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Abstract

Two measurement setup configurations for high-altitude in-flight experiments are evaluated, with the configu-
ration where the test airfoil is mounted vertically under the test aircraft wing showing clear advantages. The
test airfoil design as well as the design of systems architecture based on the aforementioned configuration is
presented. The steady 3D RANS numerical simulations with the transitional (y— Rey) SST turbulence model
have been used to examine the effects of the test aircraft on the flow field around the test airfoil. Based on the
analysis of the pressure and skin friction coefficient distributions it can be concluded that the flow field around
the test airfoil is uniform between between s/c =0.29to s/c = 0.71.
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1. Introduction

High-Altitude Pseudo-Satellites or High-Altitude Platform Systems (HAPS), are Unmanned Aerial
Vehicles (UAVs) designed to operate within the lower layer of the stratosphere at altitudes between
15 and 20 km. Compared to traditional satellite systems, HAPS have lower operational costs, are
simple to deploy, and have the potential to provide local aerial coverage for prolonged periods of
time. Due to very limited energy storage capacity onboard HAPS, they have to rely on solar panels to
charge batteries to power the propulsion and other onboard systems. Therefore accurately predicting
the flow behaviour at high altitudes and designing airfoils with superior aerodynamic efficiency would
allow for longer deployment times or greater payload carrying capacity [1}, 2, [3].

Operating at high altitudes and at low speeds poses numerous challenges, particularly in terms of the
flow around HAPS wings. In such operational conditions, the flow is characterized by low temperature
T ~ 217K, low Mach number Ma ~ 0.1 — 0.2, and low chord-based Reynolds number Re. < 5 x 10°.
It is known that airfoil performance deteriorates in the low Reynolds number regime, mainly due to
the frequent occurrence of Laminar Separation Bubbles (LSB), which leads to a decrease in lift and
an increase in drag [4, 5, 6l 7, 8, [9]. Moreover, in such conditions flow separation, transition, and
formation of the LSB are all very sensitive to changes in Reynolds number, pressure gradient, and
external perturbations. Because of the important role of separation and transition on boundary layer
development, their small changes can have a significant effect on the overall performance of the airfoil
Given the complex nature of the flow around the HAPS wings, performing in-flight experiments under
HAPS operating conditions has the potential to bring new insights into the flow phenomena and bridge
the gap between ground testing experiments and numerical simulations. However, the successful
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execution of in-flight experiments requires meticulous planning from the early design stages to avoid
unnecessary expenses and ensure the safe execution of experimental measurements.

2. Objectives and overview of experimental configurations

The goal of this work is to design a measurement setup for high-altitude in-flight experiments and to
investigate the aerodynamic impact of the in-flight experimental configuration on the test aircraft and
test airfoil. The in-flight experimental measurements will be performed on the DU89-134/14 airfoll
due to its close geometrical similarity with an airfoil used in a HAPS flight demonstrator currently
under development. The HAPS flight demonstrator depicted in Figure [f]is an evolution of an existing
sailplane which retains its original wing design and will be used as an unmanned test aircraft platform
for the experimental measurements.
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Figure 1 — HAPS flight demonstrator HO01 by Stemme Belgium under development

To gather knowledge about the flow properties around the DU89-134 airfoil in the operational condi-
tions of HAPS, several experimental methods that have been proven in in-flight experiments will be
employed. Pressure measurements are common in various in-flight experiments [13] 14, 15| [16] and
will be used to the determine pressure distributions around the test airfoil, while the Infrared Ther-
mography (IRT) [17, (18] and Temperature Sensitive Paint (TSP) [19, [20] experimental methods will
be used to study the laminar-turbulent transition over the suction side of the test airfoil.

With the stated experimental objectives in mind, it is necessary to determine the location of the test
airfoil which will allow for the installation of the pressure sensors and the location of the infrared and
high-speed cameras which will allow for a good Field Of View (FOV) for IRT and TSP experiments.
Common approaches to in-flight experiments include mounting the test airfoil vertically under the ex-
isting test aircraft wing and observing the test airfoil with a camera mounted in the cockpit or fuselage
of the high-wing test aircraft [21] 22]. This configuration of the HAPS demonstrator with the test airfoil
is illustrated in Fig The main advantages of this approach are that it offers plenty of space for
test airfoil instrumentation, has small aerodynamic and structural impact, and is relatively easy to
manufacture. Moreover, existing hardpoints can be used for mounting. Space for instrumentation
is available within the airfoil as well as in the main wing immediately above the existing hard point
openings. On the other hand, the flow quality can be affected due to the small aspect ratio of the test
airfoil and the proximity of the test aircraft wing. In this case, the aspect ratio is limited by the ground
clearance safety margin to ensure safe take-off and landing, therefore the maximal possible span of
the test airfoil is 0.7m. To mitigate the the effects of a small aspect ratio and wing tip recirculation the
end plate that extends 25 mm will be added to the test airfoil.

Another common approach is to mount the test airfoil around the existing test aircraft wing in a so-
called "wing glove" and then place the cameras either in the fuselage/cockpit for low-wing aircraft
23, [13] or on a pylon above the fuselage/cockpit for high-wing aircraft [24]. This configuration
is depicted in Fig. similarly to the previous case this configuration has a small aerodynamic and
structural impact. However, when compared to the previous configuration, it offers less space for
test airfoil instrumentation, as sensors and cabling cannot be installed inside the airfoil due to the
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(a) Configuration 1 - Test airfoil mounted (b) Configuration 2 - Test airfoil mounted over the
vertically under the test aircraft wing, IR and test aircraft wing, IR and high-speed cameras are
high-speed cameras are placed in cockpit placed in a pod on a pylon above fuselage

Figure 2 — Different configurations for mounting the test airfoil and positioning the infrared and
high-speed cameras on the test aircraft. NB: The images are not an accurate representation of the
test aircraft, test airfoil or camera positions and are used only for illustrative purposes

thin shell around the existing wing, making integration challenging without tampering with the existing
wing skin. Furthermore, there is a high risk of camera pod flutter because it is placed on a pylon
above the fuselage/cockpit.

A comparative overview between the two configurations is given in Table [1l Although Configuration
2 in theory offers better flow quality over the test airfoil it also introduces a high risk of flutter and
increases manufacturing complexity, therefore after careful evaluation, it was decided to proceed
towards the in-flight tests with Configuration 1.

Test airfoil configuration Configuration 1 Configuration 2
Aerodynamic impact of test airfoil
Structural impact of test airfoil
Flutter impact of test airfoil Medium
Flutter impact of camera pod
Flow quality over test airfoil Good
Camera integration difficulty Medium
Test airfoil instrumentation Space constrained
Manufacturing difficulty | Medium
Table 1 — Comparative assessments of different in-flight experimental configurations,

green=advantage, yellow=neutral, red=disadvantage

3. Design of measurement setup
3.1 Test airfoil

The DU89-134/14 test airfoil is going to be manufactured out of basalt composite wrapped around the
foam core and is going to be attached vertically under the test aircraft wing (Fig. on the existing
hardpoints. This particular location has been chosen because it allows a good field of view (FOV) for
the infrared and optical high-speed cameras and has a minimal aerodynamic and structural impact on
the test aircraft. The angle of attack adjustment is going to be made via the attachment plate between
the test airfoil and the test aircraft wing displayed in Fig. This setup will allow adjustment of the
angle of attack from oo = —1° to @ = 7° in one-degree increments by rotating the attachment plate and
securing it with bolts to the corresponding holes. To allow the installation of pressure sensors and
other necessary equipment the access door has been foreseen on the pressure side of the airfoil as
depicted in Fig. [3c|
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(a) Test airfoil attachment plate (b) DU89-134/14 test airfoil (c) DU89-134/14 test airfoil

used for the adjustment of angle suction side with the end plate at pressure side with access door
of attack the tip for airfoil instrumentation

Figure 3 — Concept overview of the test airfoil assembly

3.2 Systems architecture

The measurement setup systems architecture schematic is displayed in Figure [4] Given that the
test aircraft is unmanned at those altitudes, the data acquisition (DAQ) is started with the trigger
signal from the ground control or after a specified time delay. Once the trigger signal is received, the
DAQ device (NI cRIO-9055) starts recording images from the Phantom VEO-E 340L high-speed and
FLIR A655sc infrared cameras as well as amplified voltage signals from Taipro differential pressure
sensors and Bosch BMP 280 absolute pressure sensors. The cryo-TSP that will be provided by the
German Aerospace Center (DLR) is excited with UV LED light which is powered continuously. Since
the cryo-TSP and IRT experimental methods require a difference in temperature between the test
airfoil and the flow to detect laminar-turbulent transition, the test airfoil is equipped with a resistive
electrical heating system.

/
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Placed msnde test airfoil Test airfoil

T heating
1 x CDAQ 20 x AD620 - 20 x Taipro Reference

amplifier pressure sensor pressure box
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Figure 4 — Systems architecture schematic
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3.3 IR camera field of view

The field of view of the IR camera was evaluated by building a true-to-scale replica of the test airfoil
with the camera placed in the same position with respect to the test airfoil as in in-flight tests. Fig.
shows the FOV of the IR camera with lenses of different focal lengths f. As it can be seen from Fig.
IR camera equipped with the lenses of f = 41.3mm captures the biggest section of the test airfoil
chord and is, therefore, the preferred lens choice for the in-flight experiments. Since the FOV of the
IR camera is skewed fiducial location markers similar to [25] will be used to dewarp the IR images.
The red band depicted in Fig. [5] corresponds to the heated part of the test airfoil replica and is not
representative of the final design.

(a) Lens focal length of f = 13.1mm (b) Lens focal length of f =24.6mm (c) Lens focal length of f =41.3mm

Figure 5 — IR camera FOV assessment using different focal length lenses

4. Numerical simulations

4.1 Spatial domain, discretization and boundary conditions

The spatial domain depicted in Fig. [6]is 75 test airfoil chord lengths long, 50 high and 25 wide, with
the test aircraft placed at 25 test airfoil chord lengths from the inlet, top, bottom and side wall. The
DU89-134/14 test airfoil is positioned in the exact same location on the test aircraft as it will be during
in-flight experiments and is set at an angle of attack (AoA) of a = 5° relative to the free-stream flow.
The chord length of the DU89-134/14 test airfoil is ¢ = 0.6m and the span corresponds to s =0.7m. A
refinement region is applied around the test airfoil with the length of 16.6 chords and width and height
of 3.3 chords.

To reduce the computational cost, a symmetry plane was placed through the mid-plane of the test
aircraft. Furthermore, the test aircraft propeller with a diameter of 2m was replaced with an actuator
disk to match thrust. The swirl caused by the propeller is neglected. Slip-wall boundary conditions
were assigned to the outer walls of the computational domain, no-slip wall boundary conditions to the
test aircraft and DU89-134/14 test airfoil and finally velocity inlet and pressure outlet were assigned
to the corresponding planes.

Spatial domain discretization was performed with ANSYS Fluent Meshing version 2023R2 using poly-
hexacore mesh. The DU89-134/14 test airfoil was discretized with the surface mesh cell size of 2mm
and 30 inflation layers with a first layer height of 0.025mm and growth rate of 1.1 to ensure that the
wall y* values remain below 1. The rest of the test aircraft was discretized using a surface mesh cell
size of 20mm and 20 inflation layers with a first layer height of 0.25mm and growth rate of 1.2. Lastly,
the refinement region around the test airfoil was discretized using a volume mesh size of S0mm. The
final mesh consisted of 15.63 x 10° cells and 33.62 x 10° computational nodes.

4.2 Numerical model

The steady 3D RANS simulations of the flow around the test aircraft and DU89-134/14 test airfoil
are performed with the transitional (y— Reg) SST turbulence model integrated within the commercial
software ANSYS Fluent version 2023R2. The transitional SST model couples the shear-stress trans-
port model (k— @ SST) developed by Menter [26] with the transport equations for the intermittency y
and transition momentum thickness Reynolds number Reg [27,[28]. This particular turbulence model
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Figure 6 — Spatial domain dimensions with boundary conditions and refinement region around the
DU89-134/14 test airfoil
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(a) Far-field spatial discretizaton (b) Near-field spatial discretization

Figure 7 — Spatial domain discretization for the test airfoil at a spanwise location of s/c = 0.43

has been chosen because of its good accuracy in predicting flow separation in low Reynolds number
flows and acceptable computational cost [29].

4.3 Computational settings

Pressure—velocity coupling is performed with the Coupled algorithm. The Green—Gauss node scheme
is used for the gradient evaluation while second-order interpolation is used for the pressure equation
and second-order upwind discretization schemes are used for the convective terms.

The free-stream inlet velocity, air density, and air dynamic viscosity are chosen to correspond to the
DU89-134/14 test airfoil chord-based Reynolds number of Re. = 5 x 10° at 16km of altitude. Param-
eters used for modelling the propeller, like disk inlet velocity magnitude and mass flow outlet rate
were based on the thrust coefficient and rotational speed of the propeller in similar flow conditions
according to [30].

5. Results
Pressure and skin friction coefficient distributions over the test airfoil pressure and suction sides under
an angle of attack of a = 5° are depicted in Fig. [9] They are assessed for different spanwise locations
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depicted in Fig. |8/ along the test airfoil to observe if there is a significant flow nonuniformity between
the root and the tip of the airfoil.

s/c=0.14
s/c=0.29
s/c=0.43
s/c=0.57
s/c=0.71
s/c=0.86

Figure 8 — Close-up view of the inspection planes along the span of the DU89-134/14 test airfoil
used to compare pressure and skin friction coefficients in Fig @

From the pressure coefficient distributions in Fig. it can be seen that for the pressure side of the
test airfoil, they show very similar behaviour over the chord and along the span. On the other hand,
by observing the pressure coefficient distributions over the suction side it can be concluded that the
flow field is fairly uniform between s/c =0.29 to s/c = 0.71, while for s/c = 0.14 and s/c = 0.86, it can
be noted that the pressure coefficient distributions show different values. The same flow features
can be spotted by observing the skin friction coefficient distributions in Fig. [9b] Over the pressure
side of the test airfoil, the skin friction coefficient values show almost identical behaviour while over
the suction side, only the values for s/c = 0.14 and s/c = 0.86 significantly differ from other spanwise
locations. This behaviour can be explained by taking a closer look at the velocity magnitude contours
displayed in Fig. [T1al and Fig. [T1b]where it can be seen that over the suction side of the test airfoll,
there is a spanwise decrease of velocity magnitude from the root of the airfoil towards the airfoil tip.
This explains the higher suction peak in the pressure coefficient distribution for s/c = 0.14 and the
gradual decrease in suction towards s/c = 0.86.
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(a) Pressure coefficient distributions (b) Skin friction coefficient distributions

Figure 9 — Pressure and skin friction coefficient distributions for different spanwise inspection planes
from Fig. [§]

Velocity magnitude contours illustrated in Fig. [T0]and in Fig[TT] exhibit that the propeller wake has a
negligible effect on the flow around the test airfoil. Conversely by carefully observing the flow field
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in Fig. [10al[T0b| and [10c] it can be seen that the test airfoil is located in an area of lower velocity
magnitude compared to the freestream velocity magnitude, which is caused by the test aircraft airfoil
located just above the test airfoil.

(a) s/c =0.428 (b) s/c=0.571 (€) s/c=0.714
Figure 10 — Velocity magnitude contours for different spanwise locations along DU89-143/14 test
airfoil
(@) x/c=0 (b) x/c=0.5 () x/c=1

Figure 11 — Velocity magnitude contours for different chordwise locations along DU89-143/14 test
airfoil

6. Conclusions

Based on the presented results it can be concluded that the measurement setup for high-altitude
in-flight experiments with the test airfoil mounted vertically under the test aircraft wing has a minor
aerodynamic impact on the test aircraft. Simultaneously this configuration allows for good field of
view for infrared and high-speed cameras, as well as plenty of space for test airfoil instrumentation.
The 3D RANS numerical simulations showed that the flow quality over the mid-span section of the
test airfoil is satisfactory and is not greatly affected by the test aircraft and therefore allows performing
in-flight experimental measurements.
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