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The nozzle, an end-element of the propulsive process cycle, represents a critical part of
any aerospace vehicle. The task of accelerating and efficiently exhausting combusted and
reactive gases according to the delivered thrust represents the main objective of the
propulsion system design. Flow separation in supersonic convergent—divergent nozzles has
been the subject of several experimental and numerical studies in the past. Now, 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 ambient pressure, resulting in shock
formation and shock/turbulent-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 slip lines. In this article A Review on Flow Separation Phenomenon for

Supersonic Convergent—Divergent Nozzles has been investigated.
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shock interactions, Mach reflections.

Introduction

The nozzle, an end-element of the propulsive
process Cycle, represents a critical part of any
aerospace vehicle. The task of accelerating and
efficiently exhausting combusted and reactive gases
according to the delivered thrust represents the main
objective of the propulsion system design. As such,
propulsive convergent divergent (C-D)
axisymmetric rocket nozzles have evolved since the
early period of use till nowadays. From technical
and historical point of view, it is possible to sort
axisymmetric nozzle types by the shape of their
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divergent profile as conical, ideal de- Laval,

truncated ideal contour (TIC) and sorts of modern
thrust optimized contour (TOC) nozzles. Several
viscous phenomena, such as boundary layers with
adverse pressure gradients, induced separation, and
recirculation bubbles, shear layers may additionally
occur and can strongly affect the flow-field inside
the nozzle (Figs. 5, 6). Previous studies on
supersonic nozzles [2, 3] have shown that shock-
wave/boundary  layer interaction = (SWBLI)
occurring in highly overexpanded nozzles may
exhibit strong unsteadiness that cause symmetrical
or unsymmetrical flow separation. In rocket design
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community, shock-induced separation is considered
undesirable because an asymmetry in the flow can
yield dangerous lateral forces, the so called side-
loads, which may damage the nozzle [4]. This
phenomenon 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. This condition [S] occurs
because the nozzle expansion ratio is too large for a
given nozzle pressure ratio (NPR). Supersonic
nozzle flow is driven to expand below exit
backpressure, and a nonisentropic, discontinuous
shock jump is required to adjust. Ideally, flow stays
attached downstream of the shock, but in reality, it
usually separates from the nozzle flap if the
expansion ratio is high enough or the flap angle
steep enough.

Flow separation on supersonic convergent-
divergent nozzles: literature review

Several experimental studies, performed on either
subscale [4,6-8] or full-scale [4] optimized nozzles,
corroborated by different numerical simulations [9—
13], demonstrated the existence of two distinct
separation processes, namely the Free Shock
Separation (FSS), in which the boundary layer
separates from the nozzle wall and never reattaches
(Fig. 5), and the restricted shock separation (RSS)
characterized by a closed recirculation bubble,
downstream of the separation point, with
reattachment on the wall (Fig. 6). In fact, the earliest
studies attributed the cause of the measured side
loads to asymmetric FSS that yields a tilted
separation surface as reported by [4, 14].
Subsequently, in the early 70s, during cold-flow
subscale tests for the J-2S engine development,
Nave and Coffey [4], in a study that can be
considered 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 particular, 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
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separated region, they called it restricted shock
separation (RSS).
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Figure 1. Pressure vs distance for converging-diverging
nozzle with various pressure ratios [9].
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Figure 2. Schematic of a flow phenomenon of a nozzle
[15].
A typical inviscid one-dimensional nozzle flow can
be characterized into four types as shown in Fig. 1,
depending on its corresponding ambient pressure.
An overexpanded nozzle flow is shown as type 111
under pressure condition 5 in Fig. 1 where condition
4 indicates an internal shock standing right at the
exit plane, and condition 6 is the design condition
the exit pressure is equal to the ambient pressure.
Ideally, the overexpanded nozzle flow is supersonic
within the entire portion of the nozzle downstream
of the throat, and the exit-plane pressure is
uniformly lower than the ambient pressure.
However, for an actual nozzle under ambient
pressure condition 5, complicated shock wave and
boundarylayer interactions can lead to the separation
of the boundary layer on the nozzle wall and result
in a highly nonuniform flow at the nozzle exit plane
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[9]. Fig 2. Shows the Schematic of a flow
phenomenon of a nozzle.
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Figure 3. Schematic illustration of shock interactions
and cap-shock pattern in over expanded supersonic
nozzles [1].

According to Fig.3, It is worth noting that, in case
(a), the curvature of the Mach disk is due to the
upstream flow non uniformities, characterized by a
strong vortical pressure gradient but no internal
shock, whereas, in cases (b) and (¢), 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 nozzle throat at the
inflection point where wall curvature suddenly
changes from a convex to a concave contour shape.
iy internal shock, i, incident shock, » reflected shock,
TP triple point, S slip line, MD; central Mach disk,
MD; annular Mach disk [1]. More recently, during
the studies motivated by the development of the
Ariane 5 Vulcain engines, experiments made on
both subscale [16—18] and full-scale rocket nozzles
[19,20] 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. [9]. In addition, those
calculations revealed a trapped vortex behind the
recompression shock. Later, Nasuti, Onofri and
M. Sellam [12,21-23,61] stressed the role played by
the centerline vortex on the side-loads generation,
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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 downstream
quite-uniform pressure, the shock strength cannot be
constant along its surface and its shape takes a
curved shock profile, rather than a flat one.

Figure 4. Schematic illustration of shock interactions
near the nozzle lip for two different pressure ratios at
full (a) and over (b) flowing nozzle regimes [1].

According to Fig.4, It is worth noting that the cap-
shock pattern is unlikely to appear in the over
expanded 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 chamber
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 [24]. JB is jet
boundary (see Fig. 3 for other notations) [1].
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Figure 5. Free shock separation. IS internal shock, SJ
supersonic jet, SP separation point (see Fig. 3 for other
notations) [1].

As a consequence, a rotational flow occurs behind
the Mach disk with velocity and entropy gradients
that become larger for increasing flow non-
uniformity 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”,
Figs. 3, 6), which acts as a driver for the transition
from FSS to RSS, and in turns generates the highest
wall pressure peaks. This conclusion is largely
proven by experiments [16-20, 25, 26,57,58,59].
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 characterizes 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 [18,27,28,55,56]. However,
recent experiments [29, 30] showed that even in TIC
nozzles significantly high-amplitude side-loads may
occur in particular at low pressure regimes,
confirming earlier findings [2] of
symmetrical/unsymmetrical boundary-layer
separations and subsequent side-loads generation in
conical nozzles. Although the physical mechanism
that drives the unsymmetrical boundary-layer
separation in axisymmetric nozzles is not yet well
understood, the phenomenon is mainly governed by
one or both of the two mentioned flow separation
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structures: FSS and RSS. Fig. 7 shows an over
expanded converging-diverging nozzle at the
moment of separation.
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Figure 7. An over expanded converging-diverging
nozzle at the moment of separation [5].
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Figure 8. Mach plot at normal plane depicting Free
Shock Separation (FSS) at NPR=40 [64].

Figure 9. Mach plot at normal plane depicting
Restricted Shock Separation (RSS) at NPR=30 [64].
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In Fig. 8 FSS is captured with a higher side tilted
towards the wall. With further NPR decrease qRSS
goes

to RSS. RSS depicted Fig. 9 imposes recirculation
zones between separation and reattachment points at
the wall. In the main flow trapped vortex or counter
rotating vortex pair is formed being trapped inside
the sequence

region between cap shock and the end. Vortex
motion inside allows “breathing” of the trapped flow
which is by number of authors related [38,40] to
FSS/RSS transition and oscillations.  The
recirculation formed near the wall effectively
controls the pressure imposed on the wall. For the
FSS, flow separates due to adverse pressure gradient
and the back flow enters the nozzle rapidly
increasing the pressure as the back flow turns and
forms long loop the slope of the pressure profile
starts to decrease going to its plateau ambient value
[64]. 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 [9,12,31]. Flow
separation momentarily occurs when the chamber
pressure is relatively low, such as to yield wall
pressure much lower than the ambient 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 [32,33], USA [4] and
Japan [34]. 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 supersonic flow physics
in presence of shock reflection at wall, shock/shock
and shock/boundary layer interactions is still
needed. Khan and Shembharker [35] presented a
viscous flow analysis of a convergent divergent
nozzle. Adamson and Nicholls [36], analyzed nozzle
jets experimentally and presented an analytical
method for calculating the position of shock inside
the nozzle, whereas Lewis and Carlson [37]
experimentally determined the distance of the first
Mach disc in under expanded supersonic nozzles
issuing gas from the nozzle exit plane. Fig.10 shows
the FSS - dimensionless wall pressure profile

Journal of Aerospace Science and Technology / 1 45
Vol. 14/ No2/ Summer- Autumn 2021

wall|-pressure at NPRo
0.8 08 1

0.00¢ | | | |
LE) 0.4 05 0.6 0.7

XL
Figure 10. FSS - dimensionless wall pressure profile
[64].

Special case on supersonic Nozzle Flow
Separation (NFS)

The special case[l] on NFS focuses on the
integration of theory, modeling, and experiments for
the study of shock-wave interactions in supersonic
nozzles, and helps to provide a basis for future work
in this area.

This issue includes some original and/or review
papers from specialists in the various aspects of
supersonic nozzles (theory, advanced
measurements, and numerical simulations). some of
the contributions are experimental investigations,
and some of the other is dedicated to numerical
simulations [20,38,39]. In the framework of this
study, several experimental techniques have been
used with different nozzle shapes (planar or bell
ideal and optimized contours) to elucidate the
phenomenon of boundary layer separation and
shock interactions. For example, Papamoschou et al.
[40] presented an experimental study of the
dynamics of the shock-wave/ boundary-layer
interaction in a planar nozzle. Optical resolutions 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 separated shock, oscillating in a
“piston-like” manner. Stark and Wagner [30]
summarized recent findings achieved on TIC
nozzles, with emphasis on separation criteria and
understanding 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
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flow towards the wall and causes large side-loads.
On the other hand, Verma [41] 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 character 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. [42] presented an
overview of an experimental study dedicated to a
small-scale TOP nozzle with both cold and hot
gases. Different aspects of the flow behavior, during
the transient process, have been described through
the use of various and complementary experimental
methods. Surface pressure and unsteady forces
measurements, surface flow qualification by liquid
crystal responding to shear stress, shadowgraph
pictures, etc. Detailed experimental results,
confirmed by numerical simulations, have been
discussed and a new mechanism, so-called
“separation jump”, has been identified as a reason
for the measured unsteady nozzle side-loads
amplification. To conclude the experimental part,
Nurnberger- Genin and Stark [43] investigated the
flow transition between two operating modes of a
dual-bell nozzle. Particular attention has been paid
to the hysteresis effect during the transition from the
first mode (flow separated at the inflection) 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
simulate 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 turbulence.
Fig. 11 shows Distribution of pressure and
phenomena occurring in radius of nozzle for FSS
(top) and RSS (bottom) and Fig. 12 shows
Schematic of the effect of the interlayer boundary
layer impact waveform in the following conditions:
a) Ramp flow. And b) Shock reflection. And c¢) Step
induced separation.
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(bottom) [15].
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Figure 12. Schematic of the effect of the interlayer
boundary layer impact waveform in the following
conditions: a) Ramp flow. And b) Shock reflection. And
¢) Step induced separation [15].

In previous works [10,26,44,45,60], 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 [46] discussed the somewhat physical
mechanism that drives the Mach-stem curvature in
typical over expanded 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  Separation” phenomena in
separated over expanded nozzles. Also, Martelli et
al. [38] presented a numerical study mainly focused
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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 [47] presented
computational methodology to capture the side-
loads physics in a representative rocket engine,
using an engine system simulation to obtain a
sequence for reproducing the inlet history as close
as possible to the fire test. Additionally, Perrot and
Hadjadj [39] examined numerically the transient
flow in a supersonic ideal nozzle. Their
computations provide engineers with detailed
insights into the complex time evolution 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. Deck [48] 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
turbulence Model near the wall with the fidelity of
large-eddy simulation (LES) in separated regions.
Fig. 13 shows Schematic the phenomenon of waves
created at the moment of separation.

Subsonic region
!
I
/)

Shear layer
=
Separation region

Figure 13. Schematic of the phenomenon of waves
created at the moment of separation [15].
Guillaume Daviller et al [63] by Using Large-eddy
Simulation Predicted Flow Separation and Side-
loads in Rocket Nozzle. In his research he explained
that this flow is characterised by a FSS regime and
the main shock pattern position oscillates around the
flow separation point. As a consequence a steady
mesh refinement strategy is adapted to correctly
discretise both the flow field and the shock. In order
to have a better understanding of the flow
characteristics, LES flow field obtained with the
hybrid mesh is first analysed. Finally he explained
that The methodology used to study the FSS allows
to correctly predict the flow physics with a decrease
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of the CPU cost (20% of gain). In particular, only
2% error on the separation point position is observed
on the adapted mesh with a better representation of
the flow separation leading to a gradually pressure
rise downstream the main shock pattern. Indeed, it
is shown that the mesh resolution in the recirculation
region have a significant influence on the pressure
rise downstream the SWBLI. His study represents a
first step to understand the nozzle side loads which
occur during rocket engine ignition and shutdown.

Conclusions and recommendations
for future research

It should be evident from the very brief summary of
different 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. According to several research
that conducted on this subject, some suggestions are
made as to where future efforts on nozzle flow
investigations might be focused.

a) Much effort remains to be done on basic research
of shockwaves phenomena with different type of
shock interaction in nozzles. Of particular interest,
the curvature of the Mach disk (convex or concave
shapes) and the mechanism of formation of
vortices on the contact surface as well as on the
downstream subsonic flow merit a special
attention. Knowing the key role played by the
recirculation 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
research and can be useful for understanding this
phenomena.

b) In another side, accurate estimates of side-loads in
nozzles require, in part, a detailed study of the
flow behavior during start-up or shut-down
processes. At transient regimes, this involves
careful analysis of the shock interactions 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

d) Shock-induced flow

e)

f)
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perturbations which may rapidly evolve through
the interaction process, leading to a strong side-
loads generation. Also, during the startup or
shutdown processes, the question 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
depending on how the flow acceleration occur for
fast and slow transient regimes.

The side-load phenomena in different regimes can
be investigated. Side-loads can be generated by:
(Random pressure fluctuations, Transition of
separation pattern, Aeroelastic coupling).
separation in different
regimes can be investigated because boundary-
layer separation in transonic and supersonic flows
is of great importance in many practical
applications, such as rocket propulsion systems,
transonic airfoils, and refrigeration ejectors. These
unsteady phenomena are associated with
undesirable effects such as shock oscillations,
wall-pressure  fluctuations,  boundary-layer
separation, and vortex shedding, which are major
causes of vibration, noise, and side-loads
generation.

Another task which was not directly addressed is
this special issue is that related to low-frequency
oscillations  of  shock-induced  turbulent
separation. Although this phenomenon appears to
not strongly depend on the nozzle geometry
[49,45], since it has been also revealed in many
other configurations such as ducts [51,52], wind
tunnels [53] or ramps [54], its relevance in SWBLI
applications and in particular the fluctuating
pressure  loads generated by translating
shockwaves, pulsating separated flows, and
expansions/contractions of the global flow field
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. Probably, 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.
Continued development of engineering side load
model.

g) Studies of the physical nature of different types of

separation [62] and the origin of the side loads.

h) Demonstration of further side load reduction

experimentally.
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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 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. Experimental studies typically do
not report the nozzle geometry effects or
characterize the flow field inside the nozzle.
Shock waves, internal nozzle boundary-layer data,
and turbulence measurements in the shear layer at
the separation are important for developing
accurate numerical simulations.

The flow asymmetry which occurs in either planar
or axisymmetric nozzle geometries is still an open
question, and is clarified neither by experiment
nor by CFD. In particular, for low nozzle pressure
ratio (NPR) regimes, the nozzle throat and the
boundary layer may play an important 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 boundary 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 roughness) or/and
the shape of throat (with or without internal
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 differently than at high Mach number.
Therefore, the influence 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?

k) 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 seconds of the engine run (or milliseconds for
the crucial part of the transient). Since the main
finding is revealing the unsteady nature of the
flow separation, which is not easily accessible by
experiments in real configurations, the
quantitative data of the CFD, if previously well
validated through appropriate = benchmark
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calculations, should help to understand and
explain such flow behavior.

Reference

[1] A Hadjadj, M Onofri’’Nozzle flow separation’’Shock
Waves (2009) 19:163-169 DOI 10.1007/s00193-009-
0209-7.

[2] Lawrence, R.A.: Symmetrical and unsymmetrical flow
separation in supersonic nozzles. Research Report
Number 67-1, Southern Methodist University (1967) .

[3] Verma, S.B.: Study of flow separation in truncated ideal
contour nozzle. J. Propuls. Power 18, 1112-1121 (2002).

[4] Nave, L.H., Coffey, G.A.: Sea-level side loads in high-area-
ratio rocket engines. AIAA Paper 73-1284 (1973)

[5] Craig A. Hunter,NASA Langley Research Center, Hampton,
Virginia 23681’ Experimental Investigation of Separated
Nozzle Flows”’ JOURNAL OF PROPULSION AND
POWER Vol. 20, No. 3, May—June 2004.

[6] Nguyen, A.T., Deniau, H., Girard, S., Alziary de
Requefort, T.: Unsteadiness of flow separation and end-
effects regime in a thrust optimized contour rocket nozzle.
Flow Turbul. Combust. 71, 1-21 (2003).

[7] Hagemann, G., Frey, M., Koschel, W.: Appearance of
restricted shock separation in rocket nozzles. J. Propuls.
Power 18, 577-584 (2002).

[8] Ostlund, J.: Flow processes in rocket engine nozzles with
focus on flow-separation and side-loads. Ph.D. Thesis,
Royal Inst. of Tech., Stockholm, TRITA-MEK (2002).

[9] Chen, C.L., Chakravarthy, S.R., Hung, C.M.: Numerical
investigation of separated nozzle flows. AIAA J. 32,
1836-1843 (1994).

[10] Gross, A.,Weiland, C.: Numerical simulation of separated
cold gasnozzle flows. J. Propuls. Power 20, 509-519
(2004).

[11] Deck, S., Nguyen, A.T.: Unsteady side loads in a thrust-
optimized contour nozzle at hysteresis regime.ATAAJ. 42,
1878-1888 (2002).

[12] Nasuti, F., Onofri,M.: Viscous and inviscid vortex
generation during start-up of rocket nozzles. AIAA J.
36(5), 809-815 (1998).

[13] Mori nigo, J.A., Salva, J.: Three-dimensional simulation of
the self-oscillating flow and side-loads in an over-
expanded subscale rocket nozzle. J. Aerosp. Eng. 220(G),
507-523 (2006).

[14] Schmucker, R.H.: FlowProcess inOverexpandedChemical
Rocket Nozzles. Part 2: Side Loads due to Asymmetric
Separation. NASA TM-77395 (1984).

[15] Jan Ostlund, >> FLOW PROCESSES IN ROCKET
ENGINENOZZLES WITH FOCUS ONFLOW
SEPARATION AND  SIDE-LOADS’’TRITA-MEK
Technical Report 2002:09ISRN KTH/MEK/TR--02/09-
SE.

[16] Mattsson, J., Hogman, U., Torngren, L.: A Sub Scale Test
Programme on Investigation of Flow Separation and Side
Loads in Rocket Nozzles. In: Proceedings of the 3rd
European Symposium on Aerothermodynamics for Space
Vehicles, pp. 373-378. 24-26 November 1998, ESTEC,
ESA SP-426, Noordwijk, The Netherlands (1998).

[17] Reijasse, P., Servel, P., Hallard, R.: Synthesis of the 1998-
1999 ONERA Works in the FSCD Working Group. Tech.
Rep. RTS 49/4361 DAFE/Y, ONERA, Chatillon Cedex,



1 50 / Journal of Acrospace Science and Technology
Vol. 14/ No. 2/ Summer- Autumn 2021

France (1999).

[18] Frey,M., Stark, R., Ciezki, H.K., Quessard, F., Kwan,W.:
Subscale Nozzle Testing at the P6.2 Nozzle Stand. ATAA
Paper 2000- 3777, 36thATAA/ASME/SAE/ASEE Joint
Propulsion Conference (2000).

[19] Frey, M., Hagemann, G.: Restricted shock separation in
rocket nozzles. J. Propuls. Power 16(3), 478-484 (2000).

[20] Hagemann, G., Frey, M.: Shock pattern in the plume of
rocket nozzles: needs for design consideration. Shock
Waves 17(6), 387-395 (2008).

[21] Nasuti, F., Onofri, M.: Viscous and Inviscid Vortex
Generation During Nozzle Flow Transients. AIAA Paper
96-0076, 34th ATAA Aerospace Sciences Meeting and
Exhibit (1996).

[22] Onofri, M., Nasuti, F., Bongiorno, M.: Shock Generated
Vortices and Pressure Fluctuations in Propulsive Nozzles.
ATAA Paper 98-0777, 36th AIAA Aerospace Sciences
Meeting and Exhibit (1998).

[23] Onofti,M., Nasuti, F.: The Physical Origin of Side Loads
in Rocket Nozzles. AIAA Paper 99-2587, 35th
ATAA/ASME/SAE/ASEE Joint Propulsion Conference
(1999).

[24] Courant, R., Friedrichs, K.O.: Supersonic Flow and
ShockWaves, vol. 21. Springer, Berlin (1999).

[25] Terhardt, M., Hagemann, G., Frey, M.: Flow Separation
and Side- Load Behavior of the Vulcain Engine. AIAA
Paper 99-2762, 35" AIAA/ ASME/ SAE/ ASEE Joint
Propulsion Conference (1999).

[26] Ostlund, J., Jaran, M.: Assessment of Turbulence Models
in over expanded Rocket Nozzle Flow Simulations. ATAA
Paper 99-2583, 35th AIAA/ ASME/ SAE/ASEE Joint
Propulsion Conference

(1999) .

[27] Girard, S., Alziary de Roquefort, T.: Study of flow
separation in over expanded rocket nozzles. Fourth
French—Russian—Italian— Uzbeck Workshop, Marseille,
France (1997).

[28] Deck, S., Guillen, P.: Numerical Simulation of Side Loads
in an Ideal Truncated Nozzle. J. Propuls. Power 18(2),
261-269 (2002).

[29] Kwan,W., Stark, R.: Flow separation phenomena in
subscale rocket mnozzles. AIAA 2002-4229, 38t
ATAA/ASME/SAE/ASEE Joint Propulsion Conference
and Exhibit (2002).

[30] Stark, R., Wagner, B.: Experimental study of boundary
layer separation in truncated ideal contour nozzles.
ShockWaves, (2009).

[31] Mouronval, A.-S., Hadjadj, A.: Numerical Study of the
Starting Process in a Supersonic Nozzle. J. Propuls. Power
21(2), 374-378 (2005).

[32] Ostlund, J., Damgaard, T., Frey, M.: Side-loads phenomena
in highly over-expanded rocket nozzles. AIAA Paper
2001-3684 (2001).

[33] Stark, R., Kwan, W., Quessard, F., Hagemann, G.,
Terhardt, M.: Rocket nozzle cold gas test campaigns for
plume investigations. In: Proceeding of the Fourth
European Symposium on Aerothermodynamics for Space
Vehicles (2001).

[34] Tomita, T., Sakamoto, H., Onodera, T., Sasaki, M.,
Takahashi, M., Tamura, H., Watanabe, Y.: Experimental
evaluation of side-loads characteristics on TP, CTP and
TO nozzles. ATAA Paper, 04-3678 (2004).

[35] A.A.Khan and T.R.Shem bharkar, 2008, Viscous flow
analysis in a convergent — Divergent nozzle, International

0O.Habibi,R. Ebrahimi,H. Karimi Mazrachshahi

Journal of Computational Engineering Research,
IJCERonline, India, Volume 3, No. 5, pp. 5-15.

[36] Adamson, T.C., Jr., and Nicholls., J.A., “On the structure
of jets from Highly underexpanded Nozzles into Still Air,”
Journal of the Aerospace Sciences, Vol.26, No.l, Jan
1959, pp. 16-24.

[37] Lewis, C. H., Jr., and Carlson, D. J., “Normal Shock
Location in underexpanded Gas and Gas particle Jets,”
AIAA Journal, Vol 2, No.4, April 1964, pp. 776-777.

[38] Martelli, E., Nasuti, F., Onofri, M.: Numerical calculation
of FSS/RSS transition in highly over expanded rocket
nozzle flows. Shock Waves (2009, submitted).

[39] Perrot, Y., Hadjadj, A.: Numerical simulation of transient
nozzle flows. Shock Waves (2009, submitted).

[40] Papamoschou, D., Zill, A., Johnson, A.: Supersonic flow
separation in planar nozzles. Shock Waves (2009, this
issue).

[41] Verma, S.B.: Shock unsteadiness in a thrust optimized
parabolic nozzle. Shock Waves (2009, this issue).

[42] Tomita, T., Takahashi, M., Sasaki, M., Sakamoto, H.,
Takahashi, M., Tamura, H.: Experimental evaluation of
sideloads in LE-7A prototype engine nozzle. Shock
Waves (2009).

[43] Nurnberger-Genin, C., Stark, R.: Flow transition in dual
bell nozzles. Shock Waves (2009).

[44] Hadjadj, A., Kudryavtsev, A.: Computation and flow
visualization in high-speed aerodynamics. Journal of
Turbulence 16(6), 1-25 (2005).

[45] CNES(ed.): Proceedings of 2nd FSCD/ATACWorkshop
on Nozzle FlowSeparation, ESA/ESTEC, 15-16
November, The Netherlands (2006).

[46] Nasuti, F., Onofri, M.: Shock structure in separated nozzle
flows. Shock Waves (2009).

[47] Wang, T.-S.: Transient three-dimensional startup side
load analysis of a regeneratively cooled nozzle. Shock
Waves (2009).

[48] Deck, S.: Delayed detached eddy simulation of the end-
effect regime and side loads in an overexpanded nozzle
flow. ShockWaves (2009).

[49] Nguyen, A.T.Deniau, H.Girard, S., Alziary
deRoquefort,T.:Wall pressure fluctuations in an over-
expanded rocket nozzle. AIAA Paper 2002—4001 (2002).

[50] Girard, S.: Etude des charges latérales dans une tuycre
supersonique surdétendue. Ph.D Thesis, University of
Poitiers, France (1999).

[51] Salmon, J.T., Bogar, T.J., Sajben, M.: Laser Doppler
velocimeter measurements in unsteady, separated
transonic diffuser flows. AIAA J. 21(12), 1690-1697
(1983).

[52] Sajben, M., Bogar, T.J., Kroutil, J.C.: Forced oscillation
experiments in supercritical diffuser flows. AIAA J. 22(4),
465-474 (1984).

[53] Dupont, P., Haddad, C.,Debieve, J.-F.: Space and time
organization in a shock-induced separated boundary layer.
J. Fluid Mech. 559, 255-277 (2006).

[54] Ganapathisubramani, B., Clemens, N.T., Dolling, D.S.:
Effects of upstream boundary layer on the unsteadiness of
shock-induced separation. J. Fluid Mech. 585, 369-394
(2007).

[55] C. Pilinski, A. Nebbache, Flow separation in a truncated
ideal contour nozzle, J. Turbul. 5 (2004) 014.

[56] A. Nebbache, C. Pilinski, Pulsatory phenomenon in a thrust
optimized contour nozzle, Aerosp. Sci. Technol. 10 (2006)
295-308.



