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Abstract. Previous research on Dual-Bell nozzle flow always neglected
the influence of the outer flow on the nozzle flow and its transition from
sea level to altitude mode. Therefore, experimental measurements on a
Dual-Bell nozzle with trans- (Mao, = 0.8) and a supersonic (Mao = 1.6
& 2.0) external flows about a launcher-like forebody were carried out in
the Trisonic Wind Tunnel Munich with particle image velocimetry and the
schlieren technique. The sea level mode was investigated in transonic con-
ditions, whereas transition and the altitude mode took place in supersonic
conditions. The results show that there is a strong interaction between
the nozzle flow and the outer flow in sea level mode, highly dominated by
screeching. In contrast, there is no apparent correlation between the noz-
zle flow and the outer flow in the altitude mode. Transition from sea level
to altitude mode shows multiple retransitions over a wide range of nozzle
pressure ratios. This is due to an interaction of the nozzle flow with a super-
sonic expansion about the nozzle’s lip. For the feasibility of the Dual-Bell
concept, future research should investigate if a transition in transonic free-
stream conditions is possible without the flip-flop effect.
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1 Introduction

The Ariane 5 space laucnher has a geometric discontinuity, similar to a BFS, at
the end of its main stage ahead of the cryogenic engine. This causes the flow
to separate from the main body, building up a turbulent shear layer. The shear
layer reattaches onto the nozzle of the main engine with strong local pressure
fluctuations [1]. This can lead to the excitement of structural modes of the main
engine’s nozzle, a phenomenon termed buffeting, which can cause catastrophic
structural damage.

On a planar BFS the authors showed that the so-called ‘step mode’ is mainly
responsible for the pressure fluctuations imposed on the reattachment surface [2].
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By applying passive flow control, the root mean square (RMS) of the pressure
fluctuations was reduced by 50% [3]. This load reduction is achieved by so-
called ‘lobes’ creating strong streamwise vorticity aft of the BFS, and thereby
diffusing the critical step mode. Furthermore, these lobes reduced the mean
reattachment length by more than 80%, thereby decreasing the moment arm of
the pressure fluctuations. This large reduction in the dynamic moment of force
makes adaptive nozzle concepts, which usually are longer and heavier, a feasible
option for increasing the performance of current space launchers.

Recently, a publication showed that a change from the currently used nozzle
on Ariane 5 to a so-called ‘Dual-Bell’ nozzle would yield a 490 kg increase in
its payload capacity on a typical geostationary transfer orbit mission [4]. The
Dual-Bell concept first appeared in literature in 1949 [5]. This nozzle features
two consecutive divergent sections. The first section expands the flow into sea
level mode, where the flow ideally is separated at a sharp edge at the end of the
first Bell. In order to increase the thrust at altitude, a second Bell allows the
flow to expand further into altitude mode, as soon as the surrounding ambient
pressure decreases below a certain value. This so-called transition ideally has to
occur instantly without re-transitioning back to sea level mode. Transition has
been a major research focus in for two decades [6-10]. Some of these experiments
also tried imposed external pressure fluctuations numerically or experimentally
via a altitude chamber. However, the interaction of the external flow with the
nozzle flow has always been neglected. Therefore it is the aim of the current
research to characterize severity of these effects.

2 Experimental Setup

The experiments under investigation were conducted in the Trisonic Wind Tun-
nel Munich (TWM) at the Bundeswehr University Munich, which is a two-throat
blow-down type wind tunnel with test section dimensions of 300 mm in width
and 675mm in height. It has an operating total pressure range of 1.2-5 bar
and a Mach number range of 0.15-3.00. For the transonic measurements, the
side/vertical wall suction capability of the TWM was applied. This not only
helps in reducing the low momentum boundary layers on the side walls of the
test section, but also reduces blockage effects at transonic conditions. Addition-
ally for all Mach numbers, the horizontal walls were put at a deflection angle,
increasing the cross section in the direction of the flow by 25 mm over the test
section length of 1.8 m, in order to offset the increasing displacement thickness of
the boundary layer on the horizontal walls, thereby decreasing the effect on the
pressure gradient in the test section. Table 1 provides an overview of the experi-
mental conditions. The £ values in the table indicate the standard deviation of
each quantity during the measurements, while the measurement uncertainty is
within +1%. The nozzle’s settling chamber pressure for the different measure-
ments is provided in the last column and is denoted by p;, ¢ In order to achieve
transition of the nozzle at Ma,, = 1.6, the total pressure in the test section was
linearly reduced from 4.3 bar to 3.6 bar in 4s while keeping the nozzle chamber
pressure constant to 4 bar. For more details about the measurement facility the
reader is referred to [2].
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Table 1. Free-stream flow conditions of TWM for experiments under investigation

Maoo po [bar] Poo |bar] To [K] Uso [?] pn,o [bar]

0.80 £ 0.0008 | 1.30 4+ 0.0013 |0.852 £ 0.0008 291 £1.2|259 5.95 £ 0.05
1.60 4+ 0.0050 |4.3 to 3.6 in 4s|1.01 to 0.85 in 4s{292 + 1.5446 3.95+0.05
2.00 £ 0.0010|2.50 £ 0.0022 | 0.320 %+ 0.0004 292 + 1.6 |509 5.95 + 0.05

2.1 BFS Model

The BFS model is symmetric about its horizontal plane and spans across the
entire test section horizontally. It has a gently curved nose, in order to ensure
subsonic conditions locally (at Mas = 0.80) [11], which then smoothly transi-
tions into a flat plate. The model’s length prior to the step is 252.5 mm, with
102.5 mm of that being the flat plate. The step then has a height of A = 5 mm
and attaches to a splitter plate, which also serves as the nozzle fairing, with a
length of 35 mm. The step height to step width ratio is 1 : 40, which provides
for an unaffected recirculation region due to side wall effects [12]. The overall
model’s thickness is 25 mm, or 3.7% of the test section’s height. At the center of
the splitter plate with a height of 15 mm, a 2D Dual-Bell nozzle with a nozzle
exit height of 14 mm spans 56 mm across the model. The first extension of the
Dual-Bell nozzle is a truncated ideal contour (TIC), while the second extension
of the Dual-Bell is a constant pressure contour. The nozzle throat is 2.61 mm in
height, giving it an expansion ratio of ¢ = 5.36, resulting in a design exit Mach
number of 3.29. The thrust chamber is fed by two 2 hoses, one on either side
of the model (refer to Fig. 1), with the thrust chamber/model being symmetric
about its horizontal and streamwise vertical planes. For the experiments under
investigation the nozzle settling chamber pressure was set at 6 bar for the steady
state experiments, and 4 bar for the transient experiment in order to achieve
transition.

2.2 Particle Image Velocimetry

Particle image velocimetry (PIV) was used to capture instantaneous flow fields
in a streamwise vertical field of view (FOV). The light source was a Quan-
tel EverGreen double pulse laser with 200 mJ per pulse. The light illuminated
Di-Ethyl-Hexyl-Sebacat (DEHS) tracer particles with a mean diameter of 1 pm
[13]. The particles were added far upstream of the test section for a homogeneous
particle distribution. A 50 mm planar objective lens from Zeiss imaged the par-
ticles onto a 2560 x 2160 pixel sensor of a LaVision Imager sCMOS camera.
The synchronous triggering of the light source and the camera was managed by
a LaVision PTU X. For each test case, 500 double images with a statistically
independent frequency of 15 Hz were recorded. The time separation between an
image pair was 1.0 ws, limiting the particle image shift to about 10 — 15 pixel in
the nozzle flow. This ensures that the error due to curved streamlines and spatial
gradients, which lead to loss-of-correlation due to out-of-plane motion, is suffi-
ciently low [14,15]. For the data processing, a pre-processing step was comprised
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Fig. 1. Top: Dimensional cut-view of the 2D Dual-Bell launcher model; Bottom: Illus-
tration of the launcher model with its measurement locations for PIV and schlieren

of an image shift correction in order to compensate for camera vibrations, and
subtracting the background reflections by means of proper orthogonal decom-
position (POD) [16]. The final interrogation window size of the PIV evaluation
was 12 x 12 pixel with 50% overlap, yielding a vector grid spacing of approxi-
mately 285 wm. The PIV evaluation included a Gaussian window weighting and
image deformation as implemented in the LaVision DaVis 8.3 software. Statis-
tical flow field data was obtained by extracting the necessary information from
the resulting instantaneous vector fields.

2.3 Schlieren Measurements

For further analyses regarding the transitional behavior of the nozzle, a four color
schlieren system was used, which allows the visualization of density gradients,
isentropic compression and expansion waves, and compressible shear layers. The
extracted colors were red, green, blue and yellow. The light was focused onto a
high-speed camera sensor recording at 20 kHz. For a detailed description of the
schlieren system installed at the TWM facility, the reader is referred to [2,17].

3 Results

3.1 Sea Level Mode

The sea level mode was investigated at a nozzle pressure ratio (NPR =
D0,,0..1./Poo) Of 7. In Fig.2 one can see that a reverse flow region develops in
the second extension of the nozzle. This is to be expected, as the second exten-
sion of the bell is not filled in sea level mode. One of the streamlines from the
outer flow extends into the nozzle, indicating that an interaction may be present.
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For a more detailed statistical analysis, the fluctuating component of the vertical
velocity scalar v’ at a location close to the nozzle exit was correlated with itself in
the entire 2D FOV (refer to [18] for the definition of Pearson’s correlation coeffi-
cient). Figure 3 shows the resulting correlation in the 2D FOV, where strong cor-
relations and anti-correlations are present throughout the entire flow field. Thus,
a strong interaction is present at the nozzle exit with the rest of the flow field. The
correlations are noticeably periodically organized and aligned with an angle and
shape that closely resembles shocks. Therefore, these shock-like structures were
searched for in the instantaneous vector fields in the next step.
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Fig. 2. Illustration of the streamwise component of the mean flow field at Mas = 0.8
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Fig. 3. Illustration of a two-point correlation of v" at Mac = 0.8 with = 7

A set of two instantaneous vector fields at the previously described exper-
imental conditions is shown in Fig.4. The shock-like structures are present in
the temporal snap shots as well. The way that these waves are developing after
one another, as well as their shape and angle, very closely resemble that what
has been defined to be nozzle screeching in literature [19,20]. Nozzle screech-
ing has mostly been observed in nozzle flows without an outer flow. At that
point, screeching can be seen in schlieren photographs as weak acoustic sound
waves. However, when an external flow close to sonic conditions is superim-
posed on these sound waves, the combination leads to shocks at velocities of
U = 240 m/s, even though the speed of sound is around ¢ ~ 310m/s. Screeching
has not been found to have such side effects in previous literature and could
pose some complex structural difficulties. Another apparent phenomenon in this
set of instantaneous vector fields is how the jet plume undergoes undulations
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with high amplitude deflections into the vertical direction. In other words, the
jet plume is not stable as is the case with conventional nozzles used on common
space launchers.
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Fig. 4. Illustration of the streamwise component of instantaneous vector fields at
Maso = 0.8 with NPR=7

Combining the gathered insights from the instantaneous vector fields with
the two-point correlation, one can make certain assumptions about the interac-
tion between the outer flow and the nozzle flow as well as screeching. The strong
shock-like acoustical correlations seen around the nozzle systematically merge
together with alternating Kelvin-Helmholtz (KH) structures in the proximity of
the BFS. These KH structures were identified to be instabilities caused by the
step mode in [2]. According to the general knowledge of gas dynamics, the step
mode should not be aware of screeching, due to the presence of shocks. Therefore
their coherent interaction should be limited. However, the seamless combination
of the step mode structures with the screech shocks in the correlation image can
be explained by the fact that the shear layer structures stemming off of the BFS
influence into which direction the nozzle flow is temporally deflected. The deflec-
tion of the nozzle flow then influences the sound waves, or screeching, that are
generated at a source further downstream. Thus, a complex interaction between
the nozzle flow and the external flow has been established. This causes an unsta-
ble jet plume when the Dual-Bell is in sea level mode. Further investigations
have to be carried out to see what conditions are conducive to screeching and
to see whether the nozzle stability can trigger any negative effects that would
make the thrust vectoring on a space launcher more difficult, for example.

3.2 Altitude Mode

In supersonic conditions a strong supersonic expansion occurs around the noz-
zle’s lip. This drastically reduces the static pressure in the vicinity of the nozzle
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exit below ambient conditions, effectively increasing the N PR. This static pres-
sure can be referred to as ppys denoting the influence of the Prandtl-Meyer
expansion. Thus, during the design phase of a Dual-Bell nozzle the effective noz-
zle pressure ratio N PR.g = pp 9 has to be considered, in order for transition to
occur at the desired condition, especially in supersonic flight conditions. Figure 5
shows the mean flow field when the nozzle is in altitude mode, along with the
static pressures present at the various locations. At Ma., = 2.0, a supersonic
expansion around the BFS, followed by a recompression shock at the reattach-
ment surface overall decreases the static pressure by 10%. Then, the previously
noted expansion around the nozzle’s lip drastically reduces the static pressure by
58% compared to the free-stream pressure. This makes NPR.g = 45.1, which
is more than twice as high as the regularly defined nozzle pressure ratio of
NPR = 18.8. In contrast to sea level mode, there is no apparent correlation
between the nozzle and the outer flow when correlating the fluctuating com-
ponent of the vertical velocity scalar v/, at a location close to the nozzle exit
with the rest of the FOV. Also, the dynamics of the nozzle, or the undulations,
are not present when the nozzle operates in altitude mode. In other words, the
strong interaction between the nozzle and the outer flow only take place during
sea level mode. Further investigations need to be carried out, to see whether an
interaction would be present if the altitude mode was reached in transonic flight
conditions.
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Fig. 5. Illustration of the streamwise component of the mean flow field at Mac = 2.0
with NPR =18.8 (NPRcys = 45.1)

3.3 Transition

The transition from sea level to altitude mode occurs relatively sudden. Figure 6
shows the run time of the wind tunnel vs. a nozzle mode criterion, which was
defined in the work frame of these experiments. The nozzle mode criterion eval-
uates the light intensity of each schlieren image in a defined evaluation window
close to the nozzle exit (refer to white rectangle in the images of Fig. 7). As the
average value of this evaluation window is usually close to either 0 or 1 (sea level
or altitude mode) on a normalized scale, it gives very reliable information about
the nozzle mode. For reference purposes, two schlieren images are provided in
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Fig. 7, displaying the nozzle at sea level and altitude modes, recorded at instances
indicated by the asterisks in Fig. 6. During the time frame in between the two
asterisks in Fig. 6, two transition events, with one retransition in between, take
place. The transition from sea level to altitude mode takes about 0.01s. The
retransition back to sea level mode takes about another 0.01s, making a period
last 0.02s. If this phenomenon were to occur periodically, this would yield a
frequency of around 50 Hz. When looking at the entire time frame in Fig. 6, one
can see that from about 0.7s to 2.7s into the wind tunnel run, 40 transitions
with retransitions, also known as ‘flip-flop’ events, take place. This is very prob-
lematic, especially when considering the relatively fast increase in NPR. It also
becomes evident that the range of NPR =4.2-4.4 is very critical for this nozzle.
Since retransition can take place throughout such a wide range of NPR, this
could indicate that the nozzle has a low hysteresis. However, another possibility
is that retransition to sea level mode is triggered by a sudden increase in static
pressure surrounding the nozzle exit when the flow expands into the second Bell.
Thus, the transition into altitude mode would cause an instant decrease in the
Prandtl-Meyer expansion angle around the nozzle’s lip, leading to an increased
static pressure in the vicinity of the nozzle exit. This local increase in static pres-
sure then decreases N PReg to the point where the nozzle would naturally be in
sea level mode. Now, when the nozzle retransitions back into sea level mode, the
Prandtl-Meyer expansion angle around the nozzle’s lip instantly increases again,
decreasing the static pressure in the vicinity of the nozzle exit. This increases
NPR.g back to a value where the nozzle naturally would be altitude mode
again. The coupled phenomena of the Prandtl-Meyer expansion angle around
the nozzle’s lip and the nozzle’s mode would also explain the reoccurring flip-
flop phenomenon taking place. In order to verify this theory, experiments with
a nozzle designed for transitioning in the transonic regime will be carried out.
This will yield important information regarding the hysteresis criteria of Dual-
Bell nozzles, as well as their feasibility to be used on future space launchers
without active control of the transition event.
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Fig. 6. Time vs. nozzle mode criterion. Asterisks provide the instance of the schlieren
images provided in Fig. 7
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Fig. 7. Schlieren shadowgraph of the nozzle in sea level mode (left) and in altitude
mode (right)

4 Conclusions

Experimental measurements on planar Dual-Bell nozzle have been carried out
in the TWM at both, transonic and supersonic conditions. Both, the sea level
mode as well as the altitude mode can be achieved in this experimental setting,
with a broad spectrum of NPRs. Furthermore, the transition from sea level to
altitude mode has been captured via 4-color schlieren recordings at 20 kHz. The
results in sea level mode show that there is a very strong interaction between
the nozzle and the outer flow. Screeching plays a role in this, which transfers
information from the nozzle flow upstream and leads to shocks above the reat-
tachment surface. The apparently large dynamics of the jet plume in sea level
mode could also lead to nozzle side loads or thrust vectoring difficulties on a real
application. Once the nozzle has fully transitioned into the stable regime of the
altitude mode, there is no apparent interaction between the nozzle flow and the
outer flow. Furthermore, the jet plume is very stable in this mode, not causing
any potential thrust vectoring problems. The presence of multiple retransitions
over a broad range of NPR is also problematic for the structural integrity of
a realistic nozzle. Due to the possible triggering of the flip-flop phenomenon
caused by the interaction of the supersonic expansion around the nozzle’s lip
and the operational mode of the nozzle, a nozzle designed for the transition to
occur in the transonic regime could yield more favorable results in the future.
Overall, these results show that an external flow has a dramatic influence on the
behavior of a Dual-Bell nozzle. Its effects should always be considered for any
future investigations.
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