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Abstract This paper discusses the nature of shock
unsteadiness, in an overexpanded thrust optimized parabolic
nozzle, prevalent in various flow separation modes experi-
enced during start up (6P /8¢ > 0) and shutdown (8Py /5t < 0)
sequences. The results are based on simultaneously acquired
data from real-time wall pressure measurements using Kulite
pressure transducers, high-speed schlieren (2 kHz) of the
exhaust flow-field and from strain-gauges installed on the
nozzle bending tube. Shock unsteadiness in the separation
region is seen to increase significantly just before the onset
of each flow transition, even during steady nozzle operation.
The intensity of this measure (rms level) is seen to be strongly
influenced by relative locations of normal and overexpansion
shock, the decrease in radial size of re-circulation zone in the
back-flow region, and finally, the local nozzle wall contour.
During restricted shock separation, the pressure fluctuations
in separation region exhibit periodic characteristics rather
than the usually observed characteristics of intermittent sep-
aration. The possible physical mechanisms responsible for
the generation of flow unsteadiness in various separation
modes are discussed. The results are from an experimental
study conducted in P6.2 cold-gas subscale test facility using
a thrust optimized parabolic nozzle of area-ratio 30.
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List of symbols

G(f) power spectral density

f sampling frequency, Hz

Py stagnation chamber pressure, bar

P, ambient pressure, bar

P, local mean wall pressure, bar

Pyl plateau pressure after separation, bar
Tt radius of nozzle throat, mm

X co-ordinate along nozzle axis, mm
Xsep point of physical separation, mm
Xinc point of incipient separation, mm
Xexit X-location of nozzle exit, mm

S area ratio of the nozzle

Opw rms of the local wall pressure
(ow/Py)max non-dimensionalized maximum value of

rms pressure fluctuation
Ow_exit nozzle exit wall angle
Ow nozzle wall angle

Abbreviations

Co Overexpansion shock
CRr Reflected shock

FSS  Free shock separation

NPR  Nozzle pressure ratio, Py/ P,

pRSS  Partially restricted shock separation
gRSS Quasi-restricted shock separation
RSS  Restricted shock separation

T Triple point
TOP  Thrust optimized parabolic

1 Introduction

Most of the main stage rocket engine nozzles of modern
day space launch vehicles such as the space shuttle main
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engine (SSME) and Vulcain I & IT use Rao’s thrust optimized
parabolic (TOP) contour design [1] primarily because of its
high thrust/mass ratio. The need for such high vacuum perfor-
mance engines requires high expansion rate in the divergent
section of their nozzles. As a result during sea-level ignition
(start up or shut down) or during low-altitude operation, these
engines are necessarily overexpanded resulting in flow sep-
aration. Different separation modes have been detected and
identified in the past [2,3] and the flow transition between
these have been been related to the observed side-load phe-
nomena [4—7]. These are, namely free shock separation (FSS)
wherein the flow does not reattach downstream of separa-
tion, Fig. la, and restricted shock separation (RSS) which
experiences flow reattachment on nozzle wall downstream
of separation resulting in the formation of a separation bub-
ble, Fig. 1b. Numerical simulation studies of these modes
[5] revealed the key driver to such flow transitions to be the
momentum imbalance of flow passing through the overex-
pansion (C o) and reflected shock (Cr), which is initiated by
irregular/non-uniform rates of normal shock location move-
ment relative to the separation shock location at different noz-
zle pressure ratio (NPR). More recently, it has also been found
that the flow unsteadiness (in the separation region) preced-
ing each flow transition between the separation modes to be
related to the origin of side-loads in sub-scale nozzles [8].

separation
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Fig. 1 Schematic of (a) free shock separation (FSS) and (b) restricted
shock separation (RSS) condition inside a thrust optimized parabolic
(TOP) nozzle
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Side-loads have been observed both in sub-scale and
full-scale rocket engine nozzles during their transient start
up/shut down operation and also during steady engine oper-
ation with flow separation inside the nozzle [5]. This means
the appearance of strong side-loads during the early phase of
launcher’s ascent can cause failure of the nozzle shell/engine
and hence jeopardize the launch mission. Designing a robust
nozzle toresist these loads would decrease the payload capac-
ity of the launcher and hence reduce overall mission perfor-
mance. Therefore, research to understand the existing flow
transition phenomenology and the associated side-loads has
emerged as an important area due to its impact on the design
and performance of such nozzles. The seriousness of this
issue is reflected by the recent sub-scale nozzle test cam-
paigns performed in Europe [9-14] and Japan [15,16] both
experimentally and numerically. A through understanding of
the existing random and unsteady flow separation is therefore
of importance in improving the nozzle performance.

Shock-wave boundary-layer interaction (SWBLI) flows
are known to be inherently unsteady when the incoming
boundary-layer is turbulent. Earlier studies on compression
corners have revealed that the turbulent mixing gets consid-
erably enhanced across the shock and this trend gets more
pronounced with increase in shock strength [17]. Increase in
shock strength also results in the separation shock to fan out
more near its foot (due to thickening of the boundary layer
caused by adverse pressure gradient) resulting in a system
of compression waves that begin well ahead of the main
fluctuating shock [18]. Dolling and Murphy [19] showed
that because of this unsteady motion, the mean wall pres-
sure begins to rise well ahead of the average shock position
and this distance is found to increase with increase in shock
strength. Kistler [20] and Dolling and Narlo [21] observed
that the moving shock generates an intermittent signal whose
level fluctuates between the range of characteristics of undis-
turbed boundary layer and that of disturbed flow downstream
of shock (bi-modal signal). The spatial extent of these low-
frequency large-amplitude wall pressure fluctuations is a
strong function of shock strength [19,22,23]. In addition to
the streamwise back-and-forth motion, the shock front was
found by Muck et al. [23], Poggie et al. [24] and recently, by
Verma and Haidn [25] to be wrinkled/split in the spanwise
direction suggesting three-dimensionality of shock front.

The causes of flow unsteadiness are, however not com-
pletely understood. Based on observations and reasoning,
several theories have been developed to understand the
dynamics of separation shock as well as the physical mech-
anisms driving its motion. Smits and Dussuage [26] suggest
the flow over the separated zone being sensitive to compres-
sion effects imposes unsteady conditions on the shock and
makes it to move. A more convincing explanation was sug-
gested by Maull [27] that the flow unsteadiness is caused by
mass imbalance of fluid reversed at the reattachment point to
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that scavenged from the separation point and is responsible
for the ‘breathing’ motion of separation bubble. Charwat
et al. [28] further reports that the model of mass-exchange
appeared to yield more accurate semi-empirical correlations
of measurements in separated flows. They therefore hypoth-
esized that the separation bubble ‘breathes’ and during one-
half of pulse, mass is injected into it while during the other
half it is ejected out resulting into an unsteady mass-
exchange. Such fluctuating pressure loads/unsteadiness of
the shock-wave can have important implications on local
heat transfer rates, noise generation and structural loading.
The local peaks of heat transfer in the interaction region
can be extremely severe and therefore pose a threat to the
structural integrity of flight vehicles. A careful study and a
through understanding of underlying phenomenon is there-
fore of practical and fundamental value at the design stage.

Studies discussing the unsteadiness linked to various flow
separation modes in nozzle flows is very limited [29-32].
The goal of the current study is therefore to assess the nature
of unsteady pressure fluctuations in the complete interaction
region for different modes of separation to better understand
the mechanisms in their generation. Different flow conditions
prevalent during both start up and shut down are discussed.
The test model used is the same TOP nozzle previously stud-
ied by Frey et al. [4] and Frey and Hagemann [5,6]. Stream-
wise wall pressure measurement data are acquired along the
nozzle contour using Kulites along with schlieren and surface
oil-pigment visualization.

2 Experimental setup and procedure
2.1 Test facility

Tests were carried out in the cold flow test facility at P6.2 in
DLR Lampoldshausen, Germany, on a horizontal test bench
(Fig. 2a) and not in the closed altitude test chamber which
limits visibility during test campaigns with surface oil flow,
infrared thermometry etc. Gaseous nitrogen at ambient tem-
perature is used as the test gas due to its advantage over com-
pressed air, i.e., the absence of humidity and other impurities
that can otherwise cause condensation of flow during opera-
tion. Under present test limitations, with the nozzle blowing
into atmospheric pressure maximum pressure ratio up to 60
can be achieved.

The throat diameter of the sub-scale thrust optimized par-
abolic (TOP) nozzle used for the experimental investigation
was 20 mm, yielding maximum mass flows in the range of
m = 4.2 kg/s. A TOP nozzle of moderate area ratio (30) is
used. Kulite type of pressure transducers (model XT-154—
190 M) have been used for wall pressure measurement both
upstream and downstream of the throat. Four such pressure
sensors are placed in the stagnation chamber and 13 along
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Fig. 2 a Schematic of the nozzle test-facility at DLR P6.2 and
b schematic of the pressure sensor locations and the choice of axis

a single axial line in the supersonic section of the nozzle
(with a pitch of 8 mm, sampling frequency 25 kHz with low-
pass filter cut-off frequency of 8 kHz). In addition to these,
4 more pressure points were fabricated recently, one each
midway between the pressure points 8 to 12 in order to
capture flow details during RSS at various NPR. Figure 2b
shows the choice of axis and the pressure transducer locations
for the present tests. A data acquisition system is used which
has the capacity of measuring 64 channels at 1 kHz and 16 at
50kHz or 8 at 100 kHz. Surface flow patterns were visualized
using the classic oil pigment mixture (using vacuum pump
oil, titanium dioxide and oelic acid) which helped reveal
important surface flow information at various nozzle oper-
ating conditions. Online recording of visualization tests was
done with a camera looking up into the nozzle which was
later digitized to extract vital flow information such as sub-
tle movements of the physical separation location especially
during ‘pRSS’ condition.

Contrary to usual side load measurement devices, where
forces perpendicular to the nozzle axis are determined by
measuring the resulting torque with respect to a cardan point,
the P6.2 test stand uses, inspired by Dumnov et al. [32],
a simple, very thin-walled bending tube, made of a special
aluminium-alloy that is mounted upstream the convergent
nozzle part (Fig. 3). It resists the high nozzle feeding pres-
sure, but is still sensitive to lateral forces. Pairs of two strain
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Fig. 3 P6.2 side load measurement device

gauges are applied in each quadrant. Opposite pairs build
a full Wheatstone bridge to measure one of the two lateral
directions. Due to the wiring only bending strains are mea-
sured. All other strains, provoked by the inside pressure, the
longitudinal nozzle force and temperature effects, are com-
pensated. The first eigen frequency of the bending tube cali-
brated under static tests was found to be 73.245 Hz.

3 Results and discussions
3.1 Side-load activity

Flow separation in an overexpanded nozzle is often accom-
panied by wall pressure fluctuations both in the separation
and separated regions. These fluctuating wall pressures act on
the nozzle shell resulting in vibrations of the complete noz-
zle assembly. The main source of lateral-forces/side-loads
in rocket engines, initially, was thought of mainly due to
asymmetry of separation location along the nozzle circumfer-
ence. However, ground tests of the J-2S engine [2] revealed
flow transitions inside the nozzle as another major source
of side-load origin which were later studied extensively at
DLR Lampoldshausen [4-6], both experimentally and
numerically. Intensive side-loads, originating because of the
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Fig. 4 Strain gauge signal in XY direction from one of the test
campaigns showing the appearance of peaks (signifying the existence
of lateral forces) during start up and shut down phases

above causes, have also been observed in the developmental
stages of main engines such as the J2-S, RD-0120 and
Vulcain 1 & 2 [33]. Intense side-load activity has also been
revealed in the sub-scale tests [4—6,29] with the origin of
peaks in side-loads being correlated to the prevalent flow
transition conditions in the nozzle.

Figure 4a and b shows the time-history of strain-gauge
signal in X-Y direction and the corresponding stagnation
pressure history, respectively, for one complete test run. The
peaks in the strain gauge voltage indicate the various flow/
flow-transition conditions experienced during the test run (as
shown). For start up phase, for example, three major peaks
in signal are observed. The first at NPR ~ 9.75, second for
NPR between 35 and 37 while the third between NPR =38
and 40. Each of the above peaks are known now as a result
of quasi-restricted shock separation (‘qRSS’) [34], FSS —
‘pPRSS’ [25] and ‘pRSS’ — FSS [2,25,29], respectively.
During shut down, however, four main peaks are observed
which are mainly attributed to the formation of restricted
shock separation (FSS — RSS), the formation/opening of a
second separation bubble, RSS — FSS [30] and qRSS [34].

Figure 5a shows the evolution of maximum rms levels at
various NPR for both start up (6 Pp/5¢t > 0) and shut down
(6 Py/8t < 0) conditions in the separation region. Each of
these points correspond to the maximum value of rms level
(in separation region) obtained from streamwise rms distri-
bution of wall pressure signals at each NPR. Earlier Verma
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Fig. 5 a Plot of maximum rms level in the intermittent separation
region for start up and shut down sequences. b Evolution of rms levels
of strain gauge voltage signals; for both cases in (a) and (b), steady
upstream stagnations conditions exist at each NPR tested

et al. [25] reported that the unsteadiness preceding the
flow-transitions are related to origin of lateral-forces/side-
loads in nozzles, which is apparent from Figs. 4a and Sa.
Comparing Fig. 5b (which shows evolution of rms levels of
strain gauge signals with respect to nozzle pressure ratio)
with Fig. 5a shows that the NPR at which peaks appear in
both cases coincide (it has to be mentioned here that the
results presented in these two plots are not from same test
campaigns. So the NPR for which rms levels of wall pres-
sure signal are shown in Fig. 5a, do not appear in Fig. 5b as
the bending tube was not used while taking pressure mea-
surements in the former case). It can also be observed from
Fig. 5b, that the rms levels of strain gauge signal measured
in the two planes (X — Y and X — Z) show significant var-
iation in values as the transition condition is approached,
although the overall trend remains the same in both planes.
This suggests asymmetric flow conditions prevalent during
these NPR. The above results, therefore, indicate that the
combined effects of flow unsteadiness (related to separation)
preceding each flow-transition and the associated flow asym-
metry as the plausible sources of side-load origin in a TOP
nozzle.

The characteristics of flow unsteadiness prevalent under
various conditions of flow separation modes and flow condi-
tions preceding flow transitions are found to be very interest-
ing and are discussed separately in the following sections.

3.2 Start up sequence
3.2.1 Mean pressure distributions

Figure 6a shows the streamwise mean wall pressure distri-
butions for a range of nozzle pressure ratios (NPR) during
the start up sequence. Each of these are obtained by hold-
ing the stagnation pressure constant for approximately 8 sec-
onds. These distributions can be classified into various flow
regimes depending upon the observed strain-gauge signal
peaks discussed and the type of pressure distribution. The
first flow condition, namely, the ‘qRSS’ condition cannot be
identified from this mean pressure distribution plot since this
condition is a transient flow regime (occurs for NPR between
7 and 10). Beyond NPR 10, the flow is seen to stabilize (which
can be identified from the gradual downstream movement of
incipient separation location with increasing NPR) and the
FSS regime predominates up to NPR of approximately 36.
The third flow condition arises when, with further increase
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Fig. 6 a Streamwise mean wall pressure and b rms distribution during
start up sequence
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Fig. 7 Schlieren pictures of the
nozzle exhaust flow-field during
start up sequence for NPR of

a 30, b 36, ¢ 40, d 60 (showing
the existing shock structure
details in a TOP nozzle)

in NPR beyond 36 results in a considerable downstream
jump in separation location (four pressure point locations)
and marks the flow transition from FSS — ‘pRSS’, shown in
Fig. 6a. Between NPR of 36.4 to 37.5, ‘pRSS’ prevails (iden-
tified by lower pressure adaptation (0.83) in the back-flow
regime) followed by the end-effect regime (‘pRSS’ — FSS)
wherein the incipient separation location jumps upstream (for
NPR > 37.5). Once again, a better pressure adaptation of
approx. 0.9 is seen for these NPR.

Figure 6b shows the corresponding streamwise rms dis-
tributions as a function of NPR. It can be seen that each of
the above mentioned flow regimes/transitions exhibit some
degree of unsteadiness in the separation region (even with
steady upstream stagnation conditions) which contributes to
the peaks in strain-gauge signal, Fig. 5a. Schlieren pictures
show significant changes in the nozzle exhaust flow-field,
Fig. 7a—d, when experiencing various separation modes at
different NPR. The unsteady flow characteristics for each of
these regimes are discussed in the following sections.
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3.2.2 Quasi-restricted shock separation (gRSS)

This regime is observed at low NPR both during start up and
shut down sequences, as shown in Fig. 4a. Figure 8 shows
the time-history of streamwise wall pressure signals and the
stagnation pressure history for NPR of 9.75. The wall pres-
sures show fluctuating flow conditions wherein the separa-
tion point is seen to move back and forth even though Py is
held constant. At certain time intervals, the wall pressures
at 12th and 13th (close to nozzle exit) pressure transducer
locations show P, values fluctuating above ambient indi-
cating transient flow reattachment. Streamwise mean wall
pressure distributions for these time intervals show consid-
erable upstream and downstream movement of the separa-
tion point (Fig. 9a). The corresponding rms distributions,
Fig. 9b, indicate that when the separation point jumps down-
stream, it exhibits highly unsteady flow conditions with peak
in rms values going as high as 0.28 in the intermittent sepa-
ration region. Although ‘qRSS’ is seen as a highly unsteady
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and a transient flow phenomena, both in streamwise and
circumferential directions, it does not contribute to relatively
significant side-loads, as can be seen in Fig. 4a, primarily due
to the low flow momentum associated with it. Further, it may
also be pointed out that the observed values of side-load sig-
nal are lower due to a smaller lever arm as compared to the
situation where side-loads are generated by flow conditions
closer to the nozzle exit.

Kwan and Stark [34] identified this phenomenon from
their infrared test campaign as quasi restricted shock sepa-
ration or ‘qRSS’ meaning that the RSS condition does not
occur over a steady state but only as a transient phenomenon.
They further showed that the mutual interaction of the shock
pattern and the recirculation region behind the cap-shock can
cause a short, asymmetric reattachment of the flow on the
nozzle wall leading to ‘qRSS’ condition, that induces lateral
forces at low NPR.

3.2.3 Free shock separation (FSS)

Figure 10a and b shows the streamwise mean wall pressure
and the corresponding rms distribution for FSS condition
at NPR 33.65. The rms distribution displays features typ-
ical to SWBLI, i.e, peak in rms value immediately down-
stream of the incipient separation location indicating high
levels of flow fluctuations in the separation region. Figure 10c
and d shows the corresponding time-history of wall pressure
signals in the separation region. The large-scale streamwise
oscillatory motion or ‘flapping’ of the shock-wave can be eas-
ily identified, Fig. 10d. The high-level in wall pressure, P> is
captured when the “foot” of the shock wave is upstream of
the transducer whereas, level P is captured when the shock
wave translates downstream of the transducer location. As
a result, it can be seen that the sharp rise in rms levels of
wall pressure are caused by the intermittent back-and-forth
movement of separation/overexpansion shock between lev-
els Py and P;. The separation region is, therefore, bound
by the point of incipient separation (the point at which wall
pressure first shows signs of increase from vacuum pressure
also known as upstream influence [35]) and the location of
physical separation (marked by a distinct line of accumu-
lation of oil pigment). It has been reported earlier [8] that
the spatial extent of separation region, i.e., (Xsep — Xinc),
tends to increase when the flow undergoes a transition from
FSS — ‘pRSS’.

From Fig. 10d, the pressure ratio between the upstream
low-levels and high-levels AP = P,/Pj, can be estimated
to about 2.1 on average. Using this value, the point of phys-
ical separation can be evaluated which in this case turns
out to be approximately at X/r; = 7.5 (P, /P, = 0.476,
which in nothing but the inverse of P,/ P seen from the sig-
nal). Careful observation of surface-oil pictures reveal the
point of physical separation to approximately coincide with
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this value. This is an important result that can be used to (a) (b)
approximately locate the point of physical separation in noz- 1.50 1.50 I
zle flows with FSS condition. However, the spatial resolution 1.40 3 1.40
of transducers employed can have significant influence on 130 A 130 “
the detection of intermittent signal in these interactions and S I I
hence, affect the true rms levels of pressure signals near sep- S 1.20 ’ 1.20
aration. This was the case in the present study due to the type Qf 1.10 ‘ L.10
of kulite model used and the model size. 1.00 Lo 1.00
Aft of separation peak, Fig. 10b, the rms level is seen to 0.9 0.90
drop significantly and remains constant up to the nozzle exit. T4 6 8101214 4 6 81012 14
This region corresponds to the back-flow region in nozzles X/r, X/r,
(Fig. la), where the ambient air is sucked into the nozzle (©) (d)
(adverse pressure gradient) due to the entrainment effect of 1.50 1.50
the separated jet. However, the rms level in this region is 1.40 N 1.40
slightly higher than in its value in the undisturbed boundary- 130 A 130 l
layer. Normally in SWBLI studies on flat plates with fins [36] S I ' I
and compression corners [17,19], etc. the unsteadiness of the \E 1.20 I 1.20 I
separation shock is attributed to the “breathing” motion of & 10 1.10
separation bubble formed downstream of separation. How- 1,00 o l 100 “l <L!‘
ever, in FSS condition (with absence of a separation bub-
ble) the.only source that. can.be thought of to tri'gger shock 0.90 AP IR IRANA 0.90 e sl
unsteadiness are fluctuations in the back-flow region. Further Xr, X/r,
with rapid change in mean Py, on either side of this peak, any
fluctuations (caused by flow asymmetry along the nozzle cir- 1.50 © 1.50 @
cumference) can also cause high levels of fluctuating loads 140 10
to be generated.
Another way of viewing the separation shock movement 2 P K 1.30
is by non-dimensionalizing the instantaneous value of Piyg 3 120 1.20 +
by its mean value, P, (Fig. 11). This method highlights & 110 l L10
only those wall pressures fluctuations that change consid- I L\» ol
erably with time above their mean values. It can be seen 100 T4 100 Tea iy
that the spike, representing the overexpansion compression 0.90 0.90

shock, shows strong variations in its amplitude over time
suggesting streamwise movement of the separation shock.
No axial movement of this spike was captured since this
requires closely spaced wall pressure measurements which
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Fig. 12 Evolution of power spectral density along the streamwise direction for NPR =33.65; FSS flow condition (start up); a, b separation region;

¢, d separated region

was not possible with the kulite transducer model used and
was also not the prime motive of the study.

Figure 12 shows the longitudinal evolution of power spec-
tra of wall pressure fluctuations in the incipient separation
and separated/back-flow regions, respectively. It is known
that the power spectral density of the wall pressure signal
helps to clearly show the large amplitude, high energy fluc-
tuations, those caused by shock motion, to fall in a fairly
narrow low-frequency band. Here G(f) - f /U%w is plotted
against frequency f on a linear-log scale in order to highlight
the dominant frequencies in the signal. It can be seen that the
region of incipient separation, Fig. 12a, is essentially domi-
nated by high-frequency fluctuations of very low-amplitude
and a low-amplitude low frequency (~ 800 Hz) fluctuation
suggesting the upstream extent of intermittent region cap-
tured by the pressure signal. In the region of intermittent
separation, Fig. 12b, the power spectra shows dominance
of low-frequency high-amplitude fluctuations between 100-
800 Hz. The separated region, Fig. 12c—f, shows high-ampli-
tude low-frequency contribution with dominant peaks at 300
and 800 Hz. Interestingly, the low-frequency unsteadiness of
the moving separation shock is seen to persist downstream

of separated region. Far downstream near the nozzle exit, the
power spectra, once again becomes fairly broadband.

The possible physical mechanism responsible for gener-
ation of flow unsteadiness during FSS seems to be the back-
flow region that is set into pressure pulsations due to the
close proximity of turbulent shear-layer, emanating from the
separation point, to nozzle wall. This can cause asymmet-
ric pressure distribution in the back-flow region along the
nozzle circumference and hence, influence the local posi-
tion of the separation front through the subsonic re-circu-
lation region. This in turn is a strong function of NPR and
the radial size of the recirculation zone defined by (A, —
Ajgep). High expansion contoured rocket nozzles are gener-
ally designed in such a way so as to keep the nozzle exit
wall angle 6, it as small as possible (in order to minimize
divergence loses). If we now assume that the nozzle exhaust
features remain preserved, then increasing the NPR will go
on decreasing the difference in 6y, at Xep and 0y,_exit, i.€., the
gap between the nozzle wall and the lower limit of mixing-
layer goes on decreasing. This can increase the overall flow
unsteadiness downstream of separation which in turn affects
the intermittency in the separation region caused by flow
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reversal at the location of physical separation. It has been
reported [37] that if the value (A, — Asep) is large (as under
low NPR conditions), the pressure rise over this zone is neg-
ligible. On the other hand, a small radial size shows a strong
dependence of P,;/ P, on the contour. The above also sug-
gests that the possibility of initiating flow reattachment (par-
tial or full) increases as the separation location is pushed
downstream. Full-scale tests of LE-7A engine [15,16] have
shown transition to RSS condition as soon as an additional
skirt is added to the original nozzle. Lawerence and Wey-
nand [38] therefore suggested that the new separation criteria
should take into account the influence of contour downstream
of separation as it controls the entrainment pressure.

3.2.4 FSS — ‘pRSS’ transition

Verma and Ciezki [30] demonstrated that a downstream jump
in separation front (during start up sequence, § Py/5t > 0)
can also lead to a strong side-load condition which is imme-
diately followed by a partially restricted shock separation
(‘pRSS’) condition wherein the flow pulsates between FSS
and RSS condition as a function of time. It therefore becomes
important to study the flow conditions during this transition
itself.

Figure 13 shows the time-history of streamwise wall pres-
sure signals from pressure sensors that experience the flow
transition for ¢ = 0 degrees. Careful evaluation of the raw
pressure signals in Fig. 13 (by zooming in on the time inter-
val in milliseconds) shows that this transition lasts for about
10 ms and results in a significant downstream jump in separa-
tion with wall pressure at the 13th (X /r, = 12.135 and clos-
est to nozzle exit) transducer location fluctuating between its
value in the back-flow region and above ambient (Fig. 13).
The transducers located at the 8th, 9th and 10th streamwise
pressure points for ¢ = 0 and 180 degrees (circumferen-
tially opposite) also show some interesting features, Fig. 14a
and b, respectively. The separation front at circumferentially
opposite locations is seen to approach the instant of flow
transition at different times indicating considerable flow

1.4 ‘

; 12.135 i H\ |
S

SO'SW ‘Hl M'UIH

af 2.461 X/1=8.943 10,5401 ! N ] | M
0:2 Mm a1 Wf WL% i
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48.6 487 488 489 49 491 492 493 494
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Fig. 13 Wall pressure signals from pressure sensors that experience
the FSS — ‘pRSS’ flow transition
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Fig. 14 Time-history of wall pressure signals from pressure sensors
placed at ¢ = 0° and 180° showing the difference in time of arrival of
separation front during the transition process; NPR =36

asymmetry, Fig. 7(b). This is seen as a significant contri-
bution to the strain-gauge peak during start up with a corre-
sponding high level of rms level (Figs. 4a and 5a).

3.2.5 Fartially restricted shock separation (pRSS)

Figure 15a and b shows the streamwise mean wall pressure
and the corresponding rms distribution for NPR =37.02.
Figure 15c—f shows the simultaneously sampled time-his-
tories from wall pressure signals experiencing ‘pRSS’ con-
dition. A striking feature that can be observed from these
recorded signals is that the fluctuations of the translating
shock in the intermittent separation region are also felt, at
the same time instants, by transducers in the separated region
especially by those close to the nozzle exit. This suggests
flow conditions different from either FSS or RSS (discussed
later). Careful visual examination of these pressure signals
also reveals that only low-frequency fluctuations behave in
this manner. The rms distribution, Fig. 15b, also shows high
values downstream of the intermittent separation region sug-
gesting the absence of a regular back flow region as seen
for FSS condition. The intermittent nature of signals from
the 11th, Fig. 15d, and 13th transducer locations, Fig. 15e,
poses a question on the physical mechanisms responsible for
the high-level fluctuations observed. Visual inspection of the
wall pressure signals indicates that Py, at 13th transducer
location fluctuates above ambient whenever the separation
shock translates back-and-forth in the intermittent region.
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separation and separated regions of the interaction. g Instantaneous wall pressure distribution for pRSS condition, NPR =37.02; 250 samples

This means that the 13th transducer location experiences ran-
dom fluctuations of a reattaching flow.

Two types of flow mechanisms can be thought of to gen-
erate this type of intermittent pressure signals; firstly, a fully
reattached flow with both separation and reattachment shocks
translating back-and-forth over the transducers, the fluctua-
tions being initiated by the ‘breathing’ motion of the separa-
tion bubble. It has been hypothesized by Garg and Settles [35]
that in reattaching flows in SWBLI, the attachment stream
surface originates in the freestream flow and lies close to the
boundary-layer edge. It therefore, passes close to the foot
of the separation shock, forms the upper edge of the sep-
aration bubble and then turned back towards the wall sur-
face by the reattaching shock, finally becoming a part of
the impinging jet. As a result, it is possible to transmit the
intermittent motion of separation shock to the reattachment
shock [35]. The second scenario is the random opening and
closing of the separation bubble due to close proximity of

the lower limit of the mixing-layer emanating from the sep-
aration point to nozzle exit preventing formation of a fully
reattached region. The latter case has been identified in noz-
zle flows [8,25,29] and is being discussed here. Figure 15g
shows the instantaneous wall pressure distributions with a
sampling time interval of 10ms and involving 250 samples.
The flow phenomenon indicates more occurrences of FSS
condition than RSS. This observation was earlier reported
[25] using oil-visualization studies where a prominent sep-
aration line could be seen slightly downstream of the 11th
pressure point (i.e., X/r;, ~ 10.84). However, due to the
close proximity, the separated turbulent shear-layer tends to
impinge and reattach to the nozzle wall temporarily. When
this happens, the separation point is pushed upstream for
that time interval. The pulsating nature of separation bubble
perhaps once again pushes the flow downstream and the
process continues. Figure 16 shows the high-speed (2 kHz)
schlieren pictures of exhaust flow-field during ‘pRSS’.
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Fig. 16 High-speed schlieren pictures (2 kHz) for ‘pRSS’ condition,
NPR =37.02; pictures are arranged from left to right in the order of
events captured

Another very interesting observation earlier reported by
Verma and Haidn [39] is that the flow during shut down does
not initiate RSS condition at all if the NPR during start up
does not cross a value of 37. What this suggests is that for
NPR > 37 or so, the relative positions of normal and sep-
aration shocks either tend to cross-over or come close to
each other. And once this happens, the process is irrevers-
ible during shut down suggesting a “hysteresis”. It has been
shown earlier [5] that the axial position of normal shock
moves faster downstream than separation point at lower NPR
while at intermediate NPR, the separation point moves faster
towards the nozzle exit. This non-uniform movement of the

@ Springer

relative positions of normal and separation shock [5,25] in
combination with the changing radial size of the recircu-
lation zone (A, — Asep) can initiate flow unsteadiness in
the back-flow region. Such a transition processes could ini-
tially be unstable thereby causing random switching of modes
between FSS and RSS. However, the flow phenomenon dur-
ing ‘pRSS’ is not periodic but random in nature. The ran-
dom nature of intermittent pressure signals can be identified
from Fig. 15¢—. The power spectra of pressure fluctuations,
Fig. 17, lend some support to this view and shows low
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Fig. 17 Evolution of power spectral density along the stream-
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frequency high amplitude random phenomena with absence
of any discrete frequency peak.

3.2.6 End-effect flow conditions

Another flow regime that needs scrutiny is the end-effect
regime first qualified by Nave and Coffey [2]. This is a flow
condition wherein the point of reattachment (in our case ‘par-
tial reattachment’) reaches the nozzle lip and the recircula-
tion bubble completely opens to ambience. Due to the adverse
pressure gradient the ambient air rushes in causing the separa-
tion location to jump upstream [8] leading to ‘pRSS’ — FSS
transition (seen as a better pressure adaptation to ambient in
the back-flow region, Fig. 6a). Ideally this could, once again,
trigger impingement of separated shear-layer to the nozzle
wall and we would again witness a FSS — ‘pRSS’ transi-
tion. But it does not happen this time. This means, despite
the all the physical mechanisms discussed in the preceding
section that favor ‘pRSS’ condition for NPR < 37.5, the flow
conditions now do not favor FSS — ‘pRSS’ for NPR > 38.
This emphasizes the fact that once the normal shock posi-
tion moves downstream of the separation shock location,
the momentum imbalance supports only FSS condition. The
resulting shock interaction raises the relative position of sep-
arated shear layer from the nozzle wall preventing further
possibilities of jet impingement. The flow therefore, begins
to stabilize showing reduced levels of rms peak (in separa-
tion region) as the separation point is pushed downstream
with increasing NPR thereafter, Fig. 6b.

3.2.7 Three-dimensionality of separation shock-front

Shock-wave boundary-layer interaction phenomena in two-
dimensional flows have always discussed the layered look
of the shock-plane which has often raised questions about
its interpretation [22]. Figure 18a—c shows a series of schlie-
ren pictures (top to bottom) of the exhaust flow-field from
a TOP nozzle at NPR =52 with knife edge parallel to flow.
Other than the broad features of shock-structure typical to
TOP nozzle exhaust, a striking feature is the presence of lon-
gitudinal streaks in the flow that end up at the origin of the
ring of expansion fan (outer jet) [25]. Two types of flows can
be thought of to create such an impression, one being the
presence of Goertler vortices and the other, the layer look
of separation shock-front. The possibility of the existence of
Goertler vortices in FSS conditions is completely ruled out
as these have been observed (from the detailed surface oil-
visualization studies of Verma and Haidn [39]) during RSS
condition only. Also, Goertler vortices are known to be sta-
tionary in nature [40,41] and if present, do not show spatial
movements with time. Earlier studies [25] show movement
of these longitudinal streaks with time suggesting the possi-
bility of some other flow phenomena.
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Fig. 18 Schlieren pictures showing movement of longitudinal streaks
in the separation shock plane, each frame is separated by a time interval
of 1 s; a—e time history of wall pressure signals from circumferen-
tially placed transducers at same streamwise location, X /r; = 11.34;
NPR =52

Figure 18d—h shows the time-history of wall pressure sig-

nals from circumferentially placed transducer array (5 in
number) and measured at only one streamwise location

@ Springer



S. B. Verma

206
2.00
—— 0Odeg.
—— 13 deg.
—— 26 deg.
1.50 —— 39 deg.
~ —— 52deg.
=
o
N Al
S 100 /\/
2
O
0.50 {\ A nh
0.00 ‘
1 10 100 1000 10000
frequency (Hz)

Fig. 19 Power spectral density along the circumferential direction for
NPR =52 capturing the rippling motion of the separation shock plane

(X/r; = 11.34). The signal traces clearly show that the
shock-front is not two-dimensional but exhibits significant
spanwise ripples. This indicates that the circumferential
shock-front translates the various transducer locations at dif-
ferent time intervals. The spanwise folding/ripple creates a
small region of local density-gradient which is seen as a dark
streak in the schlieren picture. Power spectra of the fluctuat-
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ing wall pressure signals indicate the nature of these pulsa-
tions to be of high-amplitude low-frequency range (Fig. 19).
In 2-D flows, the origin of these ripples have been thought
of due to the turbulent structures in the incoming tunnel-wall
boundary-layer [22,36,41,42]. In addition to this, in nozzle
flows, their origin could be perhaps triggered by the fluctu-
ating flow in the back-flow region caused by the aspiration
effect of the turbulent structures in the separated jet being
convected downstream.

3.3 Shut down process

3.3.1 End effect-regime

It is interesting to look into the end flow effects that are once
again experienced when the nozzle pressure ratio is decreased
(6Py/5t < 0) gradually. Here the physical separation
location, which starts to move upstream with decreasing NPR
suddenly shows a downstream jump in its location [25].
Thereafter, instead of a ‘pRSS’ — FSS transition (as seen
during start up) a ‘pRSS’ — RSS transition occurs.

Figures 20a and b show the streamwise mean wall pres-
sure and the corresponding rms distributions, respectively,
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Fig. 20 a, b Streamwise mean wall pressure and rms distribution for pRSS condition, NPR =36.4; c—f time-history of wall pressure signals in

separation and separated regions of the interaction
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Fig. 21 Instantaneous wall pressure distribution for end-effect regime
during shut down (a) NPR =36.4 and (b) NPR = 34.3; 250 samples

for NPR = 36.4. The magnitude of peak in rms pressure level
is observed to be slightly larger than the value measured
for ‘pRSS’ during start up suggesting similar intermittent
conditions. Figure 18c—f show the corresponding simulta-

Fig. 22 a Plot showing the

neously sampled time-histories from wall pressure signals
in separation and separated regions. A striking similarity in
the overall intermittent nature of wall pressure signals can
be seen with those measured for ‘pRSS’ during start up
(Fig. 15c—f). However, careful visual examination reveals
that the flow intermittency during shut down is not occurring
in random batches, Fig. 15d, but seems to be continuously
distributed in a random fashion. The spectral characteristics
are also very similar to those seen for start up case (and so
are not shown). The instantaneous wall pressure distribu-
tions (with a sampling time interval of 10 ms and involv-
ing 250 samples) show that FSS tends to occur more often
than RSS at this NPR (Fig. 21a). On gradually decreasing the
NPR further, the instantaneous wall pressure distribution (for
NPR = 34.3) begins to show tendency for RSS occurrences
more than for FSS (Fig. 21b). The surface oil-visualization
movies at this point of time tend to show a downstream jump
and thereafter, a prominent formation of physical separation
line [25] that is immediately followed by formation of sepa-
ration bubble in the upstream direction.

To understand the physical mechanisms behind this behav-
ior, the incipient and physical separation points were plotted
for both start up and shut down sequences (Fig. 22). Although
the general trend for Xjne and Xgep with NPR remains the
same, a significant shift in their values tells a different story.
The ‘pRSS’ regime during shut down is seen to last over
a wider range of NPR between 39-35.8 while it is seen to
occur only between 36.43-37.5 during start up. So if it is now
assumed, that the normal shock moves upstream at the same
rate as it moves downstream during start up, then a reduced
value of Xj,. would favor FSS condition (and increase in its
value, RSS condition) (Fig. 22b). However a ‘pRSS’ condi-
tion is favored instead and that too for a wider range of NPR
indicating that the normal shock moves upstream at a much
faster rate during shut down (Fig. 22c). Thus a ‘hysteresis’
in the movement of the relative positions of normal and sep-
aration shocks occurs. It would be interesting to see if such
a ‘hysteresis’ also occurs in hot flows or is it a phenomenon
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typical to cold-flows. Further studies need to be carried out
in this direction.

3.3.2 Fully formed RSS

Figure 23a and b shows the streamwise mean wall pressure
distribution for a range of nozzle pressure ratios that experi-
ence fully formed RSS condition. Comparing each of these
conditions with their respective surface oil pictures shows
that the mean wall pressure rises gradually in the separation
region, tends to level-off somewhat in the fully separated
zone, and then starts to rise again in the reattachment region
where its value eventually rises above ambient pressure P,.
Downstream of this peak, two types of flow conditions may
be observed, firstly, a back-flow region formed as a result
of a strong reattachment shock causing the flow to separate
(as seen with P, < P, near nozzle exit) and secondly, a
pressure plateau followed by P, value once again rising
above ambient pressure P,. The latter case is the one in which
a second separation bubble forms downstream of the region
of first reattachment finally followed by flow reattachment
once again.

Figure 23c—e shows one such case at NPR of 28 at which
the second separation bubble forms for the first time during
shut down. Downstream of the point of incipient separation,
Fig. 23d, a pressure plateau is observed indicating a separa-
tion bubble (P, < P,) after which the wall pressure rises
above ambient indicating a reattachment region (P, > P,).

Downstream of reattachment, P,, falls below P, and then
again rises above P,. Comparing this plot with the corre-
sponding oil-visualization picture taken during the test run,
see Fig. 23c, indicates that the flow forms two separation
bubbles and reattaches twice. The spatial extent, however,
of each of the separation bubbles is dictated by the complex
system of shocks in the annular jet. The surface-oil picture
clearly shows that the second separation bubble is very small
relative to the first one. Stark et al. [43] (using IR thermome-
try) and Nguyen [29] (oil studies) also reported observing the
presence of a second separation bubble during RSS. Infrared
thermometry studies by Gross et al. [44] and Stark et al. [43]
during RSS condition report the nozzle wall to be exposed to
rather high heat flux in the vicinity of the reattachment line.
Also interesting to observe are striation patterns all along the
nozzle circumference which indicate the presence of Goertler
vortices [39,43,44] formed due to the concavity of reattach-
ing boundary-layer.

Figure 23e shows the corresponding streamwise rms
distribution for the case discussed above. As expected, peaks
in rms value are observed in both separation and reattach-
ment regions. The position of first reattachment line is seen
to approximately coincide with location of first peak in mean
pressure distribution. Since large mean pressure gradients
exist in the vicinity of reattachment line, the random fluc-
tuations in the instantaneous position of reattachment shock
will cause high fluctuating pressure levels to be generated.
The rms value then drops in the vicinity of the second
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Fig. 24 a, b Streamwise mean wall pressure and rms distribution for RSS condition, NPR =28.9; c—f time-history of wall pressure signals in

separation and separated regions of the interaction

separation bubble before finally rising as the point of sec-
ond reattachment is approached.

In order to understand the flow characteristics of fully
reattached flows, a case for NPR = 28.9 is studied in detail
(Fig. 24a, b). Figure 24c—f shows the time-history of wall
pressure signals from transducer placed at 10th, 11th, 12th
and 13th, as shown. A striking feature of wall pressure sig-
nals is that the nature of pressure fluctuations in the sep-
aration region do not exhibit any of the characteristics of
intermittent separation. Rather the characteristics suggest
a flow phenomenon of oscillatory/periodic nature. Another
interesting flow feature observed from the time traces of
11th, 12th and 13th transducer locations is that the pres-
sure signals from 11th and 13th locations change in con-
cert with one another, whereas those at locations 11th and
12th or 12th and 13th follow opposite trends, almost to the
extent of mirror imaging. The above trends are, however,
observed for relatively low-frequency fluctuations while the
high-frequency changes in pressure signal may not nec-
essarily follow the same. Streamwise evolution of power

spectra shows only a single prominent high-amplitude low-
frequency peak (~300 Hz) of pressure fluctuations in the
interaction region indicating that the unsteadiness in RSS
condition is a periodic phenomena rather than a random one
(Fig. 25). This observation is unique to flow reattachment
region. Such flow characteristics of pressure signals give an
important insight of the prevalent flow conditions during fully
formed RSS in nozzle flows.

4 Conclusions

Fluctuating wall pressure measurements have been made for
various separation modes experienced by the flow during
start up and shut down sequences in an overexpanded TOP
nozzle. These include ‘qRSS’, FSS, ‘pRSS’ and fully formed
RSS apart from flow transition between them. Measurements
were made across the entire interaction region (streamwise
as well as in circumferential direction) which helped pro-
vide rms distributions of wall pressure fluctuation and their
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Fig. 25 Evolution of power spectral density along the streamwise direction for NPR =28.9; RSS flow condition (Shut down); a, b separation

region and c—f separated region

corresponding spectral content. The possible physical mech-
anisms responsible for the origin of overall flow unsteadiness
in each of these modes and their contribution towards gener-
ation of side-loads are discussed.

On the basis of their observed characteristic features, the
shock unsteadiness in nozzle flows can be broadly classified
into two types, namely the regular intermittent bi-modal wall
pressure signal near separation which is of random nature
and the periodic back-and-forth motion of separation shock
which causes the entire interaction region to oscillate as a
single unit and at a discrete frequency. The former feature of
wall pressure signals is observed for ‘qRSS’, ‘pRSS’ and FSS
conditions while the latter is unique to RSS condition. In FSS
condition, the separation shock is also seen to be highly three-
dimensional showing spanwise ripples. Whether random or
periodic, the observed fluctuations are of high amplitude and
lie in the low frequency range (<1 kHz) of the power spec-
tra. The random and unsteady nature of pressure fluctuations
in the separation region are seen to be responsible for the
generation of peaks in strain-gauge signal. The unsteadiness
preceding transition between various separation modes is not
the only source of their origin. Other sources such as random

@ Springer

fluctuation between FSS and RSS, as observed during ‘pRSS’
and unsteadiness of separation front in combination with any
flow asymmetry along the nozzle circumference, even dur-
ing steady nozzle operation, also contribute to increases in
side-load/strain-gauge condition.

The physical mechanisms responsible for the generation
of flow unsteadiness in FSS condition seems to be the back-
flow region that is set into pressure pulsations due to the
close proximity of turbulent shear-layer, emanating from the
separation point, to nozzle wall. This in turn affects the inter-
mittency in the separation region caused by flow reversal at
the location of physical separation and is a strong function
of the radial size of the re-circulation zone (A, — Asep). The
strongest contribution to the side-load signal during start up
is seen when this factor decreases as the separation location
is pushed downstream with increasing NPR. In combina-
tion to the above, the non-uniform movement of the relative
locations of normal and overexpansion shocks also increase
flow unsteadiness in the back-flow region as ultimately it is
the momentum imbalance of the flow passing through these
shocks that dictates the flow condition downstream of sep-
aration. RSS condition experiences a periodic ‘breathing’/
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‘trembling’ or expansion-contraction motion of the separa-
tion bubble that generates an overall unsteady interaction
with a discrete peak frequency. A ‘hysteresis’ in the posi-
tion of normal and separation shock during start up and shut
down favors RSS condition during shut down. Further, for-
mation/opening of the second separation bubble also adds to
overall increase in flow unsteadiness.
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