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Various cargo drop configurations have been analyzed using stereoscopic Particle Image
Velocimetry (SPIV). The PIV measurement planes were located at several positions in the
wake of a generic transport aircraft model with an open ramp. The stream- and spanwise
positioning of the wind tunnel model was facilitated by means of positioning mechanism of
the wind tunnel facility. The first measured configuration consisted of only the wake of the
transport aircraft. The cargo configurations consisted of a model of a cargo container,
including a rigid parachute and a cargo with an airdrop support platform. A fixed haltering
mechanism was used to keep the cargo at a fixed position behind the wind tunnel model for
the PIV measurements. The resulting velocity fields (obtained at several chord wise
positions) are used to discuss the flow topologies for these airdrop configurations.

Nomenclature
L, H, B
ReC
ReH
U∞
|V|
x, y, z
u, v, w
α
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=

length, height and width of cargo model
Reynolds number based chord length of wind tunnel model
Reynolds number based on height of cargo model
free stream velocity
magnitude of velocity
Cartesian axis system
velocity component in x, y and z-direction, respectively
angle of attack

I. Introduction

IRCRAFT in cargo drop configurations are subject to challenging flight conditions: they fly with an open ramp
at low velocities at high-lift conditions (probably at low altitudes) exhibit a shifting center of mass while
unloading (heavy) cargo. Some of the implications of these flight conditions are large separated regions in the wake
of an aircraft with an open ramp (and/or doors), increased vortex regions due to the high-lift systems of the aircraft,
and separated regions due to the bluff body cargo and inflating parachute(s) at the deployment phase1. In addition,
the flight handling characteristics are constantly changing due to the moving cargo and require extensive system
control techniques2. Thus the flow around such configurations is inherently unsteady. To further complicate the
nature of these flow conditions, the aforementioned characteristics will influence each other. The research of the
combined aerodynamic effects of an aircraft, cargo and parachute are consequently also very complex and as a result
the aerodynamic research on cargo configurations has focused on the analysis of single aspects. Yet combined
effects might be beneficial (e.g. drag reduction on parachute3), and necessary/mandatory for prediction tools and
cannot be inferred from single evaluations alone. In addition, the flow aspects ultimately need to be considered in
dependence because of the mutual, and complex, interactions4. While flight testing of such conditions can be
hazardous5-7 and expensive, prediction tools are needed for the evaluation of cargo drop configurations in order to
assess the properties of cargo configurations without compromising the safety of personnel and/or equipment.
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The flow patterns around the cargo have close resemblance to those found for bluff body flow 8,9. Yet, the main
drivers for bluff body investigations are for free or flexible structures such as cables, buildings and bridges.
Dedicated experimental studies on the motion10 and aerodynamics11 of airdrop platforms indicate that the forces on
the platform are governed by 3D transient flow phenomena. The same holds for a numerical simulation of the flow
around a typical cargo container12, or a parachute model13. The aerodynamics of parachutes has been studied as well
and it is noted that for the deployment phase the aircraft wake may have a significant influence on the parachute
behavior1. Vortex shedding analysis of a parachute canopy indicates that the associated Strouhal number is
significantly higher as for other axisymmetric bluff bodies14. Even the process of parachute inflation can to some
extent be simulated15. Fluid-structure analysis is possible for the final parachute descent phase16. Also the simulation
of a paratrooper drop has been simulated17. The analysis of combined effects is restricted to the investigation of
vortices18 or forebodies3 with parachutes. While the effects of the aircraft wake on the parachute are recognized
several studies have been devoted to the numerical and experimental investigation of the wake effects of an aircraft
with an open ramp19-22. Computational investigations of the wake effects of an open ramp on a cargo parachute have
been also been performed23,24 using Detached Eddy Simulation (DES) and for parachute fluid-structure
interactions25. Despite the ongoing work in the complete assessment of cargo airdrop configurations, no experiments
are reported in the open literature for the coupled investigation of the impact of the near wake of an aircraft with an
open ramp on a trailing cargo/parachute combination.
The current paper presents the results of stereoscopic Particle Image Velocimetry (PIV) measurements for the
investigation of the flow field topologies for various cargo configurations, including the ultimate configuration of an
open ramp aircraft with (fixed) cargo and a (rigid) parachute. Although the transient flow phenomena may have a
significant effect on the flow features26, actual PIV measurements on moving cargos are complicated for various
reasons: only a limited amount of data (e.g. number of independent data sets for statistical convergence) would be
achieved, the reproducibility of actual cargo trajectories and their initial conditions is questionable, and the falling
and rotating bodies could induce laserlight reflections into the cameras. Therefore, it has been decided to perform
static measurements on a cargo with a fixed haltering mechanism. This facilitates control over the experimental
conditions and, in addition, still allows a future validation with time-averaged computational fluid dynamics (CFD)
datasets. The present paper is a continuation of project work within the DLR projects “MiTraPor (Military Transport
Aircraft) I and II”. In the first project a validation experiment has been carried out for the investigation of the flow
topology on a transport aircraft with an open ramp22. The validated numerical flow fields have been subsequent used
in cargo drop simulations27-29. The focus in the follow-on project MiTraPor II is on the assessment of flow fields on
actual, yet simplified, cargo configurations. Again, for aircraft simulations knowledge on the velocity fields is
necessary for an accurate determination of the simulations.

II. Details of the Experimental Set-up
A. Wind Tunnel and Wind Tunnel Model
The experiments have been carried out in the low speed wind tunnel facility in Braunschweig, DNW-NWB. This
wind tunnel is an atmospheric wind tunnel with a closed return circuit. The wind tunnel is used in an open mode and
has a cross sectional area of 3.25 m x 2.8 m and a contraction ratio 1:5.6. The ‘Model Positioning Mechanism
(MPM)’30 has been used to position the wind tunnel model at two locations in flow direction and in several planes in
spanwise direction. This is advantageous from a PIV point of view while the measurement planes (e.g. the cameras
and laser light sheet position) remain fixed and no additional calibrations or traversing is necessary. The facility has
recently been renovated for acoustic frequencies range of up-to 40 kHz31. One concern was that the PIV seeding (DiEthyl-Hexyl-Sebacat, DEHS) would have an influence on the acoustic damping of the anechoic material. Therefore
only minimal amounts of seeding were allowed. Its effect on the particle images is discussed in Section II.E.
The wind tunnel model is a generic representative of a military transport aircraft. Propellers are not included and
turbulent boundary layer transition is enforced by zig-zag tape on the nose, the propeller pylons and the wing
leading edge (on both the pressure and suction side) as well as on the horizontal and vertical tailplane leading edges.
It has a wing-span of approximately 2 m and has a scale factor of 1:21. The wind tunnel model is connected to the
MPM and wind tunnel balance by a dorsal sting which minimizes its influence on the flow in the open ramp area.
B. Mounting of Cargo and Parachute Models
In order to facilitate ensemble-averaged PIV data of statistically independent snapshots of velocity vector fields
on a given configuration, the cargo needs to be kept fixed. A custom-made support mechanism was designed for the
positioning of the cargo with respect to the open ramp. Figure 1a shows a CAD drawing of the cargo support and
Fig. 1b shows a picture of the cargo mount with cargo and parachute attached. The requirements for multiple
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positioning possibilities as well as to ensure enough stiffness for a vibration-free mounting leads to some artificial,
but inevitable, flow introduced into the cargo bay area by the mount itself. The mounting is painted with acrylic
black paint doped with Rhodamine (a fluorescence molecule) in order to reduce reflections from impinging laser
light.
The dimensions of the cargo are (L x H x B) 110 mm x 50 mm x 90 mm. The parachute (representing a rigid
thin-walled hemisphere) has an outer diameter of 130 mm. The parachute has a vent hole at its apex (with a diameter
of 20 mm), which is shown to decrease its drag and suppress its induced vortex wake32, similar to passive bluff body
drag reductions33,34.
The parachute is connected to the cargo with 3 carbon-fiber rods with a length of 215 mm. While for cargo
airdrop simulations in a wind tunnel special attention has to be applied to the correct scaling of the mass of the
cargo28, it has negligible influence on static measurements. However, one important aspect of scaling of cargo
simulation is that the wind tunnel speed needs to be scaled proportional to the square root of the scaling factor28.
This implies that the relevant wind tunnel velocities will be relatively low. Measurements are performed at 18, 36
and 54 m/s, where the 2 lower velocities are the most representative for airdrop simulations.

Cargo
support

a) Drawing of the cargo support
Figure 1.
Overview of cargo support.
Table 1

Case A
Case B
Case C
Case D

b) Picture of mounted cargo and parachute

Test matrix (results of bold faced items are
discussed in the current paper)
(absolute) Angle of attack [deg]
Model
Cargo
0
0
30
6
25
6
25

Wind tunnel
velocity [m/s]
18; 36
18; 36
18; 36; 54
36; 54

Table 2

Relevant Reynolds numbers

Wind tunnel
velocity [m/s]
18
36
54

Reynolds number
ReH
ReC
5
0.9·10
0.5·106
5
1.9·10
1.0·106
5
2.8·10
1.5·106

C. Overview of Measured Cargo Configurations
In order of complexity the following configurations have been tested for the evaluation of the experimental flow
fields. An overview of the measurement conditions can be found in Table 1. The Reynolds number based on the
chord length and the cargo height are listed in Table 2.
Flow behind an open ramp with:
- no cargo and parachute, Case A
- cargo and parachute; Case B
- cargo; Case C
- cargo on a support platform; Case D
D. PIV Apparatus
Stereoscopic Particle Image Velocimetry35 (SPIV) has been used to study the flow topology around several cargo
airdrop configurations. The geometric model conditions present challenging conditions for performing PIV
measurements. First, the cargo will introduce various shadow regions due to laser light sheet blockage as well as an
3
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optical blockage due to restricted views from the cameras. The laser light sheet blockage can be partially minimized
by using two overlapping laser light sheets, see Fig. 2a. However, the optical access of the cameras limits the
viewing angles of the cameras to about 90 deg and 50 deg (in backward scattering direction). The various
components of the set-up in the wind tunnel are annotated in Fig. 2a.
Two double-cavity Nd:YAG laser systems have been used for the generation of the two overlapping laser light
sheets: a BigSky laser (nominal output 360 mJ per pulse) and a Spitlight 1000 laser (nominal output 500 mJ per
pulse). Two PCO4000 (11MP) scientific cameras have been used in a stereoscopic arrangement for the recording of
the particle frames. Figure 2b shows a close-up of the left camera. Although Rhodamine (for laser light flare
reduction) has been applied on various parts the models (wind tunnel model, cargo, and parachute), the cameras
have not been equipped with band pass filters as this would reduce the scattered light intensity even more. Timing of
the transistor-transistor-logic (TTL) signals of camera and laser systems is coordinated using a dedicated
sequencer36.
Di-Ethyl-Hexyl-Sebacat (DEHS) is used as a seeding material, which due to wind tunnel restrictions was only
allowed in very limited amounts. Adjusted seeding pots were used in order to minimize the particle production and
to retain particles larger than 1 μm within the seeding pots. These particular seeding generators are improved
versions of previous seeding generators. The main improvement is the reduction of excess seeding. This generator
incorporates 5 Laskin nozzles, with 20 holes per nozzle, being immersed in the DEHS. Compressed air was blown
through the Laskin nozzles at ~1.2 bar producing a mist of particles in the space above the liquid. The air with
particles was then guided through small nozzles perpendicular to an impactor plate inside of a cylindrical reservoir
and was released at a separate position. Thus oversized particles are filtered and retained in the impactor and keeps
the wind tunnel model clean from bigger droplets impacting around stagnation point lines. The seeding particles are
DEHS droplets with an average diameter of 1 μm. However, during the measurement campaign the pressure supply
proved to be less than the required 8 bars for continuously seeding, which required additional modifications to the
seeding pots. The first modification consisted of removing one of the impactors, after which also half of the valves
of the seeding generators were closed in order to increase the mass flow through the seeding generators and to insure
that at least some seeding is produced. The seeding generators are placed underneath the wind tunnel collector, see
Fig. 2b. As a result of the insufficient amount of particles during wind tunnel operation non-ideal PIV measuring
conditions are present in the current set-up.
Wind tunnel model with
pallet and parachute

Laser light sheet
Seeding
inlet

Camera

Camera

Spitlight
Laser

Seeding
pots

b) Close-up of camera

BigSky
Laser

Laser light sheet

a) Laser light sheets at parachute configuration
Figure 2.
Laser light sheets at parachute configuration.

c) Rear view

E. Limited Scattered Particle Light Intensity
One severe limitation of the minimal amount of particles is the limited amount of scattered particle light
intensity. The scattered particle light intensity is additionally limited by the unfavorable stereoscopic arrangement
(e.g. 90 deg and 50 deg backward scattering direction). Secondly, the tail region with an open ramp, and even more
4
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for the parachute configuration, will cause laser light sheet reflections directed towards the cameras. Therefore
various post-processing techniques have been used in order to enhance the particle image quality. Background
subtraction and high pass filtering has been applied in order to remove the images of acoustic damping prisms in the
background. The original particle images are shown in Figs. 3a and 3d. These are preprocessed using a highpass
filter37, obtained by subtracting the original particle image with a lowpass filtered image with a kernel size of 7x7
pixel, Figs. 3b and 3e. Finally, a mask has been applied to the filtered images, see Figs. 3c and 3f. From these
images it is clear that there are complex regions with blooming, reflections and shadow regions. Although the highpass processing can filter some of the background issues, the blooming is mainly a dynamic event. In Fig. 3a it can
be seen that blooming occurs in the upper part of the image, which originates from reflections on a part of the wind
tunnel model outside of the field of view. Although it can be masked for this instantaneous instance, there might be
another instantaneous image, where the blooming is (slightly) larger as in this case, and would lead to erroneous
vectors in this area. The blooming effect occurs also for some cases on the parachute. Although two laser systems
have been used in order to reduce shadow areas, some regions are only accessible by one laser respectively, leading
to a reduced scattered light intensity in these regions. Additionally, the intensity gradient along the shadow lines
may cause additional erroneous vectors. Therefore in many cases these regions have been masked as well.

Blooming

Shadow

Shadow

a) Original image (left view)

b) High-pass filtered (left view)

c) Masked image (left view)
Artefact due to
readout error of
camera memory

Blooming

Shadow

d) Original image (right view)
e) High-pass filtered (right view)
f) Masked image (right view)
Figure 3.
Optimization process of particle images (Note: All images are converted to 8-bit format and are
contrast and histogram adjusted for display purposes and the shadow regions are, probably, only discernible
in the digital version of this paper).
F. PIV Evaluation Settings
Two component (2C) particle displacement vector fields are computed for both cameras using the ‘PIVview
software’38 (with multigrid interrogation windows and image deformation). By applying dewarping functions
according to the calibration and cross-correlation on the dewarped images 2C vector fields are determined for both
the left and right views. Using the camera positions, measured in mm accuracy using a tachymeter (‘Leica TPS
407’), relative to the field of view it is possible to reconstruct a three component (3C) velocity vector field of the
combined left and right views. The result is an instantaneous three component vector field. Reduced light intensity
or background light reflections limit the accuracy of the RMS (root-mean-square) values, due to a decreased signalto-noise ratio. For all measurements the average flow field is constructed over 500 instantaneous velocity fields.
These data ensure statistical convergence and allow a future comparison with computational data. Typical settings of
the PIV-analysis are summarized in Table 3. The vector spacing is about 1.67 mm x 1.67 mm. The accuracy of the
3D-positioning of the velocity planes with respect to the model is estimated to be about ±1.5 mm, mainly caused by
displacements of the wind tunnel model due to vibrations of the wind tunnel and aerodynamic forces acting on the
wind tunnel model.
5
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Table 3

PIV Parameter settings

Setting/parameter
Window size [pixel x pixel]
Stepsize [pixel]
Final resolution [mm x mm]
Grid spacing [mm x mm]
Field of view (after mapping) [mm x mm]
Highpass filter kernel size [pixel x pixel]
Nr. of images (per case)
Nr. of grid points (per image)
f-number
Lenses
Delta t [μs]
Velocity uncertainty (instantaneous)
Measurement plane uncertainty [mm]

a) Free stream

Value
24 x 24
10
4x4
1.67 x 1.67
673.3 x 521.6
7x7
500
405 x 314 (= 127170)
4
Zeiss: 135 mm (left) 180 mm (right)
60; 80; 160
<1% from Umax
± 1.5

b) Cargo and parachute

c) Cargo
d) Cargo on support platform
Figure 4.
Overview of (averaged) axial velocity distributions (U-component) at measured cases for a free
stream velocity of 36 m/s.

III. Results
Although a generic discussion of the individual configurations might have been pursued, it is more useful to
discuss the various flow topologies using the velocity and vorticity distributions and explain the effects of the
different configurations at those discussions. Note on the masked regions: the stereoscopic PIV camera arrangement
and the displacement of the wind tunnel model with respect to the cameras leads to double masked regions in the
mapped field of view caused by different line of sight of the left and right cameras (i.e. parallax).
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a) Cargo and parachute: V-component

b) Cargo on support platform: V-component

c) Cargo and parachute: W-component
d) Cargo on support platform: W-component
Figure 5.
Overview of (averaged) out-of-plane (V-component) and normal (W-component) velocity
distributions for selected cases at a free stream velocity of 36 m/s.
A. Averaged velocity
Results of the measurement campaign are presented in an overview in Fig. 4., with contours of the axial velocity
component respectively, at a free stream velocity of 36 m/s, for each of the cases listed in Table 1. Each of the
figures presents a 3D view on the left side of the figure and 4 (or 3) planar views of the velocity distributions. The
boundaries of corresponding planes are color coded (red, blue, green and black, where available), as well as in the
top view of the measurement area. It immediately gives an overview of several flow phenomena at each of the
configurations. The simplest case is the free stream configuration, Case A, in Fig. 4a. Here the only region of
interest is the wake of the open ramp and outside of this region no particular flow phenomena are expected22 because
the flow is predominantly 2D and is therefore omitted for any description.
In contrast, the flow around the (fixed) cargo and parachute combination, Case B, is the most complex, see Fig.
4b and Figs. 5a and 5c, with multiple separated regions. The regions have been numbered  to , in Fig. 4b. The
first one is the wake of the connection between the support rod and the cargo. The second one related to the wake of
the cargo itself. Wake 3 is an accelerated region partially connected to wake 4, which is caused by the deflection of
the wake by the parachute canopy. The parachute canopy wake, number 5, is the largest wake. In particular the
presence of the parachute canopy suppresses the wake of the cargo by a significant injection of flow in the wake of
the cargo. A prominent feature of the presence of the parachute can be seen in Fig. 5a for the plane near the edge of
the cargo (blue outlined): here there is significant flow going into positive y-direction at the rearward edge of the
cargo. This effect is not significant at the cargo only configurations, see Fig. 5b. For the cargo and cargo with
support plate configuration the cargo is nearest to the wind tunnel model and Fig. 5d seem to suggest that the
influence on the W-component remains minimal. However, in the figures of the U-component, Figs. 4c and 4d, the
influence of the separated wake on the cargo (at the upper corner) indicates that the region extends well into the
wake of the open ramp. This is important for future CFD simulations as this interfere with the location for the
envisaged cut-out for the cargo when using a Chimera technique.
Figures 4c and 4d show the velocity distribution for the cargo, Case C, and the cargo with support plate, Case D,
respectively. Apart from similar distributions, the support plate causes a larger momentum deficit in the wake of the
cargo in comparison to the cargo only case. Both cases will be compared in detail later. The effect of the larger wake
caused by the support plate is more significant for higher velocities, as can be seen by comparing to Figs. 6a and 6b,
which show the axial velocity distribution for a free stream velocity of 54 m/s.
7
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a) Cargo
b) Cargo on support platform
Figure 6.
Overview of (averaged) axial velocity distributions (U-component) at measured cases for a free
stream velocity of 54 m/s.
B. Instantaneous velocity
Although the Reynolds number for the wind tunnel model indicates that the flow is turbulent, the Reynolds number
based on the cargo height allows for intermittent turbulent regions, probably encountering periodic flow states.
Therefore an important aspect is to analyze the instantaneous flow fields in order to determine the extent of the
coherent structures in the various configurations. The major advantage of PIV as a measurement technique is the
availability of numerous instantaneous data sets. Figure 7 presents, for Case B to C, 2 representative instantaneous
velocity fields. The interaction between the cargo wake and the parachute canopy can be clearly observed in the
snapshot in Fig. 7a. In particular, there seems to be connection between the separated region of the cargo wake and
the upwards flow at the upper part of the parachute canopy. Though not represented here with images, results at
other instants indicate that there is indeed periodicity in the wake regions, even for the case without a cargo (case
A). The periodic vortex shedding and the wake interactions induce fluctuating forces on the parachute canopy. The
periodic flow phenomena are more pronounced in the case without a parachute, see Fig. 7b. Since there is no
interaction with other flow regions (i.e. parachute) the vortex street can evolve into a periodic shedding. Thus,
because of these periodic phenomena, there is likelihood that the roll rate of dropped cargo is influenced by the
fluid-structure interactions. A preliminary comparison of Proper Orthogonal Decompositions for various cases seem
to confirm that there are coherent events in the wake of the cargo, but a more detailed study is necessary in order to
exclude turbulent flow phenomena and 3D flow regimes. It seems to support Johari et al.39 who identified vortex
shedding phenomena even for a steady-state phase simulation in the flow behind a rigid canopy.

a) Cargo and parachute
b) Cargo
Overview of instantaneous axial velocity distributions at measured cases for a free stream
Figure 7.
velocity of 36 m/s.
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Figure 8.

Vorticity distribution at the parachute configuration for a free stream velocity of 36 m/s.

a) Cargo and parachute
b) Cargo
c) Cargo plate
Figure 9.
Vorticity distributions for selected planes at free stream velocity of 36 m/s.
C. Vorticity distributions
The time-averaged vorticity of the flow around the parachute canopy is presented in Fig. 8. The previously
determined wake regions can be clearly identified. There is significant (shear) vorticity created at the edges of the
(rigid) parachute canopy. The upwards deflected vorticity induces, in addition, an upward deflection of the cargo
wake. So there is large cargo wake-parachute interaction, with a suppression of the cargo wake. This is even more
elucidated by comparing the vorticity fields behind the cargo and cargo-plate wakes without the parachute
interaction in Fig. 9 for selected planes. In the cases without parachute interaction, Figs. 9b and 9c, the vorticity has
an elongated structure, stretching to at least the position of the parachute, indicating that indeed the parachute is
responsible for the upward deflection. Another difference is present at the upper separation wake between the case
with parachute and without. For the parachute configuration the upper separation is stronger in comparison to the
cargo, and cargo support plate, configurations. This might also be caused due to the influence of the parachute. The
interaction of the lower separation causes the upper wake to be displaced from the cargo and consequently triggers
the separation more pronounced at the upper corner of the cargo. Another difference is present at the most
downstream corner of the cargo: there is more negative vorticity induced at this corner as compared to the cargo
only configuration, indicating the parachute influence additionally causes significant 3D interactions with the cargo
wake. Thus, the distance of the parachute should be larger than the length of the cargo wake in order to prevent
strong interactions with the cargo wake.
9
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D. Effect of support platform
The influence of the cargo plate can be assessed by comparing the results for the cargo and the support plate and
the cargo only. The results for the out-of-plane velocity components (in the symmetry plane) are shown in Fig. 10. It
clearly indicates that the flow is not symmetric, since there are significant out-of-plane components. This can be
contributed to the fact that bluff bodies tend to have an asymmetric wake topology which affects in turn the
stagnation point at the front side of the cargo, which results in out-of-plane velocity component in opposite direction
to the wake. The asymmetry is not caused neither by the positioning of the wind tunnel model, nor the light sheet
plane, which have been carefully adjusted. Any asymmetrical set-up is believed to be small in respect to asymmetry
caused by the flow itself.
Comparing Figs. 10a and 10b with Figs. 10c and 10d indicates that the effect of the out-of-plane component is
larger for the higher free stream velocity, as can be expected. Fig. 10c shows that the effect of the out-of-plane
component is the largest for the cargo only in the near wake of the cargo. This can be attributed to a relatively 2D
flow field distribution with an associated (more-or-less) 2D vortex shedding. The effect of the inclusion cargo
support plate is that it will disturb such 2D distributions and cause a more random and turbulent wake. This is
confirmed by the lower (absolute) value of the out-of-plane velocity component in Fig. 10d. However, even in this
case there is still a significant out-of-plane component that will very likely induce lateral forces on the cargo (and
probably on a parachute) that will be present in the wake. In addition the higher values of the out-of-plane velocity
component, the higher out-of-plane velocities are carried downstream 1 to 2 lengths of the cargo for the case with
the support plate.

a) Cargo at 36 m/s

b) Cargo on support platform at 36 m/s

c) Cargo at 54 m/s
d) Cargo on support platform at 54 m/s
Figure 10. Influence of support plate on out-of-plane (V-component) flow field distributions; results in the
symmetry plane y = 0 are shown.

IV. Outlook
In the near future numerical calculations will be performed for similar configurations as presented for these
measurement campaigns. A few aspects of points highlighted are of pertinent importance. First of all, the
instantaneous velocity distributions (and a preliminary POD investigation) show that periodic phenomena occur in
the wake of the cargo and parachute. This indicates that a minimal requirement for a CFD investigation would be an
unsteady RANS simulation to include the periodic events. As a computational efficient technique the Chimera grid
10
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technique will be employed. This means that the region of the cargo will be modeled and simulated separately from
the grid of the (aircraft) model and will be constantly adjusted for the current position during the cargo drop. The
extent of the influence of the axial velocity component shows that there is an interaction between the wake of the
open ramp and separated region at the upward side of the cargo, which might require fine adjustments in the
selection of the Chimera regions. The preliminary Proper Orthogonal Decomposition (POD) analysis seems to
support the observance of periodic phenomena in the wake of the ramp, cargo and the parachute. Due to the large
amount of data and parameters (i.e. measurement planes and configurations), and their possible interaction, the POD
analysis is not finished yet.
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V. Conclusions
Stereoscopic Particle Image Velocimetry has been applied for the experimental investigation of the flow field
topologies at several cargo drop configurations. The configurations encompassed a cargo with parachute, a cargo
and a cargo with support plate. All cargo models were mounted rigidly at different distances to the open ramp
section of a wind tunnel model using a dedicated mounting. The PIV measurements were performed with limited
seeding, as the allowable amount of seeding was restricted by the wind tunnel operator. In order to increase the
signal-to-noise ratio of the particle images high-pass filtering and image background subtraction has been applied.
The PIV velocity and vorticity results show predominantly 2D flow phenomena for the case with the open ramp
only. The results for the cargo and cargo parachute combinations show strong 3D flow phenomena. For the cargo
parachute combination the results show various interactions between the wake regions. The wake behind the cargo is
deflected upward due to the presence of the parachute canopy, and the separation of the flow at the corners of the
cargo is also altered. The results for the cargo and cargo with support plate show less significant upward flow.
However, the instantaneous wakes of the cargo for both the cargo and cargo with support plate show evidence for
periodic vortex shedding from the lower separation point. The influence of the addition of the support plate is
evident on the out-of-plane flow field distribution and thus still could induce loads in the wake of the cargo. For the
near future a CFD analysis will be performed for similar configurations. The PIV data will be used for a validation
of the CFD results. In order to investigate the periodic phenomena the POD analysis needs to be performed on all
planes for the investigation of trends, which are predominantly 3D.
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