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Summary.

This is an experimental comparison of two axi-symmetric, isentropic plug nozzles. In one of these
(Model No. 1) the afterbody is cylindrical and a secondary flow is bled into the annular base. The other
(Model No. 2) has a parabolic afterbody with no base or bleed. In both cases the expansion is all-external
and the design pressure ratio is 14.

These models were tested over a range of primary and secondary flows at M, = 0, 0-9 and 2-0. In the
case of Model No. 1 measurements include the primary and secondary flow rates, the base pressure
and the plug pressure distribution. The overall thrust was determined by a balance and analysed into
its components ; namely, the nozzle thrust and the drag of the bleed system. With Model No. 2 only the
primary flow rate and overall thrust were measured. )

Both nozzles are efficient at the cruising condition (M, = 2:0) and both are exceptionally flexible with
regard to off-design operation (M, = 0-9 and 0). However, at M = 0:9 and 20, the overall thrust of
Model No. 1 using optimum bleed is slightly less than that of Model No. 2.
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1. Introduction.

In supersonic flight, as a result of the relatively low lift/drag ratio and high net specific fuel consumption,
the payload is very sensitive to the efficiency of the propelling nozzle. In a typical aircraft cruising at
Mach 2.2, for example, a loss of 1 per cent in nozzle efficiency decreases the payload by about 8 per cent.
For this reason a high nozzle efficiency at the cruising speed is vital in such aircraft. However, other
critical phases occur during the flight when a high nozzle efficiency is desirable. These include the stand-off
condition at high subsonic speed, acceleration through the transonic speed range where the aircraft drag
coefficient is large, and the initial phase of take-off in order to reduce noise levels in the neighbourhood
of the airport. In supersonic aircraft, therefore, the propelling nozzle should operate efficiently over a
wide range of flight speed and jet pressure ratio.

Now, the simple convergent-divergent expansion nozzle with fixed geometry is efficient when discharg-
ing into quiescent air at the design pressure ratio, but a reduction in the applied pressure ratio causes a
loss in thrust due to over-expansion and, eventually, internal separation. Further, at low jet pressure
ratios, an external stream reduces the pressure in the separated region and hence increases the loss in
thrust. This type of behaviour is, indeed, characteristic of any nozzle in which the flow must either expand
through a fixed area ratio, or separate. It can, of course, be avoided by mechanical variation of the nozzle
geometry, but this is difficult to achieve and leads, in any case, to an increase in weight, and an increase in
external drag when the jet pressure ratio is low.

Attention has therefore been directed to aerodynamic methods of adjusting the expansion ratio of
the nozzle to suit the applied pressure ratio, and two distinct lines of reasoning based on this principle
have been pursued One of these leads to the aerodynamic or ejector nozzle', in which the primary
flow from the engine is partly expanded in a nozzle of fixed geometry, and is then supplemented by a
comparatively small and unheated secondary flow, normally derived from the free stream or the intake
boundary-layer bleed. The combined streams are discharged through a shroud so that the effective
expansion ratio of the primary flow is determined by the stagnation pressure of the secondary flow.
The alternative approach, which leads to nozzles of the plug type, is examined in some detail below.



2. Plug Nozzles and their Mode of Action.

A typical axi-symmetric plug nozzle, operating at the design pressure ratio and discharging into still
air, is represented in Fig. 1. In this design, expansion of the sonic flow at the nozzle throat (4B) is brought
about by a simple expansion fan focussed on the cowl lip. The final characteristic (4C) of this fan passes
through the apex of the plug. The static pressure decreases over the whole length of the plug and the flow
is discharged parallel to the axis of symmetry, at uniform velocity and atmospheric pressure (p,). Outside
the boundary layers the expansion process is essentially isentropic so that, under the stated conditions,
the nozzle develops practically the maximum possible thrust. '

In Fig. 1 the Mach number at the start of the expansion fan has been taken as unity. This is not
an essential restriction since, in principle, the approach Mach number may assume any value between
unity and the discharge value. For any given design pressure ratio there exists, therefore, a family of plug
nozzles in which the degree of internal expansion varies from member to member. In this more general
context the limiting case shown in Fig. 1 is usually distinguished by the prefix ‘external expansion’. Since,
however, only nozzles of this type will be considered henceforth, they will be referred to simply as ‘plug

nozzles’.
We consider next a plug nozzle discharging into still air at a jet pressure ratio (,p,/p,, in Fig. 1) which

differs from the design pressure ratio. Fig. 2a corresponds to the case when ,p,/p, is greater than the
design value. The free streamline then diverges from the axis and, typically, a shock wave is formed in
the flow. The last characteristic of the expansion fan (AC) intersects the axis downstream of the plug
vertex so that the minimum static pressure acting on the plug is greater than p,. Some thrust is therefore
lost due to under-expansion, but this loss is relatively small. Under these conditions the behaviour of the
plug nozzle is similar to that of a conventional convergent-divergent nozzle.

Of much greater practical importance is the performance at jet pressure ratios appreciably less than the
design value (Fig. 2b). The free streamline is then inclined, initially, towards the axis and the final character-
istic of the expansion fan (AC) intersects the plug surface well upstream of the apex. Downstream of C,
curvature of the plug surface results in compression of the flow. The static pressure on the surface of the
plug therefore decreases virtually* to p , at C and then increases. Thereby, over-expansion with its attend-
ant loss in thrust is eliminated. The efficiency of a plug nozzle discharging into still air is thus practically
independent of jet pressure ratio, a result which has been amply confirmed by experiment?~ 7.

An external stream of high subsonic or supersonic velocity interferes with the nozzle flow and a more
complex field results, as shown in Fig. 3. Two points should be noted here. Firstly, the external flow separ-
ates from the cowl at a point (G) upstream of the lip (A4), thus producing a region (AGF) of separated flow.
The static pressure (pg) of this separated region is less than p_, so that the nozzle always over-expands.
Secondly, whatever the jet pressure ratio, a shock system (FE) traverses the nozzle flow.

We will assume provisionally that the point E lies downstream of the plug vertex (D). If then the jet
pressure ratio is equal to or greater than the design value, over-expansion will not affect the static pressure
distribution along the plug, and the nozzle thrust will be the same with external flow as without. On the
other hand, if the jet pressure is less than the design value, the static pressure on the plug will decrease
to pp <P, (at C) before compression commences. (Compare Figs. 2b and 3). Consequently, a section of the
plug will be subjected to a drag force (corresponding to the shaded area of the graph in Fig. 3), and the
nozzle thrust will be less with external flow than without. With external flow, therefore, the efficiency
of the nozzle decreases when the jet pressure ratio drops below the design value, and this loss is supple-
mented by the cowl drag. The importance of this effect depends on the nozzle geometry and operating
conditions, and experimental work® suggests that for a typical turbojet installation at M, = 2 the loss
is not excessive. It is, however, clearly undesirable and could be reduced if means were available for
increasing the base pressure (pg).

Fortunately, one practical method of achieving this end is known and has been investigated experi-
mentally’. With this method, usually referred to as ‘base bleed’, a relatively small amount of low-energy
air is discharged through the base. The eddy system in the separated region is thereby destroyed and the

*The flow being axi-symmetric, the characteristics are, in general, curved and the flow parameters
vary slightly along each characteristic.



base pressure substantially increased. This method is not ideal in that the optimum base pressure results
when the exit velocity of the secondary ‘bleed’ flow is small. Additional losses are therefore incurred by
the decrease in momentum of the secondary flow. Nevertheless, it would seem that the performance
of the simple plug nozzle (Fig. 3) with external flow might be improved by surrounding the cowl with a
cylindrical shroud and injecting a secondary flow into the base annulus.

A plug nozzle with base bleed of this type is sketched in Fig. 4. When operating at a low jet pressure
ratio with external flow and base bleed the overall thrust developed by this nozzle depends on several
factors. Firstly, the increase in py produced by the bleed flow will reduce over-expansion in the nozzle
and hence increase the nozzle thrust. It will also decrease the base drag. On the other hand, the loss in
momentum of the bleed air between the entry and exit of the secondary duct introduces additional drag.
Moreover, the base drag without bleed is greater than the cowl drag of the simple plug nozzle.

Thus although, in principle, the idea looks promising it is difficult to decide, on general grounds,
whether any worth-while advantage is likely to result from the use of base bleed with a plug nozzle.
To resolve this point a simple plug nozzle (Fig. 3) and a plug nozzle with base bleed (Fig. 4), both with
the same design pressure ratio, were made and tested at M, = 0, 0-9 and 2-0. The results of this experi-
ment form the basis of the present report.

3. Experimental Apparatus.
3.1. The Models.

The notation used with the two models tested is shown in Figs. 5a and b and in the ‘List of Symbols’.

The major part of the experimental work was concerned with Model No. 1, an axi-symmetric isentropic
plug nozzle with a cylindrical afterbody and base bleed. A detailed drawing of this model is shown in
Fig. 6, and the exact values of the design parameters are given below.

Model No. 1.
B = 36:00°
M = 2369 i = 24:97°, (P1/Po) = 1394
ayla, = 02750, a,/a, = 06424, a,/ay = 2:336.

In choosing these parameters it was assumed that, for a typical turbo-jet engine operating at M, = 2:0,
P1/P = 14 and a,,/a, (without bleed) = 0-70. The design pressure ratio for Model No. 1 was therefore
taken as 14, but a,/a, was decreased to 0-64 to accommodate a bleed duct of adequate area.

Of the various features which merit comment, we will consider first the design of the supersonic part
of the piug. For this purpose we refer to Fig. 5a and assume that (,p,/p.,), @, and a,, are given. The plug
vertex (C) is taken as a datum point. It is then apparent that the position of the cowl lip (4) is determined,
together with the inclination (f) of the tangent at A to the axis. We now take a straight line (4B) perpendi-
cular to this tangent and assume that the velocity at any point on 4B is sonic and normal to AB. The
position (B) of the sonic point on the plug and the inclination (8) of the tangent at B to the axis are then
determined also.

Starting at AC, and noting that the flow at the singular point (4) is of Prandtl-Meyer type, a character-
istics network was then constructed by numerical integration of the axi-symmetric characteristics equa-
tions. This calculation was terminated at a low supersonic Mach number. On this basis the plug contour,
which coincides with the streamline through C, was constructed from C to a point (D) slightly downstream
of the sonic point (B). B and D were then joined by a cubic curve giving continuity of the first derivative
at its end points.



Since the cowl and the subsonic portion of the plug were given arbitrary parabolic contours, the
assumptions made above with regard to the throat flow will not, in general, be admissible. Further, the
characteristics mesh adopted was fairly coarse, and boundary-layer effects were ignored. The method
outlined gives, therefore, only a first approximation to the true plug profile. Its justification in the present
instance lies in previous work? which shows that, provided f and a,,/a,, are correct, the thrust of a
plug nozzle is insensitive to the shape of the plug.

A second point to note in Fig. 6 concerns the design of the bleed system. Originally it was intended to
discharge the bleed flow through the full area of the annular base, as shown in Fig. 4. However, with this
design the flow separated in the divergent bleed duct and the velocity in the base plane was not axi-
symmetric ; indeed, over quite large areas, flow reversal could be detected. Several attempts were made to
improve the symmetry by fitting a wire gauze or baffle plates in the bleed plenum chamber, but these
had little effect. A symmetrical discharge was finally achieved by a perforated base plate, as shown in
Fig. 6. This plate introduces a loss in total pressure, but since the available total pressure is much greater
than that required by the bleed, the performance of the system is not affected thereby. More serious is
the reduction in bleed discharge area, a feature which detracts from the efficiency of base bleed, as previous
work’ has shown.

The second model tested, Model No. 2 which is shown in Fig. 7, is an axi-symmetric isentropic plug
nozzle of the conventional type with a parabolic afterbody and no secondary flow. This model was
designed with a nozzle area ratio (a,,/ag) of 0-70, slightly larger than that of Model No. 1 for the reasons
already given. However, the design pressure ratio was the same [(,;p1/p,,) = 14], so that the two models
are geometrically similar as regards the primary flow, and should have the same performance at M, = 0.
Since Model No. 2 was intended primarily as a reference nozzle with respect to thrust, no static pressure
points were installed, either on the afterbody or the plug.

. The Wind Tunnel.

The R A.E. Jet Interference Tunnel shown in Fig. 8 was used for the experiment. This is a continuous
free-jet tunnel designed specifically to minimize support interference in tests with mixed exhaust flows!
To this end the tunnel nozzle is axi-symmetric and the model is supported in the working section by a
cylindrical tube (the centrebody) which passes through the throat of the nozzle, and its settling chamber,
into a separate plenum chamber, where it is connected to a slotted drum. This central assembly comprising
the slotted drum, centrebody and model is supported by three sets of ball bearings and is free to slide
axially between limit stops.

The thrust developed by the model can be measured either by a hydraulic balance or by weights. Experi-
ence has shown that the most accurate results are obtained when weights are used to balance the major
part of the thrust and the remainder is absorbed hydraulically. With this technique, frequent calibration
of the hydraulic balance over the full range of thrust is unnecessary. Further, since the equilibrium point
does not move with change in thrust, spurious loads due to connecting pipes are eliminated. When the
model is running at the design pressure ratio the balance is sensitive to -1 per cent of the measured
thrust. The error in absolute measure is difficult to estimate but it is probably less than 0-5 per cent of the
nozzle thrust under the same conditions. '

Undried air at atmospheric temperature and a maximum pressure of 2 atm. abs. forms the primary
air supply to the model. The primary mass flow is measured by a single axial pitot point and wall static
installed in the centrebody. This flowmeter was calibrated carefully over a range of stagnation pressure
and Mach number by pitot traverses. The calibration was checked by measuring the mass flow through
several sonic nozzles at different stagnation pressures and comparing the measured discharge coefficients
with published values. The results indicate that the error in mass flow measurement does not exceed
0-5 per cent.

The secondary (bleed) flow to the model which is supplied from the compressed air main at atmos-
pheric temperature and 7 atm. abs. pressure, is measured by observing the pressure difference across a
shaped orifice operating at a constant supply pressure of 5 atm. abs. Since this metering orifice is of estab-
lished design it was not calibrated. The secondary flow is delivered radially to the double-skinned centre-



body by a flexible pipe, and thence via eight plastic tubes to the model. Checks were made to ensure that
the flexible pipe did not load the balance under the operating conditions.

Dry air at atmospheric temperature and a maximum stagnation pressure of 1 atm. abs. is supplied to
the two axi-symmetric tunnel nozzles. The first of these was designed integrally with the centrebody
to give a Mach number of 2-0. This nozzle, which has an exit diameter of 11 inches is run at approximately
atmospheric stagnation pressure. The second nozzle is convergent with an exit diameter of 10 inches.
This nozzle operates at subsonic Mach numbers up to 0-9. It is normally run at a stagnation pressure of
0-5 atm. abs. with the tunnel diffuser removed.

A full description of the jet interference tunnel has been published elsewhere®.

4. Analysis of Thrust Data.

The notation and definitions used with respect to thrust and drag are given in Appendix A, and in
Appendix B these definitions are applied to an analysis of the forces acting on an engine nacelle. The
result of this analysis may be summarized thus.

If S, and S, are the primary and secondary nozzle thrusts, respectively;
D, and D, are the primary and secondary intake drags, respectively;
Dy is the forebody drag,
D is the afterbody drag,
and X is the resultant axial thrust on the nacelle (i.e. the force transmitted to the airframe).

Then,

X =(5;+8,)—(Dy+D;+Dy+D,).

If, however, we are comparing different installations of the same engine operating at given conditions,
D, and Dy are invariant, so that

Y= (S1 +SZ)_(D2+DA)

is a direct measure of X. Our present object is to show how Y and its component parts are obtained
from the experimental data. The method follows:

(1) In the experimental rig (Fig. 8) the primary and secondary nozzle flows are supplied radially to the
centrebody. Hence the balance reading, corrected for the skin-friction drag of the centrebody and un-
balanced pressures in the tunnel chambers, gives (S, + S, — D ).

[ The centrebody skin-friction drag is determined in a preliminary experiment with the model removed
and the centrebody sealed directly by a bluff base. Comparison of the balance reading with the integrated
base-pressure distribution gives the skin-friction drag on the centrebody.]

(2) D, is calculated assuming that, in an actual engine installation, the secondary intake captures air
from the free stream and operates under critical or super-critical conditions. On these assumptions
D, = Q,u,, and both @, and u_, are measured quantities.

(3) 8, iscalculated in terms of the nozzle geometry, the jet pressure ratio, and the measured distribution
of static pressure along the plug. Details of the analysis are given in Appendix C.

(4) The component of afterbody drag due to skin friction may safely be neglected. D, is therefore
determined by integration of the measured static-pressure distribution along the afterbody.

Steps (1) to (4) above serve to determine Y and its components S;, S,, D, and D, for a model of
general configuration with primary and secondary flows and an afterbody. However, the experimental
models were limiting cases of this general configuration. Moreover, the complete analysis was not applied
to the reference model (No. 2). The simplified procedure actually used may be summarized thus.



Model No.1 (D4 =0)
Step (1) gives S, +S,. Step (2) gives D,. Step (3) gives ;.
Hence Y = §;+8S,— D, and its components are determined.

Model No.2 (D, =8,=0)
Step (1) gives Y = §; — D .. Further analysis, which would have required pressure points on the afterbody
or plug, was considered unnecessary.

We note that, for Model No. 1, Y depends only on the balance reading and the convention adopted
in step (2) with regard to the operating conditions of the secondary intake. On the other hand, §, is calcu-
lated (Appendix C) on the basis of five assumptions.

(i) The entire flow is axi-symmetric.

(ii) ,p, and ,T; are uniform across the section.
(iti) The subsonic flow is isentropic.
(iv) The sonic line is normal to the throat flow.

(v) The force on the plug due to skin friction is negligible.

Since these assumptions are not strictly valid in practice, we might expect an appreciable error in the
calculated value of §,. Fortunately, under certain restricted conditions, a direct check with the experimental
data can be made. Thus, when @, = 0 equation (B6) takes the simple form

S2 = (pB_poo) Qea

so that S, follows from the balance reading and the measured base pressure. Further, when @, = 0 and
M = 0,then S, = 0 so that the balance reading gives S, directly. This check was applied over a range
of jet pressure ratio at M, = 0, 0-9 and 2-0 and it was found that the average difference between the
measured and calculated values of S; was about 0-5 per cent. This relatively close agreement is probably
favoured by chance, in that errors arising from the various assumptions partly cancel.

In presenting the data, any force associated with a given nozzle is expressed non-dimensionalily in
terms of a reference thrust (S*). Let @, be the primary mass flow of the given nozzle, ,p; and ,T; the
stagnation conditions in the jet pipe, and p,, the free-stream pressure. Then S* is the thrust corresponding
to isentropic expansion of mass flow @, from uniform stagnation conditions ,p,, ,T}, to a uniform static
pressure p,.

Thus we present the results in terms of a nozzle efficiency (4y) and an overall efficiency (,) defined by:

Sy
My = o*

_ (8:+8)-(D,+Dy)

0= g )

S S,—D
Note that, for Model No. 1 (D, = 0), Mo = 1—+(§i——2—)
-D
and for Model No. 2 (D, = S, = 0) o = Sls* o

Hence, with reference to S*, y represents the nozzle thrust, #, the overall thrust, and (55 —1,) the
internal drag of the bleed system (Model No. 1) or the afterbody drag (Model No. 2). These efficiencies do
not take into account either the forebody drag (Dy) or the primary intake drag (D).



5. Preliminary Experiments.
5.1. Calibration of the subsonic Wind Tunnel Nozzle.

Since, in previous work with the jet interference tunnel only the supersonic nozzle was used, calibra-
tion of the subsonic nozzle formed an essential preliminary to the present experiment. This calibration was
done in two steps. In the first step the Mach number was measured along one generator of the centrebody
and nozzle wall with the centrebody extending well downstream of the working section. With this configur-
ation the Mach number distribution is not affected by disturbances at the base of the centrebody. Fig. 9
shows that at M, = 0-7, 0-8 and 0-9 the axial variation in Mach number is small, and further tests (not
plotted) indicated that the flow was reasonably axi-symmetric. In Fig. 9 we may note that the local Mach
number is calculated with reference to the stagnation pressure in the supply reservoir and the local wall
static pressure, assuming isentropic flow.

In the jet interference tunnel the centrebody blockage (Fig. 10) is some 15 per cent, a value which is
larger than is customary in tests at high subsonic speeds. It is therefore possible that the flow around
the model is influenced by the proximity of the nozzle walls, and in this event the observed data will differ
from those corresponding to actual flight, when the free stream is virtually infinite in extent. To check
this point the pressure was measured on a bluff base at two axial stations within the working section over
a range of Mach number. In Fig. 10 the results are compared with data obtained by Kurn® and by
Cubbage!® on similar configurations in relatively large transonic tunnels of accepted design.

We note first that there is close agreement between the results of Refs. 9 and 10 over the Mach number
range and since, in both cases, the tunnel liner was slotted and the centrebody blockage small, these
results presumably correspond to conditions in flight. However, in the jet interference tunnel the base
pressure depends on the axial position of the base. Thus, when the base lies in the nozzle exit plane
(L = 17-5 in.), the base pressure at subsonic Mach numbers falls appreciably below the reference curve.
In this position tunnel constraints are probably affecting the measurements. On the other hand, when
the base is placed in the free jet downstream of the nozzle exit (L = 235 in.), the base pressure curve lies
reasonably close to the reference curve at subsonic Mach numbers. With this configuration it seems
probable that the constant pressure boundary of the free jet acts in a similar manner to slots in a rigid
liner, and hence reduces tunnel constraints. In the main experiment all subsonic tests were done at
M, = 09 with L = 23-5 in. and the evidence given above suggests that these results are not seriously
affected by tunnel interference.

5.2. The Effect of Water Vapour on the Primary Nozzle Thrust.

Throughout the experiment the primary nozzle was supplied with undried air from the atmosphere
at a stagnation temperature of about 20 deg C. Under these conditions, supersonic expansion in the prim-
ary nozzle may give rise to a weak condensation shock which would slightly increase the static pressure
on the plug, and hence the primary nozzle thrust. This process cannot occur in the heated flow from a
turbo-jet engine so that, to this extent, the experiment does not exactly simulate engine operating con-
ditions.

To determine the magnitude of the effect, a day of average atmospheric humidity was chosen and two
consecutive runs made with Model No. 2 at M, = 0, using first dried air then undried air. Comparison
" of the results (Fig. 11) shows that an increase in absolute humidity from 0-0005 to 0-0065 increases the
nozzle efficiency by about 0-5 per cent, regardless of the jet pressure ratio. Since this increment is of the
same order as the absolute accuracy of the thrust data, the results presented in this Report have not been
corrected for the effects of moisture in the primary flow.

5.3. Boundary-Layer Data.

Traverses showed that the boundary layer on the centrebody is turbulent and reasonably axi-symmetric
both at M, = 09 and M, = 2-0. Values of the boundary-layer parameters, measured 0-5 in. upstream
of the base plane of each model are given in Table 1.



TABLE 1

Centrebody Boundary-Layer Parameters.

o Displacement thickness Momentum thickness
® o* (in.) 0 (in)
- 09 0-031 - 0-020
20 0-045 0-015

No measurements were made of the boundary layer on the isentropic plug.

6. The Main Experfmeni‘.
6.1. Tests with Model No. 1.

At M, = 0, corresponding to the take-off case, secondary flow is not used. The model was therefore
tested with H, zero*, over a range of jet pressure ratio (,p,/p,,) from 2 to 20. At each condition observations
were made of the balance reading, the primary mass flow and the pressure distribution on the plug.

In the subsonic tests at M, = 0-9 the model was tested with ,p,/p, equal to 4, 6 and 8, and H, ranging
from zero to 0-05. These data were supplemented by further observations with ,p,/p,, = 5 and 7, and
H, = 0. At each condition the balance reading was recorded, together with the primary and secondary
mass flow, the base pressure and the plug pressures. The range of jet pressure ratio covered spans the likely
operating region for a turbo-jet engine at this Mach number.

At M, = 2-0, the cruising Mach number, a full set of readings (balance, mass flows, base and plug
pressures) was taken with ,p,/p,, equal to 6, 8, 10, 14 and 19, and H, ranging from zero to 0-025. In
addition, the plug pressures only were measured with H, zero and ,p,/p,, equal to 3, 4, 5, 7 and 12.

Since, in this experiment, quite small differences in thrust are important, the experimental technique
demanded considerable care. In general, M, and ,p,/p,, were held constant during each run and the
variation in thrust with respect to H, was measured. By repeating selected curves at intervals throughout
the experiment it was shown that this procedure gave reliable and consistent results.

6.2. Tests with Model No. 2.
This model was tested at the same values of free stream Mach number and jet pressure ratio as Model
No. 1. At each condition the thrust and primary mass flow were measured.
A comprehensive set of schlieren photographs was taken with both models.

7. Results.
7.1. Results with Model No. 1 at M, = 0.

To check the design procedure we first consider the nozzle operating at the design pressure ratio
(:p1/P», = 14). Theory and experiment are compared in Fig. 12, which shows the distribution of static
pressure along the plug, the characteristics diagram, and a schlieren photograph of the flow. The character-
istics net was constructed on the assumption that the sonic line is straight and normal to the throat flow
(Section 3.1). That this assumption is not strictly true is shown by Fig. 12 (bottom), which indicates that
the sonic point on the plug actually lies slightly upstream of the assumed position. The nozzle therefore
over-expands a little in the region of the throat, but further downstream theory and experiment are in
good agreement. This local over-expansion also causes the free streamline leaving the cowl lip to diverge

*The secondary mass flow is expressed non-dimensionally in terms of the conventional bleed number
(H,) defined in the ‘List of Symbols’.



slightly from the axis (Fig. 12, top). Typically, this initial divergence is corrected by a shock wave, which
is weak near the cowl lip, but which strengthens as the axis is approached. This shock system does not
intersect the plug and hence has no effect on the pressure distribution or the nozzle thrust. With these
qualifications in mind, the nozzle behaves essentially in the predicted manner at the design point.

Fig. 13 presents similar data for the case when the operating pressure ratio (,p{/p., = 7} is appreci-
ably less than the design pressure ratio. Referring first to the characteristics diagram we note that initially
the flow expands, as before, through a fan centred at the cowl lip. Under these conditions, however, the
final characteristic (AC) of this fan intersects the plug well upstream of the vertex and subsequently the plug
produces a region of compression. In this region the characteristics converge, but they do not form an
envelope, so that in inviscid flow an isentropic compression process is compatible with the equations of
motion. In practice, however, the adverse pressure gradient along the plug causes boundary-layer separa-
tion accompanied by shock compression, as is clearly shown by the schlieren photograph. This point
is further illustrated by the plug pressure distribution (Fig. 13, bottom). The experimental and theoretical
curves are of the same general form but the actual compression region is shorter than is predicted by
inviscid theory.

Fig. 14a shows the effect of jet pressure ratio (;p/p.,) on the plug pressure distribution, plotted in terms
of p/p;. Provided that P1/P = 14 the plug pressure distribution is invariant with respect to jet pressure
ratio because the plug lies wholly within the expansion fan centred on the cowl lip. On the other hand,
when the jet pressure ratio is less than the design value, each curve branches off the parent curve where the
final characteristic of the expansion fan intersects the plug surface. Shock compression follows, as des-
cribed above, and the static pressure then decays relatively slowly to the ambient value. At the two
lowest values of jet pressure ratio this decay is succeeded by re-compression.

In Fig. 14b the same data are plotted in terms of p/p.. (The curves for ,p,/p., = 3 and 4 tend to confuse
the presentation and are omitted.) This graph serves to emphasise an important point; namely, that
when the jet pressure ratio is less than the design value, the minimum static pressure on the plag is practic-
ally equal to the ambient pressure*. Thus, over-expansion is eliminated and, indeed, it is clear that when
the jet pressure ratio is low, compression towards the rear of the plug contributes substantially to the
total thrust. Additional evidence on the change in flow pattern with jet pressure ratio is provided by the
sequence of schlieren photographs shown in Fig. 15.

The effect of jet pressure ratio on the nozzle efficiency is shown in Fig, 16. The experimental points on
this graph were taken at four different values of the back pressure (p,,) and, since Models No. 1 and 2
are geometrically similar as regards the primary flow (Section 3.1), results for both nozzles are included.
As a result the experimental scatter is greater than would normally be expected but, nevertheless, the mean
curve is defined within fairly close limits. Clearly, at M, = 0, the performance of the models with regard
to thrust is excellent, in that the nozzle efficiency is equal to 0985 at the design point and is practically
independent of jet pressure ratio. This is a characteristic, and most important, property of the plug nozzle
which is not shared by any other design with fixed geometry.

7.2. Results with Model No. 1 at M, = 09.

When the ambient conditions are not static, the external stream affects the base pressure and primary
nozzle flow unfavourably, and base bleed is used with the object of reducing this interference. We have,
therefore, to investigate the effect of jet pressure ratio and base bleed on the base pressure, the plug pressure
distribution and the thrust. Some ambiguity exists with regard to the choice of a parameter to represent
the bleed mass flow. The simple ratio Q,/Q,, which has a direct practical significance, is sometimes used,
but in the present Report the familiar bleed number (H,) is preferred in that it helps to correlate the data.
The definition of H, and its relation to Q,/Q, are given in the ‘List of Symbols”.

*Since the flow is axi-symmetric, the static pressure along each characteristic of the expansion fan is
not constant, but increases slightly as the axis is approached.
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Fig. 17 shows the effect of jet pressure ratio (,p,/p.,) and bleed number (H,) on the base pressure ratio
(ps/P,)- We note that when ,p,/p,, = 4, H, has practically no effect on p/p.. As ,p1/pP is increased the
influence of base bleed becomes more apparent, but in no circumstances is the base pressure increased to
anything approaching the free stream value. These data are confirmed by schlieren photographs (Fig. 18)
which show that when ,p,/p,, = 6 the flow pattern does not change with bleed number. In terms of the
fundamental flow mechanism these results are difficult to interpret, since very little is known about base
flow, with or without bleed, when the internal flow is supersonic and the external flow subsonic. However,
it seems likely that base bleed is not being exploited to its full advantage with the present configuration.
Since the practical implications are clearly disappointing, further research on this point might well be both
interesting and profitable.

Fig. 19 shows the plug pressure distribution (plotted in terms of both p/p, and p/p,) at different
values of jet pressure ratio. Each curve is independent of bleed number, for reasons which will shortly
become apparent. Comparison of Fig. 19 (lower) with Fig. 17 (lower) shows that when ,p,/p,, = 4, the flow
expands until the plug pressure is virtually equal to the base pressure, and is then compressed. At this
condition the flow is similar to that which exists when M, = 0, except that the effective back pressure is
pg instead of p,,. The top schlieren photograph in Fig. 20 illustrates the type of flow pattern. However,
at the higher values of jet pressure ratio this mechanism is no longer operative. With ,p,/p,, = 8, for
example, comparison of Fig. 19 (lower) with Fig. 17 (lower) indicates that the minimum plug pressure
is appreciably greater than the base pressure. The reason is apparent from the bottom photograph in
Fig. 20 which shows that under these conditions a shock wave, produced by the base flow, traverses the
primary stream. This shock wave crosses the final characteristic of the expansion fan and then intersects
the plug, so that expansion is terminated before the base pressure is reached. The reasons why bleed does
not influence the plug pressure distribution are, therefore, clear. At low jet pressure ratios this distribution
is determined largely by the base pressure, which is practically independent of bleed (Fig. 17). At the higher
jet pressure ratios bleed does increase the base pressure (Fig. 17), but the plug pressure distribution is no
longer determined by the base pressure. In Fig. 19 it is important to note that, at each value of jet pressure
ratio, over-expansion occurs on the plug. This over-expansion, which is negligible when ,p,/p, = 8.
increases as the-jet pressure ratio is reduced, and tends to decrease the nozzle thrust.

Fig. 21a shows the effect of bleed number on the nozzle efficiency (1y) and the overall efficiency (y,)
at different values of jet pressure ratio. At a given jet pressure ratio, 4 depends solely on the plug pressure
distribution. It is therefore independent of bleed number, but falls slightly as the jet pressure ratio is
reduced, for the reasons given above. On the other hand, the overall efficiency (3,) takes into account not
only the nozzle thrust, but also the drag of the bleed system (see Section 4). The balance depends on both
bleed number and jet pressure ratio. Thus, when ,p,/p,, = 4, 11, decreases with increase in H,, because
the bleed inlet momentum increases but the base pressure does not (Fig. 17). Conversely, when ,p,/p., = 8,
1o increases initially with increase in H, because the decrease in base drag (Fig. 17) outweighs the increase
in bleed inlet drag.

The thrust data are summarized in Fig. 21b. Comparing this graph with the corresponding results
for M, = 0 (Fig. 16), it will be seen that when ,p,/p., = 6, for example, the effect of the external stream
is to reduce 5, by 4% per cent. (5, = 0:970 when M, = 0 and 0-925 when M, = 0:9.) Of this reduction,
1 per cent is due to nozzle, and the remaining 3% per cent to the drag of the bleed system. We see also, that
although base bleed increases 7, by 0-8 per cent when ,p,/p,, = 8, no improvement results at jet pressure
ratios of 6 or less. o

7.3. Results with Model No. 1 at M, = 2:0.

Fig. 22 shows the base pressure plotted against bleed number and jet pressure ratio. It is apparent that
when the external stream is supersonic the base pressure is increased by bleed over the entire operating
range; a result which contrasts with the subsonic behaviour described above. However, although bleed
is beneficial its value is limited, and in no instance does the base pressure approach the free stream value.
This limitation has serious consequences with regard to the overall thrust of the system.

Changes in flow pattern with bleed number at the design pressure ratio are clearly shown by the
schlieren photographs in Fig. 23. As the bleed number increases, the free streamlines are deflected less at
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the base, and the wake thickens. The external shock becomes weaker, but the strength and position of
the internal shock do not change appreciably. )

It follows indirectly from Fig. 22 that the ratio ,p,/py is greater than 14 (the design pressure ratio) over
the whole range of the tests. In the absence of shock interference, therefore, the plug would lie entirely
within an expansion fan centred at the cowl lip and the plug pressure distribution, expressed in terms of
p/:p1, would be invariant with respect to both jet pressure ratio and bleed number. The measured distri-
bution (Fig. 24, upper) shows that this is indeed the case provided that P1/P» = 8. When, however,
:P1/P < 8, a shock wave originating in the base region intersects the plug, and the point of intersection
moves upstream as the jet pressure ratio is decreased. This progression is confirmed by schlieren photo-
graphs (Fig. 25) in which the shockwave is clearly visible. Under these conditions the plug pressure distri-
bution changes with jet pressure ratio but it is still independent of bleed number because, as mentioned
above in connection with Fig. 23, the internal shock system is virtually unaffected by bleed.

It is worth noting here that the actual flow mechanism differs from that assumed in Section 2 and, in
so far as the plug pressure distribution is concerned, the favourable effects of bleed predicted in that
section are not realized in practice. The discrepancy arises because bleed increases the base pressure less
than was anticipated. If it were possible to achieve a higher level of base pressure the argument of Section 2
would be valid.

Although shock interference prevents the plug pressure falling to excessively low values, Fig. 24 (lower)
shows that the minimum static pressure on the plug is less than that of the free stream when the jet pressure
ratio is less than the design value. As a result of this over-expansion, part of the plug surface experiences a
drag, and the nozzle efficiency is thereby reduced. This loss in thrust increases as the jet pressure ratio falls
and the point of minimum pressure moves forward along the plug.

The effect of bleed number and jet pressure ratio on the nozzle efficiency and overall efficiency are
presented in Fig. 26a. Given the jet pressure ratio, 77y is determined uniquely by the plug pressure distri-
bution. It is therefore independent of bleed number and falls with decrease in jet pressure ratio, for the
reasons given above. However, bleed number has a small but significant effect on the overall efficiency.
Initially 1, increases with H , because the drop in base drag (Fig. 22) exceeds the rise in bleed inlet momen-
tum. This trend is reversed if excessive bleed is used so that, at each value of jet pressure ratio, #, reaches
a maximum when H, lies between 0-010 and 0-015.

Fig. 26b summarizes the thrust data. We note that #, with optimum bleed is approximately 1 per.cent
greater than n, without bleed over the entire range of jet pressure ratio. At the design point (,p;/p,, = 14),
and using optimum bleed, 1, = 0-948. The corresponding figure at M, = 0 is 57, = 0-985 (Fig. 16) so
that interference with the supersonic external stream reduces the overall efficiency by 3-7 per cent. This

reduction is entirely due to the drag of the bleed system since the nozzle efficiency (xy) is practically the
same in the two cases.

7.4. Results with Model No. 2.

The second model, which was designed with a parabolic afterbody and no base, operates without bleed.
This model was intended primarily to serve as a reference standard with which to compare the detailed
results obtained with Model No. 1, and for this purpose it was considered unnecessary to analyse the
overall efficiency into its components. Accordingly, neither the plug nor the afterbody were equipped
with pressure points, and the investigation was restricted to measurement of the overall efficiency and
visualization of the flow. .

Since the two models are geometrically similar as regards the primary flow, their performance is virtu-
ally identical when the ambient conditions are static. The thrust data relating to Model No. 2 at M w =0
have therefore been included with the corresponding results for Model No. 1 previously presented in
Fig. 16, which shows the effect of jet pressure ratio on the overall efficiency. Similar data at M w = 09and
M, = 2:0 are presented in Figs. 27a and b, respectively. Discussion of these results is deferred to the next
Section.

Changes in flow pattern with jet pressure ratio at M, = 0-9 are illistrated by the schlieren photographs
in Fig. 28. Fig. 29 shows similar photographs taken at M = 2-0.
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8. Conclusions.

In this experiment, the performance of two plug nozzles has been investigated. These were designed to
operate at the same jet pressure ratio, but one (Model No. 1) has a cylindrical afterbody with annular
base bleed, while the other (Model No. 2) has a parabolic afterbody and no base or bleed. For practical
purposes the most important information obtained relates to the thrust, and our conclusions will therefore
be drawn on this basis. The relevant data are summarized in Fig. 30, which compares the overall effici-
ency of the two models with reference to typical engine operating points. These are ,p,/p,, = 3at M = 0,
P1/Pe =5 at M, =09 and ,p,/p, = 14 at M, = 2:0; corresponding to the take-off, stand-off and
cruising conditions respectively. :

Taking into account the fixed geometry, it is immediately apparent that while the thrust at M, = 2-0is
of the normal order, both these plug-type nozzles are exceptionally flexible with regard to off-design
performance. The overall efficiency of Model No. 2, for example, is 0-960 at the cruising condition, 0-932
at stand-off, and 0-970 at take-off. It is unlikely that this level of efficiency can be realized with either a
convergent-divergent or ejector nozzle without variable geometry. Nevertheless there is still room for
improvement, particularly at M, = 09,

To assess the value of base bleed we compare Model No. 1 using optimum bleed with Model No. 2
at the stand-off and cruising conditions. At the stand-off condition Model No. 1 develops maximum thrust
with zero base bleed and n, is -7 per cent less than with Model No. 2. At the cruising condition bleed
improves the thrust of Model No. 1 but, even so, the optimum value of 4 is 1-2 per cent less than that of
Model No. 2. On this evidence it is clear that the drawback inherent in Model No. 1, namely the high
drag of its bluff base, is not eliminated by bleed, and the performance of Model No. 2 is superior at both
the stand-off and cruise conditions. However, we are not in a position to generalize, and changes in the
design pressure ratio, the free stream Mach number, or the geometry of the nozzle and bleed system might
well qualify this conclusion. In particular, it seems likely that the effect of bleed at M, = 09 could be
improved by attention to the detailed design of the bleed discharge system.

Implicit in our comparison is the assumption that the secondary flow exists solely to provide base
bleed. If, however, it should prove desirable to bleed off boundary-layer air in the main engine intake, a
secondary flow would necessarily be available. The choice then lies between using this air as base bleed
or discharging it independently through a separate nozzle. In this context #, for Model No. 2 should be
decreased to allow for the internal and possible external drag of this alternative secondary flow system.
On this basis the performance of Model No. 1 would compare more favourably and might surpass that
of Model No. 2. Further development of this argument requires specific data on the alternative means
adopted to dispose of the secondary air.

1t is appreciated that, in practice, the choice of a propelling nozzle is not governed entirely by considera-
tions of thrust. Other factors, including weight, thrust reversal and silencing must be taken into account.
These, however, fall outside the terms of reference of this experiment.
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APPENDIX A
Definitions of Thrust and Drag.

A.l. Nozzle Thrust.

L \
[+
B

Consider, as an example, the axi-symmetric plug nozzle sketched above. Let ¥ be any continuous
surface through the cowl rim (4B) which does not intersect the plug. P is any point on X and (da) is

=
an element of surface area enclosing P. The direction x is taken axially and downstream.

p is the density at P
u, 1s the component of velocity at P in the direction?c)
u, 1s the component of velocity at P along the outward drawn normal to X
P, da is the component of the external force on the element (da) in direction ;)
P. Is the free stream static pressure.
z .
Then, by the momentum integral theorem, J‘J (p.— p u, u,) da isindependent of the surface of integra-

tion (X) and we define the nozzle thrust (S) by the equation

z

§= _J\j‘ (px_p unux) da—poo Q- (Al)

A.2. Intake Drag.




Consider the axi-symmetric centrebody intake shown, and define symbols as in Section A.1 above. Then,
z

by‘the momentum integral theorem, (p— pu,i,) da is independent of the surface of integration (Z)

and we define the intake drag (D) by the equation
. A
D= J‘J- (px:‘p U, ux) da—poo a; (A2)

Although, in the interests of clarity, these two definitions have been stated for a specific type of nozzle
and intake, respectively, they are of general application. Further, in the limiting case when the flow is
axial and uniform in the exit (or inlet) plane, equations (A1) and (A2) reduce to the conventional definitions.

Thus, for a convergent-divergent nozzle discharging axially with uniform velocity (u,), uniform static
pressure (p,) and uniform density (p,) in the exit plane, equation (A1) reduces to

. §= Pe ug ae+(pe'—pw) Q-

. Similarly, for a pitot infake, assuming,aXial flow with uniform velocity (u;), uniform static pressure (p;)
and uniform density (p;) in the inlet plane, equation (A2) reduces to

D = p;u} a;+(p;— o) @

- A3 F orebody and Afterbody Drag.

The sketch represents an axi-symmetric engine nacelle. The forebody is the external surface between
planes (44') and (BB'), and the afterbody is the external surface between planes (BB') and (CC').

Let X, be any surface enclosing the forebody, as shown, and define symbols as in Section A.1 above.
Iy . .
Then (p~— p u, u,) da'is invariant with respect to Z, (by the momentum integral theorem) and we

definie the forebody drag (D) by the equation

Iy

D = j J (e p ) da—p,, G0 ay). (A3)
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Similarly we define the afterbody drag (D ,) by the equation

I

DA = Jl[ (px—pun ux) da+poo (aﬂ_ae) (A4)

Note that if Z; and X, are taken along the surface of the nacelle, u, is zero everywhere on X, and X, so
that

Z Z2

Jl[ pu,u.da = jj pu,u.da=0.
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APPENDIX B

Analysis of Forces on Nacelle.
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The sketch represents the general case of an axi-symmetric engine nacelle with primary and secondary

flows, a forebody and an afterbody.

§; and S, are the primary and secondary nozzle thrusts, respectively.
D, and D, are the primary and secondary intake drags, respectively.
Dy is the forebody dfag.

D, is the afterbody drag.

X is the resultant axial thrust on the nacelle.
We use the notation of Appendix A and, for brevity, write
Px—PUythy =0
at any point on the control surfaces £, — Zg.

Then the momentum integral theorem states that :—

2y Iz Z¢

e ff e

But, following the general definitions given in Appendix A :

Z

D, = JJ ada—p, a;
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D, = 0da—py ap (B3)
o
™ '-23
Dy = oda—p,[ag—(a;1+a:)] (B4)
nnz4
DA = g da+poo [ao“(ael +an)] (BS)
J o
. Zs
§,=— JJ cda—p,a., (B6)
Z6
Sl = - J‘j‘ o-da_poo deq - (B7)

Substituting equations (B2) to (B7) in (B1) gives
X =(5,+5)—(D1+D,+Dg+Dy). : (B8)

Now the primary object of the experimental work is to compare two engine installations of the form
shown below.

_— —~ — =

In the left-hand diagram, corresponding to Model No. 2, a given turbo-jet engine and intake, operating
at given conditions, discharge through a simple plug nozzle without secondary flow.

In the right-hand diagram, corresponding to Model No. 1, the same engine and intake, operating at the
same conditions, discharge through a plug nozzle with a cylindrical afterbody and secondary flow (base
bleed).

On this basis D, will be the same for the two configurations and the difference in Dy will be of the
second order only. If then, we define

Y = (§;+8,)—(D,+Dy (B9)

equation (B8) shows that (Y) is a direct measure of (X), the resultant axial thrust on the nacelle.
We note also that for Model No. 1 D, = 0 so that ’

Y=8;+8,-D, (B10)
and for Model No.2 D, = S, =0,
so that

Y=5,-D,. (B11)
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APPENDIX C

Analysis of Forces on Plug Nozzle.

e,

In the axi-symmetric plug nozzle shown above, AD represents the tangent at A to the internal surface
of the cowl. AB is taken perpendicular to AD and it is assumed that at any point on 4B the flow is sonic
and normal to AB, so that B is the sonic point on the plug. Z is a control surface through the cowl rim
which is divided into two parts, %, which coincides with 4B, and X, which coincides with  the plug
surface between B and C.

Then, using the notation and definitions of Appendix A (Section 1), the nozzle thrust (S,) is given by:

z z

Sl = - j‘J‘ (px_punux)da— j‘j‘

Assume that, in the jet pipe, the stagnation pressure (,p,) and the stagnation temperature (,7;) are uni-
form across the section, and expansion is isentropic up to the throat (4B). Then, on AB, u,, p,, and p,,
are uniform and, by hypothesis, M,, = 1. Let g, denote the throat area (normal to the flow).

(px_p i, ux) da—poo Qe - (Cl)

Then on Z,

Pr = —Ppucos f

and

=
®
|
RS
=
o
Qo
w
=l



so that

P

” (px—p i) da = —cos B Do+ P 43) s

which reduces to

P31

™ _
: _” (Px—puyu)da = —(y+1) (%) cos L, (C2)

A Do o]

Now, at any point on Z,, 4, = 0, and if we neglect skin friction

Peda = —2xprdr

so that
pY ¥s
jj (px—p U, u,)da = —ZES prdr.
} 0
Hence, defining
A=p/pe
1=/

and noting that, by geometry, a,; = nr2+a,cos f

we find that

Z2 1

! ” (py—p 1) da = 2(“21 cosﬁ> jlud (C3)
G P * " Qyp #
0
Finally, substituting equations C2 and C3 in equation C1 we get
. L 1
Sl y+1 o7 S iP1 Qg1 ) ey

= (y+1) (—) cos f—+2 | ——cos Apdp——=. C4
A Poo 2 ‘B P O ﬁ , K A ( )

This equation (C4) expresses the thrust in terms of the integrated plug pressure distribution for a nozzle
of given geometry operating under given conditions.
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LIST OF SYMBOLS

The notation is shown, in part, in Fig. 5. Definitions of thrust and drag are given in Appendix A and
efficiencies are defined in Section 4.

1. Suffixes, etc.

() denotes the primary flow

(), denotes the secondary flow
() denotes the inlet plane

( )o denotes the maximum cross section (when applied to an area)
( den denotes the nozzle throat

()e denotes the exit plane

() denotes the base

(o denotes the free stream

'i'—) denotes the design condition
-)* denotes isentropic conditions
() denotes stagnation conditions

Suffixes are combined where appropriate. Thus a,, is the exit area of the primary flow (s;ze Fig. 5).

2. Flow parameters.

M Mach number

=

Velocity

Density

Static pressure

Static temperature
Rate of mass flow
Prandtl-Meyer angle
Mach angle

Ratio of specific heats

Gas constant

O XN e = =0 N < o

Bleed number

H, - \/B 0:/iT,
Y

o2 P

In the present experiment H, = 0-259 @1 Q> when M = 09

P 1

H, = 0056 2% 22 yhen M_ = 2.0

) 1
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LIST OF SYMBOLS—-continued

3. Geometrical Parameters.

a Area

r Radius

d Diameter

X Axial distance from assumed sonic point on plug

) Length of plug from assumed sonic point to vertex
L Axial distance from inlet plane of wind tunnel nozzle to base of model
B Angle between internal tangent to cowl at exit and axis

4. Force Parameters.

S Thrust
D Drag
Efficiency

5. Nomenclature.

P1/Po 18 called the jet pressure ratio

Gg1/ap  is called the nozzle area ratio
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FiG. 11. The effect of water vapour on the nozzle efficiency. Model No. 2 M, = 0.
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FiG. 12. The flow field. Comparison of theory with experiment.

Model No. 1. M, = 0. 2% — 140
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F1G. 13. The flow field. Comparison of theory with experiment.
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F1G. 14a. The effect of jet pressure ratio on the
plug pressure distribution. Model No. 1. M, = 0.
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F1G. 14b. The effect of jet pressure ratio on the
plug pressure distribution. Model No. 1. M, = 0.
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FIG. 15.  Schlieren photographs showing the effect of jet pressure ratio on the flow field.
Model No. 1. M, = 0.
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Fic. 17. The effect of jet pressure ratio and bleed
number on the base pressure. Model No. 1.
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F1G. 18. Schlieren photographs showing the effect of bleed number on the flow field.
Model No. 1. M, =09%% _ ¢
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F1G. 19. The effect of jet pressure ratio on the plug pressure distribution. Model No. 1. M, = 0-9.
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F1G. 20. Schlieren photographs showing the effect of jet pressure ratio on the flow field.
Model No. 1. M, = 09. H, = 0.
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efficiency. Model No. 1. M, = 0-9.
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FiG. 21b.  The effect of jet pressure ratio and bleed
number on the nozzie efficiency and overall
efficiency. Model No. 1. M, = 09.
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F1G. 22, The effect of jet pressure ratio and bleed number on the base pressure.
Model No. 1. M, = 2:0.
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F1G. 23. Schlieren photographs showing the effect of bleed number on the flow field.

Model No. 1. M, = 20.P% — 14
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16, 24.  The effect of jet pressure ratio on the plug pressure distribution. Model No. 1. M, = 2:0.
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F1G. 25.  Schlieren photographs showing the effect of jet pressure ratio on the flow field.
Model No. 1. M, = 2:0. H, = 0.
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F1G. 26a. The effect of jet pressure ratio and
bleed number on the nozzle efficiency and overall
efficiency. Model No. 1. M, = 2.0.
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F1G. 28.  Schlieren photographs showing the effect of jet pressure ratio on the flow field.
Model No. 2. M, = 09.
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FIG. 29. Schlieren photographs showing the effect of jet pressure ratio on the flow field.
Model No. 2. M, = 2-0.
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F1G. 30. Comparison of overall efficiency of models No. 1 & 2 with reference to typical engine
operating points.
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