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Analysis of In-Flight Behavior of Truncated Plug Nozzles

F. Nasuti* and M. Onofri'
University of Rome “La Sapienza,” 00184 Rome, Italy

Plug nozzles are usually designed to achieve altitude adaptation in a wide range of chamber/ambient pressure
ratios. In actual in-flight operations of plug nozzles, this phenomenon must take place in a flowing airstream, which
can affect the performance. To understand the flow behavior in such conditions and to evaluate the departure from
the ideal nozzle performance, an investigation is carried out with a validated numerical tool based on the solution
of turbulent Navier-Stokes equations and on shock fitting. A sample rocket plug nozzle is analyzed parametrically
to evaluate the effect of varying Mach number at constant pressure and the effect of varying pressure ratio at
constant Mach number. The results indicate that the interaction with a flowing airstream reduces the pressure
of the external air, as seen from the nozzle exhaust jet, yielding a reduction of the performance. In particular, a
dramatic decrease of nozzle performance may take place in the transonic region if the slipstream effect is neglected
in the design. The results also provide useful indications on how the Mach number and the shroud shape can affect
the value of ambient pressure where the transition from open to closed wake takes place.

Nomenclature
A = area
Cr = thrustcoefficient, F/p A,
F = thrust
M = Machnumber
PR = pressureratio, p./pso
p = pressure
r = distance from the symmetry axis
T = temperature
X = distance along the symmetry axis
y = ratio of specific heats
¢ = expansion level, expressed as percentage,
Zao =PR/PRy,, £41 =PR/PRy;
n = nozzle efficiency, F/F.x
Subscripts
a = ambient
b = base
c = chamber
do = design value for the overall nozzle
dl = design value for the primary nozzle
el = primary nozzle exit section
max = ideal nozzle adapted to ambient conditions
p = plug
pb = plugbase
s = shroud
sb = shroud base
t = throat
tr = transition between open and closed wake flow structures
vac = vacuum
1 = primary nozzle
o0 ambient freestream values

Introduction

AUNCHER rocket engines operate in varying ambient con-
ditions and, therefore, need expansion systems capable of
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yielding high performance in a wide range of chamber-to-ambient
pressure ratio values. This requirement has led to many different
nozzle concepts, ranging from variable geometries to peculiar ex-
ternal expansion devices. Of course, each proposed concept has its
advantages and disadvantages and a tradeoff among technical fea-
sibility, weight, efficiency, and reliability is needed.

In recent times, external expansion nozzles have attracted re-
newed attentionbecause of the search for highly efficientrocketen-
ginescapableof carryinga payloadto low Earth orbitby single-stage
reusable launchers. One such example is the Lockheed Martin’s
Venture-Star, in which one of the main technologicalinnovationsis
the engine, which features a linear truncated plug nozzle to replace
the conventionalexpansionsystem. The system analyses performed
have shown that the advantages of plug nozzles with reference to
altitude adaptation can be interestingif a strong saving in weight is
obtained by a suitable truncation of the plug, provided this config-
uration yields only a small reduction of performance compared to
the full-length case.

Indeed, if the performanceis only slightly decreased by an early
truncation of the spike, truncated plug nozzles would permit the
design of compact and low-weight motors having very high design
expansion ratios. Besides, their altitude adaptation would permit
highly overexpanded operations at sea level, avoiding the unreli-
able behavior that limits the maximum design expansion ratio of
conventional nozzles. These two issues make the plug nozzle an
ideal candidate for single stage to orbit (SSTO) engines. Indeed,
the former issue seems to match the requirements of upper-stage
engines, the latter those of a first stage. However, this nozzle is
interesting also for multistage rockets.

The goal of the present paper is to investigate the slipstream ef-
fects. Indeed, plug nozzles achieve altitude adaptation by the in-
teraction between exhaust gas and external air flowing about the
nozzle, while flying at varying Mach numbers. Thus, because the
flight speed and the external shape of the nozzle can significantly
affect the jet interaction properties, they can affect the nozzle per-
formance as well.'~® This is an important aspect to be investigated
because the design and first evaluation of performanceis often car-
ried out by considering the nozzle operation in still air. Moreover,
simple engineering models for predicting the nozzle behaviorin the
overexpandedrange can be created with the assumption of still air,’
but they may exhibit poor prediction capability because of a strong
slipstream effect.

In the present study, an annular rocket plug nozzle configuration
is analyzed to evaluate the influence of the flight Mach number and
ambient pressure on the main flowfield features and on the noz-
zle performance, when the freestream ambient pressure yields an
overexpanded flow behavior. This operation is the most interesting
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case to be studied because in underexpanded conditions the flow
behavior and the wall pressure about the plug are independent of
the ambient pressure. A parametric analysisis presented, consider-
ing numerical solutions at different flight conditions, with a fixed
nozzle geometry. Moreover, numerical tests have been carried out
to examine the influence of the resolution and turbulence modeling
on the solution.

Test Case Description

A single annular plug nozzle geometry is considered for all of the
computations performed (Fig. 1). The nozzle is designed to operate
with cold gas (air) and with low chamber pressure and tempera-
tures, suited to wind-tunnel testing: p. =790 kPa and 7. =253 K,
respectively® It includes two parts: a primary nozzle, providing the
internal expansion for a pressure ratio of PR,;; = 15, and the plug,
which is the central body providing the external expansion.

The primary nozzle geometry is designed to provide parallel flow
atitsexitin case of inviscid flow, with a flat sonic surface at its throat,
that is, the sonic surface is assumed to lie on a plane. This internal
expansionis generatedby the inner wall curvature, whereas the outer
wall geometry is designed as a nonreflecting profile. Similarly, in
the external part of the nozzle, the expansion takes place from the
primary nozzle lip and propagatestoward the plug, whose surfaceis
designed to cancel out these expansion waves. The final theoretical
resultis a uniform axial flow at the plug exit for design conditions
at pressureratio PRy, =261 and still air outside. As mentioned, the
theoretical full-length plug would be very long, with the final part
being very thin and providinglittle contributionto thrust. Therefore,
the plug has been cut to 20% of its length, yielding the final shape
shown in Fig. 1.

In contrast with the still-air behavior assumed as the design con-
dition, the actual in-flight behaviorof truncated plug nozzlesis more
complicated and affected also by the recirculatingregions that take
place behind the shroud and plug bases. A schematic view of the
typical flow featuresis shownin Fig. 1, where the main flow regions
are emphasized by three different gray levels: the white area is the
region filled by the exhaust gas, the light gray area is that filled by
the external air, and the dark gray areas indicate the separated flow
regions behind the plug and shroud bases.

In particular, note that a separated flow at the shroud base region
is established thatis characterized by low pressure, lower than both
the exhaust gas pressure at the primary nozzle exit and the ambient
pressure. As a consequence, both the exhaust jet and the external
air expand up to the shroud base pressure, whose value depends on
the exchange of momentum throughthe mixing layers. After the ex-
pansion, the two jets are directed toward each other and, therefore,
they interact, yielding, for instance, in the case of two supersonic
jets, the two realignmentshocks shown in Fig. 1 (dashed lines). The
final direction of the two jets depends on the overall nozzle pressure
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Fig. 1 Mainfeatures of truncated plug nozzle flowfield operating over-
expanded at supersonic flight speed ({go = 23.6% and M., =2).

ratio. It would be a horizontalline in design conditions, whereas the
negative slope of the streamlines shown in Fig. 1 indicates overex-
panded operations. Of course, the separation line between the two
jets (indicated as dividing streamline in the Fig. 1), in reality, is a
mixing layer of growing thickness.

Numerical Approach

Integration Technique

The numerical simulations have been performed by a Navier-
Stokes solver developed by the authors. The solver’s main feature
is to handle shock discontinuitiesby a fitting technique? In particu-
lar, the shock points are explicitly fitted and tracked by a procedure
that is an extension of the methodology proposed by Moretti'® for
inviscid flows. It provides a precise prediction of the location and
propagation velocity of discontinuities and does not require the in-
troduction of artificial viscosity to achieve stable solutions. That
represents an importantissue when flowfields with vortices have to
be computed. Moreover, in the case of inviscid simulations and vis-
cous simulationsin still air, to make the solutions more efficientand
accurate, the model replaces the shear layer between exhaust gas
and external air by a slip line also treated by a fitting technique..!"

The methodology is based on the nonconservative form of the
Navier-Stokes equations, which are integrated by a second-order
time and space accurate scheme that follows Moretti’s lambda for-
mulation for the convective terms'? and that uses central differenc-
ing for the viscous terms.'* A further extension has been recently
achieved'* by implementing the one-equation model of Spalart and
Allmaras'> for turbulent flow simulations.

All computations have been carried out considering the assigned
values of p,. and T, and, because both the exhaust and ambient gas
are air, assuming perfect gas with y = 1.4 and viscosity following
Sutherland’s law. An adiabatic wall has been assumed for all vis-
cous simulations. A typical grid used for computationsis shown in
Fig. 2, where the cell distribution and the partition of the flowfield
in suitable blocks can be observed, all featuring orthogonal meshes.

The flow structures discussed in the preceding section are char-
acterized by large recirculating regions bounded by mixing layers.
These structures represent one of the more challenging problems
to be solved by computational fluid dynamics because of the role
of turbulencein establishing the average pressure in a base region,
because of the slow convergence rate, and because of the neces-
sity of a huge number of cells to reach grid-independentsolutions.
Therefore, a thorough evaluation of the turbulence model perfor-
mance and of the grid resolution needed is required to substantiate
the results, as reported hereafter.

Turbulence Model

The comparisonbetween the base pressure predicted by using the
model of Spalart and Allmaras'® and experimental data is discussed
in Ref. 14, where the improvement of the results obtained by a
simple compressibility correction necessary to provide a suitable
simulation of compressible mixing layers is also shown. Further
developmentshave led to a more general model for compressibility
correction based on the convective Mach number.!'® !

To provide an idea of the role played by the compressibility cor-
rectionin plugnozzle flows, the comparison of results obtained with

Fig. 2 Computational grid.
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Fig. 3 Computed wall pressure on shroud base (left axis) and on plug
base (right axis).
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Fig. 4 Computed wall pressure on primary nozzle and plug walls.

and without correction are shown in Fig. 3, for the case of My =2,
PR=61.7, and T, =164 K. The computed wall pressure on the
shroud base shows in both cases low values with a flat behavior.
Nevertheless, it is worth stressing that the average value obtained
with the compressibility correction is about 2.5 times greater than
that obtained with the model of Spalart and Allmaras without any
correction. A similar behavior is obtained at the plug base, where
there is a factor of about two between the average base values. Al-
though in the latter comparison the effect of the flow in the shroud
base region on the plug base pressure values should also be consid-
ered, the comparisonindicates that the compressibilityeffect cannot
be neglected in plug nozzle flow computations.

Resolution

For the analysis of the present plug nozzle flowfields, it is also
important to verify the grid independence of the solution, which
could be questionable because of the presence of large recirculating
regions. In this framework, a set of computations, including the
compressibility correctionin the turbulence model, has been carried
out for three different grid levels, with the two finer levels obtained
from the coarserlevel (shown in Fig. 2), by increasingthe number of
cellsineachdirectionby a factorof 1.5 and 2, respectively(Table 1).
The present analysis has been carried out for the following flow
conditions: Mo =2, PR=61.7, and Tx = 164 K.

The resultsshow that the first grid levelis too coarse because there
are significantdisplacementsin comparisonto the solution provided
by the finer grids. Conversely, the second level shows results sat-
isfactorily close to the next level, and, thus, it has been chosen as
the reference. These conclusionsare substantiatedby Figs. 4 and 5.
Figure 4 shows the pressure behavior on the primary nozzle walls
and on the plug wall up to the truncation point. Note that there are
only minor differences among the solutions, emphasized by the en-
largement of the plateau region in the lower wall that takes place
between the internal and external expansion regions.

Similar results have been obtained for base pressures. Figure 5
shows thatthereis adisplacementin the shroud base pressurepredic-

Table1l Computationalgrids considered
and number of cells

Number of cells

Grid  Cell ratio Plug Wake Total

a 1.0 21,784 7,044 28,828
b 1.5 49,014 15,714 64,728
c 2.0 87,136 0 87,136

p/p,: Plug Base
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Fig. 5 Computed wall pressure on shroud base (left axis) and on plug
base (right axis).

tion between the two coarser grids, whereas grid b and grid ¢ show
nearly identical pressure behaviors. Indeed, the average shroud base
pressure value passes from 640 Pa (grid a) to 713 Pa (grid b, grid ¢),
with differences less than 1 Pa between grid b and grid c. Also,
the plug base pressure does show that the resolution of grid b is
sufficient to provide results close to the grid-independentlimit. In
particular, the main result of increasing resolutionis a flatter profile
while yielding only slightchangesin the average pressure value that
passes from 5123 Pa (grid a) to 5206 Pa (grid b, 1.5% difference).

Basic Effects of Freestream

The major effect of the freestream on plug nozzlesis a reduction
of performance in the overexpanded range, with possible abrupt
changes in the transonic regime. This can be illustrated by the in-
viscid analysis of a simplified nozzle geometry. In particular, it has
been assumed that the external shape of the nozzle wall ends with a
wedge, thus, the effect of the generationof a base flow region behind
the shroud has been neglected. Moreover, because the preliminary
analysis is focused on the interaction between the exhaust gas and
the external air, the plug nozzle base region has also been neglected.
This way, a numerical solution obtained by a coarse mesh, con-
taining only 1856 cells, is sufficient to detect and emphasize the
differences in nozzle performance due to the external stream.

The analysisis performed assuming the freestream ambient pres-
sure as constantand for varying freestream Mach number. In partic-
ular, a highly overexpandedoperatingconditionhas been considered
withPR = 16.7 (¢4, = 6.4%), toyield aslightunderexpandedbehav-
ior (¢41 = 110.5%) of the primary nozzle. In this case only a small
part of the plug profile is reached by the expansion waves gener-
ated at the primary nozzle lip, even for the short plug considered,
truncated at 20% of the ideal length. Therefore, any change in the
external flow yields a clear effect on the plug, rendering the analysis
easier.

The computed Mach number contour lines and the relevant
streamlinesare displayedin Fig. 6 for four different values of the ex-
ternal stream Mach number, ranging from still to subsonicand even-
tually to supersonic values. A different flow behavior takes place
depending on the subsonic or supersonic value of the freestream
Mach number, and, therefore, the relevant flowfields are discussed
separately hereafter.
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Subsonic Freestream

In the still-air case, a weak expansion occurs at the lip that prop-
agates toward the plug (Fig. 6a) without generating any reflection
because of the suitable concave profile. Downstream the end of this
expansion the same concave plug wall acts like a supersonic ramp,
generating compression waves that interact with the jet boundary,
causingit to bend upward with a consequentgeneration of reflected
expansionwaves. The analysis of wall pressure shows this behavior
clearly (Fig. 7a). In particular, it shows a minimum at x = 0.006 m,
then a peak at x =0.026 m, and finally the wall pressure decreases
again because of the reflected expansion waves. Note that the plug
wall pressures computed for all of the subsonic cases show only
slight deviations from the still air case (Fig. 7a). The slight dif-
ferences among the curves indicate that the external air does not
behaveas a constantpressureenvironment: The analysis of the flow-
field displayedin Fig. 6b indicates that the external stream expands
around the convex corner of the shroud, but before its end it re-
compresses because of the interaction with the nozzle exhaust jet.
Figure 7b shows that at the shroud lip (x =0 m) the pressure value
is nearly equal to the still-air case, although a closer analysis evi-
dences that there is a little overexpansion. Downstream, as can be
seenin Fig. 6b, the interactionbetween the compression waves com-
ing from the plug surface and the external subsonic flow yields a
weak compression region, also on the external side, explaining the
slight discrepancies among the pressure plots of the subsonic cases
in Fig. 7a.

The plug-wall pressure in the transonic region (0.7 < My, < 1.0)
does not show significant differences in comparison with the still-
subsonic behavior (Fig. 7a). Nevertheless, a different flow structure
can be noticed on the shroud wall. Indeed, the external flow expand-
ing about the shroud becomes supersonic, and then it recovers its
freestream pressure by a curved shock wave (Fig. 6¢). Therefore,
as shown in Fig. 7b, the shroud-wall pressure decreases to values
significantly lower than freestream, and then suddenly, as a result
of a shock, it jumps to values close to poo.
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¢) Transonic (M., =0.7)

d) Supersonic (M, =2.0)

Fig. 6 Comparison of inviscid simulations at PR = 16.7 and different M, : Mach number contour lines.

Supersonic Freestream

At supersonic values of M, the plug- and shroud-wall pressures
show a behavior significantly different than in the subsonic range.
The external flow expands about the shroud as shown in Fig. 7b by
the two lower curves, marked by squares, relevant to the supersonic
tests: the higher Mo, the greater the expansion.

Downstream, at the primary nozzle lip, the two supersonic flows,
the external air and the exhaust jet, interact. As in the case consid-
ered, ps < p.1, at the primary nozzle lip the external air shows a
pressure p, < ps < p.1 because of the expansion about the shroud.
Therefore, the interaction of the two supersonic jets generates a
compression of the external flow (oblique shock in Fig. 6d) and an
expansion of the primary nozzle exhaust jet, such that the flow ex-
hibits a pressure value p, < p < p.; downstream of the interaction.
The analysis of the plug-wall pressure behavior (Fig. 7a) shows that
in the supersonic case the exhaust jet experiences a stronger expan-
sion than in the subsonic air cases. This means that after recompres-
sion through the oblique shock wave, the ambient pressureresulting
from the external/internal jet interaction s still lower than pe.

As main consequenceof the pressure behavioratlip, the plug-wall
pressurecan becomelower than p,, yieldinga negative contribution
to thrust. In particular, for increasing Mach numbers the expansion
experienced by the exhaust jet increases. Figure 7a shows that at
My, =1.3 a limited part of the plug wall is covered by the expan-
sion fan, whereas at My, =2 the expansion waves generated at the
primary nozzle lip impinge on almost the whole plug wall. This
allows us to conclude that, in the supersonicrange, the higher M,
the larger the plug-wall zone with p < peo, the lower the average
plug-wall pressure, and, thus, the higher the negative contribution
of plug to thrust.

Nozzle Performance

The analysis of the computed nozzle performance reported in
Table 2 shows a strong slipstream effect. In particular, in Table 2,
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Table2 Computed slipstream effect on performance

Mw Cri1 Cpp Crps Cr Cp 7 n

00 1.10 0.20 0.00 1.30 1.30 0.98 0.98
0.5 1.10 021 —=0.04 131 1.27 099 0.96
0.7 1.10 020 —0.08 130 1.22 098 0.92
09 1.10 020 -—0.16 130 1.14 0.98 0.86
1.3 1.10 -=0.13 —=0.19 0.97 0.78 0.74 0.59
20 110 -=0.14 -=0.21 096 0.75 0.72 0.57

*Includes shroud drag.
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Fig. 7 Computed wall pressure.

the primary nozzle contributionto thrust, the plug contribution, the
shroud drag, the total thrust without accounting for the shroud drag,
and the total thrustincluding the shroud drag are listed as a function
of Mach number. The total efficiencies with and without the shroud
contribution are also reported.

One of the most interesting indications from Table 2 is the low
efficiency in the supersonicrange, even if shroud drag is neglected.
Indeed, as discussed, the ambient pressure faced by the exhaust
jet after interaction with the supersonic external stream is lower
than ps and decreases with increasing M. On the other hand, in
the subsonic tests the resulting pressure at the external/internal jet
interaction shows values close to po. Thus, the plug contribution
does not change significantly, and the slipstream effect is only an
increase of the shroud drag for increasing M.

Note that the changes within both the subsonic and supersonic
regimes are small in comparison with the big jump occurring when
the external flow passes from subsonic to supersonic. Also note that

the aforementioned differences take place at highly overexpanded
conditions, whereas they would shrink, up to vanishing point, for
increasing PR, except for the shroud drag contribution. This means
that an abrupt change of performance of the plug nozzle is actu-
ally expected if it reaches the transonic region in the overexpanded
regime (PR,;; < PR < PRy,) and also that this change is expected to
be greater the lower the PR in the transonic regime because of the
larger extension of the plug region involved.

Flow Features and Wake Structure in Still Air

To analyze the consequence of having flowing airstream instead
of still air, it is useful to recall the main flow structures that occurin
the latter case.'®!® Figure 8 shows the computed solutionsin still air
for four different pressureratios. The mixing layer between the ex-
haust gas and the ambianceis replacedby a slip line, behavinglike a
constant pressure boundary, computed by a fitting technique.'' The
computation has been carried out by the Navier-Stokes solver, with
the turbulence model without the compressibility correction; there-
fore, the calculated base pressure is lower than the expected actual
value. However, these assumptions do not change the main qualita-
tive aspects of the flowfield considered in the present discussion.

a) PR =39.5 ({40 = 15.1%)

°%290060060 0 0 6 5 0 a o o

d) PR =292.6 ({go = 112.1%)

Fig. 8 Truncated plug nozzle flowfield in still air: subsonic regions
(filled areas), characteristic waves, and closed streamlines.
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Fig. 9 Computed base pressure in still air for varying PR, dashed lines
indicate ambient pressure value (p,) for each PR considered.

Figure 8a shows a highly overexpanded case. It can be seen that
althoughthe value of PR greaterthanin Fig. 6 allows a wider expan-
sion at the primary nozzle lip, the last characteristicwave emanating
from that lip still impinges on the plug wall. As a consequence, the
latter part of the wall behaves like a supersonic ramp yielding com-
pression waves. These waves impinge on the jet constant-pressure
boundary and, thus, they reflect as expansion waves, impinging in
turns on the wake generated behind the plug base. It is evident that
any change in ambient pressure yields a consequentchange of flow
properties in the plug base region, where, therefore, base pressure
depends on ambient pressure. This is a clear example of the flow
structure known as open wake, defined such that for varying PR
the average base pressure changes with the ambient pressure, al-
though a closed bubble takes place behind the base.” The average
base pressure shows values close to the ambient value (Fig. 9).

The second case, shown in Fig. 8b, is less overexpanded. The
expansionat the primary nozzlelip coveralmost the whole plug wall,
such thatit no longer generates compression waves, as indicated by
the characteristic waves and by the straight jet boundary. It is again
an example of open wake, whose recirculating region at the plug
base is bounded by a supersonicjet with p > p,.

The following two plots (Fig. 8c and Fig. 8d) show the flow
structure known as closed wake, occurring at the higher PR range,
although starting from values lower than design. Indeed, it can be
seen that in these cases the last expansion wave emanating from the
primary nozzle lip impinges on the wake downstream of the sonic
line and, therefore, any change in ambient pressure between the
two PR and toward higher PR does not affect the subsonic region
behind the plug base. The consequence is that the base pressure
is independent of the ambient pressure for PR >202.6, as clearly
shown in Fig. 9. Note that the value of PR =202.6 considered in
Fig. 8c should be close to the value of PR where the flow structure
changes between closed and open wake (PR,). This is indicated
by Fig. 9 where, for PR =202.6, the plug base pressure coincides
with that obtained at higher PR (closed wake behavior) and has an
average value close to ambient pressure (open wake behavior).

Flow Features and Wake Structure
in Supersonic Stream

During actual flight conditions the behavior of the engine shows
significantdifferencesin comparison with the still air case, as shown
by Figs. 1 and 8. The main difference with the still-air case is the
generation of a separated flow at the shroud base region, which is
characterizedby low pressure and two counter-rotatingvortices. As
in the case of inviscid flow over a zero-thickness shroud, the pres-
ence of a supersonic stream yields a low-pressure region about the
shroud and then a reduction of the ambient pressure seen by the jet
exhaustingfrom the primary nozzle. This is shown by comparing the
flowfield computed for a supersonic airstream (Mo, = 2, upper side
of Figs. 10 and 11) and still air (lower side) at the same ambient and
chamber conditions,with PR = 61.7 (¢4, = 23.6%) and Too = 164 K.

[T TTITTTE T

Mach: 0.0 10 20 30 40 50 60 70 80

Mw =0 ~—----- Ambient Pressure Isobar
Fig. 10 Comparison of plug nozzle flowfields in still air (down) and
supersonic airstream (up); Mach number contour lines and ambient
pressure isobar; PR = 61.7 and T, =164 K.

Fig. 11 Computed characteristic lines, shocks (0), subsonic regions
(gray areas), and stagnation points (®) for a plug nozzle in a supersonic
stream (up) and in still air (down, ® = jet boundary); PR = 61.7 and
T =164 K.

The ambient pressure isobars displayed over the flowfield by a
thick dashed line in Fig. 10 can be helpful in emphasizing the slip-
stream effect. The still-air solution shows that the base pressure
is nearly equal to the ambient pressure. In particular, the ambient
pressure isobar impinges on the plug wall and, downstream, the
remaining part of the plug acts as a slightly compressing surface.
However, only a small part of the plug wall is free from the ex-
pansion waves coming from the primary nozzle lip, and, thus, it
yields such a weak compression that it cannot be detected by the
characteristic net of Fig. 11. Note that downstream of the ambient
pressure isobar the flowfield shows nearly constant pressure (notice
also the parallel characteristic waves in Fig. 11) that acts also on
the base flow region. Only at the wake neck must the flow compress
and the pressure becomes higher than ambient through the trailing
shock. On the contrary, in the My, = 2 case, the driving mechanism
of the expansion is the shroud base pressure value, which is lower
than the ambient pressure. Therefore, the expansion covering the
plug wall continues downstream of the ambient pressure isobar, so
that a part of the plug and the base region are affected by pressure
lower than ambient.

Therefore, at the same nozzle pressure ratio, the solution with
My, =2 represents a typical case of closed wake flow structure,
with a base pressure value independent of ps, for increasing PR,
whereas an open wake takes place with py, 2 p in the case of still
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air. In this case, because the closed wake value of py, is much lower
than pe, the base drag in supersonic flight conditionsis higher than
the one predicted at rest.

The different wake structure at the same PR indicates that a dif-
ferent mechanism drives the transition from open to closed wake in
the presence of an external stream. In fact, in the still-air case, it has
been shown in Ref. 7 that the transition takes place when the last
characteristicwave emanating from the primary nozzle lip impinges
on the nozzle axis ahead of the stagnation point region. Conversely,
in the in-flight case, the same role is played by the lower realignment
shock, emanating from the shroud base region, often referred to as
envelope® or internal’® shock. Indeed, it represents the boundary of
the expansion process emanating from the shroud base, and, thus,
itis the signal closest to the plug among those carrying information
about the ambient pressure value. This can be seen in the upper side
of Fig. 11, where the characteristic waves also show that the expan-
sion at the plug base lip bends the internal shock toward the axis.
Note that the expansion waves emanating from the primary nozzle
lip would not reach the subsonic region behind the base, whereas
the internal shock impinges on the subsonic wake region making it
extend further downstream.

However, in the particularcase shown in the upper side of Fig. 11,
the wake structure can still be considered closed because the wake
region upstream of the stagnation point (filled square in Fig. 11)
is not affected by any information about the ambient pressure, as
conversely happens when the shock impinges on the wake in a point
closer to the plug base than the stagnation point neighborhood?
The latter case is shown, for instance, in the lower side of Fig. 11,
where all of the characteristicwaves impinging on the subsonicbase
region carry information about the ambient pressure value from the
jet boundary.

In conclusion, in the case of an external stream, the indicator of
the influence of the external ambient is the internal shock rather
than the last characteristic line of the lip expansion fan. Therefore,
the engineeringmodel introducedin Ref. 7 to predict the value PRy,
of the nozzle pressure ratio at which the transition from open to
closed wake takes place should be adequately extended to the case
of in-flight operations, to compute more properly the impingement
point of the first signal carrying the ambient pressure information.

Evaluation of Flow Evolution Along the Flight Path

Further interesting effects of the external flow can be seen by
the analysis of the flowfield at varying freestream Mach number,
passing from zero to subsonic values, then to supersonic,and finally
to different values in the supersonic regime. The analysis is carried
out by reducing the Mach number in the supersonic range from the
highest value considered while keeping constant the exhaust gas
properties and the ambient pressure.

The main effectof reducing M, is the increase of the shroud base
pressure because of the enlargement of the dead-air region with the
two counter-rotating vortices and of a lower expansion of both the
exhaust jet and the external stream (Fig. 12). In particular, weaker
expansionsof both jets at the primary nozzleand shroud lips resultin
smaller flow rotations (smaller lip rotation angle in Fig. 12) and also
in lower Mach numbers of the two jets at the stagnationpoint. These
lower Mach numbers upstream of the stagnation point yield larger
angles between the realignmentshocks and the dividing streamline.

Actually, note that the final direction of these shocks is affected
also by the smaller realignment angles to turn the jets back down-
stream of the stagnation point. Indeed, because the average jet di-
rection downstream of the interaction with the external stream (the
dividing streamline in Fig. 12) mainly depends on the overall pres-
sure ratio and is nearly independent of the external Mach number
(i.e., also of the shroud base pressure), smaller lip rotation angles
require smaller realignmentangles. Nevertheless, it can be seen that
the variation of the realignment angles has only a slight effect on
shock angles, whose variationis mainly due to the changes of Mach
numbers at the stagnation point, upstream of the interaction.

The computed profiles of realignmentshocks are shown for three
different supersonic Mach numbers, along with the extension of the
dead-air region and the final jet direction, in Fig. 13. The result
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Fig. 12 Schematic view of main flow features about shroud base.
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Fig. 13 Computed streamlines and shocks about shroud base for
M, =1.3,2.0,and 3.0; PR = 61.7 (g0 = 23.6%); and T, =164 K.

confirms that the shocks depart from each other as M, decreases
becauseof the lower expansionabout the shroud base for both super-
sonic streams. The main consequenceis that the lower shock angle
increases its module and consequently will impinge on the wake
at lower abscissas. The computations confirm that the jet direction
after interaction is almost insensitive to M, but they also indicate
that there is a translation of the dividing streamline toward the plug
that yields a further inner displacement of the internal shock for
decreasing M. These considerationsmay become important when
trying to develop a model for the prediction of open/closed wake
transitionbecause, as mentioned, the shock is the first wave carrying
the ambient pressure information to the base region.

The further reduction of Mach number from supersonic to sub-
sonic values yields a major change in the flow structure behind the
shroud. Infact, the plugnozzle flowfield in subsonicflightconditions
is quite similar to the case of still air. Only a slight overexpansionof
the exhaustjet takes place in the case of Mo, = 0.7, shownin Fig. 14,
although the external jet becomes locally supersonic because of its
expansionat the shroudlip. In the subsonic case the recirculatingre-
gion at the shroud base is quite large and is dominated by the upper,
clockwise-rotatingvortex, whereas in the supersonic case the sepa-
rated region is smaller and is dominated by the two counter-rotating
vortices with similar dimensions. Both structures agree with experi-
mental data obtained for similar test cases in Ref. 21 for the subsonic
case and in Ref. 22 for the supersonic case, respectively.

Concerning the plug base, note that the increase of shroud base
pressure for decreasing Mach number changes the features of the
interaction between ambient and plug base region (see Fig. 15 and
Table 3). In fact, the wake is clearly closed at Mo, =3 because the
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internal shock impinges on the wake when it has already become
supersonic. On the other hand, it cannot be considered closed at
My, =2, as shown in Table 3 by the increased average pressure
value on the plug base, in comparison to M, =3. Note, however,
that despite the open wake structure the average base pressure is
considerably lower than ambient pressure. This is because the av-
erage pressure in the exhaust jet bounding the wake is lower, due
to the overexpansionat the shroud, and the internal shock impinges
only on the downstream part of the wake. A further decrease of
M, still in the supersonicrange, yields a regression of the internal
shock with consequentincrease of plug base pressure (My =1.3),
although the influence of the shroud still makes py, lower than p,,.

A different behavior is shown in the subsonic case, where the
averagebase pressureon the shroudis closer to the ambient pressure
value. The consequenceis that the exhaust jet does not overexpand
significantly, as in the case of still air, and, thus, there is a direct
influence of ambient pressure on the wake.

To evaluate the influence of the variationof M, onthe overallen-
gine performance,a schematicof the general behaviorof base contri-
bution to thrustis plottedin Fig. 16. The followingdiscussionis only
indicative of the variations of the contribution of plug base to thrust
and should be complemented by the contribution of the remaining
part of the plug and of the shroud. However, the following simple
analysis could be helpful in understanding the expected trends.

The average pressure acting on the plug base does not change
in the closed wake regime, where for increasing PR the base con-
tribution to thrust increases only because of the ambient pressure
reduction, reaching its maximum in vacuum. The behaviorof Cp p,
as a function of PR is, therefore, represented by a hyperbola in
Fig. 16. To emphasize the reduction of Cpp, in the presence of a
freestream of increasing Moo, it has been assumed that in the open
wake regime in still air the average pressure on the plug base is equal
to the ambient pressure. Thus, Cr 5, = 0 for an open wake in still air.

In case of in-flight conditions, the open wake behavior has been
depicted in Fig. 16 by an arbitrary curve connecting the lower PR
conditions (where it has been assumed for the sake of simplicity
that py, = p, and Cr p, =0), to the transition point on the closed
wake hyperbola (where py, takes its closed wake value). Figure 16
shows behaviors representative of three different values of M, in

Table 3 Computed value of average pressure on
the plug and shroud bases: p., = 12,800 Pa,
PR = 61.7 ((go =23.6%),and T, =164 K

Meo Psb, Pa Ppb, Pa ‘Wake
0.0 12,800 11,568 Open
0.7 9,261 16,160 Open
1.3 1,348 7,074 Open
2.0 713 5,206 Open
3.0 404 4,543 Closed

)M, =2.0

d) M, =3.0

Fig. 15 Truncated plug nozzle flowfield in flowing airstream: sub-
sonic regions (filled areas), characteristic waves, and closed and dividing
streamlines (PR = 61.7, 4, = 23.6 %, and T, =164 K).

log,, P/,

Fig. 14 Main features of a truncated plug nozzle flowfield operating overexpanded at subsonic flight speed (PR = 61.7, {4, = 23.6 %, M, = 0.7,and

Te =164 K).
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Fig. 16 Schematic of contribution to thrust (or drag) of plug base;
numbers and curves are only displayed to show general behavior and
do not pretend to represent any real nozzle.

addition to the still-air case. Note that the base drag takes place for
a larger range of PR and increases for increasing M.

In the case of a launch vehicle, PR and M, increase along the
flight path. Therefore, the evolution of Cp p,, will follow lines con-
necting points of the curves at M, = const, corresponding to the
pairs of values of M and PR, taken along the trajectory. Such be-
haviors are shown, for instance, by the dashed lines in Fig. 16, each
indicative of a different flight path. In particular, they indicate in-
creasing accelerationmoving from a to ¢ and suggestthat the higher
the vehicle acceleration, the steeper the dashed line, the higher the
base drag that would occur in the first part of the flight.

Conclusions

The numerical analyses performedindicate that the interaction of
the exhaust jet with the external air in truncated plug nozzles may
significantly affect the nozzle behaviorin the overexpandedregime.
In particular, it has been shown that, also in the ideal case of a
zero-thicknessshroud and inviscid flow, important losses take place
that can yield a sudden performance drop if the sonic transition is
achievedat PR closer to the design value of the primary nozzle than
to the design value of the overall nozzle. The presence of a finite
thickness or thick shroud substantially changes the flow behavior,
adding further drag in itself and yielding an overexpansion at the
primary nozzle lip. Because of this overexpansion, the exhaust jet
finds at the lip a lower ambient pressure than in the still-air case
and consequently adapts the flow to a lower-than-ambientpressure.
This is a further cause of drag that appears in part over the plug
wall and in part over the plug base. Moreover, the overall nozzle
performance is reduced because of the reduction of the value of
PR for transition from open to closed wake. This reduction yields
a base drag in the range between the actual and still-air transition
values. With regard to the mechanism of wake transition, it has been
shown that in the supersonic case the transition is governed by the
internal shock, rather than by the last wave of the expansion fan at
the primary nozzle lip. On the contrary, the analysis of flowfield in
the subsonic flight conditions has shown that only slight changes
are expected in comparison to the still-air case. Finally, the effects
of the freestream M, have been studied, analyzing its impact on
the flow structure at the shroud and on the internal shock, as well as
on the contribution to plug base drag.
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