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ABSTRACT

The study concerns the comparative analysis of selected solutions of thin-walled structures subjected to constrained
torsion, representing the simulation of wing areas weakened by large cutouts. The chosen variants of stiffening
were based on the concept of so-called “Misztal torsion box”, used in the wing of the PZL-37 aircraft. A series of
numerical analyses were conducted, aiming to compare selected variants of structures with reinforcements and a
reference structure based on a traditional design scheme. The calculations were performed using software based
on the finite element method. An analysis of the stress and displacement distribution of the examined structure
was conducted, and the results demonstrating the advantages of the proposed structural solution were presented.
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INTRODUCTION

Contemporary aircraft load-bearing structures,
due to the necessity of meeting requirements regard-
ing weight limits, strength, and ensuring appropriate
aerodynamic properties, are predominantly based on
the utilization of surface-mounted thin-walled struc-
tures. This necessitates consideration of the possibil-
ity of encountering the phenomenon of stability loss,
which in the case of certain aircraft components is
permissible within a local and elastic range.

The stability loss effect most commonly occurs
in the case of surface structures subjected to torsion,
such as the working covers of semi-monocoque
structures. This phenomenon is particularly detri-
mental in the case of critical components whose
function is to provide the required torsional rigidity
to the structure. In such cases, it is entirely unaccept-
able. For example, in the case of the wing torsion
box, eliminating the possibility of stability loss of the
cover is required. Another example can be found in
aircraft fuselage areas where large cutouts occur due
to operational reasons. Areas of this type include, for
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example, door openings, baggage compartments,
windows, and inspection openings. In all mentioned
cases, the standard solution ensuring adequate struc-
tural rigidity is the use of framing. A significantly
more demanding type of cutout, essentially reducing
the torsional stiffness of the aircraft fuselage, is the
open cockpit area, exposed to strong torsional loads
in some types of aircraft structures (Fig.1). In such
solutions, most commonly used in light, acrobatic,
and training aircraft, the transparent cockpit canopy
serves solely aerodynamic functions and provides
comfort to the crew, but does not constitute a stiffen-
ing element of the cutout perimeter. The main cause
of torsional loads is the forces resulting from asym-
metric gusts (horizontal stabilizer) and forces gener-
ated by the vertical stabilizer during control. From a
strength point of view, the presence of a cutout in such
a form means the occurrence of a section of the fu-
selage with an open circumference, adjacent to areas
with closed circumferences, which can be illustrated
by a simplified model (Fig. 2a). Since a thin-walled
profile with an open circumference exhibits practi-
cally zero torsional stiffness, it is necessary to apply
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Figure 1. Examples of the large cutout in the cockpit zone
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Figure 2. (a) The scheme of the cockpit cutout, (b) the example of the equivalent circumference

an additional structural component here. Commonly
adopted solutions generally involve the use of fram-
ing, reinforcing trusses, or alternative, closed tor-
sional circuits with small cross-sections, occupying
a portion of the cockpit space (Fig. 2b). In the case of
the latter, due to the small area of the Bredt field, the
walls of the structure working in torsion must have
significant thickness, leading to a relatively large in-
crease in the overall mass of the construction.

The cockpit edge is the element most sus-
ceptible to stability loss. Because this is entirely
unacceptable from the standpoint of requirements
placed on the aircraft, it becomes necessary to
also use reinforcements along the cutout edge,
which in turn also leads to an increase in the air-
craft’s mass. Undesirable is also the local stabil-
ity loss of covering segments bounded by skeletal
elements, which, in the case of less critical con-
struction zones, is permissible. In modern con-
structions, due to the increasingly common use
of composites, a routine method of protecting the
shell against stability loss has become the use of
honeycomb sandwich structures. However, while
they increase the levels of critical loads, they do

not affect the increase in torsional stiffness of the
shell. Research on various solutions of sandwich
structures has been conducted in several scientific
centers and aerospace manufacturers’ research
and development centers [1, 2].

In view of the above, it seems advisable to draw
attention to an alternative solution, applied for ex-
ample in the historical aircraft design of the PZL-37.
The aircraft’s wing was equipped with a torsion box,
the creator of which was Prof. Franciszek Misztal.
Hence, this type of box is commonly referred to as
“Misztal’s torsion box™. The essence of the solution
lies in the cooperation of an external smooth covering
with a corrugated skin (Fig. 3). The external layer
of the covering, serving aerodynamic functions,
can have a relatively small thickness because the
internal layer acts as a kind of spacer protecting
the former from stability loss. The internal layer
itself, due to its geometry, does not lose stability
even at relatively high structural loads. An addi-
tional advantage of the solution is the presence of
a series of closed circuits, represented by shaded
areas. In the case of the torsion box, they contrib-
ute to increasing its torsional stiffness.
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Figure 3. (a) The scheme of the ,,Misztal’s torsion box”, (b) application of the idea in open cockpit zone

To assess the suitability of using corrugated
skin as a spacer, collaborating with a smooth skin,
it is necessary to understand the susceptibility of
this structure to stability loss. Several publica-
tions have addressed this issue [3—5].

A similar solution can be applied in the case
of fuselage covering in the open cockpit area
(Fig. 3b). In this case, the torsionally twisted out-
er circuit is open, and therefore practically lacks
torsional stiffness. However, this stiffness can be
provided by a series of closed circuits resulting
from the presence of the inner layer. Additionally,
as with the wing torsion box, the entire structure
acts as a kind of sandwich structure, allowing for
relatively small skin thicknesses, which facili-
tates meeting the required mass limits. Despite
research efforts on the use of corrugated spacers
in wing torsion boxes [6], or other closed-circuit
structures [7], there appears to be a lack of publi-
cations on the considered problem. In this study,
an attempt was made to conduct numerical ex-
periments aimed at comparing various versions
of the presented solution and their impact on the
level of critical loads and torsional stiffness of
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the structure. A comparison was also made with
a reference structure lacking the inner layer. The
primary objective of the presented considerations
was to determine the nature of the distribution of
displacements and stresses in structures with a
corrugated core and to compare them in differ-
ent versions of the model. The benefits of using
the proposed structural solution, in relation to the
solutions routinely used in aviation engineering,
were also demonstrated.

PURPOSE AND SCOPE OF THE STUDY

The subject of consideration was a thin-
walled structure in the form of a cylinder seg-
ment, with an open circumference, consisting of
a pair of ribs with a stretched covering between
them (Fig. 4). The dimensions of the object
were chosen with the next stage of research in
mind, based on a model experiment, using the
available experimental setup. It was assumed
that models for experimental studies would be
made using the additive manufacturing method,

b)

Figure 4. (a) Base geometry of the analysed structure [mm],
(b) the diagram of the application of constraints and loading

402



Advances in Science and Technology Research Journal 2024, 18(4), 400—-409

thus, in numerical analyses, constant physical
properties corresponding to the averaged val-
ues determined for polylactic acid (PLA) were
applied. Although each of the printed layers
exhibits orthotropy, the differences between
the physical constant values for individual di-
rections are relatively small, and in the case of
several layers, they are difficult to determine.
Therefore, due to the geometric complexity of
some details of the analysed structures, a sim-
plified, isotropic material model was adopted in
the calculations.

Since the PLA polymer exhibits a relatively
high range of elastic properties, physical non-
linearity was not considered in the calculations.
Therefore, the calculations took the form of non-
linear analyses, taking into account geometric
nonlinearity [8]. The mounting and loading dia-
gram (Fig. 4b) corresponded to the requirements
of the planned future model experiment and re-
sulted from the design of the research setup. The
upper rib was secured using screws, and the pres-
ence of a bearing was provided to enforce the
torsion axis position. A series of versions of the
structure were analysed. In all cases, the rib thick-
ness was 6 mm, while the thickness of the cover-
ing was chosen so as not to cause changes in the

total mass of the model. The following designa-

tions were adopted for further considerations:

e Version 1: reference model, devoid of reinforce-
ments. The covering thickness was 1.6 mm,

e Version 2: model as in Version 1, equipped
with stiffening framing,

e Version 3: model with multi-circuit reinforce-
ment (Fig. 5a). The covering thickness was 0.6
mm,

e Version 4: model with multi-circuit stiffening
and additional inner covering (Fig. 5b). The
covering thickness was 0.4 mm.

From the perspective of thin-walled structure
classification, versions 3 and 4 constitute sand-
wich structures. In most similar solutions used
in aerospace engineering, the spacer function
is performed by a so-called honeycomb core,
which, however, does not bring the benefit of
increasing the torsional stiffness of the system.
The solutions presented above have the charac-
teristics of spacers, effectively protecting the
outer coverings from stability loss. Addition-
ally, however, they represent a series of closed
circuits, working on torsion. In Version 4, the
use of an additional inner covering allows for
a twofold increase in the number of these cir-
cuits. In the case of Version 3, the analyzed

Figure 6. Statics of a single thin-walled torsion rod
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structure can be treated as a series of interact-
ing thin-walled rods. If the torsion of the struc-
ture is free, these systems are in a state of pure
shear (Fig. 6). For a single rod, the following
relation is valid [9]:

2qF = My (1)

In the case of Version 3, the reinforcing
structure consists of a series of thin-walled rods
working independently (Fig. 7). In the Version 3
model, there are a total of 44 circuits, so for the
complete structure, one can write:

88qF = Mr 11, ()

On the other hand, the Version 4 model repre-
sents a multi-circuit thin-walled rod with a total of
87 circuits. Differences in mass flow rates appear
in the shared walls of adjacent rods (Fig. 8). For
the above system, the following relation is valid:

174qF = MTTOTAL (3)

From the presented formulas, it follows that
the values of flow rates in individual circuits de-
crease proportionally to the number of circuits, al-
lowing for the use of proportionally reduced wall
thicknesses while maintaining the unchanged
mass of the structure. It is also worth noting that
in the last of the solutions, the flow rates in the
walls between adjacent circuits balance each
other out. This means that the corrugated cover-
ing serves here as a spacer, unaffected by shape
deformations.

The above simple analysis, conducted for
the case of free torsion, allows for a preliminary
estimation of the effectiveness of applying the
considered solutions. However, considering the
assumed nature of constraints and the static in-
determinacy of the system, the most appropriate
tool for conducting a comparative analysis of in-
dividual versions of the structure appears to be
nonlinear FEM procedures.

‘——I\T"’

Figure 7. The schematic distribution
of shear flow rates — Version 3

TToTAL
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NUMERICAL ANALYSES

The nonlinear numerical analyses were con-
ducted using MSC PATRAN/MARC software,
based on the finite element method. The assump-
tion of linearly elastic, isotropic material proper-
ties was adopted. The physical constants, deter-
mined in previously conducted experiments [10,
11], were: E = 3300 MPa, v = 0.34. To compare
results for different model versions, a force value
of P =800 N was used in all cases.

In its assumptions, a nonlinear analysis results
in determining the equilibrium path of the system,
constituting, in the general case, a hypersurface
in a multi-dimensional state hyperspace [12, 13].
The number of dimensions corresponds to the
total number of degrees of freedom of the sys-
tem. The analysis is conducted in multiple stages.
At each subsequent incremental step, associated
with an increase in load, the discrete system satis-
fies the equation of residual forces:

r(u,A) =0 4)

where: u is the state vector, with components
corresponding to the displacements of
structural nodes in their current geometric
configuration, A represents the control pa-
rameter proportional to the load, and  is
the residual vector containing unbalanced
force components corresponding to the
current state of deformation.

In all nonlinear procedures, there is an incre-
mental phase, consisting of transitioning from
state n to state n+1, during which the increments
are not specified:

Aupy = Upp1 — Un, My = Anyr — Ay &)

In the case of incremental-correction pro-
cedures, there is an additional corrective phase
allowing for the determination of the aforemen-
tioned quantities. It involves satisfying the sys-
tem with the incremental control equation, also
known as the constraint equation:

c(Auy, Ady) = 0 (6)

It represents a condition specified by the user,
and its form arises from the applied correction
strategy. In the case of the mentioned models,
calculations were based on the Newton-Raphson
method, with a load correction phase [14, 15]. In
the first step of the calculation, it was performed
for Version 1, which is the reference model with-
out reinforcements (Fig. 9).
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Figure 8. The schematic distribution
of shear flow rates — Version 4
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The finite element mesh was based on four-
node elements with bilinear shape functions. Af-
ter a series of numerical experiments, the effec-
tive mesh density was determined. In all cases,
the approximate side length of the element was
3 mm. The numbers of nodes and elements cor-
responding to each version are listed in Table 1.
In each analysis, the loading and fastening model

Table 1. Numerical models data

Model version | Number of nodes | Number of elements
Version 1 18049 17969
Version 2 19888 19850
Version 3 49996 54268
Version 4 49951 57472

corresponded to the presented schematic (Fig. 4b).
As a result of the numerical analysis of Version
1 model, distributions of resultant displacements
were obtained (Fig. 10a), as well as stress distri-
butions according to the von Mises hypothesis
(Fig. 10b). The stress distribution indicates that
the edges of the shell at the connections with the
ribs are the most heavily loaded regions, resulting
from a strong bending effect. On the other hand,
the displacement distribution reveals the natural
disadvantage of such structures, manifested as the

Figure 9. Finite elements mesh — Version 1

| 2.40+001
i 2.10+001
b 1.80+001
1.50+001

Figure 10. Version 1: (a) distribution of resultant displacements [mm], (b) effective
stress distribution according to the von Mises hypothesis [MPa]
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loss of stability of the free edge of the shell. This
leads to a loss of stiffness along the edge and the
emergence of strong stress concentrations in the
buckling region. Such effects are unacceptable in
aircraft constructions, necessitating the stiffening
of the structure. As mentioned earlier, there are
several possible variants of reinforcements. The
simplest one appears to be reinforcing the critical
area with framing. Such a solution is presented in
Version 2 of the model (Fig. 11).

The additional component in the form of a re-
inforcing frame along the free edges of the struc-
ture in the analysed example had a thickness of 1.6
mm, corresponding to the thickness of the shell.
Employing such a solution in each case entails
an increase in the system’s mass. This increase is
dependent on the type and structure of the rein-
forcing element. Generally, relying on a relatively
lightweight closing rib, as in the case of Version
2 of the model, does not solve the stability loss

issue. This is evidenced by the result of the nonlin-
ear analysis of the above model (Fig. 12). In this
case, the area prone to stability loss is the edge of
the frame. Due to the nature of the internal force
distribution, the effective stress in the critical area
reached a higher value than in the case of Ver-
sion 1. Therefore, it is necessary to increase the
thickness of the framing, which is associated with
an increase in the mass of the structure. It is also
important to emphasize that the cylindrical shell
itself is a component of the considered structure
prone to stability loss. Strengthening the framing
contributes to increasing the level of critical load,
but does not eliminate the structural problem as-
sociated with the mentioned phenomenon. In the
next two versions of the analysed numerical mod-
el, solutions were included to stiffen both the shell
itself, through the use of a spacer, and to reinforce
its free edges (Fig. 13). The numerical analyses of
the last two versions revealed the advantages of

Figure 11. Finite elements mesh — Version 2

4.50+001
4.20+001
3.90+001
3.60+001
3.31+001
3.01+001
2.71+001
2.41+001
2.11+001
1.81+001
1.51+001
1.22+001
9.18+000
6.19+000]

3.21+000]
2.21-001

Figure 12. Version 2: (a) distribution of resultant displacements, (b) effective
stress distribution according to the von Mises hypothesis
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Figure 13. Finite element mesh: (a) Version 3, (b) Version 4

3.55+000)
3.31+000]
3.08+000]
2.84+000)
2.60+000
2.37+000)
2.13+000
1.89+000
1.66+000
1.42+000)
1.18+000]
9.46-001

7.10-001
4.73-001

2.37-001
1.24-019

Figure 14. Version 3: (a) distribution of resultant displacements, (b) effective
stress distribution according to the von Mises hypothesis

the proposed solutions. Despite the reduced thick-
ness of the shells, allowing for the maintenance of
unchanged structure mass, in both cases, the sta-
bility loss effect was eliminated (Fig. 14-15).

As indicated by the above calculation results,
the distributions of effective stress and resultant
displacements in the last two cases exhibit a high
degree of similarity. This demonstrates the similar
stiffness of the Version 3 and Version 4 models,
as well as the high effectiveness of the analysed
structures in transferring torsional loads. In both
cases, stress concentrations of effective stress ap-
pear in the areas of the shell adjacent to the up-
per stringer. This is due to the fact that under the
adopted boundary conditions, the dominant type
of stress in these areas is normal stress, resulting
from the constrained torsion of the structure.

Based on the results of nonlinear numerical
analyses, a comparison of representative equi-
librium paths was prepared, representing the

relationships between the total twist angle and the
total torsional moment (Fig. 16).

The above charts illustrate a significant dif-
ference in torsional stiffness between Version 1,
without reinforcements, and the other versions.
The characteristics corresponding to Versions 2,
3, and 4 practically overlap. Although in the case
of Version 2, there is a loss of stability at the fram-
ing edge, resulting in a relatively small increase
in the total twist angle. It is also important to note
that the increase in stiffness of this version of the
model was achieved with an increase in the struc-
ture’s mass. In the case of Version 1, the buckling
of the free edge of the shell results in slight non-
linearity in the graph.

The results of numerical analyses indicate
that the use of an additional internal shell (Ver-
sion 4) in the case of limiting the thickness of
the shells to maintain the structure’s mass does
not significantly increase the effectiveness of the
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Figure 15. Version 4: (a) distribution of resultant displacements, (b) effective
stress distribution according to the von Mises hypothesis
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Figure 16. Representative equilibrium paths

solution. However, its presence may be crucial
from a functional point of view. Considering that
in such a case the tangential stresses in the walls
of the spacer balance each other out, various op-
tions for selecting proportions between the thick-
nesses of the outer and inner shells, as well as the
corrugated spacer itself, can be considered.

CONCLUSIONS

The considerations presented allow us to con-
clude that the analysed solutions for reinforcing
open-sectioned twisted shells with corrugated
spacers result in the desired increase in structural
stiffness without the need for significant increases
in mass, and they have a significant advantage
over standard reinforcements such as frames or
trusses. In the analysed case, approximately a
twofold increase in the torsional stiffness of the
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structure was achieved compared to the reference
variant, under non-free torsion conditions. The
conducted numerical analyses included only one
example of the geometric variant of the spacer.
However, it should be emphasized that the selec-
tion of the radii of curvature of the sections of
the corrugated shell depends on general design
limits, especially the required effective cockpit
volume. Using a thicker section of the spacer,
associated with reducing its curvature, would re-
sult in an increase in the total surface area of the
Bredt fields, thus increasing the torsional stiffness
of the structure while simultaneously reducing
the cockpit volume. It may also be worthwhile to
consider various ways of shaping the cross-sec-
tional profile of the spacer, particularly the selec-
tion of curvatures, as well as replacing them with
variants of broken lines [16]. The selection of the
most efficient solutions in terms of shaping the
cross-section of the spacer may be the subject of
separate considerations.

Due to the adopted boundary conditions and
the presence of normal stresses, it would be worth
considering the possibility of varying the thick-
ness of the spacer along the axis of the structure.
In the case of creating models for future experi-
mental studies, additive manufacturing techniques
appear to offer significant practical possibilities
in this regard. However, such studies should be
preceded by further numerical tests to eliminate
ineffective variants of the considered structures.

The mentioned advantages of corrugated spac-
ers suggest their superiority over honeycomb spac-
ers in terms of resistance to shape deformations
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under torsional conditions. This also suggests that
similar solutions may have wide-ranging applica-
tions in structures other than open sections, par-
ticularly in the broader aerospace sector.
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