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1 Introduction

Flow separation in supersonic convergent–divergent nozzles
has been the subject of several experimental and numeri-
cal studies in the past. Today, with the renewed interest in
supersonic flights and space vehicles, the subject has become
increasingly important, especially for aerospace applications
(rockets, missiles, supersonic aircrafts, etc.). Flow separation
in supersonic nozzles is a basic fluid-dynamics phenomenon
that occurs at a certain pressure ratio of chamber to ambi-
ent pressure, resulting in shock formation and shock/tur-
bulent-boundary layer interaction inside the nozzle. From
purely gas-dynamics point of view, this problem involves
basic structure of shock interactions with separation shock,
which consists of incident shock, Mach reflections, reflected
shock, triple point and sliplines (see Figs. 1, 2). Several
viscous phenomena, such as boundary layers with adverse
pressure gradients, induced separation, recirculation bubbles,
shear layers may additionally occur and can strongly affect
the flow-field inside the nozzle (see Figs. 3, 4).

Previous studies on supersonic nozzles [1,2] have shown
that shock-wave/boundary layer interaction (SWBLI) occur-
ring in highly overexpanded nozzles may exhibit strong
unsteadiness that cause symmetrical or unsymmetrical flow
separation. In rocket design community, shock-induced sep-
aration is considered undesirable because an asymmetry in
the flow can yield dangerous lateral forces, the so-called
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side-loads, which may damage the nozzle [3]. This phenom-
enon has received significant attention in the past and it is
still an active subject of research, whose primarily motivation
is to improve nozzle performance under overexpanded flow
conditions and to mitigate against nozzle side-loads produced
by shock unsteadiness as well as asymmetric boundary-layer
separation.

2 Flow separation in nozzles: a brief literature survey

Several experimental studies, performed on either subscale
[3–6] or full-scale [3] optimized nozzles, corroborated by dif-
ferent numerical simulations [7–11], demonstrated the exis-
tence of two distinct separation processes, namely the Free
Shock Separation (FSS), in which the boundary layer sepa-
rates from the nozzle wall and never reattaches (see Fig. 3),
and the restricted shock separation (RSS) characterized by
a closed recirculation bubble, downstream of the separation
point, with reattachment on the wall (see Fig. 4). In fact, the
earliest studies attributed the cause of the measured side-
loads to asymmetric FSS, that yields a tilted separation sur-
face as reported by [3,12]. Subsequently, in the early 70s,
during cold-flow subscale tests for the J-2S engine develop-
ment, Nave and Coffey [3], in a study that can be consid-
ered the pioneer milestone for the field, observed that the
highest value of side loads takes place during the transition
from FSS structure to different kind of separated nozzle flow
structures, which had not been noticed before. In particu-
lar, the pressure downstream of the separation point showed
an unsteady behavior with strong oscillations, and finally
jumped to values quite above the ambient pressure.

They attributed this behavior to the reattachment of the
separated flow to the nozzle wall, and because of the limited
extension of this separated region, they called it restricted
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Fig. 1 Schematic illustration of shock interactions and cap-shock
pattern in overexpanded supersonic nozzles. Note that, in case a, the
curvature of the Mach disk is due to the upstream flow nonuniformi-
ties, characterized by a strong vortical pressure gradient but no inter-
nal shock, whereas, in cases b and c, the cap shock pattern is mainly
caused by the impingement of the internal shock with the central Mach
disk. The reflected shock resulting from this interaction meets later with
the incident shock (arising from the boundary-layer region) and form
either regular reflection (RR) as in case b or Mach Reflection (MR) as

in case c, depending on their respective slopes. In the latter case, the
MR corresponds to an annular Mach disk. Note also that the internal
shock is only observed in nozzles with thrust-optimized, parabolic or
compressed contours, and it is induced shortly downstream of the noz-
zle throat at the inflection point where wall curvature suddenly changes
from a convex to a concave contour shape. i1 internal shock, i2 incident
shock, r reflected shock, TP triple point, S slipline, MD1 central Mach
disk, MD2 annular Mach disk
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Fig. 2 Schematic illustration of shock interactions near the nozzle lip
for two different pressure ratios at full (a) and over (b) flowing noz-
zle regimes. It is worth noting that the cap-shock pattern is unlikely to
appear in the overexpanded jet plume, since the Mach disk is out of
reach of the internal shock. This observation is confirmed by various
experimental and numerical studies showing that, for such high cham-
ber pressure operations, only classical Mach reflection configuration is

possible. Further increase of the nozzle chamber pressure will result
in a reduction of the height of the Mach disk, which moves further
downstream of the nozzle exit until a smooth transition from MR to an
apparent regular reflection (aRR), characterized by a very small (and not
easily visible) Mach disk. The aRR configuration appears due to the fact
that in axisymmetric flows the RR solution is theoretically impossible
[13]. JB jet boundary (see Fig. 1 for other notations)

shock separation (RSS). More recently, during the studies
motivated by the development of the Ariane 5 Vulcain
engines, experiments made on both subscale [14–16] and
full-scale rocket nozzles [17,18] confirmed that the highest
values of side loads take place during the transition from FSS
to RSS, as indicated by Nave and Coffey. Nevertheless, there
was no clear explanation of the cause of the flow reattachment
to the wall.

The evidence of the flow reattachment in the J-2S sub-scale
nozzle was first confirmed by numerical simulations of Chen
et al. [7]. In addition, those calculations revealed a trapped

vortex behind the recompression shock. Later, Nasuti and
Onofri [10,19–21] stressed the role played by the centerline
vortex on the side-loads generation, and suggested a possible
explanation for its formation mainly based on the key role
played by the flow gradients upstream of the Mach disk in
the nozzle core. According to that explanation, an inviscid
mechanism is the principal cause of vorticity generation. In
particular, the driving role is played by the non-uniformity
of the flow impinging on the Mach disk. Because of this
upstream flow non-uniformity, and because of the down-
stream quite-uniform pressure, the shock strength cannot be
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Fig. 3 Free shock separation. IS internal shock, SJ supersonic jet, SP separation point (see Fig. 1 for other notations)

Fig. 4 Restricted shock separation

constant along its surface and its shape takes a curved shock
profile, rather than a flat one. As a consequence, a rotational
flow occurs behind the Mach disk with velocity and entropy
gradients, that become larger for increasing flow non-uni-
formity upstream, and thus can generate vortical structures.
The centerline vortex, whose size and growth rate are mainly
controlled by viscous effects, acts as an obstruction for the
main exhausting jet, that therefore deviates towards the wall.
As a consequence, a radial flow component is generated
behind the shock, that tends to reattach the separated region
to the wall, thus switching the flow structure of the separated
region from FSS to RSS. Behind the reattachment point, due
to the flow impingement on the wall, a sudden increase of
pressure occurs.

Summarizing, the flow non-uniformity may generate a
curved-shock profile with a downstream trapped vortex (also
referred to as “cap-shock”, see Figs. 1, 4), which acts as a

driver for the transition from FSS to RSS, and in turns gen-
erates the highest wall pressure peaks. This conclusion is
largely proven by experiments [14–18,22,23]. Concerning
the causes of the generation of the recirculating region, a
different interpretation was given by Hagemann and Frey,
who indicated it as a consequence of the direct or inverse
Mach reflection of the internal shock, that typically char-
acterizes the flow field in parabolic nozzles. Following this
point of view, they suggested that truncated ideal contour
(TIC) nozzles would be a better choice to avoid intense
side loads [16,24,25]. However, recent experiments [26,27]
showed that even in TIC nozzles significantly high-amplitude
side-loads may occur in particular at low pressure regimes,
confirming earlier findings [1] of symmetrical/unsymmet-
rical boundary-layer separations and subsequent side-loads
generation in conical nozzles. Although the physical
mechanism that drives the unsymmetrical boundary-layer
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separation in axisymmetric nozzles is not yet well under-
stood, the phenomenon is mainly governed by one or both of
the two mentioned flow separation structures: FSS and RSS.

This two type of flow separations occur during transient
startup or shutdown even if the nozzle operates with full-flow
at steady-state chamber pressure. In a typical rocket engine,
the chamber pressure rises from the ambient pressure to
the steady-state operating value [7,10,28]. Flow separation
momentarily occurs when the chamber pressure is relatively
low, such as to yield wall pressure much lower than the ambi-
ent one in some location of the divergent section. During this
transient startup period, the separated flow is first governed
by the FSS structure. Then the FSS is replaced by the RSS
pattern when the chamber pressure exceeds a certain critical
value. Hysteresis of the FSS ↔ RSS transition is also clearly
identified and several peaks of side-loads are measured by
different groups in Europe [29,30], USA [3] and Japan [31].

In spite of many studies on the subject, the mechanisms
of shock-wave propagation and related side-loads generation
are quite complex, and fundamental knowledge of super-
sonic flow physics in presence of shock reflection at wall,
shock/shock and shock/boundary layer interactions is still
needed.

3 Special issue on NFS

The special issue on NFS focuses on the integration of theory,
modeling, and experiments for the study of shock-wave inter-
actions in supersonic nozzles, and helps to provide a basis
for future work in this area. This issue includes ten orig-
inal and/or review papers from specialists in the various
aspects of supersonic nozzles (theory, advanced measure-
ments, and numerical simulations). Half of the contributions
are experimental investigations, and the other half is dedi-
cated to numerical simulations. Some of the selected papers
have been presented at the 26th International Symposium on
Shock Waves (ISSW26), Göttingen, Germany, 15–20 July
2007 and the other have been proposed by different authors in
reply to our call for contributions. All manuscripts have been
peer-reviewed according to the shock waves journal (SWJ)
policy. For technical reason, it has been decided to publish
8 contributions together with the present Editorial letter in a
one-block issue, and keep the two left papers [32,33] for a
next regular issue of the journal. A further contribution on
the subject of this special issue has been published recently
in SWJ [18].

In the framework of this study, several experimental
techniques have been used with different nozzle shapes (pla-
nar or bell ideal and optimized contours) to elucidate the
phenomenon of boundary-layer separation and shock inter-
actions. For example, Papamoschou et al. [34] presented
an experimental study of the dynamics of the shock-wave/

boundary-layer interaction in a planar nozzle. Optical res-
olutions as well as pressure information have been used to
highlight the important characteristics of this unsteady flow
with in particular the low-frequency movements of the sep-
arated shock, oscillating in a “piston-like” manner. Stark
and Wagner [27] summarized recent findings achieved on
TIC nozzles, with emphasis on separation criteria and under-
standing of side-loads generation. Some interesting data are
included in their paper with regard to the Mach disk shape
and location. Although these data are directly linked to the
specific nozzle shape and driving gas conditions, a simple,
and useful separation criterion has emerged from their study.
The authors proposed an explanation of a flow phenomenon
observed for very low-pressure ratios. Boundary layer-
relaminarization and subsequent transition from laminar to
turbulent flow separation is shown to create the potential for a
tilted Mach disk that directs flow towards the wall and causes
large side-loads. On the other hand, Verma [35] dedicated
his study to flow separation and shock unsteadiness in thrust
optimized parabolic (TOP) nozzles conducted in the DLR
P6.2 cold-gas subscale test facility. Several data, obtained
from time-resolved wall pressure measurements, high-speed
schlieren and strain-gauges, highlighted the unsteady charac-
ter of the shock motion in the separation region. The physical
mechanisms responsible for the origin of flow unsteadiness,
for various separation modes and their contribution towards
generation of side-loads, are discussed. Also, Tomita et al.
[36] presented an overview of an experimental study dedi-
cated to a small-scale TOP nozzle with both cold and hot
gases. Different aspects of the flow behavior, during the tran-
sient process, have been described through the use of various
and complementary experimental methods: surface pressure
and unsteady forces measurements, surface flow qualifica-
tion by liquid crystal responding to shear stress, shadow-
graph pictures, etc. Detailed experimental results, confirmed
by numerical simulations, have been discussed and a new
mechanism, so-called “separation jump”, has been identi-
fied as a reason for the measured unsteady nozzle side-loads
amplification. To conclude the experimental part, Nurnber-
ger-Genin and Stark [37] investigated the flow transition
between two operating modes of a dual-bell nozzle. Particu-
lar attention has been paid to the hysteresis effect during the
transition from the first mode (flow separated at the inflec-
tion) to the second one (fully attached flow) and back. In
order to characterize the side-load behavior, the transition
duration as well as the separation front velocity have been
measured and analyzed.

From numerical point of view, it is worth noticing that
the modeling challenge is to predict the boundary layer in
nozzles at a very high-Reynolds number to adequately sim-
ulate the interaction of shock-waves with large and small-
scale turbulence and associated phenomena. One of the major
stumbling blocks for computing nozzle flows is the near-wall
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turbulence. In previous works [8,23,38,39], a major step has
been made in turbulence modeling, where state-of-the-art
steady RANS and unsteady URANS methods have been used
to simulate flow characteristics in supersonic nozzles and to
conduct parametrical studies for both steady and transient
flow regimes. Also, this approach has been effective for the
analysis of different shock-waves structures and separation
type (FSS, RSS).

In this context, Nasuti and Onofri [40] discussed the some-
what physical mechanism that drives the Mach-stem curva-
ture in typical overexpanded nozzles using RANS method.
The phenomenological explanation as well as the simplified
description of the flow features helps in the understanding
of the “Inviscid Separation” and “Restricted-Shock Separa-
tion” phenomena in separated overexpanded nozzles. Also,
Martelli et al. [32] presented a numerical study mainly
focused on the transition between the two shock-separation
patterns in a parabolic nozzle with an evidence of a hysteresis
loop, depending on the initial conditions.

For transient flow simulations, Wang [41] presented com-
putational methodology to capture the side-loads physics in
a representative rocket engine, using an engine system sim-
ulation to obtain a sequence for reproducing the inlet history
as close as possible to the fire test. Additionally, Perrot and
Hadjadj [33] examined numerically the transient flow in a
supersonic ideal nozzle. Their computations provide engi-
neers with detailed insights into the complex time evolu-
tion of the starting process, clearly showing the development
and the effect of shock-wave propagation and early stages of
boundary-layer separation from the nozzle wall.

Finally, Deck [42] reported results of an advanced CFD
investigation using a detached-eddy simulation (DES)
approach on the unsteady nozzle flow under “end-effect”
regime and also on side-load characteristics. DES stands as
a promising solution for computing side-loads generation,
since it combines the efficiency of a Reynolds-averaged tur-
bulence model near the wall with the fidelity of large-eddy
simulation (LES) in separated regions.

4 Conclusions and recommendations for future work

It should be evident from the very brief summary of differ-
ent investigations above that flow separation in nozzles is an
extremely difficult task and despite truly remarkable progress
in computational and measurement capabilities, there are still
many unresolved problems. Based on the authors’ own views
and those of some colleagues, some suggestions are made as
to where future efforts on nozzle flow investigations might
be focused.

– Much effort remains to be done on basic research of shock
waves phenomena with different type of shock interaction

in nozzles. Of particular interest, the curvature of the
Mach disk (convex or concave shapes) and the mecha-
nism of formation of vortices on the contact surface as
well as on the downstream subsonic flow merit a spe-
cial attention. Knowing the key role played by the recir-
culation bubble on the dynamic of the large-scales fluid
motion, specifically at the nozzle exit (end-effect regime),
the question of inviscid/viscous interaction and nozzle
flow stability reminds extremely important for future
investigations.

– On the other hand, accurate estimates of side-loads in
nozzles require, in part, a detailed study of the flow behav-
ior during start-up or shut-down processes. At transient
regimes, this involves careful analysis of the shock inter-
actions and the nature of the boundary layer. One of the
not yet well understood phenomenon in transient nozzle
flows concerns the early stage of the startup, when the
recompression shock start to interact with the emerging
boundary layer, exhibiting hence various complex and
transitional flow structures, ranging from purely inviscid
to laminar and then fully turbulent flow separations. This
very short transient period is crucial for the nozzle life
constraints since the flow is very sensitive to small per-
turbations which may rapidly evolve through the inter-
action process, leading to a strong side-loads generation.
Also, during the startup or shutdown processes, the ques-
tion of the influence of the time scale: fast (impulsive)
versus slow (steady-state pressure increase) on different
shock separation patterns is still open. We would expect,
in this case, different side-loads amplification depend-
ing on how the flow acceleration occur for fast and slow
transient regimes.

– Another task which was not directly addressed is this spe-
cial issue is that related to low-frequency oscillations of
shock-induced turbulent separation. Although this phe-
nomenon appears to not strongly depend on the noz-
zle geometry [43,44], since it has been also revealed in
many other configurations such as ducts [45,46], wind
tunnels [47] or ramps [48], its relevance in SWBLI appli-
cations and in particular the fluctuating pressure loads
generated by translating shock waves, pulsating separated
flows, and expansions/contractions of the global flowfield
which can cause severe nozzle structural damage, cannot
be ignored by designers of rocket nozzles. Indeed, much
effort should be spent towards the identification of the
origin of low-frequency shock movement as well as the
physical mechanism that drive this phenomenon. Prob-
ably, the most efficient and profitable approach that can
used to handle this problem would be clearly one in which
computation and experiment are closely coupled.

– In CFD, the potential exists not only for computing
unsteady interaction properties but also for using DES
and LES to explore the effects of different nozzle
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configurations and flow variations and to investigate the
underlying physics. To validate unsteady approaches and
improve numerical simulations of complex nozzle flows,
additional information is needed from experiments. Exp-
erimental studies typically do not report the nozzle geom-
etry effects or characterize the flowfield inside the nozzle.
Shock waves, internal nozzle boundary-layer data, and
turbulence measurements in the shear layer at the sep-
aration are important for developing accurate numerical
simulations.

– The flow asymmetry which occurs in both planar or axi-
symmetric nozzle geometries is still an open question,
and is clarified neither by experiment nor by CFD. In par-
ticular, for low nozzle pressure ratio (NPR) regimes, the
nozzle throat and the boundary layer may play an impor-
tant role. Knowing the importance of the phenomenon
at transonic speeds and how the nature of the interaction
depends critically on the state of the incoming bound-
ary layer, the upstream conditions merit to be carefully
investigated, in particular the nature of the boundary layer
(laminar, transitional or fully turbulent) as well as the
influence of small perturbations at the wall (like rough-
ness) or/and the shape of throat (with or without inter-
nal shock). From hydrodynamic stability point of view,
the mixing layer emanating from the separation point
at transonic regime (0.8 < M < 1.9) may evolve differ-
ently than at high Mach number. Therefore, the influ-
ence of the nozzle Mach number merits to be addressed.
Another still open question is: for low NPR regimes, is
there any influence of downstream conditions, especially
the confinement effect of the separated jet by the nozzle
walls?

– Finally, it should be recalled that the experimental analysis
of separated nozzle flows in both transient and stabilized
regimes in full-scale rocket nozzles is very difficult and
expensive, because it would need flow visualizations and
measurements inside the divergent section in the few sec-
onds of the engine run (or milliseconds for the crucial
part of the transient). Since the main finding is reveal-
ing the unsteady nature of the flow separation, which
is not easily accessible by experiments in real configu-
rations, the quantitative data of the CFD, if previously
well validated through appropriate benchmark calcula-
tions, should help to understand and explain such flow
behavior.
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