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Viscous and Inviscid Vortex Generation
During Startup of Rocket Nozzles

F. Nasuti* and M. Onofri1^
University of Rome "La Sapienza," Rome 00184, Italy

An advanced numerical technique, based on the fitting and tracking of shocks, has been implemented to the
simulation of flow transients during startup of axisymmetric rocket nozzles. The results show the occurrence of
very peculiar flowfield configurations, not clearly in evidence in the current literature. In particular, two main
vortical regions of different nature take place: The first has viscous origin, whereas the second is generated by
typically inviscid phenomena. The evolution of these vortices and the interaction with each other and, possibly,
with shocks plays an important role in the generation of pressure fluctuations on the nozzle wall and may yield
nozzle side loads.

Introduction

D URING flow transients of rocket nozzles, as for example in
the startup phase, the structure of the flowfield can be very

different from the typical steady configuration. The flow evolution
generally has a three-dimensional character with significant sepa-
rated zones and intense shocks moving along the divergent section.
Moreover, during the interval of time necessary to reach the final op-
erating conditions in the chamber, the flow is highly unstable and is
characterized by asymmetric zones of separated flow, which change
their extent in time and move circumferentially around the nozzle
wall.1

Knowledge of the origin of these phenomena, as well as the ca-
pability of predicting them, provides a challenging and intriguing
academic motivation but also plays an important role in the design
of nozzles of aerospace engines. Indeed, the phenomena may yield
intense asymmetric forces on the nozzle wall during the engine
startup or shutdown phases, possibly causing structural problems.
The accurate prediction of such flowfields is, thus, mandatory but,
despite the relevant applicative consequences involved, the origin
of these side loads is not yet well understood.

Studies have been reported in the literature starting with pioneer-
ing analyses performed in the 1970s. In particular, the description of
rocket nozzle startup transients was reported in Ref. 1. Wall pressure
measurements, taken in that portion of the nozzle affected by the
separated flow, show behavior characterized by fluctuations around
an average value and sudden peaks, much higher than the average
pressure value. That study1 indicated flow separation as responsi-
ble for both wall pressure fluctuations and side loads, and it had an
influence on the development of the few existing design methods,
which assumed that hypothesis. Nevertheless, neither detailed ex-
perimental evidence nor any convincing explanation of the origin
of the nozzle flow instability was provided.

From a numerical point of view some activities were undertaken
to simulate nozzle flow transients, but not many studies have been
carried out so far. Moreover, because the three-dimensional simu-
lation requires an impractical amount of computational time, only
two-dimensional plane or axisymmetric analyses have been per-
formed. In Ref. 2 the transient of the Space Shuttle solid rocket
booster (SRB) startup was studied by using the VNAP2 code, based
on the McCormack scheme, whereas in Ref. 3 a time-accurate,
pressure-based, reactive solver was used. In Ref. 4 calculations of the
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impulsive startup of an inviscid nonreacting gas through a shock tun-
nel nozzle by using the PARC code were presented. Better accuracy
in the definition of flow discontinuities and more details on the flow
structures were provided for viscous startup in Ref. 5, where the
Unified Solution Algorithm code, a finite volume multizonal total
variation diminishing (TVD) code, was used, and in Refs. 6 and 7,
by a shock-fitting technique. The results of some of these studies4-5 > 7

clearly indicated that the flowfield is characterized not only by the
flow separation at wall, but also by the possible formation of a recir-
culating zone in the core flow of the divergent section. Unfortunately
the latter phenomenon was not deeply discussed.

As a result of the foregoing survey, better knowledge of the basic
physical phenomena seems to be necessary, as well as improve-
ments in the techniques used for the numerical simulation. Aimed
at filling this lack of knowledge, many studies have been carried out
recently,8 In this framework, the present study provides new insights
in the description of the flowfield and in the possible explanation of
the relevant phenomena. In particular, a numerical simulation has
been performed mainly devoted to understand the origin and evolu-
tion of the two vortical structures generated during a nozzle startup
transient: the first created by the viscous separation at the wall, the
second by an inviscid production of vorticity behind the recompres-
sion shock that takes place in the divergent section. Because these
vortical structures display a prominent effect on the wall pressure
fluctuations, analyses have been carried out to describe their mutual
interaction and to evaluate their role on the nozzle flow instability.

Numerical Simulation
The results of all of the numerical solutions performed so far

indicate that the simulations of nozzle flow transients require high
accuracy in handling shocks. This represents a problem from a nu-
merical point of view. Indeed, a suitable number of mesh points
should be used about the discontinuities, which unfortunately move
all over the internal flowfield, usually in a way difficult to predict a
priori. To avoid the use of computational grids with a great number
of mesh points, an alternative way is to use adaptive grids chang-
ing in time, which, of course, burden the integration algorithm and
involve long computational times.

A possible different approach, which has been used for the cal-
culations presented here, is to treat the discontinuities by a fitting
technique.9 Accordingly, the shock points are explicitly fitted and
tracked by a procedure that is an extension of the methodology pro-
posed by Moretti10 for inviscid flows. It provides a precise prediction
of the location and propagation velocity of discontinuities. The solu-
tion technique 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 formulation
for the convective terms10 and uses central differencing for the vis-
cous terms.11 Compared with Ref. 10 and Ref. 11, this improved
version displays a more robust character and better capability for
handling general cases of interactions among discontinuities. The
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Fig. 1 Computational grid used for the viscous simulations.

results of many validation tests, including both plane and axisym-
metric, viscous and inviscid flow transients, and exhaustive details
are reported in Ref. 9.

In the present study the technique has been implemented to sim-
ulate the flow transient during startup of the HM60 nozzle of the
Ariane 5 Vulcain engine. Both inviscid and viscous laminar flow
models of a perfect gas, having y = 1.17 and R = 624 J kg"1 K"1,
have been considered. In the viscous simulation, a linear dependence
on temperature is assumed for viscosity IJL and thermal conductiv-
ity k, jji/jjir = T/ Tr and k — fjicp/Pr, using the reference air values
[Lr = 1.786 x 1(T5 kg nr1 s"1, Tr = 300 K, and Pr = 0.72. Quies-
cent gas at the ambient temperature and pressure (Ta = 300 K and
pa = l bar) in the nozzle is assumed as the initial condition. Varying
inflow boundary conditions are imposed during the computation: to-
tal pressure and temperature increase from their ambient values to
the chamber design values T"f = 3527.1 K and p^. f = 100 bar. An
adiabatic boundary condition on the wall and nonreflecting far field
are assumed.

Typically, the flow features a three-dimensional character, and
the transient in the chamber is at least 1 s long, with pressure and
temperature growths following laws different from each other. Nev-
ertheless, to have affordable computational times, the numerical
simulations performed consider shorter transients of axisymmetric
flows. These hypotheses, although not well suited for a detailed
prediction of the flow transient, allow the analysis and a qualitative
interpretation of the origin of some basic phenomena that, indeed,
have been shown to scale with the transient length.12

In particular, a linear transient of 100 ms (LT100) has been con-
sidered as reference solution. It is characterized by a linear growth
of total pressure and temperature, reaching the chamber operating
values from the ambient conditions in Ar0 = 100 ms.

The computational grid considered is orthogonal (Fig. 1). It in-
cludes 1) a lower region covering the nozzle inner field, which is
2.6 m long (90 x 40 nodes); 2) an,external region from the nozzle
exit section to the far-field outflow, which spans 5 m away from
the nozzle throat (30 x 40 nodes from the nozzle exit); and 3) an
upper external region, which has a total height of 4.0 m from the
axis (46 x 30 nodes). The grid is stretched in the direction normal to
the wall to cluster the mesh nodes inside the boundary layer. Com-
parisons with the results obtained by finer grids have shown that
the minimum mesh size must be smaller than (Ay)/ = 90 /xm at the
inflow section.

Analysis of Nozzle Startup
The main features of the computed flowfield can be clearly ana-

lyzed by Fig. 2 (flow is from left to right), in which a flow visualiza-
tion of the first 40 ms of the transient is provided by a sequence of
instantaneous streamline patterns and fitted shock points, indicated
by bold dots.

As pressure starts rising in the chamber, an incident shock with
higher pressure on its left side appears in the nozzle and propagates
quickly downstream. At the shock passage, a flow that follows the
shock is generated from the nozzle entrance.

When the shock enters the divergent duct, a strong expansion
occurs in the flow following the shock, and the flow behaves
like in an overexpanded regime. To raise the pressure from the
low values of the throat region to the higher values of the region

following the incident shock, a compression takes place. As a con-
sequence, the flow displays an adverse pressure gradient along the
wall of the divergent section, which yields the two main features of
these transients: the separation of the viscous boundary layer from
the wall and the formation of a recompression shock in the su-
personic core flow, located in correspondence with the maximum
thickness of the separated region.

Flow Separation
The typical evolution in time of the flow separation is shown by

Fig. 2. In particular, Figs. 2a and 2b show the onset of the separation,
whereas Figs. 2b and 2c show the flow structure when the separated
region is well formed, characterized by an intense vortex that takes
place in correspondence of a pressure minimum.

After the formation of the separated flow region, the viscous na-
ture of the flow leads to further separations downstream of the first
separation point and to the generation of smaller vortices within that
region (Figs. 2e-2g). Therefore, the separated region is character-
ized by two kinds of vortical structures: a main large vortex, with
the axis located at the right boundary of the recirculating region,
and smaller vortices, generated between the main vortex and the
separation point.

As time elapses, the separated region extends, preserving its flow
structure qualitatively similar in time. The evolution in time of this
region can be described by the behaviors of its two ends: the sep-
aration point and the axis of the main vortex. On one hand, as the
pressure grows in the chamber, the location where overexpanded
conditions occur moves downstream along the divergent section.
Accordingly, both the separation point and the recompression shock
move slowly toward the nozzle exit. On the other hand, the move-
ment of the main vortex is driven by the movement of the pressure
minimum, which propagates downstream faster (~240 rn/s) than
the separation point. In a few milliseconds, the separated zone is so
stretched that it covers all of the region near the wall of the divergent
section, from the separation point to the nozzle exit.

Inviscid Vortex Generation
While the separated region is enlarging, the main exhaust flow

and the recompression shock evolve in a very peculiar jet about the
nozzle centerline, bounded by the vortical separated region. Indeed,
because the flow expansion behind the throat is not uniform in the
radial direction, the intensity of the recompression increases, going
from axis to wall. Different shock intensities along the shock profile
are practically achieved in unsteady conditions by different shock
propagation velocities. As a consequence, in this early phase during
which the expansion is stronger at the wall than along the axis, the
upper part of the recompression shock needs to experience a more
intense pressure jump and thus moves downstream slower than the
lower part. The shock shape is thus bent upstream, with the lower
part almost normal to the axis.

After a few milliseconds the recompression shock changes its
profile, and displays a Y shape, characterized by a shock interaction
in a triple point, which separates the downstream flowfield into two
zones: the upper zone where a supersonic jet takes place through
the two oblique shocks and the lower zone with a normal shock and
a recirculating subsonic region behind it.

Important practical consequences come from the generation of
this second vortical region. Because it displays origins and nature
very different than the vortical separated region at wall and strongly
depends on the evolution of the recompression shock, an analysis
of the formation of the Y shape of this shock is provided in the
following.

A few instants after its onset (Fig. 2a), the shock is completely
formed across the divergent section (Fig. 2b). Afterwards, the in-
teraction between the bubble of separated flow at the wall and the
main exhaust jet leads to a turning of the supersonic stream pattern
and to the formation of an oblique shock branch from the separa-
tion point, which interacts with the recompression shock. Behind
this shock branch, the pressure value upstream of the recompression
shock is higher than at the axis; therefore, the needed pressure re-
covery that occurs across this side of the recompression shock and
the consequent shock intensity are lower.
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Fig. 2 Instantaneous streamlines and shock points (•) for the viscous simulation of LTIOO.
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As a result, the upper part of the recompression shock moves
faster than the lower part and the shock is thus bent downstream,
with the lower part almost normal to the axis. The resulting shock
shape, therefore, features the typical flow structure that characterizes
the flow transient in the divergent section: a separated region at the
wall and a Y-shaped recompression shock (Fig. 2d), with supersonic
flow in the upper zone and subsonic in the lower.

The different strength and shape of the shock from the axis to
the separation line cause high velocity and entropy gradients behind
the shock itself. This yields high vorticity in the region. In fact, at
t = 10 ms (Fig. 2e) a vortex already took place behind the normal
branch of the Y shock, in the region close to the axis.

It is also worthwhile to note that further variations of the shock
intensity are caused by the nonuniform flow in the radial direction,
due to both the geometry of the divergent section and the increasing
pressure and temperature in the chamber. The final result is a shock
stronger at the axis than at the wall.

In the following times, the vortex enlarges in such a way that it
spreads over a large part of the divergent section. Moreover, as the
recirculating zone enlarges, other smaller vortices are created about
the main one.

Therefore, another vortical region, having a different origin than
the viscous separated region, appears behind the recompression
shock, about the axis. It can be called inviscid vortical zone, in
accordance with its nature, which appears, indeed, similar to that
of the vortical phenomenon specifically discussed in a workshop
whose results were reported by Salas.13 The existence of Euler so-
lutions was indicated that feature recirculating flow bubbles be-
hind the shock that occurs in transonic flows over a circular cylin-
der and thus was denoted as inviscid separation. Reference 13 and
other later studies14'15 indicated that the viscous effects may have
a marginal role in the evolution of these recirculating regions for
high Reynolds number flows. Following this interpretations, com-
putations of high-speed flows showing vortices generated by invis-
cid entropy gradients have been successfully performed by solving
Euler equations16~18 and have been also used to explain the irregular
behavior of experimental results.17

The recirculation bubble initially covers only a very small region
of the flowfield compared with the very large region occupied by
the viscous vortices of the separated flow region. Later on, as time
elapses, the separation point moves toward the exit and the separated
region shrinks, while the inviscid vortical region becomes larger and
larger (Figs. 2g and 2h).

The occurrence of an inviscid vortex and of a reverse flow in the
core of a nozzle divergent section have never been stressed in the
literature. Only a few flowfield representations suggest that such
structures were actually computed, even if not discussed.4'5'7 On
the contrary, the evolution of this vortex is of great importance for
the understanding of the physical phenomena of the nozzle startup
or shutdown and, particularly, for its practical consequences on the
nozzle flow stability as shown in the following.

Although other numerical solutions, independently of the inte-
gration scheme and the test considered, also showed a similar flow
structure, objections could be raised on the physical nature of the
mechanism that generates the phenomenon, due to the possible role
of the artificial dissipation.

Concerning this issue, it should be emphasized that the integra-
tion technique used in the present study displays features so as
to minimize the influence of numerics on the results. In particu-
lar: 1) no explicit artificial damping to stabilize the solution was
added, thereby taking full advantage of the shock-fitting technique
adopted and 2) a global minimum integration time step was used
to preserve the physical meaning of the time-dependent simulation;
this feature also allows avoiding the consequences of the use of a
local time step that could affect the structure of the recirculating
flow region as indicated by Salas.14 As a result of these choices, a
numerical dissipation of the scheme can be produced only by the
order of accuracy of the solution and, thus, eventually it depends
on the grid mesh size adopted. We can, therefore, say that qualita-
tively the results are correct and that considerations made on that
basis about the physical meaning of the phenomena analyzed are
admissible.

Of course, the quantitative precision of the solution may be still
questionable. Indeed, this is a well established and unsolved problem

in every vortical flowfield, because the local quality of the solution
depends on the grid mesh size adopted and, in particular, on the
possibility that it can appreciate the smallest vortex scale that takes
place in the flow. An example of these difficulties is provided by
Ref. 19, where in recirculating flow regions a full grid convergence
also is not achieved by using very fine grids. Nevertheless, this is
a local effect that does not much affect the quality of the solution
in the remaining part of the flowfield, where grid convergence is
actually obtained.

In conclusion, the present study does not claim to provide a de-
tailed prediction of the phenomenon, but only aims to use the qual-
itative indications of the results to give insight into its still unclear
physical origin.

Pressure Loads on the Wall
From a practical point of view, a very important consequence of

the described flow structure can be noted from Figs. 2e-2h within
the divergent section. The exhaust jet flows in a narrow channel
between the two vortical zones, circumventing the recirculating re-
gion behind the recompression shock and bounded in the upper zone
by the separated flow region. As shown in Fig. 2, the exhaust flow
thus undertakes sudden shrinking and expansions, which yield wave
propagation phenomena in the radial direction, with consequent wall
pressure loads.

The sequence of Figs. 3a-3c shows the typical effects of this wave
propagation on the wall. At t = 40.0 ms, the recompression shock
is close to the nozzle exit, the inviscid vortex covers a large part of
the divergent section, the viscous separated region is shrunken to a

p(bsr)
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Fig. 3 Instantaneous streamlines, shock points (•), and isobars for the
viscous simulation of LT100.
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very limited zone about the nozzle edge, and the main exhaust jet
flows in a narrow space, bounded by the two recirculating zones.

At t = 41.8 ms the space for the high-speed exhaust jet is so re-
duced that the flow is obstructed and a shock takes place, with a
sudden rise of pressure behind it. As a consequence, a wave propa-
gation is generated in the radial direction. In Fig. 3c, at t = 41.9 ms,
its effect is clearly visible: the separated region is shrunken against
the wall and the high pressure reaches the wall itself, yielding a jump
in the local pressure value. Afterwards, it is reflected and propagates
downstream.

This sequence confirms that the origin of high-pressure peaks
on the wall is related to the obstruction that the viscous and especially
the inviscid recirculating regions yield on the main exhaust jet and
to the intense shocks, with the consequent sudden pressure rises,
that they produce within the jet itself.

These considerations are limited to axisymmetric calculations,
whereas it is well known that predictions of side loads would re-
quire three-dimensional simulations. Nevertheless, although three-
dimensional calculations are always a hopeful evolution of the future
studies on this topic, it is worthwhile to note that the present axisym-
metric considerations have a more general value. Indeed, it is well
known that an axisymmetric vortex in an internal flow, like the dis-
cussed inviscid vortex in the core flow, is a quite unstable structure.
Depending on an even small circumferential nonuniformity, it is
very likely that it degenerates toward an asymmetric configuration.

Wall Pressure Behavior
The origin of the rocket nozzle side loads during startup was

commonly explained in the literature as a consequence of the vis-
cous separation of the boundary layer from the wall. Nevertheless,
the numerical results just described can provide a more articulated
explanation. In particular, other phenomena, related to the transient
character of startup flows and to the generation of a recirculating flow
region in the nozzle core, could explain the origin of side loads, as
the following analysis of wall pressure behavior would also suggest.

Figure 4 shows the time history of the wall pressure computed in
five locations of the divergent section; the ambient pressure pa = 1
bar has been assumed as reference pressure. The behaviors display
fluctuations of different intensity and frequency. In the early time
only fluctuations of low intensity take place, but later and in points
closer to the nozzle exit the fluctuations have greater intensity, with
the occurrence of isolated high peaks. As indicated in the following,
these fluctuations are related to phenomena having a different nature,
and only part of them can be associated to the occurrence of the
viscous flow separation.

In particular, three different kinds of fluctuations occur.
1) Low-frequency fluctuations are detectable at* = 0.4 and 0.8 m,

having amplitude of the order of magnitude of 0.3 bar and having
two peaks at about 8 and 20 ms in both cases, as well as one at about
15 ms.

2) High-frequency fluctuations are detectable at x = 0.4 m as
the small-amplitude ones (<0.1 bar) superimposed to fluctuations
1 between 10 and 30 ms.
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Fig. 4 Pressure time history at five locations on the divergent section
wall for the viscous simulation of LT100 (x = distance from the throat).

3) High-frequency and amplitude fluctuations are detectable at
x = 1.6 and 2.0 m, occurring after t = 30 ms (amplitude of the order
of magnitude of 0.5 bar before degeneration to more than 1 bar).

In the first phase of the transient (t = 0-10 ms), the wall pressure
behaviors are characterized by the propagation of the incident shock.
In Fig. 4 the pressure rise is more evident after 3-4 ms in the curves
relevant to the positions at x = 0.4 and 0.8m from the throat, whereas
it tends to decrease in points downstream, due to the enlargement
of the propagation front.

After the shock passage, a first minimum in the wall pressure
history appears, due to the expansion in the throat region. It follows
the incident shock, but it travels at lower speeds and, thus, the high
pressure zone following the shock tends to extend. In fact, in the
interval of time 0-10 ms the behaviors display wall pressure values
almost constant between the first rise and the first minimum, and
this zone tends to extend, as shown by the comparison of the curve
at x — 0.4 m with those relevant to other points downstream.

At subsequent times, the behavior at x = 0.4 and 0.8 m clearly
show the low-frequency fluctuations 1 (Fig. 4) of wall pressure. The
phenomenon seems to be related to the reflection of the incident
shock wave at the nozzle exit. Indeed, this explanation is consistent
with an approximate prediction based on assumptions of a wave
propagation occurring in a low-speed flow with the ambient value
of speed of sound (a = 468 m/s). The wave becomes less clear in the
behaviors computed in the other wall points, because of the other
perturbations.

Superimposed on fluctuations 1 (Fig. 4), very small oscillations
with high frequency take place. They are denoted as fluctuations 2
(Fig. 4). It is interesting to note that they appear in of all the be-
haviors, always occurring after the first pressure minimum and,
therefore, after the separation of the boundary layer from the wall.
Indeed, fluctuations 2 are one of the effects of the formation of
the vortical separated region. The slight increase of their amplitude
moving from sampling points located about the throat to those lo-
cated downstream seems to be related to the increasing thickness of
the separated flow region. Indeed, both the maximum velocity of the
recirculating flow and the frequency of its impact on wall pressure
depend on it.

As time elapses, a completely different wall pressure behavior
occurs: more intense oscillations with slight lower frequency ap-
pear in the second-half of the transient, after t = 30 ms. They are
denoted as fluctuations 3 (Fig. 4). Because they are recorded only in
the sampling points closest to the nozzle exit, they should originate
from phenomena occurring in late phase of the transient. In fact,
the temporal correlation between the diagrams of Fig. 4 and the
time evolution of the flow structures (Fig. 2) indicates that fluctu-
ations 3 appear only when the inviscid recirculating region behind
the recompression shock is fully developed. In this situation, the
exhaust flow moves around this vortical zone changing in size, and
the interaction with it yields a sequence of shrinking and expan-
sions of the jet. The consequent changes in pressure are larger than
the previous ones, because they are caused by variations in high-
speed flow. The pressure history in the core flow is then transmit-
ted by radial wave propagations toward the wall, leading a similar
wall pressure behavior. The characteristic scale of this phenomenon
is, therefore, of the order of magnitude of the local radius of the
divergent section and, in fact, the phenomenon features a lower
frequency.

During this last phase, fluctuations 3 also display pressure peaks
much higher than their average amplitude. Values as large as A/7 =
7 bar have been recorded. As indicated in the preceding section,
these peaks have the same origin as fluctuations 3 occurring before
t = 40 ms and, therefore, can be seen as dramatic aspects of the same
physical phenomenon.

Inviscid Simulations
For practical purposes, it is important to analyze the possible

correlations between the evolution of the flow structures discussed
and the flow parameters that characterize the phenomenon and, in
particular, the dependence on the flow conditions in the combustion
chamber. To perform such studies, long computational times are
necessary to simulate accurately the boundary-layer zone, whereas
the extension to three-dimensional calculation is impractical.
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Nevertheless, due to its inviscid origin, the basic behavior of the
inviscid vortical zone can be analyzed by means of an inviscid sim-
ulation of the nozzle flow transient. It should also be considered that
in the viscous simulation the extent of the separated region is small
when the recompression shock is close to the nozzle exit, i.e., when
the wall pressure instability is higher. In that phase, the inviscid
vortex covers a large part of the divergent section and the flowfield
displays a structure very similar to that generated by an inviscid
simulation.

To exploit less burdensome simulation models, an inviscid anal-
ysis has been performed. Moreover, a reduced combustion chamber
transient has been considered because it has been shown12 that a
scaling effect exists for evolutions characterized by shorter tran-
sients, provided they are not too fast to yield supersonic flow in
the convergent section. It is a piecewise linear transient of 25 ms
(PLT25), formed by two linear parts: the first one coincides with
the initial 5 ms of LT100, whereas the second, lasting from t = 5 to
25 ms, completes the transient with a linear rise of chamber pressure
and temperature from the conditions reached at the end of the first
part to the final conditions.

The sequence of the inviscid results of PLT25 are shown in Fig. 5.
They have been obtained by using three different grids (Table 1),
over the same domain as Fig. 1.

______Table 1 Grids used for refinement______
Lower region

Grid

1 (coarse)
2 (medium)
3 (fine)

Nozzle
74 x 10

147 x 20
220 x 30

External

26 x 10
53x20
80x30

Upper region
40 x 10
80x20

120 x 30

The sequence of Fig. 5 displays the generation of the inviscid
vortical zone behind the recompression shock, with the formation
of the main and small vortices. Then, the main vortex becomes
larger, spanning the entire nozzle radius. Qualitatively similar to the
viscous solution, in this case also the wall pressure fluctuations are
enhanced when the enlargement of the recirculating bubble is such
that only a narrow channel is left to the main exhaust jet, where the
gas flow at very high speed yielding shocklets and sudden pressure
rises when the flow passage is more obstructed (Fig. 6).

An important conclusion of this analysis is that the main ef-
fects of the vortical structure in these nozzle flow transients may be
qualitatively described under the inviscid hypothesis. That allows a

]Ap=1 bar

.J———j———._ x=o.8 m

0 5 10 15 20
t(ms)

Fig. 6 Pressure time history at four positions on the divergent section
wall for the inviscid simulation of PLT25 (x = distance from the throat):
——, grid 1; —, grid 2; and ——, grid 3.
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Fig. 5 Instantaneous streamlines and shock points (•) for the inviscid simulation of PLT25.
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very significant saving of computational time, nonetheless preserv-
ing the main features of the flowfield.

The tests also provide an indication about the grid dependence of
the numerical solution. Indeed, the results obtained with the three
different grids emphasize the need of using sufficiently clustered
computational meshes. In particular, the comparison among solu-
tions is shown in Fig. 6: even if a full grid convergence cannot be
achieved, the solutions display good agreement when the grid reso-
lution allows a representation of the small vortices that take place be-
hind the shock. A lack of resolution leads to displacements in the pre-
dictions of the extent of the bubble and of the location of the shock.

Conclusions
An advanced numerical technique based on shock fitting has been

implemented to the simulation of axisymmetric flow transients of
an aerospace engine nozzle. The results show the following.

1) During nozzle startup very peculiar flowfield configurations
occur, which are characterized by two main vortical regions: the
first is due to the boundary-layer separation from wall, whereas the
second covers much of the divergent section and has an inviscid
origin.

2) The inviscid vortices play an important role in the generation
of wall pressure fluctuations and eventually of the nozzle side loads.
This role was not clearly in evidence in the literature.

3) Inviscid calculations show the generation of a similar recircu-
lation zone and, thus, they can represent a possible way to perform
qualitative analyses of the phenomenon, by means of a less cum-
bersome approach than viscous solutions.

The continuation of the present work is in progress to evaluate the
influence of different transients of the flow values in the combustion
chamber on the evolution in time of the vortical regions.
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