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- by - 

M. V. Herbert, C. Cvery, R. A. Pinker and G. T. Golesworthy 

Previous attempts to improve the off-design performance of a 

convergent-drvergent nozzle evolved the principle of "ventilation". This 

provides for the transmission of ambient pressure to the over-expanded 

divergent surfaces, by means of small quantities of secondary air induced 

from atmosphere. The technrque has been developed to operate satisfao- 

torily at low pressure ratio in quiescent air , using successive stages of 

secondary air admission. A penalty is paid, however, in that design-point 

performance is somewhat reduced. 

In external flow, low nozzle base pressures are created,supplanting 

ambient pressure as the environment into which the nozzle exhausts. With 

a fairly high subsonrc or transonic external stream, ventilation has been 

found incapable of raising the level of base pressure. Under these condi- 

tions, the technique offers no useful improvement in nozzle internal per- 

formance at low pressure ratio. 
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1.0 Introduction 

For flight at medium supersonic speeds, a propelling nozzle is 
required having a design pressure ratio in the rsr~je 15 to 30. If an 
arrangement with wholly-internal expansion is used, the performance when 
operated at low pressure ratio is very poor - a situation which results 
from muoh of the divergent nozzle surfdoe experiencing pressures below 
ambient. The loss at such conditions can present a serious problem, since 
take-off thrust is important, as may also be the capability for economical 
aircraft operation at subsonic speed. 

In order to improve this off-design performance, it is necessary to 
increase the sub-ambient pressures acting within the nozzle. Boundary 
layer separation already affords a natural means whereby extreme depres- 
sion is prevented, and, for a given boundary layer state, what is desired 
is to induce permanent separation more readily by some artificial device; 
that 1s) to encourage detachment of the main Jet from the nozzle walls fur- 
ther upstream. By permanent separation is meant separation Nith no subse- 
quent reattachment. Boundary layer separation in supersonic flow can be 
produced quite easily - for example, by a rearward-facing stop or abrupt 
change of curvature - but that is not enough. Unless the pressure dow- 
stream of separation can be maintained at a level close to that of the noz- 
zle environment, reattachment will quickly occur and the Jet will continue 
to over-expand. 

The essential need in these circumstances is to transmit substanti- 
ally embient pressure into a region of artificially promoted separation. 
To be successful, this transmission process must obviously not itself 
involve any serious losses, and only small quantities of secondary air at 
a low energy level can be countenanced. This prinoiple has been termed 
“ventilation”. 

2.0 Previous work 

Some early tests by Crosse’ in quiescent air, using nozzles with 
conical divergence and design pressure ratio up to IO, demonstrated that a 
ventilation slot in the form of a holloyd circumferential step in the nozzle 
wall is capable of improving performance at low pressure ratio, the plenum 
chamber behind the slot being open to atmosphere, Although the induced 
secondary air could be shut off externally at conditions near the design- 
point, the discontinuity in wall profile formed by the step remained. 
Since the whole purpose of the exercise was to achieve an “aerodynamically 
variable” nczzle, mechanical means to eliminate the step were not consi- 
dered, and it must represent some loss in design-point performance. 

The slot geometry finally emgloyed in Reference 1 was similar to 
Figure l(a) withAa step angle of 20 9 and Crosse investigated variation of 
vent area ratio .A from 1 .O (step at the throat) to 1.21 (vent pressure 
ratio 4)* “fi Secon ary mass flow quantities were measured, and found to 
decrease from around 7 per cent of primary flow at pressure ratio 2 to near 
zero with increase of pressure ratio. It was thought that some outward 
leakage of primary air would eventually occur unless the plenum chamber 
entry was closed. 

More comprehensive tests2 were later carried out in continuation of 
this work, using the seme scale of model (2 3”. diameter throat) and still 
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exhausting into quiescent air. In the majority of cases, models were sup- 
plied with cold wet air as in Reference 1) but cold dry air was used in 
some of the later tests to obtarn desrgn-point performance. Among the 
features studled were:- 

(1) Step angles standard v llues were IO’, 15' and 20°, achieved 
by variation of step length, keeping constant step herght. 

(ii) 
A2 

Step area ratio -- : 
Al 

standard values were 1 .I7 and 1.09, 
varying step length and height together. 

(ill) Direction of injection, de -m Fieves i(a), (b) and (c). 

(IV) Vent pressure ratio, using va?es 3.1, 3.7, 4 and 5 corres- 
ponding one-dimensionally to 2 . 

s 

(v) 20 
Nozsle design pressure ratio, using values 8.2, IO, 15 and 

s 

(vi) Successive staging of ventilation in the nozzles of higher 
design pressure ratio. 

All models in the programme 
of IO’ half-angle. 

above were axisymmetric with conical divergence 

In the case of step angle, a compromise was sought between design- 
point loss and the effectiveness in promoting sepsratron at low pressure 
ratlo. Not all test results were unanimous on this point, but it can 
generally be said that step angle had comparatively little influence over 
the range tested. In no circumstances were v,rlueo in excess of i5’ found 
to offer advantage. 

Step area ratio 
As 

( ) 
- had a more marked effect; 
Aa 

the lower value tes- 
ted produced appreciably worse off-desrgn performance. This was preswned 
to be associated with a reduction in secondary flow. 

With regard to the direction of injection, this would not be expec- 
ted to affect design-point operation at all9 81nce no secondary air was 
then admitted. In fact, performance at low pressure ratio wao also found 
to be insensitive to it, implying that the amount of momentum in the 
secondary air leavrng the ventilation slot nas co small a proportion of 
that in the mainstream that it could be thrown awe,y without detectable 
1OSG. But if it should be required to disch,arge air from a hrgh pressure 
source in the ssme manner, then the nearly-axial slot could be preferable, 
as offering more chance for the potantlal thrust of the secondary air to 
be realised. Secondary flow quantities were measured, and shown to bc 
effectively independent of the dIrectron of injection. 

Perhaps the most important aspect of the tents was that concerned 
with the effects of vent pressure ratio and nozzle design pressure ratio 
(D.P.R.) 9 and the use of multi-staging. These are to some extent inter- 
related, In a nozzle of D.P.R. IO and below, a single ventilation stage 
was found to be adequate; and location of the peak performance at low 
operating pressure ratio, or “first peak”, could be adjusted to some extent 
by variation of vent pressure ratio (V.P.R.). For example, change of 
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V.P.R. from 3.1 to 5.0 produced a shift of this first peak from pressure 
ratio 2.6 to 3.8. 

With D.P.R. above IO, the choice as to number of stages would depend 
on the design requirements. To maintain improved performance in a nozzle 
of D.P.R. 20 throughout the range of operating pressure ratio, it was found 
that two stages of ventilation were necessary, but this of ccuree could 
entail an increased cost in terms of design-point loss. A single stage 
was still able to give high gains ever a narrow band of pressure ratio. 

A limited amount of work was also done with an axisymmetric internal- 
expansion nozzle of D.P.R. 10, having 7-2’ half-angle cuter walls and a 15’ 
half-angle conical centrebody which, by translation, would be capable of 
providing variation of throat area in the ratio 4~3. Ventilation wa8 
applied only to the cuter walls, but the test results indicated that the 
general pattern of behaviour was little affected by the presence of the 
centrebody, and that there was no case for its surface to be ventilated 
also. 

In addition, some further tests were carried cut on square-section 
models of D.P.R. IO, with all four walls diverging at IO0 half-angle. A 
very marked improvement in off-design performance was realised by ventrla- 
ticn of two opposite walls, but the further gain from ventilation of all 
four was fairly small, while the secondary mass flow doubled. Provision 
of steps on all four walls and arr admission to opposite walls only was 
not found to be a useful arrangement. 

NC alternative designs of ventilation slot were tested in either the 
centrebody or square nozzles. 

From all the foregoing work, it could be concluded that, in quies- 
cent air, the technique of ventilation offers a general means for obtaining 
considerable improvement in off-design performance of any internal- 
expansion nozzle 9 at the cost of scme design-point loss, Ultimate succese 
or failure then depends on the effect of external flcn. 

In the presence of an external stream , a low nozzle base pressure is 
created, supplanting ambient pressure as the environment into which the 

The erformance of an internal-expansion nozzle at low 
~~~~~~te~:~~~f, ratlo [S.P.R. = 2) is naturally worse under these ccndi- 
ticns, as a result of further inte&al over-expansion. To improve the 
situation the base pressure must be raised. Strong hope existed that 
admission of secondary air at nearly ambient pressure within the nozzle 
would produce a region of separated mainstreem flow in which the pressure 
was at least considerably higher than the original base pressure. Thus 
the crucial question remaining was whether ventilation in external flow can 
continue, reiterating the words of Section 1.0, “to transmit substantially 
ambient pressure into a region of artificially promoted separation”. The 
further tests described in the following sections were arranged to provide 
the answer. 
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3.0 Test eouipment 

3.1 Pressure plotting rig 

A description of the composite rig used for the majority of these 
tests appears in Reference 3. Yodels could be mounted in three alternai 
tive ways, two of which provided external flow in different apeed bands, 
and the other was for quiescent air tests. In all three arrangements 
there was a common supply system to the model , which was carried on a long 
parallel hollow sting of 3* in. overall diameter. This consisted of two 
co-axial tubes, the inner supplying air to the model, while instrumentation 
lines passed through the annular gap between them. 

For external flow in the range of Mach number 1.3 to 2.5, a tmo- 
dimensional flexible wall nozzle of 12 in. x 12 in. outlet was used. A 
slotted nozzle of circular cross-section, 11.3 in. diameter, enabled exter- 
nal Maoh numbers to be produced between 0.7 and 1.5. The sting assembly 
mentioned above was arranged to pass centrally through the throat of either 
external flow nozzle. Quiescent air tests could be carried out either by 
enclosing the end of the sting in a depression chamber, connected to a dif- 
fuoer system for pressure recovery, or by discharging the model air 
directly to atmosphere. In the present work the latter arrangement was 
employed. 

3.1.1 Air supplies 

Both model and external flow lines were fed with dry air at stagna- 
tion temperatures around 35’C. Air dryness was measured by an R.A.E.- 
Bedford pattern frost-point hygrometer, and held at better than -2O’C. 

Air supply pressure was at an initial level of approximately 5 atm, 
throttled independently as required for the various lines. Model throat 
Reynolds number in this rig for t 

!! 
e tests here reported lay in the band 1.1 

to 3.7 million, which would imply a turbulent boundary layer throughout. 

3.1.2 Thrust measurement 

Means for direct measurement of model thrust were not available in 
this rig, and it was necessary to rely on pressure plotting. Gross thrust 
of the model was then determined by summation of the stream thrust in the 
throat plane (obtained by calculation) and the thrust upon the divergent 
surfaces (given by the pressure tappings). 

4 
The expression for gross 

thrust efficiency is then as derived in Reference 6:- A,/& 
1.26789 cD. P + J zf d(k)- AR. (2) - $ 

nF = 
I 

0.0123156 cD [I k EPR 

t 
For deflnltlan see Appcndlx II 
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taking y = 1.4. This depends upon knowledge of the following quantities:- 

(i) 

(ii) 

(iii) 

(iv) 

Discharge coefficient (CD). This ~a8 derived from tests on 
a quiescent air rig equipped for mass flow measurement. 
When choked, a value of 0.991 was found to be appropriate to 
the models in these tests. 

Throat vacuum thrust efficiency (II), taken to be I.003 when 
choked, as obtained. in Reference 4 for similar throat geo- 
metry (see Section 3.3). 

Exhaust pressure ratio (E.P.R* = m$‘-j, obtained from a pitot 

rake at model entry and static pressure measured either at 
the wall of the working section in external flow tests, or in 
the model surroundings for quiescent air tests. 

Computed allowance for internal friction downstream of the 
model throat ($). This can be obtained from curves presen- 
ted in Reference 4, by adding together nhat are there termed 
the %omentum loss” and “displacement loss”. In these tests, 
the quantity amounts to a deduction of approximately 0.7 per 
cent from gross thrust efficiency. 

It should be noted that, in the above relation for llF, no account is taken 
of the drag force acting on the thin annular base of the model. Further- 
more, no allowance is made for any drag associated with the use of second- 
ary an. If secondary air is supplied at a pressure above Pm, then, in 
addition to any change in the numerator, the denominator should include a 
further term appropriate to the potential thrust of that air when expanded 
isentropically and separately; this, however, does not arise in the present 
tests. 

While there is no fundamental limitation to accuracy in this method 
of obtaining thrust efficiency from pressure plotting, experience has sug- 
gested that in practice the results cannot be guaranteed better than$ per 
cent, generally above the true value. This is adequate for investigation 
of off-design performance, as in a lot of external florr work where one 1s 
mainly concerned with low efficiencies, but certainly not good enough at 
the design-point. Fortunately, as has been demonstrated in Reference 3 
and elsewhere, the desigt+point efficiency of an internal-expansion nozzle 
is independent of external flow conditions, as indeed is the whole running- 
full line. For such a nozzle, the only effect of external flow is to 
change the value of E.P.R. at which performance departs from the running- 
full line. Hence the design-point tests could in this case more satis- 
factorily be carried out on a quiescent air rig where direct thrust 
measurement was available. 

3.2 Thrust riq 

For some quiescent air tests at higher E.P.R., and especially those 
in the vicinity of the nozzle design-point, use was made of another rig, 
described in Reference 4. This was capable of measuring both mass flow 
and thrust directly. Supply air was dry (better than -2O’C frost-point) 
and cold (around IO’C), but restricted to 1 atm pressure, giving a model 
throat Reynolds number of only 0.75 million. Control of operating pres- 
sure ratio was achieved by varying the suotlon from an exhaust manifold, 
into which the test model discharged via a pressure reoovery system. 
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At the above value of Reynolds number, the boundary layer at the 
nozzle throat is known to be lssn.nar4~5. It has been found, however, that 
a major discontinuity in the divergent wall, such as a ventilation slot, 
will bring about boundary layer transition. Thus an the present tests,any 
flow separation occurring downstream of the first slot would be naturally 
turbulent in character. 

In order to ensure a turbulent boundary layer throughout for consis- 
tency with the other tests (Section 3.1 .I), reoourse was had to a technique 
based on the work of Cook7 
rig4. 

, and successfully adopted before on the same 
The method consists of spreading silicon carbide powder of No. 150 

grade thinly on a paint base, to form a band around the model pcrlphery in 
the convergent section. For this scale of model with 2 in. diameter 
throat) the band was 5 in. wide, and its downstresm edge 4 in. ahead of the 
plane of minimum area. 

3.3 Model geo%e& 

Two basic forms of axisynrmetric model embodying different arrange- 
ments of ventilation slot were designed for the external flow tests, and 
one of these is illustrated in Figure 2. In that case the ventilation 
slots correspond to “undirected” injection as shown in Figure 1. The 
second model had “axial” injection. Some parts were common to both 
models, but the throat and divergent sections *ere different in each. For 
both, first and second-stage vent pressure ratios were 3.7 and 10 respec- 
tlvely, the overall design pressure ratlo 20 (plane area ratio throat to 
outlet 2.90), and wZt1 semi-angles IO’. Throat diameters were 2.00 in., 
and the blend between approach and divergent portions of wall profile con- 

sisted of 1.0 in. circular ares. This throat geometry was identical to 
that of the plain conical nosele of ssme D.P.R. tested in Reference 3. 
Other oommon features were the parallel afterbody and narrow annular bass 
0.050 in. wide at outlet. 

Details of ventilation slot geometry were as given below:- 

i ---I ; Step angle (nominal) 
I 
1 Step length 

i Step height 

/ Lip thickness 
\ 

second vent 

second vent 

.  .  .  .  iI 

Undirected Axial j 
injection injection i 

0.154 0.188 i 

0.088 0.094 ! 

0.050 0.013 

1.17 1.18 
1.13 1.14 

!a 
I 

1.18 1.18 

1.93 1.93 . 
. . 
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Wall pressure tappings were fitted in each model ao follows, with hole dia- 
meters 0.020 in.:- 

(i) Ten in all, spirally positioned down the three portions of 
conical divergent profile. 

(ii) One facing downstream in each of the two ventilation slot 
lips (see Figure 1). 

(iii) One in each of the two secondary flow plenum chambers. 

(1~) One m the base annulus. 

(VI Two on the external surface of the afterbody, one ahead of 
each row of secondary air inlet ports. 

Although in principle secondary air could be supplred from any oon- 
venient source9 it has become customary, following Crosse’ 9 for it to be 
drawn directly from atmosphere. This arrangement ,188 again adopted in the 
present models. Each ventilation slot was fed from a separate annular 
plenum chamber within the thickness of the model (Figure 2), which in turn 
cormnunicated with the surrounding atmosphere through a circumferential row 
of circular ports cut In the oover sleeve. For tests with either vent 
closed, the appropriate cover sleeve was replaced by one without ports. 

As can be seen from Figure 2, each basic design of model was made up 
of a number of pieces forming successive sections of nozzle surface. In 
quiescent air, where afterbody shape and base thickness are not important, 
the final section of each model could be omitted, to leavs nozzles of 
D.P.R. 10 having one stage of ventilation at pressure ratio 3.7$ either 
with undirected or axial injection. Thus for each model there were five 
builds of interest:- 

(a) Single stage, D.P.B. 10: vent open 

b) vent closed 

(0) Two stages, D.P.R. 20: both vents open 

(6) first vent closed, second vent open 

(e) both vents closed 

4.0 &iesoent air tests 

We shall refer to that part of a nozzle between throat and upstream 
end of the frrst ventilation slot as the “first section”, and use “second 
section” to denote the part from downstream end of the first slot to outlet 
(in the case of a single-stage build) or upstream end of the second slot 
(In the case of a two-stage build). When dealing with two-stage nozzles, 
“third section” will relate to the wall between downstream end of the 
second slot and outlet. 

4.1 Single-stage builds 

With vent open, Figures 5 and 7 show the wall surface pressures 
within the nozzle for undirected and axial injection respectively, over a 
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range of E.P.R. The effective pressure acting on the projected area of 
the ventilation slot has been drawn as uniform and equal to the downstream- 
facing lip pressure for lack of any better information. 

Taking first the results for undirected injection, it can be seen 
that both Pi and Pb approximate closely to Pw. At E.P.R. up to 2+-, sepor 
ration is occurring within the first section; at higher E.P.R., either a 
shock or expansion originates at the vent lip (station 1 in Figure 1), in 
order to bring about the necessary ohange of pressure to Pi. The second 
section is running fully separated and quite olose to ambient pressure up 
to E.P.R. 3;. At E.P.R. 4 the flow has partly attaohed to the second sec- 
tion, with separation taking place fairly near the outlet. Above E.P.R. 5 
the nozzle is running full. Axial injection gives a substantially similar 
picture, with vent pressures generally rather lower. 

In terms of gross thrust efficiency, the results appear in Figures 3 
and 4. The “first peak”, already referred to in Section 2.0, occurs at 
E.P.R. near 3; and the subsequent fall in efficiency, to a minimum at 
E.P.R. around 4, corresponds to progressive attachment to the second sec- 
tion. At higher E.P.R. the curves rise again steadily in a manner similar 
to any other nozzle running full, to peak near the value of D.P.R. 

Figures 6 and 8 give wall pressures with vent closed. For both 
nozzles Pi is always further below P, than was the case with vent open, 
even when the second section is fully separated. With increasing pressure 
ratio, the second section remains separated up to a value of E.P.R. very 
close to 3, where an abrupt change of flow regime takes place. The sepa- 
ration shock then moves suddenly to a position near the nozzle outlet, with 
the flow up to that point becoming attached to the second section, and 
bridging the ventilation slot by a sequence of expansion and shock. In 
this respect the nozzles with undirected and axial injection show identical 
behaviour. However, the expansion at the vent lip after attachment corre- 
sponds to a supersonic turning angle which is different for the two noz- 
zles, being 18.3' with undirected injection and 15.8' in the axial case. 
These figures may be compared with the values of nominal geometric step 
angle of 20 and 16' mentioned in Section 3.3, suggesting that the flow 
reattaches at or very shortly downstream of the beginning of the second 
section in both nozzles. It is probable that the direction of injection 
has no special influence at these conditions. 

With further increase of E.P.R. the nozzles eventually run full; 
this oocurs around E.P.R. 5, the same as with vent open. Once the nozzles 

pt are running full, the outlet pressure in both is about ;s , as compared 
with the isentropic figure of pt 5 appropriate to the area ratio. 

Some hysteresis accompanies the sudden change of flow pattern, and 
with decreasing pressure ratio the critioal value of E.P.R. for shock move- 
ment is slightly below 2.5. Figures 6 and 8 include pressure distribu- 
tions just before and just after shook movement, approaching from either 
direction. 

These effects are clearly reflected in the efficiency curves of 
Figures 3 and 4. So long as the second section remains completely sepa- 
rated, there is no very great difference between the values of thrust effi- 
ciency with vent open or closed, and what difference there is would be 
partly counteracted by drag associated with collecting the secondary air. 
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As the shock pattern changes with vent closed, the sudden shift of effici- 
ency amounts to nearly 10 per cent; the performance thereafter is -no bet- 
ter than that of a nozzle of the same area ratio without a ventilation ‘. 
slot. In the range of E.P.R. 2-5 to 4? therefore, secondary air is clearly 
beneficial. 

From then on the efficiency curves for vent open and closed gradu- 
ally approach one another, and the choice of E.P.R. at which to close the 
vent would depend upon knowledge of secondary flow quantities, and the drag 
penalty associated with its use throughout a flight path. Where secondary 
flow is taken on board from flush ports in the afterbody, as in the present 
models, some calculations have suggested that 1 per cent of flow would cost 
on average about $ per cent of gross thrust in flight, at typical condi- 
tions within the range of interest. Figure 9 gives mass flow ratio as a , 
function of E.P.R. for an undirected injection model of identical slot geo- 
metry’(in quiescent air), and previous work has indicated that the direo- 
tion of injection makes little difference (Section’2.0). However, in the 
present tests, the effective discharge erea of the ventilation slot was, 
with axial injection, only about 70 per cent of that mlth undirected! thus 
some reduction in secondary flow me,y be expected in the axial Case. As a 
guide for general purposes,‘we csn take it that the vent might remain open 
up to E.P.R. around 7. 

4.2 ao-stage builds 

Wall pressure distributions with both vents open will be found in 
Figures 20a and 22 for undirected and axial injection respectively. It 
can be seen that, so far as the first and second sections are concerned, 
the patterns are generally similar to those in Figures 5 and 7 obtained 
without the third section present. This third section is completely sepa- 
rated at all values of E.P.R. up to 6. Curves of thrust efficiency within 
this range should therefore resemble those for single-stage nozzles with 
vent open (Figures 3 and 4), and in fact do so appear In Figures 11 and 12. 
Actual levels in the latter are somewhat lower, however, since the extra 
surface of the two-stage nozzles is at slightly sub-atmospheric pressure. 

When the first vent is closed and the second open, wall pressures 
become as shown in Figures 21a and 23, for E.P.R. increasing only. Once 
again, the first and second seotions behave very much the ssme as without 
the third (see Figures 6 and 8). The third section is fully separated up 
to E&R. 6, as It was with both vents open; consequently the appropriate 
efficiency curves in Figures 11 and 12 below that condition are similar in 
shape to those for single-stage nozzles with vent closed (Figures 3 and 4), 
but somewhat louer in level. 

At higher E.P.R. with first vent either open or closed and second 
vent open, the flow becomes attached to the third section, which eventually 
runs full above E.P.R. 12. ‘This process of reattachment downstream of an 
open vent is a gradual ones as was seen with single-stage nozzles, and does 
not involve sudden travel of the separation shock. Nor is any hysteresis 
found with E.P.R. increasing and decreasing. Attachment to the third sec- 
tion is accompanied by a further sequence of peak and trough in the effici- 
ency curves (Figures 11 and 12)) and this feature has been called “second 
peak”. In general one can say that there will be as many subsidiary peaks 
below the design-point as there are stages of ventilation, 
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For operation in the neighbourhood of the design-point, both vents 
would be closed, and at that condition attention need normally be directed 
only to the case of nozzle running full (E.P.R. > 12 with these models). 
If tested, however, the complete range of performance should include two 
successive ocourrences of sudden shock travel as the flow reattaches down- 
stream of closed vents. On Figure 14 are shown running-full pressure 
distributions for both undirected and axial inJection models, and for a 
plain conioal nozzle of the ssme D.P.R. and wall angle (from Reference 3). 
From these have been derived the following values of supersonic expansion 
angle at the various vents:- 

: . 

L Undirected 
, inJection 
! 

. 
,I 
j: 

First vent turnrng angle ’ 16.5° 
I/ 
1; Second vent turning angle : 15.a" 

ji s Step angle for both vents 
// 

f/ 
m/ 

(nominal) ,/ 20° 

.i . _ __ . . . . .._ ,i . . __. _ _ . . ...i .- . . 

j l 

Axial 
InJectlon /! 

!* 

16.1' !/ 
I’ 

15.60 j; 
j> 

16' !/ 

. _ ..^_. -. . . 

It seems that tha turning angle In the fi rst vent fOllC\?S f31rly closely 
the geometric value in this range, while in the second vent the turning 
angle is limited to something like 16' regardless of geometry. 

Efficiency curves for all three vent arrangements with undirected 
inJection are plotted together in Figure 13. Secondary mass flow quan- 
tlties are given in Figure 10, agaln for an undirected lngeotlon model of 
identical slot geometry (in quiescent air). On the same basis of oalcu- 
lation as in Section 4.1, these results would suggest that the first vent 
might be closed between E.P.R. 6 and 7, and the second vent around 
E.P.R. 13. 

Also shown in Figure 13 for comparison is the performance of the 
plain conical nozzle of Reference 3. Those data were obtained entirely 
from pressuro plotting, and the authors of that paper recommend that the 
value of design-point efficiancy given should be regarded as about 0.3 per 
cent too high; acoordingly the level in Flare 13 has been adJusted by 
this amount (to 0.988). It is interes 

b‘ 
ing to note that, when tested In 

quiescent air on a different thrust rig ) a geometrically similar conical 
nozzle with 6 in. diameter throat and D.P.R. 21 produced a mean value of 
design-point efficiency of 0.9865. In the latter case the nozzle was 
supplied with air at approxlmstely the sine temperature and prsssuro as 
that of Reference 3, so that a factor of 3 existed on throat Reynolds num- 
ber: this should represent a differonce of about 0.07 per cent in design- 
point efficiency betoeen the nozzles of References 3 and 8, implymg a 
level of 0.9878 for the oonioal nozzle in Figure 13. 

Ascough also tested at design-point a trio-stage ventilated nozzle 
burlt up from the same 6 in. diameter throat sectron, rvith axial inJeotion 
and 15’ step angles, being thus similar to one of the smaller models used 
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in the present tests. He obtained a mean efficiency value of 0.981, thus 
implying that two ventilation slots incur a design-point loss of 0.75 per 
cent. As the following table shows, a rather higher figure for this loss 
is suggested by the smaller scale test results. 

Deslg*point thrust efficiencies 
;-. - “_ __ ^_ ” 1.:..---A- ” .^.. -“.c . . 
$i 6 in. scale 2 in. scale 

^. . . . -- -. _. -.. _” - 
,j (Reference 8) 

. . . . . -- ..-i. _ __- -. --T : _ - 

Plain conical nozzle 
D.P.R. 20 

Two-stage ventilated nozzle 
Undirected injection 

D.P.R. 20 

Two-stage ventilated nozzle 
Axial injection 

D.P.R. 20 
0.981 0.976 ‘I ,> 

:i_ ^ . ____. . . . . . .- ”  ._ ‘i . _. . . . .- _  . _  _ _ . . . . _‘” _. _-  _ ‘. : 

/ 
0.9885 0.988 (estimated) 

jl 
I i 

:’ 
ij /! 

0.916 

In any flight scheme, there will be some exchange rate between the 
worth of design-point and off-design performance. Hence, before any 
overall benefit is derived from the use of ventilation, there must be a 
gain at low E.P.R. which is sufficient to offset the design-point loss fao- 
tored by this exchange rate. 

.O External flow tests 

Values of thrust efficiency for the tuo-stage nozzle with undirected 
injection and both vents open are presented in Fi,@re 15 for the range of 
external Each number 0.7 to 1.5. Also included are the quiescent air data 
taken from Figure Il. Further efficiency values appear in Figure 16 for 
the same nozzle with first vent closed and the second open, at blach numbers 
from 1.5 to 2.0. Results for undireoted and exiti injeotion in subsonic 
external flow are shown together in Figure 17. On both Figures 15 end 16 
are also given comparable Curves for the plain conical nozzle of 
Reference 3, obtained from the sane test rig and with the same boundary 
leyer oonditions. It is clearly apparent from these results that in 
external flow the performance with ventilation is effectively no better 
than that without. Sic transit spes. 

why? To answer this we must examine the internal pressures. 
Those most critical to the behaviour of a ventilated nozzle arrangement are, 
of course) the pressures in the vent slots themselves; these must evi- 
dently be close to ambient pressure for successful operation. The ratios 
of the two vent lip pressures to ambient are plotted in Figures 18 and 19, 
for undirected and axial injection respectively. It can be seen that, with 
increase of external Mach number, the first lip pressure (Pr) falls sub- 
stantially below ambient at low E.P.R., while the second (Ps) is consis- 
tently lower still. These effects are even more pronounced with exial 
injection than with undirected. 
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A study of base pressures affords further and conclusive evidence of 
f allure. Figures 18 and 19 show base pressures also, together with those 
for a plain conical nozzle at the eeme conditions. Narked eimilarity in 
pattern appears, and this comparison leads to the crucial conclusion that 
ventilation has brought about no general or worthwhile increase of base 
pressure. Moreover, it may be noted that at low E.P.R. P, is little 
removed from Pb; so it become6 clear that the base pressure is not only 
unchanged, but is in fact still governing much of the region in which flow 
separation takes place. Similar low values of thrust efficiency for each 
type of nozzle are therefore inevitable. 

Exemples of complete pressure distributions are given in Figures 20b 
to 20e and 21b for undirected injection, over a range of E.P.R. at differ- 
ent external Naoh numbers, and the levels of Pa and Pb are marked in each 
case. The curves of Figure 24 were derived by a process of interpolation, 
and show the effect of Mach number at constant E.P.R. 

Finally, in Figure 25 the pressure distributions in three nozzles 
are compared at similar conditions of E.P.R. and M& the undirected and 
axial ventilated systems with both vents open, and the plain conical nozzle 
of Reference 3. Bearing in mind that the area under such a graph repre- 
sents the divergent thrust, it mey be observed, as would now be expected, 
that neither ventilated arrangement differs very greatly from the conioal. 
Between themselves, the axial injection has lower pressures than the undir- 
ected in both first and second vent slots throughout, while sometimes pro- 
duoing higher pressures on the second and third section surfaces. 

6.0 Conolusion 

In an internal-expansion nozzle operating in quiescent air, ventila- 
tion can maintain separated flow at substantially embient preesure over the 
greater part of the divergent surfaces which are otherwise eubject to pree- 
sure8 below ambient, thereby reducing the loss in gross thrust efficiency 
from over-expansion at pressure ratios far below the design. On the debit 
side, there is a design-point loss introduced by the discontinuity in 
internal wall profile. 

When such a nozzle is surrounded by external flow, a low base prea- 
sure 18 created which supplants ambient as the back-pressure to any system 
of flow separation within the nozzle, and thus causes greater over- 
expansion. Any large improvement in off-design performance can only be 
achieved by raising this base pressure. With a fairly high subsonic or 
traneonic external stream, it has been found that ventilation is no longer 
capable of transmitting emblent pressure to the internal surfaces, and has 
scarcely any effeot upon base pressure. Under these conditions, there- 
fore, the technique offers no advantage. 
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Notation 

A 

A* 

Ag 

A, 

CD 

Mcc 

P 

pb 

Pt 

pw 

PC0 

Q 

Tt 

Y 

cross-sectional area 

isentropic nozzle throat area 

geometric nozzle throat area 

plane nozzle exit area 

discharge coefflment (see Appendix II) 

external Xach number 

static Pressure 

base pressure 

model entry total pressure 

wall static pressure 

ambient or free-stream static Pressure 

mass flow 

model entry total temperature 

velocity 

nozzle gross thrust efflclency (see Appendix II) 

throat vacuuro thrust efficiency (see Appendix II) 

friction factor on sugersonio expansion surfaces 

Suffices 

I first ventllatlon slot 

2 second ventilation slot 

P prmary flow 

set secondary flow 
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L-LWZNDIX II -----. .- 

Defuntions ----*_ 

k3,P.R. = nozzle ent.~total pressure exhaust pressure,ratlo = ---- % 
anblent statx pressure 

= -- 
PO0 

D.P.R. = dcslgn pressure ratlo = that pressure ratio corrcspon&3g to 
A 

the area ratlo 2 in one-dimcnsionel 
A 

6 
theory 

:a 
A 

cD = dlsclarge coefficient neasurod am mass flow 
= GZitZpc au mass flow for = T 

the same physical throat area g 

moasured throat V~CUUN thrust 
throat vacuum thrust with the nozzle choked = 

cfi1c1ency = Isentropic throat vacuumthrust, 
passzngthc same mass flow 

‘1F = 
nozslo gross thrust moasurd thrust at given E.P.R,- 

efficlonoy = gaupO&rust of an iscntropic nozzle, 
passrng the same mass flow, at tho 

same E.P.R., when fully expnndcd 
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In external flow, low nozzle base pressures are 
created, supplanting ambient pressure as the environment 
into which the nozzle exhausts. With a fairly high 
subsonic or transonic external stream, ventilation has 
been found incapable of raising the level of base 
pressure. Under these conditions, the technique 
offers no useful improvement in nozzle internal 
performance at low pressure ratio. 
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