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SUMIIARY
A nozzle has been tested with conical centrebody and a parallel ocuter
shroud long enough to give a large measure of internal expansion. Centre~
body pressure distributions have been obtained corresponding to both laminax
and turbulent boundary layers. The critical Reynolds number criteria, pre-
viously deduced for convergent-divergent nozzles, are found to apply fairly

well to the present shape.
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1.0 Introduction

Previous work on boundary layer separation in supersonic nozzles has
been almost exclusively concerned with plain convergent-divergent shapes;
Reference 1 summarises the present state of knowledge in this field. In the
absence of mechanical variability, the off-design performance of this type
of pronelling nozzle in an aircraft is governed by internal over-expansion of
the flow, thus depending upon separation characteristics, and hence upon the
state of the boundary layer - vwhether laminar or turbulent. It has been
suggested that a critical level of Reynolds number can be used as an indi-
cator of whether the boundary layer in a nozzle is fully turbulent, and a
value for this critical Reynolds number has been deduced’' for axisymmetric
convergent-divergent nozzles.

Of current interest for certain aircraft applications are propelling
nozzles which consist of a centrebody and parallel outer sh:t‘oudz’3 (see
Figure 1). It is normally arranged that the shroud is translated relative
to the centrebody, so as to avoid internal over-expansion of the flow -
indeed, this is the guiding principle behind the success of this design.
Internal separation per se, in these nozzles, is not therefore of great
importance. But a lnowlcdge of the state of the boundary layer is never-
theless necessary, especially for instance in estimating the effects of
friction. Thus it would evidently be of interest to discover whether a
similar criterion in terms of a critical Reynolds number obtains in the case
of a centrebody nozzle as in a convergent-divergent. And the most con-
venient means of exploring boundary layer state in a nozzle is by a study of
separation behaviour.

2.0 Test eguipment

The expeorimental arrangement was the same as that described in
Reference 2, with provision for testing in both quiescent air and external
flow.

The model, showvn diagrammatically in Figure 1, was of similar type to
those previously tested?s3. (Details of construction may be seen in
Figures 5 and 6 of Refercnce 2.) In this case the conical centrebody half-
anglce was 15°, the design pressure ratio nominally 20, and the shroud used
throughout was No. 6 in the series mentioned in Table I of Reference 3.

This gave a value of aporoximately 17 for the internal cxpansion pressure
ratiof . A large number of static pressure tappings was fitted in the
centrcbody surface from throat towards the tip, 28 being used in these
tests.

Dry air wes supplicd to the rig at pressures up to 5 atm and at
around 30°C,

3.0 The flow systom

When a centrebody nozzle of this type, with shroud sufficiently
long to give a largc measure of internal cxpansion, is operated at low
cxhaust pressurc ratio, a flow pattern will be crcated after the manner

*Tms quantity 1s based upon plane annular areas and one-dimensional isentropic
relations.
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of Figure 2. Separation shocks must develop from both shroud and centre-
body; when these are generated far enough upstream, they will intersect

and produce branches which impinge on opposite walls of the annular diver-
gent passage. One may therefore expect to see, under certain conditioms,

a centrebody pressure distribution consisting of two regions of compressicn,
corresvonding in turn to the initial centrebody separetion shock, and to the
impinging shroud separation shock.

It seems likely that the pressure rise at senaration on both shroud
and centrebody will, under appropriate operating conditions, conform approxi-
mately to the general correlation established in Reference 1 for convergent-
divergent nozzles. This was found to be apparently independent of nozzle
area ratio, of wall divergence angle within a considerable range, of specific
heat ratio, and of whether the nozzle is axisymmetric or two-dimensional in
form. The pressure rise across the shock-houndary-layer interaction which
produces separation is in fact mainly governed by the local lMech number of
the flow and by the boundary layer state before separation.  Applying this
conclusion to an annular nozzle, it is evident that the overcll pressure rise
experienced across an intersecting system of separation shocks, as in
Figure 2, will considerably excesd the pressure rise in a nozzle with only a
single wall perimeter. If, to a first approximation, the shock branches are
all of similar strength, then the overall pressure rise on the centrebody
would be roughly twice that on the wall of a convergent-divergent nozzle.
(This, of course, ignores any feed-back effect of overall pressure rise -
i.e. of effects dovmstream of the first shock-boundary-layer interaction -
on the incipient Mach number, and hence on the position of separation. But
the ide? mey serve to indicate a likely order for the behaviour of an annuler
nozzle.

From this follows the thought that, for & given back-pressure and
internal expansion area ratio, significantly more over-cxpansion must take
place in an annular nozzle prior to separation than in a convergent-
divergent. Thue the off-design thrust performance of the annular system
can be expected to be worse,

4,0 Test results

The model was tested in two ways, at velues of E.P.R. from 2 to 7, so
as to produce considerable differences in level of Reynolds number. First
it was run in quiescent air, the results for which are showm in Figure 3, and
secondly in external flow at Mew= 2.5, producing Figure 4.

Two forms of Reynolds number are quoted. The first, Rey, is an equi~
valent flat plate Reynolds number, basad on cstimated conditions ot the point
of incipicnt separation - taken to be where the pressurc distribution curve
lcaves the rumning-full line. This should truly characterise the local
boundary layer state. The second, Re®, is the throat Roynolds number, based
on sonic flow conditions and a dimension which, following Refercnce 2, is
taken as the diamcter of a circle having the same arce as the nozzle throat
(D* = 2.0 in.). 4An obvious alternctive dimeonsion would be the annular
throat height (H¥ = 0.32 in.); this will be discusscd further later on.
Throat Reynolds number is often uscd as a convenient reference quantity.
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Marked in Figures 3 and 4 is the position vhers the shroud ends, and
it can thus be seen that the pressure distributions given correspond entirely
to the internal expansion region of the nozzle. ith a centrebody nozzle,
it is of course necessary to distinguish between pressure rises from shocks
occurring in the internal and external expansion fields. The former are
clearly due to boundary layer separation; the latter (e.g. Figures 27 and 28
of Reference 3) are not.

On curves A to D of Figure 3 are indicated by means of circular
symbols the limits of pressure rise for a convergent-divergent nozzle with
turbulent separation occurring at the same Mach number, taken from
Reference 1. It is interesting to compare these circular points with the
dashed line, drawm approximately where the second phase of compression is
deemed to start. This, as discussed in Section 3.0, corresponds to the
arrival of the shock originating on the shroud (sse Figure 2). For curves
E and F, this would lie beyond the band of pressurc tappings used. It
seems from this comparison that the pressure rise across the shock-boundary-
layer interaction producing separation on & centrcboldy is quite similcr to
(slightly less thon) that occurring in a convergent-divergent nozzle at the
same llach number. The latter in turm is similar to the pressure rise on a
flat plate with induced separation?.

There seems no doubt that the boundary layer in Figure 3 was turbu-
lent at separation, at least for curves B to F; curve A shows what could
be a laminer foot. On the other hand, in Figure 4 the boundary laycr was
clearly leminar throughout. Reference 1 suggests that a critical value of
Rey exists around 0.7 million for convergent-divergent nozzles, and this is
broadly consistent with Figures 3 and 4, implying that this criterion may
also be sensibly apnlied to nozzles of centrebody form.  Such, indeed,
might be expected.

However, Rey is not suitable for general usc in predicting boundery
layer state in the divergent portion of a nozzle. For one thing, it grows
from a value close to zero at the throat. A more convenient if less
meaningful quantity is Re¥, and for convergent-divergent nozzles with wall
half-ongles in the range 10° o 150, Reference 1 sugrests taking as a guide
a critical volue in the neighbourhood of 1.0 million. It is certainly not
obvious whether this can be applied cqually well to centrebody nozzles: in
the first place, there is the possible and uncertain cffect of wall angle
outside the range given; furthermore, there is legitimate doubt as to the
characteristic dimension of an annular throat.

Of considercble intercst, therefore, is the evidence of Figures 3 and
4 that the boundary layer is laminar at or below Re® = 0.61 million end
turbulent above 1.46 million, using the dimension ¥, This ig in very foir
agreement writh the criterion for convergent-divergont nozzles cited from
Refercnce 1.  Since HY is approximatcly one-sixth of D¥, it is quitc certain
that the same criterion does not apnly to contrcbody nozzles if H* is used as
characteristic dimonsion. This result, namely that boundary layer proper-
ties may be compared on a bosis of D*, could be of usc in assessing fric-
tional losses (sec Appendix III of Refcrence 2).



5.0 Conclusions

A nozzle has been tested with conical centrebody and a parallel outer
shroud long enough to give a large measure of internal expansion. Centre-

body pressure distributions have besen obtained corresponding to both laminar
and turbulent boundary layers.

Because of the flow pattern in en annular nozzle, with separation
shocks generated on both centrebody and shroud, there are two phases of com-
pression on the centrebody; the overall pressure rise within the internal
expansion region may be approximately double that on the walls of &
convergent-divergent nozzle when separastion occurs at the same Mach number.

The critical separation Reynolds number criterion for convergent-
divergent nozzles can be appliecd sensibly to a centrebody: this gives
0.7 million as the lowest value for the boundary layer at separation to be
naturally turbulent. As a general guide to boundary layer state, o throat
Reynolds number is convenient; this has to excced a critical value of around
1.0 million to ensure a turbulent boundary layer in the divergent portion of
a convergent-divergent nozzle, and the samec criterion also seems zpnlicable
to a centrebody, provided that the characteristic dimension is taken as the
diameter of a circle having the same arca os the nozzle throat.
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Notation and definitions

Ag geometric nozzle throat area
bg nozzle exit area
¥ diameter of a circle hzving the same area as the
nozzle throot
H* ennular throat height
Heo external lloch number
Pt nozzle entry total nressure
Py ambient or freestream stcotic pressure
. By
E.P.R. exhaust pressure ratio = =
[ee]
D.P.R. design pressure rotio, corresponding to the arca ratio
Ae/Ao
I.E.P.R. internal expansion pressurc ratio, corresmonding to

the ratio of plane flow areas at shroud lip and
nozzle throat

Rey separation Reynolds number, based on the equivalent flat
plate length - i.e. that length over which 2 boundery
layer growing 2t a constant Mach number ecual to the
local Mach numbher would attzin the same thiclness as the
actual local boundary layer =t incipient separation

* . ‘s
Re throat Reynolds*number, based upon sonic flow conditions
and dimension D’
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