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ABSTRACT

While expansion deflection (ED) nozzles have traditionally been Dy, pintle drag

considered primarily for use as altitude compensating devices to
improve the performance of single stage to orbit vehicles, they
also offer the potential for enhancing high altitude propulsion
systems. If intended to only operate in near vacuum conditions,
the complexity of analysis and inherent risks involved in the ED
concept are greatly reduced. An integrated approach to the design
and performance analysis of such nozzles is presented, comprising
a mixture of computational fluid dynamics, the method of charac-
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1.0 INTRODUCTION

The function of the nozzle on a rocket motor is to convert the
randomly directed thermal energy released by the combustion
process into a strongly directional, high speed flow. To date, all
operational rocket systems have achieved this through nozzle
contours based either upon conical or optimised bell shaped
designs. However, greater performance is possible with the use of
alternative advanced nozzle concepts, such as the expansion
deflection (ED), or Plug (Figs 1 and 2). In both cases a central
body is used to turn the accelerating flow through an angle before
the throat (ED outwards, the Plug inwards). This results in a more
rapid expansion in the supersonic region, and produces a shorter
overall nozzle length. Within the atmosphere, a boundary is
formed between the high speed core flow and the atmosphere
(internally on an ED, externally with the Plug) which allows the
atmospheric pressure to interact with the primary flow, and
change the effective area ratio of the nozzle. This process is
known as altitude compensation, and in an ideal case would result
in approximately 15% greater total impulse delivered during a
single-stage trans-atmospheric flight".

However, the design and analysis of these nozzles is compli-
cated, for while the Reynolds number is high enough that the
primary flow may be modelled as inviscid outside of thin
attached boundary-layers, it contains sub-, tran-, and supersonic
flows, and interacts with a flow region dominated by viscous
effects (Figs 1-2). Initially, the Plug nozzle seemed most promis-
ing, and the bulk of advanced nozzle research concentrates on
this type (e.g. Refs 2-6). However, it has several drawbacks
(probably the most serious being the very narrow throat required,
giving rise to heating and tolerance related issues”’), and as yet
no operational version of the type has successfully flown.

The ED concept provides an alternative design with a different
set of difficulties. While the throat gap is larger, the principle
argument against it has been a supposed inferior altitude compen-
sation, due to the evacuation of the central viscous region by the
surrounding supersonic gas'"">. While there is some experimental
evidence that appears to contradict this (e.g. Ref. 2 and anecdo-
tally in Refs 8-10 for more details see Ref. 11), what is certain is
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that this, combined with the complexity of its design, has resulted
in little interest or development of the type since the late 1960s.

Recent work at the University of Bristol has demonstrated that
the throat region configuration, wall contour design, and com-
plexity of requisite analytical methods are greatly affected by the
implications of achieving effective altitude compensation.
However, many potential propulsion systems operate only at high
altitude, where altitude compensation is not relevant. If this is the
case, the analysis of the ED nozzle not only becomes consider-
ably simpler, but also shares greater commonality with methods
used for conventional nozzles, particularly with respect to
contour optimisation. The type also offers significant advantages
compared to the Plug nozzle, having all the advantages of
reduced length combined with a more conventional combustion
chamber, and improved heat transfer characteristics in the throat
region'?. This paper explores the advantages of closed wake ED
nozzles through the use of a combined computational fluid
dynamics (CFD) and method of characteristics (MoC) mathemati-
cal model.

2.0 GENERAL BEHAVIOUR

At high altitude, the viscous region behind the base of the central
pintle in an ED nozzle contracts in the downstream direction, and
shrinks to approximately zero radius. Once this occurs, the
viscous region is sealed from the atmosphere, and hence is invari-
ant with further reductions in ambient pressure. In turn, no
further alteration of the effectively inviscid flow (and hence wall
pressures) is possible, and altitude compensation ceases. If the
nozzle is only used at altitudes above the point at which the wake
closes, after the transients of start-up no significant changes in
the flow structure occur, and the complex behaviour associated
with wake closure is avoided. Treating the wake as permanently
closed allows the performance of the nozzle to be largely deter-
mined from an analysis of the transonic throat and inviscid super-
sonic flows alone. However, while a prediction of the detail of
the flow within the wake is not required, a pressure will be
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Figure 1. ED nozle general configuration.
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Figure 2. Plug and aerospike nozzle general configuration.

exerted by the trapped gas on the base of the pintle, increasing
thrust. Although likely to be relatively small, accurate calculation
of vacuum performance entails the use of some method for esti-
mating this base pressure.

One possible method would be an analysis of the entire flow
using a CFD based method, and indeed this has been attempted for
the analysis of altitude compensating Plug nozzle flows™®.
However, the requirement to model the viscous region and predict
separation of the flow from the pintle would require the develop-
ment and implementation of an advanced method, and hence be
complex and time consuming. Alternatively, as the influence of the
viscous region on the wall pressures has been removed by the
closed wake assumption, independent solution methods for each of
the three flow areas may be developed consecutively, from throat
flow to base pressure, and the thrust developed at each stage com-
bined to estimate the entire thrust of the nozzle. This is not only
simpler and more rapid, but allows simple analytic optimisation
methods to be employed in the contour design.

In the model developed at the University of Bristol, the throat
region is analysed by a finite-volume central difference CFD
scheme (based on the method of Jamesonm'ls)), solving the Euler
equations. Once an initial line is interpolated from the output of
the CFD throat flow analysis, the method of characteristics
(MoC) may be used to solve the remainder of the inviscid flow-
field. This technique is fast and efficient, and more importantly
allows optimisation of nozzle contours for minimum length via
the well known method due to Rao"'®, also adapted to ED nozzles
by the same author''”. This combined method has been demon-
strated to be effective for solution of the inviscid flow-fields
within conventional and unconventional nozzles"'""'"'®

This process, however, takes no account of the base pressure
produced by the flow-field. It has therefore been extended to
allow estimation of this contribution to thrust by incorporating a
technique developed for analysis of blunt-based projectiles by
Tanner"”??. This requires some adaption to allow its application
to the problem of pintle base pressure prediction on ED nozzles,
and hence a brief outline of the method, focusing on these alter-
ations, is presented. The vacuum-optimised ED nozzle designs
produced by this three component scheme are then discussed.
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3.0 BASE PRESSURE PREDICTION

Previous efforts at calculating the closed wake base pressure of
ED nozzles (most notably by Mueller er al®*") have been based
on variations of the mixing theories presented by Korst®® and
Chapman®, combined with the MoC to allow calculation of the
pressure distribution imposed by the inviscid flow-field.
However, these attempts were not entirely successful, due pri-
marily to two factors.

First, the difficulty of predicting the flow in the arbitrarily dis-
placed and inclined axisymmetric throats associated with the
nozzle type resulted in either linear Mach isobar approximations
(poor even in many conventional nozzle cases, and more so for
the ED), or empirical measurements being used. Such configura-
tions present no difficulty to a CFD scheme however, which
unlike the analytical methods available at the time of the afore-
mentioned research is not based upon small perturbation assump-
tions. Second, the mixing theory itself requires a number of
parameters to be empirically determined, and hence a more
recent and simpler model is used here. It should be noted,
however, that it too contains some empirical quantities, and was
not originally designed for use in the prediction of ED flow-
fields. It should therefore be viewed as an alternative (rather
than superior) method at present, until sufficient experimental
evidence becomes available for a quantitative comparison of the
two.

3.1 The method of Tanner

By consideration and comparison of the inviscid and viscous
flows past isolated bodies of revolution in a uniform supersonic
flow field (Fig. 3), Tanner" has shown that:

C

—c %\2
d/s pb iKm(Ml)xM]z:(H ) B(MZ,B)
F 2 H
—C,, +8-—2-0-008
D ()

where Fy is the largest cross sectional area perpendicular to the flow,
F the base area of the object, ¢, the forebody drag coefficient, c,, the
base pressure coefficient, & the boundary-layer thickness at separation,

D the diameter of the object, subscripts 1 and 2 refer to freestream
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Figure 3. Tanner's flow models.

properties just before separation and recompression respectively, and
the two functions B(M,,B) and K,x(M,) are given by;

1

2y 2qi2 =
(1+Y+1(M281n [3—1)]

B(M,,B)=In : -
(y+1)M:Sin’p !
(y-1)M;Sin’B+2
1
_4fP Y[, U\
e R -0

H being the height of the shear layer. This leaves one empirical
quantity (representing the ratio of the minimum radius at which
the shock wave exists to the shear layer thickness in the viscous
flow regime):

H*Y 1
— | =2t ———— .4
H 0-00387M:

This method has been shown to provide good agreement with
experimental results for a wide range of conditions!*2%%%,

3.2 Adaption to the ED nozzle

In the derivations of the methods based on mixing theories, and
explicitly stated by Tanner, it is assumed that the problem under
consideration is that of an isolated body immersed within a super-
sonic flow-field that is uniform at the upstream farfield boundary.
The design of an ED nozzle violates these assumptions in three
ways; the pintle is immersed within a non uniform flow-field (i.e.
there is no unique M,), the nozzle contour is in close proximity to
the pintle, and there is no physical or representative farfield
upstream supersonic boundary to allow calculation of the pressure
coefficients. These considerations will obviously have an effect on
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the accuracy of the method applied to the ED problem, and are
hence considered in order below.

The large pressure and velocity gradients in axial and radial
directions due to wall curvatures in the throat region upstream of
the point of separation will alter the shape of the Mach isobars at
separation, perturbing them from the linear and parallel flow
profile associated with the local flow before separation on a rear-
ward step. An approximation to a uniform parallel upstream Mach
number may be generated, however, by integrating an equivalent
Mach number, M, along the last left running characteristic (LRC)
in the nozzle flow computed during nozzle optimisation. This
equivalent Mach number is found by expanding that actually calcu-
lated at each point by the MoC such that the flow becomes axial.
The Mach number used within the solution equations is therefore;

Contour
I\/Il = J Mpards . (5)

Pintle

where s is the length of the LRC from separation on the pintle
to the tip of the contour. This simplification ignores all pressure
gradient effects on the base flow region.

The proximity of the contour has no direct effect (although the
Mach isobar distortion discussed above is in part due to this
body), provided that the expansion waves created at the point of
separation do not reflect from it and subsequently interfere with
the base flow region. As the intersection of expansion waves with
the contour may only occur if the flow is forced to separate before
the intersection of the last LRC in the nozzle flow-field with the
pintle wall by deliberately shortening the pintle, and that such a
design would cause lowered wall pressures and hence reduced
thrust, this is a reasonable assumption provided that the pintle is
not translated from its design position (e.g. to allow throttling).

The onflow pressure and Mach number, P, and M., are approx-
imated by averaging the pressure across the first row of cells from
the converged CFD solution, which itself requires a length of par-
allel duct upstream of the throat to allow simple inflow boundary
conditions. This represents a parallel undisturbed flow, although it
should be noted that this is a subsonic boundary, and hence is not
directly equivalent to the onflow conditions required for the stan-
dard Tanner model. The base pressure coefficient is then given by

2 | K
C,7b=YMi E_l ... (6)

For the forebody, the wall pressure drag Dy, may be found by
integrating the pressure forces acting in the axial direction pre-
dicted at the wall by the CFD throat flow model up to the
minimum geometric gap, and by the MoC solution from the geo-
metric minima to the point of separation. The forebody drag coef-
ficient is then calculated from

Cy = 2 &—1
df ,YhMIZ Poe ... (D

where 4 is the base area of the pintle between the minimum and
maximum radial extent of the pintle/flow boundary.

Experimental investigation of conventional throat geometries
revealed that the boundary-layer thickness is extremely thin in the
throat region(zs), and there is no reason that this should be any dif-
ferent in the ED design. The pintle base is only a short distance
downstream, in a favourable pressure gradient and against what is
likely to be a highly cooled wall, and hence the boundary-layer at
separation should also be extremely thin, and hence it is ignored in
the current analysis. Even if of significant thickness (a few percent
of pintle height), the error introduced would be in the region of one
to two percent, based on a comparison of flow conditions with
figures for boundary-layer effects presented in Ref. 19.
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Table 1
Allowable M; Range for various nozzle configurations

Geometry Paramaters Allowable M; Range

0 v, ¢ c R, R} Ri+,inG,
deg G, R, - G, R, 5:5 5:2:5 5:0 2:5:5 2-5:2-5 2-5:0
60 15 1.76 028 5 139 34-49 2.8-51 27-52 3647 2848 2:6-50
60 8 247 020 5 101 3.3-52 2854 26-55 3550 2851 2654
90 15 226 022 5 110 none  4-2-4.5 3.7-47 none 4.2-44  3.7-4-6
90 8 290 017 5 086 none  4-2-4.8  3.7-5-0 none 4.3-47 3750
60 4.5 246 020 10 2.01 3.4-52 27-54 25-56 3551 2852 2554

3.3 Comparison with experiments

Once Equations (5-7) have been calculated, the values obtained
are substituted into Equation (1), and following a simple iterative
process, the base pressure for the pintle at vacuum conditions is
obtained. This process is rapid, and does not require recalculation
of the inviscid flow. This means that a single throat flow solution
provided by CFD analysis may be fed to a combined MoC and
base pressure code (the former incorporating an optimisation algo-
rithm), and a series of nozzle lengths analysed far more rapidly
than would be possible with either an iterative base pressure
solver using a mixing theory or that of Tanner, or a complete CFD
solution. However, this advantage is nullified if accuracy has been
sacrificed. In order to determine the implications of the simplify-
ing assumptions made above, it is necessary to compare predic-
tions with experimental results.

While experimentally derived base pressures for flows past iso-
lated bodies and simple rearward steps are fairly common in the
literature, and used by both Tanner and the mixing theory schools
for verifications of their respective methods, the specific problem
of the pressure behind the pintle in an ED nozzle has received
very little attention. In fact, the only published data for axisym-
metric nozzles is given by Mueller®",

The nozzles produced by Mueller make use of sharp edged
pintles (i.e. R, = 0, see the following Section 4 for a full discus-
sion of ED throat geometry). The contours are of ideal type, and
hence the last characteristic in the flow is assumed to be describ-
ing parallel flow with a uniform Mach number which therefore
corresponds directly to M,. However, this is a calculated rather
than measured variable, based on an assumption of uniform flow
at the throat, and hence is unlikely to be completely accurate.
Granting this assumption, the onflow Mach number is then a func-
tion primarily of throat angle. While values for the base area are
not given, it has been shown that this has a relatively minor effect
on the base pressure!".

The data presented in Ref. 21 is in the form of a plot of the vari-
ation in P,/P, with M,. However, the experimental conditions are
not fully disclosed, and the dimensions of the pintle are not given.
Despite this, it is still possible to provide at least a qualitative
comparison between the method described here and these experi-
mental results, by calculating the base pressure behind various ED
nozzles with pintles having sharp corners at the throat. The base
area used for drag calculation (Equation (7)) was maintained at a
constant value of mR?, and the expansion fan was assumed to
begin immediately after the throat. The pre throat curves on both
outer and pintle contours were set to 2G,. Mesh size was 256 by
64 cells, and y was set to 1-403 to simulate air (the working fluid
used by Mueller in his experiments). The results of this analysis is
shown in Fig. 4.
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As may be seen, the general trends are similar, although the
current model over predicts base pressure by approximately 20%.
While this is a significant error, it should be remembered that the
theoretical model is affected by the forebody shape of the pintle,
not specified in the experimental results, that boundary-layers are
ignored, and that the shape of the Mach contours in the experi-
mental model is unknown. Finally, no assessment of possible
experimental error is available.

The results presented in this figure demonstrate that the Tanner
style analysis predicts that throat angle has no effect on the
relationship of M, to P, /P,. It may also be seen that the current
model more closely approximates the experimental results for
small M,. As large M, values will be associated with larger
nozzles, and hence a greater dominance of the outer wall forces in
the overall thrust prediction, the increased error in pressure pre-
diction will have a much lesser impact in the accuracy of the final
thrust prediction.

4.0 THROAT GEOMETRY DEFINITION
AND EFFECTS

The purpose of the walls in the throat region of an ED nozzle is to
redirect the incoming axial flow from the combustion chamber in
such a manner that the nozzle throat is located at the required
inclination and radial distance from the nozzle centreline. It is
beneficial if this can be done in such a manner that the flow accel-
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Figure 4. Base pressure comparison.
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Figure 5. ED nozzle throat geometry.
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Figure 6. Effect of R} + and R+ on Cp,
Axisymmetric ED Nozzles, R_" = 5G,, 6, = 60°.
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Figure 7. Contribution of Rpto Cp,
Axisymmetric ED Nozzles, R_" = 5G,, 6, = 60°.
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eration is smooth, but in the minimum axial distance to reduce
overall nozzle length. Although the method used here (outlined
graphically in Fig. 5, and discussed in more detail in Ref. 17) is
not the only possible general formulation, it has been shown to
reliably produce contours for a wide range of throat angles at
various distances from the nozzle centreline.

While the specification of the throat region of a conventional
nozzle is more or less completed by designating R,, the wall
radius of curvature, in order to uniquely define an ED configura-
tion, 6,, the throat angle, y,, the minimum pintle radius, and the
pre and post throat radii of both the pintle and outer nozzle walls
R, R, R, and R, respectively) all need to be specified. All can
have an impact on the nature of the flow field further downstream
in the main part of the nozzle, potentially limiting the range of
possible optimised contours to a narrow band of exit Mach
numbers (Mg), and in turn a limited range of possible (optimised)
nozzle lengths and area ratios. A brief assessment of the impact of
these variables is therefore presented in Table 1 assuming a con-
stant Yy = 1-23 (a more thorough discussion of this issue is con-
tained in Refs 11 and 17).

In this table some dimensions are given in terms of R, the
throat radius of a conventional nozzle having the same throat area
as the specified ED. Generally, similar flow-fields are produced
by similarity in the G, co-ordinate, whereas measurements in R,
provide an indication of the size various dimensions would be on
an ED nozzle replacing an existing conventional design. If / is
some length, then

I(R)=0l(G) S.(®)
where
o= | -9

and A, is the minimum cross sectional area between the ED nozzle
walls when revolved through 360°. In physical terms, G represents
the minimum separation of the nozzle walls in R, units, and hence
allows a rough estimation of the likely magnitude of cooling diffi-
culties (the heat flux for a constant chamber pressure being
increased by a reduction of this minimum separation’'?).

This is only a small selection of input parameters and lengths
that would give rise to physically possible throat configurations,
but is sufficient to demonstrate the sensitivity of the optimisation
process to the throat region (to give some idea of the restrictions
implied by this table, note that for a one dimensional nozzle flow,
Mg of 3, 4 and 5 represent area ratios of 6-16, 23-2, and 83-9
respectively). That such limits on contour design for the ED
nozzle have not been noted previously appears to be due to the
fact that the problem is worsened by parameter selection that
create throat flows outside the range of applicability of the simpler
methods previously used, and hence this problem would not have
occurred if, for instance, simple linear sonic lines were assumed
(note that as a general rule, the range of area ratios possible is
greater for large R and y,, which reduces the curvature of isobars
at the throat). However, increasing y, or R, will inevitably reduce
o (the throat is further from the axis, and hence for constant
revolved area, the wall gap must reduce), increasing thermal man-
agement difficulties.

5.0 VACUUM PERFORMANCE

In the results presented, all the CFD grids used to generate the
initial starting line for the MoC based method measured 256 by 64
cells, y was 1-23 to simulate LOx/LH products of combustion, and
both R, and R,, were set arbitrarily to 5G, unless otherwise stated.
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0, Y R, R; R, R, xR, AJ/A,
0° n/a 3R, R, n/a n/a 150 461
30° 4.5G, 5G, 5G, 5G, 25G, 1094 468

Table 2
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Characteristics of axisymmetric nozzles, C; = 1-830

60° 1.5G, 5G, 5G, 5G,
60° 8G, 5G, 5G, 5G,

25G, 920 468
25G, 782 454

ED nozzle lengths are defined as the distance between the inter-
section of the minimum wall separation and the outer wall contour
(labelled x, on Fig. 5) and the exit plane. It is measured in R,, the
throat radius of an equivalent bell nozzle, which allows direct
comparison of nozzle lengths.

The CFD model of the throat region allows the effect on
vacuum thrust of arbitrary variations in the throat geometry para-
meters discussed in the previous section to be analysed. As an
example, Fig. 6 demonstrates the influence of the wall radii of
curvature on the outer and pintle walls after the throat. As may be
seen, higher performance is achieved by increasing R;, and to a
lesser extent reducing R,'. These effects are more pronounced for
small throat angles (60° being intermediate), and are in opposition
to the trends identified previously as increasing the range of
allowable M.

The Cpvalues shown in Fig. 6 include the contribution to thrust
provided by the pressure exerted on the base of the pintle. As has
been discussed, the accuracy of the predictive procedure used to
generate this estimate is uncertain, as it is derived from a method
for a slightly different flow problem and has yet to be fully
experimentally verified in the specific case of ED nozzles.
However, as Fig. 7 demonstrates, the contribution to total
vacuum thrust is so small that even if the error produced is con-
siderably greater than the 20% suggested by the results in Fig. 4
are occurring, the overall effect on nozzle thrust will be negligi-
ble. This also shows that the exclusion of base pressure predic-
tion from the contour optimisation process, necessary to allow
the calculus of variations method to be employed, is reasonable.

Figure 8 provides a performance analysis of length optimised
contours produced by a selection of ED nozzle throat configura-
tions. All the allowable nozzle lengths are shown for each, i.e.
length optimised nozzles either shorter or longer than the extent
displayed in Fig. 8 do not exist. The results presented in this
figure clearly demonstrate the opposing effects of increasing 6,.
While the vacuum thrust is increased for a given nozzle length, the
possible range of lengths the nozzle may take is restricted. This
may be partly offset by an increase in y, providing a greater
allowable range and at the same time raising C;~ , although this
will inevitably lead to a reduced wall separation at the nozzle
throat, with attendant heat transfer and manufacturing problems.

The same figure gives the relationship between nozzle length
and vacuum thrust coefficient of a conventional bell nozzle, and
this reveals that an ED nozzle which offers far greater perfor-
mance may be chosen for any length. However, this increment in
C;” is in part explained by the decoupling of the expansion ratio
from total nozzle length, and hence some care must be taken in
interpreting this result. In essence, the greater thrust for a given
length is produced due to a much larger expansion ratio, and
hence the contour produces a considerably greater surface
of revolution (and hence mass) when rotated about the nozzle
centreline.

If instead of constant length, a pre-determined vacuum thrust
is maintained, an ED contour considerably shorter than a bell
may be designed. Table 2 presents lengths for an arbitrarily
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Figure 8. C;" vs length, various nozzles.

selected C;~ of 1-830, while the contours (in the case of ED
nozzles, outer walls only), are presented in Fig. 9. Reductions in
length of up to 50% are possible from this relatively small selec-
tion of ED throat configurations. While the increased radial loca-
tion of the nozzle contour downstream of the throat will mean
that the direct saving on nozzle mass is considerably less than
this, inter-staging mass and other nozzle length dependent
factors should be reduced by much nearer the full 50%.

6.0 CONCLUSIONS

The results presented demonstrate that notable reductions in
length are possible by applying the ED nozzle concept for the
special case of nozzles restricted to high altitude applications.
This in turn should result in mass savings when the knock on
impact on the vehicle as a whole is considered.

A simple technique for predicting base pressures has been
developed, and demonstrated to behave correctly in at least a
qualitative fashion. While some work remains before it may be
accepted to be accurately predicting the thrust produced from
this region, analysis of the complete nozzle flows has shown that
the influence of the accuracy of this method on the viability of

YRt

ED, 60 degree throat, yd = 8. R+[wp] = 2.6:5 —

[

ED, 60 degree throat yd = 1 5Gt. R4wp] = 2 55 Gt ——

i Pl ED. 45 dagrea throat yd =4 5Gt. R+{wp] =255 Gt -~

/ 4 Convertional Bell Nozzle, Rwl--+] = 8.1 Rt =~
2t g g
e ]

q , . . , , , .

o 2 4 10 12 14 16

8
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Figure 9. Contours for axisymmetric nozzles, Cy = 1-830.


https://doi.org/10.1017/S0001924000000348

522 THE AERONAUTICAL JOURNAL

the ED concept is minimal. Of far greater importance is the
detail of the throat geometry which has a large effect on the per-
missible contours produced by the length optimising algorithm,
and on the performance of the nozzle produced. The throat
region of an ED nozzle will also be more difficult to cool than a
conventional nozzle, with higher heat fluxes. Cooling require-
ments are not at present analysed in a quantitative manner, but
will influence optimal throat configurations. This is because
improved performance is always achieved by increasing the
radial location of the throat, but this in turn reduces the throat
gap, increasing heat fluxes.

The framework of the integrated method presented here allows
for gradual improvement, primarily through inclusion of heat
transfer properties through the nozzle and pintle walls, and
boundary-layer behaviour both in the throat and contour regions.
These two areas are now the largest obstacles remaining in the
successful design, analysis, and application of the ED nozzle to
high altitude environments.
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