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SUMMARY

A model of a two-dimensional variable nozzle, of a type suitable
for use in a free-jet Engine Test Facility, has been tested to determine
the uniformity of flow in the Mach number range 1.6 to 3.0. The tests
were made at about full-scale Reynolds numbers, the Mach number variations
being deduced from measurements of the static pressure by wall tappings
and traverses.

Only the initial build was tested over the full liach number range
and for this the Mach number variotion in the test region lay between
*14 and %2 per cent. The effect of nowzle block pnivot position was
examined at the higher Mach numbers and it was found that the voriation

could be reduced to between X1 and *1% per cent in the range 2.4 to 3.1,
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1.0 Introduction

The work described herein was carried out as part of a programme
aimed at developinz a nozzle configuration suitable for use in an Engine
Test Facility for the free-jet testing of intakes and engines over the
range of Mach numbers from 1.6 to 3,0. In this applicetion a larger
tolerance in the uniformity of Mach number in the working section can be
permitted than is normally accepted for a supersonic wind tunnel, but
mechanical simplicity is important in order to allow both reliability at
elevated temperatures and rapid changes of Mach number for transient
operation.

Rarlier considerations of variable nozzles!>2,3 showed thet the
two-dimensional semi-flexible nozzle having a single pivot and a single
jack for each wall (Pisure 1) offered a good compromise between aero-
dynamic performence and mechaniceal simplicity. DPeference 1 describes a
successful small model of this type having a 2 x 2 in, working sectdion.

The present Memorandum describes tests on an intermediate scale
1 £t square nozzle, this being built to test the proposed mechanical
arrangement for the full-scale design and to check the effects of change
of scale and Reynolds number on the flow uniformity.

2.0 Test apparatus

2.1 Nozzle

The nozzle, which is shown in Figure 1, was of a semi-flexible
configuration, the movable walls consisting of flexible plates of uniform
thickness rigidly connected at their upstream ends to hinged throat blocks
and constrained at the exit Yy a parallel linkage system. The flexible
plates moved between parallel side wealls. The outlet section measured
12.1 % 12.95 in. and remained constant throughout the speed range.

Variation of +the Mach number in the working section was effected
by rotating the nozzle blocks about the pivots shown in Figure 1.
Operation of a single handwheel actuated a crank mechanism through gears
to obtain this action. The position of the pivots in relation to the
centre line of the nozzle could be varied by means of shims, as the
previous experimental investigation had shown the pivot position to be an
important parameter. All moving surfaces were provided with seals to
prevent leakage of air to the regions behind the flexible plates. The
flexible plates vere of 0.295 in. thickness, machined overall from high
tensile steel. The average clearance between the plates and the side
walls wes 0,024 in,

2.2 Rig layout

Adr at high pressure wag supplied to the nozzle from either an
M. V. or G.H.C. plant compressor and exhausted to atmosphere through a
transition piece, a constant area rectangular duct for stobilising the
flow sfter the normal shock, a subsonic diffuser and & silencer, The
cross-sectional area of the rectansular duct, which measured 12.71 X
16,0 in.,was larger than the working section of the nozzle to allow the
escape of leakage air from behind the flexible plates and to compensate
for the blockage ceused by the supports of the traversing probe. The
increase in area took the form of & step at the nozzle exit.
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The temperature of the air supply could be varied between 50 and
220°C whilst on the M.V. sets; when using the G.L.C. sets, however, the
heat loss in the plant ducting prevented there being a useful temperature
range.,

For the higher Mach number range (2.4 to 3.1) the M.V, sets were
used, while for the lower range (1.6 to 2.L) the larger G.L.C. sets were
required in order to supply sufficient mass flow, Dry air was used for
21l the main aerodynamic calibrations.

2.3 Instrunentation

.In order to determine the Mech number variation within the working
section, 32 static pressure points were loceted in a half-diamond pettern
on one side wall of the nozsle as indicated in Figures 1 and 2. The holes,
of 2% in, diameter,were connected to a bank of single-limb mercury mano-
meters. In addition a static probe traversing axially mezasured the
variation along the centre line of the nozzle. Fou1~§5 in., diameter
sensing holes in the probe, positioned 90° apert, transmitted pressure to
one limb of a U-tube filled with tetralin. The other limb was connected
to a datum pressure tapping, marked P, in Figure 2. /. pitot tube in the
30 in. supply duct recorded the total pressure at inlet to the nozzle.
Static pressures were measured behind the flexible plates and, for the
upper surface only, just downstream of the step. These pressures gave
an indication of the efficiency of the seals.

3,0 Tests

The initial tests showed a tendency for the operating mechanism of
the nozzle block to jam when an airstream temperature of 150°C was
reached.

sn improvement permitting an operating temperature of 170°C was
attained by lagzing the outside walls of the nozzle., However, this
improvement was not enough to meet the operational requirement and the
nozzle was stripped. The inspection revealed that the jamming was caused
by the asbestos seals between the flexible plates and the side walls, the
asbestos being insufficiently resilient to accommodate the changes of
clearance resulting from differential expansion. The asbestos seals were
therefore replaced by silicon rubber tubes of circular cross section,
4 mm o.d., and 1 mm wall thickness, lubricoted with silicon rubber vacuum
grease. Jamming was thereby cured, but a difficulty arose in retaining
the secls in their slois. The asbestos seals and their reteining slots
were of triangular cross section and, since re-machining of the highly
stressed plates to give rectangular slots sppeesred undesirable, the new
circular seals were glued into the existing slots with Hermetite.
However, despite the glue, the sezls tended to roll out of the slots and
become nipped in the clearsnce space. The secals were thercfore modified
by inserting a 16 s.w.g. copper wirc inside ezch silicon rubber tube.
This configuration was satisfactory and remained unchenged until the end
of the tests. A tadpole section seal would heve fitted the existing
slots better but the time and cost of manufacture appecred excessive,

The static pressure measured behind the lexible plates during the
performance tests was on average only 0,16 in. of mercury higher then the
corresponding static pressure downstream of the step at the norzle exit,
indicating that little leakage was occurring through the seals.
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The initial tests provided a check on the mechanical operation of
the nozzle, but gave only a rough indication of aerodynamic performance
since the air drier wzs not then available and there may have been conden-
sation shocks in the test section. At o Mach number of 3,0, for example,
there could have been about 70°C of supercooling in the test section when
running at the maximum inlet temperature of 220°C,  The air drying plant
became available for the later tests, which werc therefore made at an
inlet temperature of 50°C,

At each setting of the Mach number control (calibrated initially on
the basis of area ratios) a full record was taken of the side wall static
pressures and a traverse was made of the static pressure probe along the
nozzle axis. For the first tests 0.250 in. shims were used at the nozzle
pivots, corresponding to the best results from the 2 x 2 in. varieble
nozzle. Later the tests were extended to cover shim sizes varying
between 0.048 and 0,700 in, but measurements were then confined to the
higher Mach number rangs.

During the tests the static pressures downstream of the step at the
nozzle exit were lower than the static pressures in the test region. The
difference between the pressures varied from 3 1b/sq.in. at low Mach
numbers to 1 1b/sq.in. at high Mach numbers. Attempts to run with the
pressures equal werc unsuccessful, apparently on account of instability
in the diffuser.

4.0 Desults and discussion

Summeries of' the performance tests run with dry air at 50°C are
presented in Figures 3, L, 5 and 6. A typical lfach number distribution
inside the test rhombus is shown in Figure 3. During the anelysis of the
results it was noted that for any nozzle build the dete could be repeated
to within the accuracy of instrumentation, i.e. to within about £0.05 in.
of mercury.

Pigure 4 gives the percentawe Mach number variation inside the
entire test rhombus, vhile Figure 5 shows the improvement in uniformity
when variations are considered in a restricted region more representative
of the area required in the full-scale application. The restricted
region has been taken to be 70 per cent of the linear dimensions of the
nozzle outlet section and to have the shape shown in Figure 2.

For the initial build (0. 250 in, shims) the variation in the

estricted region, (see I'igure 5), is £2 per cent in the Mach number
rgnqe 1.7 to 2.3, decreasing to +1_ ner cent at a Mach number of 3.1,
Tigures L4 and 5 indicate that an improvement in the Mach number distribu-
tion cen be achieved by displacing the pivots from the original build,
but the displacement required varies with Mach number. In order to
obtain the optimum performance from the full-scale nozzle it 1s suggzested
that the pivot position should be adjustable.

Figure 6 shows a comparison betwcen the results obtained from the
2 x 2 in. nozzle in the Reynolds number range 0.4 X 10° to 0. 72 X 10°
ags reported in Reference 1, and the 12 x 12 in. nozzle at Reynolds numbers
between 10.0 x 10° and 12.25 x 10° The flow along the centre line
within the test region is lezs unlform in the larger nozzle than in the
smaller one, ercopt for a small region around s Mach number of 2.3%5,
The difference may be coused by unequal pressures behind the flexible
plates as a result of the differcnt sesling arrangemcnts and ventilation
pressures. Alternately it may be a true Reynolds number effect since
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the rate of growth of the boundsry leyer should be rather less Tor the
larger nozzle, whereas the design allovance was the seme (0,005 in/in.)

for both.

A further difference possibly accounting for the poorer per-

formance of the larger hozzle is in conditions upstrecm, the smeller
nozzle having a large settling chamber wherecs the larser has a control
valve and cascade corner in the 20 in, supply duct 21 diemeters from the

nozzle.
nozzle.

The duct diameter increased to 30 in. 10 f% upstream of the

Comparison with the results of some unpublished American work on a
similar type of nozzle shows that the uniformity in the American design is
intermediate between that of the 2 and 12 in. nozzles up to a Mach

number 3%.1,

5.0 Conclusions

From the experimental work the following conclusions have been

reached,

(a)

(v)

(a)

For Mach numbers between 2.4, and 3.1, the variation thr9ugh—
out the test region can be reduced to between ¥1 and X113 per
cent of the nominal Mach number,

To obtain optimum performance over a wide Mach number range
the position of the pivots for the nozzlc blocks should be
adjusteble,

The performance of the 12 in. noz~le was generelly inferior
to thet of the 2 in., although the larger noszle wes better
in the middle range, i.e. near Mach number 2.k.

The medified silicon rubber seals vroved setisiactory for
the limited test running recuired but they had no hard
wearing properties and it is cleer thet e different type
would have to be used in any full-scale design.
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AERODYNAMIC AND MECHANICAL TESTS OF A MODEL
OF A VARIABLE MACH NUMBER NOZZLE

A model of a two~dimensional variable nozzle, of a type sultable fer
use in a free—=jet Engine Test Facility, has been tested to determine the
uniformity of flow in the Mach number range 1.6 to 3.0. The tests were
rade at about full-scale Reynolds numbers, the Mach number variations being
deduced from measurements of the static pressure by wall tappings and
traverses.

only the initial build was tested over the full Mach number range
and for this the Mach number variation in the test region lay between
*1% and *2 per cent, The effect of nozzle -block pivot position was
examined at the higher Mach mumbers and it was found that the variation
could be reduced to between }1 and *1% per cent in the range 2.4 to 3.1,
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AERCDYNAMIC AND MECHANICAL TESTS OF A MODEL
OF A VARIABLE MACH NUMRER NOZZLE

A model of a two-dimensional variable nozzle, of a type suitable for
use in a free-jet Engine Test Facility, has been tested to determine the
unitformity of flow in the Mach number range 1.6 to 3.0, The tests were
made at about full-scale Reynolds numbers, the Mach number variations being
deduced from measurements of the statlc pressure by wall tappings and
traversese

Only the initial build was tested over the full Mach number range
and for this the Mach number variation in the test region lay between
214 and 22 per cent., The effect of nozzle block pivot position was
examined at the higher Mach numbers and it was found that the variation
could be reduced to between i1 and 1% per cent in the range 2.4 to 3.1.
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AERODYNAMIC AND MECHANCIAL TESTS OF A MODEL
OF A VARIABLE MACH NUMBER NOZZLE

A model of a two-dimensional variable nozzle, of a type suitable for
use In a free-jet Engine Test Facility, has been tested to determine the
uniformity of flow fn the Mach number range 1.6 to 3.0, The tests were
made at about full-scale Reynolds numbers, the Mach mumber variations being
deduced from measurements of the static pressure by wall tappings and
traverses,

Only the initial build was tested over the full Mach number range
and for this the Mach number variation in the test region lay between
H4 and *2 per cent. “hc effect of nozzle block pivot position was
examined at the higher Mach numbers and it was found that the variation
could be reduced to between *1 and *1% per cent in the range 2.4 to 3.1.




© Crown copyrigh: 1963

Printed and published by
HER MAJESTY’S STATIONERY OFFICE

To be purchased from
York House, Kingsway, London, w.c.2
423 Oxford Street, London w.1
13A Castle Street, Edinburgh 2
109 St. Mary Street, Cardiff
39 King Street, Manchester 2
50 Fairfax Street, Bristol 1
35 Smallbrook, Ringway, Birmingham 5
80 Chichester Street, Belfast 1
or through any bookseller

Printed in England

C.P. No. 629

S.0. Code No. 23-9013-29

C.P. No. 629



