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SOME EXPERIMENTS ON TWO-STREAM PROPELLING
NOZZLES FOR SUPERSONIC AIRCRAFT

Y. G, E. Lewis and ¥. ¥W. Armstrong
National Gas Turbine Establishment
Pyestock, Farnborough, Hampshire, England

Abstract

The experimental technique develoned at
IGTE for evaluating the internal performance of
susersonic propelling nozzles is outlined, An
investigation of a family of axisymmetric, two-
stream ejector-type nozzles designed for sustained
cruising flight at around Mach 2, is then des-
cribed.

#ith the primary nozzle throat diameter and
final shroud exit diameter maintained constant,
the eff'ects were explored of varying the shroud
throat/primary throat area ratio, and the axial
spacing between the primary and shroud throats.
Zach configuration was tested at conditions appro-
priate to supersonic cruise, over a range of
secondary/ primary airflow ratio. The results are
presented in terms of gross gauge thrust efficiency
and seoordlary airflow acceptance characteristics.,

I, Introduction

The achievement of high propelling nozzle per-
formance in supersonic flight is vital to the
success of any aircraft designed to cruise super-
sonically for prolonged periods. For such pro-
Jects, the payload fraction is small compared with
subsonic aireraft, and the ratio of gross to net
thrust is high. As a result, the penalty in
range/ payload performance for a shortfall in
nozzle gross thrust efficiency is inevitably

' severe.,

This situation accentuates the need to obtain
high quality nozzle performance data from experi-
ments at model scale. Close experimental repeat-
ability «nd conaistency is reaquired for the com--
parative evaluation of design variations, and a
high level of absolute accuracy is essential to
pernit the reliable prediction of overall project
performance. This paper describes the technique
developed at IGTE for evaluating the internal
verformance of propelling nozzles, and presents
results for a family of two~stream ejector-type
nozzles designed for eruising flight in the region
of Mach 2.,

II, Parameter definitions

The most important performance parameter for
a propelling nozzle is its thrust efficiency.
For airecraft project estimates, the relevant inter-
nal eirfTiclency is the gross gauge thrust effi-
ciency, fly, defined as

actual thrust developed for
a given applied pressure ratio (1)
thrust of an isentror.c nozzle
pussing the same airflow and
workingz over the same
applied pressure ratio

TIF:

The applied pressure ratio (APR) is the ratio of
the nozzle entry total pressure to the pressure
immediately surrounding the nozzle exit, i.e. the
'base' pressure., Due te the flow field around
the aircraft, this base pressure may dif'fer from
atmospheric static pressure. However, as it is
clearly the base pressure which determines the
flow conditions within the nozzle, correlation

of internal performance must be made in terms of
APR, For any particular aircraft project, it
then remains to determine the relation between
base pressure and atmospheric pressure in flight,
by special experiments where an external flow is
passed over a model of the appropriate part of the
aireraft.

A second thrust efficiency concept, applied
in the present context for test rig calibration
purposes, is the gross vacuum or absolute thrust
efficiency, 7g, defined as,

actual vacuum thrust (2)
vavuur thrust of an isentropic i
nozzle passing the same airflow

T]S:

The vacuum or absolute thrust is the thrust that
would be obtained with an APR of infinity, i.e.
with a base pressure of zero.

Equations (1) and (2) represent general
definitions, in physical terms, of T and Tg.
These equations can then be particularised accord-
ing to the type of nozzle under consideration,
sor the two-stroam ejector-type nozzle intended
for high efficiency supersonic cruising, the
denominator in the efficiency equation will be the
sum of the isentropic thrusts of the two streans,
assuming full convergent-divergent expansion of
each, Thus for this class of nozzle, Equation (1)
particularises to,

actual gauge thrust
for a given APR (3)

Ne =
F wr ;
Hy VJ* + Wg VS“

- where Wy and Wg are respectively the primary and
seoondary flow rates, and Vy* and Vg* are the
velocities of the primary and secondary streams
after isentropic expansion over their respective
pressure ratios., APR for a two-streum nozzie is
normally quoted in terms of primary stream total
pressure to base pressure, the secondary stream
having usually a much lower pressure.

Another particular type of nozzle of interest
here is the single-stream, purely convergent
variety, where the exit and geometric throat
planes coincide. A design of this type is used as
a standard for rig calibration at NGTE, and for
this purpose it becomes convenient to work in
terma of a vacuum convergent thrust efficiency,
def'ined as,



0 |y actual vacuum thrust (%)
S conv “ vacuum thrust of an k)
isentropic convergent nozzle
passing the same airflow

low if Ag = nczzle exit geometric area,
Pb = nozzle base pressure,
.. = nozzle airflow rate,
Ty = nozzlec entry total temperature,
wnd K = constant, dependitig on the value of
the specific heat ratio, y

it car be shown that when the nozzle is choked,
squation (4) reduces to

neosured saure thrust + A4 Pb

nH corv = ? (5)

Aquation (5) is used, as will be seen later, to
obtaln a flow calibration for the propelling
nozzle test rig.

The final parameter requiring definition here
an efficiency but a thrust coefiicient,

to be of particular value in the analysis

a from two-stream nozzle performance tests.
This is the vacuum or absclite specific thrust
coalficient, Kpsy, defined as,

fetual vacuum thrust
of two-streum rozzle (6)

fl

Kpaz

PJ . f\J”l

- wnera Py = toltal pressure of primary stroam at
nozzle entry

und Ag* = isentropls throat area of primary
flow

nificunce A method of using Kppp will be
izter, in “ection V1,

II1. The test rig

Tests at NGT:% on supersonic propelling
nozzles are carried out usin; the thrust measuring
rig shown schematically in Fijure 1. The model
no:szle under tast is mounfed on a sting which is
floatzd horizonially ir two air bearings. Hried
cir is supplied radially to the sting from a
collector box, so that its horizontal component
of momentum at entry to the floating system is
z&ro. ror testing two-stream nozzlas there is
provision for dividing the sting airflow into two
separately metered streams. Tor testing at the
nich nozzle expansion ratios appropriate to flight
L mround llach 2, the nozzle under test is
ericlosed by a depression box which leads to an
cxhiaust difiuscr. Axial movement of the sting
system under the thrust of the nozzlo is resisted
by a hydraulic thrust measuring capsule. The size
ol thwm rig is such that a convenient throat
i er for the primiry nozszle 1s ebout 3 inches
‘ith typieal alr supply conditions of
#lucspheres absolute pressure, and a temperature
of utout 259C, this model size gives a Reynolds
fumiser, raferred to nozzle throat conditions, of
about 4 x 10°. This is equivalent to the full-
scale value for an aireraft naving propelling
nozzles of zbout 35 inches (39 cm$ throat diameter,
criising at lach 2 around 55,000 ft (17 knm).

DEPRESSION
MODEL BOX
AR SECONDARY
o AIR METER

EXHAUST
DIFFUSER

MODEL
NOZZLE

FIG.1 NOZZLE TEST RIG

IV. Rig accuracy and calibration

The determination of pauge thrust ef{iciercy,
Mg, involves the direct measuremcnt of zciual
nozzle thrust, and the derivation f{rom otl :r test
readings of the corresponding isentropic thrust.
The achievement of good accuracy for Mg therefore
requires that a number of quantities be determine
to high standards of accuracy. Notes on the prob-
lems and procedures involved are given below,

sctual sawgre thrust

In aldition to the obvious nced for =
accurate force measuring device, the achievoaers
of an accurate nozzle thrust value demands core-
ful rig design, followed up by painstaxing
development aimed at minimising extraneous ‘“orces,
The mounting of the sting assembly in &ir beurin
is an important desizn feature, lpecial calibru-
tion tests to obtain corrsctions for thz small
forces arising from air leakage at the labyrinth
seals between collector box and sting, and depres-
sion box and sting, were carried out in the eurly
rig development phase. ns a part of this activity
it was also necessary to pay attention to the
careful cgetting up of these seals,

Isentropic gauce thrust

Referving back to the definition expressed
by Fquation (5), the isentropic gauge thrusti foc
the two-stream nozzles under corsideration here
is,

Yo

%oas 7 Ty Vgt v g V¥ (7)
- where Vy* and Vg* relote to full expansis. over
the APR's of the primary and secondary streams
respectively. Now considering the proble : of
obtaining an accurate value for ¥; j4, the first
point to note is that g and Vg* are small by
comparison with ¥y and V3* respecctively, so tnat
the secondary stream contributes only a few por-
cent of the total thrust in a typical case,

Small percentage errors in evaluating the secon-
dary isentropic thrust will therefore be insig-—
nificant in their effect on Xg j4, and adequate
accuracy is obtained by measuring the secouis:
flow rate with a standard orifice plate and thes
secondary total pressure by pitct tubes mounted
in the annulus approaching nozzle entry.,




The primary stream, however, demands much
closer attention, It is useful at this stage to
rewrite the primary isentropic thrust as

Vy*

e

Vors
In squation (3) th 1 f —== is that value of
n squation (3) the value o Jﬁr_ls at value o

t
NX—-in the standard airflow tables which corres-
Ty

\}'J Vy* = Yy Tt -

(8)

Pt
ponds with a value of B equal to the primary

s

stream /PR, Now it so happens that as flow Hach
; ' v Py

rumber inoreu.ses, the curve of versus ——

3

v S
decreases in slope - i.e. —/—
pp/ Tt
sensitive to an crror in "20 For an APR value
s
characteristic of crui:e in the region of HMach 2,
say 12 to 16, this effect has progressed to the

becomes less

Pt
degrec that a 1 per cent error in —— would cause
‘s
. At the sare

1 .
only about 2 per cent error in

?-:\[<
(d (o]

time, by inspection of Equatica (8) it is clear

that a 1 per c.nt error in the product YGJ Tt

will always cause a 1 per cent error in the
primery isentrovic thrust. Thus the emphasis
mst be placed on getting an accurate value for

?5 Tt’ with the absolute accuracy of the nozzle

antry total pressure being of much lesser
importance. In fact, the sensitivity of ng to

'uh qu; is about the same as its saensitivity to

nozzle actual thrust, for cases where the
sazecondary flow and thrust contribution are
relatively small.

fiow it has already been mentioned, under
'Parameter definitions’, that for flow qulibration
work at IGIE a particular design of convergent
i.ozzle is used as a standard., Considerable
atiention has been paid to establishing within
close limits the thrust efficiency of this design,
using accurate thrust measurements on a
'ruference’ thrust rig in conjunction with
theoretical considerations which provide a close
e¢stimate of the nozzle discharge coefficient. An
outline of this background work is given in
Jefercnce 1; its application in calibrating the
thirust rig shown in Figure 1 is described below,

Tue aprroach is to make use of Equation (5),
derived from the definition of ns conv® A minor

rearrua.gesent of Uguation (5) yields,

= measured gauge thrust + fg Pb

o S - (9)
t Kn

S conv

The numerator of this equation is the actual
vaguum thrust, which is invariant with AFR as
long os the nozzle remains choked. Hence if the

rig to be calibrated is run in the single-strean
mode with a standard convergent nozzle fitted, a

value for W/ Tt can be obtained from thrust and

back pressure measurements, combined with the

known M for the standard nozzle. liow if
S conv

reference total and static pressures are muasured
simultaneously at a convenient station in the
approach pipe {plane 1 in Figure ?), then by
successively running the rig vwith a range of
standard convergent nozzles of diff'ering throat
area Ag, a rig flow calibration curve of the form
shown in Figure 2 can be obtained. For subsequent
tests of other nozzles on the rig, this calibration

w [T
curve will yield a value of from the
t1 Pg
reference station measurement of —— ,
3
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Another essential measurement in the
calibration process is the statioc pressure at the
plane regarded as defining 'nozzle entry'. Using
this pressure in conjunction with the pipe area
Aaand the corresvonding value of WN/Tt found hy

applying Lquation {9), the compressible airflow
W /T

function E__EE_ can be obtainc!. From this, the
-
F

functicn P:i follows, thus giving a "mass flow
32

derived’ value for total pressure at nozzle entry,
Pta' Bzcause of flow profile effects, this value

for P, will not in general be quite the same as
2

tho mass-weighted mean total pressure. However,
we have seen from & preceding . argument that the
sengitivity of n, to AFR is much less than to

WM'Et, and therefore the methed cutlined above
for obtaining Pt , and hence AFR, is of sufficient
accurany, B

Lo tar ne mention has been made of ‘real
air' asffects on either the rig calibrations or
on tesh nozzle performance. tegarding these,
it may “irst be noted that t  [GTE 'refsrence’
rig deseribed in Reference 1 operates with
atmospheric inlet conditions f'ar both presaure
and temperature. In this situation, the error

incurrad by assuming ¥ = 1.4 in calenlating ﬁs SBhy
o

for the standard calibration nozzle is leas than
0,04 per cent, This is well within the
experimental accuracy of that rig, and has thers-
fore been ignored.

In the rig illustrated in FPigure 1, the

maximum inlet pressure is about 4 atmospheres,
At this pressure level, and with a typical noszle
entry temperature of 25°C, the specifiec vacuum
oA real

uw :::1’ is spproximately 0.1 per cent
less than with 'classiec air', i.e. where ¥ = 1.4,
Tn other words, if the test rig was weasuring

the 'real' airflow correectly an error of this
order of magnitude could arise in the derived
thrust efficiency using an isentropie thrust
basad on 'classic air'. However, the calibration
technique adosted is such that in fact there is

derived from it a corrected value of V] Tt such

that the absolute level of thrust efficiency is
independent of pressure lsvel, and always equal
to the value given by the reference thrust rig
with its negligibly small error.

thrust,

Turning now to the overall stendards of
BLCUPA izved for the test rig, the only
cateporical statemant that can be made is that
derived g rasults show repeatability within

*0,15 per cent, and in many instances within
+0.10 per cont. These ranges reflect the small
random scatter of Lhe experimental measurements
and successive calibrations. 15 naturally
mich more difficult to make an estimate of
absolute accuracy; this depends upon systematic
errors which, by their very nature, can be
nighly elusive. Vhat can be said, however, is

that the rig has been subjected to & serious

and continuing development programme with the
nbject of establishiing & high degree of confidence
in the absolute level of tha results prod iced.
White it is alwa s3ible that £
systematic error i
apparatus, the ]
by ecaraful inve gation of |
such errors. This ia the cou
pursue.

V. The test nozzles and instrumentatien

4 sketch of the basic geometry and the
dimensions defining a family of ftwo-stream nozzles
investigatad are shown in Figure 3.
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FIG.3 EJECTOR NOZZLE DIMENSIONS

These nozzles were designed for use as part of «n
iutegrated powerplant suitable for cruise at about
Mach 2, where the air bled from the intake would ba



passed around the engine carcase and jet pipe,
finally forming the secondary stream of the
ejector-type nozzle. Having originated as an
intake boundary layer bleed, and suffiered further
loss of total pressure on its way past the engine,
the nozzle secondary gtream in such an
ingtallation must be at a relatively low pressure
compared with the primary stream coming from the
engine jet pipe. To obtain ample coverage of
matching conditions likely to be of practical
interest, the model nozzle configurations were
planned to obtain a range of secondary to primary
P
total pressure, Eé, of about 0.15 to 0.3, and a

i 4| VSA/ TS
range of non-dimensional flow ratio, p| = N

about 0,02 to 0.12, WJ (TJ

The nozzle instrumentation comprised at
least two static pressure tappings at opposite
extremes of a diameter across the shroud base,
four static tapnings spaced around the
circumference of the primary nozzle 'jet pipe'
in a plane (plane 2 of Figure 2) approximately
two primary nozzle diameters upstream of the
primary nozzle exit plane, and a pair of pitot
tubes diametrically opposed in the secondary
flow anmulus coplanar with the four jet pipe
statics.

V1. Experimental and analytical procedures

The nozzles were tested over a rarge of AFR
extending from about 12 to 18 - i.e, conditions
appropriate to supersonic cruise, For each
configuration a range of non-dimensional flow
ratio y, of about 0.02 to 0,12 was obtained by
variation of the secondary control .valve shown in
Pigure 1, This simply changed the value of
Ts

3
Fs
g« It should be noted that both primary and
secondary streams have the same total temperature
in this rig; therefore although the results are
correctly plotted in terms of the non-dimensional
flow ratio y, this was numerically given by the

allowing the nozzle to rematch at a different

direct flow ratio W§ in the tests.
J

At each nozzle operating point the following
measurements were taken:-

(a) primary airmeter, total and static pressures
plane 1 of Figure 2)

(b) secondary airmeter pressures

(c) secondary nozzle entry total pressure
(plane 2 of Figure 2)

(d) primary nozzle entry static pressure
(plane 2 of Figure 2)

(e) shroud base pressure
(f) depression box statie pressure
(g) barometric pressure

(h) thrust capsule pressure

Concerning the determination of nozzle
performance from these measurements, making use
of the rig calibration data as previously outlined
most of the procedures are @ssentially self-eviden
and will not be set out here, One procedure
which is not in this class, however, is of
sufficient importance to merit a brief description.
This is the calculation to obtain the gross gauge
thrust efficiency, npe One way of obtaining values
for N, is to use directly the measured gauge
thrusg, and other test readings, for each nozzle
operating point in turn. With this method each
calculated figure for Mg is subject to the scatter
inherent in the readings at any individual test
point, and plots of 7. derived by this means,
against operating parameters such as j, exhibit
this scatter. It then remains to fit the best
curve through the Ny points.

The alternative method of handling experimen-
tal data is to smooth out the scatter at some
intermediate stage. This is preferable if the
final stages in the derivation of the desired
quantity tend to magnify scatter by virtuo of the
algebraic operations involved. In the present
context, experience has shown the following
procedure to be an effective way of minimising the
influence of scatter on the derived nF characteris-
tics.

The first step is to express the test data
from individual operating points in terms of the
absolute specific thrust coefficient, KTAI’
defined in Equation (6).

Now KTAI is a constant independent of AFR
at any particular point on the ejector
P
characteristic relating ;? to p - provided that

the AFR is sufficiently high for the nozzle to
be running full. Therefore all the values of

K“AI calculated directly from all the experimental

points for all pressure ratios with any particular
nogzle running full, will fall about a single
curve relating KTAI to p. Hence, if at any given

value of p, the thrust efficiency at a given AFR
is derived from KTAI’ this itself being read from

the unique curve just defined, the resultant
efficiensy value will reflect an averaging of all
the test date at all pressure ratios. It is a
simple matter to derive in this way curves of n
versus | for a series of chosen APR's, all from
the same 'smoothed’ KTAI curve. Figure 4 shows

a typical set of results, for one nozzle
configuration, treated in this way. The individual
;est points are shown on the KTAI versus u, and

;5 versus u characteristics, while the least

J
squeres curve through the KTAI points yields the

smooth curves shown for Mg versus y for APR's of
12, 14, 16 and 18.

Special tests conducted simultaneously with
those reported here showed, with the aid of
extensive pressure plotting in the divergent shroud,



that APR’s of nearly 12 wers nceded to make
the nozzles run full, Therefore to obviate any

errors in the KTAI analysis only results for

reacured APR's of 12 or more were used in the
derivation of the nF curves.
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FiG4 TYPICAL RESULTS
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VIiI., Resulis and discussion

Due to the number of configurations tested,
and the operating variables for a two-stream
nozzle, & complete presentation of the results
of this investigation is not possible in the space
available here, An attempt will therefore be
made to outline the most significent features of
the results, paying particular attention to the
implications for the choioe of nozzle design for
the choice of nozzle design for an aircraft project.

Some simplification can be obtaincd by
concentrating mainly on a single, typical, APR
value, This is also appropriate because APR is
a guantity that would be independently specified
during aircraft project studies, from considera-
tions of intake and engine performance, and an
estimated likely base pressure/avmospheric
pressure relationship. Por cruise at about lisch
2. a typicel APR value could Le 1, and this has
been chosen for the comparisons wwde here, It
can be noted taougn, before procecding further,
that variations about this value of 14 will not
greatly alter the comparative picture. For
exemple, the main effect of raising the AFR to
16 would be to 1ift the general level of thrust
efficiency very slightly, and reducing APR to
12 would have an opposite, and snmewhat stronger,
effect. Figure 4 gives a typical indication,

Another parameter likely to be confined
within fairly close limits as a cesult of overall
aircraft powerplant considerations is the non-
dimensional secondary flow ratio, u. As this

P

determines the required Fé
J

for a given configura-
tion, as well as exeriing a significant influence
on thrust efficiency, results are presented here
for two values in the range of likely practical
interest, namely H = 0.06 and 0,04,

P
Figure 5 therefore shows " and -3
F PJ
characteristics, as functions of the geometric
A
parameters K? and.%%, for operation at p = 0,06,

APR = 14, while Figure 6 is a similer presentation
for 4 = 0,04 and the same AFR. The first point

to be noted from these Figures is that for most
corfigurations tested, the gauge thrust efficiency
lies between 0,98 and 0,99. The difference
between these two levels is of course sigrificant
in terms of supersonic range/payload, for with

a typical gross to net thrust ratio of abuut 2%,

a 1 per cent difference in nF is equivalent to

%+ per cent on instelled net thrust and specific
fuel consumption.

At constant APR and p, nozeles having e
given g; show a maximum thrust efficiency at a
particular axial spacing, BK’ between the primery
exit and the shroud t?roat.J This optimum axial
spacing inc?eases as ij is increwsed, so thut [or

itg,

the higher Ki configurations the maximum ﬂF
J

occurs at, or just beyond, the highest tested
%L of 0.4,5. The level of this thrust efficiency
J ) . ES o ‘
neximum falls progressively as 5 is increzsed,
J

an important effect also found in the studies of
Reference 2, Considering this trend in reverse,
however, it is likely thet extending the tests to

A

include valueg of K% lower than 1.4 would show
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FIG.5 NOZZLE PERFORMANCE CHARACTERISTICS
FOR APR.=14 AND u=0-06

only little, if any, further increase in the
neximum Ty achievable. At W= 0.06, the curves
of Figure 5 suggest that an K? of 1.3 might
viell give a maxiTum ﬂF level rqual to, or even
below, that for %f = 1.4, altho: h for g = Q.04

FiN

(Figure 6) there would probably be some small
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FIG.6 NOZZLE PERFORMANCE CHARACTERISTICS
FOR APR=14 AND p=0-04

=3

gain with S 1.3,
AS
use of = = 1.3 might result in the raising of the

In this latter case, the

=]

L=

naximum g to about 0.99 ~ i.e., & similar i:vel
i

to the maximum for Fé = 1t at p = 0.06.
J

The physical reasons for the shape of the
tarust efficiency characteristics are obviously



associated with the flow conditions within the
nozzle. These conditions are not known in
detail but the diagram of Figure 7 has been put

" forward (Reference 3) as a representation of the
possible general situation in a nozzle of this
type. It is postulated that the initial
expansion of the primary flow, downstream of the
primary nozzle exit plane, is influenced to a
varying degree by the surrounding secondary flow,

A

If the geometric parameters 7— and X are not
[LJ DJ

well matched to the nozzle operating; variables

P
K and ;i, the primary expansion may be relatively

‘uncontrolled' so that the boundery of the now
supersoniz primary stream then suffers an abrupt
change of shape when it comes within the influence
of the divergent wal! of the shroud. The strength
of the resulting shock is clearly dependent on
the prevailing conditions. itelated factors such
as the shroud wall boundary layer state and the
rate of mixing between primary and secondary flcws
will also play a part in determining the wall
pressure distribution and friction drag, the
overall interaction being doubtless of a complex
nature. The general evidence frcm the family of
nozzles tested here, however, suggests strongly

thet for the higher values of Fa, the shroud
J

tihroat and divergent wslls uwre aimnly too far
away [rom the nozzle ceitre-line for the primary
stream expansion to be controlled in a proper way,
ever. vhen a high value of secondary flow ratio is
used.

MIXING OF FLOWS

TTTTTZ

'\ CONICAL SHOCK

PRIMARY JET
EXPANSION

FIG.7 POSSIBLE NOZZLE FLOW CONDITIONS

The effect of the geometrical parameters cf
Lie nozzles tested upon their secondary flow
P
accepta.ce charaoturintics,( pi versus p) is a
J
et hoor of eonsideraule prectical significance.
LA P
far . Siven :3, the va ae of Ei required for
J
opuretion of tne nozzle zt = siven p increases
% . s
Ui the axiel spacing 3—, w#hile redvction of T
J

at a constant axial spacing has a similar effect.
The secondary flow acceptance characteristic does
not depend on the value of APR, provided that the
secondary flow field is 'frozen' by choking at
some point in tha stream -~ a condition confirmed
by supplementary experiments as existing over

the range of rosults rozorted here.

The salient features of the results naving
been described, it is of intersst to consider
the implications of aimin;; for trne highest vossible
efficiency level., %e have seen that working
within the gereral scantlings of this famil; of
nozzles, a gross gauge thruct efificiency of zoout
0.99 is attainable 2t an ‘¥x of 14 if spurorri.te
values of the internal geometric variables

~— and Dx—are selected. If the desipgrn is int o ded
PAY .

J J oo
to operate at a p of 0.06, an == of 1.k needs to
“J

£ . .
be combined with an 5 of about 0.15 - clihcugh

the Rp curve is very flat in the %i'rango 01 Lo

DJ
0.2. For operation at p = 0.0k, the optimun
F&
combination would be fé-about 0.2, and F§ about
J ‘7

1,2, l!aving determined the optimum geometry from

the thrust efticlency characteristics, the secondary

nozzle accentance deta must be used to decide the

-8

¥y

chosen condition,

roiuired to enable the nozzle to run at the

For p = 0.06 operation of u

wozz. ;oo th Tﬁ ~ 1.4 and %L = 0,19, the rejiirad

P J Y3

55 (frem Firure 5) is roughly 0.75. It so btap 203
J
that a similar value will be required for p = J.0k,
= . 1.3, L. 0.2 (cxtrapolating the data of
I D
J J
tigure 6).
P
How a ﬁg level of 0.25 lies towards the
J

upper end of the range recorded for this parameter
in the series of desipgns tested. There is in fact
a correlation, though not & unigue one, between

fo™

and T for this family of nozzles when overeted

jae]

»

J
t constant APR and p. ¥or exznople, if tue dota
f Figure 5 is replotted in terms of11F versus

‘f\

o .
=2 for the various = and — values coveured Ly the
Pb AJ )

*dJ o

tests, this broad relationship emergus quite
clearly - see Figure 8. In general, configurations
which carn run at this p value with lower values

P

s . . . . —
of ) will have lower efficiencies, while nh. ‘ner
J

jav]

s . . .

=='s are needed for corfigurations offering
J
Gigher o 'ficiencies.
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This brings out the fact that if the overall
powerplunt design is such as to limit unduly the

_value of Fg - for example, by excessively high

pressure losses as the secondary air flows past

the engine - then it might be impossible to

exploit properly the efficiency potential of a

given class of propelling nozzle. For example, if

with the operating conditions of Figure 8 (APR = 14,
P

u= 0.06) the value of ;5 cannot be raised above,
J

say 0.20, then the highest achievable nozzle thrust
efficiency, assuming complete freedom in the choice

A
of 2 and QL, would be about 0.936, It should he

< 21 iR
noted that when nozzle efficiency suffers as shown
above, the adverse performance effect of a low PS,

for a constant PJ, is a double one, TFor even with

nozzle officicncy constant, the reduction in
secondary expansion ratio would cause a loss of
thrust.

1t can be seen from the foregoing discussion
that in any particular aircraft application,
the efficiency of a nozzle of the class
investigated hers could be restricted to a level
lower than its potential maximum by either of
two quite separate types of limitation. First,
considerations of structural or mechanical design

in the nozzle region could prevent an optimum
A

choice of the internal geometric parameters Ké

P J

and gL, and second, FE available at the nozzle
J J

cotixd be too low, Finally, it must be borne in
mind that it is the overall performance that
matters for an aircraft project. A design
compromise which reduces the internal cruise
thrust performance might be Jjustified if it
produces saviugs in weight or external drag, or
improvements in performance at an important
off-design condition.

VIII. Conclusions

1. Viith careful rig design and development,
it is possible to determine the periorma.ce
of propelling nozzles, at model scale, to
the high standards of consistency and accuracy
that are needed for the evaluation of
aircraft projects involving prolonged cruise
at supersonic speeds.

2. For the class of two-stream propelling
nozzles investigated here, designed for
cruise at Mach2 or thereabouts, an internal
gross gauge thrust efficiency of about 0.99
is available provided that:-

(a) other design considerations do not
prevent optimisation of the internal
geometry of the nozzle,

(b) the ratio of the secondary to primary
pressures at nozzle entry is sufficiently
high.

It should be noted that this ef'ficiency
figure of 0.99 is the level recorded for a model
with a clean internal profile, running with cold
airstreams but with a Reynolds liumber in the
region of a full-scale aircraft value,
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