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During the vertical descent and landing of a launcher first stage with the aid of retropropulsion, commonly two

main propulsive deceleration maneuvers are performed: the reentry burn in high altitudes at hypersonic to

supersonic speeds and the landing burn shortly before touchdown at transonic to subsonic speeds. In the frame of

the EU-funded H2020 project Retro Propulsion Assisted Landing Technologies (RETALT), the unsteady

aerodynamics of those retropropulsion phases were studied. This paper presents results of experiments performed

in the Hypersonic Wind Tunnel Cologne on the hypersonic reentry burn. The exhaust plume was simulated with

pressurized air. Proper orthogonal decomposition was performed on high-speed schlieren videos, and spectral

analyses of the time histories of the resulting modes were compared to the frequency content found in high-

frequency pressure measurements. Dominant frequencies were found in the proper orthogonal decomposition

modes for one and for three active engines. In the pressure measurements, dominant frequencies could only be

observed for three active engines. The normalized pressure fluctuations are in the range of 0.002–0.012. Additionally,

a good scaling of the pressures on the base area and in the wake of the configuration with the total pressure

downstream of the bow shock could be confirmed, in the sense that the ratio of the local surface pressure to the

total pressure downstream of the bow shock match for varying freestream Mach numbers.

Nomenclature

Cp = pressure coefficient
CT = thrust coefficient
FT = thrust
f = frequency
M = Mach number
p = static pressure
p 0 = pressure fluctuation
q = dynamic pressure
Re = Reynolds number
RmA = momentum ratio
SrD = Strouhal number
u = velocity
ρ = density

Subscripts

CC = total condition in the wind tunnel model (CC, combus-
tion chamber)

e = wind tunnel model nozzle exit condition
rms = root mean square
T; 2 = total condition downstream of the normal portion of the

bow shock
0 = total condition in the freestream
∞ = freestream condition

I. Introduction

R ETROPROPULSION commonly means firing one or several
engines against the flight direction for the deceleration of a

vehicle. This technology was successfully applied by SpaceX on its
Falcon 9 launcher to descend and land its first stage. In the EU

H2020 project Retro Propulsion Assisted Landing Technologies
(RETALT), the key technologies for the decent and vertical landing
of launchers with the aid of retropropulsion were investigated.
Figure 1 shows themission concept of the RETALT1 vehicle, which
is a two-stage-to-orbit vehiclewith a payload of 14t to geostationary
transfer orbit. Table 1 shows the main characteristics of the
RETALT1 vehicle, and Fig. 2 shows its outline.
After the ascent, the main engine cutoff (MECO), and the stage

separation, the first stage is recovered. In case of high payloads and
high target orbits, a down range landing (DRL) is performed on a
seagoing platform. The first stage is decelerated at high altitudes with
three engines to limit heat loads and the dynamic pressure in the
following aerodynamic phase. This first hypersonic retropropulsion
maneuver is called the reentry burn. Then, the vehicle is decelerated a
second time shortly before touchdown. This subsonic retropropul-
sion maneuver is called the landing burn. For smaller payloads, the
stage can be landed close to the launch site, which is the return to
launch site (RTLS) scenario. It differs from the DRL scenario in the
additional boostback burn that is performed to bring the stage back to
the launch site.
The aerodynamics of the various flight phases were investigated

with the aid of extensive wind tunnel experiments. The reentry burn
was simulated in the Hypersonic Wind Tunnel Cologne (H2K) [1,2],
the aerodynamic phase was studied in the Trisonic Wind Tunnel
Cologne (TMK) [2,3], and the landing burn was tested in the Vertical
Free-Jet Facility Cologne (VMK) [2].
This paper focuses on the investigation of the hypersonic retro-

propulsionmaneuver at the reentry burn. Even though, in [1], detailed
analyses of the hypersonic retropropulsion flowfieldwere performed,
a dedicated modal and frequency analysis was not performed. High-
frequency pressure loads can damage structures and actuators and
can lead to a system failure [4,5], and are, hence, critical for the design
of launch systems. Therefore, the aim of thework at hand is a detailed
modal and frequency analysis of the unsteady flowfield during the
hypersonic reentry burn.
The paper is structured as follows. First, a short overview of the

state-of-the-art in supersonic and hypersonic retropropulsion is given.
Then, the experimental setup, the wind tunnel, the model, and the
instrumentation are laid out. This is followed by the description of the
test conditions. Finally, the results of a detailed modal and frequency
analysis of the schlieren recordings and high-frequency pressure mea-
surements are discussed. The paper is closed with conclusions and an
outlook. A complementary analysis of the unsteady aerodynamics of
the subsonic landing burn can be found in [6].
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II. Supersonic and Hypersonic Retropropulsion

Supersonic retropropulsion (SRP) commonly refers to the direc-
tion of a supersonic jet against a supersonic freestream. These flow-
fields have been studied since the 1950s for entry, descent, and
landing (EDL) applications [9]. The recent research in the USA
foremostly concentrates on EDL missions for Mars [10–20]. Ana-
lytical approaches to model these flows have been developed by
Korzun and Braun [21] and Cordell and Braun [22] based on Finley
[23] and Jarvinen and Adams [24]. The status of the Mars EDL
research is summarized in [17]. Only some studies were published
on launchers in the USA, e.g., [10]. In contrast, the research in Europe
focuses on the descent and vertical landing of launcher first stages
[1–3,25–33]. The phenomena for these two applications are generally
very similar, with the difference that the launcher first stages are more
slender and the vehicles for Mars EDL commonly have a much larger
cross-surface area compared to the engine exit area. Furthermore, the
mission profiles differ and the aerodynamic thrust coefficients for the
vertical landing launchers are much larger. Also motivation exists in
Europe and in India to adapt this technology to aerospike engines
[34–36]. Comprehensive literature reviews of investigations in super-
sonic retropropulsion can be found by Korzun et al. [9] and Mejia
and Schmidt [37], where Mejia and Schmidt [37] link the research

performed on SRP to research performed on stagnation point injection
(SPI), inwhich some findingsmade inSRPwerediscovered inparallel.
A review of research in SPI can be found in [38].
SRP flowfields for a single active engine commonly appear in two

flow modes, the so-called blunt mode (Fig. 3) and a long penetration
mode (Fig. 4) [24,39].
In the case of the blunt mode the flow is composed of two compo-

nents: the strongly underexpanded plume of the supersonic jet, and the
bow shock of the freestream. These two flowfields meet at the contact
surface. In the highly underexpanded plume the flow is strongly
expanded around the lip of the nozzle exit and is then recompressed
and redirected toward the symmetry axis. In this case the barrel shock is
very close to the jet boundary. For high thrust coefficients, theMach disc
in the retropropulsion flowscanget stronglybent andexhibits a spherical
shape. Also the reflection of the barrel shock on theMach disc is visible.
In the wake of the plume a recirculation zone forms. The incoming
freestream is decelerated through the bow shock to subsonic speeds. It is
then accelerated along the contact surface to supersonic speeds again.
As the pressure surrounding the nozzle exit is not the ambient

pressure in these flowfields but the dead air pressurepd present in the
recirculation zone, the plume expansion in this case is dominated by
the exit pressure ratio (EPR) defined as [40]

EPR � pe

pd

(1)

MECO Flip over

LANDING 
BURN

2nd stage to orbit

AERODYNAMIC 
PHASE

REENTRY 
BURN

ACS 
deployment

LANDING 
BURN

BOOSTBACK
BURN

REENTRY 
BURN

AERODYNAMIC 
PHASE

ACS 
deployment

Flip over

LAUNCH

Scenario R1 B
DRL

Scenario R1 A
RTLS

MECO Flip over

LALL NDING
BURN

AERORR DYNAMIC
PHASESS

REENTRYRR
BURN

ACS
deployment

BOOSTSS BABB CK
BURN

NTRYRR
BURN

IC
SESS

ACS
deploymentttt

Flip over

LALL UNCH

ScSS ecc nario R1 B
DRL

R1 A Flip over

Fig. 1 RETALT1 mission concept (adapted from [7]).

Table 1 Main characteristics of the RETALT1 configuration as
presented in [8]

Stage characteristic 1st stage 2nd stage Fairing Total

Number of engines 9 1.0 10.0
Reusability + ± − ±
Height, m 71.2 19.8 12.0 103.0
Diameter, m 6.00 6.00 6.00
Mass full (gross
lift-off weight), t
(including payload)

680.8 204.2 2.5 899.0

Stage rate, % 75.7 24.3
Structure
coefficient, %

8.7 8.3

Mass structure, t 59.3 16.7 75.9
Propellant mass
(including descent
propellant), t

621.5 187.5 809.0

Descent propellant, t 50.0 0 50.0
Propellant reserve
and residuals mass, t

7.500 2.500 10.0

Engines RETALT1-
LHLOX-E15-FS

RETALT1-
LHLOX-E70-FS

Engine cycle Gas generator Gas generator
Oxidizer/propellant LOX/LH2 LOX/LH2
Expansion ratio 15 70
Specific impulse
sea level, s

372.2 294.4

Specific impulse
vacuum, s

401.6 431.9

Thrust sea level, kN 9×1179� 10;614 1×930� 930

Thrust vacuum, kN 9×1273� 11;453 1×1364� 1364

10
30

00
65

00
12

00
0

64
70

0

6000

Fig. 2 Outline of the RETALT1 configuration (adapted from [8])
(dimensions in millimeters).
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where pe is the nozzle exit pressure. One of the challenges for
supersonic retropropulsion flowfields remains in the determination
of the dead air pressure in the recirculation zone as it cannot be assessed
analytically [40]. Therefore, Korzun and Cassel [11] proposed the use
of the ratio of the exit pressure pe to the total pressure downstream of
the normal portion of the bow shockp0;2 as scaling parameter. Gutsche
et al. [40] then proposed to also scale the surface pressures with p0;2

instead of using the conventional pressure coefficient Cp for these
flowfields. It was shown in computational fluid dynamics (CFD)
simulations that this leads to better similarity for varying Mach num-
bers, at least in the base area close to the plume [40].
The flowfield features of the blunt mode (bow shock stand-off

distance, Mach disc location, location of the triple point) were found
to be dependent on the square root of the aerodynamic thrust coef-
ficient [24,40], which is defined as follows:

CT � FT

q∞Aref

(2)

with the thrust FT , the dynamic pressure q∞, and a reference area
based on the body diameter Aref. Interchangeably, for the aerody-
namic thrust coefficient, also themomentum ratioRmA can be used as
similarity parameter [37]:

CT � FT

q∞Aref

� ρeu
2
eAe

1∕2ρ∞u2∞Aref

� 2RmA (3)

where ρe andue are the density and thevelocity at the nozzle exit with
an area of Ae, and ρ∞ and u∞ are the density and velocity in the
freestream. Equally CT can be rewritten in terms of the momentum
flux ratio, MFR � �ρeu2e�∕�ρ∞u2∞�:

CT � 2MFR
Ae

Aref

(4)

This connects SRP flows with subsonic retropropulsion flows
where the MFR is used as similarity parameter [41].
It shall be noted that the thrust coefficient,RmA, andMFR can only

be used interchangeably if the pressure loss in the thrust is neglected.
The long penetrationmode is shown in Fig. 4. Instead of the highly

underexpanded plume structure, here a jet train with several shock
cells is formed, which ultimately terminates in a normal shock. In
experiments, this clear shock train structure is not always observable
and the flow is highly unsteady [24].
The condition for the switching of one to the other mode is still

under discussion in the SRP community. Jarvinen and Adams [24]
theorized that it depends on a certain ratio of exit pressure to ambient
pressure (pe∕p∞), and it appears at thrust coefficients close to unity.
Korzun and Cassel [11] argued that the switch appears atCT > 1 and
�pe∕p0;2� > 1. Daso et al. [42] andGutsche et al. [40] postulated that
the switch could appear when the nozzle exit flow changes from
being underexpanded to being overexpanded and, therefore, would
depend on the EPR. Furthermore, Gutsche et al. [40] theorized that
the dead air pressure depends on the base geometry,which iswhy also
the ratio of pe∕p0;2 at which the modes switch depends on the
geometry. The theory of the mode switch depending on weather
the nozzle exit flow is under- or overexpanded is in contradiction
to Venkatachari et al. [39], where the long penetration mode was
found for underexpanded jets. Hence, it can be summarized that the
main parameters for the switch between the modes seem to be the
ratio pe∕p0;2, the EPR, and the thrust coefficient. What is commonly
agreed on in the SRP literature is that the switch between blunt and
long penetration mode appears at low thrust coefficients [11,24,40].
In [1,43] the term “hypersonic retropropulsion” (HRP) was used

instead of SRP as theMach numbers tested in the H2Kwere above 5.
The general flowfieldwas, however, comparable to the SRP flowfield
features. In [1], the flow features for three active engines in one plane
could also be shown to depend on the square root of the thrust
coefficient. The blunt and long penetration modes for three active
engines in the alpha plane are shown in Figs. 5 and 6. Vos et al. [28]
studied the flowfield with three active engines in the alpha plane in
more detail and varied the heat capacity ratio to assess its influence on
the plume shape showing that it is an important parameter for the
extrapolation fromwind tunnel experiments to flight conditions. The
pressure on the base area of the vehicle is known to decrease with

Fig. 4 Flow features of the long penetration mode of a supersonic or
hypersonic retropropulsion flowfield for the single-engine case (reprinted
from [39]).

Fig. 3 Flow features of the blunt mode of a supersonic or hypersonic
retropropulsion flowfield for the single-engine case (adapted from [40]).

Fig. 5 Instantaneous schlieren image of blunt mode for three active
engines in the alpha-plane at an angle of attack of 0° (reprinted from [1]).
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increasing thrust coefficient [1,11,24,40], which leads to a decrease
in the drag coefficient with increasing thrust coefficient [41,44].
The flowfield of the blunt mode of SRP flowfields is in general

steady, where the strongest unsteady behavior is found in the triple
point [45]. To characterize the dynamic flow features of the bluntmode
of SRP flowfields, experimental data were studied in detail by Bathel
et al. [46] by means of spectral images and proper orthogonal decom-
position (POD). They found a fundamental frequency of 2 kHz. In [37]
a PODof experimental datawas performed,whichwas combinedwith
a spectral analysis of measured axial forces, and a fundamental fre-
quency of 4.2 kHzwas found to be associated with the flowmotion. In
[43] a spectral analysis of similar experimental schlieren videos was
presented andwas linked to high-frequency pressuremeasurements. A
dependence of the dominant frequency on the freestream Mach num-
ber was shown. Spectral analyses of resulting aerodynamic forces
obtained with CFD have been presented by Montgomery et al. [47]
andChen el al. [48]. Chen et al. [48] went into further detail and linked
the POD and spectral analyses and proposed a feedback model for the
blunt and the long penetration mode. Chen et al. [48] found dominant
frequencies at Strouhal numbers of 0.252 and 1.506.
Schauerhamer et al. [49] described a feedback mechanism for

the unsteadiness of the blunt mode for a single nozzle case. Oscil-
lations in the triple point generate pressure waves that propagate to
the bow shock, generating small changes in the flowfield of the
incoming freestream. These effects then propagate down to the

vehicle surface, where they are reflected and affect the pressure in
the recirculation zone, which in turn affects the EPR. The caused
fluctuations in the EPR then close the feedback cycle by affecting
the oscillation in the triple point. Codoni and Berry [50] analyzed
the power spectral density (PSD) of pressure measurements per-
formed in wind tunnel experiments of the same configuration as
described in [49]. They found distinctive frequency peaks, which
are especially pronounced for an angle of attack of 0° and which
weaken for higher angles of attack. They also analyzed configura-
tions with three active engines, which were found to show less
pronounced frequency peaks. In [43] surface pressures on the
cylindrical part of a launcher configuration were analyzed for a
single-engine case and dominant frequencies were shown to
increase with increasing angle of attack in this region.

III. Experimental Setup

A. Hypersonic Wind Tunnel Cologne

As stated in the Introduction, the reentry burn of RETALT1 was
tested in the H2K, where the exhaust plume was simulated with
compressed air. A scheme of the H2K is shown in Fig. 7.
H2K is a blowdown facility. Compressed air up to 60 bar passes an

electrical heater and a settling chamber and is accelerated through a
Laval nozzle to supersonic or hypersonic speeds. After the test
chamber, the flow is decelerated in a diffusor before entering the
vacuum chamber. The Mach numbers are varied by exchanging the
Laval nozzle.Mach numbers of 4.8, 5.3, 6.0, 7.0, 8.7, and 11.2 can be
tested. By a variation of the total pressure and total temperature, the
unit Reynolds number can be varied in a range of 2:0 × 106 m−1

to20:0 × 106 m−1. With the electric heaters with a maximum power
of 5 MW, stagnation temperatures of up to 1000 K can be reached.
The common test duration is about 30 s. Quartz glass windows give
visual access to the test chamber, such that schlieren recordings can
be performed. The facility is described in more detail in [51].

B. Wind Tunnel Model and Instrumentation

Themodel setup for theH2Kfacilitywas alreadydescribed in [1] and
is shortly summarized here. A schematic of the RETALT1 model is
shown inFig. 8, and thewind tunnelmodelmounted in theH2K facility
is shown in Fig. 9. The model is designed such that a short and a long
version of themodel can be tested by addingor removing the cylindrical
segment shown in Fig. 8.While the longmodel version is used for force
measurements, the shortmodel version is intended for detailed analyses
of the base flow using high-frequency pressure measurements. In this

Fig. 6 Instantaneous schlieren image of long penetrationmode for three
active engines in the alpha-plane at an angle of attack of 0° (reprinted
from [1]).

Fig. 7 Scheme of the Hypersonic Wind Tunnel Cologne (H2K).

Fig. 8 RETALT1 wind tunnel model design (reprinted from [1]).
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paper, only results obtained with the short model are discussed. The
model is scaled by 1/130 with respect to the RETALT1 flight configu-
ration. The reference length for the nondimensionalization is the diam-
eter of 6 m in the flight configuration (hence 46.154 mm in the
experiment). The reference area is the base area AB of 28.27 m2 for
the flight vehicle. For the simulation of the exhaust plume, air is blown
out through a hollow model support sting and a model nozzle (see
Fig. 8). Various nozzle segments were manufactured for tests with
different engine combinations, i.e., one active engine or three active
engines, and different engine deflection angles. The locations of the
high-frequency pressure sensors are shown in Fig. 10. The pressure
sensors are distributed in three measurement planes. One close to the
interstage (plane 1), one close to the folded landing legs (plane 2), and
one at themodel base (plane 3). Furthermore, the sensors are numbered
in the clockwisedirection,when lookingat the baseof themodel.This is
represented by the second index. The third index for the sensors on the
base plane defines the radial positioning from a position close to the
centerwith index1 to the outermost sensorwith index3.Thepressure in
the wake was measured with a pressure tube (pSTAGE). The pressures
in plane 1 and2weremeasuredwithLQ-062-0.7BARAKulite pressure
sensors, and the pressures in plane 3 were measured with XCQ-080-
0.7BARA pressure sensors.
The model nozzles are shown in more detail in Fig. 11. They are

designed with an expansion area ratio of 2.5, resulting in an exit Mach
number of 2.443, with a throat diameter of 5.3 mm, an exit diameter of
8.42 mm, and an exit angle of 5.57°. The contour was designed as
parabolic approximation of a bell nozzle with a fixed expansion area
ratio and a fixed nozzle exit angle. The exit angle was chosen to be
5.57° tomatch the nozzle exit angle of theRETALT1 first-stage engine
that has a thrust-optimized contour with an area expansion ratio of 15.

A detailed discussion on the chosen expansion area ratio of 2.5 for the
nozzles can be found in [1].
High-speed schlieren videos were recorded with a FASCAM

SA-X2 high-speed camera at 20 kHz with an exposure time of 2.5
μs. A Z-type schlieren setup with a focal length of 6 m and mirror
diameter of 600mmwas used as described in [4]. The high-frequency
pressure measurements were performed at 50 kHz.

IV. Test Conditions

Figure 12 shows the reference trajectory presented in [8] mapped
on the wind tunnel facilities where the tests were performed. It can be
seen that the wind tunnels are well suited to rebuild the reference
trajectory. In addition to the tests discussed in this paper, also the tests
performed in theTMK[2,3] and the tests performed in theVMK[2] are
shown. The conditions of the H2K tests discussed in this paper are

Fig. 9 RETALT1 wind tunnel model mounted in H2K (reprinted from [1]).

Fig. 10 RETALT1 distribution of pressure sensors (adapted from [1]).

Fig. 11 Details of inner flow contour (adapted from [1]).
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summarized in Table 2. The measured pressures and the normalized
pressure fluctuations are summarized in Tables A1 and A2 in the
Appendix. The thrust coefficient for the single-engine case discussed
in this paper was chose to be 3.7 to be close to the maximum thrust
coefficient that could be testedwithout a disturbance of thewind tunnel
freestream due to blockage, which is 3.8 [1]. The thrust coefficient for
the three-engine case was chosen to around 2.3 even though thrust
coefficients up to 7.2 could be tested [1], as themain flow featureswere
well visible in the schlieren window for this condition.

V. Results

In this section, the steady and unsteady flow features of the
hypersonic retropropulsion flowfield are analyzed. In Fig. 13 the
flowfield is shown for the case with one single active engine, for cold
and heated air, which was used to simulate the engine plume. As
stated in [1], the flow features are similar for both cases. In Fig. 14, the
flowfield for three active engines in the angle of attack plane is
shown. Also here, the flowfield can be observed to be very compa-
rable between the cold and the heated case [1].
At the stagnation point between the freestream and the jet plume,

the total pressure of the freestream and that of the jet are equal
[11,40]. For the single-engine case, applying this condition, the flow
properties along the center line can be computed analytically. As the
total pressure drop over the bow shock is known, the total pressure in
the stagnation point is known. Hence, with the known total pressure
in the stagnation point and in the wind tunnel model, the Mach
number upstream of the Mach disc can be computed iteratively.
Figure 15 shows the calculated flow properties for the single-engine
case for cold and heated air for specific points on the centerline. From
the freestream side, point 1 is upstream of the bow shock and 2
downstream of it, and 0,2 is the stagnation point from the freestream

side. From the jet side, 1j is upstream of the Mach disc and 2j
downstream of it, and 0,2j is the stagnation point from the jet side.
Assuming a constant heat capacity ratio, we can find that the ratios

of the density and the temperatures over the shocks and due to
isentropic acceleration or decelerations only depend on the Mach
numbers. The Mach number on the centerline is equal in both cases;
hence also the ratios between the points, 1, 2, and 0,2 on the free-
stream side and 1j, 2j, and 0,2j on the jet side are equal. However, due
to the higher temperatures in the heated air case, the same ratios lead
to higher gradients in the temperature for the sameMach numbers. In
turn, lower densities lead to lower density gradients. This is why in
Fig. 13 the Mach disc is less clearly visible in the heated air case.
Furthermore, it can be noted that the gradient in the contact point
(between 0,2 and 0,2j) is positive in the cold case, leading to a dark
appearance of the contact surface, while it is negative in the heated air
case, which leads to awhite appearance. Hence, the flowfield appear-
ance changes, due to the heating. However, the Mach number, the
pressures, and the momentum flux on the centerline are not affected
by the temperature increase as can be seen in Fig. 15. As these
quantities are the main drivers for the similarity of the flowfield,

Fig. 12 Mapping ofMach numbers tested in the wind tunnel facilities at
DLR in Cologne over the reference trajectory presented in [8] (adapted

from [1]).

Table 2 Test conditions of hypersonic retropropulsion tests in H2K presented in this paper

Run No. of engines M∞ CT MFRa TCC, K Re q∞, bar p∞, bar u∞, m/s ρ∞, kg∕m3 pe, bar ue, m/s ρe, kg∕m3 pT;2, bar

90_5 1 5.29 3.69 49.55 303 2.43E+05 0.1076 0.005 871.858 0.0283 1.276 138.225 138.225 0.20041
93_7 3 5.29 2.29 30.76 300 2.40E+05 0.1061 0.005 872.238 0.0279 0.781 136.643 136.643 0.19758
115_2 1 5.29 3.85 51.67 589 2.38E+05 0.1049 0.005 870.959 0.0277 1.297 268.524 268.524 0.19539
117_2 3 5.29 2.43 32.65 632 2.55E+05 0.1044 0.005 850.194 0.0289 0.816 288.302 288.302 0.19449

aMFR, momentum flux ratio

Fig. 13 Hypersonic retropropulsion flowfield for a single engine for cold

(upper part) and heated air (lower part) (reprinted from [1]).

Fig. 14 Hypersonic retropropulsion flowfield for three active engines
for cold (upper part) and heated air (lower part) (reprinted from [1]).
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the main flowfield features (bow shock stand-off distance, Mach disc
location, location of the triple point) are not changed by increasing
the temperature of the air.
For thehypersonic retropropulsion cases, aPODwasperformedover

4000 frames. It results in spatial and temporal eigenmodes ordered by
their energy content. The high-speed schlierenwere recorded at a frame
rate of 20 kHz. Figure 16 shows the first 12 modes and several higher
modes for the cold gas single-engine case. As the mean image was not
subtracted from each frame, the zeroth mode shows the steady flow
features. The first twomodes are axisymmetric, while higher modes do
not show any symmetry anymore. The reason for the asymmetry in the
modes could be the vortex rings emerging from the Mach disc as
described in [1], as these strongly alter the flowfield but do not appear
in a symmetrical manner. The lower modes reflect mainly the oscil-
lations in the contact surface and the associated oscillations of the bow
shock. In the higher modes (mode 200 and mode 500), also the
oscillations in the triple point are reflected. The feedback mechanism
for theunsteadinessof the flowfield for thebluntmodedescribed in [49]
(see Sec. II) can be observed in these modes. The oscillations in the
triple point generate pressure waves affecting the bow shock, which
feeds back to the EPR. The EPR, in turn, affects the plume shape
closing the loop by influencing the oscillations in the triple point. In
Fig. 17 the singular values of the POD are shown. Figure 18 shows the
cumulative energy (sumof singular valuesup to the current one, divided
by the sum of all singular values). It can be seen that a large number of
modes is necessary to capture the energy of the flow. For example, over
2000 modes (of 4000) are needed to capture 80% of the energy.
The first three modes and the zeroth mode of the corresponding

casewith heated air are shown in Fig. 19. Due to differing densities in
the plume caused by the heating of the jet, the schlieren images have a
slightly different appearance as explained above. However, in gen-
eral, similar modes can be observed. Also the singular values and the
cumulative energy of the modes are similar to the cold gas case (see
Figs. 17 and 18).
In Fig. 20, the first 12modes of the three-engine case are shown for

cold and for heated air. The interaction of the jet with the freestream
and the resulting unsteady loads on the model lead to a slight
oscillatory movement of the model. These energies are captured in
modes 2 and 3 in the cold gas case and in mode 1 in the heated case.

As already assumed in previous work [1,2], the most energetic mode
is the switch mode between blunt and long penetration mode for both
the cold gas and the heated air case (neglecting the modes that cover
the oscillation of the model). This can be clearly seen in Fig. 21,
comparing the first mode of the cold gas case with the variance over
10 images of the longpenetrationmode and of the bluntmode, used in
[2] to visualize the unsteady nature of both modes. Figure 22 shows
the time histories of the switching mode for the cold gas and the
heated air case, where positive values correspond to the long pen-
etration mode and negative values correspond to the blunt mode. It
can be observed that, for the cold case, the change between themodes
appears more abruptly, while it appears more smoothly for the heated
air case. In both cases the blunt mode only appears for short time
intervals. This is even more clearly visible for the cold case.
Comparing the cold gas case and the heated air case it can be

observed that they slightly differ from each other. For the cold gas
case the plume–plume interaction seems to play a larger role, as the
unsteady oblique shocks terminating the plumes are clearly visible in
several modes, e.g., modes 4, 9, 10, and 11. For the heated air, the
energy seems to be more strongly related to an axial movement
of the plume structure, which is, e.g., prominent in mode 7. In Fig. 23
an average modal solution for both cases is shown. It basically repre-
sents a merged solution of several modes averaged over time. Here the
zeroth mode was excluded, and the time histories of the modes 1–500
were averaged over time. The spatial mode was then reconstructed
from the original image snapshots. More details on the procedure for
the construction of the average modal solution can be found in [6].
While the heated air flowfield is dominated by the switch between

the blunt and the long penetration mode, the cold gas case is domi-
nated by the sideways motion of the plume. The differences in the
modes could come from an influence of the higher exit velocity at the
nozzle exits due to the higher temperatures, higher viscosities, and a
temperature effect on the heat capacity ratio. It could also partly come
from the varying density gradients in flowfield due to the varied
temperatures in the jets, which influences the visibility of the flow
features in the schlieren images as discussed above.
As shown in Fig. 16 the drop of the singular values over the first

modes is lower for the three-engine cases than for the single-engine
cases. Hence, the increase of the cumulative energy over the first
modes is slower as shown in Fig. 19. This is reasonable, as the
unsteadiness of the flowfield in the three-engine case is a lot stronger.
Therefore, more modes are necessary to capture the energy of the
flowfield. The singular values and the cumulative energy of the cold
and the heated air cases of the three-engine cases are very similar.
To analyze the frequency content of the PODmodes, the PSD of the

time series of the PODmodes was computed with a short-time Fourier
transform that was computed over 4000 time steps. It was performed
withaHannwindowwitha lengthof 500with a step sizeof8 time steps
between single spectra. The spectra were then averaged over the time
steps. The frequency was resolved with 2048 bins. The Strouhal
number SrD, which represents the normalized frequency, is defined as

SrD � fDref

u∞
(5)

where f is the frequency, u∞ is the freestream velocity, andDref is the
reference length.Dref was chosen to be the base diameter of the model
as thismakes the Strouhal numbers comparable to results of studies on
near-wake flows in the base area of (ascending) launch vehicles,where
this definition was used [52].
In Fig. 24, the PSDs of the first 12 modes are shown for the four

hypersonic retropropulsion cases. For the cold gas case, dominant
frequencies can be observed at Strouhal numbers of 0.09 and 0.082
for the single-engine case and the three-engine case, respectively. For
the tests with heated air, these frequencies are slightly shifted to
higher values of 0.126 and 0.141. In general, the observed frequen-
cies are a lot less prominent than in the subsonic retropropulsion cases
that are presented in [6].
In Fig. 25, the PSD of the high-frequency pressure sensors in the

base area and along the cylindrical body of themodel is shown for the
cold gas case for one and three active engines, where the mean value

1 2 0,2 0,2j 2j 1j

contact surface

stagnat ion point

bow shock Mach disc

Fig. 15 Analytically calculated flow properties at selected points on the

centerline for the single-engine case for cold and heated air.
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was subtracted before the PSD was performed. The PSD was per-
formed over 20,000 time steps with a Hann window of awidth of 500
with a step size of 39 samples between the spectra. The frequency
resolution was again 2048 bins. In general, the distribution of the
frequencies is similar for both cases. The sensors are clustered by the
plane they are in. The sensors 313 and 332, which are on the outer
circle of the base and not in the alpha plane, show a slightly different
behavior in comparison to the other sensors in plane 3. Dominant
frequencies can be observed for the three-engine case. However, they
cannot be observed in the single-engine case. There could be three
reasons for this behavior:

1) The frequencies could come from a buffeting phenomenon in
the base area, and in the single-engine case the blunt plume shields
the base area better from the incoming freestream and, therefore,
mitigates those frequencies.
2) The frequencies could come from the unsteady fluctuations of

the plume that are only appearing in the three-engine case.
3) As can be seen in Fig. 11 the supply lines of the outer nozzles

show a sharp edge where they meet the main supply line. This
causes unsteady flow separations and recirculation regions, which
were observed in CFD simulations performed on the flowfield in
the model.

Fig. 17 Singular values of the PODs of the cold and heated air, single-
engine and three-engine cases.

Fig. 18 Cumulative energies of the PODs of the cold and heated air,
single-engine and three-engine cases.

Fig. 16 POD modes of single-engine cold gas case.
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In [2], the dominant frequencies for the cold gas case with three
engines were plotted against the thrust coefficient for the pressure
sensors 311 and 331. In Fig. 26 for the same case the Strouhal
number is plotted versus the thrust coefficient. It can be observed

that the dominant Strouhal numbers of 1.12, 1.16, 1.19, and 1.3
appear for a large range of thrust coefficients in the pressure
measurements. This is a strong indicator that they do not originate
in the outer flow interactions, but from the supply line. In future

Fig. 20 First 12 POD modes of the three-engine case.

Fig. 19 POD modes of single-engine case with heated air.
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experiments, unsteady pressure measurements in the supply air
should be foreseen in those critical regions, such that these effects
can be separated from the frequencies in the outer flowfield.
The Strouhal number of 0.14 is more likely to come from outer
flow interactions as it is close to the frequency of 0.126 measured in
the cold gas single-engine case, where such frequency from the
supply line were not observed, as the feed line does not show
sharp edges.
The frequencies found in the pressure measurements cannot be

observed in the PSD of the POD modes shown in Fig. 24. This is
because the high-speed schlieren were recorded with 20 kHz,
whereas the pressures were recorded with 50 kHz. Therefore, the
frequencies of Strouhal numbers of 1.12, 1.16, and 1.16 are out of the
measurement range of the schlieren recordings. For the lower dom-
inant normalized frequencies of 0.056, 0.14, and 0.64, the reason
could be that the schlieren setup was not sensitive enough to capture
those fluctuations, even though the Strouhal number of 0.14 was
found in the schlieren videos of the heated air case.
The frequencies observed here are in the range of Strouhal

numbers reported in literature for similar configurations. In [46]

dominant frequencies were found in the first two POD modes of a
single-engine plume, with the lowest normalized frequency close to
0.2 (which can be calculated from the data given in [46]). Chen et al.
[48] reported Strouhal numbers of 0.252 and 1.506 for the forces on
a similar configuration as in [46]. For near-wake flows in the base
area of an ascending Ariane 5 configuration, it was found that
Strouhal numbers of 0.2 can be critical for the actuators of the thrust
vector control, which presumably led to the failure of the Ariane 5
ECA maiden flight [5,53]. In this context, especially the lower
dominant Strouhal numbers found here for the descending configu-
rations are not that far off of the critical value. Hence, these
frequencies should be taken into account in the design phase of a
reentering first stage to avoid critical loads to the actuators and the
launcher structure.
Figure 27 shows the normalized root-mean-square surface pres-

sure fluctuations in the two cold gas test cases. The normalized
pressure fluctuations are approximately one order of magnitude
smaller than in near-wake flows of ascending launcher configura-
tions, which are between 0.01 and 0.06 for Mach numbers between
0.5 and 0.9 [52]. They are higher in the casewith three active engines.

a) Cold gas (mode 1) b) Heated air (mode 2)

Fig. 22 Time histories of the switch mode between blunt and long penetration mode of the three-engine case.

Fig. 23 Average modal solution images of the three-engine case (mode 1 to mode 500)

Fig. 21 Comparison of first mode of the three-engine cold gas case with the visualization with the variance over 10 images.
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Fig. 25 PSD of the pressure measurements of the hypersonic retropropulsion cases.

Fig. 24 PSD of the first 12 modes of the schlieren videos of the hypersonic retropropulsion cases.
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Presumably this is because the shielding of the plume is less effective
in this case and the plume itself shows stronger unsteady behavior.
Due to the shielding effect of the plume in both cases, the pressure

fluctuations on the base area (plane 3) are smaller than downstreamof
the landing legs (plane 2) or on the cylindrical body (plane 1).
To close this section the absolute surface pressures for the single-

engine configuration are shown in Fig. 28 and for the three-engine
case in Fig. 29 for two Mach numbers, 5.29 (thin lines) and
7.04 (thick lines), at a Reynolds number of 2.36E+05. The thrust
coefficients discussed in this paper in detail are marked with a
dashed line. In Figs. 28a and 29a the pressure coefficients (Cp �
�p − p∞�∕q∞) are shown. In Figs. 28b and 29b the pressures are
normalized with the total pressure behind the normal portion of the
bow shock and, hence, with the total pressure in the stagnation point
p0;2. Korzun and Cassel [11] proposed the use of pe∕p0;2 as sim-
ilarity parameter for supersonic retropropulsion flows. Gutsche
et al. [40] proposed to use p0;2 for the normalization of the surface
pressures. Indeed, it can be observed in Figs. 28 and 29 that for the
pressures in the base area close to the plume (plane 3), a better
similarity for different Mach numbers is achieved with the normali-
zation with p0;2. This also holds for the pressure in the wake area
pSTAGE. For the pressures along the cylindrical body of the con-
figuration (plane 1 and plane 2), the conventional pressure coeffi-
cients reach a better similarity.

VI. Conclusions

In this work the unsteady flowfield of the hypersonic reentry burn
of a descending first stage was discussed.
It was found for the case of a single active engine that the modes of

the POD of the schlieren images mainly capture the unsteady fluc-
tuation of the contact surface and the bow shock, probably caused by
vortex rings emerging from the Mach disc. In the case of three active

0
0.002
0.004
0.006
0.008

0.01
0.012

1 engine 3 engines

p'
rm

s
/q

∞
[-]

p11 p12 p13 p14 p21 p22 p23
p24 p311 p313 p322 p331 p332 p342

Fig. 27 Normalized rms surface pressure fluctuations in the two cold
gas test cases with one and three active engines.

a) Pressure coefficients (adapted from [1]) b) Normalization with total pressure in the
stagnation point 

Fig. 28 Surface pressures for the single-engine case forM∞ � 5.29 (thin lines) andM∞ � 7.04 (thick lines).

Fig. 26 Spectrograms of pressure measurements on the base area of RETALT1 versus the thrust coefficient, for the cold gas case with three active
engines.
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engines, the flowfield is dominated by the switch between the blunt
and the long penetration mode.
Several dominant frequencies could be observed in the spectral

analysis of the PODmodes of the schlieren recordings for one and for
three active engines. However, they are not very pronounced. In the
frequency analysis of the pressure measurements, several dominant
frequencies with Strouhal numbers around 0.1, 0.6, 1.1, and 1.3
could be observed. These were present in the three-engine case but
absent in the single-engine case. A possible reason could be that the
frequencies are specific for the three-engine case or that the frequen-
cies come from a buffeting effect in the base area, which is shielded
in the case of the single-engine case. Especially for the higher
frequencies, also frequencies in the supply line of the model could
be the reason for the frequencies in the pressures on the outer model
surface. In future experiments, high-frequency pressure measure-
ments should be implemented in the supply line to separate frequen-
cies in the supply line from frequencies in the outer flowfield. The
normalized root mean square pressure fluctuations are one order of
magnitude smaller than for ascending launcher first stages and in
the range of 0.002–0.012.
The scaling of the surface pressures with the total pressure down-

stream of the bow shock reaches good results for the base area and in
thewake region, while along the cylindrical body of the launcher first
stage, the conventional pressure coefficient reaches better similarity.
This work showed that the retropropulsion flowfield especially

during the hypersonic reentry burn is highly complex and unsteady. It
shows strongly varyingmodes. In the future, further efforts should be
taken to better understand the effects of the unsteady flowfield on the
launcher and its structures.

Appendix: Tables of Surface Pressures and Normalized Surface Pressure Fluctuations
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