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Abstract

A simple un-tapered wing box model was considered to illustrate an aeroelastic tailoring of varying ribs orientation with respect to a
range of sweep angles. This approach allows the bending-torsional modes characteristic to be altered hence offering possibility for im-
provement in aeroelastic performance without having to compromise its overall weight. Two cases of ribs orientation were considered for
a range of sweep angles. The first case was by allowing one individual ribs to be orientated at a time and the second case considering all
possible combination of ribs orientation. The finding shows that the torsional modes are greatly influenced by the rib orientation while
the bending modes are not significantly affected. Therefore, this enable the frequency gap between the flutter modes to be altered; hence
resulting into significant impact to aeroelastic performances. It has been found that for all the considered sweep angles, the varying ribs
orientation can lead into an improvement of nearly 80-90% when compared to its corresponding baseline configuration. Therefore, this
provides a leverage for an advancement in aeroelastic performance without having to penalize the total weight of the wing structure.
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1. Introduction

Aeroelasticity is the study that is associated with the interaction of
aerodynamics, elastic and inertia forces. Its effects are indeed can
lead into a significant impact upon the design and flight perfor-
mance of the aircraft [1]. Hence, the prediction on the aeroelastic
instabilities are extremely important in order to ensure the safety
envelope of the aircraft design. Driven by a need to improve the
overall efficiency of an aircraft, numerous studies have been con-
ducted through an advancement in materials, aerodynamics, struc-
tures, and control technologies. Over the past decades, leveraged
has been seen in the composite technology which are widely em-
ployed in aerospace industry for the improvement of aeroelastic
properties due to its attractive property of strength-to-weight ratio
property. This solution has been widely used in the current design
of aircraft where the current commercial aircraft is made of 50%
composite material [2]. Meanwhile, the efforts for advancement in
aerodynamics has been focusing in shape optimization, where the
key criteria are to reduce total drags with significant improvement
in lift to drag ratio. Numerous studies have also been conducted by
using boundary layer control like plasma actuator [3,4] and sur-
face morphing [5] to delay the flow separation. Apart from that, an
innovative design concept in morphing technology has gain much
interest through the shape-changing ability for acquiring the best
possible aerodynamic shape given the flight condition [6,7].

The approach of aeroelastic tailoring on aircraft design has also
becoming a possible solution for the improvement of aircraft per-
formance in terms of aircraft weight reduction [8, 9], drag reduc-
tion [10], flutter speed improvement [11, 12], and gust load allevi-
ation [13]. This approach can be achieved through either or both
the active and passive control of the aeroelastic wing system. It is
intended that the aeroelastic instabilities can be delayed and influ-

enced in a beneficial way without compromising the weight and
performance.

A number of researches has been performed in finding optimum
fiber orientation on a composite wing box with aeroelastic insta-
bility parameters as the maximizing cost function. One of the re-
search works is by Guo et al. (2003) whom have studied on the
effect of laminate lay-up of composite wing box with respect to
the flutter speed [14]. Meanwhile, Dillinger et al. (2013) investi-
gated the effect of the variable stiffness along wing span by static
aeroelastic optimization of top and bottom of wing skin in terms
of lamination parameters and laminate thickness [15]. The other
study made by Tian et al. (2016) has performed aeroelastic tailor-
ing on a composite forward-swept wing with parametric variables
in terms of composite thickness and orientation parameters [16].
From all these studies, it has been concluded that the parametric
design of composite wings laminations provides an impact to the
bending-torsional coupling characteristic. Consequently, a better
aeroelastic performance can be offered, including further reduc-
tion in weight.

Nevertheless, for more than a half century, both external and in-
ternal configurations of aircraft structure are still relatively simi-
lar. The question then arises whether the classical wing box de-
signs characterized by the straight and parallel ribs and spars have
arguably been already optimized as far as possible and whether it
is still applicable for supporting future aircraft concepts. Through
motivation on the successful studies of varying composite stack-
ing sequence, there has also been recent interest in understanding
the effect of wing structure arrangement to its aeroelastic perfor-
mance.

Sizing optimization of wing-box structure using curvilinear spars
and ribs has been performed by Locatelli et al. (2011), where de-
signs with preferable criteria that include weight reduction, stress
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distribution, buckling properties and dynamic behaviors are identi-
fied [17]. Besides, Jutte et al. (2014) have implemented few aeroe-
lastic tailoring methods which also includes the usage of curvilin-
ear rib and spar with varying orientation, tow steering composite
laminates and also material and thickness grading on a CRM wing
box [18]. Meanwhile, Francios et al. (2017) have focused on the
modification of spars and stringers planform geometry of a simple
rectangular wing box model [19]. All in all, these research works
have shown significant effect of curvilinear spars and ribs on the
improvement of wing performance.

Harmin et al. (2011) have presented the modification of wing ribs
and crenellated skin orientation of a metallic wing [20]. Mean-
while, Othman et al. (2016) have adopted similar aeroelastic tai-
loring technique by varying each of the ribs individually to inves-
tigate its impact on natural frequency and flutter performance [21].
Moreover, Chan et al. (2017) have implemented it to a much real-
istic wing model of the NASA Common Research Model (CRM)
[22]. Recently, Francois et al. (2016) have considered the effect of
varying wing sweep angle and ribs arrangement on an un-tapered
wing in terms of its static and dynamic aeroelastic behaviour [23].
A much recent research is done by Harmin et. al. (2018), which
has presented the parametric study on aeroelastic characteristics of
a simple rectangular wing model with all possible combinations of
varying ribs orientation [24]. Their work has shown that the fre-
quency gap between the flutter modes can be altered through the
varying ribs orientation, leading to an encouraging improvement
in aeroelastic performance without any weight penalty. Through
these motivations, further investigation is carried out to investigate
the impact of all possible combination of ribs orientation on flutter
solution with consideration in sweep angles are taken in account.

2. Research Methodology

In this work, the un-tapered wing box models are designed based
on previous study of rectangular wing box configuration [24] but
with a consideration of sweep angles, A of 17.5° and 35° includ-
ing 0°. The baseline wing box models consist of leading and trail-
ing spars, with 10 ribs that are evenly distributed along the
spanwise direction and they are perpendicular to both spars. Fig-
ure 1 shows the planform view of the baseline wing box configu-
rations for the three considered sweep angles. They have similar
chord and rib spacing of 70 mm, height of 5 mm, spar thickness of
1 mm and spar length of 630 mm. Note that a fully constrained
boundary condition is defined at the root of the wing and the
weight for the three baseline wing models are equal in magnitude.
Figure 2 illustrates a sample of planform dimensioning for base-
line wing configuration of 35° in sweep angle.

a) A=0° b)
Fig. 1: Planform view of baseline wing box models

A=17.5° c)  A=35°

Fig. 2: Planform view of baseline wing model with 35° sweep angle

Figure 3 shows the finite element (FE) representation of the struc-
tural model of wing box that is coupled with aerodynamic panel of
doublet lattice method (DLM) for establishing a complete system
of aeroelastic model. The FE model of the wing box are defined
by the MSC NASTRAN four-node quadrilateral shell elements of
CQUAD4 entry with material properties entry of spring steel.

B
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Aerodynamic panel

Fig. 3: Aeroelastic wing model

In this work, the considered parametric study is employing a simi-
lar procedure as in reference [24]. It should be noted that only the
ribs that are located between the root and the tip of the wing are
being taken into account for the varying orientations. The consid-
ered ribs are numbered accordingly from the root to the tip in in-
creasing order from 1 to 8 with the centre of rotation is defined at
the middle of the rib. This allows each rib to be orientated by eight
different degrees of rotation from its baseline position with the
constraint that they do not overlap each other. In addition, as the
rib is orientated, its thickness is adjusted accordingly based to the
changes in its length in order to maintain the weight of the model
to be equal in all cases. Figure 4 and Table 1 present the schematic
of possible rib’s orientation as explained in this paragraph. Note
that, the negative angle of orientation represents the anticlockwise
rotation while the positive angle of orientation refers to clockwise
rotation. All solutions involved in this parametric study are coded
in MATLAB and the system is integrated with MSC NASTRAN
solver under solution 145 of the p-k method flutter analysis [25].
The flutter instability is taken as a criterion to determine the best
combinations of ribs orientations. Whereas the divergence insta-
bility is not taken into account since in all the cases it occurs later
than flutter, thus making flutter instability as a maximum limit
among the aeroelastic instabilities.
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Default Rib’s Position

Fig. 4: Possible rib’s orientation

Table 1: Rib’s angle of orientation and thickness

Sweep o o o
Angle 0 17.5 35
Posi- An- Thick- An- Thick- An- Thick-
tion gle ness gle ness gle ness
) (mm) ) (mm) ® (mm)
0 0.00 0.5000 0.00 0.5243 0.00 0.6104
1 14.04 0.4851 14.69 0.5071 16.97 0.5838
2 26.57 0.4472 27.67 0.4643 31.40 0.5210
3 36.87 0.4000 38.18 0.4121 42.48 0.4502
4 45.00 0.3536 46.36 0.3618 50.68 0.3868
5 14.04 0.4851 14.69 0.5071 16.97 0.5838
6 26.57 0.4472 27 67 0.4643 31.40 0.5210
7 36.87 0.4000 38.18 0.4121 42 48 0.4502
8 45.00 0.3536 46.36 0.3618 50.68 0.3868

3. Results and discussion

A series of flutter analysis of p-k method has been conducted to
assess the bending-torsional characteristics with respect to aeroe-
lastic performance [25]. The flutter analysis is represented in
terms of frequency and damping trends over a range of velocities
and they are portrayed in terms of V-f and V- plots respectively.
The flutter speed and its corresponding frequency are identified at
the condition where the damping ratio changes in sign, which
implies that the oscillation cannot be damped out at this particular
state.

Figure 5 presents a sample of V-f and V-{ plots for the baseline
model with 35° in sweep angle. The flutter speed is identified
when the damping trend of the 1* torsional mode changes in sign
at an air speed of 19.4 m/s with its corresponding flutter frequency
of 18.7 Hz. Further to this, it can be seen the 1% bending mode
converts into a non-oscillatory solution at an air speed of 18m/s
with its damping trend changes in sign at an airspeed of 25m/s.
This indicates that the divergence instability occurs at this condi-
tion, hence showing that the flutter occurs before the divergence
which conventionally accepted in terms of wing design aspect.

3.1 Aeroelastic analysis of individual and parallel ribs
orientation

The first case considers two parametric study of varying individu-
al rib and parallel ribs orientation. Since each of the eight ribs is
allowed to rotate into eight different angles excluding its baseline
orientation, hence this will lead into a total of 64 possible tailored
configurations, while the parallel oriented rib configuration will
only lead to a total of 8 possible tailored configurations. Figure 6
presents the flutter speed solution for both individual and parallel
oriented rib cases for the two considered sweep angles. In most of

the cases, it can be observed that the flutter results are improved as
the ribs are oriented from its baseline position except for parallel
oriented rib case which shows degradation in flutter speed as the
ribs are oriented in the negative angle’s orientation.
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Fig. 6: Flutter speeds for varying individual rib and parallel ribs orien-
tations

Overall, the varying ribs orientation offers improvement in flutter
speed when compared to the baseline configuration. For both con-
sidered swept wing model, the highest improvement in flutter
speed is obtained by rotating the 3" rib to a maximum negative
orientation with an improvement can be seen around 10% when
compared to its corresponding baseline wing configurations. The
overall trends of the results for swept back cases are found to be
similar with an un-swept wing case as reported in reference [24].
Hence, at this stage, one can assume that similar optimal configu-
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ration is expected for these swept back cases, which will be further
described in the next following section. In addition, the finding is
aligned with the previous study [22] where the ribs located at the
centre part of the wing provide the highest impact to the aeroelas-
tic performance. Apart from that, the finding is also in agreement
with [22, 24] where the greatest flutter improvement occurs at the
largest possible orientation of the rib.

3.2 Optimal design of wing ribs orientation

The second case considers the parametric study for all possible
combinations of ribs orientation in order to identify the optimal
ribs orientation for the swept back cases. Since each of the ribs is
allowed to rotate in nine different orientations, this would result in
a total of 9% possible solutions of tailored ribs orientation. This
would be extremely challenging and lengthy if the whole design
space is to be solved. Therefore, the parametric range is further
simplified by considering only the baseline rib position and the
two furthest rib orientation of clockwise and anticlockwise direc-
tion, which denotes at position 0, 4 and 8, respectively, of previ-
ous Figure 4. These positions are selected based upon the finding
that shows the greatest improvement occurs at the furthest angle of
orientation from the baseline configuration. Hence, the total possi-
ble solutions are now reduced to 3 solutions.

Table 2 presents the best five designs for three considered sweep
angles while Figures 7, 8, and 9 provide their corresponding plan-
form views. Note that from the results, the flutter speed increases
as the sweep angle increases, which is mainly due to the variation
in bending-torsional stiffness coupling as sweep angle increases
[26]. Remarkable flutter improvement up to 90%, 85% and 79%
for sweep angle of 0°, 17.5° and 35°, respectively, is found when
compared to their baseline configuration. Interestingly, it can be
observed that the optimum ribs arrangement with an outstanding
improvement in flutter speed is more or less in a similar pattern,
either in fully zigzag or partly zigzag ribs configuration.

Figure 10, 11 and 12 present the V-f and V- plots for the flutter
modes of 1% bending mode and 1% torsional mode between the
best configurations and their respective baseline configurations.
Note that, the flutter conditions are marked in red star symbol. It is
found that the influence of torsional mode to the varying ribs ori-
entation is more significant while the impact to the bending mode
is insignificant. This leads to the change in bending-torsional cou-
pling characteristics, resulting to a significant impact in aeroelastic
performance.

Further investigation on the figures, it can be seen that the fre-
quency gap for the best configurations are greater in comparison
to their baseline configurations. This again justifies that the flutter
is primarily affected by the bending-torsional coupling, where the
greater frequency gap between the flutter modes will give positive
impact to the flutter speed. Therefore, this remarkable outcome
might serve as another solution for weight reduction of wing via
the oriented rib concept without having to compromise its aeroe-
lastic performance.

Table 2: Flutter speed of the best 5 configurations for each of the
considered wing models
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Fig. 9: Planform view of the best five conflguratlons for wing model of
35° sweep angle
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Flutter Speed (m/s)

Sweep Angle 0° 17.5° 35°
Configuration 1 28.50 29.38 34.93
Configuration 2 28.44 29.31 34.78
Configuration 3 28.44 29.29 34.61
Configuration 4 28.20 29.05 34.59
Configuration 5 28.10 29.00 34.43

Baseline 14.99 15.81 19.43
Best Individual 16.35 17.31 2141
Best Parallel 15.93 17.34 20.30
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Fig. 10: V-f and V-( plots of best
configuration and baseline wing
model with 0° sweep angle
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Fig. 11: V-f and V-( plots of best
configuration and baseline wing
model with 17.5° sweep angle
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Fig. 12: V-fand V-C plots of best configuration and baseline wing model
with 35° sweep angle

4. Conclusion

This study suggests that varying ribs orientation shows significant
improvement, not only for unswept wing but for swept back wing
as well, with range of improvement from 80-90% has been found
in terms of flutter speed. The optimum configuration for each case
is found to have almost similar ribs arrangement with either fully
zigzag or partly zigzag configuration. Further research should be
undertaken to validate the findings through experimental modal
analysis and wind tunnel testing.
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