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SUMHMARY

In continuation of the work on axisymmetric centrebody nozzles with
translating parallel outer shrouds and fixed throat areas described in
Part I, further tests have been carried out with external flow in the
range of Mach number 0.7 to 1.D. For combinations of exhaust pressure
ratio and external Mach number representative of flight requirements, the
results show thal this type of nozzle can offer quite a high level of
gross thrust efficiency throughout its operating range. The off-design
performance i1s much superior to that of a plain convergent-divergent noz-
zle of the same design pressure ratio.

Conical cenlrebodies only were used, and the effect of varying the
half-angle from 15 to ?%O has been investigated. Some improvement is
gained by going to 10%, but further reduction is unlikely to be worthwhile

in practice,
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1.0 Introduction

The principle of partial external expansion was discussed in Part I
(Reference 1), 1n special relation to the propelling nozzle requirements
of such an aircraft as a supersonic transport. It was noted that a noz-
zle designed in this way could better accommodate the widely different
exhaust pressure ratios encountered at the two ends of its required
operating range.

Tests on some axisymmetric nozzles with conical centrebodies and
parallel outer shrouds were described in Part I. This form of nozzle
geometry 1is illustrated in Figure 1; relative axial movement between the
centrebody and shroud is required, throat area remaining constant.
Quiescent air performance was found to be very good, a high gross thrust
efficiency being obtained throughout the range of exhaust pressure ratio.
Part I covered external flow only in the band of Mach number 1.3 to 2.4,
and here the off-design efficiency fell off. It was found possible to
predict optimum performance to a fair accuracy under these conditions by
means of a computer programme. No prediction could, however, be made for
the case of subsonic external flow, which 1s of greater practical interest
at low exhaust pressure ratio, and the present work is mainly concerned
with rig tests to provide data in the range of Mach number 0.7 to 1.5.

Some fresh variants within the same basic geometry have also been
tested at off-design conditions, following suggestions put forward in
Part I. These anclude narrower centrebody angles, and "ventalation" of
the centrebody surface by secondary air close fto ambient pressurse.

2.0 The test rig

A description of the rig equipment used for these tests appears in
Reference 2. It contained two alternatave workaing sections, the arrange-
ment of which 1s illustrated in Figure 2. The lower of these provided
supersonic external flow in the range of Mach number 1.3 to 2.4, being
equipped with a two-dimensional flexible wall nozzle of 12 in. x 12 in.
cutlet. This same working section had been used for the external flow
tests reported in Part I. The upper line in Figure 2 embodied a slotted
nozzle of cirocular cross-section, 11.3 in. diameter, enabling external
fach numbers to be produced in the range 0.7 to 1.5.

Test models were mounted on the end of a 3% in. diameter sting,
which was interchangeable between the two working sections and passed
centrally through the throat of either external flow nozzle. This sting
consisted of two co-axial tubes, the inner supplying air to the model,
while instrumentation lines passed through the annular gap between them.

Arrangement of the sting in the two working sections is illustrated in
Figures 3 and L.

2.1 Thrust measurement

Means for direct measurement of model thrust were not available,
and recourse was had to pressure plotting the centrebody. Gross thrust
of the model was then determined by summation of the stream thrust in the
throat plane (obtained by calculation) and the thrust upon the divergent
surfaces (given by the pressure tappings). An exprcssion for gross
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thrust efficiencyf was developed in Avpendix IIX of Reference 1, viz:i-

(Ae/Ag-T)
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taking ¥ = 1.4.
This depends upon knowledge of the following quantitics:-

(i) Discharge coefficient (Cp), teken to be 0.9945 for these
models when choked, as in Refercnce 1.

(ii) Throat strcam thrust efficaency (1), taken to be 1.001 when
choked, as in Refercnce 1.

P
(1ii) Exheust pressure ratio (E.P.R. = ﬁﬁ), obtained from pitot
o]

rake at model entry and statio pressure measurement at the
wall of the working scction.

(iv) Computed allowance for ainternal friction downstream of the
model throat (¢). The method of estimating this for a
centrebody nozzle is given in Appendix III of Reference 1,
use being made of the curves for "momentum loss" and
"dasplacement loss" presented in Reference 3.

It should be noted that in the above relation no account is taken of the
drag force acting on the ithin annular base of the parallel shroud
(Fagure 1).

In accordance with the argument given in Part I for the conditions
of these tests, no correction for "real air" effects has been applied.

2.2 Alr supplies

Both model and external flow lines were fed with dry air at stagna-
tion temperatures around 35°C. Air dryness was measured by an R.AE.-
Bedford pattern frost-point hygrometer, and held at better than -20°C
throughout.

Supply pressure was at an initial level of 5 atm, throttled
independently as reguired {or the two lines. Model throat Reynolds
numbers encountered in these tests were in the range 1.3 to 4.8 million,
the characteristic dimencion being teken es the diameter of a circle
enclosing an area equal to ihe model throat area.

[ - om - — e - e - e - — e mme et s ma L4 . oo o4 meren

7 For definition gee Appendix Il



3.0 Model geometry

The general layout was in all cases similar to Figure 1, and a
typical set of parts 1s shown in Figure 5. Details of the various builds
will be found in Table I, from which it can be seen that the tests covered
basically two values of design pressure ratio (D.P.R. = 20 and 15) and
three angles of plain conical centrebody (15, 10 and 7% half-angle). 1In
the ensuing discussion, identification of the various builds will be
according to the D.P.R. and centrebody angle; +thus 20/15° means the first
design listed in Table I.

It should be appreciated that in practice the shroud and centrebody
of each design are intended to be capable of continmuous translation rela-
tive to one another, so as to provide the optimum amount of external
expansion to match particular operating conditions throughout a flight
path. As was explained in Part I, this entails keeping the internal
expansion pressure ratio (I.E.P.R.j approximately equal to the E.P.R. up
to the condaition at which a Mach line from the end of the shroud just
meets the tip of the centrebody; at any higher E.P.R. the shroud length
remains fixed. This limiting I.E.P.R. varies with both nozzle D.P.R. and
centrebody angle; a rough relationship is:-

70 per cent of nozzle D.P.R. at 15° half-angle

80 109

90 7%°

For the purposes cf model testing, however, a set of fixed position

shrouds was made, This set comprised eight shroud lengths, of which only
six were employed in the present tests, as listed in Table I; numbers 2,
3, & and 5 had previously been used in the tests of Part I, where they
gave the approximate values of 6, 9, 12 and 14 for I.E.P.R.

3.1 Plain centrebody models

Fizure 6 shows the arrangement of one such model with plein centre-
body. This consisted of':

(1) a common mounting assembly, incorporating a three-limb
hollew spider support for the centrebody, an entry pitot
rake of egqual-area spacing, and a row of bulkhead con-
nections for the instrumentation lines;

(11) one of the interchangeable centrebodies, each of which
carried between 10 and 15 pressure tappings 0.020 in, dia-
meter positioned spirally along the downstream-facing
surface;

(iii) one of the interchangeable shrouds;

(1v) a cover sleeve for the pressure connection recess.
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5.2 Cut=off' centrebody model

This model, og which a sketch appears in Figure 7, differed only
from the plain 20/71° design in thet the conical centrebody was cut off to
form a plane circular base, of area ratio f} = 0.287. Two pressure
tappings were fitted in this base. In leng%h the cut-off nozzle was
equivalent to one with a continuous conical centrebedy of approximately
124 half-angle.

3.3 Ventilated centrebody model

The arrangement in this case is shown in Figure 8. Apart from the
ventilation slot, the desipgn was otherwise a 20/158 nozzle, Details of
slot geometry are also given in Figure 8, from which it will be noted that
the secondary or ventilation air was discharged zn an almost axial
direction. The uinternal area ratioc up to the begirning of the slot
corresponded to an expansion pressure ratzo of 3.75.

With the longer shroud tested {marked A in Figure 8) the ventila-
tion slot was thus within the internal-expansion region; with the shorter
(marked B) it was just outside. In case A the shroud was the longest of
those used in the tests of Part I. That the I.E.P.R. was now higher -
14.5 instead of 13,9 - resulted from the discontinuity in centrebody area
introduced by the ventilation slot.

Secondary air was induced from the external stream through & row of
holes in the cover sleeve, passing via the pressure connection recess and
the hollow spider limbs to & plenum chamber in the centrebody. The two
portions of the centrebody were held in position by means of a spacer
assembly and central drawbar. No attempt was made to measure the quan-
tity of ventilation air sdmitted, but an additional pressure tapping was
fitted on the downstream facing lip of the ventilation slot, which
measured the effective pressure of the systenm.

The necessity for ducting secondary air through the spider limbs
causcd some signifiacant constriction of the supply passage, and the
minimum passage area was in fact slightly less than the flow area in the
ventilation slot.

4.0 Object of tests

From tne work of References 1 and 2, a number of points emerge.

(1) In guiescent air, Figure 9 demonstrates that e centrebody
nozzle of the same D.P.R. 1s much superior to a simple
convergent-divergent nozzle at low pressure ratio.

(21) Wath supersonic external flow, the same nozzles are compared
in Figure 10, The opiimum amount of exlernal expansion
confers higher performance at low L.P.R.

(izi) In general the running-full line for & simple convergent-
divergent nozzle with wholly-internal expansion is unigue,
peak efficlencyf occurring at a pressure ratio equal to the

fSo long a5 this 1s based only on nozzle internal thrust,
with no base or afterbody drag Included
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nozzle D.P.R. and having a value which is independent of
external Mach number. This may be reasoned analytically,
and experimental confirmation appears in Reference 2. Now
Figures 9 and 10 show that a centrebody nozzle of the same
D.P.R. follows the shape of this running-full line in the
vicinity of the design-point/, and has a peak efficiency
again independent of li.. It thus follows that the perform-
ance of either type of nozzle over this range can be ade-
quately investigated without externzl flow.

(iv) In the case of a centrcbody nozzle with near-optimum
external expansion, its performance in supersonic external
flow or guiescent alr can be predicted theoretically. Such
calculations fall into two parts: the first employs the
mzthod of characteristics to obtain nozzle surface pressures
in the absence of friction, for which a computer programme
can be used; in the second the effects of friction are
obtained from boundary layer considerations, as given in
Reference 3. “Hhere tested, theoretical values derived in
this way agrce quite closely with experiment.

(v) According to computer rcosults, the performance of a centre-
body nozzle at low E.P.R. in supersonic external flow can be
further improved if the centrebody angle be reduced, thereby
lessening the turn imposed on the flow just downstream of
the throat. This predicted effect is illustrated in
Figure 11, reproduced from Reference 1.

(vi) It is not readily possible to predict theoretically the
performance of a centrebedy nozzle wath subsonic external
flow. Test data are already available from Reference 2 for

the convergent-divergent nozzle at this condition and low
E.P.R.

Hence the first two objects of the present series of tests may be stated
thus:-

To confirm the effeet of centrebody angle at low E.P.R. in super-
sonic external flow which was predicted theoretically, and thereby
to enhance faith in the theoretical method.

See also Reference .,

The same values of pesk efflclency are shown for the twe nogzzles In Figures 9
and 10, for the seke of simplicity, In the tests of References { and 2, using
only pressure plotting methods, the levels of deglgn-pelnt performance for this
D.P.R. differed In fact by much less than the accurscy attributable to either
result. If theoretical estimates be compared"'3, {t is found that the centre-
body nozzle 15 superior to a convergent-divergent with 10° semi-cone angle

{Mp = 0,991, as agalnst 0,988, teking a turbulent boundary layer at the same
Reynoles number in both cases)., Thig advantage derives from the reduced loss
due to outlet divergence in the centrebody nozzle, which outwelghs the extra
frictlon on 1ts lnereased divergent surfaoces,
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To compare the performance of a centrebody nozzle at low E.P.R. in
subsonic external flow with that of a simple convergent-divergent
nozzle of the same D.P.R. at the same conditions.

In order to carry out this second object, it was necessary to
change from the supersonic working section used for the tests of Part I to
the transonic werkaing section. Some overlap occurred in their operating
ranges, as mentioned in Section 2.0, and a check could be made that the
two test arrangements gave compatible results with an external-expansion
model .

So far the comparison between all-internal and partly-external
expansion nozzles at low E.P.R. has been restrictcd to D.P.R. 20, and it
would be of interest to extend this to other values. Simple convergent-
divergent nozzles of D.P.R. 15 and 12 have also been tested in oxternal
flowk, and the third present object was therefore

To extend to D.P.R. 15 the coﬁparison between a centrebody nozzle
and a simple convergent-divergent nozzle at low E.P.R., including
the case of subsonic external flow.

In any particular flight application, the nozzle D.P.R. must be chosen to
give a satisfactory compromise belween operating requirements at both high
and low E.P.R. 1t is therefore necessary to know both the design-point
and the off-design performance of each nozzle arrangement. In the light
of previous discussion, item (iii) above, no external flow tests are
regquired for the former case. The effect of changing design pressure
ratic of a centrebody nozzle on 1ls performance at a particular E.P.R.
near the design-point can readily be predicted by the computer programme
already mentioned, and the results of such an exercise appear in

Figure 12.

Good though its performance should be (Figure 11), a 74° centrebody
would be very long and perhaps mechanically unattractive. It was thought
possible that some advantage at off-design conditions might be retained by
a centrebody of 7% with its tip cut off so as to reduce length and
weight. Thus the fourth object was

To investigate the effect on performence of cutting the tip off a
narrow angle centrebody, both at low E.P.R. in subsonic external
flow and at the design-point.

In this case tests were necessary to establish the design-point perform-
ance, as theoretical methods could not satisfactorily evaluate the pres-
sure on the plane base of the centrebody. The design-point configuration
was accordingly tested in the supersonic working section; all other tests
in the present series were conducted in the transonic working section (see
Table I). In the event of there proving to be a serious design-point
loss, the technique of "base bleed" might be worth invoking at that
condation.

41 Centrebody ventilation

Finally, it was intended to examine the question of centrebody
"yventilation"., This name has been given to the transmission of ambient
pressure to the internal surfaces of an overexpanded nozzle by means of
comparatively small quantities of air induced from the outside atmosphere.
A necessary feature of successful operation is that the main jet is caused
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to detach from the nozzle walls at low pressure ratio. Suech a means for
improvement of off'-design performance was employed by Crosse® in short
conical convergent-divergent nozzles, and later tests on nozzles of larger
area ratio were carried out at N.G.T.E./ using more than one stage of air
admission. This secondary air was allowed to enter through circumferen-
ti1al slots in the divergent surface of the nozzle when operating at low
pressure ratic, the supply being shut off as pressure ratic increased.

All this work was done in guiescent air, and although the design-point
loss arising from the discontinuities in wall surface was far from negli-
gible, the benefits accruing at low pressure ratic were large, since the
usual overexpansion of flow within the nozzle at these conditions could be
to a great extent prevented.

However, subsequent tests® in external flow (M up to 1.5) gave a
very different picture. The performance of an internal-expansion nozzle
at low E.P.R. is naturally worse under conditions where a base pressure
exists substantially below ambient (e.g. References 2 and LY. To improve
the situation the base pressure must be raised. Tt had been hoped that
admission of air at nearly ambient pressure within the nozzle would pro-
duce a region of separated mainstream flow in which the pressure was con-
siderably higher than the oraginal base pressure. Thas conspicucusly and
consistently failed to happen; instead, the base pressure remained at
much the same low level, and continued to control the nozzlec wall pressure
downstream of separation. With two stages of air admission, the pressure
in the second ventilation slot was also lowered to near base level, and
even that in the first slot was at times appreciably below ambient.

Later tests of a different nature’ have shown that direct injection
of secondary air into the base region of a nozzle (base bleed), whilst
effective 1n raising base pressure in supersonic external flow (Me = 2),
has almost no influence in subsonic., It is diffacult to find any compre-
hensive evidence of the effect of base bleed at transonic conditions, but
limited data from the same work? tend to suppert other sources in suggest-
ing that the technique has some success around Meo = 1.1. One may con=-
clude that, 1n subsonic external flow, secondary air will serve no useful
purpose if discharged into a region to which base pressure can
communicate,

Now let us consider a nozzle whach 1s, as it were, turned insade
out so that the divergent surfaces are transferred to a centrebody.
"Ventilation" might be applied to the centrebody in this arrangement, and
two possible cases of interest may be distinguished.

Take first that which is analogous to the conventional use of the
technique i1n a convergent-divergent nozzle, the intention being to prevent
internal overexpansion at low pressure ratio. This would only cecour, of
course, if the shroud length were not reduced to give optimum external
expansion. Thus the appropriate geometry is a long shroud with centre-
body ventilation slot well upstream of the shroud end (as A in Figure 8).
In such a system, the base pressure on the shroud end will govern flow
separation on the inside surface of the shroud, just as in a convergent-
divergent nozzle, but the ventilation region of the centrebody is not ain
direct communication with this base pressure. There seemed therefore
some chance that admission of secondary air close to ambient pressure
could rmprove performance at low E.P.R. in this case even in a subsonic

external stream. Hence the fifth object of these tests may be stated as
follows
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To discover whether ventilation of a fixed geometry centrebody
nozzle is effective at low E.P.R. in subsonie external flow.

If satisfactory, this arrangement could perhaps offer an alternative to
translation of the cuter shroud of a centrebody nozzle, with some
mechanical simplafication, although with some design-point loss also.

The secondary air inlet drag at low E.P.R. would then require evaluation.
In this design, the fixed shroud length would be that for the maximum
L.D.P.R. of a similar conventional centrebody nozzle without ventilation.
This, as observed in Section 3.0, 1s around 70 per cent of the nozzle
D.P.R. for a centrebody half-angle of 15°,

The second possible application has already been mentioned briefly
in Part I. A 15° half-angle centrebody nozzle with optimum shroud lecngth
gives performance at low E.P.R. in supersonic external flow (Figure 10)
which, although betier than that of an all-internal-expansion system, is
still rather low. It was thought that some further improvement might be
achieved by the use of ventilation within the external-expansion region,
where the centrebody surface pressure is otherwise below ambient. The
appropriate geometry in this casc is a short shroud with centrebody venti-
lation slot just downstream of the shroud end (as B in Figure 8). Such &
nozzle is in a rather different category to other ventilated systems,
since the design prevents separation occurring within the internal-
expansion region, and the centrebody is therefore shiaelded by wholly
supersonic flow from the base pressure on the shroud end. Accordingly, a
sixth object of testing was

To find whether ventilation in the external-expansion region can
improve performance of a ccntrebody nozzle at low E.P.R. in super-
sonic external flow.

5.0 Test results

Data obtained from the various model builds listed in Table I are
presented in Figures 13 to 26, ‘Two general points arise in relation to
these results.

The first concerns friction. In the expression given in
Section 2.1 for gross thrust efficiency there is a quantity denoted by ¢,
which comprises the total deduction to be made for friction in the case
of thrust obtained from a plot of divergent wall pressure. It comes from
the sum of what are termed in Reference 3 the "momentum loss" and
"displacement loss", values of which are given there for conical
convergent—-divergent nozzles. In Appendix TUI of Part I, it is suggested
that the case of a centrebody nozzle can conveniently be dealt wath by
considering an equivalent conical convergent-divergent nozzle. This has
the same throat area, outlet Mach number, throat Reynolds number, and wet~
ted surface area; the friction properties may then be assumed to be also
the same. Because of the diffaculty involved in making separate
estimates of ¢ for every test condition, the data have first been
evaluated without this correction, and appear in that way in Figures 13 to
26. Trom the values of efficiency shown therein must be deducted the
following average amounts:-
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Efficiency correction (%) ;

Nozzle design

To test results To computer results ;

- . i
ii 20/1 50 , 1.0 ‘ 0.6 E!
" 20/100 | 1.3 | 0.8
20/7%° 145 } 0.9

' ' .

15/15° ‘ 0.9 0.5 g

An average correction is taken for each basic nozzle design, despite
differences in shroud length, on the grounds that two effects oppose each
other. On the one hand, supersonic surface area and hence fraction
obviously decrease with shortening of the shroud. However, the approp-
riate range of E.P.R. 1s also lower, implying lower entry total pressure
1n these tests and hence lower Reynolds number, which for a turbulent
boundary layer throughout means in turn higher friction, The figures
given above are in fact estimated for design-point operation.

The second point is related to what appears to be wide scatter in
certain test results., Examples of this will be found an Figures 13, 15,
18, 19, 21 and 23, in the case of short shrouds at low external Mach
nunber. Reference to the centrebody pressure dastributions, of which
examples are shown in Fagures 27 and 28, reveals that much more irregular
patterns develop on external-expansion swfaces at these conditions. The
mumber of pressure tappangs then becomes inadeqguate to give an accurate
and complete picture, and sizeable errors in estimation of thrust from
pressure distribution in this part of the nozzle may ensue. Nevertheless,
it can be seen from the examples given (Figure 27) that large changes in
the pattern of dastribution do cccur with quite small shift of L.P.R., and
some of the variation in efficiency which has been smoothed out when draw-
ing the curves in Figure 13 etc. may perhaps be genuine.

6.0 Discussion

This is divided into sections accordang to the test objects stated
in Section L4.O.

6.1 Working section agreement

Test results for the same model (20/15° design, with I.E.P.R. =
5.9) are available from both supersonic and transcnic working sections at
a similar external Mach number, and these are compared in Figure 29.
Fair general agreement is evident,
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6.2 Effect of centrebody angle in supersonic external flow

The computer results from Figure 11 have been adjusted in Figure 30
to allow for friction, and the design-point performance for all three
centrebody angles is now the same within 0.1 per cent. Shown also on
Figure 30 for comparison are points relating to experimental results both
from Part I and from the present work (Figures 13, 1L, 16, 17, 19 and 20).
These points were obtained by reading off the mean experimental curves at
optimum shroud length, i.e. at the condition where E.P.R. = I.E.P.R.

Exact quantitative agreement is not always found, but a trend in the
direotion predicted theoretically can certainly be discerned.

It should be noted that, in the calculations leading to Figures 11
and 12, a particular relationship betwecen external Mach number and E.P.R.
was assumed, viz:-

i E.P.R. i Moo E

i-. i oegho N cn il ..!‘..': PR i s S l{

% 3.7 1 14 f

% 5 Ly
!

i 10 L 175

% 15 ; 2.0

| |

gw— -_20— L ,, "M-2.~2 o

Little effect on thrust at any given E.P,R. was found by altering Mach
number, except in the neighbourhood of 1.1. The experimental points on
Figure 30 relate only to My, 2 1.25.

6.3 Nozzle comparison in subsonic external flow

Data from Figures 13 to 16, 18 and 19 have been used in Figure 31.
This completes the comparison between centrebody and plain convergent-
divergent nozzles for the case of D.P.R. 20, and forms a family together
with Pigures 9, 10 and 30. Appropriate friction allowances are included
throughout, and optimum shroud length is assumed for the centrebody
nozzles as defined above.

It can be seen from Figure 31 that the performance of 74 and 10°
centrebody nozzles is sgimilar in subsonic external flow. At 0.7 Mach
number this is not a lot better than with a 159 centrebody, but the
advantage of a narrower angle at 0.9 Mach number and low E.P.R. is quite
substantial.

In general, this comparison shows that it is in subsonic external
flow where a centrebody nozzle with optimum externsl expansion has the
greateat benefit to offer. For combinations of exhaust pressure ratio
end external Mach number representative of probable flight reguirements,
quite a high level of gross thrust efficiency can be maintained throughout
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the nozzle operating range: this should exceed 94 per cent ever with a
centrebody half-angle of 15°, !

6.4 Change of nozzle design pressure ratio

An exactly comparable picture to Figure 31 appears in Figure 32 for
the case of D.P.R. 15 with subsonioc external flow. The centrebody nozzle
data (15° half-angle only) come from Figure 23, and results for the
convergent-divergent nozzle are taken from Reference L. Both were
obtained in the same working section. Where evidence is available
(E.P.R. = 3.8), the changc of D.P.R. has produced a similar increment
in effaciency for both types of nozzle; at that condition a convergent-
divergent is consistently about 11 per cent worse than a centrebody with
optimum shroud length.

Adequate information as to the effect on performance near the
desilgn-point can be obtained from Figure 12, making suitable allowance for
friction (as given in Section 5.0).

6.5 Cutting off the centrebody tip

At the design-point the penalty of this device can be scen approxi-

mately from Figure 30, on which is shown a level derived from Figure 22,
but it should be borne in mind that experimental thrust efficiencies based
on pressure plotting are gencrally not reliable to better then % per cent.
However, an alternative approach is to consider only the base pressure
measured on the planc end of the cut-off centrebody. Correspon%ing to

W
Py
inclusive of the pressure on the base (which was uniform), is independent
of E.P.H. Thas is to be expected, since the whole base region 1s
upstream of the Mach line from the end of the shroud, and the nozzle
behaves simply as an all-internal-cxpansion system, for which the pressure
distribution is unique until separation ocecurs. Just ahcad of the
station where the centrebody is cut off, this pressure distribution agrces
closely wath that computed theoretically. If one then takes the theore-
tical distributaon for the remainder of a continued centrebody, and
converts the difference betwecn this and the actual base pressurc on the
same projected area into a loss of efficiency, a figure 1s rcached around
0.15 per cent at the design-point. This does in fact tally quite well
with the values in Figure 30.

the results in Pigure 22 15 a pressure distribution in terms of which,

S0 far as the off-design performance is concerned, Figure 33 com-
pares the date from Figures 18 and 21, showing an average loss of around
1 per cent. Unfortunately, the comparison is fogged by the rather wide
scatter in efficiency which is obtained from pressure distributions such
as those i1n Figure 27.

It is interesting once again to lock at the base pressure on the
plane end of the centrebody, this time corresponding to Figure 21. The
ratio of this pressure to free-strean static(-gh) lay between 0.9 and 1.0

(&.8)
over the range of E.P.R. 2 t0 4, so that the loss at off-design conditions
arising from use of this cut-off centrebody should indeed be small.
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What is eggally important to observe, however, is the comparison
between 10 and 7z~ plain centrebodies at these conditions. According to
Figure 31, there is no cffective difference between the two angles in
subsonic external flow, and thils can be verified by reference to the
original data in Figures 15 and 18, Moreover, even in supersonic exter-
nal flow, the advantage of 7% at low E.P.R. is shown by Figure 30 to be
guite small. Thus the case for a 7% centrebody, cut-off or otherwise,
1s not strong. ZEven a 10% plain centrebody is long, and i1n view of the
above results there seems every reason to expect that a limated amount
could be cut off in that case also without serious penalty; shortening at
any rate to the length of a 12%0 ccnirebody should be permissible.

Before leaving the cut-off 7%0 centrebody nczzle, it is worth hav-
ing another ook at Figure 22 for maximum shroud length in supcrsonic
external flow, and noting the severe fall in efficiency at low E.P.R.
This 23 in facti slightly worse than occurs in the cese of a 159 centre-
body nczzle of the same D.P.R. and aiso with maximum shroud length in
supersonic external flow (see Figure 14 of Part I). Such behaviour may
at firsl sight appear to be inconsistent with ihe beneficial effects of
lnw centrebody engle generally observed in Fagure 30. The explanation
lies in the change of meximum I.E.P.R. with centrebody engle (see
Section 3.0), For D.P.R. 20, this involves an increase from 13.9 (for
the 15° centrebody of Part I) to 17.8 (for the 73° centrebody of
Pigurc 22), and if the shroud is not translaied reletive to the centre-
body, this extra amount of internal expansion will introduce greater loss
at low E.P.R.

6.6 Centrebody ventilation upstream of shroud end

This section relates to the fifth test objeet as stated in
Section L.1. Tt will be recalled that the case of interest i1s a nozzle
with fixed geomeiry, a shroud length corresponding to maximum I.L.P.R.,
and ventilation within the internal-expansion region at low E.P.R. The
conditions tested were subsonic external flow, with the secondary air
passage open throughout. No atiempt was made to assess the design-point
loss arising from the ventilation slot, nor were any altecrnative positions
or geometries of slot investigated in these tests.

In Figure 34 the values of thrust efficiency taken from Figure 26
are replotted with adjustmeni for friction. This performance is poor in
comparison with results’! from quiescent air tests of a convergent-
davergent nozzle of thc same design pressure ratio and alse having one
stage of ventilation with the same slot geometry. It 15 evident that
this centrebody system has achieved only very limited success.

Also shown on Fagure 34 are subsonic external flow test results for
a plain convergent-divergent nozzle vath the same D.P.R. Both sets of
data come from the same working section, with the same range of model
throat Reynolds number. Although secondary ailr quantities and the
associated drag penalties have not been evaluated, 1t seems that, af
fixed geometry of divergent surfaces 1s essential, some improvement can
be achieved at low E.P.R. by the use of a centrebody nozzle with ventila-
tion slot. But 1t 1s small in comparison with the gain which 1s afforded
by translation of the shroud (vide Figure 31)f. Moreover, some of the

fFor no accompanylng loss at the design-point,
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advantage displayed in Figure 34 results not Tfrom ventilation at all, but
siuply from re-arranging nozzle shape so that the divergent surfaces form
a centrebody. The parallel outer shroud can then be terminated upstream
of the centrebody tip as already described for design-point operation,
thereby rcducing the amount of internal expansion for the same D.P.R. 4
fixed geometry nozzle designed in such a way will naturally have better
off~design performance than an all-internal-expansion system, at least so
long as both are running full. Figure 40 gives a further example of this
for nozzles without ventilation. In the ventilated build the value of
I.E.P.R. was 14.5, and it can be seen from Figure 26 that the behaviour
above E,P.R. 5 conforms quite closely to that of a plain convergent-
divergent nozzle of D.P.R. 14.5 running full.,

To discover why the performance of this arrangement is at such a
low level, 1t is necessary to look at the pressure distributions along the
centrebody, of which examples are given in Figure 35. For the technique
of ventilation to operate successfully, thc pressure in the veniilation
slot must be close 1o ambient, as was the case with convergent~divergent
nozzles in guiescent air. But Figure 35 sho?s that in the present tests
it was substantially below ambient throughout/. Levels of base pressure
on the shroud end are also marked, and it may be observed that there is
some approximate correspondence betwecn pressures there and in the venti-
lation slot at values of E.P.R. below 4. These relationships are shown
morc clearly in Figure 37.

In an attempt to reach a better understanding of this behaviour, a
test of the same build was carried out in gquiescent air. The centrebody
pressure distributions obtained appear in Figure 36. In this case
ambient and shroud base pressures were approximately equal, but the venti-
lation slot pressure was still appreciably below ambient.

An interesting feature of Figure 36 is the almost perfectly hori-
zontal portion of the curves at low E.P.R. (€ 3) between the ventilation
slot and the end of the shroud, that is, within the intergal—expansion
region of the nozzle., Such a pattern is usually found’»® in a ventilated
convergent-divergent nozzle 1n quiescent air, but in the nresent case the
level seems to imply that the centrebedy separation system 1s being
controlled by some pressure well below ambient. We will refer to this as
the intermediate pressure. Onl; beyond the confines of the shroud is the
centrebody found to rise above this intermediate pressure.

At bigher E.P.R. (> 3%) in quiescent air, where separation no
longer takes place at the ventilation slot, 1t appears that the centrevody
reaches ambient pressure well upstream of the shroud end.

The centrebody pressure distributions of Figure 36 may be compared
with those appearing in Figure 39, for the corresponding nozzle build
without ventilation (20/15°, I.E.P.R. = 13.9) also in quiescent air. In
the latter case, there 15 no regular pattern of sub-ambient intermediate
pressure at low E,P.R., and the pressure opposite the shroud end is in
most instances quite close to ambieant.

—— [p——— w = - - L PR - JR— Hoa e b e e e A

t The effectlive pressure on the projected area of the slot {s drawn as uniform and
equal to the downstream-facing lip pressure for lack of better information.
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Two possible oragins of the low level of zatermediate pressure may
be envisaged. In the first place, it could be thought to result from the
constricted passage alforded to the secondary air, whach 1n this installa-
tion had to negotiate the centrebody mounting spider (Section 3.3).
However, were 8 high pressure loss in the supply circuit the direct and
sole cause of low pressure .in the ventilation slot, one might expect to
sce in quiescent air a centrebody pressurc distribution rising gradually
from that value in the slot to ambient at the end of the internal-
expansion regicn. Alternatively, a low intermediate pressure could be
imposed on the centrebody by conditions existing near outlet of the
internal-cxpansion regicn.

Unfortunately no pressure mea$8rements on the shroud surface are
available. But 1t may be estimated'™ that acparation would take place
on the inside of the shroud below L.P.R. about 6% in quiescent air.

Thus, within the internal-expansion region of the nozzle at E.P.R. around
3, an annular system of intersecting shocks must exist, originating at the
cseparation points on shroud and ccntrebody. From the intersection a
branch will return to meet the centrebody, and it could be supposed that
the intermediate pressure as that corresponding to the region between
origin of the first shock and arrival of the second. The fact noted
above, that the corresponding nozzle without a ventilation slot does not
exhibit this pattern (Figure 39), could be attributed %o the diflerences
in posaition of the separation shock on the centrebody at BE.P.R. < 3~

Whichever thec reason, sub-ambient prossurc in the ventilation siot
is evidently a feature inherent in this design of centrebody nozzle, and
not the result of external flow. It must thercfore be concluded that,
when secondary air is ainduced in this manner, centrebody ventilation
within the internal-expansion region is not very successful.

In this design of ventilated nozzle, sudden movement of the
separation shock from the lip of the slot to the downstream surface takes
place at & value of E.P.R. (2 3.5) which is the same in external flow as
in quiescent air. At higher E.P.R., the ventilation slot pressure cor-
relates closely with ambient (Figure 38a), but not at all with base pres-
sure (Fagure 38b).

An abrupt fall in thrust effirciency is produced as the shock leaves
the slot lip (Figure 26). It has been found elsewhere that some
hysteresis can be associated wath thas change, the critical pressure ratio
for shock movement being lower when vpres:ure ratio 1s decreased than when
it is increased. In the present tests only increasing E.P.R. was applied.

6.7 Centrebody ventalation downstream of shroud end

In this sectron we are concerned with the sixth and final test
object, namely, the attempted use of ventilation to raise suv-atmospheric
pressures on external-expansion surfaces, as suggested in Part I, The
conditions of interest are low E.P.R. in supersonic external flow, with
nozzle I.L.P,R., alrecady reduced below the maximum. A practical version
of this nozzle arrangement would thercfore have capability for both shroud
translation and centrebody ventilatiion. Once szgain, the secondary air
passage was open throughout ihese tests, flow quantities were not investi-
gated, and neither was design-point loss.
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A comparison is given in Figure 41 between the performance of
otherwise similar geometries of nozzle with and without ventilation, using
data from ‘igures 13 and 25, It 1s clearly to be seen that no improve-
ment whatsoever has been achieved, The reason ror this is, once again, a
level of pressure in the ventilation slot considerebly below ambient, as
shown in Tigure 42; in fact, slot pressure generally dad not differ
greatly from the pressure existing over that region of the centrebody in
the absence of a slot, TFor all the purpose it served, the secondary air
might as well have been shut off, Such disappointing behaviour cannot in
this application be associated with either

(2) communication with a low base pressure, or

(1) the presence of an intersecting shock system, as the
internsl-expansion region must be running full.

We have already seen that only supersonic external flow induces
serious depression ain the external-expansion region of a centrebody nozzle
with optimum shroud length, and at appears that in these circumstances
ventilation offers no advantage.

7.0 Conclusions

A series of axisymmetric centrebody nozzles with parallel outer
shrouds has been tested in external flow over the range of Mach number 0.7
to 1,5. Test models covered nozzle design pressure retios of 20 and 15,
and centrebody half-angles of 15, 10 and 7% . Various shroud lengths
were tested for each design, in order fo simulate the relative translation
of centrebody and shroud needed for maintaining the optimum amount of
external expansion., From this and previous work, the following observa-
tions can be made on the performance ol this type of centrebody nozzle in
general, and in comparison with plain conical convergent-divergent
nozzles.

(i) The design-point value of gross thrust efficiency 1s effectiyely
independent ol centrebedy half-angle over the range 15 to 7% .

(ii) At low exhaust pressure ratio in supersonic external flow, the
narrowest centrebody angle gives the highest performance,

(1i1) At low exhaust pressure ratio in subsonic externmal flow, a nozzle
with 10° centrebody half-angle has better performance than one with
159, but further reduction of angle is not adventageous.

(iv) Por combinations of exhaust pressure ratio and external Mach rumber
representative of probable flight requirements, it secms likely
that centrebody half~angles below 10° need not be considered,

(v) For the same gencral range of operating conditions, this type of
centrebody nozzle offers guite a high level of performance through-
out, when optaimum shroud length is preserved. In the case of a
nozzle with design pressure ratio 20 and centrebody half-angle 159,
it should be possiable to maintain values of gross thrust efficiency
above 94 per cent; with reduction of either design pressure ratio
or centrebody angle, this minimum level can be improved.
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(vi) If the tip of a 74° half-angle centrebody be cut off so as to
reduce length to that of a 121° centrcbody, there 1s some small
loss 1in design-point efficiency (around 0,15 per cent), The per-
formance at low exhaust pressure ratio in subsonic external flow
falls by about 1 per cent.

(vii) It 15 thought that, for practical purposes, thc optimum arrangement
is probably one with 10° half-angle centrebody, cut off to gave
length equal to a 124° centrebody.

(viil) At the design-point there is little to choose between centrebody
and convergent-divergent forms of nozzle design, The performence
of a centrebody nozzle wath optimum shroud length and without its
tip cut off should be slightly mgher than that of 2 plain conical
convergent-divergent nozzle with 10° semi~angle and the same design
pressure ratio, taking similar boundary layer condations for both.

(ix) TPor off-design operation, in both subsonic and supersonic external
flow, 2 centrebody nozzle wath optimum shroud length 1s consist-
ently better than a plain convergent-divergent, This advantage 1is
most marked at low exhaust pressure ratio in subsonic external
flow, where differences in gross thrust efficiency can exceed
10 per cent,

Cx) In & fixed geometry centrebody nozzle (i.e. one no longer with
mutual translation of shroud and centrebody to give the optimum
amount of external expansion at all conditions), "ventilation" of
internal-expansion davergent surfaces at low exhaust pressure ratio,
by admission of sir taken from ambient pressure, 1s not very suc-
cessful, either in quiescent arr or in external flow. VWhen separa-
tion oceurs at the ventilation slot, pressures considerably below
ambrent exist on the centrebody over the subsequent internal-
expansion region,

(xa) The depression induced on external-expansion surfaces of a centre-
body nozzle wath optimum shroud length, when operating at low
exhaust pressure ratio in supersonic external flow, cannot be over-
come by "ventilation" with air from ambient pressure,
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APFENDIX I

Notation

cross-sectional area
isentropic nozzle throat area
geometric nozzle throat area
nozzle exit area
discharge coefficient (see Appendix II)
external Mach number
model entry total pressure
wall static pressure
ambient or free-stream static pressure
model entry total temperature
velocity
nozzle gross thrust efficiency (see Appendix II)
throat vacuum thrust efficiency (see Lppendix IT)

friction factor on supersonic expansion surfaces
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APPENDIX II

Defanitions

E.P.R. = exhaust pressure ratio

D,P.R, = design preasure ratio

I.E.P.R, = dinternal expansion
pressure ratio

Cp = dascharge coefficient =

1]

nozzle entry total pressure _ Pt
ambient static pressure T By

that pressure ratio corresponding to
the area ratio Ag/L, (see Figure 1)
in one-dimensional theory

that pressure ratio corresponding to
the area ratio Aj/A, (see Figure 1)
in one-dimensional theory

measured air mass flow

threoat vacuum thrust

A#
isentropic air mass flow for the Kg
same¢ physical throat area

measured throat vacuum thrust
with the nozzle choked

Mp = nozzle gross thrust

efficiency " isentropic throat vacuum thrust,
passing the same mass flow

measured thrust at given E,.P.R.

efficiency = gauge thrust of an isentropic nozzle,
passing the same mass flow, at the

D 7690L/1/125875 K3 10/66 R

same E,P.R., when fully expanded
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of Mach number O+7 to 1s5. For combinatlons of exhaust pressure ratio and
external Mach mumber representative of flight requirements, the results show
that this type of nozzle can offer quite a high level of gross thrust
efticlency throughout Its operating range, The off-design performance i3
much superior to that of a plain convergent-divergent nogzle of the same
design pressure ratlo.

Conleal centrebodies only were used, and the effect of varying the
helf-angle from 15 to 74° has been Investigated. GSome improvement Is galned
by going to 10°, but further reduction is unlikely to be wortlmhile in
D!'&Ctlc&-
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