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Abstract  

Joined wing configuration is considered as 
a candidate for future aeroplanes. It is an 
unconventional aeroplane configuration with 
several possible advantages like induced drag 
reduction and weight reduction due to the 
closed wing concept. This paper presents a 
project of an investigation of its rarely 
considered version, with front wing above aft 
wing. Our previous analyses suggest, that 
joined wing aeroplane L/D grows together with 
increasing gap and stagger between wings. 
Therefore a project consisting of detailed CFD 
analyses, wind tunnel tests and flight tests of 
scaled demonstrator were undertaken to prove 
that successful airplane can be built utilizing 
this concept. Multicriterial optimisation, 
performance, stability and control analyses of 
the joined wing unmanned aerial vehicle (UAV) 
are a main goal of the project. The project 
started in December 2012 and is to be finished 
in December 2015. This paper presents current 
status of the programme. 

1 Introduction 
Joined wing configuration is considered as 

a candidate for future aeroplanes. It is an 
unconventional aeroplane configuration 
consisting of two lifting surfaces similar in 
terms of area and span. One of them is located 
at the top or above the fuselage, whereas the 
second is located at the bottom. Moreover one 
of lifting surfaces is attached in front of 
aeroplane Centre of Gravity, whereas the 
second is attached significantly behind it. Both 
lifting surfaces join each other either directly or 
with application of wing tip plates, creating a 

box wing. Application of this concept was 
proposed for the first time by Prandtl in 1924 
[1]. It has many possible advantages like 
induced drag reduction and weight reduction 
due to the closed wing concept. Unfortunately it 
is much more complicated to design than 
conventional aeroplane due to the strong 
aerodynamic coupling [2] and static 
indeterminacy. Therefore only a few attempts 
[3, 4] were undertaken to design a real 
aeroplane in this configuration before computer 
aided design systems became available [5-12] 
and even its early versions were not powerful 
enough. Large meshes are necessary to describe 
joined wing aeroplane accurately enough for 
precise CFD analysis, so very capable 
computers were required and unfortunately 
unavailable. On the other hand potential weight 
reduction comes from the static indeterminacy 
of the joined wing configuration. Once again 
powerful computers were necessary to analyse 
it with FEM method with satisfactory accuracy. 
Moreover, static indeterminacy causes 
significant manufacturing problems due to tight 
tolerances required to assembly the joined wing 
with no random internal stresses. All these 
difficulties can be resolved with application of 
modern CFD and FEM software, increased 
computing capabilities and prototyping 
capabilities based on computer controlled 
machining. All of them are currently available, 
so attempts to design an unconventional 
aeroplanes are more frequent now [13-17]. This 
refers also to joined wing aeroplanes [18-26], 
however, in most cases researchers concentrate 
on configuration where front wing is attached at 
the bottom of fuselage and aft wing is installed 
either at the top of the fuselage or at the top of 
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the vertical stabilizer (Fig.1). Our previous 
experience lead to the conclusion that joined 
wing aeroplane could fly much better in upside 
down position [27]. The most probable reason 
of this fact comes from the interaction between 
wings. Front wing wake is very close to the aft 
wing if gap between wings is too small. It 
becomes even smaller at high angles of attack if 
front wing is located below aft wing. As a result 
aerodynamic advantages are diminished. They 
may be recovered if aft wing is installed high at 
the top of the vertical stabilizer, however this 
requires strong stabilizer which decreases 
potential weight reduction. Configuration, with 
front wing above aft wing should work in the 
opposite way, thus delivering expected 
advantages, providing that fuselage is 
reasonably high.  

 

 
 

Fig.1 The joined wing aeroplane model built at 
the Warsaw University of Technology in early 

nineties 
 

 
 

Fig.2 Small UAV investigated in current project 

Our recent CFD analyses confirm, that 
joined wing aeroplane L/D grows together with 
increasing gap and stagger between wings [28]. 
Moreover, assuming the same gap, 
configuration with front wing above aft wing 
provides not only greater maximum L/D, but 
also greater L/D in wider range of angles of 
attack. In particular L/D at high angles of attack 
is greater in this configuration which suggests 
advantageous flight endurance. Configuration 
with front wing below aft wing is advantageous 
only at low angles of attack assuming that aft 
wing is installed at the top of the vertical 
stabilizer. However, as mentioned before, 
weight advantage should be reduced in this case 
due to the increased loads of vertical stabilizer. 
As can be seen from this result, final conclusion 
is not clear yet and only a few designers share 
our belief [29], which was the motivation to 
undertake our current project. The concept of 
the project was described in [30, 31]. 
Multicriterial optimisation, performance, 
stability and control analyses of the joined wing 
unmanned aerial vehicle (UAV) are a main goal 
of the project. It is believed that it will allow for 
collecting an extensive database of knowledge 
concerning the inverted join-wing aeroplane 
configuration. Analysis and optimisation in this 
project are run for UAV since this allows for 
building inexpensive real flying test-bed. It will 
be tested with procedures of flight-testing 
developed in previous projects described in [32-
35]. On the other hand UAVs were designed as 
a scaled down mock-ups of the future manned 
aeroplane. 

 

 

 
Fig.3 Envisaged future manned aeroplane in 

joined wing configuration 
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Two UAVs are tested in this project, one 
with wing span of 1,2m (Fig.2) and second with 
wing span of 3m. First model was used to 
perform basic airworthiness experiments [30]. 
Second is equipped with much more advanced 
measurement and data acquisition system, so it 
will allow collecting detailed data on flight 
performance, stability and control. The same 
airframe was also used for wind tunnel testing.  

2. Initial airworthiness 
Small UAV was built to prove that chosen 

airplane configuration will allow performing the 
project safely. Its geometry was based on 
results of the calculations described in [28]. 
Dynamic directional/lateral stability was also 
verified with this model, except of basic 
airworthiness. Due to the application of quite 
short fuselage and pushing propulsion, it was 
not clear if single conventional vertical 
stabilizer and rudder would be effective. 
Therefore UAV was equipped with large, 
trapezoidal plates connecting front and aft wing. 
They were equipped with additional rudders. 
Left of them was deflectable only to the left and 
right of them was deflectable only to the right. 
During the first flight complete directional 
control system was used. Than side rudders 
were disengaged. Directional controllability 
was not significantly affected by this action. 
Therefore in the following flights both rudders 
and wing tip plates were gradually reduced. 
Finally it appeared that airplane is stable and 
controllable enough without side rudders and 
with minimal area of plates.  

Small UAV allowed also investigating 
various combinations of elevator configuration. 
Elevator located at the whole trailing edge of 
the aft wing appeared the most effective while 
elevator using internal segments of control 
surfaces in front wing allowed achieving best 
performance. Deflection down of the front 
elevator was allowing not only decrease 
airspeed of the aeroplane, but also obtain 
greater L/D for achieved airspeed in a 
comparison with equivalent deflection up of the 
aft elevator. On the other hand aft elevator 
allowed achieving significantly smaller 
airspeeds.  Finally it was decided that trailing 
edge of the aft wing will be used as elevator 

while internal front control surfaces will be 
used as speed flap. 

Ducted fan is considered as a possible 
propulsion system of the full scale aeroplane to 
decrease the danger of the propeller hitting the 
runway during the takeoff and landings. 
Therefore a ducted fan propulsion was also 
successfully tested on the small UAV 

3. UAV design 
Large UAV adopted the same basic 

geometry like small model, i.e. it has the same 
sweep angles, taper ratios and dihedral angles. 
Also chords and wing span were increased 
proportionally. Then advanced aerodynamic 
software presented in [36-38] was used to 
optimize airfoils, twist angles and radii of the 
wing-tip plates. This approach allowed to 
minimize the risk of the programme since basic 
airworthiness properties should not change too 
much between aeroplanes with the same basic 
geometry, while performance should be 
increased. The only changes could result from 
different moments of inertia and Reynolds 
number. 

 
Fig.4 Large UAV geometry 

 
CFD analysis with commercial software 

[39] was also conducted performing sensitivity 
studies and investigating details of the large 
UAV aerodynamics [40]. Moreover it was 
necessary to estimate performance and 
aerodynamic loads of the UAV in flight and in 
the wind tunnel. Application of one airframe 
both for wind tunnel and flight testing 
complicates the design since more cases have to 
be analyzed. Usually loads achievable in the 
wind tunnel are greater than those achievable in 
flight. Moreover, fixing points for an 
aerodynamic balance have to be present in the 
structure. As a result the dual purpose structure 
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is slightly heavier than the structure designed 
only for flight testing. However weight 
difference is not as large as could be expected 
since ground handling loads have to be 
accounted for in both cases. Moreover, in many 
cases, lightness of the structure is constrained 
by specific weight of materials available (e.g. 
fabrics). 

 

 
 

Fig.5 The lightest available carbon fabric 
applied for internal side of the sandwich panel 

of the aft wing skin 
 

The challenge of assembly with tight 
tolerances was solved by Computer Aided 
Machining of molds and precise manufacturing 
of all details. Structural breakdown of the 
aeroplane is shown in Fig.6 while fixing points 
of the aft wing can be seen in Fig.7. Wing tips 
are connected with wings with application of 
two screws for each connection. Their position 
is fixed by two prismatic holes/extrusions in 
each closing rib, see Fig.8 
 

 
 

Fig.6 Large UAV structural breakdown 
 

 
 

Fig.7 Aft wing fixing points 
 

 
 

Fig.8 Wing tip fixing points at the aft wing 
 
Neighborhood of the Center of Gravity is 

the most complex area of the UAV structure 
since it is occupied by the aerodynamic balance 
during wind tunnel investigation, whereas it 
should support main landing gear during flight 
test campaign. This problem was solved by 
application of the composite box surrounding 
the cutout in the fuselage skin for the balance 
and dummy landing gear legs for wind tunnel 
testing. The box was reinforced by two steel 
tubes used to install the balance. After the wind 
tunnel test campaign the tubes were removed 
and additional frame was installed in the box. 
This frame contains fixing points of the landing 
gear so dummy legs were removed and real 
ones were installed. During the flight test 
campaign the box will be occupied by the 
recovery parachute.  

Aft wing have been given as an example 
representing the concept of the large UAV 
structure. It is based on sandwich components 
made of foam and carbon-epoxy composite. 
 



INVERTED JOINED WING SCALED DEMONSTRATOR PROGRAMME 
 

5 

 
Fig.9 Large UAV fuselage structure during 

wind tunnel test campaign 
 

 
Fig.10 Large UAV fuselage structure during 

flight test campaign 
 

 
 
Fig.11 The box for the wind tunnel balance and 

the parachute. 
 

As stated before ducted fan propulsion is 
envisaged for full scale aeroplane. An effort 
dedicated to design the propulsion unit is 
described in [41]. 

Results of the wind tunnel test campaign 
were carefully analyzed and used as an input to 
the flight simulation software described in [42]. 
This task is necessary to predict aeroplane 
behavior during critical phases of the flight and 
prepare the pilot to the first real flight. Selected 
results of this activity are described in [43]. 

     
 

Fig.12 Aft wing structure 
 

 
 

Fig.13 Large UAV in the wind tunnel 

2. Selected optimization issues 
Multicriterial aerodynamic optimization 

performed to design current UAV is not enough 
to design optimal joined wing aeroplane since 
its weight may not be minimal for best 
aerodynamic configuration. Therefore 
multidisciplinary optimization software is 
developed within this project. It is not ready yet, 
so it was not used to design current UAVs, but it 
will be used to design their future derivatives.  

Two different procedures are considered 
because of the problem complexity and 
coupling of disciplines in multidisciplinary 
optimization [31]. In both cases optimization is 
based on gradient methods. These methods have 
to calculate objective function much less times 
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than probabilistic and genetic methods, which is 
advantageous because objective function 
calculation takes a lot of time in this case. First 
procedure is called “independent”. It assumes 
adding structural optimization into aerodynamic 
optimization loop. An independent full 
structural optimization is made for each step of 
geometry optimization. There are two 
independent objective functions here. Function 
of structural optimization is based on penalty 
function, which is maximizing stresses in 
structure to the predefined limit thus minimizing 
mass. Aerodynamic optimization is based on an 
objective function determining an airplane’s 
range. 

This procedure does not guarantee finding 
global maximum of range with regard to outside 
geometry and structure simultaneously. It can 
only allow finding optimal structure for optimal 
geometry. That is why second procedure was 
created to compare solutions. It seems to be 
simpler but it needs much more calculations.  
In the second procedure there is one function 
consisting of objective function with penalty 
function. In each step both parameters of 
geometry and structure are optimized. Because 
of that much more aerodynamic analyzes are 
needed to find aerodynamic derivatives. Cost of 
calculation is compensated by possibility of 
finding global minimum with regard to all 
parameters of optimization.  

 
 

 
 

Fig 14. Independent optimization
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Fig 15. Conjugate optimization 
 

 
 

Fig 16. Comparison of pressure coefficient 
distribution on the model with (a) aerodynamic 

and (b) structural mesh. 
 

Optimization software is designed to 
modify the whole geometry of the aeroplane. 
Any parameter, either wing span, fuselage 
length or wing skin thickness can be selected as 
a design variable. Therefore global geometry is 
taken into consideration which results in some 
geometry modeling problems. Due to different 
requirements of CFD and FEA solvers, two 
different meshes are automatically created. Both 
generators use geometry defined as a NURBS 
surfaces that makes the set of possible 
geometries very flexible. Aerodynamic solver 
needs an uniform mesh that is locally denser. 
The whole mesh has to be divided onto few 
networks because of a different type of 
boundary condition. These networks should 
satisfy specific node positions requirements on 
abutments. On the other hand, the structural 
mesh has to be denser in regions where high 
stress concentrations are expected. Nodes of 
external surface elements have to be consistent 
with internal structure mesh. As a result, both 
meshes could be completely different but load 
transfer from aerodynamic to structural mesh 
should be always ensured. That is why very 

 

 
 

Fig 17. Zoom in the region with highest Cp 
differences (c) aero and (d) structural mesh. 
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quick and reliable radial interpolation algorithm 
[44, 45] is used to transfer pressures onto 
structural mesh properly. It is resistant to 
creating local extremes. A cumulative error 
based on resultant forces is approximately 0.1% 
(error calculated for high angle of attack 16 
degrees, when pressure gradients are very high). 
This is relatively small error and can be omitted. 
Errors of resultant force components in aircraft 
coordinate frame are presented in Tab.1. 
 

 
 
Fig 18. Example of difference in Cp between (c) 

aerodynamic and (d) structural mesh. 

 4 Summary 
Research programme was undertaken to explore 
characteristics of the join wing airplane with 
positive stagger (upper wing in front). The 
programme consists of optimization software 
development, numerical analyses, wind tunnel 
tests and UAVs flight tests. So far small model 
was built to investigate basic airworthiness. An 
airplane performed well, exhibiting correct 
stability and control characteristics. Larger 
model was designed with application of existing 
aerodynamic optimization software. The same 
airframe is to be used in wind tunnel and flight 

test campaigns which generated a structural 
problem in the central part of the fuselage, 
where wind tunnel balance collided with 
landing gear. The problem was successfully 
solved by application of dummy landing gear 
that allowed building and testing UAV in the 
wind tunnel. Later on an airframe was modified 
and awaits for flight testing. Multidisciplinary 
optimization tool is developed to convert scaled 
demonstrator into practical UAV or manned 
experimental airplane. 
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