhe limits of the
boundary layer. The measuring points for the interference evalua~
tion are therefore on the edge of the section after a change in
direction at the boundary. At locations where no boundary layer is
pregent, the test polnts lie on the surfs.oe of ‘ohe section.

Sinoe Berncmlli'e equation doea not a.pply within ‘the boundary
layer; but as the statlc pressure must be constent throughout the entire
thickness of the boundery layer in the &irection perpendicular to
the surface, the fringe shift in the interference image results
purely from e temperature effect in the friction layer. At the point
of greatest heating, which 1s the point on the surface of the seotion
wheve the velooity value is zero, the fringe shift is the greatest,
The variatlon in temperature in the boundary layer itself mey be
determined from the general equetion of state ;g- =R XT, sinoe the

state's pressure at the edge of the boundary layer is known i’rom the'
pressure in the potential flow,

. The question of whethexr the assumption of oonsta.nt pressure in
the boundery layer is Justified can be answered with the ald of the
interference records, If a pressure varlation did exist within the
boundary layer, then this vardation should be noticeeble in an
additional shift of the fringes, The extension of each interference
fringe in the potential flow until it reached the surface of the -
seotion should lead to points whioh would show & sidewise shift of
the fringes from the points on the edge of the boundery leyer., This
amount would then indicate the varilation of the stetic pressure in
the boundaxry layer. However, it 1s olearly seen in all the inter-
ferometer records that at the looations where the boundexy layer is
thiock, the fringes run close to the vertical, and in other locations
where they are bent, the boundary layer is entirely or nearly zerc, .
But in no case has a fringe shift been esta‘olished. whioh wes not

negligibly swall.

Previously there was, in genersel, no method of measursment which
enabled one to make the boundary layer visible and +0 make messurements

i Tty
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-

therein as dces the Interference method. Flgure 21 presents the

dats on the boundary-layer thlckness which exists on a Joukowsky
section at the three angles of attack 0°, 4°, and 8°, (Compars

fig. 18.) The measured boundary-~layer thickness for a scmewhat
thicker symmetrical Joukoweky section at 0° from R & M 1315 is
introduced for comparison, Figure 22 shows the boundary-layer thick-—
ness for an ellipticeal cylinder for 3 different angles of attaock,
{Compare also figs, 9 and 10,)

An important case in the study of the boundary layer is given
by the flat platealigned with the flow. Since the pressure on its
surface is that of the undlsturbed stream and nevertheless a marked
density varlation exists, this would indlicate an effect entlrely
asoxlibable to temperature.

Figure 23 shows the demsity field for a flat plate for two
different fringe widths and enlargements of portions of the field
to show the density effects in the boundary layer for a Reynolds
number of 800,000, '

Exaot investigations of conditions in the boundary layer, under
which the trensition from lemindr to turbulent boundary layer tekes
place will be initially underteken with the less objectionz=ble
aerodynamic arrangements of the high—speed wind tunnel with informem
tion on the degres of turbulerce of the tunnel. A mesans will then
be avallable on eccount of the large span of the model of making the
laminar boundary layer also visible at small velocities,

V. ANAINTICAL RETATTONS BETWEEN DENSITY, PRESSURE,
VELOCITY, AND TEMFERATURE

Symbolss T
Y prossure Y
density > at a ohosen point of
T ebsolute temperature Tlow field
v velocity
) J

corresponding values in undisturbed flow at a great

s B 0 L5 ¥,
R N distance from body

Pgs Pps Tgs Vg oorresponding values at outer edge of boundary layer
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& PR, L o e

04 o~ p (in potentie.l flow) :

Apg ' e - ps (1n boundary layer) L
3-3 l.h for air

M= e.’:)  Mach mumber in undisturbed flow . |

& _ velooitjr of sound in undisturbed flow

Professor Schlichting® has arrived at the following simple
equations by an analyticsl atteck on the relations betweén density,
pressure, veloolty, and temperature based on the general equaetion of
state and the law of conservetion of energy: , .

" 1. For Poténtial Flow

(2) At low Mach mumbers.— Reletion between pressure and density:’

oo" -

Relation between temperature and density:

= . (K- 1) At

© p@

Relation between velocity and density:

vPeve? 2 . B0
Vool M2 0

(b) At high Mach mmbers.— Relation between pressure and density:

M)

Sprofessor Schlichting is pu'blishing a speoial report on the
theoretical work.

T
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Relation between temperé.furé and d.eﬁsity:

Relation between velooity and density:

- Era——1 o
v, (K - 1)M P

0,

'Frictionless flow in which no energj exchange tekes plece with
the surroundings by conduction, radistion,or convection is assumed
in developing the caloulation.

2, For the Bounda.ry layer

Relation between prassufe end d.ensi'by:

P - PB =0
Relation between tempereture and density:

: P~ Py
T~ TB . Pg— 0P - Ps
= =
P=p
TB . e 1+ =
Pa-
Relation between velocity end density:
| . pP=p
. ——E
Ve—vgfg. -2 Pg = B _ 2 o8
' PP
ve?  (k-1m2 P (K= M2 1+ ._p...__s

: 8

In this cese, as compared to the analytioal development for
potential flow, the assumption of oconservation of mechenical energy
(Bernouilli's equation) is not made, but thers is merely substituted
for it the ususl hypotheses of boundary-layer theory that the pressure
in the boundary layer is constant along a perpendiocular to the
surface.

As the equetion for the relation between the density end the
temperature in the boundary layer neglects e heat tramsfer, the
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caloulated temperature d.istribution in the boundary layer will glve
values which are t00 high.,

An evaluation of the interference photographs wes undertaken
for the flat plate exemple (fig. 23).

Figure 24 shows the caloulated velocity distribution in the
boundary layer of the flat plate for the substitution of the
1/7 power in the theoretical relation and gives for comparison the
results of the interfersnce measurements,.

Figure 25 glves the calouleted tempera.ture distribution in the
boundary laeyer of the flat plate and the temperature distribution
resulting from the interference measurements. It can be seen that the
interference measurements, which are & dlrect expression of the
existing density, glve lower velues of temperature than those which
are ocaloulated., This result was to be expeoted, as the caleulations
neglect any lowering of the temperature in ‘the boundary layer by
conduction, radlation, and convection. Whether the dlfference of
the two results glves an accurate sbsolute value for the decrease in
temperature resulting from heat loss will have to be shown by exact
investigations in the high-speed wind tunnel,

VI. OTHER POSSIBLE APPLICATIONS OF THE
INTERFERENCE METHOD

The faot that the optical measurements can be adapted in a
oompletely inertia—free manner to very rapldly changling conditions
of movement (fig. 26) gives entirely new and not yet perceived
possibllities for the application of the Interference technique.
There are of interest in this connectlon in particuler those
unstetlonaxy oonditions on wings, in which in certein circumstances
the train of events occcurs faster than the flow can follow., The
simplest example of this sort ls the unsteady growth of 1lift on the
wing accompanying a sudden inorease of the angle of attack, Test
resulte, which give a summery of the lncrease of meximum 1lift for
sudden increasea in the angle of attack (Bben effect), do not suffice
t0 clarify the causes of this effeot. These measurements also do
not glve any Information on the 11ft relationship for sudden changes
of the angle of attack In the lower yange of values for Cys on the

location of the center of 1lift and on the role of the boundary layer
on the unsteady flow condition.

In addition, a very important and complicated problem is
offered by the case of the oscillating wing by itself, ad well
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&g those of the wing with fixed extended flap and with free
rudder. .

Before this there were no methods of measurement which could
be used to measure the pressure distribution simulteneously at meny
points on an oseillating airfoil during its movement and which
would, in addition to this, also give date on the conditions in the

boundary leyer.

It 1s even diffiocult to establish very many pressure measuring
points on a normal small airfoll model for static investigations sl
high speed and to lead the bundle of tubes out of the ailr stresm ocut
to the pressure recorder with the least possible disturbance of the
flow conditions, The accomplishment of unsteady pressure heasuve—
ments on an oseillating wing is, hoewever, far more diffioult.

The investigation of such problems poses no problem to the
interference method, as every instantanecus photograph gives the
complete pressure distribution on the sectidon and in the vicinity,
as well as the status of the boundery layer.

Proviously conducted investigations on an oscillating wing,
carried out with the wings oscillating movement in the air strean
set at 40 osoillations per second, show, in a slow-motion f£iim,
changes in the density field with every movemsent of the alrfoil.
Each individual interference photograph contelns all the necessary
test dats for the exemination and evaluation of the conditions of
flow, Because of thils we are presented with the possiblity of
ascertaining on the oscillating wing the relations existing with
regerd to the rudder setting as well as the transmission of pressure
waves on the airfoll surface at high velocitles and the variation
in 117t and the center of pressure which depend on these.

Figure 27 shows some fringe photogrephs from & slow-motion f£ilm
(see the original fig. 27(a)) of a Joukowsky wing oscillating at
n = 40 oyoles per second in an air stream with a velocity of 75 meters

per second.,

It should be very desiraeble to apply ‘the interference technique
to the investigation of radlator shapes for high flight velocities,
It is known that the resistance charecteristics of axial radiators
with cutlets on the fuselage are quite favorgble when the cooling
alr flow exists on the fuselage with & speed greatsr than that existing
at the outer location and then travels along the remainder of the
body. Until -now, there have been only oonjeotures ebout the ressons
for such offects. appearing in an unheasted radiator. Even pressure~
distribution measurements, which can be carried out for many test
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points only with great expense, do not clarify these questions
suffioclently, if the conditions existing in the boundary layer
are campletely disregerdsd.

With a plane radlator modsl the interference messurements
glve the over-all density relations, that is, the pressure and velocity,
on the external body, as well as &t each point in the ducting and
the diffuser and, in addition to these, data on the boundary leyer
and of the influence thereon of the ccoling air flow., The develop—~
ment of a sulteble nose shape at the entrance of the radiator for
different slze of ducting and angles of attack cen s8lsoc be unden~
teken by interference messurements in a similar mennsr, If the-
oconditions exieting in the plane problem are known, it is then
possible to comnect the results to the exisally symuetrical case,

L)

If the results of the plane problem are conneoted to the case
of en axially symmetrical body developed into a plane, one will
certalinly epproach very much ¢loser 1o the time conditions than by
a flov investigation of the spatial density field (at zero angle of
atteck for each oase). Because of the fact that the light rays
pass through different zones of differing and unknown density in the
spacial density field, & certaln uncertainty elweys remains in the
interpretation in particwlar. The investigation of spacial density
fields is an important question of the ilmmediate Future.

The use of the representation of the problem by the plate osmse
has the great advantege of the unequivocalness of the conditions and
the evaluation, while in the present state of development we must be
content with a falrly inconvenient graphical interxpolation method as
e meens of approximation, There is, in addition, & great advantage
of the plene problem, in that the interferemce meesurements elso
guarantee an insight to the qonditions within a body, as for example,
the diffuser and flow passages of radietors, in crevices and behind
interfering projections in models and the like.

" In this way a number of pessible applications of the interferw
ence technigue can be made to problems, which could not be under— X
taken with previous methods of measurement, ’

Figures 28 to 31 show as an example an NACA redietor cowl as &
plane model in en air streem of 75 meters per second velosity in +two
different configurations, one with a somewhat extended thoroughly
rounded hub and one with a short normal (NACA) slightly rounded hub.
In figures 28 and 30 the air passage 13 open, in figures 29 and 31 it
is olosed by a plug. Figure (a) shows the unaffected interference
fringe field without the air stream; figures (b), (o), end (d) show the
oonditions of flow for three different angles of attack 0°, 49, and 8°,

A
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The interference fringe photographs give information on the
flow conditions in and on the radiator cowl and on differencss in
the characteristics of the veriocus cowl shepes even before a
numerical evaluation is undertaken, With the simple relations glven
on pages 9 and 10 the interference fringe photographs cen be read
to obtain the velocity appropriate to each point on the hub or in
the alr duct., Reference will be made here only to certain differences
which are readily observed in exemining the radlator configurations,
Inoreased inflow velocities can be recognized in the region of the
nose from the sharp bends in the interference fringes and thelr
changes with angle of attack. The hub and radiator cowl operate in
the closed duct case of figure 20 a8 an ordinary section to which
the flow oconforms, The expression follows cleerly that as the
stagnation builds up in the obstructed air passage, the flow around
the external body will teke place as if around a regular section. -

Figures 28(b), 28{c), and 28(d) show that the inoreased velocity
on the extended hub 1is apprecisbly greater than that on the blocked
vassage configuration. It can be recognized from this that the two
neges of the hub and of the rediator cowl get up their own inde—
pendent flow profiles when flow takes place in the duct. The duct
veloolty seems to be greatest at o = 4°, while at « = 8% a shift
in the location of the stagnation point ha.s elready taken place, At
8° the flow has not yet separated at the nose of the cowl. :

In figures 28(b) and 28(c) a distinot Jump in d.ensity may be
recognized on the suotion side of the cowl Yehind the region of the
meximu increase in velocity, which probably vepresents the
transition from the laminar %o the turbulent boundary layer, The
portion of the boundary layer lying behind this point can be clearly
interproted as turbulent Just from its greet thickness, The laminar-
~turbulent transition point moves further forwsrd at the higher angles
of attack, The =mmooth portion of the radiator cowl is similar to &

flat plate. (Compare fig. 23.)

Figures 30 and 31 show that the flow is already separated at
0° angle of attack with the nose that is only slightly rounded. The
difference between the case with inoreased velocity over the outer
body and that with zero veloolty in the blocked alr passage may be
clearly recognized from the series of photographs of figures 31(b),
31(c), and 31(d). The flow through the radiator with short hub
affects the external flow in an apprecisbly etronger and unsatisfactory
manner than is the case for the configuration of figure 28, A shaxp
increase in the thickness of the boundaxry layer and the approach to
the oritical condition, where the flow will separate from the extermsl
portion of thebody, is already noticeable at o = 4°, Figuve 30(d)
shows how the flow on the suction side of the outer por'bion of” the
cowl has alresdy separated et o = 8&°,
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It would probsbly be possible to cbtaln the desirable ocondition
of no separation 1f the short hub wes rounded off in better fashion
and was extended forward a negligibly amall emount. In this ocase
the flow through the duot would be opposed by the adverse peak pres-—
sure displacement of the long hub at the highex angles of attack,

It 8till remalns to be shown whether or not the flow in the last~
nenmed. configuration remains on the body at the high angles of attask,

As an additionel example in figures 32 to 35 there are shown
same interference photographs of flow in a Jet~type radlator with a
very large alr passage, In figures 32 and 33 the air passage hes
a bullt-in flow drag plate with horizontel slits which hes a trans-
mission of about 50 percent. Figure 32(a) indicetes (compare also
figs T) how the density is smoothed out to a nearly comstant mesn
value over the whole cross section only a short distance behind
the drag plate. (All of the interference fringe fields are entirely

free of retouching!)

The veloclty of flow at the varlous peints of the alr passage
can be direotly deteymined from the distortions of the interference
fringes. The right-hand vertical series of photographs (fige. 33
end 35) show the arrengement with an extended flap in which an
appreciable increase of velocity through the radistor ls very clearly
geen. Flgures 34 and 35 sre the photographs of the interference
fringes for Tlows through the open-Jet passage with and without the
effect of the extended flap, _

These examples sexrve only to show the simple manner in which
interference measurements pexmlt one to carry out with a minimum of
expense for research apparatus (once an interfercmeter is availlsble)
investigations of this kind and to give a glimpse of the meny phencmena
still unknowvn. The quentitative data thereto follow from the inter—
Peronce evaluation,

The application of optlcal messuring teohnique becomes more
urgent with the inoresse of flight speeds, while these techniques
have the great advantage that they serve to make the conditions
measureble and vislble without pexrmitting any but the least distur—
bance to those conditions. By using interference measurements, the
additional advantege is attached that all pressure holes and tubing
are eliminsted on the model and in this way the production of what
would otherwise be very complicated and expensive models (ocmpare the
models with pressure holes and tubing for high-speed investigations)
is very mmoh simplified. It is also a measuring teohnique of the
greatest value as each individual fringe photograph of a slow-motion
film made at e high freme frequency contains the record of all the
test data of the conditlions being tested.
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ViI, SUMMARY

A new type of opticel measuring technigue is described for the
simultaneous qualitetive and quantitative representation of density
fields around a body in fluid flow, whioch has been developed at the
IFA Hermawn GOring, Braunschweig. The technique has been developed.
espeoially for the investigation of compressible flow in the high-
speed wind tunnel. The results cbtalned so far in preliminary
investigations with the interference portion of the test apparatus
show, however, that it is even possible to obtein at normal velocitiles,
density fields around test bodies which are evaluable,

Simple analytical expressions give the relation between the
deneity as determined from the interference and the pressure, velocity,
and temperature on the test 'body and in ite vicinity. The method of
evaluation used for pressure distribution is explained and the utility
of the technique is pointed out by reference to a worked-up example
of the interfersnce measurements. At the present tlme work is under—
way on the evaluation of interference patterns for drag.

It is also shown +that with the optlocal technique it is
possible to make the boundary layer visible for the first time and
to obtain quantltatlve deta in the boundery layesr. Because of the
great velooity of propagetion of light, all of the conditioms in
the flow which occur so rapldly cen be recorded ln an entirely
inertie~free manner by the use of the optical measuring arrangement.
Because of the possibility of investigating conditions, which wers
wholly outslide the limits of the previously availeble techniques, the
optlcal interference measurement is presented with & series of new
problems in addition to many more possible applications which at
present have not as yeot been surveyed.

Transletion by Morton J. Stoller
National Advisory Commlttee
for Asronsutics
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Figure 6.- Traveling scaffold of the interference-schlieren apparatus
- of the LLFA at the test section of the high-speed wind tunnel.
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Figure 9.- Density field of the elliptical cylinder for zero angle of
attack, 2a = 80 millimeter; -E = %; L = 170 millimeter; v = 75 m/s.
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. Figure 10.- Density field of the elliptical cylinder for o = 8°.

2a = 80 millimeter; 2 = %; L = 170 millimeter; v =75 m/s.
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Figui‘e 18.- Density field of the symmetrical Joukowsky profile.
t = 90 millimeter wing chord; L = 170 millimeter span; v = 76 m/s. .
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Figure 19.- Density field of the symmetrical Joukowskyprofile.
t = 90 millimeter wing chord; I = 170 millimeter span; v = 75 m/s.
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Figure 21.- Boundary-layer thickness on the Joukowsky profile for
e = 0°; 4°; 8°,



NACA TM 1253

Lol
7
: |
o | | T3 /
——— k= 8° 1
s ,/ /1
L)
. i
A /

N
\
\\

N N
S Ny |
AN

) L%
o 210 ﬁ” 0 ) 700

Figure 22.- Boundary layer thickness on the elliptical cylinder.

v = 75 m/s; g = %'; 2a = 80 millimeter.




NACA T 1253 : L9

{

i
~
i
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Figure 26.- Unstationary density field around a burning flame.
Time of exposure, 1/1000 s.
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Figure 29.- Interference fringe field of flow for a NACA radiator cowl
with extended hub, with closed air passage; v = 756 m/s.
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Fig. 31

Figure 30.- Interference fringe field of flow for a NACA radiator cowl

with short hub, with open air passage; v = 75 m/s.

Figure 31.- Interference fringe field of flow for a NACA radiator cowl

with short hub, with closed air passage; v = 75 m/s.
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Interference fringe field of flow in a jet~-type radiator for extremely
: large air passage; v = 75 m/s,
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Figure 32.- Radiator with transmitting drag plate as cooling block,
for o = 0° o = 89; without extended flap.

Figure 33.- Radiator with transmitting drag plate as cooling block,
| for o =0 o =89 with extended flap.
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Fig. 34
Extended flap for open air passage.

Figure 34.- Without extended flap, for open air passage, « = 0°.

Figure 35.- With extended flap, for open air passage, o = Q0°,
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