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Restricted Shock Separation in Rocket Nozzles
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In overexpanded rocket nozzles the flow separates from the nozzle wall at a certain pressure ratio of wall
pressure to ambient pressure. Flow separation and its theoretical prediction have been the subject of several
experimental and theoretical studies in the past decades. Two distinctive flow separation phenomena, the free-
shock and restricted-shock separation, were observed in experiments with nozzles. Both phenomena are discussed
in detail, and the system of recompression shocks and expansion waves is described. For the free-shock case three
different shock structures in the plume can occur, namely the regular shock reflection, the Mach disk, or a cap-like
shock pattern. The appearance of these different plume patterns is discussed. These shock structures are conserved
for the full-flowing, but overexpanded, nozzle. Numerical results obtained for existing rocket nozzles, e.g., Space
Shuttle Main Engine or Vulcain, show a qualitative good agreement with experimental photographs.Furthermore,
an explanation for the appearance of restricted shock separation, which has been widely unknown up to now, is
given, analyzing why and under what conditions it occurs. The type of nozzle contour strongly influences this form
of flow separation, and restricted shock separation also occurs in full-scale, thrust-optimized rocket nozzles. Based

on the results established for flow separation, an outlook on the generation of side loads is given.

Nomenclature
M = Mach number
p = pressure
X = coordinate parallel to wall
K = specific heat ratio
I1. = chamber pressure ratio, p./ Pc.nom
I, = wall pressureratio, p,,/ p,
Subscripts
a = ambient
c = combustion chamber
e = exit plane
nom = nominal
p = plateau downstream of separation
sep = separation
w = wall

Introduction

N today’s launcher vehicles, like the American space shuttle or

European Ariane 5, the main enginesusually operate from takeoff
at sealevel up to high altitudes with very low ambient pressures. In
theserocketenginesconvergent-divergentbell-typenozzlesare used
to accelerate the hot combustion gases and thus to produce a thrust
in the opposite direction. To get an optimum performance over the
whole flight trajectory, the nozzles are designed for an intermediate
pressure ratio p./ p,, at which the exhaust flow is adapted to the
ambient pressure. However, this design ambient pressure is chosen
high enough to prevent flow separation inside the nozzle during
steady-state operation at sea level. Nevertheless, the flow separates
from the wall in the divergent part of these nozzles, as long as the
chamber pressure p, has not yet reached its nominal value.
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Flow separation in rocket nozzles is considered undesirable be-
cause an asymmetry in the flow separation can cause dangerous
lateral forces, the so-called sideloads, which may damage the noz-
zle. Therefore, flow separation and its theoretical prediction have
been and still are the subject of several experimental and theoretical
studies.

Two distinctive flow separation phenomena, the free-shock and
restricted-shockseparation, were observedin experiments with noz-
zles. In the following, a short literature review on flow separation
is given. Then, the restricted shock separation is discussed in de-
tail, including comparisons of numerical and experimental data for
different nozzles.

Literature Review

Extensive investigations about flow separation in overexpanded
conical nozzles were performed at the Jet Propulsion Laboratory
from the late 1940s on, as reported by Summerfield et al.! The au-
thors observed flow separation within the nozzle, as soon as the wall
pressure at the nozzle exit was lower than about 0.35-0.4 times the
ambient pressure, depending on the pressureratio p./ p,, .. The cor-
responding formula was soon called the Summerfield criterion. At
the separation point the wall pressure quickly rose to a plateau pres-
sure p,, which is slightly lower than the ambient pressure p,. The
source of this pressure rise was shown to be an oblique shock that
originates from the separationpoint. In the recirculationzone down-
stream of the separation point, the wall pressure increases slowly
from p, to p, .. The wall pressure in the exit plane p,, . is, in
general, not equal to the ambient pressure p,, but slightly smaller.
Nevertheless, the simplification p,, . = p, is frequently used in the
literature. A sketch of the described phenomenais shown in Fig. 1.

Although Summerfield’s separation criterion was improved by
many authors* mainly by including the Mach-number influence,
his phenomenological observations were confirmed by numerous
teststhat were carried outin the followingdecades,even for different
working gases and nozzle contours *~7 Once the flow was separated,
no reattachment occurred; that is why this standard type of flow
separation is called the free-shock separation.

During cold-flow subscale tests for the J-2S engine in the early
1970s® a different kind of separated nozzle flow at strongly over-
expanded conditions was observed, which had not been known
yet. In this flow regime, which only occurred at pressure ratios
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Fig. 2 Restricted-shock separation in overexpanded rocket nozzles,
wall pressure profile, and phenomenology: ——, compression waves/
shock; - - - 4 expansion waves; and - - -, boundary/shear-layer edge.

corresponding to power levels between 34 and 54%, the pressure
downstreamof the separationpoint shows an irregular behaviorand
reaches values even above the ambient pressure. This is attributed
to a reattachment of the separated flow to the nozzle wall, inducing
shocks and expansion waves, that resultin wall pressure peaks with
values above ambient pressures. Because of the very short separated
region, this flow regime is called restricted-shockseparation. A phe-
nomenological sketch of the flowfield and the corresponding wall
pressure is shown in Fig. 2.

The observation of reattached flow in the J-2S subscale nozzle
was confirmed by numerical simulations by Chen et al.? in 1994.
In addition, their calculations revealed a trapped vortex behind the
centralnormal shock. Recent cold-flow tests performed by Mattsson
et al.!” showed a similar behavior for a subscale nozzle within a
certain pressure range. Together with the J-2S subscale test, these
are to the authors’ knowledge the only published cases of restricted
shock separation.

Up to now, no one has explained why and under what conditions
restricted shock separation occurs. In the following, light will be
thrown on this question. First, a brief introductioninto nozzle design
will be given because this seems to have a major influence on the
type of flow separation. Then, different flow patterns observed in
both experiments and numerical simulations for full- flowing, but
overexpanded,nozzles are discussed, followed by an analysis of the
restricted-shock separation.

Contour Design of Conventional Rocket Nozzles

For conventional rocket nozzles the following contour design
methods are applied:

1) The conical nozzle is the most simple design, with typical
divergence angles between 15 and 25 deg, but therefore with high
divergence- and-profile losses. This approach is mainly used for
solid rocket boosters.

2) The ideal nozzle produces a one-dimensional exhaust flow
profile but has a huge length, especially because of the last part of

the contour with only minor inclination needed to obtain uniform
flow. Because of the low wall slopes, the thrust contribution of this
end portion is negligible. Therefore, truncation of the last nozzle
portion makes this approach feasible for rocket motors, without
significant losses in performance because of the nonuniformity of
the flow. As an example, the Viking and the RD-0120 are designed
as truncated ideal nozzles.

3) The thrust-optimized nozzle is described next. A variational
optimization method based on Lagrange multipliers, which gives
the nozzle design for maximum performance at a given length has
been proposed by Rao.!! As a rough approach, the typical length
of a Rao-type nozzle is 75-85% of the length of a 15-deg conical
nozzle having the same area ratio. Later, Rao!? also showed that
the contour designed with this variational optimization method can
be approximated with a skewed parabola, without introducing a
significant performance loss. This approach is frequently used for
the nozzle design of modern rocket nozzles, e.g., SSME or Vulcain.

In rocket nozzles with conical and thrust-optimized contours, an
internal shock is induced in the throatregion, where the circular arc
forming the nozzle throat turns into the further expansion contour.
Further details on this internal shock generationin thrust-optimized
rocket nozzles are given in Ref. 13.

Shock Patterns in the Exhaust Plume

In general, the exit wall pressure p,, , of rocket nozzles with op-
eration ranges from sea level to high altitude is chosen high enough
to prevent flow separation inside the nozzle. As a consequence, an
overexpanded, but attached, nozzle flow is produced at takeoff. At
the nozzle exit the lower pressure of the exhaust gases is adapted
to the higher ambient pressure by means of an oblique shock. A
widespread opinion about the exhaust plume of overexpanded, at-
tached nozzle flows is that there is either a regular reflection of this
shock at the centerline or a Mach reflection, resulting in a Mach
disk. This is correct for the case of a two-dimensional plane nozzle
producinga uniformexitflow as shownin Fig. 3. Which one of these
shock patterns will occur mainly depends on the exit pressure ratio
p.! p, andexit Mach number M, . Generally,a strong overexpansion
and low exit Mach numbers promote the formation of a Mach disk,
whereas regularreflection is reached for weaker overexpansionand
higher exit Mach numbers.'* As a rough approximation for air as
exhaust gas, regular reflection occurs as soon as the value of the
expression [0.81 - M - (p./ p,)*"] exceeds unity (see Ref. 14 for
further details).

In a similar, but axisymmetric, form these two shock patterns
are observed in conical and truncated ideal nozzles. However, a
third shock pattern can exist in thrust-optimizednozzles such as the
Vulcain or SSME nozzle. Typical for these nozzles is a flow region
near the centerline with highest Mach numbers, also commonly
named Kernel,!! which is bounded by the internal shock. During the
startup and shutdown, a cap-likeshock patternis visiblein the plume
of these nozzles. As examples, Figs. 4 and 5 prove the existence
of this specific flow pattern in the plume of both above addressed
engines, Vulcain and SSME, respectively.

For the Vulcain engine nozzle during startup, the cap-shock pat-
tern can even be observed for the full-flowing nozzle if the pressure
ratio (from chamber pressure p,. to ambient pressure p,,) p./ p, does
not exceed a critical level of p./p,~ 100-116. Video and motion
picture analyses of engine tests performed at DLR revealed that this

Fig. 3 Shocks in the plume of overexpanded, plane two-dimensional
nozzles: regular shock reflection at the centerline (left) and Mach disk
(right).1®
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Fig. 4 Vulcain on the P5 test facility at DLR Lampoldshausen: cap-
shock pattern (left) and Mach disk (right) (courtesy of SEP).

Fig. 5 Hot-firing test of the space shuttle main engine: cap-shock pat-
tern (left) and Mach disk (right) (courtesy of NASA).

plume pattern was observed as a stable and stationary flow pattern
even over entire engine test sequences of several minutes. But as
soon as the thrust-chamber pressure, respectively the pressure ratio
P/ pa, exceeded the aforementioned value, the cap-shock pattern
was converted into a Mach disk.

For a deeper understanding of this specific plume behavior, nu-
merical flowfield simulations for the Vulcainnozzle were performed
by the authors (see Ref. 13 for further details). Boundary condi-
tions assumed in these simplified ideal gas simulations are included
in Table 1. The chamber pressure was increased in discrete inter-
vals of 10 bar, until regular reflection was observed in the nozzle
plume. These simulations also showed the same plume structures
as observed in hot-firing tests, (see Fig. 6). However, the observed
switch-over from the cap-shock structure to the Mach disk occurred
at higher pressure ratios than in the tests, between p./ p, =120 and
1301in the simulation, which might be caused by the simplified ideal
gas assumption with constant specific heats.

This specific plume behavior has—based on the authors’
knowledge—never been experimentally observed in either conical
or truncatedideal nozzles. This implies that the high-Mach-number
flow near the centerline limited by the internal shock is responsible
for the cap-shock pattern, as it has been only observed in thrust-
optimized rocket nozzles, both experimentally and numerically. In
fact, a triple point exists, where the internal shock, the small normal
shock, and the cone-shapedoblique shock meet (point ¢ in Fig. 7b),
indicatinga connectionbetween the internal shock and the existence
of the cap-shock pattern. Figure 7 emphasizes the essential differ-
ences between the cap-shock pattern and the Mach disk. There are
three major differences between both plume patterns:

Table1 Parameters of the Vulcain nozzle, together with data for
conical and truncated ideal extension, used for numerical simulations

Parameters Vulcain data

Chamber stagnation conditions, ideal gas analysis —_—

Chamber pressure 100 bar
Chamber temperature 3540K
Specific heat ratio k 1.2
Molar mass 13.5 kg/kmole
Geometry area ratio, parabolic contour 45
Geometry area ratio, conical extension (15 deg) 45
Geometry area ratio, truncated ideal contour 38.7

Fig. 6 Numerical simulation of the Vulcain nozzle flow at pressure
ratios p./p, = 130 (Mach disk, top) and 100 (cap-shock pattern, bottom),
respectively.
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Fig. 7 Shock patterns in the exhaust plume of a thrust-optimized noz-
zle with internal shock.

1) Across the small normal shock of the cap-shock pattern (points
d-einFig. 7b), the pressurerises to approximatelyambient pressure,
whereas downstream of a Mach disk, the pressure is always higher
than the ambient.

2) A cap-shock pattern always includes a cone-shapedshock that
is inclined away from the centerline (points c-f in Fig. 7b), whereas
the oblique shocks occurring upstream of the Mach disk are always
inclined toward the axis.

3) A stable vortex is trapped downstream of the small normal
shock in the cap-shock pattern, whereas there is no recirculation
behind a Mach disk.

The existence of a trapped vortex behind the small normal shock
was confirmed in some publications, (see, e.g., Refs. 9 and 10), but
other authors have doubted its existence.! Up to now, experimental
validation forits existenceis missing; however, independentnumer-
ical simulations, which were performedby Chen et al.,” Mattsson et
al.,'° and by the authors,'? respectively, confirmed the existence of
this vortex. One physical explanation for its existence is the curved
shock structure upstream of it, thereby generating a certain vortic-
ity. Furthermore, it is driven by an adverse pressure gradient (points
a-b in Fig. 8) along the centerline, with the highest pressure in
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Fig. 8 Centerline pressures for the numerical simulationof the Vulcain
nozzle flow at pressure ratios p./p, = 100 and 130, respectively.

the stagnation point closing the trapped vortex further downstream
(point b). Also, the vortex seems to be maintained by the shear
layer, which is bent around it and therefore additionally supportsits
existence, as shown in the bottom of Fig. 6.

The calculated centerline pressure profile shown in Fig. 8 also
reveals that for the cap-shockstructure the pressure behind the small
normal shock (pointc) is equal to the ambient pressure. In contrast,
the Machdisk that was numerically simulated for the higher pressure
ratio p./ p, = 130resultsin a pressuredownstreamof the Mach disk
(point d) well above ambient pressure. The small pressure increase
upstream of the Mach-disk pressure rise (point e) is caused by the
internal shock merging at the centerline.

The transition from cap-shock pattern to the Mach disk occurs
as soon as the small normal shock at the centerline in the Kernel,
which moves downstream for increasing thrust-chamber pressures,
reaches the intersection of the internal shock with the centerline
because from that point on there is no higher Mach-number flow
near the centerline any more.

The backward transition from Mach disk to the cap-shock pat-
tern during engine throttling or shutdown occurs when the Mach
disk, which moves upstream because of the decreasing pressure ra-
tio p./ p,, touches this intersection. Obviously, the pressure ratios
required for forward and backward transition are not identical, and
hence a hysteresis effect should be visible. In fact, this hysteresis
effect was clearly observed in hot-firing tests on the P5 test facility
and furthermore also in the numerical simulations.'* 1

Several engine tests revealed that the transition also depends on
the thrust-chamber mixture ratio, and thus on the specific heat ratio
k. In these tests, the forward transition occurs for constant chamber
pressure p. but slightly increasing mixture ratio, and hence de-
creasing average specific heat ratios k. The distance of the internal
shock from the axis decreases with a decreasing k. Consequently,
the intersectionpoint of the internal shock with the centerlinemoves
upstreamand finally reaches the small normal shock, which triggers
the transition even for constant thrust-chamber pressures.

Based on the video and motion picture analyses of various rocket
nozzles performed by the authors, and also based on the various
numerical simulations performed with different nozzle types (see,
e.g., Refs. 13 and 14), the conclusion can be made that the cap-
shock structure only occurs in the plume of thrust-optimized noz-
zles. Whereas the SSME and Vulcain with induced internal shock
showed a clear cap-shockbothin experimentas well as in numerical
simulations over a certain chamber pressure range, truncated ideal
and conical nozzles never showed this kind of plume.

Reattachment of the Separated Flow

In the preceding section shock patterns in the exhaust plume were
analyzed for a full-flowing nozzle. If the chamber pressure is low-

ered, flow separation will occur, and the shock patterns will move
into the nozzle. In thrust-optimized nozzles the cap-like form of
the shocks will be mainly preserved, whereas in truncated ideal and
conicalnozzles the Mach disk will occur down to quite low chamber
pressures.

As stated before, a cone-shaped oblique shock, which is inclined
away from the centerline, exists in thrust-optimized nozzles as a
part of the cap-shock pattern. Because of its inclination, this shock
deflects the flow away from the centerline in the radial direction.
Under the circumstances of flow separation within the nozzle, this
means that a momentum toward the nozzle wall is produced. If this
momentum is greater than the momentum induced by the separation
shock, which turns the boundary layer away from the wall toward
the centerline, the flow will be forced to reattach to the wall. Con-
sequently, the probability of restricted shock separation rises if the
cone-shapedshockis long and the separationshock is short because,
then, the momentum toward the wall is high.

Up to now, also the observation of restricted-shock separationin
nozzles has been reported only twice in literature 3% In both cases
thrust-optimized subscale nozzles were used, which were fed with
cold air. This led to the widespread but erroneous assumption that
this type of flow separation could only occur in subscale and cold-
flow nozzles? No attention was paid to the nozzle design process.
However, many cold-flow subscale experiments with both truncated
ideal>%!” and conicalnozzles'>® were performed, where only free-
shock separation without reattachment occurred. This is not sur-
prising because truncated ideal nozzles do not feature an internal
shock, which could lead to a cap-shock pattern and thus to a radial
momentum toward the wall that can make the flow reattach. In con-
ical nozzles the various internal shock reflections at the centerline
destroy the high-Mach-numberflow, and the Kernelis closed shortly
downstream of the throat. Therefore, neither cap-shock pattern nor
restrictedshock separationcan occur in this nozzle family either. As
a consequence,the conclusioncan be made that the restricted-shock
separation phenomenon is triggered by the nozzle contour and not
by nozzle size or working gas.

A typical characteristic of restricted-shock separation is the ir-
regular wall pressure profile downstream of the reattachment point,
which reaches values higher than the ambient pressure p, because
the flow is attached and supersonicdownstream of the reattachment
point. In this flow shocks and expansion waves can hit the wall as
indicated in Fig. 2, resulting in an unsteady wall pressure.

In the two published cases where restricted-shock separation was
observed in experimental setups.®1° the separation point is located
further downstream than in the free-shock case,'” as will also be
shown next. The reason for this, however, is not a lower separation
pressureratio ps,/ p,, but a much lower value for the plateau pres-
sure p,. This result is not surprising because the flow downstream
of the plateau point is supersonic.

Not only the switch-overfrom cap-shockpatternto Mach disk, but
also the appearance of restricted-shock separation shows a strong
hysteresis effect, which was observed in both the J-2S subscale
experiments and in Chen et al.’s” numerical simulation. According
to their results, restricted-shock separation is more likely to occur
when the chamber pressure is lowered than when it is increased.
This observationis confirmed by additional numerical simulations
performed within the frame of this research on the J-2S subscale
nozzle.

To understand this hysteresis effect, two points have to be ana-
lyzed. First, the position of the small normal shock mainly depends
on the pressure ratio p./ p, because it increases the pressure to the
ambient value as was stated before. On the otherhand, thereis ahys-
teresis effect concerning the flow separation process itself,” which
means that the separation pressure ratio p,.,/ p,, is higher for in-
creasing pressureratio [8(p./ p,)/ 8] > 0 than for a decreasingratio
[8(p./ pa)!6t] < 0. By assuming a fixed chamber and ambient pres-
sure, but a slight deviation in the separation pressure ratio ps,/ p,
caused by the hysteresis of flow separation, the position of the small
normal shock will remain constant, whereas the separationpointcan
vary, as shown in Fig. 9. For [8(p./ p.)/ 6t] > 0, Xy, will be smaller
than for [8(p./ p,)/ 6t] < 0, which also means that for a decreasing
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Fig. 9 Hysteresis of flow separation and its influence on reattach-
ment: Increasing chamber pressure produces free-shock separation
(left), whereas decreasing chamber pressure results in restricted shock
separation (right).

Fig. 10 Numerical simulation of the Vulcain nozzle flow at a pressure
ratio p./p, = 40 with free-shock separation (top) and restricted-shock
separation (bottom), respectively.

pressure ratio the cone-shaped shock that produces a momentum
toward the wall is longer and the separation shock is shorter than
in the case of decreasing pressure ratio. As a consequence, the net
momentum toward the wall, which can cause reattachment, will be
greater if [8(p./ p,)/ 8] < 0 and the probability of restricted-shock
separation will therefore increase.

Restricted-Shock Separation
in Full-Scale Rocket Nozzles

Up to now, restricted-shock separation was believed not to oc-
cur in full-scale nozzles, although there is no physical reason, why
this phenomenon should be limited to subscale cold-flow nozzles.
To investigate whether restricted-shock separation may occur also
in hot-gas full-scale nozzles, numerical simulations for various full-
scalenozzleswith differentcontourdesigns were performedin a first
step. During startup,reattachmentof the flow could be observedonly
in the simulated SSME nozzle. Additionally, both nozzles, the Vul-
cain and SSME, showed restricted-shock separation over a certain
range of pressure ratios when the chamber pressure was lowered.
The two flowfield structuresfor the Vulcain nozzle at one fixed pres-
sure ratio p./ p, = 40 are shown in Fig. 10. The upper part shows
the free-shock separation that occurs when the chamber pressure is
increased, whereas the lower partillustratesthe restricted-shocksep-
aration that occurs if [8(p./ p,)/ t] < 0. Corresponding wall pres-
sures are shown in Fig. 11 (dashed line), clearly illustrating the
irregular wall pressure profile with values above ambient pressure
for the restricted-shock separation. Additionally, downstream dis-
placementof the separationpoint is obvious for the restricted-shock
separation.

As a next step, two nozzle extensions for the Vulcain engine
were designed for a further comparison, a conical and a truncated
ideal one. Design data are included in Table 1. In contrast to the
original parabolic nozzle extension, clear Mach disks and hence no
restricted-shock separation were observed in both the conical and
the truncatedideal nozzle, as shown in Figs. 12 and 13, respectively.

The question rises whether restricted-shockseparation really ex-
ists in the full-scale Vulcain or SSME nozzle. Therefore, analyses
of full-scale tests of the Vulcain nozzle were recently performed,
(see Ref. 18 for further details). A comparison of experimentally
measured wall pressures and computed values for an axial location
close to the nozzle exit is given in Fig. 14. Experimental data were
measuredin five differentpositions in the circumferentialdirection,
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Fig. 12 Numerical simulation of a conical nozzle flow at a pressure
ratio p./p, = 40, with free-shock separation, chamber geometry, and
area ratio as Vulcain nozzle.

Fig. 13 Numerical simulation of a truncated ideal nozzle flow at a
pressure ratio p./p, = 60 with free-shock separation,chamber geometry,
and performance values as Vulcain nozzle.
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Fig. 15 Hot-firing test of the space shuttle main engine: flow pattern
during startup with flow separation far inside the nozzle (courtesy of
NASA).

which are all included in Fig. 14, butnot individuallydistinguished.
For certain chamber pressureratios the wall pressure shows an irreg-
ular behavior by approaching values above ambient pressures. The
calculated wall pressures of the aforementioned numerical simula-
tions show an astonishing similarity with the experimental values.
Besides the wall pressure data, visual plume analyses of the
startup and shutdown process in both engines nozzle, SSME and
Vulcain, showed a shear layer originating from the nozzle exit very
close to the nozzle wall for such low chamber pressures that neither
cap shocks nor a Mach disk were visible in the plume. It seems as
if the flow were attached to the wall in the exit plane—probably
because of the restricted-shock separation pattern because in case
of free-shock separation the plume only covers a small fraction of
the nozzle exit plane near the centerline. As an example, Fig. 10
illustrates the position of the shear layer relative to the nozzle exit
plane for both separation patterns. Figure 15 shows two images
taken during startup of the SSME with flow separationfarinside the
nozzle. The differentlocations of the shear layer emanating from the
nozzle are obvious. The left image shows the radiating shear layer
far away from the nozzle wall, as expected for the free-shock sep-
aration. In contrast, the right image, taken only milliseconds later,
seems to show the restricted-shockseparation: the shear layer is at-
tachedto the nozzle wall, and near the centerlinea radiating core can
be observed indicating subsonic flow with high temperatures. Both
phenomenashow close analogies to the restricted-shockseparation.

Generation of Side-Loads—An Outlook

In the following, anozzleis considered where at startup first free-
shock separationand later restricted-shockseparation occurs. If the
transition from the one to the other separation pattern requiresa cer-
tain time, a phase might exist, during which one side of the nozzle
experiencesa free-shock separation while at the other side the flow
reattaches. Because the separation point is located further down-
stream in the restricted-shock case and the wall pressure behaviors
are totally different between the two cases, there would be severe
lateral forces acting on the nozzle. The main characteristic of these
side forces would be their high value and the short period of time
they occur.

In the same nozzle a second side-load peak could be expected
during startup as soon as the reattachment point reaches the nozzle
exitand ambientair can flow into the previouslyclosedrecirculation
zone. In this moment the restricted-shockseparation would be con-
verted into a free-shock one with the same characteristics (strong,
butshortlateral force) as just described. Two distinctand short side-
load peaksare well visiblein the measurements publishedin Ref. 10,
and their occurrence corresponds to a change in separation pattern
as proved by wall pressure measurements. A comparison between
the side-loads that are caused by a change in separation pattern and
the side-load behavior of both the Vulcain engine and the SSME
shows astonishing similarities. As expected, the side-load behavior

of truncated ideal nozzles shows a much smoother slope without
significant peaks and of much lower value,'” which supports the
aforementioned theory.

Therefore, future side-load investigations will have to include
analyses of the type of separation pattern, in addition to other pos-
sible influences, e.g., pressure oscillations at the separation point
and in the separatedregion, or a coupling of fluid-dynamicbehavior
with the structure.

Conclusion

The restricted-shockseparation phenomenon, observed in exper-
iments with subscale nozzles and also in recent numerical calcula-
tions butnotatall understoodup to now, has been consideredin more
detail in this paper. Its appearance is closely linked with the cap-
like shock pattern observed in the plume of thrust-optimizedrocket
nozzles that feature a Kernel with highest Mach numbers near the
centerline and a limiting internal shock induced in the throat region
atthejoiningof the circulararc with the furtherexpansioncontour. A
cone-shapedshock associated with the cap-shock patternintroduces
a radial momentum toward the wall, which may force the reattach-
ment of the exhaust flow downstream of the separation point. For
truncated ideal nozzles, where no internal shock is induced, neither
a cap-like shock pattern in the plume nor restricted-shock separa-
tion have been observed in experiments or numerical simulations.
In spite of their internal shock, the same observation also holds for
conical nozzles, as they do not have the flow structure of thrust-
optimized nozzles inside the nozzle with the high-Mach-number
region near the centerline.

Visual plume analyses of the SSME and Vulcain engine during
hot-firing tests showed a flow structure at the nozzle exit, which
can be explained by restricted-shock separation for lower chamber
pressures. Also, their typical side-load behavior shows astonish-
ing similarities with lateral forces potentially induced by a sudden
change from free- to restricted-shock separation.
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