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ABSTRACT
Aero-thermodynamic effects occurring during the re-entry of
rotating cylindrical bodies into the atmosphere are analysed in
this study. Two test series were performed in the DLR’s hy-
personic wind tunnel H2K to investigate the aerothermal and
aerodynamic loads, with the latter being tested in free flight.
As a result, the experiments have shown that the rotation of
the body leads to an averaging of the surface temperatures and
the flight trajectory between the extremes. In the free-flight
tests, a three-dimensional motion behaviour was observed due
to the initially forced rotation. This behaviour is attributed to
torque-induced precession and not to rotation-induced aero-
dynamic effects for the investigated configurations.

Index Terms— Re-entry trajectory, High-speed aerody-
namics, Aerothermal loads, Hypersonic wind tunnel, Free-
flight technique, Infrared thermography

1. INTRODUCTION

The mitigation and avoidance of space debris is becoming in-
creasingly relevant, as the number of objects in Earth orbits
is growing disproportionately with increasing rocket launches
and new satellite constellations [1]. Remaining space objects,
especially in low Earth orbit, pose a critical threat to upcom-
ing space flights and active satellites due to the risk of col-
lision. For this reason, ESA’s new Space Debris Mitigation
Guidelines aim to reduce the residence time after end-of-life
and to lower on-ground casualty risk caused by space debris
[2]. ESA’s ”Design for Demise” (D4D) approach is becom-
ing increasingly relevant in order to develop standards that
guarantee the complete and safe demise of next-generation
spacecraft. In this context, it is important to investigate the
rotational effect of re-entering objects with respect to demis-
ability, since they can begin to tumble after the separation
from the main spacecraft. Re-entry analysis tools are also
becoming more important to make the prediction of impact
footprints and thus the casualty risk assessment more accu-
rate in order to protect people and property from harm. In
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doing so, the experimental database and modelling capabili-
ties for aero-thermodynamic effects that occur during the re-
entry into the atmosphere are limited, in particular with re-
gard to the influence of rotating objects. On this account,
the aerothermal and aerodynamic loads of concave and con-
vex bodies at flight-relevant rotational velocities are analysed
in two test series for the present work. Thereby, both right
circular cylinders and cylinders with cavities in the base and
lateral surface are analysed, which are intended to represent
generative bodies for propellant tanks and rocket engines.

A literature review showed that stationary cylinders in hy-
personic flow fields are a well-documented research object re-
garding the aerodynamic loads (e.g. [3, 4, 5, 6, 7]). The aero-
dynamic force and moment coefficients of a cylinder with an
aspect ratio of 2 in a wide range of body inclinations were
determined in an earlier work [8]. In contrast, just a few
researches are made on the aerothermal loads of a cylinder
assuming an equilibrium boundary layer (e.g. [4, 9, 5, 7]).
These authors point out a strong dependence of the Reynolds
number on the flow field, especially on the heat flux distri-
bution. Moreover, Rees et al. observed high heat flux near
corners and edges by performing infrared (IR) thermography
on cubes [10].

For the aerothermal test series, experiments with station-
ary and forced-rotating cylindrical bodies were successfully
carried out in the Hypersonic Wind Tunnel Cologne (H2K) at
the DLR. For this purpose, a model support system was de-
veloped that allows a change in the model’s angle of attack
and rotational frequency. Three different cylindrical models
were studied at a free-stream Mach number of 7 with subcrit-
ical and supercritical Reynolds numbers for different param-
eter variations such as the rotational frequency, the direction
of rotation and the angle of attack. The surface temperatures
were measured with a calibrated infrared camera system of
three synchronously recording IR cameras from different per-
spectives. Schlieren videography was used to capture the flow
topology.

For the aerodynamic test series, free-flight tests with
initially forced-rotating cylindrical bodies were also suc-
cessfully performed in the H2K test facility. The advanced



free-flight technique with an electromagnetic dropping mech-
anism prevents aerodynamic disturbances caused by a sting or
a wind tunnel balance. In these tests, the cylindrical models
were tested at Mach 7 under various initial conditions such as
angle of attack, rotational frequency and direction of rotation.
Six-degrees-of-freedom (6DoF) motion data were measured
non-intrusively using a state-of-the-art stereo-tracking mea-
surement technique. At the same time, schlieren videography
was used to visualise the flow topology. A comprehensive
post-processing routine was used to determine velocities,
accelerations and aerodynamic coefficients from the time-
resolved positions and orientation angles of the measurement
data.

2. EXPERIMENTAL MODELS & METHODS

Two test series were performed in H2K, whereby two differ-
ent experimental setups with partially different instrumenta-
tion were applied. However, the geometries in both test series
were the same.

2.1. Hypersonic Wind Tunnel Cologne (H2K)

Both test series were carried out in the Hypersonic Wind Tun-
nel Cologne H2K, which is located at the Supersonic and Hy-
personic Technologies Department of DLR. This wind tunnel
is an intermittently operating blowdown facility for maximum
reservoir temperatures of 1000 K and fixed design Mach num-
bers of 5.3, 6.0, 7.0, 8.0, 8.7 and 11.2. At the nozzle exit, the
diameter is 600 mm, while the axially symmetrical homoge-
neous core flow has an average diameter of about 420 mm. In
the core flow, the maximum deviation of total pressure is 5%.
Additional details on H2K are available in [11].

In each test, the operating conditions of the facility, such
as the reservoir pressure p0 and the reservoir temperature T0,
were gauged in the H2K’s settling chamber at a sampling rate
of 50 Hz. The reservoir pressure was measured with an abso-
lute pressure transducer of the UNIK 5000 series GE Druck
that has an overall accuracy of ±2.8 kPa in the measurement
range between 250 kPa and 5500 kPa. A thermocouple type
K class 1 from MTB Sensor-Technik with an overall accuracy
of ±1.5 K was used for the measurement of reservoir temper-
ature.

For the present work, two nominal test conditions were
defined using the same wind tunnel nozzle. These test con-
ditions are summarised in Table 1, in which the free-stream
Mach number Ma∞, the free-stream dynamic pressures q∞
and the unit free-stream Reynolds numbers Re are specified.
Thereby, TC2 was used for both the free-flight and aerother-
mal tests.

Table 1. Nominal test conditions

Ma∞ p0 [kPa] T0 [K] q∞ [Pa] Re [ 10
6

m ]
TC1 7.1 2400 600 18913 9.9
TC2 7.0 480 600 3981 2.0

2.2. Model design

Three cylindrical geometries were used for both test series:
a right circular cylinder, a cylinder with a parabolic axial-
symmetric cavity in the lateral surface (namely dogbone) and
a cylinder like the dogbone with an additional parabolic axial-
symmetric cavity in both base surfaces (namely nozzle). The
aspect ratio is 2 for all bodies. For the model modification of
the cavity in the lateral surface, the maximum cavity depth is
60% of the model radius and the cavity length is 60% of the
model length. For the cavities in the base areas of the nozzle
body, the maximum cavity depth is 35% of the model length
and the maximum cavity radius is 70% of the model radius.

For the aerothermal tests, hollow test articles were man-
ufactured out of uncoated poly-ether-ether-ketone (PEEK).
PEEK is a commonly used material for IR thermography, for
which emissivity data in the IR spectrum are available. The
models have a length of 200 mm and their edges are rounded
with a radius of 5 mm. The wall thickness of the hollow test
articles is 25 mm and the arithmetic average roughness of the
surface is 0.8 µm.

For the aerodynamic tests, magnetic species of steel were
used for the models, which have a nominal length of 100 mm.
The actual properties of the models, including a coating for
stereo tracking, are presented in Table 2 with the diameter d ,
the length l, the mass m and the transverse inertia Iyy.

Table 2. Actual model properties

Geometry d [mm] l [mm] m [kg] Iyy [kgm
2

103 ]
Cylinder 49.99 100.03 1.536 1.521
Dogbone 50.08 100.15 0.971 1.294
Nozzle 50.05 100.02 0.714 0.880

2.3. Instrumentation

For both test series, high-speed schlieren videography was
used with a single-path Z-type setup as in [12] to charac-
terise the flow field around the test objects. A 1000 W xenon
arc lamp was used for illumination. A high-speed camera
model from the Photron FASTCAM series was used for image
recording, which was set to the full resolution of 1024 × 1024
pixels. The frame rate of the camera was set to 1 kHz and
3 kHz, respectively.

A high-speed stereo-tracking system based on the detec-
tion of marker points was applied for the free-flight tests,



which determines the time-resolved position and orientation
of the test object in 3D space. Two Photron FASTCAM SA-
X2 model 1080K were used for the synchronously recording
cameras. The cameras were set to the full 1024 × 1024 pixels
resolution at a frame rate of 12 kHz. Each camera was outfit-
ted with a 24-mm-focal-length lens ensuring the observation
of a measurement volume of about 600 × 600 × 600 mm.
To ensure sufficient illumination, each camera was equipped
with four 86 W plus four 38 W high-power LEDs on a ca-
pacitive cooling ring mounted concentrically on the optical
window of the protective box. To guarantee a highly accu-
rate measurement, a standardised calibration was performed
before each test series under ambient condition, resulting in
a calibration deviation of 3 µm. Data processing was con-
ducted as in [8] to determine the aerodynamic force and mo-
ment coefficients based on the three positions in streamwise
(x), spanwise (y) and vertical (z) direction as well as the roll
(φ), pitch (ϑ) and yaw (ψ) angles.

Infrared thermography with three synchronously record-
ing IR cameras were used in the aerothermal test series to
measure the surface temperature of around three quarters of
the entire lateral surface. These are the IRCAM VELOX
1310k SM, the InfraTec ImageIR 8380 and the IRCAM
EQUUS 327k L, whereby the former two are mid-wave in-
frared (MWIR) cameras and the latter is a long-wave infrared
(LWIR) camera. The cameras were set to a frame rate of
100 Hz, whereby the MWIR cameras exhibit an effective
frame rate of 50 Hz as they used two integration times. The
cameras were enveloped in protective box to prevent an over-
heating due to the surrounding vacuum in the test section.
For the optical access to the boxes, calcium fluoride windows
were used for the MWIR cameras and a zinc selenide win-
dow for the LWIR camera to ensure high transmission in the
respective IR spectrum. Calibrations were used to determine
the transmittance of the windows using a black body and the
emissivity of the PEEK models. This paper primarily deals
with the results of the measurement with the IRCAM Velox
1310k SM, which features a 1280 × 1024 pixels resolution
with a NETD of less than 25 mK. The overall uncertainty
of this IR camera is ±1 K or ±1%. It was equipped with a
50-mm-focal-length lens.

2.4. Experimental setup of aerothermal test series

Figure 1 depicts the PEEK model in the H2K’s test section
at an angle of attack (AoA) of α = 90◦ in the main frame
and α = 80◦ in the top right corner. The model was in the
schlieren path with its centre of gravity (CoG) on the nozzle’s
centre line and its rotation axis parallel to the gravity. Re-
garding the positioning of the IR cameras, the IRCAM Velox
1310k SM and IRCAM EQUUS 327k L were placed on the
left and right side of the nozzle, while the InfraTec ImageIR
8380 was located on the downstream side of the schlieren path
next to the diffuser. Thereby, the IR cameras had an angular

displacement of roughly 90◦ to each other with an overlap-
ping field of view. In most of the tests, the rotation was clock-
wise (CW), as the maximum heat fluxes are expected in the
region of the stagnation point, which in this case is shifted in
the direction of the rotation where two IR cameras are placed.
To enable forced rotation and AoA adjustment in the range of
±20◦, the cylinder is supported by a shaft as part of a rotating
arm. A stepping motor with a step angle of 1.8◦ and rotational
frequencies of up to 30 Hz was used as the rotational drive,
which transmits the torque via the shaft with radial bearings.

Fig. 1. Experimental setup with infrared thermography in
H2K’s test section

2.5. Experimental setup of aerodynamic test series

Figure 2 shows the experimental setup in the H2K’s test
section for fully free-flying test objects by the use of the
free-flight technique with an electromagnetic dropping mech-
anism. This technique has already been used successfully in
several studies with single or multiple blunt bodies according
to [13, 14, 8, 15]. This electromagnetic dropping mechanism,
depicted in the upper right corner of Figure 2, is modified
to allow an initial forced rotation of the test object with an
adjustable constant rotational frequency. In the beginning,
the measurement chamber is in vacuum condition and the
test object is held by an electromagnet located at the ceiling
of the chamber. Before the flow is initiated, the model is
accelerated to the target rotational frequency by a controlled
stepping motor, that is connected to the magnet via a shaft
with coupling. As soon as the free jet is initiated and stable,
the model is released from the holder and falls in vacuum.
When passing the top shear layer, the increasing total pres-
sure causes an additional rotational component on the body,
the angular velocity of which is less than the initial forced
rotation. Subsequently, the effective test time of about 0.1 s
begins as soon as the model is completely within the homo-
geneous core flow and ends as soon as it reaches the edge of
the core flow. At the end, the model crosses the lower part
of the shear layer before it is caught at the bottom of the test



section.

Fig. 2. Experimental setup with free-flight technique in
H2K’s test section

3. EXPERIMENTAL RESULTS OF AEROTHERMAL
LOADS

The experimental results of the stationary and the cylinder
rotating around its longitudinal axis with constant rotational
frequencies of f = {0.8, 4, 8} Hz are presented below for the
two test conditions TC1 and TC2. Data from IR thermogra-
phy and schlieren videography are available for all performed
tests.

3.1. Surface temperature distribution

Surface temperature maps at TC1 are displayed in Figure 3,
which were acquired at three different times after the flow
reaches the stationary cylinder (at t0). It should be noted that
the circular points in the surface temperature representations
are steel markers to be used for mapping and fusion of IR
data. As can be seen in Figure 3, the temperatures and thus
the heating rates on the lateral surface are particularly high at
the cylinder’s stagnation line, which is roughly in line with the
double-point marker at the top left of the model. As expected,
the surface temperature T decreases in streamwise direction
from the stagnation region to the wake region. Additionally,
it can be seen that the frontal area of the cylinder in particular
heats up over time to about 220◦C (at t0 + 10 s).

3.2. Effect of rotation

The influence of cylinder rotation on the resulting surface
temperature profiles is shown in Figure 4. Please note that the
apparent temperature increases and decreases at the beginning

Fig. 3. Time series of the lateral surface’s temperature distri-
bution at TC1 with α = 90◦ and f = 0 Hz

and end of the extracted lines are due to the angular depen-
dence of the emissivity of PEEK and need to be corrected for
the data fusion. At first glance, the rotation of the cylinder
leads to a more uniform temperature distribution compared
to the stationary case at f = 0 Hz. As a result, the heat is
distributed more homogeneously during rotation in all cases,
which leads to lower temperatures in the stagnation region
and higher temperatures further downstream compared to the
stationary cylinder. A possible explanation for this might be
that a fixed point on the cylinder is heated when rotating to-
wards the incoming flow and cooled when facing the wake re-
gion. An implication of this finding is that the peak heat fluxes
for rotating objects of space debris are significant lower than
of stationary ones, which should be considered in the design
process of D4D.

Interestingly, the rotational frequency plays no role for
the surface temperature distribution along a circumferential
line at 10 s after start of flow (see right line chart of Fig-
ure 4) reaching a homogeneous temperature at almost the
same level. In contrast to the longer heating phase, the con-
figuration at 3 s after the start of flow with f = 0.8 Hz shows
a still remarkable temperature gradient downstream of the
stagnation point for the temperature profile in a weakened
form compared to the stationary one, while the profiles at
f = 4 Hz and 8 Hz are almost constant. These differences can
be explained by the fact that all segments of the lateral surface
were impinged more equally by all flow regions for the higher
rotational frequencies after the short time with flow impact
than for the lower rotational frequency. In conclusion, the
higher the rotational frequency, the faster the homogenisation
of the surface temperature in the transverse direction.

With the homogenisation of the surface temperature dis-
tribution shown above, it should be noted that the selected
IR camera observes the region of the lateral surface that has
just passed the wake due to its positioning. For this reason,



Fig. 4. Temperature profiles at TC1 for different rotational frequencies extracted 3 s and 10 s after start of flow

the temperature profiles appear different when the cylinder is
rotated counter-clockwise, so that the profile changes from
a constant trend to an increasing-decreasing trend in stream-
wise direction.

3.3. Stripe-like pattern

Interestingly, a stripe-like pattern in the transverse direction
was found in the surface temperature representations of the
rotating cylinder (see Figure 5), which was not observed in the
stationary one. This flow phenomenon can be seen clearly in
both surface temperature maps of Figure 5 for the free-stream
Reynolds numbers based on the model diameter of 9.9 × 105

(TC1) and 2.6 × 105 (TC2), which were measured 11 s after
start of flow. In addition, the surface temperature profiles are
provided in Figure 5 when looking in the longitudinal direc-
tion parallel to the cylinder’s axis. From this line chart, it is
apparent that locally increased temperature levels arise, which
dominate in the centre area of the cylinder. These increased
temperature levels run in the transverse direction, with the
stripes being parallel to each other. Of interest here is the sig-
nificant impact of the Reynolds number on the structure and
temperature difference between peak and trough of the stripe-
like pattern. In doing so, the number of local peaks is higher
and the temperature difference is lower for a lower Reynolds
number than for a higher one. It is difficult to explain this re-
sult, but it might be related to Taylor-like vortices, which are
an instability mechanism through the centrifugal force devel-
oping on sufficiently bended surfaces of rotating objects [16].
These flow features are also characterised as vortices, that are
aligned with their axes parallel to the main flow direction.

Remarkable relationships can be seen with regard to the
influence of single parameters. On the one hand, the rota-
tional frequency and the direction of rotation have no signif-
icant influence on the stripe-like pattern under the test condi-
tions investigated, while on the other hand the phenomenon

disappears in the case of inclined configurations.

4. EXPERIMENTAL RESULTS OF AERODYNAMIC
LOADS

In the following, the experimental results of the cylindrical
bodies in free flight at TC2 and different initial pitch angles
are presented, also analysing the initial-forced yaw rotation
of the models in axial flow and the initial-forced roll rotation
of the models in cross flow. Data from schlieren videography
and stereo tracking including motion derivatives and aerody-
namic coefficients are available for all conducted tests.

4.1. Effect of body shape and orientation

The drag force (CD), lift force (CL) and pitching moment
coefficient (Cm) based on the experimental motion data from
the stereo tracking are shown for the cylindrical bodies in Fig-
ure 6 as a function of the inclination of the model relative to
the inflow, i.e. total angle of attack based on the angle of at-
tack α (AoA) and the angle of sideslip β (AoS). It should be
noted that the change in the AoA during the tests is induced
by the effect of the free jet’s shear layer, as explained in [13].
Additionally, experimental results of a previous work [8] with
cylinders at various AoAs are also presented in Figure 6 for
the purpose of validation. This comparison shows that the
current data of the cylinder for all presented aerodynamic co-
efficients correspond very well with those of the previous test
series and that the aerodynamic loads are significantly depen-
dent on the AoA, as previously stated.

Concerning the effect of body shape, the aerodynamic co-
efficients of the dogbone and the nozzle (refer to Figure 7) are
compared with those of the cylinder in Figure 6. Just like the
cylinder, the models with cavities also show a dependence on
the orientation, but with smaller variations over AoA. Espe-
cially for AoAs near 90◦, the drag coefficient is significantly



Fig. 5. Surface temperature distributions (left) and temperature profiles (right) of rotating cylinders for different Reynolds
number with α = 90◦ and f = 0.8 Hz

lower, which can be attributed to a smaller frontal wetted area
due to the cavity in the lateral surface. What also stands out in
the present data is that the absolute drag and lift coefficients
of the dogbone in the AoA range from 20◦ to 40◦ are higher
than those of the nozzle. It is apparent from Figure 6 that the
pitching moment of all bodies have a trim point at α = 0◦. In
contrast to an unstable state for the cylinder, the geometries
with a cavity in the lateral surface have a statically stable trim
point here. This can be explained by the fact that the flow in
the windward part of the cavity separates at its leading edge
and reattaches upstream its trailing edge at low AoA. In do-
ing so, the surface pressure in the rear part of the cavity is
higher than in the front part, as the static pressure in the flow
increases through a reattachment shock (see Figure 7). As a
result, an opposing moment develops.

An interesting flow phenomenon was found in the schlieren
images of Figure 7. These schlieren images present the flow
topology of the nozzle body at different AoA. When ex-
amining the bow shock, a change in shape in front of the
base surface can be observed for different AoA, which is an
oblique shock with a small shock stand-off distance for high
inclinations and a bended detached shock with a larger shock
stand-off distance for low inclinations. This characteristic
was also found for right circular cylinder (see [8]). However,
a transition between these two states was observed for the
nozzle in Figure 7, in which the shape of the bow shape in the
stagnation region changes significantly and dynamically. In
the course of this, the front part of bow shock, which initially
has an oblique shape, is inflated and then deflated until the
shock is completely detached. The observed transition of
the bow shock could be attributed to a changing separation
behaviour of the flow within the base cavity. Interestingly,
the angle range of the bow shock’s transition in the stagnation

Fig. 6. Aerodynamic coefficients of different cylindrical bod-
ies from several tests with different initial orientations as a
function of total AoA compared to past cylinder experiments
[8]

region correlates with the range of the deviations of force
coefficients between the dogbone and nozzle body, as shown
in Figure 6.

4.2. Effect of roll rotation

To analyse the effect of the roll rotation, cylinders at an ini-
tial AoA of 90◦ were initially rotated around their longitu-
dinal axis, whereby a counter-clockwise (CCW) rotation is
positive and is designated as ”+” in the legends of the follow-
ing figures. The motion of the models without initial rotation
arises in an xz-plane and has just one variable angular dis-
placement with the AoA, so that it is assumed to be 3DoF.



Fig. 7. Change in the bow shock’s shape for a nozzle configuration with α0 = 90◦ and f = 0 Hz in schlieren images

In contrast, the initial roll rotation causes an additional yaw
rotation and spanwise displacement within the core flow, re-
sulting in a 6DoF motion. Figure 8 presents the time series
of the aerodynamic angles AoA and AoS for several cylinder
configurations with different rotational frequencies and direc-
tions of rotation. What stands out in this line chart is that the
rotational settings have a large influence on the evolution of
AoA and AoS, with the deviations from the non-rotated cases
increasing over time after entering the core flow. The decrease
in AoA of cylinders with initial rolling is weaker than with-
out initial rotation, whereby the differences become stronger
at higher rotational frequencies and even cause a trend rever-
sal. In doing so, the impact of the negative pitching moment
due to the inhomogeneous total pressure distribution of the
shear layer is counteracted by the rolling motion, resulting in
a stabilising effect. However, it seems that the evolution of
AoA is not affected by the direction of rotation. In contrast,
the evolution of AoS depends significantly on the direction
of the roll rotation. A positive roll velocity causes a negative
change in the AoS, and vice versa. By increasing the absolute
rotational frequency, the absolute change in AoS rises. These
results are somehow surprising, because the circumferential
velocity of the extreme case is significantly lower than the
free-stream velocity having a relative difference of 0.15%.

Up to this point, it is not clear whether this complex ro-
tation is an aerodynamic effect or something else. However,
a possible explanation for this might be the mechanical ef-
fect of precession, whereby a change in the orientation of the
rotational axis occurs for rotating bodies as a result of an in-
duced moment. For an exemplary test case with a rotational
frequency of 2.5 Hz, the angular velocities of precession are
determined based on the angular velocities and accelerations
from measurements. In Figure 9, these angular velocities are
compared with the values from the stereo tracking for the
pitch and yaw components. It is apparent from this line chart
that no significant differences were found between the veloc-

Fig. 8. Time series of the cylinder’s aerodynamic angles AoA
(green lines) and AoS (blue lines) with initial-forced roll mo-
tion at different rotational frequencies and directions of rota-
tion

ities from measurement and precession calculation. Hence,
these results suggest that the observed changes in AoA and
AoS are due to a mechanical effect and that the aerodynamic
effect of roll rotation is insignificant at the present frequen-
cies.

Regarding the flight trajectories, no significant effect
of the roll motion is apparent. The same applies to the
corresponding aerodynamic force coefficients CD and CL,
whereby they show good agreement with experimental data
without initial rotation as a function of the total angle of
attack. Taken together, these outcomes indicate that the ef-
fect of roll rotation on the aerodynamic loads is negligible
at the current low rotational frequencies compared to the
free-stream conditions.



Fig. 9. Comparison of angular velocities from measurement
and precession analysis for an exemplary test

4.3. Effect of yaw rotation

The effect of yaw rotation was studied by means of cylinders
at an initial AoA of 0◦ being initially rotated around their nor-
mal axis. Figure 10 depicts flight trajectories of the cylinder
with and without initial yawing in the xz-plane for different
rotational settings. It is apparent from this line chart that the
trajectories of initially yawing cylinders are largely between
the curves of the initially fixed ones of α0 = 0◦ and β0 = 90◦.
This result is not surprising since the average frontal wetted
area of the former with the base area is lower and that of the
latter with the lateral surface area is higher than of the yawing
configurations. One of the implications emerging from this
finding is that an average trajectory can be assumed for yaw-
ing cylinders compared to non-rotated ones, regardless of the
rotational settings.

Fig. 10. Flight trajectories of the cylinder with initial-forced
yaw motion at different rotational frequency and direction of
rotation

As far as the rotational behaviour is concerned, small
changes occur in the AoA and the roll angle over time, which
are in the order of magnitude of up to 10◦ depending on the
rotational frequency. These oscillations are also apparent
in the graphs of the moment coefficients in Figure 11 for
different rotational frequencies, where the aerodynamic coef-
ficients for the rolling moment (Cl), pitching moment (Cm)
and yawing moment (Cn) are presented. It is noteworthy
that the frequency of pitching with 20 Hz is twice as high
as that of rolling and yawing for the test case with an initial
frequency of 10 Hz, for example. Several factors can explain
this observation. First, the effect of precession also occurs in
configurations with initial yawing as with rolling (see Sec-
tion 4.2). Second, the yawing moment, that has an indirect
effect on the AoA, features a period of 180◦ according to [8].
Both factors taken together may explain the doubling of fre-
quency. Closer inspections at the rotational behaviour show
that the motion of an initial yawing cylinder is much more
complex, as continuous changes in AoS cause continuous
changes in the yawing moment coefficient unlike the rolling
configurations. In doing so, an interaction between the pre-
cession effect and the aerodynamic moments arises, whereby
the angular velocities due to precession depend on the in-
duced moments and the aerodynamic moments depend on the
aerodynamic angles as a result of the prevailing angular ve-
locities. Another result that stands out from Figure 11 is that
the pitching coefficient is much higher than the yawing coef-
ficient for the cylinder with initial-forced rotation. Thereby,
maximum values of up to Cm = 0.7 are reached for the test
with f = 10 Hz, which are nearly ten times higher than the
maximum moment coefficient of the cylinder without initial
rotation (see Figure 6). This observation is probably a result
of the described interaction of precession and aerodynamics.

Fig. 11. Time series of the cylinder’s moment coefficients
Cl (red lines), Cm (green lines), Cn (blue lines) with initial-
forced yaw motion at different rotational frequencies and di-
rections of rotation



The aerodynamic and motion behaviour described above
were also observed in the experiments of the cylindrical bod-
ies with cavities.

5. CONCLUSION

In this study, the aero-thermodynamic effects that occur dur-
ing the re-entry of rotating cylindrical bodies with concave
and convex shapes into the atmosphere are analysed. At
DLR’s H2K in Cologne, two test series at Mach 7 were car-
ried out with infrared measurements to examine the aerother-
mal loads and free-flight tests with stereo tracking to investi-
gate the aerodynamic loads. Configurations with and without
forced roll and yaw rotation were studied.

Broadly speaking, the experiments have shown that the
rotation of the body leads to an averaging of the surface tem-
peratures and the flight trajectory between the extremes. In
doing so, the rotation causes a homogenisation of the surface
temperature independent of the rotational frequency, so that
the maximum temperatures and thus the peak thermal loads
are reduced. For a constantly rolling cylinders in cross flow,
this study has identified stripe-like patterns in the flow di-
rection at the centre region of the lateral surface during the
infrared measurements, which depend on the Reynolds num-
ber and are independent of the rotational frequency. The re-
sults of the free-flight tests indicate a precession motion for
initially yawing or rolling cylinders as opposed to stationary
ones, where the body undergoes a three-dimensional motion
once the aerodynamic pitching moment is non-zero. How-
ever, no rotation-induced aerodynamic effects on the motion
behaviour, such as the Magnus effect, were ascertained for
the investigated configurations. Interestingly, an interaction
between the torque-induced precession and the aerodynamic
moment was found for the configuration with initial yaw ro-
tation. Furthermore, an unexpected transition phase in the
flow topology between oblique to detached bow shock was
observed for the cylindrical bodies with a cavity in the base
surface, whereby the shape of the bow shock first inflates and
then deflates.

For future evaluation, it is planned to merge and analyse
the infrared measurement data from all three cameras in order
to carry out 1D heat transfer calculations for determining the
heat fluxes and Stanton numbers.
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