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aircraft

Egon Beyne * and S. G. P. Castro
Faculty of Aerospace Engineering, Delft University of Technology, 2629 HS Delft, Netherlands

The electric aircraft industry is starting to gain traction mainly due to the growing specific
energy capacity of new batteries. Within this industry electric vertical takeoff and landing (eV-
TOL) aircraft serve the urban and regional air mobility market, requiring less infrastructure
investments such as large airports, due to their vertical takeoff and landing capabilities. The
present study investigates the preliminary performance evaluation of a tandem wing long-rage
eVTOL concept. First, the power and energy consumption of a typical mission with a range of
300 km is estimated, consisting of: vertical takeoff, climb, cruise, loiter, descent, and vertical
landing. The takeoff, climb, descend and landing phases are simulated numerically. The
climb performance is evaluated in vertical and horizontal configuration. The flight paths were
optimized aiming at a minimum energy consumption, showing very high climb rates due to
the large power needed for vertical takeoff. To quantify the effect of different payloads on the
aircraft range, a payload range diagram is constructed. Next, a sensitivity analysis is performed
with respect to some operational parameters, relating the range and mission block speed to
cruising altitude, cruise speed and wind speed. Finding the sensitivity of the flight range to
these input parameters allows one to adequately select the safety margins for a given battery
capacity. Finally, a conclusion and recommendation for next studies is given.

I. Introduction

A relatively new market in the aviation industry is that of electrical vertical takeoff and landing (eVTOL) aircraft.
These aircraft promise fast and reliable transport, while requiring substantially less infrastructure than most current
aircraft. Furthermore, the electrical propulsion system is much less noisy than helicopters, and emits no harmful
substances.

In this article, the energy, power and performance of a tandem wing long-range eVTOL is estimated. The aircraft is
sized for a range of 300 km, which connects most major cities in Europe. The analysis method is developed to be used
in the preliminary design of a tandem wing eVTOL, the Wigeon, illustrated in [1]. Some of the most important
parameters of this aircraft are given in Note that the range given is 400 km. This is because the battery was
sized for an aircraft that is 10 % heavier than estimated at this stage. This allows for a weight increase during design. If
the weight would not increase, the aircraft would have a range of 400 km. For more information on the Wigeon, please
refer to [2]], [3] and [[1]].

Table 1 Key design parameters of Wigeon, obtained from [1]]

Parameter Value Parameter Value
MTOM [kg] 2790.1 Wing span [m] 8.2
OEM [kg] 1428.9 Total wing area [m?] 19.8
Range [km] 400 Fuselage length [m] 7.3
Cruise speed [m/s] 72.2 Lift to Drag ratio [-] 16.3
Stall speed [m/s] 40 No. of engines [-] 12
Battery capacity [kWh] 301.1 Maximum Thrust [KN] 2 859.3
Battery recharge time [min] 25 Payload mass [kg] 475

No. passengers and pilot [-] 5 Cost [€] 938 700
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Preliminary performance assessment of a long-range eVTOL aircraft

Apart from the energy consumption, it is also important to estimate the performance of the aircraft. One of the main
indicators here is the climb performance. In this report, the rate of climb is estimated for the aircraft in vertical and
horizontal configuration at different altitudes. Furthermore, to evaluate the effect of cruising at off design conditions, a
sensitivity study is performed with respect to some operational parameters, such as cruise speed, cruising altitude and
wind speed.

Fig. 1 Isometric view of the Wigeon

II. Energy Estimation
This section outlines the procedure used to estimate the energy and power consumption for a given mission. First the
workings of the model used for takeoff and landing is explained in|subsection II.B| In[subsection II.C|the implementation
of the model to simulate takeoff and landing is given. presents the method used to estimate the power
and energy consumption during cruise. The results of these models are given in

A. Mission profile

The energy consumption of the Wigeon was estimated for a fixed mission. A schematic drawing of this is shown in
edited from [4]. Note that the takeoff (vertical takeoff, transition and climb) and landing (descent, transition
and vertical landing) phases are shown as different phases here. In the analysis, one numerical simulation is performed
for the entire takeoff phase, and one for the entire landing phase, where the individual parts of takeoff and landing are
combined.

~
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Fig. 2 Mission profile

B. Equations of motion

To model the aircraft during takeoff and landing, a method similar to that found in [S]] was used. In this method,
the required wing angle and thrust are found by prescribing the values for the acceleration in x- and y-direction. In
it is explained how these accelerations were found.
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The equations of motion expressed in a normal-to-earth vehicle carried reference frame are shown in[Equation T|and
To simplify the analysis, the variation in pitch of the fuselage is ignored:

ZFX:—Dcosy—Lsiny+Tcos0T:max (D) ZFY:—Dsin7+Lcos7+Tsin6T—Wzmay 2)

where D is the drag; L is the lift; 67 is the angle with which the wings are rotated with respect to the x-axis; y angle of
the incoming flow; T is the thrust; m the aircraft mass; ay, ay the Cartesian components of the acceleration vector.

By combining the equations of motion, an expression for the required wing angle for a certain target acceleration can
be obtained. Plugging the resulting angle back into [Equation 1|or|[Equation 2|leads to a required thrust value. During
the trajectory simulation, [Equation I|and|[Equation 2|are solved again for ax and ay, with the calculated thrust and wing
angle. The calculated accelerations are then used in a time stepping forward Euler simulation to obtain velocity and
position of the aircraft.

Since the required thrust and wing angle are not necessarily a continuous function throughout the flight, some
additional constraints are added. Because the wing rotates with a finite speed, the wing angle is only allowed to vary
within +w,, dt of its previous value, where w,, is the rotational speed of the wing and dr the time step used for the
simulation.

Since the aircraft has tilting wings, the angle of attack depend on the direction of the incoming flow 7y, and the
angle of rotation of the wings 7. Assuming that there is no wind, the angle of the incoming flow equals the flight path
angle vy, then the angle of attack can be found by subtracting the flight path angle from the wing angle (@ = 67 —y). A
schematic drawing of these angles is shown in [Figure

X

Fig. 3 Wing angle and flight path angle

1. Aerodynamics

The aerodynamic parameters are estimated by first estimating the wing lift curve using the lifting line method [6].
The maximum lift coefficient is found based on the selected airfoil, which was transformed to that of the wing applying
a DATCOM method found in [7]]. The lift and drag of the wing beyond stall are obtained using the method of Chauhan
and Martins [8]], which is based on flat plate aerodynamics. [[1].

The parasitic drag is computed using airfoil data obtained in xflr5. This is then combined with the wetted area of the
wing and some interference corrections to get the zero-lift drag of the wings. Combining this with the induced drag,
found from the wing lift, yields the drag polar of the wings [[6]. To get the drag of the fuselage, it is assumed that it is
parallel to the flow at all times, except when flying in vertical flight configuration, where it is assumed the fuselage is at
90 degrees. The cruise drag is found by treating it as a simplified shape, containing a paraboloid, cylinder and cone for
the nose, center and tail, respectively. This is then used in semi-empirical formulae from [9]], as detailed in [6].

2. Propulsion

As explained earlier, the thrust is found by solving the equations of motion. A maximum value on the thrust is
applied based on the maximum power, by inverting Note that this does not depend on the propeller design.
It should thus be verified later whether the propeller can actually achieve that thrust.
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To estimate the energy used, the thrust at each time step is converted to available power, using the method found in
(8], as shown in In this equation, the velocity V.., is the speed perpendicular to the propeller disk; factor «
corrects for power losses not considered in the derivation of this equation, and is assumed equal to 1.2, as per [8]].

Vool V2, .\ T

P =TVeo + kT | —22% 4 S 3
S 4 ¥ 2pAs ©)

The available power is converted to brake power by dividing it with the propulsive efficiency at that flight stage. For
simplicity, only two efficiencies are considered, one in cruise and one in vertical flight. The efficiency at a certain speed
is found by linear interpolation. Multiplying the brake power with the time step size yields the energy required during
that step. Finally, cumulatively summing the energy at each time step results in the total energy needed by the engines.
More details about the thrust calculation and propeller design can be found in [4].

3. Weight

The mass of the aircraft is estimated in the first iteration of the preliminary design using a class I method, where
relationships between MTOW and EOM, and MTOW and payload mass are found from statistical data on existing
eVTOL aircraft. This, however, rendered inaccurate results due to the limited data available [1} [10]. Sequentially, a
more accurate class II weight estimation is performed, using the method from Cessna that can be found in [11]]. Here,
the weight of the individual components are estimated. Despite the unconventional configuration, the Wigeon is built
from aluminium, which should give reasonable results from the class II weight estimation, although a formal validation
of the weight estimation method is still required. The class II estimation only gives the structural mass, so that the
weight of the batteries and payload still have to be included. The passengers and pilot are assumed to weigh 95 kg each,
including their luggage. The battery mass is estimated based on the energy consumption during flight. Given that the
energy consumption is an output of the performance analysis herein presented, an iterative procedure is needed [1} [10].

C. Takeoff and landing

To obtain a smooth trajectory from the ground to cruise, or vice versa, a proportional controller is implemented.
This controller is applied on the speeds in x- and y-direction and on the altitude. shows the proportional
controller used for the vertical speed. A maximum value for the magnitude of the vertical speed is applied, to constrain
the rate of climb.

Since the model described in[subsection IL.B|takes target accelerations as input, the vertical speed from the controller
is used as an input for another controller, see A similar controller (Equation 6)) is applied for the speed in
x-direction, where the target speed is just the required speed at the end of the manoeuvre. To ensure passenger comfort,
the accelerations are limited to 0.5g in x-direction, and 0.2g in y-direction.

Vy.target = -0.5(h - hmrget) “4) Ay target = _O-S(Vy _vy,target) &) QAx,target = _O-S(Vx_vx,target) (6)

A final constraint is added to ensure safety close to the ground. When approaching 15 m of altitude during descend
with a horizontal speed higher than 0.25 m/s, the vertical speed is reduced to zero. This makes the aircraft hold its
altitude while slowing down. As soon as the speed is low enough, the aircraft is allowed to descend below 10 m and
land. When taking of, the horizontal speed is also set to zero when below 10 m. The altitude of 10 m is chosen such that
nearby obstacles can be cleared safely, and to allow the pilot enough time to react during transition at low altitudes.

D. Cruise

For cruise it is assumed a constant speed and altitude, where the lift-to-drag ratio can be found using the method
from[subsubsection IT.B.T|and used in[Equation 7to calculate the brake power required [12]]. In[Equation 7] n represents
the propulsive efficiency at a speed V. Note that this equation is valid for all speeds higher than stall speed, as long as
the correct efficiency and lift-to-drag ratio is used.

The energy consumption during cruise is calculated by first finding the time spent in cruise. This is done by dividing
the range by the cruise speed, which is 72 m/s for the Wigeon [[1]]. Note that the distance covered when climbing and
descending is not counted towards the range. This provides a conservative estimate, especially since the climb or descent
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path might not be in the correct direction due to air traffic regulations. Multiplying the cruise time with the required
brake power yields the energy needed for cruise. This procedure can also be used to estimate the energy needed for
loiter, where the speed and lift-to-drag used for this should be those for which the required power is minimal.

Since manoeuvres performed by transport aircraft usually involve very small g-loads, they should thus not increase
the required power significantly. Furthermore, only a very small portion of the total flying time will consist of
manoeuvring. Therefore these are not considered in the present analysis.

Cp WV

Pbr:
CL n

)

E. Simulation results

1. Takeoff and landing

[Figure 4] presents the results of the simulation of the aircraft during takeoff. It can be noted that the engines are
rotated early in the manoeuvre (Figure 4¢), and that the aircraft reaches cruise speed before reaching the cruising altitude,
as shown in Such behaviour might not be optimal, since the aircraft then needs to perform a large part of the
climb at a non-optimal speed. It is kept as it is for now, since it provides a conservative estimate. In a later design stage,
the takeoff and landing trajectories could be optimised, to minimise the energy consumption. A similar procedure as
[8] could be used. In it can be noted that it takes 12 km for the Wigeon to reach the cruising altitude. The
accelerations during takeoff stay within + 0.2 g, as shown in indicating relatively good passenger comfort.
The initial spike of in acceleration is an artefact from the initialisation of the simulation. The power needed during
takeoff can be found in Most of the power is needed for the initial part, where the aircraft flies in vertical
configuration. The maximum power of 1.7MW is also the maximum power needed in any phase of the flight, and is
used to size the power and propulsion subsystems.
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Fig. 4 Variation of different states during the takeoff manoeuvre
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Fig. 5 Variation of different states during the landing manoeuvre

[Figure 5|shows the simulation results of the aircraft during landing. The landing manoeuvre takes longer than the
takeoff manoeuvre, which is mainly caused by the need to slow down after the initial descend that mainly happens
after descending to 15 meters. The reason why the aircraft keeps its speed during descent can be attributed to the high
aerodynamic performance, and the lack of drag from the propellers in the model [4} |6]]. Before optimising the landing
trajectory, this should first be quantified. Note that the eVTOL remains in cruise configuration until right before landing
(Figure 5¢). Also for landing the accelerations remain largely within + 0.2 g, see|[Figure 5d| In[Figure 51| the power
peaks when the aircraft has transitioned to vertical flight, although the peak is lower than during takeoff.

In|Figure 4al and [Figure Sait can be noted that in total more than 30 km is needed to takeoff and land. As this
distance is not considered for the range, it introduces an additional margin to the range of roughly 10 %, if the direction
for climb and descend is unrestricted.

2. Energy and power

Using the method described in [subsection II.B|and [subsection II.D| the required energy for a standard 300 km
mission including 15 minutes of loiter time is calculated. The result energy consumption is found to be 884 MJ, while
the maximum power is 1.7 MW. When adding 10 % contingency to the maximum takeoff mass, the energy consumption
increases to 1084 MJ, while the maximum power becomes 1.8 MW. It is this energy and power that will be used to size
the battery. The breakdown of this energy for the different phases of flight can be found in It can be seen in
this figure that a substantial part of the energy is used for takeoff, which can partly be eliminated by cruising at a lower
altitude.
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Fig. 6 Energy consumption for the different phases of a standard mission.

Take-off
Cruise

Loiter

Landing

I11. Performance Evaluation
In this section, different performance parameters of the aircraft are calculated. First the rate of climb in horizontal
and vertical flight configuration is considered in[subsection TI.A] After that, a payload range diagram is constructed in

A. Climb performance

An important metric to evaluate the performance of an aircraft is the climb performance. This not only tells how
fast an aircraft can climb when flying at a certain speed, but also gives the maximum speed, and the speed at which
climb is most efficient. For a VTOL aircraft, two different climbs can be considered, the climb performance in cruise
configuration, and in vertical configuration. Note that the following analysis obtains the maximum thrust by inverting
based on the maximum power. The propeller design and rotational speeds have not been taken into account.
It is thus still necessary to check the results using an actual propeller, to see if the thrust levels are achievable. For this
the method of [4]] can be used.

For the rate of climb in cruise configuration, [Equation 8|is used, setting a maximum value on the rate of climb equal
to the speed at which the maximum ROC is considered. This is necessary since [Equation §|allows climb angles greater
than 90 degrees. The maximum thrust is found by reversing [Equation 3] The reason why thrust is used instead of power
is that, for low speeds, the assumption that power is constant for a propeller aircraft does not hold. The drag is found
based on the lift coeflicient required for steady flight, which has to be reduced by a factor cos y for steep climb angles.

Tmax -D
ROC = —V 8
W (®)

The climb performance chart for the eVTOL in cruise configuration is shown in [Figure 7a where it can be seen that
the aircraft is able to reach very high climb speeds, around 43 m/s. This can be attributed to the fact that the engines are
sized for vertical takeoff, where they need to lift the entire aircraft, and where the engines are less efficient. The effects
of altitude are also shown in this chart. It can be seen that the maximum rate of climb does not diminish much with
altitude. The maximum speed, where the rate of climb equals zero does however vary with altitude. When flying at
1000 m, the speed at which the climb rate is maximised is 84 m/s. Note that this is higher than the speed at which
Cz / Clz) is maximal. This can be attributed to the fact that the assumption that the climb angle is small can no longer be
applied here, as the climb angle at the maximum rate of climb is 30 degrees.

[Figure 7b| presents the climb performance of the aircraft in vertical flight configuration. The climb rates have been
plotted against altitude. It can be seen that the rate of climb reduces with altitude.

The effects of a varying mass have also been added. This has a large influence, since the weight of the aircraft
directly counteracts the thrust in vertical flight. These rates of climb are found by assuming the thrust of the aircraft acts
directly up. The equation of motion is represented by [Equation 9] when the aircraft is in a steady climb. The speed in
this equation equals the rate of climb, since the aircraft climbs vertically. The thrust for a certain velocity is found by
reversing [Equation 3] Since this equation cannot be solved analytically, a solution is found by iterating from an initial
guess for the rate of climb.
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Fig.7 Climb performance in vertical and horizontal configuration
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B. Payload-range

An important performance parameter for the operation of an aircraft is
the relationship between payload mass and range of the aircraft. Payload
range diagrams are constructed for the Wigeon eVTOL, and can be seen
in To construct these, the energy consumption for takeoff
and landing is subtracted from the total energy capacity of the aircraft.
The remaining energy is then used to calculate the range in cruise. The
distance covered while climbing or descending is ignored. In the payload
range diagram shown below, it can be seen that the range does not change
significantly with payload. Removing one passenger would increase the
range by less than 20 km. Note also that the ferry range of the aircraft
is almost 380 km, which may be useful when ferrying the aircraft.

Payload mass [kg]
N w B
o o o
o o o

Jary
o
o

o

320 340 360
Range [km]

Fig. 8 Payload-range diagram
IV. Sensitivity Study

In this section, the sensitivity of the range and block speed to different operational parameters is investigated. The
block speed is defined here as the mission range divided by the total time needed to fulfil that mission. This allows to
identify the parameters to which special attention should be payed during design, or during operation. The high aircraft
ranges shown in this section are caused because the 15 minutes of loiter are not considered.

A. Cruising altitude

[Figure 9aland [Figure 9b|show the sensitivity of the range and block speed for the eVTOL aircraft to the cruising
altitude, respectively. It can be seen that lower altitudes should be favored. While the range shortens with altitude,
so does the block speed. This is caused by the increased time needed to climb and descend, the distance of which is
not counted towards the range. Using the results from the range-cruising altitude sensitivity analysis, it is decided to
size the aircraft for a 1000m cruising altitude, as this altitude will most likely be lower during operations, providing a
conservative estimate for the required energy.
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Fig. 9 Sensitivity of different mission parameters to a changing cruising altitude

B. Cruise speed
A sensitivity study is also performed with respect to cruise speed, whichis ;5 |

useful since it allows to quantify the effect of the aircraft flying at a non-optimal

speed. shows the achievable range when flying at a certain cruise 4001

speed. It can be observed that the speed for maximum range of 72 m/s is that g

for maximum L/D, which is confirmed by theory [[12]]. From the figure it can 'y, 350

be concluded that flying at the optimal cruise speed is important, although %

small deviations do not change the range significantly. It is assumed that the © 3001

pilot and the control system are able to maintain the cruise speed to within

. . ) 250
+ 5 m/s. As can be seen in the graph, this does not influence the range by
more than 10 km. Hence no additional energy reserves should be allocated 20 60 80 100
to allow for a deviation in cruise speed. Cruise speed [m/s]

Fig. 10 Sensitivity of the aircraft
range to cruise speed

C. Wind

Since the aircraft will encounter wind during operation, it is important to quantify its effects on the nominal range.
To simplify the analysis, only head- and tailwinds have been considered in the present sensitivity analysis.
shows how the range of the aircraft is affected, where negative wind speeds are tailwinds.
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i{ el
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(a) Sensitivity of the aircraft range to wind (b) Sensitivity of the mission block time to wind

Fig. 11 Sensitivity of different mission parameters to a range of wind speeds.

Clearly, wind has a large effect on range, even a common headwind of 5 m/s reduces the range by more than 20 km.
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Note that when constructing these graphs, it is assumed that the aircraft flies at the optimum speed for still air, which
might not be optimal in wind. As can be expected, also the block speed is influenced by the wind, as be seen from

V. Conclusion

In this report, a preliminary method to estimate the performance of a long-range tandem-wing eVTOL was presented.
The calculations were done for the Wigeon, an eVTOL with a target range of 300 km. First, the energy consumption was
estimated. This was done based on a numerical simulation for the takeoff and landing, which found the maximum power
and total energy required for those phases. For cruise and loiter, the power and energy consumption at steady flight was
considered. It was found that the Wigeon needed 884 M1J for the 300 km mission, including 15 minutes of loiter, which
increased to 1084 MJ when including a 10 % contingency to the MTOW, to allow an increase in later design stages.
Furthermore, it was found that most energy is consumed during cruise, hence the aircraft should be optimised for this
flight phase.

Next, the climb performance of the aircraft was considered. It was found that the Wigeon exhibited very high climb
rates, possibly because the engines are sized for vertical takeoff, where a lot of power is needed. In vertical configuration,
the aircraft was able to achieve climb rates up to 11 m/s, even at 3000 m altitude, hence allowing operations at higher
air- or heliports. The analysis has however been performed without considering the propeller design. It should still be
verified whether the thrust levels for the high rates of climb are realistic. This was followed by the construction of a
payload range diagram, which showed the effect of a varying payload mass. It was found that the ferry range was about
70 km more than the range when fully loaded.

The final part of the report consisted to some sensitivity studies. These were done with respect to some operational
parameters, such as the cruise speed, cruising altitude and wind speed. This allowed investigating the effect of cruising
at off-design conditions on the range and mission block speed. It was found that wind had the most effect on range,
where a 5 m/s headwind already reduced it by more than 30 km. The other parameters also had some influence, but in
general these were limited.

VI. Recommendations

Since this report contains only a preliminary analysis, there are some areas where results can be improved.

In the present study it was assumed that the aircraft is allowed to climb, descend and cruise freely. In reality there are
regulations and air traffic control which might require deviations, or cruise at non-optimal conditions. The effects of this
on the energy consumption have not been evaluated extensively. In order to quantify the change in energy consumption,
a stochastic distribution of mission profiles can be considered, from which a range of required energies is obtained, and
ideally used to design the eVTOL aircraft for a stochastic mission based on relevant operation data.

A more accurate thrust versus power relation can be obtained. In the only parameter specific to the
propeller is the disk area. In reality, a propeller is be designed to have maximum efficiency at a certain flight condition.
Due to the high variation in flight conditions an eVTOL encounters, this might give more accurate results for the power
computation.

The lift and drag curves have been obtained through a preliminary estimation, using DATCOM methods and lifting
line theory, but also a CFD simulation on the wings without propellers [1}16]. Due to the importance of these on the
energy consumption, it is necessary to validate these preliminary models, either using wind tunnel measurements or
CFD simulations that include the effect of the propulsion system.

In this preliminary design stage, a verification of the methods focused on the parts that have the most influence on
the final energy. Due to their limited influence (<15%) on the required energy, verification of the landing and takeoff
simulations should also be performed in a next study.

The models used for rate of climb in cruise configuration are derived from the forces acting on an aircraft in
equilibrium, found in [[12]. Given the unconventional configuration of the aircraft considered, they should be further
verified in a wind tunnel with propulsion system installed, or in a flight test. As for the energy estimation, some
verification effort could focus on the data used. For the rate of climb in vertical configuration, the verification will be
done using a representative test setup, possibly a scaled demonstrator. This is needed since the model used is not taken
from other research or books.
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