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INTRODUCTION

In 1951, the Ryan Aeronautical Company 
designed the Firebee, the first turbojet powered air 
target [1], which is used successfully to this day, 
and soon other designs of this type appeared on 
the market [2–6]. Today, reusable, turbojet pow-
ered target drones are primarily used for testing 
surface-to-air missile systems or training fighter 
pilots, but aluminium alloys of the airframe struc-
ture are generally replaced by composite materi-
als [7–9], including the General Atomics MQ-9 
family [10], the most advanced and effective UAV 
system. In 2013, the Polish Ministry of Defence 
commissioned the development of a similar sys-
tem in the country. The consortium, consisting of 
the Air Force Institute of Technology, the MSP 
Szender Company, the Warsaw University of 
Technology, and the Military University of Tech-
nology, was selected to design and implement the 
project under the code “OCP-JET2 Programmable 

Aerial Target”. The prototype set of 7 unmanned 
aerial vehicles (UAVs) was deployed to the Polish 
Armed Forces [11,12]. The system is now used 
to train operators of the air defence system and 
fighter pilots. The unmanned aerial vehicle des-
ignated “OCP-JET2”, thereinafter referred to as 
the OCP, imitates and simulates incoming enemy 
combat aircraft in context of flight speed; altitude, 
manoeuvrability and Radar Cross Section.

The Military University of Technology, as a 
member of the consortium, was responsible for 
determining the aerodynamic properties and char-
acteristics of the plane [13], the selection of the 
engine for the propulsion unit, and the monitoring 
system of the engine condition [14,15]. This work 
is the next stage of the project, this time related 
to the structural integrity of the OCP structure, 
including the numerical strength analysis and stat-
ic ground tests of the aircraft frame, which is an 
element of the qualification tests required by the 
European Union Aviation Safety Agency (EASA). 

Numerical analysis and experimental tests of the composite-
made structure of the jet-propelled aerial target 
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The aircraft is designed in a classic aerody-
namic configuration (Figure 1) with a trapezoi-
dal wing and a T-shaped tail unit. The UAV is 
powered by two miniature turbine jet engines 
mounted in the rear part of the fuselage. The air-
craft takes off from a pneumatic launcher and 
land on its belly or with a parachute (Figure 2). 
The parameters and performance of the aircraft 
are listed in Table 1. 

The paper contains the methodology of deter-
mination of external loads (critical loads) – flight 
envelope, the numerical analysis of the strength 
of the airframe, as well as methodology and 
results of ground static tests. The latter, in accor-
dance with the European airworthiness regula-
tions (EASA), are part of the qualification tests 
of the aircraft, leading to the certification of the 
aircraft (type certificate).

MATERIALS AND METHODS

Flight envelope

The OCP aircraft designed with a take-off 
weight of approximately 87 kg qualifies for certi-
fication according to the European Airworthiness 
Regulations CS – VLA (Very Light Aircraft) [16] 
and the Federal Aviation Administration [17] that 
satisfies the following criteria: Maximum take-
off weight  (MTOW) of not more than 750  kg 
(note: MTOW is expressed in the mass unit – kg), 
maximum  stall speed  in the landing configura-
tion (VS0) of no more than 83  km/h (45  knots), 
approved for visual flight rules (VFR) under day 
conditions only.

In accordance with the CS-VLA standards, 
numerical calculations and ground strength 
tests (proof of compliance) were performed to 
check the airframe. According to aircraft design 

regulations, the aircraft structure must be able to 
support limit loads without any permanent defor-
mation. At any load up to limit loads, the defor-
mation may not interfere with safe operation. 
Compliance with the strength requirements of 
CS-VLA must be demonstrated for each critical 
load condition. Numerical investigations can be 
used, but their results must be supplemented with 
experimental ground static tests on the  proof of 
compliance strength tests under load.

The first stage of the analysis is to plot the 
in-flight load envelope or the flight envelope 
[18–20]. The flight envelope of the aircraft is a 
graph (Figure 3) which shows the maximum val-
ues of the forces (usually the load factor, n) that 
act on the aircraft under different flight conditions 
(speeds). It is an important factor in flight and 
safety analysis, as it allows determining the range 
of permissible loads (depending on the speed and 
angle of attack), as well as the g-forces acting 
on the aircraft. The boundaries were determined 
according to the CS-VLA regulations for the fol-
lowing OCP in-flight load status (Figure 3):
1.	Manoeuvring loads (in accordance with CS-

VLA.333; 337). 
2.	Loads for specific design speeds (CS-

VLA.335), such as: 
	• VA – manoeuvring speed,
	• VC – cruising speed,
	• VD – dive speed,
	• VG – manoeuvring speed in inverted flight. 

3.	Gust loads (CS-VLA.341; VLA.333).
4.	Loads in the aircraft configuration with de-

ployed flaps (CS-VLA 345).

The characteristic points of the aircraft load 
envelopes are crucial for analysing the strength 
and safety of the aircraft under various flight con-
ditions. Each of these points represents different 

Figure 1. The OCP in flight on the left, drawing of an aircraft on the right
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phases or limits that may occur during flight and 
play an important role in the design and operation 
of the aircraft. The characteristic points of the 
aircraft flight envelope (Figure 3) are the speeds 
such as: VA,VC,VD and VS – the lowest (stalling) 
speed at which the aircraft can maintain stability 
in flight, with flaps retracted, VSF – the stalling 
speed with fully extended flaps.

In the work from the designated load enve-
lope in the OCP flight (Figure 3), two character-
istic (critical) calculation points for speed were 
selected due to the greatest forces and overloads. 
VA = 403.45 km/h and VD= 567.00 km/h. For these 
cases, an aircraft (weight W = 87 kG) achieves a 
positive coefficient n=10.

Numerical analysis

The numerical model was built in the SAM-
CEF software, which is a program used for struc-
tural analysis using the finite element method 

(FEM). The SAMCEF package consists of sev-
eral modules that can be used independently of 
each other. The OCP geometry was prepared and 
processed using the NX 8.5 software (Unigraph-
ics) [21–24] and then introduced to the SAMCEF 
program to perform numerical analyses. The aer-
ial target geometry was obtained in the prt for-
mat , and it was a non-parametric geometry. The 
geometry provided was solid geometry. Intercon-
nected surfaces were used for numerical analyses. 
The resulting geometry was processed to achieve 
consistency. To create a numerical model, it was 
necessary to modify the geometry to one that is 
recognisable and well-absorbed by the SAMCEF 
program.

Properly prepared geometry (Figure 4) allows 
for the creation of a numerical grid. The elements 
used to make the mesh are square elements with 
dimensions of 10 × 10 mm. In the numerical 
model, shell elements are used to map the real 
object (Figure 5). The number of shell elements 

Figure 2. Launch of the OCP from a pneumatic launcher

Table 1. Parameters and performance of the OCP

Aircraft parameters

Maximum take-off mass 86.6 kg

Minimum take-off mass 43.2 kg

Wing surface 1.35 m2

Wingspan 2.85 m

Thrust of engines 2 × 160 N

Aircraft performance

Maximum flight speed 504 km/h

Maximum ceiling 5000 m

Flight time about 1 h

Take off: pneumatic launcher, Landing: on the belly or on a parachute
Flight - automatic (control by autopilot), programmed according to the way points of the route. It is possible to change the 

route or other flight parameters during the flight in real time.
Equipment: radar reflector to simulate the aircraft reflective surface (radar cross section)
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from which the numerical model was built was 
about 30 000. A mesh convergence study was not 
conducted for the numerical model considered 
in this work, as the analysis focused primarily 
on qualitative trends rather than obtaining mesh-
independent quantitative results. Approximately 
90% of the elements were found to comply with 
the adopted mesh quality standards, suggesting 
that the generated mesh was generally suitable 
for the performed simulations. The remaining ele-
ments only slightly deviated from the prescribed 
mesh quality criteria, and their locations within 

the structure were not expected to have any sig-
nificant influence on the numerical results.

Contemporary aircraft structures increasingly 
employ advanced materials in place of conven-
tional ones, especially 2000-series aluminium 
alloys, due to their improved mechanical and 
operational properties. Carbon Fibre-Reinforced 
Polymer (CFRP) composites are among the most 
advanced materials in this category, offering high 
specific strength and stiffness, along with excel-
lent resistance to corrosion and fatigue loading 
[25–28]. CFRP composites have become the 

Figure 3. The OCP flight envelope. Aircraft weight: Wmax = 84 kG; Wmin = 40.53 kG, Load factors:
manoeuvring nmax = 10, nmin = -10; from gusts nmax = +17.1205, nmin = -15.1205, Design speeds [EAS]:

VS = 127.58 km/h, VA = 403.45 km/h, VC = 453.6 km/h, VD = 567 km/h, VG = 397.44 km/h, VSF = 97.56 km/h

Figure 4. The CAD model of the wing geometry
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predominant material in modern aircraft struc-
tures due to their exceptional strength-to-weight 
ratio, high corrosion resistance, and considerable 
design flexibility. These characteristics facilitate 
the development of lightweight, efficient, and 
durable aerospace components. The application 
of CFRP materials contributes significantly to 
structural weight reduction, which in turn leads 
to lower fuel consumption and decreased green-
house gas emissions [29–33].

To assess the structural integrity of the com-
posite components under static loading conditions, 
a composite failure criterion was employed. The 
structural integrity of the composite components 
was evaluated using the Maximum Stress failure 
criterion. This criterion assumes that failure initiates 
when any of the stress components within a lami-
nate ply exceeds the corresponding allowable stress 
limit of the material. The criterion considers tensile 
and compressive strains in the principal material 
directions, as well as the in-plane shear strain.

For each ply, the calculated stress components 
were compared with the respective ultimate stress 
values provided by the material manufacturer. 
Failure initiation was predicted when at least one 
stress component reached or exceeded its allow-
able limit, corresponding to a failure index great-
er than or equal to unity. The Maximum Stress 
criterion provides a straightforward and compu-
tationally efficient method for assessing the onset 
of damage in composite laminates and is particu-
larly suitable when strain-based material proper-
ties are available.

In the present study, the Maximum Stress cri-
terion was employed during the static analysis to 
identify critical regions of the composite struc-
ture and to verify that the predicted stress levels 
remained below the allowable material limits 
under the applied loading conditions.

Connecting structural elements, such as spar, 
ribs, and skin was carried out using the “glue” 
function. The “glue” function can be used to 
connect two surfaces together. The “glue” oper-
ation has the same effects as a manual connec-
tion between nodes. Its main advantage is that a 
model does not have to be created from a single 
piece of geometry. Several components can be 
loaded and combined with the “glue” function. 
This is less time-consuming and simplifies the 
way of modelling individual parts of the air-
craft. The girder belt of the air target has been 
divided into appropriate lengths of surfaces to 
facilitate the process of imparting material prop-
erties. The largest number of layers occurs in the 
middle part of the girder due to the largest bend-
ing moments. The other OCP structural elements 
were modelled based on the design documenta-
tion and the corresponding lamination schemes 
in the same way as the wing and its structural 
elements (Figure 6).

The construction materials that were used in 
the SAMCEF program to build the OCP numeri-
cal model of the composite structure [34–38] are 
shown in Tables 2–5.

The boundary conditions applied to the numer-
ical model were defined by constraining the struc-
ture at four points located near the centre of mass 
on the outer surface of the fuselage, in the vicin-
ity of the wing–fuselage attachment region. In the 
discrete model, support in the form of weightless 
rods was used to block translational displacements 
in selected directions (all translational degrees of 
freedom). In the calculation, the loads resulting 
from the load boundary point D are determined. 
They are shown in Figures 7 and 8.

The forces in the design model were applied 
to the nodes closest to the points of application 
in the actual test using a unit force expressed in 

Figure 5. The FEM model of the wings
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kG (1 kG=9.80665 N). Additionally, the compu-
tational model was tilted by 1.35° to obtain the 
load component in the x-axis. 

The results of the numerical calculations are 
presented in the following figures, showing dis-
placements (Figure 9), stress distributions (Figure 

Figure 6. The FEM OCP model with defined main material axes

Table 2. Aeroglass 48 (symmetrical glass fabric with LG700 resin)

Parameter X Y Z

Young modules [GPa] 18 18 10

Poisson ratio 0.22 0.22 0.22

Shear modules [GPa] 2.9 6 6

Density [kg/m3] 1800

Tensile strength [MPa] 300 300 65

Compressive strength [MPa] 250 250 120

Shear strength [MPa] 35 30 30

Table 3. CF GG206P and CF GG90P (bidirectional carbon cloth with LG700 resin) 

Parameter X Y Z

Young modules [GPa] 57 57 10

Poisson ratio 0.25 0.25 0.25

Shear modules [GPa] 3.5 20 20

Density [kg/m3] 1500

Tensile strength [MPa] 640 640 65

Compressive strength [MPa] 495 495 120

Shear strength [MPa] 50 30 30

Table 4. The properties of TCU 330 (carbon fibre, unidirectional with LG700 resin) 

Parameter X Y Z

Young modules [GPa] 110 7.8 7.8

Poisson ratio 0.25 0.25 0.25

Shear modules [GPa] 5.9 1.5 1.5

Density [kg/m3] 1600

Tensile strength [MPa] 1600 55 55

Compressive strength [MPa] 1150 120 120

Shear strength [MPa] 50 30 30
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10), deformations in the principal directions (Fig-
ure 11), stresses (Figure 12) and deformations 
(Figure 13) at the most stressed points of the 
structure, as well as stresses and deformations in 
the individual layers of the most stressed part of 
the structure.

Results of numerical analyses:

The maximum deflection of the wing tips 
in the Z direction is 87.59 mm. Displacements 
in the X and Y directions are insignificant. The 
maximum deformations in the Y direction exceed 
1% locally. The areas where this value has been 
exceeded are the area of the connection between 
the wings and the fuselage, on the upper and 
lower coverings. The deformations in the X 

direction are a maximum of 0.8% and are in the 
same region as the maximum deformations in 
the Y direction. The maximum stresses in the Y 
direction in the model are on the lower girder belt 
(stress along the fibre direction) of 509 MPa. In 
aerospace structures, a safety factor of 1.5 is com-
monly applied. Based on the performed numeri-
cal analyses, the maximum stress occurring with-
in the investigated structure was determined to 
be 509 MPa. As the failure criterion, the ultimate 
strength of the TCU 330 carbon fibre composite 
(unidirectional configuration) with LG700 resin 
was adopted, with a tensile strength of 1150 MPa.

After applying the safety factor of 1.5, the 
allowable stress level for the structure is equal 
to 767 MPa. Therefore, the maximum stress 
obtained from the numerical analysis remains 
significantly below the allowable limit. Conse-
quently, the most highly loaded structural com-
ponent exhibits a strength margin exceeding 
258 MPa, confirming that the analysed struc-
ture satisfies the assumed strength requirements. 
According to the analyses, it can be concluded 
that the structure will withstand the given loads 
provided for in the strength test at point D of the 
load envelope, because the allowable stress limit 
is not reached.

The investigated structure was subject-
ed to the design load cases representative of 

Table 5. HEREX C70.55 (PVC foam)

Parameter Parameter

Young modules [MPa] 45

Poisson ratio 0.31

Shear modules [MPa] 22

Density [kg/m3] 60

Tensile strength [MPa] 1.3

Compressive strength [MPa] 0.9

Shear strength [MPa] 0.8

Figure 7. Forces acting on the wing

Figure 8. Forces acting on the fuselage
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operational conditions. Attention was given to 
the regions commonly associated with elevated 
stress concentrations, including fastener holes, 
cut-outs, geometric transitions, and areas of load 
introduction. A high-fidelity finite element model 
was employed to accurately capture local stress 
gradients and the complex stress distribution in 
the vicinity of these structural features.

The analysis revealed that stress concentra-
tions occur primarily near geometric disconti-
nuities, where load paths are locally disturbed, 
resulting in increased stress levels relative to the 
surrounding structure. The highest stress values 
were observed in the vicinity of load-transfer 
regions and local changes in structural stiffness. 
Despite the presence of localised stress peaks, 

Figure 9. Displacements in the computational model

Figure 10. Strain along the fibres

Figure 11. Strain in the fibre direction and in the most stressed components
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the calculated stresses remained below the allow-
able limits established by the adopted material 
properties and safety requirements. The obtained 
results indicate that the structural design provides 
an adequate load-carrying capability while main-
taining acceptable stress levels in critical regions.

The results demonstrated that the critical 
buckling loads exceed the design load levels, 
indicating that the structure possesses an adequate 
margin of safety against instability. No significant 
global or local buckling phenomena were predict-
ed within the operational load range. Therefore, 
the analysed structure satisfies the applicable sta-
bility requirements and is expected to maintain 
its load-carrying capability without experiencing 
instability-induced failure.

Overall, the assessment confirms that the 
structural configuration provides sufficient resis-
tance to buckling and that the design is suitable 
for the intended aerospace application. Such anal-
yses constitute an essential part of the structural 
verification process, ensuring that both strength 
and stability requirements are satisfied through-
out the operational envelope.

To improve durability, it was recommended 
to stiffen the structure in the area of the connec-
tion between the horizontal and vertical tails, as 
well as around the connection between the wings 
and the fuselage.

Ground static tests

The ground static test allows analysing the 
structural integrity of an aircraft without leaving 
the ground. This is a valuable part of the testing 
process that helps speed up the certification pro-
cess, as it does not require a fully functional and 
completed aircraft [43-48]. A similar test has been 
performed for the cited in introduction [10] the 
General Atomics MQ-9B airframe at the Wichita 
State University’s National Institute for Aviation 
Research [49].

According to CS-VLA regulations, the static 
ground tests of the aircraft were performed on a 
specially designed stand-up rig (Figure 14) for 
three main cases:
1.	Wings and fuselage, pull-out diving speed, at 

point D (Figure 3).

Figure 12. Stresses along the fibres

Figure 13. Stress on the direction of the fibres in the most stressed layers
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2.	Fuselage and horizontal tail - brutal steering, 
at VA speed.

3.	Fuselage and vertical tail - flight of the aircraft 
with slide (13°), at VA speed.

The test station (Figure 14) consisted of a sup-
port frame made of high-strength steel profiles, a 
system of weights or hydraulic actuators (simulat-
ing the external load), sensors and force transduc-
ers. Cables, pulleys, and winches were stretched 
throughout the installation and used to precisely 
position, manipulate, or measure the behaviour 
of the examined object (OCP) in response to the 
forces given (load). The OCP was mounted in the 
centre of the frame (Figure 14).

Aerodynamic and mass loads in static wing 
tests were introduced in the form of a set of 
concentrated forces distributed along the span 
in two lines: the front and rear spar. Since the 
tests assumed the application of loads to the 
wing in the form of clamps, on the last sec-
tion of the wing, on the intersection of the front 
spar and the clamp, the point of application of 
the force was introduced. In the fuselage, mass 
forces were introduced with weights hung on 
stickers and the engines were replaced with a 
dummy made of wood. The forces on the tails 
were introduced by means of clamps; The point 
of application of the force on the clamp was 
changed each time depending on the position of 
the resultant force on the tail. Figure 15 shows 
the OCP aircraft ready for testing and the load-
ing system, simulating the loads on the wings 
and horizontal tail. The load was simulated with 
a hydraulic actuator and measured with a dyna-
mometer. The load was applied to the wing, 
whereas reactions were introduced through the 
fuselage to the frame of the rig.

The test was carried out for 100% of the per-
missible loads. After loading up to 20% of the 
maximum loads, the inspection of the wing showed 
only deflection, without plastic deformations and 
damages. The possibility of tilting the ailerons to 
100% of the allowed load was checked. The aile-
rons are tilted to the full extent without jamming. 
During the tests, no deflections, deformations, or 
stresses were measured, but the OCP structure was 
tested using Dantec Q800 and Q810 nondestruc-
tive testing systems [50, 51]. The Q800 series 
(Laser Shearography System) is a portable and 
compact measuring system for non-contact and 
non-destructive inspection of a material. The 
system is suited for inspection of complex mate-
rials and material combinations, i.e. composites, 
such as fibre-reinforced plastics, honeycomb 
structures, glare, etc. Non-destructive testing 
showed no damage to the OCP airframe.

Similar tests (Figure 16) were performed for 
the fuselage and horizontal tail (brutal steering, at 
VA speed, and fuselage and horizontal tail (flight 
of an aircraft with a slide (13deg), at VA speed); the 
result of the tests was also positive – no damage.

Static test results

Static tests on the ground did not indicate any 
damage or deformation to the airframe. In the 
case of the wing and fuselage, after relieving up 
to 20% of the permissible loads, the comparison 
of the wing deflections did not show any defor-
mations. The possibility of tilting the ailerons to 
100% of the allowed load was checked; the aile-
rons were fully operated without jamming. The 
non-destructive method of the Dantec Q800 and 
Q810 systems confirmed structural integrity of 
the OCP airframe.

Figure 14. The measuring station (up) and the OCP airframe mounted in the rig (below)
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The static test was performed to obtain system 
certification (by the Military Aviation Authority) 
and there was no need to determine the structure 
deviation or displacement. During the static test, 
the structure was required to remain intact under 
the load prescribed by the certification procedure, 
with no occurrence of structural failure. 

CONCLUSIONS

Based on the results of numerical analyses, it 
can be concluded that the structure will withstand 

the specified loads provided for in the strength 
test at the critical points of the load envelopes. 
Destructive values of deformations and stresses 
are only exceeded in points. However, to improve 
durability, it was recommended to stiffen the 
structure around the connection of the horizontal 
and vertical tails, as well as in the area of connec-
tion of the wings with the fuselage.

Static tests confirmed the results of numeri-
cal analyses and did not show any damage or 
plastic deformation of the airframe. During the 
strength tests, the OCP structure withstands the 
given loads.

Figure 15. OCP airframe during testing and loading system

Figure 16. The OCP during fuselage and tail tests (horizontal and vertical) and the loading system (CAD model)
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The force structure of the OCP airframe has 
successfully passed the tests and qualifies it for 
certification according to the European airworthi-
ness regulations CS – VLA (very light aircraft) 
and accepted by the Military Aviation Authority 
as the airworthy system.

Both methods confirmed that the strength 
requirements are met by the designed aircraft. 
Moreover, it was confirmed by the aircraft’s flight 
qualification tests at the Polish Air Force train-
ing range. In this way, errors and design correc-
tions were avoided. The experience acquired by 
the team is used to design a new, both simple and 
complex aircraft in accordance with the require-
ments of EASA CS 23 and CS 25.
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