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My present invention relates to improvements in varia-
ble nozzles, in particular Laval nozzles for wind tunnels,
and the main object of the invention is to make provision
for adjusting a nozzle form calculated for all the desirable
Mach numbers in a certain range more accurately and
more quickly- than has been attainable with means
known so far.

Adjustable Laval nozzles are used generally for the
most efficient exploitation of large supersonic wind tun-
nels, being charged with the task of producing a parallel
and shockfree supersonic flow in the test section proper,
i.e. in the vicinity of the model to be tested.

Various designs are known today which allow to vary
the shape of nozzles for the purpose of attaining different
supersonic Mach numbers.

In one of these known designs a set of exchangeable
nozzle blocks is used which, however, afford only dis-
.crete Mach numbers and not a continuous overlap of the
entire Mach number range for which the wind tunnel
has been designed, with the disadvantage that relevant
flow phenomena on the model are missed. Moreover,
the exchange of the blocks requires much time.

Amongst the continuously variable nozzles, the sliding
nozzle block has attained. some importance. In these
nozzles, normally a one-sided nozzle block is shifted
-in- the flow direction so that the block is situated in a
different position for each Mach number. -Such nozzles,
however, have the disadvantage that their contours afford
a uniform Mach number distribution in the test section
only in two or three positions and give only an approxi-
mate flow in the intermediate positions. Such a solution,
however, is never quite satisfactory. - Further, the sliding
nozzle block leads to inconveniently long nozzle struc-
tures which, furthermore, are unfavorable as to friction
losses and lead to excessively thick boundary layers on
the walls. The nozzle quality thereby is impaired and
substantial corrections are required on the contours which
are correspondingly unreliable and only empirically- de-
finable.

Nozzles having deformable contours also are known.
These nozzles comprise flexible plates on two opposite
sides, which are movable between the other walls which
are substantially parallel to each other. Within certain
limits, defined by the permissible elastic deformation
of these plates, the latter may be continuously deformed
for all Mach numbers of the tunnel range.

The mechanism used for deformation so far comprises
a great number of threaded spindles standing essentially
at-right angles to the plate contours, which spindles are
individually adjustable in dependence on the Mach num-
ber. .Smooth, nonthreaded spindles controlled by indi-
vidual cams may also be used. In accordance with the
necessarily limited number of spindles, the flexible plates
are supported only at discrete points, which entails un-
favorable consequences.- With respect to the plate thick-
ness; a compromise always has to be made. In the case
of a very thin plate, it may become wavy between the
supporting -spindles, whereas thick plates, on account of
the permissible curvatures, lead to long nozzles and a
great number of spindles.

Further, said spindle design is expensive and very com-
plicated, in particular with regard to the -adjustment to
different Mach numbers. Such adjustment, in the case
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of manual spindle setting, requires a repetitious proce-
dure in several steps in order to avoid local overstressing
of the plates, for which purpose, by the way, safety fea-
tures have been incorporated in known designs, but which
again are costly and complicated and may cause difficul-
ties. When these safety features fail in operation, there
is the risk of a permanent plate deformation. The repe-
titious procedure when changing the Mach number is, of
course, correspondingly slow, requiring approximately
15 to 30 minutes for passing through a somewhat larger
Mach number range.

With a view to reducing the number of spindles, solu-
tions have been proffered which involve variable thick-
nesses of the flexible plates. These solutions, however,
are difficult for calculation and costly in manufacture.
The objection of difficult calculation quite generally ap-
plies to the flexible plate in combination with spindles. It
is true that automatic program-controlled spindle mecha-
nisms are known too, which overcome the objection of
the slow adjustment rate, but they are even more expen-
sive and susceptible tc trouble and still do not eliminate
the dilemma between undesirably long nozzles and the
never quite avoidable waviness between the spindles.

The present invention aims to overcome said disadvan-
tages. The present nozzle comprises adjustable support-
ing means with the aid of which at least one nozzle wall
is supported, and is characterized by the fact that the ad-
justable supporting means extend along the flexible nozzle
wall and are in contact with this wall along at least one
predetermined supporting curve so that the geometrical
nozzle shape is continuously changed in a predetermined
manner by the adjustment of the supporting means.

One form of the invention is shown, by way of ex-
ample, in the accompanying drawing, in which—

FIG. 1 shows schematically the adjustable walls of a
nozzle in section;

FIG. 2 depicts the adjustable Laval nozzle without
sidewalls;

FIG. 3 is a fragmentary partly sectional side elevational
view of another embodiment of a nozzle according to the
present invention;

FIG. 4 is a transverse sectional view of the upper half
of the nozzle showing structure located adjacent the front
end thereof;

FIG. 5 shows a fragmentary transverse sectional view
of driving structure adjacent the right end of FIG. 3 for
driving the adjusting rollers.

The parts essential, from the aerodynamic point of
view, to a Laval nozzle are schematically shown in FIG.
1. 1In a continuously tapered subsonic portion 2 (Mach
number <1) a fluid is accelerated until in the least nozzle
section 3 the sonic velocity thereof (Mach number =1)
is reached. In an adjoining supersonic portion 4 of the
Laval nozzle, the fluid is further accelerated to supersonic
velocity (Mach number >1). Supersonic portion 4 is
made up of an expansion portion 5, an extinguishing

portion 8 and an intermediate transition portion 7 which

commences at the point of inflexion 6.

The nozzle portions 7 and 8 lying downstream of point
6 serve for extinguishing the so-called expansion waves.
Only by cancelling or extinguishing the Mach waves origi-
nating in expansion portion 5§ on the wall contours, i.e.
preventing the reflection thereof, can a shockfree and par-
alle] flow arise in a test rhombus 14.

Shaping of the extinguishing portion 8 in dependency
on the wall contour of expansion portion 5, which con-
tour may be freely chosen within certain limits, is done
according -to known methods of aerodynamics. With
each Mach number there is associated in the test rhom-
bus 14 another nozzle contour having another cross-sec-
ticnal ratio between least cross-section 3 and test cross-
section 9.
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Since measurements will be made at different Mach
numbers, the nozzle contour has to be variable. A vari-
able nozzle contour is attained according to FIG. 2 as
follows:

The expansion portion up to the point of inflexion 6
comprises a non-deformable inlet section 20. When
changing the Mach number, section 2§ is turned about
an axis of instantaneous rotation which moves along a
curve for the entire Mach number range. The inlet sec-
tion is guided in predetermined tracks by rails 21 when
changing the Mach number, and it is adjusted for example
by means of spindles 22. The shape of extinguishing sec-
tion 8§ is imparted to a relatively thin plate 23 by means
of parallel rollers 24 of appropriate shape.

The configuration of the rollers 24 is chosen so that each
of the curves along the lines of contact of the rollers with
the walls or plates 23 corresponds to a predetermined
Mach number. By turning the rollers 24 about their lon-
gitudinal axes, respectively, the entire desired portion of
the Mach number range is continuously traversed and the
walls are given their appurtenant shape in accordance with
each Mach number set. Since the roller surfaces have a
continuous form, the form of the walls also is continuously
changed and any desired Mach number lying within the
desired range may be set.

When the rollers 24 are rotated, inlet section 20 has
to be adjusted synchronously. Since the first bearing 26
is fixed in space and the roller axle is self-aligning, a
second bearing of the roller mounted in section 20 and
not movable in the direction of the roller axis normally
moves along the periphery of a circle. If, however, the
second bearing is arranged so as to be movable in direc-
tion of the roller axis, it follows a track of which the en-
velopes are circles having their centers on the instantane-
ous transverse axis of the inlet section.

The active range of the rollers suitably lies in a rotary
angle range of zero to approximately 360°.

The plates 23 are clamped in front in said section 20
and, in the rear, at the commencement of test section 9.

The additional possibility of turning the longitudinal
axis of the roller about a transverse axis y—y represents
a possible solution of simple kinematics of the installation.
Said kinematics require from the nozzle shape that the
expansion parts for the warious Mach numbers result
from one and the same contour, solely by rotation about
instantaneous centers. In order to afford, for expansion
part 5, radii of curvature on section 20 which are not too
small, which otherwise would lead to an unsteady boun-
dary-layer development, the contours are designed for
double reflections, i.e. the expansion waves of the fixed
contour emitted immediately after the narrowest cross-
section are not cancelled at once at their first impingement
but only after reflection on the fixed expansion part 5 in
the flexible extinguishing portion 8.

The flexible plates 23 thus are continuously supported
over their entire free length so that no waviness arises.
Therefore, thinner plate material of uniform thickness
may be used and flexed to a correspondingly greater ex-
tent, which leads to short and cheaper nozzles. Some
narrow cross-webs for which corresponding recesses (not
shown) are provided in the rollers 24, stiffen the thin
plates transversely. In place of a long roller, a plurality
of rollers may be used, which are interconnected by
Cardan joints, with one of the rollers, however, having an
axis fixed in space, as described below in connection with
FIGS. 3-5.

The rollers may rotate in individual bearings, but have
to be synchronously driven.

In order to prevent plates 23 from shifting transversely
upon rotation of the rolls 24, it is of advantage to use
pairs of oppositely rotating rollers 24 which support the
plates 23 along two lines of contact. For intensifying the
contact between rollers and flexible plates, the latter may
be spring-loaded (not shown). It also is possible to make
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the plates 23 bear continuously over their entire length on
the rollers 24 by evacuating the closed roller space.

Further a compression load acting on the plates 23 in
the axial direction of the rollers also may further the con-
tact. Such compression forces may be brought about by
tension springs engaging the ends of the adjustable nozzle
wall and extending across the latter, or by means of hy-
draulically actuated pistons (not shown) secured to the
nozzle wall.

Vacuum application has two advantages: the contact
pressure is continuous and distributed over the entire plate
surface. A contact pressure may be set up or controlled
which is the same for all the plate positions. It is further
possible to still further reduce the disturbing influence of
the boundary layer in the corners between flexible plates
and fixed walls by evacuating said layer.

The nozzle-adjusting mechanism 22, 25 may be hydrau-
lically, pneumatically or electrically actuated, the position
of the rollers and thus the nozzle shape and Mach number
always being indicated to substantially facilitate the ac-
curate adjustment to a desired Mach number. To adjust-
ing means 25 are connected the two rollers 24, When
turning the spindle of means 25, the rollers 24 also are
turned via eccentrically located setting levers. A hy-
draulic or pneumatic control is especially suitable, as it
permits in a particularly simple way to preselect the Mach
number to be adjusted next and to set thereby the nozzle
quickly and accurately, which constitutes a further advan-
tage of this solution, The rollers can be quickly turned so
that in a few seconds the entire Mach number range may
be traversed. This particular property affords, especially
in the case of intermittent wind tunnels, the great advan-
tage that the model and its mounting are protected from
shock loads when starting and stopping the tunnel. Fur-
ther, when the model has been adjusted, measurements in
function of the Mach number may be quickly made for
the determination of possible critical Mach numbers or
flow conditions.

In place of the form of invention shown and described
which comprises a rigid inlet section 20, all-flexible walls
may be provided. In such case, the rollers 24 have to ex-
tend also over the section 20.

In the embodiment of FIGS. 3-5 each of the rollers in-
stead of being in the form of a one-piece elongated roller
is composed of a pair of roller portions. FIGS. 3-5 show
the upper pair of rollers which cooperate with the upper
flexible wall 23, and each of these rollers has a rear por-
tion 3@, 30a and a front portion 31, 31z inclined with re-
spect to the rear portion. The rear roller portions 3¢ and
30a are each carried by a pair of stationary bearings 26
and '32 which provide each rear roller portion with a sta-
tionary turning axis. The front roller portions 31 and 31a
are connected with the rear roller portions by universal
joints 33, respectively. The end of each front roller por-
tion which is distant from the universal joint is supported
for rotation by a bearing 27 which cannot shift axially but
which is capable of turning about the universal joint.
Each bearing 27 is carried by a pin 34 which is pivotally
connected to one end of a link 35 whose opposite end is
pivotally connected with the non-deformable inlet sec-
tion 20.

The pair of rollers 30, 31 and 30q, 31a are turned in
synchronism in opposite directions, and this turning is
derived from a motor 36 (FIG. 4) which drives a pair of
sprocket wheels one of which cooperates with the chain
37 which serves to transmit the drive to the upper pair of
rollers and the other of which cooperates with the chain
37b to transmit the drive to the lower pair of rollers.
The structure which controls the curvature of the lower
flexible wall is identical with that shown in the drawing
for controlling the curvature of the upper flexible wall 23.
The chain 37 actuates a transmission 38 which in turn
actuates a spindle drive 22 for axially shifting the spindle
39, For example, the shaft extending from the drive 38
to the drive 22 may be connected in the housing of the
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drive 22 to a bevel gear meshing with a second bevel gear
provided with inner threads which are in threaded engage-
ment with the threads of the spindle 39 so that rotation of
the second bevel gear will serve to axially shift the spindle
39, and in this way the nozzle section 29 will move up and
down. An extension of nozzle section 20 rises in the
curved guideway of the guide 21, so that in this way axial
shifting of the spindle 39, which is pivotally connected at
its bottom end to nozzle section 20, results in tilting as
well as raising and lowering of the section 20.

The drive 22 additionally serves to drive a chain 4€
which actuates a drive 41 for turning the pairs of rollers
simultaneously in opposite directions. As is apparent
from FIG. 5, the transmission 41 operates through a
pair of intermediate gears 42 on gears fixed coaxially
to the rear ends of the rollers. The simultaneous turn-
ing of the pairs of rollers in opposite directions serves
to prevent lateral shifting of the flexible nozzle
walls 23.

The chamber 43 (FIG. 3) in which the pair of
rollers are located is sealed at its front end by sealing
plate 44 and at its rear end by the fixing of the rear end
of the plate 23 to the support 45. The side edges of
each plate or wall 23 can slide up and down with
respect to the vertical nozzle walls. The chamber 43 is
evacuated by being placed in communication with the
vacuum pump or the like, and by this evacuation each
plate or wall 23 is continuously maintained along sub-
stantially its entire length in engagement with the pair
of rollers which control its curvature.

The plate 23 (FIG. 3) is provided with transverse ribs
46 which serve to stiffen relatively thin flexible wall 23,
and the rollers have annular grooves which receive the
ribs.

The use of vacuum to maintain the flexible walls in
engagement with the rollers is of advantage since in this
way the pressing of the walls against the rollers takes
place continuously along the entire flexible wall. By
controlling the vacuum the pressure of the flexible walls
against the rollers can be controlled and adjusted in all
positions of the flexible walls. The vacuum serves in
addition to remove the boundary layer from the interior
of the nozzle.

I claim:

1. In an adjustable wind tunnel nozzle, in combina-
tion, at least one elongated flexible wall having an inner
surface defining part of a wind tunnel nozzle and having
an outer surface opposite from said inner surface, said
wall extending longitudinally along the nozzle; and means
extending longitudinally along said flexible wall and en-
gaging said outer surface thereof for controlling the
curvature of said wall, said means being turnable about
at least one axis which extends longitudinally with re-
spect to said wall and said means having an outer sur-
face engaging said outer surface of said wall and pro-
vided with different longitudinal contours in different
radial planes, respectively, which include said axis so
that the curvature of said wall will change when the
angular position of said means with respect to said axis
changes.

2. In a nozzle as recited in claim 1, said means includ-
ing a pair of roller portions arranged in end to end rela-
tion and inclined one with respect to the other.

3. In a nozzle as recited in claim 2, a universal joint
interconnecting said roller portions.

4. In a nozzle as recited in claim 3, means for chang-
ing the inclination of one of said roller portions, the
other of said roller portions being turnable about a sta-
tionary axis.

5. In an adjustable wind tunnel nozzle, in combina-
tion, at least one elongated flexible wall having an inner
surface defining part of a wind tunnel nozzle and having
an outer surface opposite from said inner surface, said
wall extending longitudinally along the nozzle; and elon-
gated roller means extending longitudinally along said
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flexible wall and engaging said outer surface thereof for
controlling the curvature of said wall, said roller means
being turnable about its axis and having an outer surface
engaging said outer surface of said wall and provided
with different longitudinal contours in different radial
planes, respectively, so that when said roller means is in
different angular positions it will have different longitu-
dinal contours in engagement with said outer wall surface
for giving the latter different curvatures.

6. In a nozzle as recited in claim 5, said roller means
providing a gradual change in the curvature of said wall
during turning of said roller means from one angular
position to another angular position.

7. In a nozzle as recited in claim 5, suction means act-
ing on said wall for maintaining the latter in engage-
ment with said roller means.

8. In a nozzle as recited in claim 7, said suction means
also removing a boundary layer from the nozzie.

9. In an adjustable wind tunnel nozzle, in combina-
tion, at least one elongated flexible wall having an inner
surface defining part of a wind tunnel nozzle and having
an outer surface opposite from said inner surface, said
wall extending longitudinally along the nozzle; and a
pair of elongated parallel roller means extending longitu-
dinally along said flexible wall and engaging said outer
surface thereof for controlling the curvature of said wall,
said pair of roller means having outer surfaces engaging
said outer surface of said wall, the outer surface of one
roller means being symmetrical with respect to the outer
surface of the other roller means and each of said roller
means being provided at its outer surface with different
longitudinal contours in different radial planes, respec-
tively, and said pair of roller means being substantially
coextensive and located beside each other; and turning
means operatively connected to said roller means for
turning the same simultaneously in opposite directions
through equal angles, said pair of roller means having at
any instant identical longitudinal contours in engagement
with the outer surface of said flexible wall, so that the
curvature of the latter will be different at different angu-
lar positions of said pair of roller means.

10. In an adjustable wind tunnel nozzle, in combina-
tion, at least one elongated flexible wall whose curvature
is to be controlled, said wall having an inner surface
defining part of a wind tunnel nozzle and having an
outer surface opposite from said inner surface, said wall
extending longitudinally along the nozzle; at least one
elongated roller of substantially the same length as said
wall extending along said wall and longitudinally en-
gaging the outer surface thereof along almost the entire
length thereof without interruption between the ends of
said roller, the outer surface of the latter having different
longitudinal contours in different radial planes; and turn-
ing means operatively connected to said roller for turning
the same to a predetermined angular position to place a
predetermined longitudinal contour of said outer surface
thereof in engagement with said outer surface of said
wall to control the curvature thereof.

11. In an adjustable wind tunnel nozzle, in combina-
tion, at least one elongated flexible wall whose curvature
is to be controlled, said wall having an inner surface de-
fining part of a wind tunnel nozzle and having an outer
surface opposite from said inner surface, said wall ex-
tending longitudinally along the nozzle; elongated roller
means extending longitudinally along the outer surface
of said wall and engaging the latter outer surface for
controlling the curvature of said wall, said outer surface
of said roller means having different longitudinal contours
in different radial planes so that the curvature of said
wall will be different in different angular positions of
said roller means; and means operatively connected to
said roller means for changing the inclination thereof
while said wall remains in engagement with the outer
surface of said roller means.

12. In an adjustable wind tunnel nozzle, in combina-
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tion, at least one elongated flexible wall having an inner
surface defining part of a wind tunnel nozzle and having
an outer surface opposite from said inner surface, said
wall extending longitudinally along the nozzle, said wall
being thin and having stiffening ribs at its outer surface
extending transversely across said wall; and an elongated
roller extending longitudinally along said wall and en-
gaging said outer surface thereof between said ribs, said
roller being formed with annular grooves which respec-
tively receive said ribs and said roller having at its outer
surface different longitudinal contours in different radial
planes so that said wall by engagement with said roller
will have different curvatures in different angular posi-
tions of said roller, respectively.
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