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Abstract

This paper discusses the wind tunnel test of a 37.5% scale model of a blended wing body unmanned aerial
vehicle. The model was mounted on a fixed belly-fairing sting, and the pitch variation was facilitated via a
linear actuator. The model and set-up were directly mounted on a force plate placed underneath the tunnel
floor. Aerodynamic loads were acquired at a range of wind tunnel velocities between 10m/s and 30m/s, corre-
sponding to a Reynolds number range between ∼246 000 and ∼760 000, and results show good repeatability
throughout the experimental campaign. A virtual wing tunnel was set up using computational fluid dynam-
ics representative of the real-life facility, and the model was simulated inside the tunnel for a range of angles
of attack between -4deg and 10deg without support, and at a reduced range between 0deg and 6deg with
the support “installed.” Classical analytical methods for boundary and support interference corrections were
implemented, and corrections factors were estimated by numerical simulation of the model with and without
the support installed. Preliminary comparison between experimental measurements from force balance and
numerical data show satisfactory agreement in the prediction of the lift curve slope, with some disagreement
in the prediction of the stall condition. Prediction of drag and pitching moment are significantly impacted by the
presence of the support and show poor agreement with numerical data.
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1. Introduction
A multidisciplinary research and educational effort towards sustainable aviation, called FLARE (Fly-
ing Laboratory for Aerospace Research and Education), has been recently initiated at the KTH, Royal
Institute of Technology, encompassing all aspects related to developing the aircraft of the future, with
the pilot project focusing on the development of a blended-wing-body (BWB) unmanned aerial vehi-
cle (UAV) technology demonstrator powered by a compressed-hydrogen fuel-cell/Lithium-Ion system
[1]. The objective of the project is to combine zero-net carbon offset propulsion with a highly efficient
aircraft configuration such as a BWB [2] which has shown the potential for improvement in fuel con-
sumption of up to 10% for typical mission of 6000nmi with a payload of 300 passengers [3], in an
effort to address the issues of the aircraft of the future.
An integral part of any aircraft design process is the validation of the aircraft aerodynamic charac-
teristics through experimental work in wind tunnel facilities [4]. The key aspects of for a successful
wind tunnel test are geometric (model) and flow similarities (Reynolds number), the application of
the appropriate boundary, in the case of testing in closed-jet wind tunnel, and support interference
corrections [5]. These correction factors can be defined analytically, experimentally, or more recently
through numerical simulation [6, 7].
The objective of the present work is to complete a wind tunnel test campaign of a 37.5% scale of a
BWB UAV, starting from the preparatory work in a “virtual wind tunnel” for the definition of correction
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Figure 1 – Wind Tunnel Model

factors and the validation of these corrections as applied to experimental data, to the analysis of the
aerodynamics of the aircraft to gain further knowledge with respect to performance. The objective is
reflected in the structure of the paper. Section 2.presents the experimental set up and methodology.
Section 3.and Section 4.discuss the methodology for data correction through the implementation of
a (numerical) “virtual” wind tunnel, followed by the discussion in Section 5.of the validation of the
correction methodology and parameters applied to experimental data. Aerodynamic performance is
presented in Section 6.. Future Work and Conclusions are presented in Section 7. and Section 8.
, respectively.

2. Experimental Set Up
2.1 Wind Tunnel
Tests were conducted in the closed-circuit, closed-jet Large Low-Speed Wind Tunnel at the Uni-
versity of Bristol. The test-section has an octagonal cross-section of 7ft-by-5ft (2.1m-by-1.5m),
approximately 3m in length and it can attain a maximum wind speed of 60m/s. The wind tun-
nel is equipped with a 6-components force plate (OPTIMA Biomechanics Measurement Systems
BMS400600) placed underneath the tunnel floor. Tests were conducted at a range of wind tunnel
speeds between 10m/s and 30m/s, with the reference condition being 30m/s.

2.2 Wind Tunnel Model
The model has a wingspan of 1.5m [8], and it was sized to have an overall blockage of less than 5%.
The model has a core structure in the fuselage composed of an aluminium plate and ribs for assembly
with the support and actuator, an internal structure in the wings composed of carbon composites
rods and PET/Carbon fiber sandwich ribs and spars, and carbon fiber skins. The model is also
equipped with 64 pressure taps on the left-hand side of the fuselage section, with mounting plates
for the scanivalves manufactured with PLA based 3D printing. The model in preparation and the full
assembly in the tunnel are shown in Figure 1.

2.3 Model Support and Pitch Angle Actuator
A dedicated support [9] was designed and manufactured for the test. The support is composed of an
aluminium flat plate that mounts directly onto the force plate, a 40mm-diameter steel sting welded to
a circular base plate free to rotate, and a locking ring to secure the rotating plate and sting, and set
to the desired yaw angle. The pitch-angle motion of the aircraft is controlled by a rear-mounted linear
actuator from Firgelli Automations (Model FA-OS-400-12-24), equipped with an optical sensor posi-
tion feedback, 400lbf (1790N) push/pull, 24in stroke (609mm), remotely controlled through MATLAB
Symulink. Mechanical rotation was assured through clevis mounts. Position feedback was ensured
using a WITMOTION attitude sensor installed inside the model.

2.4 Assembly and Model Positioning
As mention in Section 2.the model was mounted on a force plate placed underneath the tunnel floor.
The force balance was oriented as shown in Figure 3 with the positive y-axis yb pointing upstream
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Figure 2 – Wind Tunnel Assembly and Positioning

Figure 3 – Virtual Wind Tunnel Computational Domain [10]

in the direction opposite to the flow, the positive x-axis xb pointing outboard of the left wing, and the
positive z-axis zb pointing downwards in a classical “right-hand-rule” orientation. Alignment of the
support and leveling of the model was completed using a laser level, and the zero angle of attack
was verified with an external digital inclinometer prior to zeroing the internal inclinometer and the
feedback signal of the rear actuator. Cables for the instrumentation placed inside the model were
routed along the belly-fairing stream (downstream face) for minimal interference. The assembly is
shown in Figure 2.

3. Virtual Wind Tunnel Set Up
A “virtual wind tunnel” geometrically consistent with the experimental facility was implemented to
complete preparatory work for the wing tunnel testing, particularly with the objective of validating
blockage and wall correction, and of determining the coefficient for support interference corrections
[11]. A computational domain consistent with the experimental facility was constructed using Ansys
Fluent tools. The octagonal cross section has a maximum width of 2100mm and a height of 1500mm,
and a length 3235mm, with the model placed at the centre of the test section, as shown in Figure
3. A 1.6m-long, 1.0deg divergent section was added at the outlet of the test section to improve
convergence.
Two cases were simulated: model without the support structure; and model with the support struc-
ture. For the case of model with support, the geometry was simplified for computational reasons by
removing the connecting geometry between support and model and support and floor, as shown in
Fig. 3 (magnified sections A and B), effectively introducing a small gap between the structures.
The surface mesh of the aircraft model was separated in two parts: main body and wing section with
an element size in the order of 5x10−3; and the wing tip section with an element size in the order of
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1x10−3. Hexahedral inflation layers from the model were created to achieve a target of y+ = 1, with a
corresponding first layer thickness ∆s = 7.5x10−6 with a growth factor of 1.15 and a maximum number
of layers of 42 [10]. A similar approach was used along the walls of the wind tunnel. A tetrahedral
unstructured mesh filled the volume of the computational domain. The number of elements for each
case is listed in Table 1.

Case Number of Elements
Without Support 3.1 million

With Support 3.5 million

Table 1 – Mesh Elements

Simulations were conducted using steady-state Reynolds Averaged Navier Stokes (RANS) equations
with applied energy equation, coupled with a k −ω SST turbulence model as it is widely used in
aeronautical applications [11]. A pressure-based solver was used coupled with the second-order
discretization scheme as it provides a robust and efficient application. Inlet velocity was set to 30m/s
to represent the reference wind tunnel velocity, with flow conditions set at standard sea-level values.
Turbulence intensity for the facility was not know and was therefore assumed at a value of 1% [12].

4. Boundary and Support Interference Corrections
4.1 Methodology
In order to correctly compare experimental and “flight” data, boundary and support interference cor-
rections need to be applied to force balance data. These corrections have traditionally been calcu-
lated analytically through classical approaches [13], although more recently numerical simulations
of testing conditions have been implemented, particularly for support interference [6, 7] in order to
determine correction factors ahead of the tests.
In the current study, for solid and wake blockage, which primarily affect the dynamic pressure and
therefore the coefficients of lift and drag in primis, classical methods have been applied [13] and
validated initially using numerical data of the “free flight” and virtual wind tunnel case of model with
no support for a range of angles of attack between -4deg and 10deg, effectively capturing the stall
region of the aircraft.
Support interference corrections were determined solely using numerical simulations, at a reduced
range of angles of attack between 0deg and 6deg. Lift, drag, and pitching moment were obtained for
the model with and without support support case, alongside aerodynamic loads from “free flight.” The
approach of “∆-Calculations” [14] was implemented, where data from free flight and from the virtual
wind tunnel case without support is subtracted from data obtained by simulations obtained with the
support, for which a generic case for lift is shown in Equation 1 as an example:

∆Lx f light,WT = Lx f ight −LxWTwb
(1)

where the subscript WT represents wind tunnel data (numerical or experimental) and the subscript
wb means corrected for blockage.These values are then plotted as a function of angle of attack and
correction factors are obtained by applying a second-order polynomial curve fit, as shown in Equation
2.

∆Lc(α) = Aα
2 +Bα +C (2)

where the subscript cf is for “correction”, and A, B, and C represent the corrections factors as a
function of angle of attack α. The correction value is then subtracted from the reference data to
obtain the final aerodynamic loads, as shown in Equation 3 for the example case of lift.

Lcorrected = L f light −∆Lc (3)
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4.2 Validation of Methodology
The first step in the validation of the correction focused on solid and wake blockage [13], which
resulted in a total blockage εt = 0.0027 for a corrected dynamic pressure at the reference wind speed
of 30m/s of 554.2N/m2, or a correction of 0.5% with respect to “free flight” conditions [10].
Reference “free flight” data is initially compared with uncorrected data and with data corrected for
blockage for “virtual wind tunnel” case without support [10]. These results indicate that blockage
effects are negligible for angles of attack where flow is fully attached, with a small departure as flow
begins to separate beyond α = 6deg. The difference between reference the corrected “virtual wind
tunnel” data for the case of the model in the tunnel without support is in the range of 0.2% to 0.5% for
lift and drag, and of 2% for pitching moment coefficient, as shown in Figure 4.
Reference “free flight” data is subsequently compared with uncorrected and fully corrected data of the
“virtual wind tunnel” case of model with support [10]. Results show that the presence of the support
has a stronger impact on the flow around the aircraft, and therefore on the predicted aerodynamics
loads. As shown in Figure 5, the flow over the upper surface remains mostly unchanged, except for
minor effect at higher angles of attack due to flow separation. The pressure distribution over the lower
surface is affected differently from the ase without support as the angle of attack is increased due to
the wake of the support more closely interacting with the flow over the lower surface.
As shown in Figure 4, the variation in pressure distribution results in a shift towards the right (i.e.
“seeing” higher angles of attack) of the lift and pitching moment curves with respect to angle of attack
while the curve slopes remain mostly unaffected. On the other hand, the drag curve with respect to
angle of attack is affected both in orientation and, as expected, in terms of an increase in drag values.
As can be seen in Figure 4, the methodology discussed in Section 4.1for taking into consideration
the effects of the support interference provides satisfactory results, in particular in terms of lift and
drag coefficients. Lift coefficient data corrected for support inference departs from the corrected data
of the case of the model in the wind tunnel without support and from reference “free flight” data
by ∼ |1%| and by ∼ |5%|, respectively. Agreement between reference and fully corrected data, and
wind tunnel without support and fully corrected data including support interference, is in the range of
∼ |3%|. These values are considered satisfactory for preliminary work.
With regards to the corrections of the pitching moment coefficient, support interference corrections
are effective at small angles of attack, with differences in excess of ∼ |10%| beyond α > 4deg. At
higher angles of attack, where the flow begins to separate and becomes unsteady, wake flow is
modelled as “mean flow,” which results in a less accurate mapping of the pressure distribution over
the wing, which ultimately has a significant impact on pitching moment, much more so than on lift and
drag coefficients.

Figure 4 – Reference Numerical Data vs. Virtual Wind Tunnel Data [10]
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Figure 5 – Pressure Distribution of Flow With and Without Support [10]

5. Wind Tunnel Test Preparation and Validation
5.1 Opening of the Experimental Domain
A “‘shake down” of the set up opened the experimental campaign, by progressively increasing the
wing speed from 10m/s to 30m/s, corresponding to a range Reynolds number range between ∼246
000 and ∼760 000, to determine Reynolds numbers, conscious of the fact that the flight Reynolds
number of ∼1 300 000 could not be attained as it corresponded to a tunnel velocity of ∼ 50m/s, which
was deemed to high for these preliminary tests.
In addition, “the shake down” helped to validate the ability to correctly position the aircraft under
increasing aerodynamic loads. The “shake down” did not highlight any particular issues with the set-
up, e.g. excessive vibration at stall, indicating that tests could be safely carried out at a wind speed of
30m/s. At the same time, the small vibration of the model due to flow separation caused some minor
inconsistencies in the readings of the actuator feedback data compared to the internal inclinometer,
and therefore resulted in some outlier data points in the curves, as shown in Figure 6.
Uncorrected lift and drag data at wind velocities between 10m/s and 30m/s are shown in Figure 6
(left). Data show that the linear section of the lift curve is only marginally affected by the velocity
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Figure 6 – Opening of the Testing Domain (left) and Repeatability (right)

Figure 7 – Reference [1] vs. Wind Tunnel Data

variation, which is to be expected, with more variability present in the stall region as flow separation
is highly affected by variations in Reynolds number. As expected, drag coefficient is highly affected
by Reynolds number effects. As a matter of fact, maximum lift coefficient is steadily increasing with
increasing Reynolds number, with the outlier of data at V=15m/s.
Repeatability was assessed by acquiring data points at known angles of attack in a downward polar
at the reference velocity of 30m/s. Results in Figure 6 (right) show good short term repeatability, as
indicated for example Agreement at α = 0deg, for example, is ∼ 1%.

5.2 Validation of Wind Tunnel Corrections
Blockage and support interference corrections obtained from the virtual wind tunnel simulations were
applied to experimental data, and the comparison is shown in Fig. 7.
As shown qualitatively, there do not seem to occur significant differences between reference data
[1], uncorrected data, and data corrected for blockage and wall effects in the linear portion of the
lift curve. A quantitative comparison between −2deg ≤ α ≤ 6.5deg indicates an average difference of
∼ |2%|, which may be considered an acceptable discrepancy between numerical and experimental
data. Similar results were observed for the drag coefficient.
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The consistency of uncorrected data and data corrected for blockage with respect to reference data
means that, once corrected for support interference, the lift curve is shifted towards the left as ex-
pected from the results of the “virtual wind tunnel”, although in this case resulting in an overprediction
of the lift coefficient. Corrections for drag are more consistent as its magnitude is generally reduced
compared to uncorrected data, although results indicate that the corrections factors may not be “suf-
ficiently strong” to be applied directly to the experimental data. Stall conditions do not appear to be
affected by the corrections.
Pitching moment curves show a non-negligible disagreement between uncorrected and corrected
data, and a significant departure from reference data. The differences between reference and exper-
imental wind tunnel data will be discussed more in detail in Section 6..
Results from these opening tests confirmed the feasibility of testing at 30m/s as the design test
velocity, and that good repeatability is achievable with the current set-up. Data also confirms that
blockage is not an issue for the experiment, and that preliminary support interference corrections
may be considered acceptable for lift and drag.

6. Aerodynamic Results
The full analysis of the aerodynamic performance of the aircraft was conducted at the reference
wind speed of 30m/s. Fully corrected data, which also includes corrections for dead-weight, will
be discussed with respect to numerical reference data (where applicable), including a preliminary
qualitative assessment of the coefficient of side force, roll and yaw moment.
The analysis of the aerodynamic performance of the aircraft is shown in Figure 8 for all six com-
ponents. Lift, drag, and pitching moment coefficients are compared with reference numerical data,
while side force, roll and yawing moment are only available experimentally and are therefore mostly
indicative of any issue in model or set-up alignment. Reference data is taken from Suewatanakul et
al. [1].
Drag is over predicted in the experimental campaign compared to the reference numerical data, as
can be seen, for example, at α = 0deg, where drag “jumps” from 0.0138 for the reference case to
0.0373 for the experimental case. In the experimental environment, part of this discrepancy can be
attributed to quality of the surface finishing of the model, as it is known to have a non-negligible im-
pact on the measurement of drag, and in part to the added drag caused by the support interference,
which has been shown in Section 5.to be insufficiently corrected. In the numerical RANS simulation,
the mesh refinement at the surface, and particularly the choice of the boundary conditions have a
significant impact on the accuracy of prediction of drag, which in turn may be under estimated. In ad-
dition, the turbulence intensity is not know, introducing an extra level of uncertainty in the comparison
of the data.
Results show that both uncorrected data and data corrected for blockage agree well with reference
data, which is in some respects unexpected as support interference should still have a non-negligible
impact on the measurements. When corrected for support interference, the lift curve is shifted to the
left, as expected from the discussion in Section 4., resulting in an overestimation of performance and a
shift in slope of the lift curve. In addition, experimental data show the distinct trend of over-predicting
the maximum lift coefficient by ∼ 10% as well as the stall by ∼ 2deg to ∼ 10.4deg.
A separate discussion is required for the pitching moment results, as experimental and numerical
data show significantly different values in pitching moment coefficient. Experimental data show a
more pronounced linear relation of the pitching moment curve up to stall condition with a higher
slope Cmαexp

=−0.014 compared to a numerically obtained value of Cmαnum
=−0.0024. In addition, the

significant variation of pitching moment between reference and corrected experimental data may be
attributed to an insufficient correction with respect to support interference, as the presence of the
sting has the most effect on pitching moment. At the same time, reference [1] and experimental data
appear to be in agreement when predicting the aircraft to become longitudinally unstable at angle of
attack α > 8deg.
Data for side force, roll and yaw moment coefficients can only provide a qualitative insight on both the
test and the aircraft: no reference data is available; experimental data is only corrected for blockage;
and is of limited use when plotted against angle of attack. Yaw moment data in Figure. 8 (bottom
left) show a drop in moment at ∼ α = 7deg, indicating an early localized onset of stall. Side force and
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Figure 8 – Full Experimental Data

roll moment curves in Figure 8 (bottom left and bottom centre respectively) show unexpected varying
coefficient values, suggesting that the model-to-sting alignment is slightly offset, since the sting only
has been correctly aligned, as shown in Figure 2.
The progression of stall was evaluated qualitatively using thin wool tufts placed along the right wing
section of the model. As shown in Figure 9 at wind velocity of 30m/s, flow initially separates at the
outboard discontinuity at the trailing edge as early as α = 7deg, and progressively moves upstream
and inboard towards the wing root, until flow is separated over the entire wing. Flow over the fuselage
does not appear to separate even at high angles of attack beyond stall. These qualitative results
support those found in the reference data in Suewatanakul et al. [1], where a similar stall development
was witnessed.

7. Future Work
Results presented in the paper are to be considered as preliminary, and future work will focus both
on improving the “virtual wind tunnel” data as well as on expanding the test matrix.
Future numerical work will focus on enhancing the mesh analysis and on the application of other
turbulence models to improve the quality of the numerical wind tunnel results and to estimate more
accurate correction factors.
Future experimental work will focus on expanding the test matrix with the acquisition of data at a
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Figure 9 – Flow Separation Progression

range of yaw angles between 5deg and 15deg at 5deg intervals, in order to obtain more meaningful
yaw and roll moment data. An experimental set-up for the estimation of support interference will also
be investigated to complement the data obtained using the “virtual wind tunnel.”
From the perspective of the model set-up, the connection mechanics between the model and sting
and the model and linear actuator will be re-evaluated to address the misalignment issues highlighted
by the side force, roll and yaw moment data.

8. Conclusions
The paper presented the full work associated with the wind tunnel test campaign of a 37.5% scaled
model of a blended-wing-body unmanned aerial vehicle. The test was conducted at the Large Low-
Speed Wind Tunnel at the University of Bristol. The facility was replicated numerically in a “virtual
wing tunnel” for preparatory work.
Wall and blockage corrections were calculate using classical approaches, and a total blockage of
εt = 0.0027 and a solid blockage of less the 5% was estimated for the 1.5m span model confirming
that there was no need for wall interference correction and that blockage effects are nearly negligible.
The “virtual wind tunnel” methodology was implemented to determine a-priori support interference
and provide preliminary correction factors without the need of costly experimental work. Results ob-
tained from the “virtual wind tunnel” and applied to numerical data indicated that sufficiently accurate
correction factors for use in experimental work had been obtained.
The opening of the experimental domain highlighted good repeatability in the data acquisition, with
accuracy in the range of ∼ 1% to ∼ 1%. Blockage corrections were confirmed to be nearly negligible.
Support interference correction were shown to be sufficiently accurate for preliminary work, but in
need of refinement to be fully acceptable.
The analysis of the aerodynamic performance indicated a higher maximum lift coefficient and angle of
attack compared to reference numerical data, and a higher drag coefficient. The significantly higher
drag coefficient may be attribute to both model surface finishing and the need to improve the mesh
of the “virtual wind tunnel.”
Experimental pitching moment coefficient, which is strongly affected by the presence of the support,
is significantly stronger compared to the numerically estimated value, and required further analysis,
commencing with the improvement of the relevant correcting factors for support interference.
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