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Theoretical Analysis and Engineering Modeling
of Flowfields in Clustered Module Plug Nozzles

Francesco Nasuti* and Marcello Onofrif
University of Rome “La Sapienza,” 00184 Rome, Italy

The fluid dynamics of clustered module plug nozzles features nontrivial behaviors. The goal of this study is to
point out some of the most important fluid dynamic aspects, to provide their detailed analysis by considering both
the theoretical and the experimental points of view, and finally to develop engineering models capable of predicting
the nozzle behavior and performance by easily applied mathematical relationships. Assessment of the quality of the
engineering models has been performed by comparison with available experimental data.

Nomenclature

= area
= last characteristic line (Fig. 6)
= Mach number
= number of modules
= unit vector normal to I7
= chamber of ambient pressure ratio
pressure
= radial coordinate in the cylindrical frame of reference
of the plug
radial coordinate in the cylindrical frame of reference
of the module
velocity vector
velocity
= axial coordinatein all frames of reference
= coordinate in the direction normal to the axis and parallel
to the plug surface
= coordinate in the direction normal to the axis and
to the plug surface
jet deviation angle at the module exit
angle of the last characteristicline g with respectto x
= ratio of specific heats
= module tilt angle
arearatio (A/ Ay,)
circumferential coordinate in the cylindrical frame
of reference of the module
Mach angle
= Prandtl-Meyer function
= generic plane
= plug exit angle
= flow angle on the plug surface
= circumferential coordinate in the cylindrical frame
of reference of the plug
o = impingement angle of the flow on the plug surface
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Subscripts

= ambient
= base

= chamber
= design
= exit
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eff = effective

eq = equivalent
Jo=jet

m = module

mb = module base
me = module exit
th = throat

tr = transition

Introduction

HE analysis of rocket engines based on new-generation ex-

pansion devices having self-adapting capabilities has acquired
growing interest due to the possible application of reusable launch
vehicles. Indeed, in the design of the engines for future launchers,
an important role is played by the performance of the expansion
system working in a varying pressure environment. In this frame-
work, many studies recently have been carried out, mainly devoted
to the analysis of aerospike nozzles. Among them, an analysis of
feasibility, followed by numerical and experimental work, has been
promoted by the European Space Agency (ESA) in the framework
of the Advanced Rocket Propulsion Technology (ARPT) program.!
To date, a large set of experimental tests has been performed at the
ONERA-R2Ch wind tunnel,? and the large amount of data has been
analyzed by different teams in Europe having different tasks.

The experiments concern a clustered module plug nozzle
(CMPN). It is an annular aerospike, whose primary (internal) ex-
pansion is achieved through a number of conventional bell nozzles
(modules) circumferentially placed on the plug, rather than through
a single annular primary nozzle surrounding the plug. The reasons
for such a choice have been widely discussed in the literature (see,
for instance, Refs. 3 and 4). It is important to note that this con-
figuration allows easier manufacturing, lower thermal loads, easier
cooling, higher thrust vector capability, and higher throttling.

In this paper some of the results obtained in the analysis of the
generalflow behavioraround CMPN and in the developmentofengi-
neering models for its predictionare discussed. Particular emphasis
is given to the analysisof the consequencesof module clustering for
varyingambientpressure,as well as to the predictionof closed-open
wake transition.

Theoretical Analysis

Two possible configurations of CMPN, whose designis discussed
in Ref. 1, are considered. They display 12 and 24 modules (Fig. 1),
respectively, with the gap between two neighboring modules van-
ishing in the latter configuration. The modules expand cold air for
a pressure ratio PR,, =29 and then exhaust over contoured plug
shapes, truncated at different lengths (5, 20, and 40%, of the length
of the ideal profile). The overall CMPN design pressure ratio is
PR,;=200. In all tests, different operating conditions have been
obtained by varying p, and keeping p. constant.
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Fig. 1 CMPN configuration: 24 modules, 40% length.

Effects of Clustering of the Nozzle Modules

The analysis of the fluid dynamic behavior around CMPN can be
performed by superimposing the strong three-dimensional effects
related to the module clustering on the behavior of a plain axisym-
metric plug nozzle.

The basic phenomena, largely discussed in the literature for an-
nularand linear plug nozzles,’~” are perturbedin the case of CMPN
by the interaction of the module jets. The interaction causes the
formation of shocks, the location of which is important to predict,
becauseitindicates the regions on the plug surface where maximum
heat fluxes are expected. This interaction can be described by the
following simple conceptual scheme.

Configuration with 24 Modules

The cross section at the modules’ exit is shown in Fig. 2a, with
the traces of the longitudinal symmetry planes at different y. This
geometry can be simulated by the simplified scheme presented in
Fig. 2b, with the plug surface transformedin a planar surface. Con-
siderations about the flow structure can be done by analyzing the
behavior of a planar jet in the two planes denoted as A-A and B-B
in Fig. 2b.

Figure 3ashows the flow on the plane A-A. At the exit section, the
nozzle jet has an angle, due to the specific geometry of the module
divergent section. Because the distance between two neighboring
modules is very small, the two jets must deviate their direction to
accommodate each other. As a result, the flow structure emanating
from the border zone between the two nozzles is characterized by
a mixing layer and two shocks. The interaction between the two
shocks coming from two neighboring border zones, which occurs
on each module centerline, yields two other symmetrical shocks,
with directions different than the previous ones.

Figure 3b shows the flow on the plane B-B, where the flow ex-
hausts from the limited zone of tangency of the module exit cross
section and the plug surface. In this case, to fill the gap between
modules, an expansion takes place that brings down the flow pres-
sure from the value at the module exit to the module base value,
and that diverts the jet away from the module centerline, toward
the neighboring modules. The consequentinteraction of two neigh-
boring exit jets takes place along the intermodular symmetry line,
located at w ==£7.5 deg in Fig. 3b, and yields two symmetrical
shocks directed toward the module axis, which interact with each
other, like the shocks of section A-A. These shocks, and the fur-
ther reflected waves generated by their subsequentinteractions with
the neighboring jets, affect the wall pressure trend along the plug
in the radial planes containing the module axes (y =0, £15 deg).
Therefore, the expected wall pressurebehaviorat y = 0 deg features
the following sequence: An initial strong expansion is followed by

Y=15° y=7.5° y=0°
Modules

y=30°

Module Base

Plug Base

a) Schematic view

Y=22.5°y=15° y=7.5° y=0° y=-7.5°

b) Conceptual scheme

Fig. 2 Cross section at the module exit.

a shock and by a second expansion. Farther downstream, the re-
flected waves are characterized by a lower intensity because of the
superimpositionof expansionsand compressionsand the increasing
dissipation.

Note that the real three-dimensionalconfiguration presents some
other aspects, which can be assumed as a minor perturbation of this
scheme. In particular, the plug regions close to the module exits
are wet by the flow that falls, expanding from the circular module
exit, and impinges on the plug surface. The trace of this flow on the
plane B-B, approximatedas a planar jetboundaryin the scheme and
indicated by the shaded zone in Fig. 3b, is a mixing layer between
a recirculating flow in the base region and the main flow, which is
also characterizedby a shock generatedby the exhaust gas dropping
from the module exit.

The experimental data available from Ref. 1 confirm the forego-
ing conceptual scheme (Fig. 4a). In particular, the measured wall
pressure at different PR shown in Fig. 4a indicates that there are
two regions: In the first (x < 60 mm), there is no dependence on
PR; whereas in the second (x > 60 mm), a dependence on PR oc-
curs especially at the lower PR.

In the first region, an interesting feature to emphasize is that the
effects of clustering dominate and make the flow independent of
ambient pressure. Indeed, on the plane A-A, the angle of reflection
of the shock depends only on the exit angle of the nozzle divergent
section; whereas on the plane B-B, the location of the mixing layer
is independent of PR, which has no practical consequence on the
pressure value at the base of the modules. Thus, a dependence on
the ambient pressure can only be expected when PR < PR,,, that is,
when the overexpanded character of the modules makes their jets
narrower than their exit section, establishing a connection between
the module base and the ambient.

In the second region of Fig. 4a (x > 60 mm), the wall pressure
follows the behavior of an ideal plug nozzle with annular throat:
For py, to adjustto p,, an expansion fan emanates from the module
lip, decreasing the wall pressure until it reaches the ambient value
at alocation on the plug wall that moves upstream as PR decreases.
Downstreamof this location, the concave plug shape generatescom-
pression waves that are then reflected as expansion waves when
they hit the jet boundary. Thus, for the lower PR, Fig. 4a shows the
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Fig. 3 Conceptual scheme of the flow at the module exit.

well-known sequence of alternate compressions and expansions,
described in detail in Ref. 6.

Configuration with 12 Modules

The same conceptual scheme of Fig. 2b can be implemented to
simulate the general flow behavior for the configuration with 12
modules, separated by gaps. In particular, the section A-A can be
representedas shown in Fig. 3¢, whereas the section B-B canstill be
represented as shown in Fig. 3b, provided that the distance between
the modules is rescaled: Module exits are now at w =0, £30 deg.

Note that all of the configurations with N =12 and 24 have the
same plug geometry, mass flow rate, and PR,,. Therefore, in compar-
ison with the CMPN with N =24, the CMPN with N = 12 features
larger modules; thus, the major geometrical differences are: 1) the
larger gap between two modules and 2) the larger distance between
two neighboring modules’ axes.
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b) 12 Modules

Fig. 4 Wall pressure along the plug (40% length) at ¢ = 0 deg, for
different PR (Ref. 1).

Because of these differences, the module base pressure now de-
pends on PR. The existence of a large gap between two neighboring
modules allows a connection between the ambient and the recircu-
lating flow in the module base region, contrary to the 24-modules
configuration. Of course, if p,, depends on PR, the slope of the
mixing layers, the location where two neighboringjets interact, and
the location where the resulting shocks cross each other will change
as PR changes.

The experimental data confirm that in the first part of the plug the
flow features a dependence on the pressure ratio. Figure 4b shows
the wall-pressure behavior for two different PR, at v =0 deg. The
curves superimpose each other near the exit, but in the downstream
region, at x = 50-75 mm, the shock takes place in locations depen-
dent on the specific PR.

Comparison of Figs. 4b and 4a also shows that the shock is lo-
cated downstreamin the case of N = 12 because of the longer paths
the expansion waves and shocks have to run before interacting with
each other.

Opening and Closure of the Wake

As is well known, understanding the mechanism of transition
from an open to a closed wake in the region behind the truncated
base is very important for applications of plug nozzles. Indeed, its
knowledge allows the prediction of the transition, from negative to



NASUTI AND ONOFRI 547

positive, of the contribution of the plug base pressure to the nozzle
thrust and, consequently, of the nozzle performance along the flight
trajectory.

Many experimental and theoretical studies have been performed
on the flow evolution behind truncated plugs or more generally be-
hind backward-facingsteps. Among them, note the analyses of plug
nozzles performed by Sule and Mueller? the theoretical consider-
ations about the flow rotation in base regions performed by Weiss
and Weinbaum, and finally the large number of recent numerical
analyses on the backward-facing step problem.'*~!2

From the many visualizations reported in these studies it can be
noted that there is no clear definition of the transition point between
the two wake structures. Therefore, it is useful to establish a defini-
tion based on a practical aspect, considering the pressure value that
takes place on the base: Open wake is the flow structure featuring a
base pressure depending on the ambient pressure; and closed wake
is the flow structure featuring a base pressureindependentof the am-
bient pressure. For example, the base pressure values p, in different
sampling points are shown in the lowest part of Fig. 5 along with
the ambient pressure p, and the wall pressure at the plug lip, pp.
Figure 5 shows that p, depends on PR in the range of low values,
whereas it becomes constant for higher PR. Therefore, accordingto
the present definition, the transition of the wake structure occurs at
PR~ 168.

It is important to note that, although it is possible to find a wide
number of studies on the base pressure prediction, the transition
from open to closed wake has not been analyzed in the same depth.
The following analysis of the flow behavior should provide greater
insightinto the main aspects of the wake structure transition.

A schematic view of the flow structure is shown in Fig. 6, where
the three-dimensionaleffects due to clustering have been neglected,
as well as the reflected waves possibly generated on the plug sur-
face. Moreover, the mutual interaction among the waves shown in
Fig. 6 is considered as a second-order effect, and therefore, it is
neglected.

Independently of the wake shape, of the trailing shock position,
and of the possible definition of a wake neck (often introduced
to evaluate base pressure), it is possible to say that the wake is
independent of p, if the last characteristic wave g of the Prandtl-

p (kPa)

0
100 200 300 400 500
PR

Fig. 5 Measured base pressure and plug exit pressure as a function of
PR: 24 modules.!

Final exp. wave

Prandtl-Meyer Expansions

Dividing streamlines

X E S F

Fig. 6 Schematic view of the plug nozzle flow structure; closed wake
operation.

Meyer expansion centered in D impinges on the wake downstream
of the reattachment point E. This is clear when F, the foot of g, is
placed downstream of the sonic point S. In this case, any change
in the ambient pressure would only move g inside a supersonic
flow, without changing anything in the flow upstream. On the other
hand, when F lies between E and S, only a slight effect on p, is
expected, whereas the position of g will certainly affect p, when it
impinges directly on the separated region. Therefore, for increasing
Pa, the ambient pressure effect carried by the position of the line g
begins to affect significantly the base region only when F reaches
the reattachmentregion around E.

Understanding the closed-open wake transition phenomenon
allows the development of suitable engineering models as it will
be described in the following section.

Engineering Models

During the present study, engineering models were developed,
aimed at determining nozzle performance for practical purposes.
Two analytical models are illustrated, which allow the predictionof
the general flow structure around the plug and the pressure ratio at
the transition from closed to open wake operation.

Analytical Model of the Interaction Between the Module
Exhaust Jet and the Plug Surface

A simple analyticalmodel of the flow behaviorin the plug region
close to module exits has been developed by assuming as a general
framework the conceptual scheme of Fig. 2b as well as considering
the major three-dimensional effects.

Therefore, as first simplifying assumptions, the actual modules
are replaced by cylindrical modules and the actual plug surface by a
plane surface, so that each module is assumed to lie on a plane plug
surface. A second simplification is to consider uniform axial flow
in the cross section of the module exit. The flow values considered
are the average module exit values.

As a further assumption, needed to implement the model, a uni-
form pressure value in the base region between the module jets is
considered. Once this pressure is known, the Prandtl-Meyer expan-
sion relations provide the angle « that is the change of direction
of the flow because of the expansion from pp,. t0 ppp (< Pime). The
same relations also allow the computation of the Mach number M
of the expanded jet.

In the region close to the module exit, the exhaust jet can be
assumed as bounded by a conical surface having cone half-angle
equal to a. The conical surface interacting with the plug surface is
shown in Fig. 7. The equation of the conical jet boundary can be
easily written in a coordinate system with origin in the intersection
between the module axis and the module exit section as

y2+ 722 = (xtanoa +r,,)° (1)

where r,, is the module radius.

Module

Jet Boundary

Plug Surface
N

Fig. 7 Modeling of module-jet/plug-surface interaction.
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The conical jet of Eq. (1) is not free, but it intersects the plug
surface. In the model the plug surface is a planar surface described
by

Z=—r, )
The intersection line is, therefore, a hyperbola of the equation
y? = (x tana—i—rm)z—r:] 3)

This hyperbola represents the boundary on the plug surface of the
area wetted by the jet. Moreover, it is a shock line because the jet
flow exhausting from the module impinges on the surface at an
angle. A view of this curve on the plug surface is shown in Fig. 8.

The strength of the shock due to the impingement of the su-
personic jet on the plug surface can be evaluated as follows. Let
A be a generic point along the hyperbolic shock (Fig. 8), shown
in Fig. 9 in a cross section normal to the plug surface and to
the module axis, passing in A (x =x,4). The velocity vector in A,
v=(vcosa, vsinacos 6, vsin asin 0), before interacting with the
plug surface, lies on the jet boundary surface and, therefore, because
of the conical symmetry, lies along the cone generatrix passing in
A. Thus, it can be considered a plane IT including v and perpen-
dicular to the plug surface. To identify the plane I1, whose normal
n=(n,, ny, 0)lies on the plug surface, the two vectors v and r must
be perpendicularto each other, and, therefore,

n,coso+nysinocosd =0 4)
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Fig. 8 Hyperbolic shape of the trace of the jet boundary on the plug
surface and straight lines indicating the flow direction; N = 24.

Jet Boundary

AN

eO y
/

vA Plug Surface

Fig. 9 Cross section normal to the plug surface at a distance x4 from
the module exit.

As a consequence, the plane I1 passing in the generic point
A= (x4, ya, —'n) has the equation

Yy = ys +tanacos O(x—xy,) (5)

The intersection of IT with the plug surface is shown in Fig. 8 by
the diverging line emanating from the hyperbolain A. It is possible
to see that this line, and then the velocity vector, shows an angle y
with the axial direction, which increases as the point A is moved
away from the module axis. It can be easily seen that y is given by

tan y = tanacos 0 (6)

The next assumption s that the jet/surface interactiontakes place
in the plane I1. In this case, the supersonic jet must deviate of an
angle o that can be computed as

sinow=v,/v= sinasin 0 7

From ® and M; and the use of the oblique shock relations, it
is possible to compute the conditions behind the shock and then
to obtain an easy evaluation of the location and strength of pres-
sure and temperature maxima on the plug surface. In particular, the
shock strength depends only on the deflection angle w because the
upstream Mach number is constant and equal to M;. Therefore,
o being constant, @ has a maximum when 6= =390 deg, that is,
when y = 0. Nevertheless, this maximum strength value cannot be
reached because there is no expansion and, therefore, no shock at
y = 0. On the other hand, the minimum strength is at the symmetry
line between modules, where there is also the maximum in the flow
deviationfrom the module axis. Nevertheless, at this symmetry line,
the pressureon the plug surfacereachesits higher values. The reason
is that a reflected shock takes place on the plug surface to turn the
flow back in the axial directionat the symmetry line, whose strength
dependson y and on the Mach number M, behind the first impinge-
ment shock. Note that both M,, and x increase moving away from
the module centerline. In conclusion, the maximum shock intensity,
and consequently pressure and temperature behind it, occurs at the
intermodular symmetry lines and increases as the distance between
two neighboring modules increases.

The simplified model, applied to the CMPN configurations by
using the experimental data' for p,,;,, provides the results shown in
Fig. 10, where, besides the hyperbolic shocks, straight shocks have
been also drawn as an approximate trace of their reflection at the in-
termodular symmetry line. Several experimental data are displayed
along with the shocks computed by the model. The first set of data!
is denoted by squares and horizontal error bars, which indicate the
regions where pressure maxima are located. Error bars are used be-
cause the finite number of pressure taps leaves an uncertainty of the
exact position of the maxima. The second data set,! available for
the 24-module configuration only, is denoted by a dashed line and
vertical error bars, and shows the line where the surface streamlines
abruptly change direction in oil visualizationimages (Fig. 11). Su-
perimposed are the numerical results obtained in Ref. 13 by a long
three-dimensionalcalculation: The horizontal error bars are related
to the existence of a plateau of the values at that location.

Figure 10 shows that there is a reasonable agreement between
analytical predictionand experimentaldata. The wall pressure mea-
sured by the pressure taps placed along the plug surface shows com-
pressions zones rather than shocks (see Figs. 4a and 4b); however,
the comparisonof the pressure maxima with the oil visualizationin-
dicates that shock waves occur at the end of the compression zones.
The experimental data show good agreement with the numerical
results of Ref. 13, whereas the present model predicts a slight dis-
placement of both the slope of the reflected shock and the reflection
pointbecause of its inviscid approximation.Indeed, Fig. 11 shows a
significant mixing layer thickness, whose effectis to move upstream
the reflection point of the shock.

It is important to stress that the analytical model yields a good
prediction of the hyperbolic shock line, as shown by comparison
with the numerical results and with the experimental data available
for both N =24 and 12. In particular, in the case of 12 modules
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(Fig. 10b), the greater extensionin y (circumferential) direction of
the hyperbola, allows having in the same distance a larger amount
of data with which to compare. The analyticalmodel also provides a
good predictionof the location where the jets cross each other at the
intermodular symmetry line, as the comparison with experimental
and numerical data shows. On the contrary, some slight discrep-
ancies occur in the quantitative prediction of the reflected shock.
Besides the shifting due to viscous effects, there is also a slight
discrepancy on its slope that can be explained as an effect of the in-
teraction between the shock and the expansion that the flow experi-
ences moving from the module centerline toward the symmetry line
between modules. Moreover, the neglectof other three-dimensional
effects in the simulation model could have affected the evaluation
of the reflected shock position and slope.

Analytical Model of Closed-Open Wake Transition
Basic Model

An engineeringmodel has been developedto predict the pressure
ratio PR, at which the closed-open wake transition occurs. This
model is based on the schematic view of the flow structure shown
in Fig. 6 and discussed in the preceding sections. Note that only
few attempts to model PR, can be found in the literature," and
unfortunately their application leads to predictions quite far from
the present experimental data.

Fig. 11 Oil visualization of the flow on the plug surface at the module
exit.!

Separated flow

Fig. 12 Schematic of the simplified model of characteristic lines at
closed-open wake transition.

The preceding theoretical analysis has shown that transition
should occur when the final expansion wave g, emanating from
the lip of the module exit section, impinges in the neighborhood of
the reattachment point (E in Fig. 6). Therefore, a possible approach
to evaluate PR, may be based on the analysis of the path of g for
varying PR. Moreover, the assumption of axisymmetric flow can be
made because the effects of dissymmetries due to the clustering on
the base region can be reasonably neglected.

To evaluate the point F where the wave g impinges on the nozzle
axis, note that the characteristic lines cannot be approximated by
straight lines because they are curved by the axisymmetric effect,
especially near the symmetry axis. To help visualize that, Fig. 12
shows an enhanced effect of the flow axisymmetry on the curvature
of a characteristic line. Compared to the straight line g, the actual
line g’ correspondsto the larger expansionindicatedby the angle .
Therefore, for an assigned PR, the classic Prandtl-Meyer expansion
relations can be used to compute the angle '. Then the corrected
angle B =B’ +A B allows drawing the straight line that determines
F. The analysis of both ARPT and literature data*!> shows that in
these cases a constant value A B =35 deg can be assumed. At this
point a model to evaluate PR, can be easily made available. Once
the position of the point E, i.e., the maximum axial extension of
the separated bubble CE, is known, it is possible to evaluate the
corresponding 8 and, thus, PR, by inverting

ﬂ/ = ,LL(M“., J/) - V(ers 7) + V(Mes 7) +4
®

M, = {12/ (y = DI(PRY "7 — 1)}

There are different possible ways to evaluate CE. Following
Refs. 16 and 17, the bubble extension of a supersonic backward-
facing step seems to be independentof the approaching flow Mach
number'® for M > 2 and its value'” such that CE >~ 2.65 x BC.
The results obtained for the present and some literature CMPN con-
figurations by using this value of CE are reported on the fourth
column of Table 1. These results have been obtained by introducing
an equivalentexternal radius R.q to evaluate the position of pointD
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Table 1 Prediction of PRy, : basic model

N Length, % @, deg PR PR,® PR, Data

24 40.0 10 171 166 168 Reference 1

24 20.0 14 131 117 112 Reference 1

24 5.0 20 117 78 73 Reference 1

12 40.0 10 160 155 165 Reference 1

12 20.0 14 121 108 108 Reference 1

12 5.0 20 108 72 77 Reference 1

24 9.4 13 148 129 130 Reference 15
24 0.0 18 137 96 100 Reference 15
12 20.0 18 46 38 40 Reference 4

*Prediction (Req). YPrediction [Req and (10)].  “Experimental data.

I ¢0s &

Prandtl-Meyer @nsions B|

K
R !

¥ Separated flow E=F

b) Effective exhaust area A o¢

Fig. 13 Definition of useful quantities.

(Fig. 12). The reason for the introduction of R is that the exhaust
jet has to fill the region between modules, and thus, the extension
of the jet is no longer equivalent to an annular primary nozzle of
external radius R, (Fig. 13a), but to an annular primary nozzle of
smaller external radius R.q. This concept, introduced by Fick and
Schmucker,'® has been used here with a slightly differentexpression
for the definition of R.q. The equivalentannular primary nozzle has
been consideredas that whose exhaustareais equivalentto the filled
area in Fig. 13a, obtained as the sum of the modules’ section area
and of half the gaps’ area. By this definition, R, can be computed
as

RZ, = (R, — 1,088 4+ 0.5Nr, cos 5 ©)

where r,, cos 0 is the projection of the module radius in the plane
normal to the plug axis.

The comparison with experimental data relevantto nine different
tests (sixth column of Table 1) shows good agreement only for
the longer plugs, even if the actual large error bar is considered. In
particular,note that the shorter the plug s the higher the discrepancy
is. This is not surprising because the shorter the plug is, the larger
the plug exit angle is, and the farther from a backward-facing step
the wake behaves. Therefore, to evaluate CE, a correction should
be introduced to the foregoing ratio CE/BC = 2.65 to consider the
departure from a backward-facing step case. The most effective
parameter to achieve this correction, rather than simply the plug
length,isthe plugexitangle @, thatis, the wall slope at B withrespect

to the axis, as the comparisonbetween the ARPT and literature tests
suggest (Table 1). For instance, the 9.4% plug of Ref. 15, although
shorter, features an exit angle smaller than the 20% plug of Ref. 1,
and, therefore, is closer to a cylinder.

This analysis suggests to find a correlation expressing the ra-
tio CE/BC as a function of @, by the assuming of the value
CE/BC =2.65 when @ = 0 deg according to Ref. 17. A correlation
of the available data for N =24 is given by

CE/BC = 2.65 — 0.00144@> (10)

The results obtained with this correction improve significantly the
agreement with the experimental data, as shown in the fifth column
of Table 1.

Simpler Model

The basic model can be further simplified on the basis of the
following considerations. It has been shown that the transition of
the wake structure takes place at the pressure ratio PR, >~ p./ pg.
Assuming a one-dimensional flow simulation, the flow conditions
at PR, are such that a uniform flow, with an angle in respect to the
axis, exhausts at p = py through the area A, (Fig. 13b).

On the basis of this scheme, the value PR, could be easily com-
puted as a function of the area ratio between A, and Ay, the total
nozzle throat area given by the sum of the module throat areas. Un-
fortunately, the evaluation of A, is not straightforward, because it
is a function of the angle of the exhaustjet and of the position of the
pointE.

Nevertheless, the analysis of the Fig. 13b, as well as of the exper-
imental data, shows that the effective exhaust area denoted as A
in Fig. 13b is nearly equivalent to the actual exhaust area A,,. This
effective area is defined as the annular section between the exhaust
radius R, and the baseradius, and thereforeis very easily computed
as

Agr = 7(R%, — R}) (11)

The introductionof the effectiveexhaustarea and of the correspond-
ing effective area ratio & = A/ Ay, provides the fast prediction
PR, >~ PR, where PR is obtained by the simple inversion of the
function

Eeff =

0.5

)/—1 2 (r+D/(y =1 .
P Y gy

(12)

In fact, even if the prediction is less precise than the one provided
by the basic model, it can be used for a first and quick evaluation.
In particular, Table 2 shows that the isentropic expansionratio PR
computed by using & provides a good compromise between sim-
plicity and accuracy (in the range of 15% of error) in the prediction
of the actual transition pressureratio for the plug truncationlengths
longer than 20%. Unfortunately, this simpler model fails to predict
the transition for the shortest plugs (errors up to 50%).

Table 2 Prediction of PRy, : simpler model

N Length, % PReg? PRy® Data

24 40.0 147 168 Reference 1
24 20.0 108 112 Reference 1
24 5.0 56 73 Reference 1
12 40.0 168 165 Reference 1
12 20.0 127 108 Reference 1
12 5.0 71 77 Reference 1
24 9.4 93 130 Reference 15
24 0.0 49 100 Reference 15
12 20.0 39 40 Reference 4

“Prediction (Req)A hExperimf:ntal data.
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Conclusions

The flow evolution around CMPN has been first analyzed on a
theoretical basis to achieve a general interpretation of the flowfield
behavior, which has been confirmed by comparisons with the data
providedby experimentaltests. Then engineeringmodels have been
developed, based on physical interpretations of the flow behavior
and on correlations of the existing data. These models have been
validated, showing in some cases excellent prediction capabilities.
To appreciate the importance of these models, it should be consid-
ered that these indications otherwise could be obtained as the result
of very complex and time-consuming numerical calculations. The
main conclusions are summarized in the following.

Effect of Clustered Modules

A qualitative discussion of the effects of the interaction of the
module jets on the flow behavior on the plug surface has been pre-
sented. The experimental data confirm the theoretical expectations
of the flow behavior. A dependence on PR occurs when there is a
significant gap between the modules. In these cases, the traces of the
shocks downstream the module exit depend on the PR considered.

Wake Structure Estimation

A definition and an interpretationof the mechanismthatdrives the
transition from closed to open wake have been proposed, yielding
good theoretical explanation of the experimental results.

Engineering Models

Models capable of providing easy but reliable predictions of the
flow behaviorhave been developed. In particular, on the basis of the
present physicalinterpretationof the phenomenaand on the existing
correlation of the experimental data, two engineering models have
been developedfor the predictionof 1) the flow structureon the plug
surface at the module exit and 2) the closed-open wake transition.

The first model has shown the capability to predict the general
characteristics of the flow behavior on the plug, including the lo-
cation of the shock interactions and, thus, of the hot spot regions.
It has been validated by comparisons with the experimental data,
which show a good agreement.

The second model has been validated by comparisons with the
available data from experimental tests and has shown excellent
agreement between analytical predictions and measured values of
the pressure ratio at which the transition occurs. A simpler version
has been also presentedthat can be used for a preliminary evaluation
of PR,,.
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