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Abstract: One of the airplane design concepts that potentially allows for significantly increased
efficiency, but has not yet been investigated thoroughly, is the inverted joined wing configuration,
where the upper wing is positioned in front of the lower one. We performed wind tunnel and
flight testing of a demonstrator of this concept, first by applying electrical propulsion to simplify
wind tunnel testing, and then the same electrical-propulsion demonstrator performed several flights.
As the chosen propulsion method proved to be too cumbersome for an intensive flight campaign
and significant loss of battery performance was also observed, the electrical propulsion was then
replaced by internal combustion propulsion in the second phase, involving longer-duration flight
testing. Next we identified and analyzed two potentially beneficial modifications to the design tested:
one involved shifting the center of gravity towards the aft, the other involved modifying the thrust
vector position, both with the assumption that electric motors can be applied for propulsion. On this
basis, the paper finishes with some conclusions concerning a new concept of electrical propulsion for
an inverted joined wing design, combining two ideas: hybridization and distribution along the aft
wing leading edge.
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1. Introduction

The joined wing configuration is an unconventional airplane configuration consisting of two
lifting surfaces similar in terms of area and span. Usually, one of the wings is located at the top or
above the fuselage, with the other at the bottom. Moreover, one of the lifting surfaces is attached in
the front of the airplane’s centre of gravity (CG), with the other significantly behind it. Both lifting
surfaces join each other either directly or through the application of wing tip plates, creating a box
wing. Such a configuration represents a promising scheme for future airplane design due to several
potential advantages resulting from the reduction of mass and induced drag.

The first significant theoretical work on the theory of induced drag estimation is attributed
to Munk [1], who provided some valuable insights into the properties of three-dimensional lifting
surfaces. Among these, the most important in the case of the joined wing configuration is the fact that
from a theoretical point of view, the induced drag does not depend on the longitudinal positions of the
lifting elements. The foundations for further work on closed wing systems were laid by Prandtl [2].
He focused on several non-planar lifting configurations, such as the biplane, triplane, and boxplane,
comparing these in terms of minimum induced drag. While giving an approximate formula for
minimum induced drag, he concluded that the box wing was superior, calling it “the best wing
system”. In [3], the authors studied the box wing with significant stagger to ensure stability without a
tail design to be applied to transonic transport airplanes. They uncovered some problems with flutter
instabilities far below the predicted flutter speed. They managed to partially deal with aero elasticity
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issues, but the final conclusions were that the joined wing configuration might be advantageous at
lower Mach numbers only and no significant weight reduction compared to conventional airplane
could be achieved. The concept was further developed by Wolkovitch [4], who proposed a joined
wing configuration with direct connection between the front and aft wings. Many other researchers
have also explored this concept. The authors of [5,6] explored the advantages of the joined wing in
terms of aerodynamic efficiency and performance and gave examples of possible applications for this
innovative configuration. Valuable theoretical research on induced drag has recently been reported
in [7,8]. In the first of these studies, the authors demonstrate the applicability of Munk’s theorem [1]
to closed wing systems and show that optimal circulation distribution on the wings can be modified
by constant circulation with no adverse influence on the induced drag. This property is essentially
important in terms of longitudinal stability adjustment. The latter study, in turn, also draws upon
Prandtl’s work [2] and shows that for a box wing, the minimum induced drag for an infinite vertical
aspect ratio equals zero. This is admittedly inconsistent with Prandtl’s original formula, which would
predict it to be 16% of reference wing drag, but Prandtl did not seek to evaluate such theoretical cases.

In recent years, significant work in the topic of joined wings has been done by researchers from
Pisa, working on the light amphibious project called IDINTOS. In [9], the authors involved in the
project showed that propulsion generates a pitching up moment due to modified airflow above the
front wing and below the aft wing, whereas the directional and lateral aerodynamic characteristics
are slightly or even insignificantly affected. Surprisingly, ground proximity produces a decrease in
the longitudinal moment (a pitching down effect), which is explained by the authors as caused by
downwash effects. The aerodynamic characteristics of the airplane retrieved from wind tunnel tests
and compared with the computer fluid dynamics (CFD) results are presented in [10], showing the
smooth stall characteristics of the airplane. However, the design proved to have poor directional
stability, although this adverse feature was eventually improved by the application of fences on the
rear wing, close to the vertical stabilizer. Reference [11] gives an overview of the project results and
describes the design of a full-scale airplane.

Other interesting work can be found in [12,13]: these are examples of industrial projects finished
with flight testing, conducted in the US and Germany.

2. Inverted Joined Wing Concept

Researchers in Poland became interested in joined wing configurations in the early 1980s. Some
results were presented in [14,15], where the author focused on the concept of a firefighting airplane,
arguing that it had the potential to provide a 10% better climb rate, 50% higher payload, and 10%
wider range between minimum and maximum airspeed. Some flights were also performed with a
scaled model of an ultralight airplane in the joined wing configuration that revealed good longitudinal
static and dynamic stability, but was very sensitive to center of gravity position change. Some other
publications [16,17] concluded that the front wing of the joined wing airplane should be designed in a
high wing configuration and the aft wing in a low wing configuration, which is opposite to the most
frequently considered case. This is because, as one of conclusions in [7,8] states, the gliding ratio of
the joined wing airplane increases together with the vertical aspect ratio. Figure 1 shows that in the
case of a conventional joined wing airplane, the vertical distance between the wings decreases with
the angle of attack, whereas the same dimension increases with the angle of attack in the case of such
an inverted joined wing airplane. In general, the induced drag increases quadratically with the lift
coefficient, so it is insignificant when CL is small. At low CL the other drag components are larger
than the induced drag, so induced drag reduction attained at the expense of increased friction and/or
interference drag does not pay off. However, at large angles of attack, when the lift coefficient is large,
on the other hand, the induced drag becomes dominant and so any induced drag reduction that can be
attained is valuable. That is exactly the case for the inverted joined wing configuration.
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Figure 1. Distance between wings in conventional and inverted joined wings. Variation with angle of 
attack. 

Moreover, the authors of this paper have concluded that the inverted joined wing shows 
superiority over the conventional one because of the adverse interference effects at high angles of 
attack. When the conventional joined wing configuration flies at very high angles of attack, the aft 
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nonlinearity at α = 14°, which in the author’s opinion could be the case. 

Lastly, we propose that the application of an inverted joined wing configuration could also help 
in solving the problem of global buckling of the joined wing airplanes reported by several 
researchers [18–20]. The direction of critical load (lift + drag in point A of the load envelope) points 
upwards and forwards. The smallest moment of inertia of a conventional joined wing airplane goes 
in this direction, so in this case global buckling is a problem. The much larger moment of inertia of 
an inverted joined wing airplane goes in this direction, meaning that the problem should be avoided. 
In other words, in this configuration the aft wing is under tension and not under compression, and 
consequently it cannot be buckled at high angles of attack. Nevertheless, this hypothesis has not yet 
been confirmed. 

In any event, the joined wing configuration is generally a difficult design to implement, due to 
the strong aerodynamic coupling [21] and static indeterminacy. We undertook a dedicated research 
programme to explore its properties [22–24], utilizing previous experiences in optimization [25–30] 
and unmanned aerial vehicle (UAV) flight testing [31–34]. Poland’s Institute of Aviation was chosen 
to lead this effort because of its specialization and previous experience in general aviation [35,36]. 

At the beginning of the project, an unmanned demonstrator (Figure 2) was designed and 
aerodynamically optimized. Then its flight characteristics were thoroughly investigated [37,38] with 
the application of data from both CFD analysis and wind tunnel measurements [39,40]. 
Simultaneously, further multicriterial aerodynamic optimization was performed to explore the 
limits of the configuration’s performance potential [41]. Finally, software for multidisciplinary 
optimization was developed and applied so as to take structural analysis into consideration as well 
[42,43]. The overall conclusion was that the applied airplane configuration does allow for the 
construction of an airplane with better performance, although, as the results presented in [44] show, 
its advantage against conventional airplanes is nevertheless marginal. 

Figure 1. Distance between wings in conventional and inverted joined wings. Variation with angle of attack.

Moreover, the authors of this paper have concluded that the inverted joined wing shows
superiority over the conventional one because of the adverse interference effects at high angles
of attack. When the conventional joined wing configuration flies at very high angles of attack, the aft
wing is nearly at the same level as the forward wing and thus, it is possible that flow separation on the
latter can affect airflow on the former. As a consequence, this can upset the longitudinal trim and is
especially possible close to the stall point. Figure 11 in Reference [11] shows significant CL and CM
nonlinearity at α = 14◦, which in the author’s opinion could be the case.

Lastly, we propose that the application of an inverted joined wing configuration could also
help in solving the problem of global buckling of the joined wing airplanes reported by several
researchers [18–20]. The direction of critical load (lift + drag in point A of the load envelope) points
upwards and forwards. The smallest moment of inertia of a conventional joined wing airplane goes
in this direction, so in this case global buckling is a problem. The much larger moment of inertia
of an inverted joined wing airplane goes in this direction, meaning that the problem should be
avoided. In other words, in this configuration the aft wing is under tension and not under compression,
and consequently it cannot be buckled at high angles of attack. Nevertheless, this hypothesis has not
yet been confirmed.

In any event, the joined wing configuration is generally a difficult design to implement, due to
the strong aerodynamic coupling [21] and static indeterminacy. We undertook a dedicated research
programme to explore its properties [22–24], utilizing previous experiences in optimization [25–30]
and unmanned aerial vehicle (UAV) flight testing [31–34]. Poland’s Institute of Aviation was chosen to
lead this effort because of its specialization and previous experience in general aviation [35,36].

At the beginning of the project, an unmanned demonstrator (Figure 2) was designed and
aerodynamically optimized. Then its flight characteristics were thoroughly investigated [37,38] with the
application of data from both CFD analysis and wind tunnel measurements [39,40]. Simultaneously,
further multicriterial aerodynamic optimization was performed to explore the limits of the
configuration’s performance potential [41]. Finally, software for multidisciplinary optimization was
developed and applied so as to take structural analysis into consideration as well [42,43]. The overall
conclusion was that the applied airplane configuration does allow for the construction of an airplane
with better performance, although, as the results presented in [44] show, its advantage against
conventional airplanes is nevertheless marginal.
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3. Electrical System Architecture in the Current Demonstrator 

The demonstrator was designed as a scaled model of a personal airplane accommodating a pilot 
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Joined wing airplanes usually have their CG position located significantly behind 50% of the mean 
aerodynamic chord (MAC) of the front wing (Figure 2). The pilot should sit behind the front wing to 
obtain this CG position if a tractor propeller were to be applied, but as a result the front wing would 
constrain the pilot’s visibility quite significantly. In the case of conventional airplanes, this issue does 
not create any problem because their CG is located close to 1/4 of MAC, so the pilot sits below the 
wing and his forward visibility is not constrained by the wing. A pushing propeller configuration 
allows the pilot to sit in front of the front wing, since significant mass of the propulsion system is 
located in the aft part of the airplane. In view of the above, we applied a pushing propulsion in our 
demonstrator. However, the large diameter of the conventional propeller in the pushing 
configuration usually creates the threat of collision with the runway during takeoff rotation and 
during touchdown. Because ducted fans usually allow for the same efficiency as a conventional 
propeller but with a smaller diameter, we considered, designed, and tested a ducted fan design [45–
50]. At that time, however, it became possible to buy a motor with high optimal revolutions per 
minute (RPMs) allowing for application of a market propeller with slightly better efficiency than the 
designed ducted fan and with only slightly greater diameter. At the same time it was significantly 
lighter. As a result, the ducted fan propulsion was tested only in the wind tunnel, whereas the 
propeller was tested both in the wind tunnel and in flight. However, the ducted fan was not 
ultimately abandoned for reasons specified in Section 4 below. 

The demonstrator was built as a dual purpose research device, both for wind tunnel testing and 
for flight testing. This is a common approach taken in scaled airplane model methodology studies in 
Poland. It allows considerable time savings because only one research device has to be 
manufactured instead of two: one dedicated for wind tunnel testing, the other for flight testing. 

Figure 2. (a) Three views of the inverted joined wing demonstrator; and (b) demonstrator in the
wind tunnel.

3. Electrical System Architecture in the Current Demonstrator

The demonstrator was designed as a scaled model of a personal airplane accommodating a pilot
and three passengers, therefore the propulsion configuration was determined both by the issue of
“visibility from the pilot’s seat” and by the application of the inverted joined wing configuration.
Joined wing airplanes usually have their CG position located significantly behind 50% of the mean
aerodynamic chord (MAC) of the front wing (Figure 2). The pilot should sit behind the front wing to
obtain this CG position if a tractor propeller were to be applied, but as a result the front wing would
constrain the pilot’s visibility quite significantly. In the case of conventional airplanes, this issue does
not create any problem because their CG is located close to 1/4 of MAC, so the pilot sits below the wing
and his forward visibility is not constrained by the wing. A pushing propeller configuration allows the
pilot to sit in front of the front wing, since significant mass of the propulsion system is located in the
aft part of the airplane. In view of the above, we applied a pushing propulsion in our demonstrator.
However, the large diameter of the conventional propeller in the pushing configuration usually creates
the threat of collision with the runway during takeoff rotation and during touchdown. Because ducted
fans usually allow for the same efficiency as a conventional propeller but with a smaller diameter,
we considered, designed, and tested a ducted fan design [45–50]. At that time, however, it became
possible to buy a motor with high optimal revolutions per minute (RPMs) allowing for application of a
market propeller with slightly better efficiency than the designed ducted fan and with only slightly
greater diameter. At the same time it was significantly lighter. As a result, the ducted fan propulsion
was tested only in the wind tunnel, whereas the propeller was tested both in the wind tunnel and in
flight. However, the ducted fan was not ultimately abandoned for reasons specified in Section 4 below.

The demonstrator was built as a dual purpose research device, both for wind tunnel testing
and for flight testing. This is a common approach taken in scaled airplane model methodology
studies in Poland. It allows considerable time savings because only one research device has to be
manufactured instead of two: one dedicated for wind tunnel testing, the other for flight testing.



Energies 2017, 10, 762 5 of 21

However, the application of a single research device creates a quite significant challenge resulting from
the low mass requirement for flight testing combined with the higher strength requirements for wind
tunnel testing. Fortunately, the application of modern composite materials reinforced with carbon
fiber allowed both of these two contradictory requirements to be satisfied. As a result, the total mass of
the demonstrator ready to fly was equal to 24.5 kg, which allowed flight tests to be performed without
registration with the aviation authorities (in Poland, any UAV with a mass greater than 25 kg had to be
registered at the time when this project was conducted).

An electrical propulsion was initially applied, despite it usually having twice the mass of an
internal combustion system. The most obvious reason for the greater mass of electrical systems is
the lower density of energy stored in batteries than in chemical fuels. However, the demonstrator
in this project was tested first in the wind tunnel, where it is important to have propulsion which is
easy to control and generates small vibration. In particular, the starting of the propulsion is critical
since vibrations of large amplitude (typical for starting an internal combusting engine) may impair
the aerodynamic balance applied for the precise measurements of aerodynamic forces. Moreover
an electrical propulsion is cleaner, which is particularly important in the closed circuit wind tunnel,
since an internal combustion engine would be forced to breathe its own exhaust gases instead of clean
air. Exhaust gases could be led out of the tunnel, but even the flexible piping necessary to do this
would interfere with the measurement of aerodynamic forces. Application of the same propulsion
both in the wind tunnel and in flight was perceived as a good way to save time in transferring
the demonstrator from the wind tunnel to flight testing. However, the characteristics of electrical
propulsion generated another significant challenge in the case of flight testing. According to previous
experiences, a climb rate of 3 m/s is necessary to perform a safe flight of the research model. In the
case of internal combustion engines, this is an initial climb rate achievable immediately after takeoff.
The climb rate rises over the flight time due to the fuel consumption and resulting mass reduction.
Therefore, the final climb rate is usually greater than the initial one allowing for safe abort landings if
necessary. An electrical airplane, by contrast, has a constant mass over the whole flight, yet its batteries’
voltage is decreasing (more than 10%), therefore the power available for flight is also decreasing (more
than 20%). As a result, a climb rate of 3 m/s should be available just before touch down (with an
almost fully discharged main battery) should an abort landing be necessary. It was assumed that an
electric propulsion providing an initial climb rate greater than 5 m/s would allow for a final climb
rate of 3 m/s. This means that the electrical propulsion had to be more powerful than an internally
combusting one, thus further increasing its mass.

Properties of the electric propulsion system applied for both wind tunnel tests and initial flight
tests are summarized in Table 1. Demonstrator characteristics were retrieved from wind tunnel tests,
presented in Figure 3, and also the resulting airplane performance in Figure 4. As can be seen from
these figures, the maximum climb rate achievable close to the ground was greater than 5 m/s and the
maximum flight endurance was greater than 20 min. These values were evaluated as acceptable for
flight testing.

Table 1. Electric propulsion system applied in the joined wing demonstrator.

Motor: Turnigy RotoMax 1.60 [51]

Voltage (V) 37
Maximum current (A) 80

Mass (g) 849
Nominal power/RPM 2960/8550

Electronic Speed Controller: YEP 120 [52] Maximum Continuous Current (A) 120
Mass (g) 100

Battery: Li-Fe 4p12s (48 Cell)

Nominal Voltage (V) 39.6
Capacity (Ah) 9.6

Maximum Continuous Current (A) 200
Mass (g) 4100

Propeller: Fiala 20 × 10 E [53]
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Figure 3. (a) Propulsion unit characteristics: Pe—motor electric power, PN—effective power, η—total 
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Figure 4. (a) Maximum climb rate versus airspeed for several flight altitudes; and (b) maximum 
range and endurance versus airspeed for simple cruise mission. 

The propulsion system was not the only electric device onboard the demonstrator. It was also 
equipped with a radio control system (RCS), autopilot and data acquisition system (ADAS), 
Radiomodem, and charge-coupled device (CCD) Camera. The whole electric/electronic system 
architecture is presented in Figure 5. Each of the vital systems of the demonstrator was supplied 
from a separate power source because previous experience shows that a supply from separate 
sources is important for the safety and accuracy of recorded measurements. 
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The propulsion system was not the only electric device onboard the demonstrator. It was
also equipped with a radio control system (RCS), autopilot and data acquisition system (ADAS),
Radiomodem, and charge-coupled device (CCD) Camera. The whole electric/electronic system
architecture is presented in Figure 5. Each of the vital systems of the demonstrator was supplied from
a separate power source because previous experience shows that a supply from separate sources is
important for the safety and accuracy of recorded measurements.
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Application of an autopilot allowed for autonomous flights, but this was used only as an
emergency option in the case of loss of radio contact. If radio contact was lost, the autopilot would
guide the airplane around the airfield until radio contact was recovered. Direct radio control was
applied as the main mode of control because the demonstrator was tested to evaluate its handling
properties, so the “pilot’s impression” was an important source of information, together with data from
various sensors installed onboard. Usually these data are used by the autopilot to calculate signals
for servomotors and the propulsion speed controller. In this project, the autopilot only stored them
for further analysis and sent some data to the ground control station (GCS) to be displayed for those
supervising each test. A CCD camera was also installed onboard since the view from the airplane is
quite helpful in flight data analysis. However, it was not transmitted to GCS in real time since the
airplane was flying close to the pilot, so control according to the visual line of sight (VLOS) rules was
applied (Figure 6).
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Figure 6. Picture taken from the demonstrator during the approach for landing after the first flight.
Distance between the pilot and the airplane was at this point close to the furthest distance that occurred
during the whole flight test program.

4. Project Implementation and Results

Two sessions of wind tunnel tests were performed before the flight test campaign began. Both of
them took place in the early months of 2014. The first was dedicated to propulsion testing, and the
second to the whole demonstrator testing. The first flight was performed in September 2014 and
then the flight test campaign was continued in the summer of 2015. An additional wind tunnel test
session dedicated for propulsion testing was performed in the spring of 2015. Electrical propulsion
appeared particularly convenient during wind tunnel testing, but charging of the whole set of batteries
before each wind tunnel test or flight test proved to be quite time-consuming. Therefore several sets
of batteries were charged before each test/flight day and were then only replaced when necessary,
although this was also cumbersome to some extent (Figure 7). The same batteries were used during
the whole project. In mid-2015, they started to exhibit worse and worse performance and so they
were tested on a ground test bench. Each cell in each battery turned out to have different discharge
characteristics (see Figure 8), which had not been the case at the beginning of the project.
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that a suitable piston engine would be lighter and cheaper. Moreover, the maintenance advantage of 
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Different discharge characteristics are usually a symptom of battery aging; therefore, it was
necessary to decide whether a new set of batteries should be acquired. Market analysis indicated that
a suitable piston engine would be lighter and cheaper. Moreover, the maintenance advantage of an
electrical propulsion system during a flight test campaign is questionable. Refueling takes significantly
less time than exchanging batteries so more flights a day can be performed with internally combusting
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this project is presented in Figure 9.
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The most challenging tests for the batteries are marked red in this figure. These tests were so
challenging because a high discharge current was used for extended periods of time in these cases.
In the case of complete airplane investigation in the wind tunnel, a much smaller current was used
since cruising conditions were simulated. In these conditions, the airplane needs the smallest power to
fly. During flight testing, on the other hand, full power is used only during takeoff, so in this case a
high discharge current was used neither frequently nor for an extended period of time. Finally, the test
stand (Figure 10) used for propulsion testing could accommodate only a 12S2P battery configuration
instead of the 12S4P configuration applied for complete airplane testing. As a result the current drained
from the batteries during propulsion testing with full power was usually twice that as during complete
airplane testing. This means that either five months of extensive use exhausted the useful life of the
batteries, or they were aging also during storage periods (despite proper storage conditions). In any
event, this result was quite disappointing since Li-Fe batteries were selected in view of their greater
expected durability than Li-poly batteries (another reason being safety). The conclusion to be drawn
from this experience is that electrical propulsion is quite useful in aeronautical research programs,
albeit only in their early stages. However, when long lasting extensive flight testing begins, an internal
combusting propulsion is still more reliable and easy to use.
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Two other lessons were learned from this project, concerning potential modifications to the general
configuration of the airplane. During the flight test campaign, the craft was discovered to exhibit
correct longitudinal stability but relatively low directional stability (acceptable but not comfortable
for the pilot). Because of this, it was decided to move the CG in the forward direction to improve
directional stability, so that the airplane was eventually flying with the CG located in front of its
planned position. As a result, the aft wing provided too little lift to maintain an optimal lift distribution.
Therefore, it was not possible to attain the expected performance advantage. However, this could be
improved in the future, for instance through the application of ducted fan propulsion, because the duct
would provide an additional stabilizing surface behind the tail of the airplane. This would improve
both the directional and longitudinal stability of the airplane and allow for a more aft CG position.
As a result, the aft wing would deliver greater lift. However, this solution may not be optimal since
the thrust axis of the ducted fan is still quite high above the ground and over CG. Eccentricity between
the CG position and thrust axis generates a significant pitching moment which has to be balanced by
the elevator deflection, again decreasing the lift from the aft wing. It would seem that the application
of propulsion distributed along the leading edge of the aft wing would solve both problems. Without
an engine and propeller/fan at the end, the fuselage could be longer so that the distance between
the CG and the vertical stabilizer could be greater, providing sufficient stability with the optimal CG
position. Moreover, small motors applicable in the case of distributed propulsion would require small
propellers. This would allow for the thrust axis to be located below the CG, so that increased lift from
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the aft wing would be necessary to obtain the equilibrium. These considerations were initially verified
with the application of simple CFD methods showing an advantage of distributed propulsion [54].
In Section 4 of this paper, we show with the application of wind tunnel data that this result is plausible.
Assuming an airplane configuration like the one presented in Figure 11, however, leads us back again
to an electric propulsion system, since small electric motors are much more reliable and easier to
operate than internally combusting ones. The simultaneous starting and regulation of many small
internally combusting engines is almost impossible. Moreover it would be dangerous in the case of
crosswind landings because one wing is much closer to the ground in these cases, thus creating a threat
of collision between the runway and an external propeller. Fortunately only idle power is used during
approach, so the more external electric motors could be switched off completely and restarted if an
aborted landing maneuver was necessary. They should be equipped with foldable propellers to avoid
collision with the runway, so their nacelles should be at least as long as the propeller radius to allow
for unhampered folding and unfolding propellers. On the other hand, the immediate restart of a small
internal combusting engine during an aborted landing maneuver is again impossible.
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Another issue connected with these considerations is their practical application in a large scale
airplane. In this case, all-electric propulsion would not be reasonable. The energy density of an
all-electrical propulsion system is still approximately eight times lower than the energy density of
an internally combusting propulsion system, even if the best Li-ion batteries are used [55], so in a
large scale utility airplane, liquid fuel should be used for energy storage. On the other hand, the issue
of crosswind landings is still important, so electrical motors should be applied to deliver the thrust
necessary to fly. This leads to the conclusion that hybrid distributed propulsion may be optimal for
large scale airplanes in the proposed configuration.

5. Performance Improvement Analysis

Above we have considered several possible modifications to improve the performance of the
joined wing demonstrator which we actually tested. However, any and every change needs to be made
with special care to keep the airplane’s stability and handling properties at a suitable level. Figure 12
explains the convention of the axis system used to define the CG position, neutral point of stability
(CN) position, and thrust vector (T) position used in this paper. It is worth mentioning that positive
elevator deflection δH is down deflection and corresponds to the nose pitching down effect.

Energies 2017, 10, 762 10 of 21 

 

considerations were initially verified with the application of simple CFD methods showing an 
advantage of distributed propulsion [54]. In Section 4 of this paper, we show with the application of 
wind tunnel data that this result is plausible. Assuming an airplane configuration like the one 
presented in Figure 11, however, leads us back again to an electric propulsion system, since small 
electric motors are much more reliable and easier to operate than internally combusting ones. The 
simultaneous starting and regulation of many small internally combusting engines is almost 
impossible. Moreover it would be dangerous in the case of crosswind landings because one wing is 
much closer to the ground in these cases, thus creating a threat of collision between the runway and 
an external propeller. Fortunately only idle power is used during approach, so the more external 
electric motors could be switched off completely and restarted if an aborted landing maneuver was 
necessary. They should be equipped with foldable propellers to avoid collision with the runway, so 
their nacelles should be at least as long as the propeller radius to allow for unhampered folding and 
unfolding propellers. On the other hand, the immediate restart of a small internal combusting 
engine during an aborted landing maneuver is again impossible. 

 
Figure 11. Concept of the inverted joined wing airplane with distributed propulsion. 

Another issue connected with these considerations is their practical application in a large scale 
airplane. In this case, all-electric propulsion would not be reasonable. The energy density of an 
all-electrical propulsion system is still approximately eight times lower than the energy density of an 
internally combusting propulsion system, even if the best Li-ion batteries are used [55], so in a large 
scale utility airplane, liquid fuel should be used for energy storage. On the other hand, the issue of 
crosswind landings is still important, so electrical motors should be applied to deliver the thrust 
necessary to fly. This leads to the conclusion that hybrid distributed propulsion may be optimal for 
large scale airplanes in the proposed configuration. 

5. Performance Improvement Analysis 

Above we have considered several possible modifications to improve the performance of the 
joined wing demonstrator which we actually tested. However, any and every change needs to be 
made with special care to keep the airplane’s stability and handling properties at a suitable level. 
Figure 12 explains the convention of the axis system used to define the CG position, neutral point of 
stability (CN) position, and thrust vector (T) position used in this paper. It is worth mentioning that 
positive elevator deflection δH is down deflection and corresponds to the nose pitching down effect. 

 
Figure 12. Center of gravity, neutral point position, and local axis system convention (Łukasz 
Stefanek). 

Figure 12. Center of gravity, neutral point position, and local axis system convention (Łukasz Stefanek).



Energies 2017, 10, 762 11 of 21

As Figure 12 shows, the CG is located unusually far aft from the front wing as compared to
a conventional airplane. However, this is typical for a joined wing configuration because of the
specific lift distribution between the front and aft wings. Analyses presented below are based on
a set of extensive wind tunnel tests performed in 2014 and 2016 which included different aircraft
configurations including: plain configuration, with controls deflected, asymmetric flight configurations,
with propeller and ducted fan propulsion.

5.1. Center of Gravity Position Impact on the Airplane Performance

The CG position for every airplane is defined by several factors: the required stability margin,
controllability, and performance. The first one describes the most aft position relative to the CN position,
with some reserve factor called the stability margin hn, that satisfies static stability requirements.
The second one defines the most forward position in view of the controllability, and depends mostly on
the elevator effectiveness. The forward location of the CG is also driven by aerodynamic performance
constraints. That is because the more forward the center of gravity position is, the more elevator
deflection is required to balance and control the airplane, and thus the total drag is increased.

In the case of the airplane being analyzed herein, the CG position was ultimately defined according
to the first flight tests that revealed an acceptable but small directional stability. That is why the location
of the CG was shifted from an initial xc = −0.879 m to xc = −0.91 m, which increased the distance
between the vertical stabilizer aerodynamic center and the CG and therefore improved directional
stability, but on the other hand affected the performance. In order to quantify the impact of CG position
on performance, we performed the evaluations shown below. First of all, plots of elevator deflection to
trim the airplane in steady level powered flight versus the airspeed and angle of attack were defined
using the SDSA software developed by Warsaw University of Technology, Poland [56,57] as shown in
Figure 13a,b, respectively.
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Figure 13. Elevator deflection required to trim the airplane in steady level powered flight: (a) with
respect to the angle of attack; and (b) with respect to the airspeed.

Calculations were made for the baseline propulsion configuration (see Figure 2) and five different
CG positions were staggered by 10% of MAC. The first one (xc = −0.91 m ) indicates that the modified
CG position does not really match the assumed cruise airspeed of 25 m/s since an elevator deflection
of about −1.9◦ is required to maintain steady level flight. This negative elevator deflection induces
a negative lift increment resulting in lower total lift. The former, being plotted in the domain of the
angle of attack, gives a brief insight into the airplane’s static longitudinal stability level with respect to
the angle of attack in the range of −6◦ < α < 6◦. Because of the fact that the negative slope of δ(δH)/δα
indicates positive stability, the airplane is statically stable for the full achievable range of angles of
attack for almost every CG position considered, except for the most aft case (xc = −0.802 m), where the
slope becomes positive for angles of attack below α = −4◦. After that, the location of the neutral point
xn was defined in a similar manner and is shown in Figure 14. According to the figure below, the most
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forward position for α = −6◦ equals xn = −0.836 m. Therefore, while assuming a minimum stability
margin hn = 0.05MAC (0.0135 m), the most aft CG position should be set to xc = −0.85 m.
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In order to assess the CG position’s impact on the airplane’s performance, additional analyses
were performed for two additional CG cases. These were the most aft position that satisfies the
assumed stability margin (hn) and equals xc = −0.85 m and the most forward position used during the
last flight session: xc = −0.91 m. A comparison of the results with the baseline characteristics presented
before in Figure 4 is shown in Figures 15 and 16.
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Results show a small improvement in performance. The climb rate remained more or less the same
within the full airspeed range and varies only for very low airspeeds close to the stall point, which in
reality does not give any benefits. It is a bit different for the range and duration characteristics, which
reveal some advantage in shifting the CG backwards. The maximum range extension is possible for an
airspeed of about 21.5 m/s and equals 2% as compared to the range for xc = −0.91 m. Improvement
of flight endurance is also possible. Nevertheless, it is achievable for a lower airspeed and equals 2%
for an airspeed of 19 m/s. In every case, performance improvement diminishes for airspeeds over
the assumed cruise airspeed of 25 m/s. The reason for the low increase in performance in general is
the fact that the longitudinal equilibrium is significantly affected when the center of gravity is shifted.
As a result, this requires proper elevator deflection to maintain the balance and consequently generates
an additional drag increment. A more effective way to recover the balance is by making an appropriate
change to the rear wing incidence angle; however, this was not possible in this case, given that a basic
assumption was that the analysis was based on the wind tunnel results.

Another issue that may be affected by the CG travel is the longitudinal and directional stability of
the airplane, both static and dynamic. It has been already shown that the longitudinal static stability is
satisfied, but additional work is required to assess the dynamic stability. Because the airplane revealed
insufficient directional stability, which was initially the reason for moving the CG forward, after
moving the CG backwards to xc = −0.85 m, there is a need to shift the vertical stabilizer backwards by
about 0.06 m to keep approximately the same distance between the CG and stabilizer aerodynamic
center. Based on this, the numeric model as shown in Figure 17 was created to assess the airplane
aerodynamic characteristics in sideslip cases using the PANUKL software developed by Warsaw
University of Technology, Poland [58].
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Using results from PANUKL, input data for the analysis was updated and the stability
computation was performed in SDSA [56–58] for geometry with a new vertical stabilizer position and
most aft CG position. The basic results are presented in Figure 18 and compared with the properties of
the airplane with the initial geometry and most forward CG position.

According to Figure 18a, the time to halve the amplitude in phugoid motion is higher for low
airspeeds below 21 m/s, which means weaker damping close to the minimum airspeed. However,
the motion becomes highly damped compared to the basic configuration for airspeed range above
21 m/s, which confirms the improvement in longitudinal stability after CG and tail modification.
It should be pointed out that the irregular shape of the curve is caused by limitations of the software
that solves linearized equations of motion and thus, discontinuities of the final output are possible.
Nevertheless, it is enough to quantify the design impact on the overall airplane qualities. Because a
joined wing configuration seems to inherently have good longitudinal dynamic stability properties as
shown in [59,60], there is no risk of phugoid or short period oscillation instability with CG location
change until static stability requirements are satisfied. It is a bit different in terms of lateral-directional
stability because a combination of dihedral and wing sweep angles together with side connecting
plates and usually a relatively small area of vertical stabilizer makes it difficult to predict airplane
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qualities. That is why the results presented in [59] revealed spiral instability and a satisfactory level of
Dutch roll stability. Dutch roll damping was also crucial in the case of our airplane. Both spiral and
Dutch roll were stable with the original CG location, but any spiral motion was always accompanied
by Dutch roll oscillations, which was not convenient for the pilot, in particular in gusty weather.
This was a reason for the CG shift forward during the flight test campaign. Therefore, the increase
of Dutch roll damping was perceived as advantageous and is analyzed in this paper. As shown in
Figure 18b, after the proposed modification, damping was significantly increased in the full airspeed
range. It is because of the vertical stabilizer shift that the adverse effect due to the CG location change
was overcome. Therefore, since the directional stability was generally improved, it can be said that
there is no risk of stability loss if only the appropriate stabilizer position and area are maintained.
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5.2. Thrust Vector Position Impact on the Airplane Performance

For the reasons discussed in Section 2, the thrust vector is located high above the CG position, so
that it generates a pitching down (negative) moment and greatly affects the longitudinal trim and thus
performance in general. Possible solutions as to how to modify the propulsion unit to minimize this
adverse effect were highlighted above and thus some calculations are needed to evaluate the possible
benefits from this concept. Two different positions were considered: nominal zT = 0.216 m and a lower
position located approximately in plane of the aft wing zT = 0 m (refer to Figure 12). The latter was
combined with two different CG positions, so that three different cases were analyzed. The final results
are presented in Figures 19 and 20. This time of the total extension of the range was approximately
3%, whereas the total extension of flight endurance proved to be 4%. Performance improvement is
visible only for low airspeed values. However, it is worth pointing out that the minimum airspeed
was reduced due to the positive pitching moment increase generated by the thrust, which allowed for
increased lift. Any benefits diminish with increasing airspeed. Similar to the previous findings, this is
caused by an inappropriate aft wing incidence angle not adjusted to the new concept. This should
be changed to trim the airplane with a new thrust vector position for the assumed cruise airspeed.
We propose that after the incidence angle is changed so that it compensates for the change in pitching
moment due to the thrust effect, the performance would be improved within the full range of airspeed.

5.3. The Airplane Performance with the Ducted Fan Propulsion

Another concept discussed above is propulsion with a ducted fan, as shown in Figure 21. Wind
tunnel tests were performed for the airplane with this new propulsion, and additionally for the
propulsion unit separately to check its performance without the airframe.
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Based on the aerodynamic characteristics of the airframe and propulsion unit characteristics, both
retrieved from the wind tunnel tests (Figure 22), the airplane’s performance was calculated in a similar
way as described previously and the results are presented in Figures 23 and 24. The first picture shows
that there is very minor influence of the ducted fan on the airplane’s overall aerodynamic characteristics.
Comparison with the airplane in the baseline configuration reveals only a small difference in CL/CD

for the high airspeed range above 29 m/s. Similar to the baseline configuration, the CG shift in
the aft direction gives a significant CL/CD and CL

3/CD
2 ratio increase near the minimum airspeed.
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The graphs presented in Figure 24 do not confirm that the airplane with the ducted fan is superior
over one with conventional propulsion. That is because the propulsion unit being tested and used
in the analyses has smaller thrust and efficiency than a conventional propeller used in the flight test
program (with greater diameter than the ducted fan). Therefore, it is visible that both the maximum
climb rate and range/endurance are worse than in the case with baseline propulsion.

Energies 2017, 10, 762 16 of 21 

 

near the minimum airspeed. The graphs presented in Figure 24 do not confirm that the airplane with 
the ducted fan is superior over one with conventional propulsion. That is because the propulsion 
unit being tested and used in the analyses has smaller thrust and efficiency than a conventional 
propeller used in the flight test program (with greater diameter than the ducted fan). Therefore, it is 
visible that both the maximum climb rate and range/endurance are worse than in the case with 
baseline propulsion. 

 
Figure 22. The ducted fan propulsion performance: PN—effective power, Pe—motor electric power, 
η—total efficiency, T—thrust. 

(a) (b) 

Figure 23. Variation in the airplane’s aerodynamic characteristics with CG position for the 
configuration with a ducted fan: (a) CL/CD ratio; and (b) power coefficient CL3/CD2 with respect to the 
airspeed. 

(a) (b)

Figure 24. Variation in the airplane’s performance with the thrust vector position: (a) maximum 
climb rate; (b) range and flight duration with respect to the airspeed. 

Figure 22. The ducted fan propulsion performance: PN—effective power, Pe—motor electric power,
η—total efficiency, T—thrust.

Energies 2017, 10, 762 16 of 21 

 

near the minimum airspeed. The graphs presented in Figure 24 do not confirm that the airplane with 
the ducted fan is superior over one with conventional propulsion. That is because the propulsion 
unit being tested and used in the analyses has smaller thrust and efficiency than a conventional 
propeller used in the flight test program (with greater diameter than the ducted fan). Therefore, it is 
visible that both the maximum climb rate and range/endurance are worse than in the case with 
baseline propulsion. 

 
Figure 22. The ducted fan propulsion performance: PN—effective power, Pe—motor electric power, 
η—total efficiency, T—thrust. 

(a) (b) 

Figure 23. Variation in the airplane’s aerodynamic characteristics with CG position for the 
configuration with a ducted fan: (a) CL/CD ratio; and (b) power coefficient CL3/CD2 with respect to the 
airspeed. 

(a) (b)

Figure 24. Variation in the airplane’s performance with the thrust vector position: (a) maximum 
climb rate; (b) range and flight duration with respect to the airspeed. 

Figure 23. Variation in the airplane’s aerodynamic characteristics with CG position for the configuration
with a ducted fan: (a) CL/CD ratio; and (b) power coefficient CL

3/CD
2 with respect to the airspeed.

Energies 2017, 10, 762 16 of 21 

 

near the minimum airspeed. The graphs presented in Figure 24 do not confirm that the airplane with 
the ducted fan is superior over one with conventional propulsion. That is because the propulsion 
unit being tested and used in the analyses has smaller thrust and efficiency than a conventional 
propeller used in the flight test program (with greater diameter than the ducted fan). Therefore, it is 
visible that both the maximum climb rate and range/endurance are worse than in the case with 
baseline propulsion. 

 
Figure 22. The ducted fan propulsion performance: PN—effective power, Pe—motor electric power, 
η—total efficiency, T—thrust. 

(a) (b) 

Figure 23. Variation in the airplane’s aerodynamic characteristics with CG position for the 
configuration with a ducted fan: (a) CL/CD ratio; and (b) power coefficient CL3/CD2 with respect to the 
airspeed. 

(a) (b)

Figure 24. Variation in the airplane’s performance with the thrust vector position: (a) maximum 
climb rate; (b) range and flight duration with respect to the airspeed. 

Figure 24. Variation in the airplane’s performance with the thrust vector position: (a) maximum climb
rate; (b) range and flight duration with respect to the airspeed.



Energies 2017, 10, 762 17 of 21

Together with performance analysis, we also evaluated basic stability, as shown in Figure 25.
We expected that additional surface of the duct would improve both the longitudinal and directional
stability, yet the calculations indicated that the duct’s contribution to the stability does not seem to be
as great as was thought. This is because of the specific airflow conditions inside and over the duct.
First of all, when the throttle is narrowly opened or even closed, it is possible that the fan significantly
reduces the airflow inside the duct [48], so that it cannot act as a lifting surface nor give a stabilizing
effect in the case of non-axial airflow. On the other hand, when the throttle is significantly opened,
increased velocity inside and around the duct does not allow the airflow to be asymmetric in close
proximity of the duct, and thus it does not give any restoring moment.

Energies 2017, 10, 762 17 of 21 

 

Together with performance analysis, we also evaluated basic stability, as shown in Figure 25. 
We expected that additional surface of the duct would improve both the longitudinal and directional 
stability, yet the calculations indicated that the duct’s contribution to the stability does not seem to 
be as great as was thought. This is because of the specific airflow conditions inside and over the duct. 
First of all, when the throttle is narrowly opened or even closed, it is possible that the fan 
significantly reduces the airflow inside the duct [48], so that it cannot act as a lifting surface nor give 
a stabilizing effect in the case of non-axial airflow. On the other hand, when the throttle is 
significantly opened, increased velocity inside and around the duct does not allow the airflow to be 
asymmetric in close proximity of the duct, and thus it does not give any restoring moment. 

(a) (b)

Figure 25. Dynamic stability characteristics of the airplane with ducted fan propulsion. Time to halve 
the amplitude of oscillations: (a) phugoid motion; and (b) Dutch roll motion. 

6. Conclusions 

In the project reported herein, we constructed an airplane with the inverted joined wing 
configuration and performed wind tunnel and flight testing of a demonstrator of this concept. 

In the first part of this paper, we focused on the issue of the pros and cons involved in selecting 
the propulsion system for such a demonstrator. Initially we used an electrical propulsion in the 
demonstrator to simplify wind tunnel testing, then the same electrical-propulsion model performed 
several flights. Given the cumbersomeness and significant loss of battery performance we observed 
during these test flights, however, the electrical propulsion was next replaced by internal 
combustion propulsion for further flight testing. From this experience and related considerations, 
we concluded that electric propulsion is quite useful in aeronautical research programs involving 
such scaled demonstrators, but only in their early stages (wind tunnel testing and first flights). We 
found that electric propulsion used in such a research airplane is both powerful enough to provide 
the required climb rate and also a flight duration of over 20 min, which seems appropriate in the 
flight testing stage. Nevertheless, once a longer lasting, extensive flight test program begins, internal 
combusting propulsion proves to be more reliable and easy to use. 

In the next part of this paper, we considered two major potential modifications of the existing 
airplane in search of better aerodynamic characteristics and performance. The first one was a shift in 
the center of gravity towards the aft, which we found allows for better performance due to the 
increased lift on the aft wing. We showed that performance can be improved even when the 
longitudinal trim is maintained only by appropriate elevator deflection. We also proposed that when 
incidence angles on the forward and aft wings are optimized for the new CG position and best lift 
distribution, further benefits would be gained. However, it is very important to keep in mind the 
stability requirements, both longitudinal and directional. In Section 5.1, we conclude that this should 
not be difficult if propulsion is taken away from the fuselage rear and the vertical stabilizer is moved aft. 

The second idea was to evaluate the influence of thrust vector position on the airplane design’s 
performance. Our results did not show significant improvement, but some benefits appear to be 
attainable in this way. Similarly, a general modification of the lifting surfaces could be required to 

Figure 25. Dynamic stability characteristics of the airplane with ducted fan propulsion. Time to halve
the amplitude of oscillations: (a) phugoid motion; and (b) Dutch roll motion.

6. Conclusions

In the project reported herein, we constructed an airplane with the inverted joined wing
configuration and performed wind tunnel and flight testing of a demonstrator of this concept.

In the first part of this paper, we focused on the issue of the pros and cons involved in selecting
the propulsion system for such a demonstrator. Initially we used an electrical propulsion in the
demonstrator to simplify wind tunnel testing, then the same electrical-propulsion model performed
several flights. Given the cumbersomeness and significant loss of battery performance we observed
during these test flights, however, the electrical propulsion was next replaced by internal combustion
propulsion for further flight testing. From this experience and related considerations, we concluded
that electric propulsion is quite useful in aeronautical research programs involving such scaled
demonstrators, but only in their early stages (wind tunnel testing and first flights). We found that
electric propulsion used in such a research airplane is both powerful enough to provide the required
climb rate and also a flight duration of over 20 min, which seems appropriate in the flight testing
stage. Nevertheless, once a longer lasting, extensive flight test program begins, internal combusting
propulsion proves to be more reliable and easy to use.

In the next part of this paper, we considered two major potential modifications of the existing
airplane in search of better aerodynamic characteristics and performance. The first one was a shift in the
center of gravity towards the aft, which we found allows for better performance due to the increased
lift on the aft wing. We showed that performance can be improved even when the longitudinal trim is
maintained only by appropriate elevator deflection. We also proposed that when incidence angles on
the forward and aft wings are optimized for the new CG position and best lift distribution, further
benefits would be gained. However, it is very important to keep in mind the stability requirements,
both longitudinal and directional. In Section 5.1, we conclude that this should not be difficult if
propulsion is taken away from the fuselage rear and the vertical stabilizer is moved aft.
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The second idea was to evaluate the influence of thrust vector position on the airplane design’s
performance. Our results did not show significant improvement, but some benefits appear to be
attainable in this way. Similarly, a general modification of the lifting surfaces could be required to
obtain satisfactory results. This would be even more advantageous if a number of smaller propulsion
units were to be allocated on the aft wing’s leading edge, since this may contribute to the improvement
of airflow around the aft wing and thus increase its effectiveness. Moreover, this would be beneficial
in terms of safety during landing and takeoff, since the tips of smaller propellers can be kept away
from the runway.

All this led us to the conclusion that propulsion distributed along the leading edge of the aft
wing seems to be optimal for an inverted joined wing airplane, and this in turn takes us back to the
advantages of using electric motors in such a case. As a result, we envision that all-electric distributed
propulsion could be used in a scaled demonstrator of such a design, whereas a hybrid distributed
propulsion should be used in a full scale utility airplane in the proposed configuration.
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