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Abstract
The catastrophic failure of the Ariane 5 ECA heavy launcher in December 2002 underscored significant gaps in understand-
ing the dynamic loads acting on the vehicle’s base region. Investigations revealed that aerodynamic interactions between the 
nozzle exhaust plume and the launcher wake, particularly the phenomenon of “buffeting,” led to intense oscillatory mechani-
cal loads. This study addresses the challenges in accurately replicating these effects in both experimental and numerical 
models, given the wide range of time and spatial scales and the complexities of high-temperature gas flows. Traditional 
experimental approaches have relied on cold nozzle flows, which, while practical, fail to capture key high-temperature 
effects influencing aerodynamic excitations. To overcome these limitations, a novel experimental setup was developed using 
a wind tunnel model integrated with a solid propellant combustion chamber, producing hot exhaust gases under realistic 
conditions. Advanced diagnostics, including high-speed particle image velocimetry (PIV) at 8500Hz , high-speed schlieren 
imaging, and Kulite pressure sensors at 17000Hz , enabled detailed characterization of the unsteady flow dynamics in the 
base region. Key findings reveal two dominant aerodynamic modes in the base region: flapping, characterized by asymmetric 
flow motion, and swinging, associated with symmetric oscillations. These modes are the primary drivers of the unsteady 
loads acting on the nozzle and adjacent structures. At a Mach number of 0.8, the flapping mode is found to resonate with 
the jet noise mechanism known as screeching, resulting in strong, alternating oscillatory loads on the wake region. This 
resonance amplifies the mechanical stresses experienced by the structure and, from the authors’ perspective, represents the 
most plausible explanation for the excessive loads that led to the catastrophic failure of Ariane 5 Flight 157. The study suc-
cessfully replicates realistic flight conditions for investigating buffeting phenomena, bridging the gap between cold-flow 
experiments and actual high-temperature exhaust flows. This achievement enhances predictive modeling capabilities by 
providing a more accurate understanding of the dynamic interactions in the base region. To support this, a schematic model 
of the feedback cycle was developed to visualize and capture the interacting effects, thereby facilitating a deeper physical 
understanding. Consequently, the research contributes to the development of safer and more efficient space launch systems 
by enabling improved design strategies to mitigate such damaging aerodynamic loads. The consistency of these results with 
prior cold-flow studies further validates the robustness of the experimental approach and the universality of the identified 
aerodynamic mechanisms across varying flow conditions.

1  Introduction

In the aftermath of the Ariane 5 failure, numerous research 
groups focused their efforts on characterizing and identi-
fying the underlying mechanisms that led to the incident. 
This work was carried out within research initiatives such 

as Future European Space Transportation Investigation 
Programme (FESTIP) (1993) and the DFG-TRR40 (2020), 
yielding valuable insights into the aerodynamics of the 
Ariane 5 across a wide flight regime—from subsonic to 
hypersonic speeds—using both numerical and experimental 
approaches. To manage the complexity and isolate specific 
effects, the geometry of the Ariane 5 was simplified using 
generic volume elements. Thanks to the breadth of results 
and the abstracted geometric representation, which enabled 
the identification of common scientific patterns, this test 
case effectively became a benchmark within the research 
community.
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The time-averaged flow behavior around a simplified 
base model exposed to high-subsonic ambient conditions 
is depicted in Fig. 1. The schematic, adapted from Saile  
(2019a), presents a scenario involving an over-expanded, 
supersonic exhaust jet. As the freestream encounters the 
abrupt contour at the model’s shoulder, it detaches—evolv-
ing into a free shear layer eventually intersecting with the 
jet under the given conditions. Between the jet, the base 
surface, the nozzle wall, and the shear layer, a large recircu-
lation region is enclosed that, when viewed in time-averaged 
terms, is dominated by a large vortex. Depending on the 
configuration, the shear layer reattaches either solely on the 
jet (as shown in Fig. 1), solely on the solid nozzle wall, or 
alternates between the two. The latter behavior is referred to 
in the literature Gent et al.  (2019) as hybrid reattachment.

The time-averaged flow field alone does not explain 
the excessive loads that led to the failure. Instead, it is an 
unsteady flow phenomenon—specifically the interaction 
between the wake flow and downstream structures, such as 
the nozzle—that plays a crucial role. This phenomenon is 
known as buffeting. Real flight data documented in David 
and Radulovic  (2005) have shown that the strongest loads 
occur in the subsonic regime, particularly around Mach 0.8. 
For this reason, the subsonic flow conditions have become 
the focus of many investigations, including the present study. 
Numerous numerical Deck and Thorigny  (2007); Weiss 
et al.  (2009); Weiss and Deck (2013); Statnikov (2016); 
Statnikov et al. (2017); Pain and Weiss  (2014); Pain et al. 
(2019) and experimental Depr et al. (2004); Wolf  (2014); 
Schrijer et al. (2014); Roquefort et al. (2005); Schrijer et al. 
(2011); Gentile et al. (2016a, 2016b); Gent et al. (2018); 
Gent et al.  (2019); Saile et al. (2019b, 2019c); Saile et al.  

(2021); Kirchheck et al. (2019) studies have found that the 
wake flow in this regime is dominated by a phenomenon 
known as shear layer cross-flapping. This motion is charac-
terized by antisymmetric oscillations of the mutually inter-
acting shear layers in the wake. The term “cross” refers to a 
wave-like pattern in the azimuthal direction or, in a 2D rep-
resentation, the spanwise direction (Statnikov 2016). These 
oscillations typically occur at a Strouhal number SrD in the 
range of 0.18 to 0.2, where the Strouhal number is defined 
as SrD = fD∕U∞ , with f being the frequency measured in the 
wake, D the base diameter, and U∞ the free-stream veloc-
ity. These primary oscillations are often accompanied by 
modes at half and double the dominant frequency (see, e.g., 
Statnikov et al. (2017); Saile  (2019a)). The lower-frequency 
mode corresponds to a symmetric “pumping” motion, asso-
ciated with the growth and decay of the recirculation bubble. 
The higher-frequency mode involves a smaller-scale swing-
ing of the shear layer at approximately half the characteristic 
length scale.

The unsteady wake flow phenomena discussed above still 
do not fully explain why oscillations are strongly amplified 
in the high-subsonic flow regime, especially since such 
oscillations occur across all Mach numbers. This specific 
aspect was addressed in Saile  (2019a); Saile and Gülhan  
(2021), where strong amplification effects were observed 
in experiments involving a cold exhaust jet. The amplifi-
cation was attributed to a resonant feedback mechanism 
between wake flow instabilities and jet noise generated by 
the screeching phenomenon. As described in Powell  (1953a, 
1953b), the screeching mechanism operates as follows: An 
embryonic disturbance originates at the nozzle lip, grows 
as it propagates downstream, interacts with the shock cells 

Fig. 1   Left: Mean base flow topology and flow features in the subsonic wake of space launcher configuration with jet. Right: Aeroacoustic cou-
pling between jet screech and the near-wake dynamics. Both graphs are reproduced from Saile  (2019a); Saile and Gülhan  (2021)
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to produce sound, and finally the sound generated propa-
gates upstream to the nozzle lip, thus closing the resonant 
loop. In-flight screeching has been documented for aircraft, 
typically at lower Mach numbers, where it can lead to mate-
rial fatigue near the engine exhaust (Hay and Rose  1970; 
Bryce and Pinker  1977; André 2011). In rocket base flows, 
screeching has also been identified in the pressure spectrum 
at low Mach numbers (Wolf  2014). For in-flight scenarios, 
the characteristic screech frequency can be calculated using 
the following relation (Wolf  (2014); Saile  (2019a)):

where Lcell is the length of a shock cell in the jet’s shock 
train, and a∞ , U∞ , and Uconv denote the speed of sound in 
the free-stream, the free-stream velocity, and the convective 
velocity of a disturbance in the shear layer, respectively. The 
convective velocity is given by:

with Uj representing the jet velocity.
The novelty presented in Saile  (2019a); Saile and Gülhan  

(2021) lies in establishing a direct link between screeching 
and near-wake flow instabilities. In contrast to the classical 
mechanism described in Powell  (1953a, 1953b), the distur-
bances that feed into the jet’s shear layer originate from the 
base shear layer and the vortices shed due to its motion. Fur-
thermore, it was shown that the frequency of near-wake flow 
excitations increases with rising Mach numbers, whereas 
the screeching frequency decreases due to the increasing 
ambient flow velocity. This opposing trend inevitably leads 
to resonance at high-subsonic Mach numbers for the given 
configuration. The resulting resonance, in turn, causes a sig-
nificant amplification of pressure fluctuations in the base 
region—a phenomenon that can become hazardous in real 
flight conditions. In the experiments, the use of a cold-flow 
jet with smaller shock cells—chosen to avoid condensation 
in the exhaust by limiting chamber pressure—led to reso-
nance occurring at Mach 0.8 for the near-wake flow instabil-
ity mode known as “swinging.” The corresponding feedback 
loop mechanism is illustrated in Fig. 1.

In comparison to real flight conditions, it remains to be 
demonstrated whether the excitation mechanisms described 
above also apply when hot exhaust jets are present. Internal 
discussions initially led to the hypothesis that the thinner 
shear layers characteristic of hot jets might be less receptive 
to disturbances, making them less prone to grow as they 
are convected downstream. Such a behavior would imply a 
delayed jet decay, reduced shock leakage of acoustic pres-
sure waves, and consequently a weakening of the closed-
loop resonance mechanism.

(1)fs =
U

conv

L
cell

(

1 +
Uconv

a∞−U∞

) ,

(2)U
conv

= 0.7 ⋅ (Uj − U∞) + U∞,

However, this interpretation alone would not explain 
the excessive dynamic loads observed during the Ari-
ane 5 ECA failure. In real flight, the asymmetric flapping 
motion is known to be dominant, and due to the alternat-
ing excitation of structures in the base region, this mode is 
significantly more hazardous than the symmetric swinging 
mode observed in cold jet experiments (Saile  2019a; Saile 
and Gülhan  2021). We therefore advance an alternative 
hypothesis: Under flight-relevant hot-flow conditions, the 
base region shear layer remains susceptible to asymmetric 
flapping and can enter resonance with jet screech in the tran-
sonic regime. Such a resonance would amplify alternating 
pressure loads and provide a physically consistent explana-
tion for the damage observed in flight.

Although previous studies have pointed to the potential 
for asymmetric excitation, it has not yet been demonstrated 
whether this excitation can occur in resonance with the flap-
ping mode under hot jet conditions. Addressing this open 
question is a central objective of the present study, which 
investigates a hot exhaust jet released from a high-pressure, 
high-temperature combustion chamber ( pCC ∼ 60, bar and 
TCC ∼ 2560, K ), representing conditions comparable to those 
encountered in real flight.

2 � Methods

This section introduces the VMK wind tunnel and the exper-
imental setup, including the wind tunnel model, the meas-
urement techniques—such as particle image velocimetry, 
high-speed schlieren imaging, and pressure sensing—and 
provides a general overview of the data analysis approach.

The Vertical Test Section (VMK) in Cologne is a wind 
tunnel specifically designed to replicate the aerothermo-
dynamic loads experienced by high-speed flight vehicles 
operating at Mach numbers between 0.5 and 3.2. It enables 
the simulation of sea-level conditions even at high Mach 
speeds. Over the years, VMK has been used extensively to 
investigate re-entry capsules, ramjets, scramjets, missiles, 
and space launch systems.

This blow-down-type wind tunnel is distinguished by 
three key features: (1) The airflow exits the nozzle vertically, 
(2) the test section is open, and (3) the measurement cham-
ber is enclosed within a reinforced, overpressure-protected 
concrete tower. These characteristics make VMK particu-
larly well-suited for free-flight testing of aerodynamic mod-
els and the integration of advanced, complex measurement 
techniques. Its open design offers direct optical access and 
generous space, facilitating detailed diagnostics. Moreover, 
the facility is capable of accommodating propulsion systems, 
including those involving explosive components—capabili-
ties that were both utilized in the present study.
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The tests conducted for this investigation were per-
formed in the subsonic Mach number range of 0.6 to 0.9, 
achieved by adjusting the reservoir pressure. The airflow 
was unheated. Owing to the open test section design, the 
free-stream pressure naturally equaled the ambient atmos-
pheric pressure.

The test setup is illustrated in Fig. 2. The left image pre-
sents a cross-sectional view of the test specimen, which 
comprises a wind tunnel model integrated into a subsonic 
wind tunnel nozzle. The model is centrally mounted near the 
nozzle inlet using two vertically aligned struts positioned 
at 90-degree intervals around the nozzle circumference. 
These struts serve as conduits for routing the pressure sensor 
wiring to the data acquisition system. A similar configura-
tion has been employed in several previous measurement 
campaigns, demonstrating its reliability and effectiveness 
for such experimental investigations (Saile  2019a; Saile 
and Gülhan  2021; Saile et al. 2013; Kirchheck et al. 2019; 
Kirchheck et al. 2019, 2021).

Part of the wind tunnel model includes the integrated 
rocket motor, located in the upper section of the model. The 
motor operates using two PRO 54 solid propellant grains 
manufactured by Cesaroni Technology. These are BATES-
type grains, each with a length of 84mm , an inner diameter 
of 16mm , and an outer diameter of 47.5mm . The grains 
consist of a composite propellant based on ammonium per-
chlorate (AP), hydroxyl-terminated polybutadiene (HTPB), 
and aluminum ( 4.5% Al). Ignition is achieved using a pyro-
technic initiator.

The nozzle has a throat diameter of 8.2mm . In combina-
tion with the selected solid propellant grains, this results 
in a measured maximum combustion chamber pressure of 

approximately 6MPa . Using the Rocket Propulsion Analy-
sis (RPA) tool Ponomarenko  (2014), the corresponding 
combustion chamber conditions are estimated as follows: A 
temperature of 2560K , an isentropic exponent of � = 1.21 , 
and a specific gas constant of Rs = 348.8 J∕(kg ⋅ K) . The 
nozzle exit diameter is 25.8mm , giving an expansion ratio of 
� = 9.9 . This corresponds to an exit Mach number of 3.4, an 
exit velocity of 2368m∕s , and an exit pressure of 0.642 bar , 
based on a one-dimensional approximation. These values 
indicate that the nozzle operates in an over-expanded regime. 
However, no evidence of flow separation was observed dur-
ing testing. Additionally, according to the criteria presented 
in Stark and Wagner  (2009), flow separation within the 
nozzle is not expected under these conditions. The conical 
nozzle has a total opening angle of 15◦ ( 7.5◦ half-angle). 
The nozzle lip thickness is 0.5mm , and the throat region is 
protected by a graphite liner to withstand the high thermal 
loads.

A conical nozzle was chosen instead of the thrust-opti-
mized parabolic (TOP) nozzle used in the Vulcain 2 rocket 
engine. This choice was motivated by several considera-
tions. First, the conical nozzle follows a simple geomet-
ric definition, making it straightforward to reproduce and 
manufacture, either in-house or by other research groups 
for verification and comparison studies, or to replace 
when it is damaged or destroyed due to high thermal 
loads. Second, it allows for easy adjustment of the expan-
sion ratio. This flexibility was essential for the preceding 
cold-flow experiments (Saile  2019a) to mitigate conden-
sation effects and control nozzle flow separation. Moreo-
ver, for hot-gas experiments using solid propellants (not 
discussed here but conducted separately), increasing the 

Fig. 2   A schematic illustration (left) depicts the wind tunnel model 
integrated into the wind tunnel nozzle, including details of the solid 
rocket motor; the picture (right) shows the VMK wind tunnel envi-

ronment with the test model, PIV system, and high-speed schlieren 
measurement setup
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throat diameter provides a convenient means of varying 
the combustion chamber pressure for a given propellant 
grain configuration. Third, the flow within a conical noz-
zle does not exhibit nozzle-specific recompression shocks, 
which are typically present in optimized nozzle designs. 
Fourth, the exit flow conditions are relatively uniform in 
the radial direction (see Figs. 4.5 and 4.6), simplifying 
interpretation of the downstream flow behavior. Finally, 
the primary focus of the present work is on understanding 
the underlying physical mechanisms rather than achieving 
an exact duplication of the Ariane 5 internal flow field. 
In summary, although the internal nozzle geometry dif-
fers from that of Ariane 5, this deviation was deliberately 
accepted based on the methodological and practical advan-
tages outlined above.

The outer shape of the model generically replicates the 
base geometry of Ariane 5. The ratio between the diameter 
D of the outer shell and the nozzle diameter d is 0.4, while 
the nozzle length L is 1.2 times the outer shell diameter, 
which measures 67mm . The identical model was previously 
employed in Saile et al. (2013). An image of the wind tunnel 
model integrated into the VMK facility, along with the setup 
for several measurement techniques, is shown on the right 
side of Fig. 2. Positioned above the nozzle is the ignition 
rack, which was used to guide the igniter through the nozzle 
for initiating combustion.

The measurement techniques: High-speed particle image 
velocimetry (PIV), high-speed schlieren imaging, and pres-
sure measurements—both in the combustion chamber and 
at the base of the rocket model—were employed in this 
study. The placement of the PIV components is also shown 
in Fig. 2. The PIV was performed in a 2D-2C configuration, 
with the high-speed camera positioned perpendicular to the 
laser sheet. The system consists of a Photron SA-X / High-
SpeedStar X high-speed camera and a dual-cavity Nd:YLF 
laser (DM30-527-DH) from Photonics Industries. The laser 
operates at a wavelength of 527 nm and is capable of deliv-
ering 30mJ per pulse at a repetition rate of 1 kHz . For the 
present study, laser cavities 1 and 2 were set to powers of 
28W and 26W , respectively, at a repetition rate of 8500Hz . 
The laser beam was shaped using light sheet optics with a 
focal length of f = −20mm . The camera was equipped with 
a 50mm focal length lens, resulting in a field of view of 
approximately 130 × 130mm2 ( 7.83 px∕mm ), with the aper-
ture set to f/5.6. The working distance for both the camera 
and laser was about 45 cm . Synchronization of the compo-
nents was achieved using a LaVision High-Speed Controller 
(HSC). Titanium dioxide particles from Kronos International 
Inc. were used as the seeding material. These particles have 
a number-based median diameter of d50n = 0.2 μm . Seeding 
was introduced upstream of the subsonic wind tunnel nozzle 
using an in-house developed generator. The PIV evaluation 
was performed using a multi-pass approach with four passes. 

The final interrogation window size was 32 × 32 pixels, with 
a 75% overlap between adjacent windows.

The window designated for the schlieren setup indi-
cates the optical path used for schlieren imaging. A Z-type 
schlieren configuration was employed for this purpose. 
Recordings were acquired using a Photron Fastcam APX-
RS camera operating at a frame rate of 17 kHz . The field of 
view, approximately 121 × 116mm2 , was captured with a 
resolution of 384 × 368 px.

Nine flush-mounted, piezo-resistive pressure transducers 
of type XCQ-080-0.35BARSG from Kulite are integrated 
into the base to measure the base pressure and its fluctua-
tions. Seven of these sensors are arranged azimuthally at a 
radial position of r∕R = 0.74 (with R = 67∕2mm ), corre-
sponding to relative angular positions of 0◦ , 60◦ , 120◦ , 150◦ , 
170◦ , 180◦ , and 190◦ . Additionally, two more sensors are 
positioned radially at an angle of 180◦ , located at r∕R = 0.64 
and r∕R = 0.83 . The reference pressure is set to 0.8 bar . The 
sensors are selected for a measurement range of 0.35 bar and 
have a typical combined error—accounting for nonlinear-
ity, hysteresis, and repeatability—of ±0.1% of the best-fit 
straight line (BFSL) over the full-scale output. To moni-
tor the combustion chamber pressure, a Kulite XTEL-24-
140-70BAR sensor is used, which features the same BFSL 
accuracy specification. For redundancy, a Druck PDCR 135 
pressure transducer is also installed, offering a higher accu-
racy of ±0.05% BFSL.

3 � Results and discussion

The results concerning the spatio-temporal characteristics of 
the near-wake region are presented in the order of the flow 
direction. First, the pressure measurements taken from the 
base plate are discussed, followed by the PIV results in the 
base region. Finally, high-speed schlieren images of the jet 
are presented. The section concludes with the development 
of a schematic model that integrates these findings to explain 
the base flow dynamics.

Chapter “Appendix—Chamber Pressure & Mach disk” 
presents additional characteristics of the rocket motor, 
including the temporal evolution of chamber pressure and 
the pressure-dependent movement of the Mach disk within 
the jet (Fig. 19-1/2). While this information is valuable for 
numerical reconstruction of the experiment—also as a test 
case for ballistic modeling—it falls outside the main scope 
of the present study and is therefore provided in appendix.

The pressure fluctuations on the base are measured using 
flush-mounted pressure transducers integrated into the face 
plate. Figure 3 shows the evolution of the standard deviation 
of the pressure signal, as well as the corresponding pressure 
coefficient, throughout the combustion phase of the solid 
propellant and into the post-combustion period. The data 
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are shown for all investigated Mach numbers, namely Mach 
0.6, 0.7, 0.8, and 0.9. Each data point in the plot represents 
a moving window of 850 samples to ensure statistical rel-
evance. The individual curves correspond to the readings 
from the respective pressure sensors embedded in the face 
plate. This representation allows for a comparative analysis 
of how base pressure fluctuations evolve over time across 
different flow regimes and sensor locations.

The graph shows that the pressure fluctuation coefficient 
is—except for the Mach 0.9-case—significantly higher when 
the solid propellant motor is active. Specifically, the pressure 
fluctuations are amplified by a factor of approximately 1.5 to 
3 when comparing the motor-on and motor-off conditions. 
Furthermore, a correlation appears between the fluctuation 
level and the combustion chamber pressure evolution (see 
Fig. 19-1). This correlation is most likely linked to the dis-
placement effect of the expanding jet plume, which alters 
the base flow dynamics. However, it cannot be ruled out 
that other influences—such as combustion chamber pressure 
oscillations transmitted downstream to the base region—also 
contribute. The most pronounced amplification in relative 
terms is observed for Mach 0.6. In absolute terms, however, 
the Mach 0.8-case reaches similar levels of pressure fluctua-
tion (not shown). For Mach 0.9, in contrast, the difference 
between the motor-on and motor-off conditions is minor. The 
presence of the jet increases fluctuations by only about 10% , 
a relatively small amplification compared to the lower Mach 
numbers. Previous studies (Saile  2019a; Saile and Gülhan  
2021; Saile et al. 2019c) have shown that at Mach 0.9, the 
shear layer does not exhibit solid reattachment on the nozzle. 
Instead, a fluid reattachment occurs on the jet itself, which 
fundamentally alters the base flow dynamics. The current 
PIV results confirm that the same flow topology is present 
in the configuration studied here. Moreover, the measured 

pressure fluctuation coefficient cp, std aligns well with the 
findings in Saile  (2019a), considering the differences in 
setup. In the earlier work, cold jets at a chamber pressure of 
2MPa were used, whereas the current study involves a hot 
jet at 6MPa . Reported values for cp, std in Saile  (2019a) were 
approximately 0.04, 0.03, and 0.01 for Mach numbers 0.6, 
0.7, and 0.9, respectively. Further information is available 
in the referenced literature. The key takeaway from Fig. 3 
is that the presence of an operating jet generally leads to 
an amplification of pressure fluctuations in the base region.

Naturally, it is of interest to identify the driving mecha-
nisms behind the observed amplification of pressure fluctua-
tions. Characteristic aspects of the spatio-temporal behavior 
can be examined through spectral analysis, which is pre-
sented in Fig. 4 as a spectrogram for one sensor located at 
r∕R = 0.74 (results from the other sensors are qualitatively 
similar) across all tested Mach numbers. The spectrogram 
reveals pressure fluctuations that appear to correlate with the 
evolution of the combustion chamber pressure—particularly 
at Mach 0.6 and Mach 0.7, where the fluctuations increase 
in step with the rising chamber pressure (Fig. 19-1)—and 
are concentrated within distinct, relatively broad frequency 
bands. For Mach 0.6, pronounced excitations are observed in 
the frequency ranges of f ⪅ 260Hz , 590Hz ⪅ f ⪅ 900Hz , 
1300Hz ⪅ f ⪅ 2200Hz , and 2600Hz ⪅ f ⪅ 2800Hz . In 
the Mach 0.7-case, the excited frequency bands are gen-
erally shifted to lower values, with dominant ranges at 
f ⪅ 260Hz , 450Hz ⪅ f ⪅ 830Hz , 1050Hz ⪅ f ⪅ 1400Hz , 
and 1700Hz ⪅ f ⪅ 1900Hz . The Mach 0.8-case is notable 
for its distinct spectral character, showing a dominant and 
narrow excitation peak centered around 700Hz . In contrast, 
the Mach 0.9-case exhibits negligible excitation across the 
frequency spectrum, indicating a significantly different base 
flow behavior under these conditions.

In the following, the analysis focuses on the Mach 0.8-
case. This scenario is chosen because it exhibits the most 
pronounced excitation, making it a promising candidate for 
identifying a dominant governing mechanism. Moreover, it 
holds particular relevance for real flight applications, as the 
distinct excitation poses a potential risk of resonance with 
structural components. Aerodynamic excitation becomes 
especially critical when it coincides with the natural fre-
quency of the structure. For the configuration considered, 
Strouhal similarity yields a scaling factor of 80 between the 
wind tunnel model and an Ariane 5-like full-scale system 
( Dreal∕Dmodel = 80 ), corresponding to a frequency of approx-
imately 9Hz . This implies that large structures with eigen-
frequencies in this range are particularly susceptible to such 
aerodynamic excitations and therefore at risk. Finally, previ-
ous studies based on actual flight data (David and Radulovic  
2005) have shown that this Mach number regime is indeed 
the most critical along the trajectory of Ariane 5. Specifi-
cally, it was demonstrated that pressure fluctuations at the 

Fig. 3   Standard deviation evolution of the base pressure for the vari-
ous Mach number cases. The standard deviation is generated over 850 
samples, which are captured within 50ms . The lines correspond to 
individual pressure sensors, while the data are smoothed by applying 
a Savitzky–Golay filtering
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base correlate with the activity of the actuator controlling 
the gimbaling system of the nozzle, further highlighting the 
importance of this flight phase in terms of buffeting risk.

Consequently, a close-up of the pressure spectrogram 
for the Mach 0.8-case is provided in Fig. 5. In addition, 
Fig. 6 illustrates the interdependence of the pressure signals 
recorded by the transducers on the base face plate for the 
dominant oscillation at 700Hz . The first graph highlights 
a narrowly confined frequency range, clearly indicating a 
strong tonal periodicity. The second graph offers insight into 
the spatial characteristics of the oscillation. It shows that 
opposing sensors exhibit a phase shift of approximately 180◦ . 

However, the pressure distribution cannot be explained by a 
purely flapping mode—typically characterized by a flip-flop 
motion of the shear layer—or by a spatially static pressure 
oscillation, as suggested by the theoretical “static osc” curve. 
Instead, the spatial phase distribution displays characteris-
tics of a helical mode, as reflected in the “azimuthal mode” 
theoretical curve. In this case, adjacent sensors detect the 
700Hz pressure oscillation with a phase delay—i.e., the 
signal arrives at different times around the circumference—
indicating the presence of a rotating azimuthal mode with 
one pressure wave per revolution. Interestingly, the data also 
suggest a clear directional preference for this helical mode, 

Fig. 4   Spectrograms of the base pressure fluctuations at Mach 0.6 (top left), 0.7 (top right), 0.8 (bottom left), and 0.9 (bottom right). Number per 
segment and number for fast Fourier transform are 1024, while applying a Tukey window with shape parameter of 0.25
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which is somewhat unexpected. In an ideal, perfectly sym-
metrical setup, no particular direction should be favored, 
and the rotation direction would be expected to fluctuate 
stochastically. However, such a directional bias could impose 
angular momentum on the wind tunnel model or, in a real-
world scenario, on the vehicle. This behavior can likely be 

attributed to minor misalignments in the experimental setup. 
Even small asymmetries can introduce a preferred orienta-
tion in such a dynamic and inherently unstable system—
similar to how slight perturbations determine the rotation 
direction of a vortex in a draining sink. Despite careful setup 
and alignment, it is practically impossible to eliminate all 
sources of asymmetry in an experimental environment.

This excitation represents a clear deviation from the find-
ings reported in Saile  (2019a) for Mach 0.8. In that study, 
oscillations around ∼ 700Hz were observed in the absence 
of a jet, but they vanished once a cold jet was introduced. 
Instead, a strong amplification appeared at approximately 
∼ 1400Hz . Furthermore, Saile  (2019a); Saile and Gülhan  
(2021) proposed a working hypothesis to explain the prom-
inence of this higher frequency. The authors suggested a 
coupling mechanism between near-wake flow modes and jet 
screech, specifically involving the symmetric swinging mode 
of the jet. In contrast, the present case exhibits excitation at 
roughly half that frequency. This lower frequency is com-
monly associated with the flapping mode—an asymmetric 
oscillation arising from the interaction of the shear layer 
emanating from the upstream shoulder region. As discussed 
earlier, this mode in the current setup appears to adopt a 

Fig. 5   Close-up of the spec-
trogram of the base pressure 
fluctuations for the Mach 0.8-
case. Number per segment and 
number for fast Fourier trans-
form are 1024, while applying 
a Tukey window with shape 
parameter of 0.25

Fig. 6   Pressure phase interdependence of the pressure transducers on 
the face plate for the Mach 0.8-case
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helical form, representing a superposition of azimuthal 
and lateral motions. This observation raises the question 
of whether a similar resonance phenomenon occurs here as 
in the prior studies. As noted in Saile  (2019a); Saile and 
Gülhan  (2021), jet screech can serve as a counterpart or 
indicator of resonance. Therefore, within this context, the 
presence or absence of a screeching frequency may provide 
insight into the existence of a resonance mechanism in the 
hot jet configuration investigated here.

The screeching frequency is not easily accessible and its 
calculation involves considerable uncertainties for the pre-
sent configuration, especially because the shock cell length 
of the jet must be estimated. Although the shock topology is 
shown in Fig. 13, it does not fully capture the shock struc-
ture. Additionally, the hot region—affected by turbulence 
and image overexposure—prevents extraction of detailed 
features. An extrapolation of the outer shear layer suggests 
a shock cell length of approximately 1.1 × D , with an uncer-
tainty of about ±0.1 × D . Using a jet velocity of 2368m∕s 
( ±5% ), an ambient flow velocity of 265.2m∕s ( ±2.5% ), and 
a sonic velocity of 321.1m∕s ( ±1% ), the screeching fre-
quency is predicted as fs = 691.0Hz with an uncertainty 
of ±183.6Hz . These error margins are based on previous 
measurements or reasonable estimates.

The result is shown in Fig. 7, alongside the “cold jet” 
condition discussed in Saile  (2019a); Saile and Gülhan  
(2021). It is evident that the increased shock cell length—
caused by the higher combustion chamber pressure—shifts 
the screeching frequency significantly, from about 1400Hz 
down to approximately 700Hz . This suggests that the 
screeching mode, which was previously coupled with the 
swinging mode in the “cold jet” case, is now, resonating with 
the superimposed helical flapping mode.

As a final remark on the pressure spectrograms, it is worth 
noting the appearance of another frequency in Fig. 5 during 
motor operation, emerging after about 1 s at approximately 

470Hz ( SrD = 0.12 ). This excitation is not present in all 
pressure signals but is detected only by two neighboring 
sensors. A similar frequency was also observed in the cold 
jet test case reported in Saile  (2019a). The origin of this fre-
quency remains unclear and is not investigated further here. 
It could potentially be related to the aforementioned slight 
misalignment; however, confirming this hypothesis would 
require a dedicated study beyond the scope of this work. 
Additionally, note that the Mach 0.8-case shown in Fig. 4 
does not exhibit amplified oscillations near 1400Hz . This 
contrasts with previous findings (Saile  2019a; Saile and 
Gülhan  2021), where a strong coupling between screeching 
and swinging modes was observed. Nevertheless, as will be 
demonstrated below, this frequency does influence the shear 
layer motion and contributes to the excitation of the jet.

Next, the region downstream of the base face plate is dis-
cussed. Optical measurement techniques are used to cap-
ture the flow dynamics in this area. It is important to note 
that these measurements rely on the line-of-sight principle 
or capture data within a plane illuminated by a laser sheet. 
In other words, it should be emphasized that superimposed 
flapping or helical modes appear as two-dimensional pat-
terns in these measurements, making it impossible to isolate 
fully three-dimensional motions, such as true helical flow, 
using these approaches.

The motion in the base region farther downstream from 
the base is examined using particle image velocimetry. Due 
to the distinct excitation observed, the analysis primarily 
focuses on the Mach 0.8-case, with an emphasis on the 
unsteady behavior. Accordingly, Fig. 8 presents (1) a contour 
plot of the Reynolds shear stress distribution in the near-
wake, along with results from a sample taken at the loca-
tion of maximum shear stress. This sample shows (2) a time 
series of velocity components in the x- and y-directions, 
their distributions as (3) histograms, and the corresponding 
(4) power spectral densities.

First, the Reynolds shear stress distribution (Fig. 8-1) 
clearly shows that the shear layer separated from the base 
shoulder dominates the dynamic behavior in the near-
wake region, as evidenced by the high Reynolds shear 
stress levels within its influence. Additionally, the shear 
layer’s activity appears to extend into the adjacent “dead 
water” area in the base wake along the nozzle, triggering 
a dynamic response there. The velocity sample (Fig. 8-2) 
taken from the shear layer reveals strong periodic oscilla-
tions in both velocity components, each dominated by a 
single tonal frequency. This periodicity is so pronounced 
in the u-velocity that it appears as two distinct “bumps” 
in its histogram (Fig. 8-3), characteristic of a sinusoidal 
wave. In contrast, the v-velocity histogram lacks these 
clear “bumps” because the amplitude varies more from 
cycle to cycle. Nevertheless, both velocity components 
oscillate at a distinct frequency, as shown by the power 

Fig. 7   Screeching frequencies as function of the Mach number, the jet 
velocity, and the length of the first shock cell for the current setup
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spectral density (Fig. 8-4). Similar to the base pressure 
signal, the dominant frequency is 700Hz , correspond-
ing to a Strouhal number of 0.18. All evidence strongly 
indicates that this frequency is characteristic of the shear 
layer’s flapping motion. It is also important to note that 
the dynamic behavior in the near-wake is largely inde-
pendent of the combustion chamber pressure regarding the 
excited modes: The oscillation frequency remains constant 

throughout the operation of the solid propellant motor, 
as illustrated by the representative v’-velocity spectrum.

An additional, lower-amplitude peak appears near the 
edge of the shear layer (indicated by the green cross in the 
contour plot). This peak occurs at 1400Hz , which corre-
sponds to the second harmonic—twice the primary fre-
quency. Its location and the associated Strouhal number 
of 0.36 suggest that this mode is linked to the shear layer 

Fig. 8   (1) Contour plot of the Reynolds shear stress distribution 
-<u’v’> ∕U2

∞
 in the near-wake and a red cross at the location of mini-

mum Reynolds shear stress, which marks the sampling location for 
the extracted u- and v-velocity used in the neighboring line plots. (2) 
Velocity sequence over time of the u- and v-component (blue and 
orange curve, respectively) and as gliding average over 6ms (dark 

orange and dark blue curve, respectively), (3) the u- and v-velocity 
histogram, and (4) the power spectral density of the sampled u- and 
v-velocity for different temporal intervals. The curve in green cor-
responds to the sample taken from the green cross as marked in the 
contour plot. The ambient flow conditions are set to Mach 0.8
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swinging, representing an intrinsic twisting motion of the 
shear layer.

The motion of the two dominant frequencies is captured 
in Fig. 9. It displays the averaged velocity distribution at 
Mach 0.8 (Fig. 9-1) alongside the power spectral density 
and phase distributions at 700Hz and 1400Hz . The latter 

two plots are derived from a power spectral density analy-
sis performed at every spatial point based on the PIV data. 
The motion of the individual modes Uf0

(t) , oscillating at 
frequency f0 , can be reconstructed by superimposing the 
average flow field U  with the combined amplitude Af0

 , 

Fig. 9   Average velocity field 
(1), amplitude (2A and 2B), 
and phase distribution (3A and 
3B) for the Mach 0.8-case as 
a results of the power spectral 
density analysis (14000 samples 
equivalent to 1.65 s ). Addition-
ally, the streamlines are plotted 
in all distributions. The top row 
corresponds to a frequency of 
700Hz (marked with -A), the 
bottom row to a frequency of 
1400Hz (marked with -B)
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obtained from the power spectral density field Sf0(f0) and 
phase field Φf0

 , as detailed below.

First, the average velocity distribution is discussed 
(Fig. 9-1). It exhibits the typical characteristics of the near-
wake flow field: Separation occurs at the base and develops 
into a shear layer that, in the case of Mach 0.8, reattaches (on 
average) near the nozzle exit. Enclosed by the shear layer, 
the base, and the nozzle surface is the recirculation bub-
ble. This region is typically highly unsteady and contains 
turbulent structures across a range of scales. In other words, 
the shown velocity distribution represents an average flow 
field, and at any given instant, the actual recirculation bub-
ble may differ significantly from this mean state. Further-
more, it is noteworthy that the shear layer—approximated by 
the stagnation streamline—reattaches, on average, onto the 
jet. This behavior differs from that observed at other Mach 
numbers. At Mach 0.6 and Mach 0.7, reattachment occurs 
exclusively on the solid nozzle wall, whereas at Mach 0.9, it 
takes place entirely on the jet (Saile et al. 2019c). In contrast, 
the Mach 0.8-case shows a hybrid reattachment behavior, 
where the shear layer intermittently reattaches either on the 
jet or on the solid wall, indicating an interaction between the 
shear layer and the jet itself.

Next, as a dynamic component superimposed on the aver-
age flow field, the power distribution at 700Hz ( StD = 0.18 ) 
in Fig.  9-2A highlights the regions that oscillate most 
intensely at this frequency. These areas are predominantly 
located along the shear layer. Notably, the stagnation stream-
line—originating from the separation point at the shoulder—
divides this amplified region symmetrically into two sides of 
approximately equal extent. Additionally, increased sensitiv-
ity to oscillations is observed both upstream and downstream 
of the midpoint along the nozzle surface.

Then, the phase distribution in Fig.  9-3A provides 
insights into the spatio-temporal characteristics of the 
flow. Within the recirculation bubble, a phase difference of 
� is observed between the upstream-directed motion along 
the nozzle surface and the radial flow along the face plate 
of the base. In practical terms, an increase in velocity near 
the nozzle surface at approximately x∕D ∼ 1.0—typically 
triggered by a large vortex structure (Saile  2019a)—is 
accompanied by an increase in radial velocity at the base. 
However, this latter response occurs with a temporal delay 
of Δt = 1

2
⋅

1

700Hz
 . A similar phase difference of � is evident 

between this near-nozzle region and the outer shear layer 

(3)Uf0
(t) = U + Af0

⋅ cos(2�f0 ⋅ t + Φf0
)

(4)
Af0

=
√

2 ⋅ Sf0 (f0) one-sided PSD and real-valued signal

at a radial position of approximately r∕R ∼ 0.3 . These two 
regions are separated by a sharp phase gradient, indicating 
that increased downstream velocities in the shear layer 
lag behind the upstream velocities along the nozzle sur-
face by the same time interval, Δt = 1

2
⋅

1

700Hz
 . Within the 

shear layer itself, there is a downstream phase stratification 
of approximately �∕2 . This means that when the velocity 
near the reattachment point is relatively high, it is rela-
tively low at the same moment in time directly downstream 
of the shoulder separation. Additionally, large-scale struc-
tures are visible in the outer flow field, suggesting that 
the near-wake dynamics influence the free-stream region. 
These disturbances exhibit characteristic spatial scales 
that depend on both frequency and free-stream veloc-
ity. The corresponding characteristic length scale can be 
estimated as L700Hz∕D = U∞∕f700Hz∕D . In the free-stream 
region ( r∕D > 0.5 ), a structure with a length of approxi-
mately 1.2 to 1.3 is visible, which corresponds closely 
to one-quarter of the calculated characteristic wavelength 
( ∼ 5.6∕4 = 1.4).

The power density distribution at the higher harmonic 
frequency of 1400Hz (Fig. 9-2B) also highlights the shear 
layer as the region of dominant activity. However, unlike 
the lower-frequency mode, this distribution emphasizes 
areas both inside and outside the stagnation streamline 
emanating from the base. This explains why the 1400Hz 
component is only weakly represented in the power spec-
tral density at the location of maximum Reynolds shear 
stress (see Fig. 8). This mode introduces an additional 
velocity component to the mean flow and is characterized 
by a phase difference of � across the stagnation stream-
line, as well as a phase shift of � between the vicinity 
of the separation point and the region near reattachment. 
These phase relationships (Fig. 9-3B) reveal the typical 
intrinsic twist of the swinging mode within the shear 
layer, which propagates downstream, as indicated by the 
observed downstream phase stratification. In general, the 
contribution of this higher harmonic to velocity fluctua-
tions within the recirculation bubble appears relatively 
small compared to the dominant influence of the flapping 
shear layer mode. However, one notable observation is its 
effect on the free-stream flow: The higher frequency leads 
to a corresponding reduction in the spatial scale of the 
induced fluctuations. As expected from spatio-temporal 
scaling, the wavelength associated with this 1400Hz mode 
is approximately half that of the flapping mode at 700Hz.

The preceding discussion captures the key characteris-
tics of the dominant flow modes; however, their physical 
interpretation may remain somewhat abstract. To provide a 
more intuitive understanding, the modes are reconstructed 
and illustrated as temporal cycles in Fig. 10 and Fig. 11, 
corresponding to the dominant frequencies of 700Hz and 
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1400Hz , respectively. In these visualizations, only the 
oscillatory component of each mode is shown (i.e., with-
out the superposed mean flow). Streamlines are included 
to highlight the local flow structures associated with each 
mode. Additionally, symbols indicating the rotational 
direction of vortices—counterclockwise (+) and clockwise 

(−)—are annotated to aid interpretation. Dashed lines are 
also sketched to approximate the instantaneous position 
of the shear layer.

The reconstruction of the dominant mode at 700Hz , 
shown in Fig. 10, combines the power density and phase 
information to reveal downstream-propagating vortices that 

Fig. 10   Visualization of the flapping mode at 700, Hz obtained via 
PIV. The contour plots show the superposition of the averaged flow 
field and the oscillation field, while the streamlines depict only the 
recombination of the psd and the phase field (mode only, without 
mean flow superposition). The black dashed line denotes the refer-
ence shear layer position at phase Φ = 0 . The black dotted line indi-
cates the instantaneous shear layer position at the respective phase 
and is shown only in panels where the superposition produces a 

sufficiently large displacement to allow a clear visual distinction. In 
phases where the instantaneous and reference shear layer positions 
are nearly coincident, the dotted line is omitted to avoid visual clutter. 
The eight panels represent eight equidistant phases of the oscillation 
cycle, separated by ΔΦ = �∕4 . Oscillation field components inducing 
clockwise and counterclockwise vorticity are marked by minus and 
plus symbols, respectively
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modulate the shear layer dynamics. Vortices with negative 
vorticity (−) enhance the velocity near the nozzle or jet, 
drawing the shear layer closer to the centerline. Conversely, 
vortices with positive vorticity ( + ) have the opposite effect, 
pushing the shear layer away from the centerline. This alter-
nating influence describes the characteristic flapping motion 
of the shear layer.

The reconstruction of the second harmonic, shown in 
Fig.  11, also reveals downstream-propagating vortices 
superimposed on the mean flow field. However, this mode 
exhibits a characteristic wavelength that is half that of the 
primary mode. Notably, the vortices act directly along the 
stagnation streamline of the shear layer emerging from the 
base shoulder. As a result, the shear layer either thickens or 
thins, depending on the vorticity: Negative vorticity leads to 
thickening, while positive vorticity results in thinning. This 
dynamic creates the impression of downstream-traveling 
bulges and imparts a twisting motion to the shear layer—an 
indicator of the characteristic swinging behavior. Given the 

planar nature of the visualization, it remains unclear whether 
the observed motion is purely two-dimensional or a result of 
a combination of modes. However, the pressure phase dia-
gram in the azimuthal direction on the face plate (see Fig. 6) 
suggests the presence of a helical mode. This implies that 
the motion depicted in Fig. 11 may also stem from a rotating 
and swinging shear layer.

For the sake of completeness—and to facilitate compari-
sons across the different Mach number cases, while also 
highlighting the consistency of the results—the velocity 
spectrum is shown for all investigated Mach numbers. It 
is important to note that selecting an appropriate sampling 
point for such comparisons is non-trivial, as it strongly 
depends on the dominant features of the flow field (see 
Fig. 9-2A and Fig. 9-2B). Therefore, the sampling point 
is chosen based on a flow characteristic—specifically, the 
location of maximum Reynolds shear stress within the shear 
layer. The corresponding coordinates for each case are listed 
in Tab.1. This table further underscores the distinctive nature 

Fig. 11   Visualization of the swinging mode at 1400Hz obtained via 
PIV. The contour shows a superposition of the averaged flow field 
and the oscillation, while the streamlines depict only the recombina-
tion of the psd and the phase field (without superpositioning, ergo 
mode only). The black dashed line sketches the impact onto the 

shear layer, referring to the shear layer thickness modulation in the 
downstream direction. The four images correspond to four phases 
( Φ = 0,Π∕2,Π, 3∕2Π ) in a cycle. Oscillation field components that 
induce clockwise and counter-clockwise rotating vorticity are marked 
with a plus and minus sign, respectively

Table 1   Position of maximum Reynolds shear stress level in the shear layer, which was used to extract the velocity sample for the spectrum 
shown in Fig. 12

Ma
nom

0.6 0.7 0.8 0.9

jet off on off on off on off on
x∕D 0.89 0.92 1.02 0.98 1.15 1.02 1.22 1.25
r∕D 0.35 0.35 0.33 0.35 0.34 0.37 0.35 0.35
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of the Mach 0.8-case, which also stands out in terms of the 
shear layer reattachment behavior, referred to as hybrid 
reattachment. Table 1 shows that the location of maximum 
Reynolds shear stress generally shifts downstream with 
increasing Mach number in both configurations: with and 
without an operating jet. However, this trend is relatively 
weak, with one notable exception—Mach 0.8. In this case, 
the reference point is markedly shifted upstream. This devia-
tion is likely attributable to the jet acting as an effective 
ejector pump, thereby enhancing the potential for tension 
buildup and release within the shear layer.

Turning to the power spectrum of the velocity in the shear 
layer, Fig. 12 reveals that distinct oscillations are primarily 
observed at Mach 0.8 and Mach 0.9 in the case without a 
jet, and at Mach 0.8 when the jet is operating. For all other 
cases, the spectrum remains relatively flat. This flatness can 
be attributed to the fact that mutual interaction of the shear 
layers is impeded—either by the geometry, namely the solid 
surface of the nozzle, or by the presence of the jet itself. In 
the cases without a jet at Mach 0.8 and Mach 0.9—where 
the shear layer extends beyond the nozzle length (Saile et al. 
2019c, b; Saile et al.  2021; Saile  2019a)—distinct peaks 
appear in the spectrum at 713.9Hz and 780.3Hz . These 
correspond to a non-dimensional frequency of StD = 0.18 , 
which is characteristic of flapping motion. Interestingly, for 
Mach 0.9, this excitation vanishes when the jet is activated, 
supporting the earlier assertion that a jet suppresses mutual 
shear layer interaction. In contrast, a strong amplification is 
observed at Mach 0.8 with an operating jet. This is attrib-
uted to a resonance phenomenon involving screeching (see 
Fig. 7).

The motion of the jet is analyzed using schlieren imag-
ing results. Figure 13 presents three images for Mach 0.8: 
an instantaneous snapshot (left), a time-averaged schlieren 
image (center), and a standard deviation map (right) show-
ing intensity fluctuations. The averaging and standard devia-
tion calculations are based on a dataset of 17000 images, 

recorded during the phase when the combustion chamber 
pressure is at its peak ( 5.8MPa ≤ pCC ≤ 6.2MPa).

The instantaneous schlieren image reveals strong gradi-
ent patches, indicating turbulence in the wake. The most 
prominent density gradient fluctuations appear in the jet’s 
shear layer, which envelops the jet like a jacket. Additionally, 
the jet is visibly deflected to the right at this instant (indi-
cated by a white right-pointing arrow in the upper part of the 
image). In an image sequence or video (not shown here), an 
alternating left-right motion is evident. Finally, this frame 
also captures a feature typically associated with an acoustic 
upstream-traveling wave (marked by a white arrow indicat-
ing the direction of propagation, framed by two red arrows, 
and labeled as “wave”). Such waves are characteristic of jet 
screech (Powell  1953a, b) and have also been observed in 
rocket wake flows (Saile and Gülhan  2021; Saile  2019a).

On average, the supersonic jet is aligned with the cen-
terline (middle image). This image also reveals the shock 
structures commonly observed in exhaust jets: a lip shock at 
the nozzle exit, a Mach disk farther downstream (tracked in 
Fig. 19), and a shock reflection of the incipient lip shock at 
the Mach disk. Additionally, the image outlines the evolving 
shear layer along the jet boundary. The standard deviation 
image (right) provides insight into the spatial distribution 
of fluctuations, highlighting the strongest regions. The most 
intense fluctuations occur near the jet deflection observed 
in the instantaneous image, at approximately x∕D ∼ 2.5 . 
Increased fluctuations are also visible near the nozzle lip 
within the shear layer.

For Mach 0.8, the schlieren images revealed an alter-
nating motion of the jet outline. To track this modulation, 
the intensity values of a single pixel in the shear layer at 
[r, x]∕D = [−0.3, 2.2] were extracted over time and analyzed 
for their spectral content (Welch  1967). The power spectral 
density shown in Fig. 14 confirms this oscillatory behav-
ior, showing strong peaks at f = 702Hz ( StD = 0.18 ) and at 
1400Hz ( StD = 0.36 ). Moreover, the graph indicates that this 

Fig. 12   Power spectral density of the streamwise velocity extracted from the coordinates as given in Tab. 1. In the left graph, the jet is off, while 
it is operating in the right graph
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oscillation is specific to Mach 0.8. For other Mach numbers, 
the motion is either negligible or absent in the data, consist-
ent with the spectral findings from the pressure signal in 
Fig. 4 and the velocity signal in Fig. 12.

As with the PIV dataset, a spectral analysis is applied here 
to all pixels of the recording for the Mach 0.8-case, where 
oscillations are most pronounced (Fig. 14). Accordingly, 
Fig. 15 presents the amplitude and phase of the high-speed 
schlieren fluctuations in the base region, obtained from a 

power spectral density analysis. Clear structures emerge in 
both amplitude and phase for the two dominant frequencies, 
namely f = 702Hz and f = 1400Hz . While the phase dia-
grams illustrate the nature of the periodic oscillations, the 
amplitude diagrams reveal their spatial prominence.

The oscillation at f = 702Hz exhibits antisymmetry 
about the axis, whereas the higher frequency at f = 1400Hz 
displays a symmetric oscillation. Unlike the PIV dataset, 
schlieren imaging offers optical access to both sides of the 

Fig. 13   Instantaneous (left), averaged (mid), and standard deviation (right) of high-speed schlieren recordings of the base flow and the jet (aver-
age and standard deviation of 17000 images) at Mach 0.8

Fig. 14   Power spectral density 
(Welch’s method(Welch  1967), 
512 samples per segment, 
50% overlap) of the brightness 
fluctuation of a pixel located at 
[r, x]∕D = [−0.3, 2.2]
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symmetry axis, allowing for an unambiguous identifica-
tion of whether a mode is symmetric or antisymmetric. The 
lower-frequency mode has its strongest impact near the sec-
ond cell of the jet shock train, downstream from x∕D = 1.8 . 
Additionally, both modes exhibit features upstream of the 
nozzle exit in the region associated with the shear layer that 
evolves from the flow separation at the base (at r∕D = ±0.5 ). 
In other words, Fig. 15 bridges the wake and the jet flow, 
illustrating how jet flow excitation and decay interact with 
the upstream wake flow.

As discussed above, the phase distribution combined with 
the power spectral density (PSD) field effectively captures 
the spatio-temporal behavior of the flow. To provide a more 
intuitive understanding, these effects are visualized through 
reconstructions shown in Fig. 16 and Fig. 17 for the flapping 
and swinging modes, respectively. The flapping motion of the 

shear layer induces a corresponding side-to-side oscillation 
of the jet and its shear layer, as illustrated in Fig. 16. This 
motion could also represent a helical mode (as suggested in 
Fig. 6), although this cannot be distinguished clearly due to 
the line-of-sight nature of the schlieren imaging. The higher-
frequency mode reconstruction in Fig. 17 shows an oscillat-
ing growth and decay in the radial direction. Overall, these jet 
dynamics likely contribute to decay of the jet train, ultimately 
producing upstream-traveling pressure waves (Powell  1953a, 
b; Poldervaart  1974; Poldervaart et al. 1969; Tam et al. 1986; 
Raman  1998), possibly caused by shock leakage. Note that 
shock leakage (Manning and Lele  1998, 2000; Edgington-
Mitchell et al. 2021; Edgington-Mitchell 2022) is the process 
by which unsteady shock shear layer interactions in a super-
sonic jet allow upstream-propagating acoustic pressure waves 
to escape from the shock cell structure through the shear 

Fig. 15   Amplitude (left) and phase (right) of the high-speed schlieren 
fluctuations analyzed retrieved from a power spectral density analysis 
in the base region between t = 1.5 s and 2.5 s after the ramp up of the 

rocket motor (combustion chamber pressure pCC ∼ 6MPa ) at the fre-
quency f = 702Hz (top) and 1400Hz (bottom)
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layer, thereby enabling acoustic feedback and resonance phe-
nomena such as jet screech.

4 � Key finding—the schematic model

In Saile and Gülhan  (2021); Saile  (2019a), and as outlined 
in the introduction, a hypothesis was proposed to explain 
the strong amplification of oscillations in the base region 
of space launchers within the transonic flow regime. It 
suggested that this amplification results from an interac-
tion between near-wake instabilities and jet screech. The 
hypothesis was based on experiments conducted with cold 
jets at low chamber pressures. Due to the low chamber pres-
sure—used to prevent condensation in the jet caused by the 

cold chamber temperature—the resulting shock cell length 
was shorter. Consequently, jet screech occurred at higher 
frequencies and coupled with the swinging mode.

In contrast, for hot jets at high chamber pressure, jet 
screech shifts to lower frequencies. In this case, it resonates 
with the asymmetric flapping mode, which is the mode 
observed in flight for Ariane 5. This experimental setup 
therefore reproduces flight-representative conditions. More-
over, the findings further support the schematic model intro-
duced in Saile and Gülhan  (2021); Saile  (2019a), extending 
it to include the coupling between the asymmetric flapping 
mode and jet screech. A visualization of this extension is 
shown in Fig. 18.

The self-exciting cycle for the symmetric coupling can be 
divided into four interdependent phases. A similar sequence 

Fig. 16   Reconstruction of the high-speed schlieren spectral analysis 
visualizing the impact of one cycle (at phase Φ = 0 , 1∕2� , � , 3∕2� ) 
of the flapping mode ( f = 700Hz / St = 0.18 ) on the jet. The dashed 

and dotted lines outline the silhouette of jet with the dotted line for 
Φ = 0 acting as reference
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is observed in the case of asymmetric coupling; however, the 
effects on either side of the symmetry line are phase-shifted 
by half a period. Aside from this shift, the chain of cause and 
effect remains unchanged: 

1. 	 Sound wave generation: This phase mirrors the mecha-
nism responsible for jet screech. As a turbulent structure 
in the shear layer convects past the shock cells, it gener-
ates a pressure wave that radiates in all directions.

2.	 Upstream propagation: Of particular relevance is the 
upstream-propagating portion of this pressure wave, 
which travels back toward the nozzle.

3.	 Recirculation bubble response: The arriving pressure 
wave causes the recirculation bubble at the nozzle base 

to grow, eventually leading to the shedding of a vortex 
from the nozzle lip.

4.	 Vortex feeding: This vortex is then entrained into the 
shear layer of the jet as a new turbulent structure, closing 
the feedback loop by serving as the source for the next 
pressure wave generation (returning to phase 1).

This self-sustaining feedback mechanism closely resembles 
the classical screech tone excitation process. However, rather 
than relying on an aeroacoustic feedback loop at the noz-
zle lip, the vortex shed from the recirculation bubble serves 
as the primary disturbance reintroduced into the cycle. In 
the symmetric case, the upstream-traveling pressure waves 
are illustrated as arriving at the base plate without a phase 

Fig. 17   Reconstruction of the high-speed schlieren spectral analysis 
visualizing the impact of one cycle (at phase Φ = 0 , 1∕2� , � , 3∕2� ) 
of the swinging mode ( f = 1400Hz / StD = 0.36 ) on the jet. The 

dashed and dotted lines outline the silhouette of jet with the dotted 
line for Φ = 0 acting as reference
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difference, consistent with observations of the screech tone 
behavior.

5 � Conclusion

This study set out to investigate whether experiments using a 
high-pressure, high-temperature exhaust jet could faithfully 
replicate real flight conditions and capture the aerodynamic 
phenomena responsible for the excessive loads experienced 

in the base region of Ariane 5 Flight 157. Specifically, it 
aimed to validate the hypothesis—derived from prior cold-
flow studies—that a resonance mechanism between near-
wake instabilities and jet screeching contributes significantly 
to base region buffeting under flight-like conditions.

These research questions were experimentally addressed 
in the subsonic flow regime using the vertical test section 
(VMK), where a hot exhaust jet, produced by a combus-
tion chamber operating at approximately 60 bar and 2560 
K, simulated the conditions of real flight. Flow dynamics 

Fig. 18   Schematic model of the flapping—jet screech feedback loop



Experiments in Fluids           (2026) 67:33 	 Page 21 of 24     33 

were captured using time-resolved high-speed schlieren 
imaging, high-speed particle image velocimetry (PIV), and 
fast-response Kulite pressure sensors. Spectral analysis of 
the measurement data provided detailed insights into the 
spatio-temporal evolution of the flow field.

The results confirmed that the dominant excitation modes 
in the base region are associated with two key aerodynamic 
instabilities: flapping (asymmetric) and swinging (symmet-
ric). Importantly, the flapping mode was shown to enter reso-
nance with jet screeching at Mach 0.8, resulting in strong, 
alternating pressure oscillations. This finding substantiates 
the hypothesis that such resonance can significantly amplify 
unsteady loads, offering a plausible explanation for the 
structural stresses observed during the Ariane 5 failure.

The spatial distribution of excited regions, resolved at 
dominant frequencies, revealed the location and structure 
of the most active flow zones, extending from the base plate 
across the near-wake region and laterally along the nozzle 
and exhaust jet. Modal reconstruction further illustrated 
the evolution and decay of the shear layer, highlighting its 
role in the hybrid reattachment process and in shaping jet 
dynamics. These results show that the previously identified 
excitation mechanisms in cold-flow tests remain valid under 
hot jet conditions.

Moreover, the findings enabled an extension of the previ-
ously developed schematic model (Saile and Gülhan  2021; 
Saile  2019a). While the original model focused on sym-
metric interactions and their coupling with jet screech, the 
current results reveal that the same feedback principles 

apply to the asymmetric flapping mode. The model has thus 
been expanded to describe the full feedback loop involv-
ing asymmetric flapping and jet screech, incorporating the 
observed phase relationships and spatial mode distributions. 
This extension reinforces the generality of the underlying 
excitation mechanisms and provides a unified framework 
for interpreting both symmetric and asymmetric base flow 
oscillations in transonic jet environments.

Crucially, all diagnostic techniques consistently captured 
the same physical phenomena, providing a comprehensive 
and coherent picture of the flow field. The strong agreement 
across all measurement modalities reinforces the robustness 
of the experimental approach.

Finally, the study not only explains the unsteady aero-
dynamic loads observed during Ariane 5’s subsonic flight 
regime but also provides practical insights for mitigating 
buffeting—most notably by shortening the nozzle to prevent 
hybrid shear layer reattachment. These findings directly con-
tribute to improving predictive models and advancing the 
design of safer, more robust launch systems.

Appendix—Chamber pressure & Mach Disk

A brief excursus is provided here to highlight the implica-
tions of using a small-scale rocket motor for testing pur-
poses. The solid rocket motor serves primarily as a means 
to generate a hot exhaust jet, enabling investigation of 
base flow interactions under realistic conditions. One clear 

Fig. 19   Evolution of combustion chamber pressure (1) and location of the Mach disk (1 & 2) measured from the nozzle exit



	 Experiments in Fluids           (2026) 67:33    33   Page 22 of 24

advantage is the ability to achieve flight-relevant exhaust 
properties, with combustion chamber temperatures around 
2560K and exit velocities on the order of 2400m∕s . How-
ever, this setup also introduces certain limitations: Nota-
bly, the combustion chamber exhibits a transient pressure 
evolution, and the available testing time is relatively short.

Figure 19-1 displays the combustion chamber pressure 
evolution for three different tests, recorded using three 
different pressure sensors. Following ignition, the cham-
ber pressure rises from an initial value of approximately 
∼ 20 bar to a peak of around ∼ 60 bar , before decreasing 
during the tail-off phase after roughly ∼ 3 s . The pressure 
evolution is highly repeatable, with deviations within an 
error margin of ±5% , and the readings from the different 
transducers are in good agreement. However, it should be 
noted that the Kulite sensor exhibits a drift over time, as 
it does not return to the ambient pressure level after shut-
down. This behavior is attributed to thermal effects and 
is compensated for by assuming a constant drift offset. 
Unless otherwise stated, the analyses are based on data 
extracted from the interval 1.5 s ≤ t ≤ 2.5 s , during which 
the pressure remains relatively stable, forming a plateau.

As an additional characterization of the hot jet, the 
location of the Mach disk—identified through schlieren 
measurements and discussed in the context of Fig. 13 
(e.g., center image)—was tracked throughout the test. 
With increasing combustion chamber pressure, the Mach 
disk is observed to shift further downstream. This relation-
ship is illustrated in Fig. 19-2, which correlates the Mach 
disk position with the corresponding combustion cham-
ber pressure. Notably, a form of hysteresis appears after 
the maximum pressure is reached. This behavior may be 
linked to the gradual reduction in nozzle throat diameter 
caused by the deposition and solidification of alumina on 
the relatively “cold” nozzle surface, as described in Saile 
(2021). While the Mach disk location could serve as a use-
ful validation parameter for future numerical simulations, 
it is not be further analyzed in the present study.
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