
,. .. ,. . ..... .
., ,

—T.

%’-*””””””

.A b./,
!./’

~%.
.. ,,., ,’. j,,: . .. . ... -

AER:;6N& ICS “
(.,

TI!CHNICAL M3MORA3TDU;S ;,
,. ...,..

NATIONAL ADVISORY COk@lI!CTEE FOR

,::,
.}, .:,,,

,.

,,

,.

‘,
‘,’

.,.

No. ’901
,4

.,,,,. .,”
,.

,.
.’,

,,

,,
,.

. .
,,.,

,.
‘, .,

m’”
,,,

.

,.,
,, .

“w,,

,.

INVZ!S!I!IGATIONSAND EXPiRItiENi!S’”“:.:” : :;“,-, ,..:< .

I;? iIia”GUIDONIA SUPER$OITIC WIND TUNNEL

By Antonio Ferri
/

,, ,.
,,:,.,,.’
,’

.:.,., ,,.
Hwptversaxmlung der Lilientha>-Gesellschaft fUr ,“
Luftfahrtforschung4. Berlin. October 12-1-5, 1938’ ‘~:....‘. .,

,’
,,..,

i,,..

,.. ,

,,,,.,.,-.:-,....,, :,
,,

,:
,.,,,,.. ,.
,.

,.,.

.q~!

$.$ ,], ~
.,

:,,, Washington.7. ,,
.%..i./

July 1939,.,,.. ,,. $Ff“?,,
:7 ,4..-

.,,,
,, ,. ,.,,
:.%.Afl ,, ,“,, -. ,~... ,.,,. ,,...,..,,.,. — -—.-, .



.! .”’
,!. ,

:?

.. . .

., ..’

..’



‘
.

. . .
. .

NATIONAL AD%ZSORY COMMITTEE

,,,

TECHNICAL MI?J1ORANDUM
.

W&. -, .. . .... ,_. . ., .,,

FOR AERONAUTICS

NC). 901

,–

INVESTIGATIONS AND EXPERIMEITTS

IN THE GUIDONIA SUI?ERSOITIC WIi$D T~J~TEL*

ByAntonio Ferri

.,

IITTRODUC!T!ION

The initial period of activity at the supersonic wind
tunnel at Guidonia was devoted to the problem. of designing
and bi~ilding the experimental equipment necessary for sys-
tematic research. This equipment consisted primarily of

1) A number of different subsonic and supersonic cones
or ducts designed to genei”ate the desired speed
in the experiment chamber.

2) An aerodynamic balance.

3) Optical instruments operating on the Schlieren
and interferometric principle.

This period of study was long aild.laborious since
practically no previous experimental data were available
for guidance. Progress was of necessity slow before any
defiilite decision could be made. During this period we
designed a number of speed coil~s, an aerodynamic balance,
and an optical plant, which$ although in part still under
construction, may be looked upoil as being the final prod-
ucts.

It might be of interest to p
view which emerged from complded
of such, provisory equipment. Par
some systematic studies in the fi
out, resulting in part in altoget

oint out the points of
experiments with the aid
allel with this activity
elcl of sound were carried
her new results.

*Wntcrsuchungon und Versuche im Uberschallwindkanal zu
Guidonia, tl Reprint of yaper preseatcd at meeting of
Lilienthal-Gesellschaft ‘fffrLuftfahrtforschung, October
12-15, 1938, Berlin.
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PART I

EXPERIMENTAL EQUIPMENT

Subsonic and Supersonic Cones

The first task was the construction of the speed cones.
Theymay be considered as consisting of two separate parts:
the Laval nozzle or Ileffuserllfor creating the velocity and
the so-called diffuser, the inversely operating Laval noz-
zle. Vhile there are rigorous criteria of design for the
Iteffuser,11they are almost completely lacking for the study
of the diffuser, although it forms the most sensitive part
of the cone.

After having fouild many guiding principles under its
erstwhile director, Doctor Gasperi, for correct diffuser
design, the efforts are now conceilt?ated again on the study
of a satisfactory effuser. Then the other problem is to
be attacked again. For these investigations the choice
fell to effuse.rs with fixed walls; the problem of designing
an effuser with adjustable walls was dropped for the time
being although it had been studied at the very beginning,
since it was impossible to predict the accuracy with which
the adjustable channel could be approximated to a theoreti-
cal profile limitation, i.e., what degree of adjustability
was necessary, and such a complicated construction could
not be started because of the great probability of failure.
For the diffuser, on the other hand, adjustable walls
should prove practical, especially as the lack of rigorous
d.esigilcriteria suggests deformable walls.

Tor the effuser studies a series of nozzles for dif-
ferent i4achts number were constructed on the assumption
that in the narrowest section the velocity would manifest
a uniform distribution and be constant in intensity and
direction across this section. Hence the first part of
the diffuser was designed for a gradual expansion. The
pressure measu.rements actually revealed a shock aft of the
narrowest section, whereby the pr”essure distribution var-
i’ed from the calculated. pressure. .,

After more exact investigations this phenomenon was
attributed to the erroneous assumption of constant velocity
in the narrowest section; in fact, several measurements disc-
losed that the velocities in this section were different
on the inside from those on the outside. To remove this
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error it was necessary either .to modify the nozzle design
>G in the sulson.ic- zone or..to.allo,w $.,orthe..actual pressure

distribution in the narrowest section when designing,the
nozzle profile. The first method was employed in the be-
ginning, and numerous improvements effected with it on the
explored nozzles. However, it is thought that ‘better re-
sults could be achieved if the velocity distribution in
the critical section were being considered. In view of
this, experiments have been launched in this direction,
although the other method itself had given good results=. .

Owing to the ’fact that the moit troublesome part of
the nozzle is where the walls aft of the critical section
are eon-vex, i.e., ‘the part not definitely obtainable by
the characteristics method,. it was decided to study a
nozzle shape suggested by Doctor Gasperi, which did not
have this piece and where the gradual expansion aft of the
critical section was replaced by’ an expansion around a
corner (fig. 1). This madeit possible to design the total
effuser by the charactoris%ics method. Such nozzles are
much shorter than the others and present no technical dif-
ficulties once the velocity distribution in the critical
section is known. Exi~eriments are under way with a view,
to determining a velocity distribution in the critical
section according to which the nozzle is then to be con-
structed- Parallel with supersonic nozzles such nozzles
for subsonic velocities were constructed, and of theso we
shall speak later on along with some results obtained A

Aerodynamic Balance

The design of the balance was governed”by three prob-
lems:

1) Should the whole balance be housed in the low-
pressure chamber or not. ‘

2) On what principles should the measuring elements
be based.

.3) What decomposition of the aerodynamic forces should
be made and what scheme should Fe followed in
the decomposition.

In the preliminary attack of these problems diverse
provisory balances were employed with which the. determina-
tion of only two components of the aerodynamic force yas
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possible. They did not permit changing of the angle of
attack during the tests. (This is the reason the later
tests were restricted to the subsonic zone, lecause there
it is at least possible to vary the speed *without modifi-
cation.)

The first types of balances were based on the prin-
ciple of housing the entire measuring system in the low-
pressure chamber of the wind tunnel. The measuring ele-
ment’s were of various kinds. The dynamometric devices
used initially were subsequently replaced by fluid capsules
of corrugated tubing (reference 1). But the application
of such systems was followed by numerous difficulties, es-
pecially in the number of necessary Calibrationsa 13ven
their manufacture was ilot quite satisfactory, and so their
use was only temporary. After other unfruitful attempts
it was finally decided to use a double-parallelogram bal-
ance with direct reading by weights. An available balance
of this kind, used previously in the old wind tunnel of
the Air Ministry, was too large for installation in the
test chamber and had to be mounted on the outside. The
connection between model and balance was similar to that
of the other explored balances, i..e., a streamlined spin-
dle. Tightness around the rigid column which transmits
the aerodynamic forces from the aodel to the balance was
achieved by means of small corrugated tube compensators.
Since some of the tests were ca,rried out with such a bal-
ance we shall refer to it again later on. Such a balance
made it possible to run tests in the subsonic zone where
it frequently is very difficult to make any measurements.
But , since interference zones must always be ,reclconed with
in the subsonic range, it was decided to use weights (in
the new balance)..

The fact that the carrying of the aerodynamic force
to the scale outside of the tunnel disclosed numerous dif-
ficulties from the point of view of tightness, while the
elastic elements manifested various drawbacks because of
the many nec6ssary checks, finally led to the conclusion,.
of designing a balance operating at the same pressure as
in the experiment chamber. It was a question of choice of
system of transfer of the resultant force from the model
to the balance. The decision involved the following con-
siderations: the calibration of the struts and supports
at the tunnel speeds in question is extremely difficult
and at times, if so-called interference phenomena occur,
altogether impossible. Hence it was deemed advisable to
reduce such calibrations to a minimum and also to keep

k .— I
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the parts exposed to the windstrearn to a minimum. l!he
simplest syst.err!.,,.,,therefor..e.,...is,,tha.twhich carries the re-
sultant aerodynamic force in its two components outside
of the flat tunnel walls, the entire balance being housed
in an airtight box. Thus the balance consists of two
distinct parts (fig. 2) requiring six elenents to define
the three principal components (lift, drag, and moment),
although the yawing and rolling moment can also be deter-
mined. The calibrations are restrice.d to a minimum.., $’

In fact, if the test specimen is an airfoil reaching
from one wall to the other’, the model is fastened at the
tips, thus exposing it alone to wind in the test chamber.
If the model does not span the jet it is anchored by” one
or two faired supports to a transverse bar equally faired.
‘The fairings turn also when the angle of attack is changedj
thus always assuning tho direction of minimum drag. These
fairings are restricted to a mininur.1. A large number of
fairings were desigiled for different models and speeds.

In the decomposition of the force iilto two components
two methods were employed: one permitting the exact meas-
urement of lift and moment of bodies having a small lift
(shaded scheme, fig. 3). I’or this no fixed points are
necessary, which, moreover, would be difficult to realize
in view of the severe temperature changes to which the
met,al casing is exposed. The other, the orthodox method
is used for liftin~ models. The’ system of angle-of-attack
change was designed with great care; its operation is such
tilat oile drive permits the rotation of the graduated sec-
tors to which the model is attached. The measuring ele-
ments” (figs. 4 and 5) consist of sliding weights operated
by smhll d;c. motors-. Thb latter can be controlled by the
element 3.tself by leaving its position of equilibrium or
in case of severe oscillations of tlie elenent by the opera-
tor from the outside. The sliding weight affords abalance
up to 10 kilograms and, after addition of two weights from
the outside, to 30 kilograms. The system of automatic con-
tacts and clamping controls, as.well as for adding of the two
weights , is illustrated in figure 6, the whole being’ en-
closed in a strong, easily remov”ab.1.ebox which permits a
quick mounting and, if necessary, inspection. The measure-
ments are read from the weights through the window.

. .

., .
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Optical Equipment

The supersonic tunnel is to be provided with llstrio-
metricll and ~interferometrical 1’equipment. The first is
under construction, the second still in the design stage,
since it is intended to try out the striometric equipment
first and to utilize tlie data for the design of the other,
which, according to the National Optical Institute at
I?loreace presents some difficulties, especially in over-
coming the vibrations of the tunnel during operation. The
tunnel is of all-metal construction and rigidly coupled to
the compressor and the d.c. motor. It is also known that
such vibrations even of minimum amplitude may create con-
siderable interference especially in the interferometric
observations. Originally it was intended to support the
entire optical equipment on a beam with separate foundation.
!This would have stopped the vibrations, but then the ques-
tion arose of how to.mount the model so as to free it too
from the tunnel vibrations. This solution, though feasible,
proved very complicated. Hence it was preferred to attach
both the optical equipment and the model rigidly to the
tunnel. In fact, if the supporting base is robust and the
equipment light and compact, the whole - model and optical
equipment - rigidly fixed to the tunnel, must vi%rate in
synchronism, so that all relative motions between the two
elements disappear and so assure satisfactory operation.
The result is the set-up shown in figure 7. The two lenses
Ll, L2 of 350 millimeters diameter and 1 meter focal length
are rigidly mounted and disposed to forr, a continuation of
the metal wall, thus avoiding local interference as well as
assuring tightness. Since the lenses must withstand pres-
sures up to 4 atmospheres, they must be quite thick. As
regards the light source two solutions are provided: the
normal incandescent and the mercury lamp. Micrometer screws
assure proper adjustment, while rigidity guarantees ease of
operation without extensive readjustments.

FART II

EXPERIMENTAL RESULTS

Parallel with the preliminary studies for the design
of the experimental equipment, some subsonic experiments
were carried out, parts of which had been reported at the
A.I.D.A. meeting in Naples, May 1938, but had never been
made public. In view of the close relationship with the
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other part of. the ‘:experirnents I shall quote the most im-~= ,,— “~-ortant‘fa?c~~. - .-, ...= .-=. .. . ., . . ‘ ,
,,,

Preliminary Renarks

The most difficult task in the subsonic tests is the
method of conducting the experiment’si or more precisely,
the nethod. by which the test clianbcirmust be luilt. In
point of fact it is very difficult in this zone to realize,
because of the usually snail tunnel dimensions, a flow
which assures that the produced aerodynamic phenonena are
siriilar to those? visualized if the body moves at the sane
speed in static flotvo

1:1a flow between rigid walls where the effective
section of the test chanl)er becones snaller than the pre-
ceding sections because of the airfoil, the thickness of
the experimental body causes a velocity increase over the
entire section irs the subsonic Zoilc$ which alters the acro-
dynanic phenonena with respect to those which aro forncd
if the body .novcs in ar. infiilitc fluid.

Such alteration nay becone quite considerable if the
airfoil thickness is great conpared to the section of the
test char.ber aild the speed approaches velopity of sound.
This is readily seen fron figure 8 vihere the Mach figures
(i’1~) occurring at the naxinun airfoil thickness are plot-
ted against the Macli figures (Ml) existing close to the
wi:lg leading edge. “The graphical results were conputed
with sole: consideration to tho ve~ocity variation result-
ing fron the sectional change because of the presence of
the airfoil, independent of the s,erodyna,nic behavior of the
airfoil itself, proceeding from tho assumption of adiabatic
expansion and constant velocity across the whole section.
Irarious values of the n.,nxinum airfoil thickness were cofi-
sidcred v~hi’chwere given in Vcrcelit of the diameter of,the
assunedly circular tunnel section. The cross-sectional
change w+ich ?.snore pronounced when the airfoil assuncs
a setting rcl~tivc to the flow, varies in the two parts
into ”ivhich the airfoil divides the chanbor, thus creating
grea’tly”un’likd “v~locity gradients on the’ upper aild lower “

h surface of ths airfoil section. This drawback could”bq
largely re?aoved by an open jet surrounded by a s“tatic’’’afr%
?3’2ss, but if tile aerodynamic pherioncrion is not localizdd
and if it infl”ueilces appreciably the outer l.c,yersof:the ‘
flow as viell it is’to be borne in nind “that the effect”of’
tho static air around the flow on the outer layers wi’11 be
diffcrcilt fron tlltitof a notion ~rith the sane velocity as
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the flow and that the aerodynamic lehavior of the body is
far from that desired and the phenomena nay.as a result be
very different in the wind tunnel than in reality.

However, it may be assumed that the substitution of
the layers surrounding the flow by layers of infinite in-
“ertia as exemplified in the case of the jet being cbnveyed
by rigid walls, will involve greater discrepancies from
the actual case than by replacement with layers of zero
inertia as with the open jet, especially if the dimensions
of the airfoil section are reduced to the necessary mini-
mum. For this reason the second method is preferred for
the executioli of the tests; both constructed tunnels have
an open section for measuring the forces and pressures.

Description and Characteristics of the Subsonic Tunnels

The two tunnels differ only in size. The first in
which the force measurements were made is the smaller,
Their general characteristics are as follows:

1) They have a rectangular rather than circular sec-
tion. Hence it is possible to obtain a uniform flow over
the whole, length of the airfoil, which would be more dif-
ficult to obtaih in a circular tunnel, especially if the
airfoil spans the jet and the dimensions are quite large.

2) Its design can be seen from figure 9: It comprises
a front portion with a nozzle designed to minimize the in-
terferences due to the centrifugal force. The nozzle ter-
minates abruptly. The subsequent part of the tunnel con-
sists of two flat, parallel walls with greater distance
than the channel section at the nozzle end and two upright
walls, so that the motion of the air may be considered
iolallc. The first tunnel has a jet of 40 x 28 cm2 section;
the first dinension represents the distance between the
upright walls and is equal to the explored wing span; the
jet,of the second is 40 x 50 cm2. Before proceeding to
the actual tests, the jet uniformitywas ascertained. The
static pressure was determined along the three principal
axes, horizontal, vertical, and transversal. Several rec-
ords are shown in figures 10, 11, and 12. The ratios:
dynamic pressure upstream from the nozzle “to static pressure
reading are ,shown for the different posit ions,. from which
the Mach number can be deduced. On this occasion the
dynamic pressure in the test chamber was determined at dif-
ferent Mach numbers. Such a determination, extended to
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nearly M = 1 indicated that the dynamic pressure in the
‘test Charnber.was.-p”racti-cally -always equal. %.O..$&ed,Y_?.GFi9
pressure upstream, where the flow velocity is known ,to be
small. This proved that adiabatic transformations ‘took
place in the tunnel, and that the calibration formula o?
the Pitot tube is an accurate check on the accuracy in the
sonic field. Some readings are reproduced in figure 10,
the small circles indicating the dynamic pressure in the
test ch,amber, and the horizonta~ line the dynamic pressure
upstream from the nozzle. Following these investigations
the model experiments were launched, while verifying that
the dynamic pressure at the edges of the field was not
affected by aerodynamic phenomena created by the wing, and
“that the static pressure in tunnel-axis direction retained
a ‘constant value between two sections directly upstream and
downstrcan from the wing. In the determination of the
forces, effected on a model of 40-millimeter chord in the
nozzle 280 nillinctcrs high, the recorded static pressure
was not perceptibly affected by aorodynanic phenonena, up
to speeds closely approaching velocity of sound. In the
pressure measurements made on an airfoil of 90-millimeter
chord the use of the 280-nillineter nozzle necessitated
restriction to the range below M = 0.8, since. with the
500-nillineter nozzle a speed equal to 0.9 that of the v~’-
locity of sound was no longer obtainable without sacrific-
ing pressure uniformity.

With the described tunnels the lift and dra,g coef’fi-
cien,ts of an airfoil (fig. 13) were recorded at different
speeds and angles of attack. The airfoil really was a
propeller profile, used in the Italian Air Service, hence
the pressure dis’tri”bufion was also studied. Tor the force
measurements t~e dimensions were: 40 mm .chord$ 2.5 mm
thickness. Such dimensions are structurally least desir-
able, and it was purposely intended to fiake the dimensions
as snail as possible “in order to reduce scale effect. The
model consisted of a thin steel plate and proved satisfac-
toryj except at high speeds and high angles of attack where

% the outer edges nanii’ested a sltght curvature. This air-
f’oil was studi.od .in the original subsonic tunnel and is to
be checked in the second tunnel, for pur~oses of comparison
and scalo effect. !i%e forces were measured with a t’wo-
parallelogran balance (fig. 9). The airfoil was mounted
on two arns a which permit changing of the angle of at-
tack when at rest. !I!wostreamlined struts b anchored the
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arms a rigidly to a frame c, which extends beyond the
tunnel and terminates at the balance. The latter is sup-
ported on knife edges. Lift and drag were measured suc-
cessively ?JY tlocking either one of the parallelograms,
with the, help of the diagonal d.

Tightness around the arm c was achieved with an
eiastic body cm, fastened at one side to the tunnel, on
the other to the balance.

TO eliminate the tare caused by the pressure on it,
a symmetrically similar body ~~ I served as compensation.

‘ Before and after every test the pressure equalization be-
tween the two elastic bodies was checked, even at very high
vacuum.

The elastic body cm produced a negligible insensi-
tivity in the drag tests. All supporting arms were faired
in and the tare was of the order of 1/5 of the minimum
drag. The airfoil used in the pressure tests was of steel,
had a chord of 90 millimeters and was fitted with l-milli-
meter pressure-orifice tubes. The wing tips were attached
to metal disks themselves fastened to the tunnel walls,
and permitted changing of “the angle of attack by rotation.
The pressure leads terminated at a multiple manometer, the
measurements were photographical Iy recorded-

The Reynolds Numbers in the force measurements ranged
around 180,000, with some fluctuations, since the tests
were made at different speeds and constant angle of attack.
The tests were repeated several times, even at larger
Reynolds Number (up to 250,000 at low angle of attack).
NOW api>reciable differences were noticed.

The pressure measurements were made at much larger
Reynolds Numbers (500,000). The air speed was computed
from the pressure, on the basis of an assumedly adiabatic
expansion.

Provisory equipment operating on the Schlieren method
was used. Various records are shown in figure 18 to 22.
Being of a temperary nature and quite difficult to handle,
these records leave much to be desired. But in the study
of the various phenomena they proved practical,

. . . .- . .
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!l?heresults are reproduced in figure 14 tO””-1-’7.They
disclose the following: .

‘A
1) ‘The lift computed with the”formula ca “=:—

0FV2
increases at equal ailgl~ ,of attack with the Mach number.
Up to, a certain M it is ‘very similar to.Prandtlls and
Glauert?s theoretical value, (fig. 14). .

2) The Mach nti%er at which, Ca” departs from theory
dccreas~s in accord with the predictions for increasing”
incidence with respect .to the wind ~irection (see Pistol’csi,
Volta meeting, Rome, 1935).

3) At very high angles of a,ttack approaching stall
in the normal s-peed range, figures 14 and 15 disclose the
lift to decrease at relatively low Mach numbers, thus con-
firming the prediction of decreasing Camax as well as

of the corresponding critic,al angle of attack at increas-
ing Mach number.

4) Following the departure of the Ca curves from

that predicted by Praildtl and Glauert, they reach a maxi-
mum, after which the Ca values decrease (fig. 14), After

Y, Ca has droyped a certa,in amount the airfoil manifests os-
cillations as th~ speed is increased: the aerodynamic
forces iluctated at. a rate which nade ineasurement impossible.

At still higher speed the field of instability is ex-
~~~dcd ~.ildthe oscillations ccasc. Then the Ca values
are high again; especially at high angles of attack. These
values remain approximately constant almost. up. to sonic
velocity (fig. ‘14).

5) Up to Mach numbers of around M = 0.6 th’e angle
of attack for zero lift remains unchan&ed and
d ca

da
increases up to a Mach number between O.’i’and”O.8.,

i as envisioned.
.

6) At large N the maximum lift is not reached within .
the explored zone (figs. 15 and 16). This unexpected phe-
nomenon seems at least stra~lge, but additional confirmation
is necessary even.if optical observation suggests various.
explanation-s. .. “’
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7) The maximum efficiency of the airfoil (fig. 16)
increases with increasing Mach number, becoming maximum
at between M = 0.5 and 0.6 followed ‘by a quick drop.
There is an appreciable drop when M e’xceeds 0.8.

8) The Cw curve (fig. 17) corresponds to the Ca

curve. One noteworthy feature is that a temporarily flat
distance is followed by a zone of gradually increasing
Cw without manifesting the marked increment found else-
where at M = 0.8, spoken of as a regular sound barrier.
In the oscillation zone the Cw value rises considerably
at high angle of attack and then remains constant. At
small setting this increment is less and at low angles of
incidence the Cw curve is quant~atively in agreement with
that obtained for similar airfoils in propeller experiments
(see Douglas, Volta meeting, Rome 1935).

9) The drag increment (fig. 16) due to the rise in
Mach number is almost constant and, at not too high Ca
values, independent of ct~ and hence of the setting.

Optical Test Data

Concurrently with the force measurements, we made
some opticql observations. The results are as follows:

1) To the Mach number at which the Ca curve di-
verges sensibly from the theoretical curve corresponds the
appearance of the first shock wave on the upper surface
of the airfoil (fig. 18).

‘If the angle of attack is small the shock wave on the
upper” surface corresponds to one on the lower surface
slightly farther back than the first. .

2) As the speed increases the wave is exteilded and
becomes more accentuated. Under suitable illumination it
disclosed the formation of a kind of wake zone directly
behind the wave on the upper surface immediately behind
the shock wave itself (fig. 19).

3) Raising the Mach Number still more after the first
shock wave has reached considerable dimensions and moved
somewhat to the rear, a second shock wave can be plainly ‘
observed at increasing speed. This wave does not reach
to the upper surface but ends where it meets the vortex
zone created by the first shock wave (fig. 20).

L.
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~. 4) At still hi&her speeds the fir.’stwave leagthens!,b>.
1 out. and..incli.n,es.,..$~=e=e.second, t,ends ‘to advance with the

result that both meet in a: certain point (’figi’ “2L-)c “-I
,-

1

;, At this speed the oscillations distinctly visible
~l., optically, begin. The first wave oscillates and tends

rearward while the second advances from it”s original po-
sit:ion.toward the first. .“

5) As soon as the oscillation zone is passed’ the two
.:shock waves meet and separate, the first ‘wave settles fi~st,
while the second still oscillates for a certain time. Thc
first, waye moves backward quite considerably arid is notably
inclined. Its extension is much increased. l?he second
Wave has also moved backward to the extent of exceeding
the trailing edge of the profile. Aside” fromthese ‘two
shock waves on the upper surface there appears very dis-
tinctly a third wave on the bottom surface in correspond-
ing i~osition to the second wave on the upper surface (figs.
22a, .22b, 22C) ●

Discussion Based on Optical Observations \

The optical observations, together with the previous
findings, -prompted the desire to establish a logical re-
lationship. between the different phenomena with a view to
finding the causes back of them. A feasible explanation
is as follows :

As soon as, through the expansion on tlie front of the
upper surface the sonic velocity is locally reached or ex-
ceeded~the successive recompression. occurs suddenly through
a comi~ression shock. The region of exceeded sonic velocity
being initially small this wave is scarcely visible. The
wave is not normal to the profile, hence the shock is ob-
lique, causing behind the shock an upward deflection of the
velocity, which in turn tends to produce a. break-away of

I the flow from the profile, which is optically visible.
This deflection is very small at first, since the velocity
before the shock is not much in excess of the velocity of,’
sound, so that the shock wave has but little inclination

i!’
and the disturbance created by the s,cparation is small.

M
After the shock, subsonic velocity reigns again, hence the

~ successive divergence of the fluid filaments in the rear
I part of the upper surface produces a recompression.

With increasing Mach number the original velocity of
the shock and the wave inclination andhonce the separation

.’
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increase? The lift coefficient, decreases, the drag coef-
ficient increases. At further increasing Mach number the
pressure increment of the shock increases as a result of
the speed increase before it, the shock wave inclines more
and rno’reuntil finally the speed “after the shock can reach
or exceed the local velocity of sound.

At this point the phenomenon. changes suddenly: The
divergence of the fluid filaments produces expansion in-
stead of recompression, being in the supersonic field;
there is a new increment of velocity lasting to the diver-
gence of the stream filaments and incipient recompression,
where necessarily a second compression shock occurs.

At still further increase in speed the rise of the
velocity deflection relative to the direction before the
shock reduces the filament divergence, the expansion is
less extensive and recompression sets in sooner. The sec-
ond shock wave tends to approach the first which already
mailifests a marked inclination, hence gradually drift .
apart . Then the oscillations of both shock waves begin.
and, in correspoadencc with them, the aerodynamic forces.
The cause of this phenoncnon has escaped us entirely. !l?he
forward wave moves toward the lack while the rear wave,
which is now partially joined with it, q,oves forward.

Increasing the speed, the oscillations of the two
waves increase because the mutual interference increases
up to a certain point where they die out when both waves,
having then increased considerably, no longer meet because
of their inclination. ‘l?hefirst shock wave has moved much
farther backward and the second compression shock starts,
only at the trailing edge, Correspondingly, there is a
wave on the lower surface emanating fron the wake.

It is readily apparent that such a disposition of the
waves favors the low ‘pressure on t!lc suction side, siilce,
first, the low pressure field before the first shock in-
creases, and, secoild, the expansion after the shock is aug-
mented. In fact, tho movement of the first wave toward a
point aft of the maximum airfoii thickness where the veloc-
ity before the ‘shock alrcad~- divcrgcs considerably from the
direction of undisturbed flow has the effect of a subsist-
ing divergence even after the shock, despite the reduced
deflection during the shock, aild so points to a marked in-
croasc in velocity. Th C appearance of the shock on the
lower surface of the wing suggests the existcncc of a low-
prcssurc zone toward the trailinf: edge, capable of acceler-
ating the flow.



N.A. C.A. Technical Memorandum No. “901 16

According to the Schlieren photographs, the phenom-
enon ma-y..:’b.e..br.i.efly..explained, .as follows:,.— —... .. .,—..,... ,,,. .,.

Following the first shock a vortex zone with low ve-
locity lut low pressure is formed on the upper surface of
the wing, since the’ flow outside of this zone has under-.
gone a severe expansion. !Fhe pressure in proximity of
the trailing edge is therefore lower than on the bottom
surface of tho wing. As soon as the air, comin~ from the
%ottom surface, combines again with that from the upper
surface where the pressure is lower, a pressure equal5.za-
tion is to be counted on, hence the air from the lower sur-
face of the wing must expand, that from the upper surface,
compress.

The flow on the lower surface thus expands in prox-
i~.ity of the trailing edge and exceeds during the expan-
sion with its speed the velocity of sound, in addition to
being deflected upward. Hereby, however, it encounters
the flow of the upper surface w~hich has a different speed.
At this instant the pressures, as well as- tile directions
of the two flows, must be identical; both must deflect alike.
But the deflection and the pressure equalization of two
such supersonic flows can be effected only by two shock
waves emailatillg from the pOilit of contact, as it actually
occurs at the trailiilg edge.

t

Results of Pressure ~~easurements

In order to determine the various aerodynamic phenomena
and to c!leck the different assumptions formulated the pres-

1 sure ~istributi-on on the top aild bottom surfaces of the
I

I
same airfoil section was explored at different angles of
attack and speeds. For a qualitative appraisal of the ef-

~ feet of tunnel dimensions on the test d,ata the same air-
[ foil section was tested in jets of different length. !The

//
‘, tests were made first in the smallest, then in the largest

tunnel (50 x 40 cm~ test section). With the latter two
series of tests were made for different settings. In the

~’ first series the jet behind the nozzle emptied into a cham-
! ber 62 cm high, in the second, ‘i’4.cmhigh. The object was
‘b~ to ascertain if and to what extent the dimensions of the
}) air, layer enveloping the current on both sides affected the

tes,tdata.

~~.eseexperiments disclosed that, ,so long as the stat-
ic pressure measured at sides of the flow is constant in

●

$
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two sections of equal distance .ups.tream and downstream
from the wing, the results are practically unchanged
irrespective of the dimensions of the dead air space. But
as soon as the aerodynamic phenomena make themselves felt
at the periphery of the current the results obtained change
considerably for each set-up. The Mach number obtainable
~.nder t]lese conditions can le raised only through greater
tu~inel height, thus involving tunnels of notable height at
high Mach num%ers,. Below this admissibl~ M the size of
the dead air space’ in which the air jet empties has no ap-
preciable effect on the test data, but much on the uniform-
ity of flow and oil the pressure along the tunnel axis.
From the numerous measurements, we have selected those for
1° and 6° ailglc of attack and 50 X 40 cma test section, and
the results of two test series for 6° ailgle of attack, one
with the 28 x 40 cm2 nozzle, the other with the same nozzle
hut 72 cm high test chamber.

All these experiments were made with control of the
pressure at the periphery and interrupted as soon as the
pressure changed. The diagrams give the pressure differ-
ences between the pressure in the test chamber and that
recorded at the different points on the upper surface of
tile airfoil. These pressure differences were then divided
by the dynamic pressure

so that the ordinates present these ratios instead of the
dimensional quantities. llach plot gives, aside from the
angle of attack and the Mach num’oer, the data for q = dy-
namic pressure in the test chamber, PI = static pressure
upstream from the tunnel nozzle, p2 = static pressure in
the test chamber and the lift coefficient Ca obtained
from integration of the area of the diagram. The pressures
were read in mm Hg. (Figures 23 to”29 show these pressure
diagrams for a = 1°, 5.30°, 6° 6.30°. The diagrams for
a= 6.30° give the results obtained with the 50 x 40 cma
nozzle and the 72 cm high test chamber.

From these diagrams and others ilot reproduced, the
following conclusions can be drawn:

1) At.low speeds up to ~]]l~rethe first compression

shock occurs the pressure distribution is in good agree-
ment with Prandtlls and Glaucrt 1s theoretical data indi-
cated with dashed lines. On the whole, the differences are
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confined to the high ‘pressure zone where the theoretical
~xcee”dr--t~h=e>exyerpi~e-ntal---va.l.ue..s..,.:,. ,. .——. .—

2)” As soon as the local velocity of sound is exc’eed-
ed as a result of the low pressu~re the successive recomp-
ression occurs through a’ compression shock, which causes
a substantial change in the pressure distribution. Actu-
ally the expansion is little accentuated before the shock,
and quite gradual at higher Mach numbers. After the shock
the low pressure over’s certain distance discloses a pro-
gressively decreasing aspect and then drops quickly and
considerably; a thick boundary layer appears to form which
is probably attributable to the deflection of flow due to
shock.

3) At increasing speed the shock has a tendency to
move b,ackward. The forward low pressure decreases still
more. After the shock the low pressure is smaller and
maintains the previously dcscribcd course, although the
recompression after the initial ‘distance is less severe.
Then a slight low pressure starts on the lower surface near
the trailing edge due to the fact that the flow coming from
the upper surface is in upward direction and causes an ac-
celeration of the flow coming from the lower surface. The
drop in low pressure on the leading edge and the smaller
extent in this part of the diagram of the low-pressure zone
seems quite logical and readily understaildable.

A cursory consideration cliscloses the following: At
the point where the low pressure forms aild a positive pres-
suro gradient results, an increment of velocity must be
counted on. This can be ascribed, at the normal speeds, to
the convergence of the stream filaments. Where this con-
vergence stops the low pressure is maxiqum and the speed
reaches its maximum value, then the recompression starts.
In the sonic field this filament convergence is so much
less .effective as the Mach number is larger. In any case
the sonic velocity cannot be exceeded in the convergent
part ; at small Mach number the speed increase and hence
the pl-essure decrease obtainable in such a zone is great;
But at very high Mach number the sonic velocity is soon
reached, so that both the speed and the pressure gradient
will be small. Naturally, the sonic velocity can be ex-
ceeded in the following divergent part and hence cause an
expansion which terminates in a compression shock.

To verify this explanation the points at which sonic
velocity was reached in the differeat diagrams were checked

.—
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on the’ 6°30’ angle-of-attack test series (“adiabatic expatirn
sion being assumed). It was found that sonic velocity
was very approximately reached at the points of maximum
depression. at low “speed (shown as small rings). The choice
of the test series for a = 60 301 was due to the fact that
it offered” the greatest number of test points in that par-
ticular zone.

4) If the speed is increased further supersonic ve-
locity reigns ovenafter tho shock. Then the conditions
change because the flow filament divergence after the
first shock is followed by a further expansion associated
with a marked increment of speed. We are again in a super-
sonic field and recompression is contingent upon a second
compression shock. After the second shock, the low pressure
is still appreciable, hence the expansion of the pressure-
side flow near the trailing edge more accentuated. I?ith
lovf prcssurc3 on the suction side the lift coefficient it-
self incrcascs. !Che Ca curve again rises injunction of
the Mach number, hence must disclose a minimum at the be-.
ginning of the formation of a second shock wave.

5) It was faund that as the Mach nunbcr increases the
low pressure in proxinity of the leading edge decreases
whilo at the same tine the low pressure in the median zone
becomes greater. At high Mach numbers the low pressure in-
creases in proxinity of the trailing edge as soon as the
second shock wave occurs. For this reason the center of
presstire of the airfoil noves considerably lackward, and
the wing monent with respect to the leading edge increases
with increasing speed.

6) The integration of the pressure area diagrams ob-
tained by approximation and giving the ca values shown
plotted.against the Mach nunbcr are in close agreement with
the data fron the force measurements (fig. 30); “

SUCII accord of test data secns quite remarkable,
since it rcnoves many doubts which could be raised if the
obtained results had been contingent upon one or the other
of the test methods employed. In point of fact the eatirc
experimental arraagenent had been nodificd ~ihen changiilg
from the force to “tho pressure measurements including the
ratio of”tun~zel dimensions to model dimensions and the
Reynolds.Nun3cr without the results disclosing fundamen-
tal discrcpa~~cics. This fact lets us hope that our test
nethod will lead to “practical results and induces us to’
“continue’ this line of attack.

I
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1 Admittedly, nuch renains to be done as regards cx-
k
/,

perinental-ncthod and cxpcrinental accuracy. .-It+s hoped
to Rupplwlent the first cxpcrinental results by other noro

i accurate and detailed test data within the near futurc$
ii
~

permitting us to establish a criterion for the rclation-
“ship existing between profile fern and prefile character-

) istics, so as to nakc available those factors essential
for the progross of modern aviation.

Translation by J. Vanier,
Natidnal Advisory Connittee
for Acroaautics.
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