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Summary—A series of tests was undertaken on a simple, two-dimensional, variable Mach-number effuser, or
nozzle, designed for the range of supersonic flows up to Mach number 3-0. The performance of the nozzle was assessed
from the magnitude of the percentage variation in its exit Mach-number distribution. Studies of the effect on the
performance of alterations to the position of the nozzle-block pivots and other geometrical features were made.

On the basis of these studies, a final build of nozzle was developed which produced flow of a uniformity sufficient
for intake and engine model testing over the Mach-number range from 1-5 to 3-0.

1. Introduction.—A simple two-dimensional variable Mach-number effuser, or nozzle, to
operate over the range from Mach number 1-5 to Mach number 2-8 may be required for intake
and engine model testing at high speed at the National Gas Turbine Establishment. A larger
tolerance on the uniformity of Mach number in the working-section is permitted than is normal
in a supersonic wind tunnel.

Initially, several types of variable nozzle were considered for this use ; they were the flexible-wall
nozzle, the asymmetric sliding-block nozzle', the scissors-type nozzle?, the hinged-plate nozzle®,
the slotted-wall nozzle and the sliding-bumip nozzle. The complexity of the control system, the
liability of the plate to failure due to the malfunctioning of the system, and the limitation of the
time rate of variation of Mach number detract from the usefulness of the flexible-wall nozzle.
Simplicity of manufacture and control are advantages of both the sliding-block and the sliding-
bump nozzles, but both entail the use of excessively long effusers, with consequent difficulties in
yawing the nozzles and in allowing for boundary-layer growth. The working-section of the
scissors-type nozzle is situated between the two throats, making yawing difficult, whilst the
triangular working-section of the hinged-plate nozzle was considered to be disadvantageous.
Excessive suction requirements and a small working-section are unsatisfactory features of the
slotted-wall nozzle. No existing nozzle type being suitable for high-speed test puiposes, the semi-
flexible nozzle was devised by Staniforth* to satisfy the requirements. This type of nozzle seemed
to offer a good compromise between aerodynamic efficiency and mechanical simplicity.

Tests were therefore conducted on a model nozzle of this type, and on the same nozzle with
modifications made to develop a build which would give a satisfactory flow distribution through-
out the Mach-number range. The purpose of this report is to describe these tests.

* N.G.T.E. Report R.210, received 30th October, 1957.



The exit region of each version of the nozzle was designed by the Atkin method®, which is an
extension of Biisemann’s method for transforming divergent radial flow into uniform parallel
flow. Flow was assumed to be radial at the upstream end of the flexible plate. The nozzle was
.intended to cover the Mach-number range from Mach number 1-5 to Mach number 3-0, and the
final design produced satisfactory uniformity of flow in the test region over this range.

2. Design Method.—The first semi-flexible nozzle was designed to embrace the required Mach-
number range, according to the procedure outlined below. The errors in the flow at various
Mach numbers could have been calculated by the method of characteristics but, as the labour
involved was prohibitive, it was decided to obtain the results by experimental observation of the
performance of a model of the nozzle.

The length of the flexible plate was calculated according to the Atkin method which has been
developed to convert uniform supersonic flow at one Mach number to uniform supersonic flow
at another. This method enables the desired co-ordinates of a point on the flexible wall or beam
to be determined from the parametric expressions:

x = #{cos O - (@ — 0) cos (0 -+ u) cosec u},
y = #{sin 6 - (« — 0) sin (6 + u) cosec u} ,

where x and vy represent, respectively, the co-ordinates of a point on the beam in directions parallel
and perpendicular to the axis of the nozzle, « represents the expansion angle, u represents the -
Mach angle, and 7 and 6 represent the polar co-ordinates of the point, referred to the supposed
source of radial flow as origin. For air flowing at normal temperatures, 6 can be expressed, from
the above equations and the gas laws, as

0 = (63)1>"*’Lar1‘1 {(6)**tan u} — u + a constant,
and 7 as , :

7 = v, sin p(cosec® u + 5)*,

where 7, is a constant for a particular nozzle design.

By scaling to make 7 of unit value and y of value § at & = 0, the results of several combinations
of Mach number and expansion angle were correlated. The co-ordinates of any point on the
aerodynamic profile for a particular Mach number were then represented by the difference
between the two values of x and the two values of y when correlated for the particular angle being
considered. The important point was then that observation suggested that the application of a
bending moment together with a direct force to each end of a beam of constant thickness would
produce a shape similar to this required aerodynamic profile.

3. The Development of the Nozzle—Preliminary tests by Carmichael®, using a 2-in. by 2-in.
model, established that flow distributions of reasonable uniformity could be obtained by using a
semi-flexible nozzle. Also about this time, details of a similar Swedish nozzle” became available.
The Mach-number distributions obtained in the tests on this nozzle were more uniform, but the
observations were confined to a small region in the working-section and to a smaller range of
Mach number. In addition, details of an American nozzle® then came to hand, this one being .
designed by the method of characteristics, but being similar in many respects to the one under
consideration. However, no performance figures were available.

Some minor modifications were made to the model before the detailed tests were commenced.
To lessen the liability to asymmetric distributions, both nozzle blocks were linked by a gear
system. Fig. 1 illustrates the construction of the nozzle and Fig. 2 is a photograph of the model
in its final form. Also shown in the photograph are the inlet contraction, the outlet diffuser,
and the static-pressure tube traversing gear. Details of the facilities used and the technique
employed are to be found in Appendix I.
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3.1. The Initial Nozzle Design.—The nozzle was constructed with a nominal working-section
of 2-in. by 2-in. The effuser consisted of uniform flexible plates, rigidly connected to nozzle
- blocks and constrained to lie parallel to the axis at the working-section by being clamped to slides.
Variation of the nominal Mach number was effected by the rotation of the nozzle blocks about
- the pivots by the action of a double screw-jack mechanism, actuated through gears by a single
hand-wheel.” All sliding surfaces were fitted with seals to prevent leakage to the regions behind
the flexible plates. .

The nozzle was designed for the range from Mach number 1-5 to Mach number 3-0, with a
radius of curvature at the throat equal to twice the throat depth at the upper limiting Mach
number, where a maximum expansion angle of 12 deg was adopted. Of the total nozzle length
of 32 working-section heights, the flexible plate occupied 2-4 heights. An empirical allowance
of 0-010 in. in depth per inch in length was made on each flexible wall to allow for boundary-
layer growth throughout the nozzle, and the clamps at exit were sloped at an angle of § deg to
the axis for the same reason.

Mach-number distributions obtained in the initial tests on this nozzle, whilst not of acceptable
uniformity, were yet good enough to encourage further experimental work on the nozzle after
only slight modifications, some specimen distributions being shown in Fig. 3. At low nominal
Mach numbers, the variation in the Mach number along the axis (axial distribution) was about
-~ 1 per cent, but this value increased to a value of 4 3 per cent at Mach number 3-0, with a
peak value of 4 4% per cent at Mach number 2-2. As can be seen from a study of Fig. 3, the
axial distributions were mostly of sinuous form. The variation of Machnumber in the distributions
measured normal to the axis (transverse distributions) was less than that in the corresponding
axial distributions.

It was suspected that a poor Mach-number distribution at the throat might be the cause of the
unsatisfactory performance, and a temporary fairing was used in an attempt to improve the
conditions at inlet to the nozzle. However, at the single Mach number used as a comparison, the
shapes of the Mach-number distributions were practically unchanged, so it was decided that
further investigation would be unnecessary. The effect of the fairing on the axial Mach-number
distribution is illustrated in Fig. 4a.

A slight discontinuity at the throat, simulated by a thin strip of adhesive tape, produced no
noticeable effect on the performance at a single sample Mach number, although the trailing edge
of the tape was sufficiently far downstream of the leading edge to obviate the possibility of the
effect of leading-edge and trailing-edge neutralisation. It was therefore concluded that any slight
step due to faulty assembly of the flexible wall would have no significant effect on the Mach-
number distribution. A comparison of the distributions obtained before and after the modification
is given in Fig. 4b.

- Tt was then found, from a further design check, that the flexible plates had been attached to
the nozzle blocks at a distance of 0-070 in. upstream from the correct position. The nozzle was
modified and tested in its correct form, but the distributions obtained, which are illustrated in
Fig. 8, were disappointing in that the performance was slightly worse than that of the original
nozzle. However, on displacing the nozzle-block pivots 0-040 in. towards the axis, a much better
performance was obtained. At this setting of the pivots, the axial variation in Mach number at
Mach number 3-0 was under -~ 2 per cent, and the maximum variation was under 4 3 per cent.
Specimen distributions recorded at this setting are also shown in Fig. 3. Further displacement
of the pivots towards the axis did not improve the overall performance, although it was beneficial
at some Mach numbers. It is suggested that, if the nozzle-block pivots were displaced 0-045 in.
from the design condition towards the axis, the nozzle would give a satisfactory performance of
about - 1% per cent at high and low Mach numbers but that at intermediate Mach numbers the
variation would be as much as -+ 2% per cent.
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3.2. The Fuwrst Major Modification.—Carmichael, on the basis of isolated tests, had suggested
that an increase of the radius of curvature at the throat to 1} working-section heights might
improve the performance of the nozzle. The model was therefore modified to incorporate this
suggestion. At its design setting the performance of the modified nozzle was better than that of
the initial design but was not as good as the best previously attained. Specimen distributions
are shown in Fig. 5, where it can be seen that the distributions still retained their sinuous form.

In an attempt to improve the performance, the pivots were once more displaced towards the
centre-line. Unlike the effect of this modification upon the performance of the initial nozzle, the
modification to the later design resulted in a deterioration of performance. Consequently, an
opposite displacement was next tried, an even larger non-unifermity being evident in the resultant
distributions, as is shown in Fig. 5. Of the several pivot settings used, the original design con-

ditions produced the most uniform flow, although it was not as uniform as that produced by the
nozzle with high throat curvature.

At its best setting, the nozzle with low throat curvature produced a flow of which the variation
in Mach number in the axial direction was 4 2 per cent at a Mach number of 3-0, decreasing
to -+ 13 per cent at a Mach number of 1-5, but with a peak of - 3 per cent at a Mach number

- of 2-5.

A comparison between the transverse Mach-number distributions measured by static wall
tappings in the side wall (see Appendix I) and those measured at the working-section by a static
probe traversing normal to the axis, led to the conclusion that the static tappings enabled the
distributions to be measured as accurately as did the probe. Consequently, the use of the probe
was discontinued in all later tests. Specimen distributions obtained by both methods are shown
together in Fig. 6. At the high Mach numbers, the probe, when fully extended, influenced the
distributions, which, therefore, are not included in the figure. :

3.3. The Second Major Modification.—In the previous tests it was noted that the performance
of the nozzles did not deteriorate rapidly at Mach numbers slightly higher than the designed
maximum. A further modification to the nozzle was therefore made in an attempt to improve

the overall performance, the dimensions being so altered as to fit a nozzle designed for a maximum
Mach number of 2-5.

This new design was for a maximum expansion angle of 8 deg at Mach number 2-5, the radius
of curvature at the throat being twice the minimum throat depth. Although the length of the
flexible plate, namely, 2-1 working-section heights, was less than that of the first design, the

total length of the nozzle was increased slightly to 4-2 heights. The cardinal dimensions of this
nozzle are given in Fig. 7.

Initial tests on the modified nozzle were encouraging in that the performance was better than
that with the earlier designs. The distributions are shown in Fig. 8. Both at high and low Mach
numbers, the variation of Mach number was only -~ 1} per cent whilst the maximum variation
was -- 2 per cent. The major portion of this variation occurred either within the nozzle itself
or at the extreme downstream end of the test thombus. In the distance between the nozzle exit
and the proposed position of the engine model intakes (see Fig. 1), and in an equal distance
downstream of the intakes, the variation was, over the Mach-number range, less than -+ 1 per
cent. The variation in the transverse distributions (Fig. 9) was also less than - 1 per cent
except at Mach number 2-0, this exception being due, presumably, to an asymmetrical set-up of
the model. Although the model intake would be situated downstream of the nozzle exit, suitable
adjustment of the plenum-chamber pressure at the free jet surface would produce a parallel jet,
and a uniform Mach-number distribution at exit would result in a uniform distribution at the
intake section. At Mach numbers higher than 2-2, the intake would lie wholly within the Mach
coune, and there would be no need to adjust the plenum pressure.
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Alteration of the positions of the nozzle-block pivots failed to improve this performance,
which was, however, deemed acceptable for engine model-testing requirements, although it
would not be usable in most conventional wind tunnels. Specimen distributions obtained with the
pivots displaced 0-020 in. towards the centre are compared with the initial distributions in Fig. 8.
The performance as designed would be acceptable at Mach numbers slightly above the working
range, but the test range was not extended beyond Mach number 3-0 as the material of the
flexible plates was then nearing its limit of proportionality. '

3.4. The Stresses in the Flexible Plates—Whilst the stresses in a flexible plate due to its enforced
. curvature could have been calculated theoretically, and the stresses due to the designed static-
pressure loading could have been estimated, the probable stresses induced by the pressure
loading under flow-breakdown conditions when a shock wave is present in the nozzle, were
unknown. A series of tests on wooden representations of the nozzle under different conditions
was therefore completed, the static-pressure distribution along the wall being observed on mercury
manometers connected to wall static-pressure tappings. Each representation was made to
represent the nozzle at one particular setting, viz., the corrected initial design set to produce flow
at Mach numbers 1-5, 2-25 or 3-0, or the nozzle after the second major modification set at Mach
number 2-8. The tests on the initial nozzle design were conducted before the results of the tests
on the later nozzle, described in Section 3.3, became available.

For each of these wooden models, the position of the shock was varied by altering the pressure
ratio. Influence functions for the end bending moments on the flexible plate were calculated,
and when applied to the experimentally observed pressure loading these enabled the end
bending moments for a particular position of the shock to be determined. By tabulating
the resulting moments non-dimensionally as M/L*IWP, where M represents the moment,
L the length of the plate, W its width, and P the inlet pressure, the maximum end bending
moment due to pressure loading could be obtained in a form which enabled the stress in any
geometrically similar nozzle to be calculated. For example, if it were decided to test full-scale
engines, it would be necessary to employ a 5-{t square nozzle with a 12-ft long steel plate, 1-5-in.
thick, and the stresses to be expected at Mach number 1-5 in such a plate would be 44,600 1b/in.*
at the end near the exit, and 18,000 1b/in.? at the end near the throat. However, it might be.
considered advisable to make an allowance for the effect of dynamic loading of the plate. In
that event, the calculated stresses due to gas loading should be multiplied by an empirical factor
of two, making the nominal design stress of the plate of such a nozzle 70,00 1b/in.%.

At the higher Mach numbers, the effect of increasing inlet total pressure outweighs the reduction
in the non-dimensional end moments due to the gas loading which occurs as the Mach number
of the flow is increased. The increased inlet pressure would be necessary should the design of
such a tunnel require the outlet pressure to be atmospheric. Thus, although the two worst
non-dimensional end moments at Mach number 3-0 were only 0-0071 and 0-0077, as opposed
to 00213 and 0-0255 at Mach number 1-5, the total stresses to be expected in a plate similar
to the one mentioned in the previous paragraph were 67,700 1b/in.* and 89,700 Ib/in.®. It should
be noted, however, that the latter could be reduced to 81,000 Ib/in.? by increasing the thickness
of the plate to its optimum value of 2 in. :

A hysteresis phenomenon was observed in the tests of the Mach-3-0 representation. Over a
part of the range of nozzle pressure ratio, the end moments under starting conditions did not
equal those at the breakdown of flow.

As a result of these tests on the representations of the long-plate version of the nozzle, it was
decided to test the short-plate representation at high Mach number only, this apparently being
the critical setting. For a full-scale short-plate nozzle, which was comparable with the previously
quoted example, ¢.c., that had the same working-section height, the length of the flexible plate
would be only 10-4 ft, the thickness remaining unchanged at 1-5 in.
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The results indicated that the stresses to be expected in such a plate would be 47,700 Ib/in.? at
the downstream end and 73,400 1b/in.? upstream. Again an increase of the thickness of the plate
to the optimum of 1-8 in. would reduce these stresses slightly to 42,400 1b/in.* and 71,000 lb/in.?.

As can be seen from a study of Fig. 10, in which is plotted the variation of non-dimensional end
moments due to gas loading, hysteresis was also observed in the tests on the short-plate representa-
tion. The peak value of the moment occurs at a pressure ratio of approximately 6-0, being then
0-0082 at the upstream end of the flexible plate. Under breakdown conditions, the direction of
action of the bending moment is reversed from the direction during normal running. It is
apparent, from the figure, that, for practically the whole range of pressure ratios, the bending
moment at the end of the flexible plate near the throat exceeds that at the exit. '

4. The Accuracy of Manufacture of the Models.—It was found that the form of the Mach—number
distributions was affected by the accuracy of assembly within the limits obtainable on the model.
Any deviation of the pivot pins from the parallel to the transverse plane tended to produce
asymmetry in the normal distribution. The pins also had to be positioned within 4 0-001 in.
of the correct distance from the axis, both with respect to the nozzle blocks and with respect to
the hinge supports, before transverse distributions which were symmetrical about the centre-line
were attained. A similar tolerance was placed on the longitudinal position of the pins. Indeed,
errors in the positioning of these pins seemed to affect the performance of the nozzle more than
any other error occasioned during the assembly of the nozzle.

In the manufacture of the nozzle, particular attention was paid to the constructlon of the
flexible plate. Itsthicknesswas everywhere within 0-0005 in. of the specified thickness of 6-030 in.,
and the wetted surface was flat within 0-0005 in. The jacks were assembled with as little backlash
as possible, so that for any particular setting the nozzle blocks always returned to within 0-001 in.
of the same position. However, it was later found theoretically that the effect ot a uniform taper
in the thickness of the beam was of second order only.

If it were decided to test full-scale engines, the working-section of the nozzle would have to be
of the order of 5-ft by 5-ft and, consequently, the tolerance on the dimensions of the flexible plate
would not be unusually severe. Both the thickness and the flatness would then have to be
within 0-01 in. of the specified values and the surface waviness should not exceed 0-002 in.
in 3 inches in any direction .

- It being inexpedient to test the proposed mechanical arrangements on a nozzle of such a small
scale as the 2-in. by 2-in. nozzle, a variable nozzle of working-section 1-ft by 1-ft is now being
constructed. It is hoped that tests on this nozzle will also produce some information on the
effects on the distributions of changes in the Reynolds number of the flow. Both the thickness
and the flatness of the flexible plate have to be within 0-002-in. of the nominal.

5. Extension of the Mach-Number Range.—Preliminary tests on a model of a variable Mach-
number nozzle designed for supersonic flows with Mach numbers less than 1-6 are described in

Appendix II. Proposed variable nozzles for higher ranges of Mach number are discussed in
Appendix III.

6. Conclusions.

(@) The performance of a semi-flexible variable Mach-number wind-tunnel effuser or nozzle
is considerably affected by small displacements of its nozzle-block pivots.

(b) For a design Mach number of 3-0, the performance of a nozzle with high curvature at
the throat should be superior to that of a nozzle with low curvature.

(¢) The performance of a nozzle designed at Mach number 2-5 at its best pivot setting should
be satisfactory for intake and engine model-testing requirements at high speed. If
such a nozzle were built to test full-scale engines, the material of the flexible plate at
its optlmum thickness might typically be designed to withstand a stress of 70,000
Ib/in.®. This value is calculated assuming a dynamic loading factor of two for the
variation in stress at any sudden breakdown of the flow.
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APPENDIX I
Facilities and Technique

The tests were conducted in a suction wind tunnel, the air being drawn from atmosphere into
the tunnel through a drying plant. After passing through the effuser, or nozzle, vza a contraction,
the working fluid entered a parallel-throated diffuser, whence it was exhausted to atmosphere.
Flow was induced at low Mach numbers by a mechanical exhauster and at high Mach numbers
by an ejector, both being situated downstream from the diffuser.

Transverse Mach-number distributions, ¢.e., distributions measured normal to the axis, at the’
ends of the flexible walls were observed on mercury manometers connected to static-pressure
tappings in one of the side walls. The side wall also had a datum static hole drilled on the
- horizontal centre-line 1 in. upstream of the vertical statics.

Axial Mach-number distributions, z.e., distributions measured along the axis, were measured
over the length of the test rhombus by the use of a static probe attached to a remotely controlled
traversing gear, both of which are shown in Fig. 2. As the static pressure at high Mach numbers
was such that the readings were not sufficiently accurate if measured against atmospheric pressure,
the traverse readings were observed as a differential pressure against the datum static. At a
Mach number of 3-0, with atmospheric inlet conditions, an error of 0-020 in. of mercury is
equivalent to a Mach-number error of 0-017. Consequently, the differential pressure was measured
in Tetralin, a low-vapour-pressure oil. :
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The static probe comprised a cone, having a 5 deg semi-angle and the base of which was 1 mm
in diameter, attached to a length of 1-mm hypodermic tubing in which four 0-010-in. diameter
static holes were drilled 10.mm downstream of the base of the cone. This tubing was attached
to a length of 3-mm diameter tubing and supported in a centralising spider downstream of the
working-section. The large-diameter tubing was attached to the traversing gear through a slot
in the side wall of the diffuser, which was sealed by a length of steel shim.

The performance of any particular design of nozzle was assessed from the magnitude of the
variation in the Mach-number distribution over a test rhombus formed by lines drawn from the
downstream ends of the flexible walls at the particular Mach angle of the flow. Both transverse
and axial distributions were thus measured, and the variation of Mach number from the mean
was considered as the criterion for the assessment of performance. The distributions were
recorded at various nominal Mach numbers in the working range, variation of Mach number being
effected by the action of the screw-jack mechanism.

All the transversely arranged static tappings and the datum static were connected to a mercury
manometer board. A U-tube containing Tetralin as a manometric fluid was connected between
the datum static and the traversing probe, the U-tube being by-passed during the starting and
the stopping of the tunnel in order to avoid blowing the oil out of the U-tube when there was
a shock between the probe and the datum static. :

APPENDIX II
The Design of an Effuser for the Ramge up to Mach N umbey 1-6

Since it was decided to extend the investigations to the study of the performance of an effuser,
or nozzle, suitable for flows up to Mach number 1-6, a model was made with an expansion angle
of 5 deg at this maximum Mach number. The radius of curvature at the throat was again 1%
times the working-section height but the total length of the nozzle was reduced to 3 working-
section heights, mainly because of the reduction in length of the flexible plate to 1-1 heights.

Axial Mach-number distributions were recorded for flows from Mach 1-0 to Mach 1:8, the
design Mach number, whilst the range of transverse distributions was extended to cover high
subsonic flows. As the performance was poor, the pivots were again displaced symmetrically
towards the tunnel centre-line. The performance of this nozzle cannot be compared directly
with that of the higher speed designs, but close similarity is evident in some respects. The general
form of the axial Mach-number distributions was similar, and the magnitude of the variation was
once more greatest in the mlddle of the Mach-number range. Specimen distribution curves are
plotted in Fig. 11. '

Displacement of the position of the nozzle-block pivots was once more effective, the best overall
" performance being observed with the pivots displaced 0-030 in. towards the centre-line. At this
setting, the magmtude of the axial variation was -+ 1§ per cent at the maximum test Mach
number, £ 24 per cent at Mach number 1-4, and -+ 12 per cent at Mach number 1-1. Through-
out the Whole range, the transverse variation of the Mach number did not e*cceed 4+ 1 per cent.

Whilst this performance is not up to the standard of the nozzle designed for higher Mach
numbers, it should be possible to improve the uniformity of distribution by modification of the
curvature at the throat.




, APPENDIX III
Extension of the Mach-Number Range

An extension of the Mach-number range entails a reconsideration of the choice of variable-
nozzle types. In a nozzle designed to cover the range of Mach number from 3-0 to 5-0, each
nozzle block would have to move towards the centre-line a distance of less than 1/10 of the
working-section height. If a semi-flexible nozzle were to be employed for this range its angular
rotation would thus be very small, and it was thought that the effect of changing plate curvature
might be negligible, that is, that the Mach-number distribution from a nozzle comprising only
nozzle blocks capable of rotation about their downstream ends might be sufficiently uniform.
Consequently, some graphical checks were completed to test the accuracy of this supposition,
and it was found that the error really does appear to be small. Tests will therefore be made on a
nozzle of this type in the near future.

At even higher Mach numbers, in the region of Mach number 5-0 to Mach number 7-0, it has
already been shown® that good performances have been attained by the use of a straight-line
effuser. To change the flow from Mach number 5-0 to Mach number 7-0, each nozzle block need
only move in a distance of 0-015 of the working-section height, this amount hardly affecting the
configuration of a flexible plate, which could once more be omitted.

(73941) B
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F16. 2. Photograph of 2-in. model nozzle.
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Fic. 7. Details of final design of nozzle.
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