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Abstract: This paper presents a new investigation of a tandem wing configuration under cruise and
gust load conditions. A wing of a high-altitude long-endurance unmanned air vehicle (HALE UAV)
is used as a case study. A two-way fluid-structure interaction (FSI) analysis is conducted. A numerical
investigation is done by coupling the Computational Fluid Dynamics (CFD) and Computational
Structural Dynamic (CSD) domains. A complex phenomenon is evaluated, i.e., flow interaction
between front and rear wings. In addition, the structural response of the rear wing due to the gust
disturbance and the interference of downstream flow from the front wing is studied. The variance of
gust disturbance is based on the chance of occurrence. The results pointed out that for a more realistic,
small gust with higher gust probability, the pattern of the structural response closely follows the gust
pattern, i.e., the response reaches its peak similar to the gust shape. However, for a smaller chance of
gust, i.e., higher gust amplitude, the structural response has some discrepancies and depicts a sharper
trend toward its peak value due to a high change of angle of attack.

Keywords: Computational fluid dynamics; Computational structural dynamics; Fluid-structure interaction;
Gust load; Tandem wing

1. Introduction

Environmental impacts of aviation are becoming one of the main challenges in aircraft
technology development. Advanced technologies are designed to support a more sustainable flight;
thus, there is a strong drive to explore unconventional aircraft (Bravo-Mosquera et al., 2022).
Unconventional aircraft configurations, such as canards, flying wings, and tandem wings, hold
great promise due to their extraordinary performance characteristics, particularly high
aerodynamic efficiency. However, those aircraft are often seen having several issues, mainly with
flight stability (Goetzendorf-Grabowski, 2023). Furthermore, some works have elaborated on how
the changes in an unconventional wing configuration affected the aeroelastic characteristics, i.e.,
flutter boundaries (Dhital et al., 2022).

The tandem wing configuration has attracted many researchers for decades as an option to
provide an exceptional aerodynamic performance. One of the most famous tandem-wing aircraft,
Proteus, developed by NASA and Scaled Composites, demonstrates excellent aerodynamic
efficiency at a high-altitude operation (D'Oliveira et al., 2016). Often, to achieve high aerodynamic
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efficiency, a slender, long-span, and high aspect ratio wing is considered. However, a long span is
known to have a critical aeroelastic instability, i.e., low divergence speed. One infamous accident is
the failure of NASA Helios UAV due to divergence, an aeroelastic condition where the wing has
very large deformation (Noll et al., 2004). A tandem wing configuration reduces the aircraft
wingspan but still maintains very high aerodynamic efficiency.

Feistel et al. (1981) conducted an investigation on a canard-wing configuration in a wind tunnel.
It was one of the earliest published works that observed the effect of tip vortex generated from a
front wing (canard). The work by Khan and Mueller (1991) also investigated the effect of wake from
a finite canard wing using a Wortmann FX63-137 airfoil. Their experimental results showed that the
existence of canard provided a reduction in the downstream drag coefficient, hence, it generated a
better aerodynamic efficiency of up to 40% compared to a single wing. Another work by Scharpf
and Mueller (1992) conducted an investigation for a two-dimensional airfoil in tandem. Their
results also showed that a tandem configuration led to a decrease in drag and a better lift-to-drag
ratio. In recent years, studies on tandem wing by means of understanding its effect to the aircraft
performance have been conducted (Qin et al., 2024; Chou et al., 2013).

Numerical investigation by means of Reynold-Averaged Navier Stokes (RANS) via commercial
software also depicted a promising result in increasing the lift for the tandem airfoils for various
applications, i.e., MAV and UAV (Abbey et al., 2020). One of the most recent studies by Shah and
Ahmed (2022) investigated the effect of spacing between the tandem wings. The flow generated
between the front and rear wings affects each other, especially when the horizontal distance
between them is in minimum proximity. Dhital et al. (2022) also evaluated the effect of proximity
for another unconventional wing, biplane configuration. Interesting findings were found as the gap
between the wings affecting the aeroelastic instability. A smaller gap increased the aerodynamic
interaction and decreased the flutter boundary. In recent years, studies on tandem flexible wing or
flapping wing by means of computational analysis have been discussed in various articles (Muriel
et al., 2024; Yang et al., 2024; Bie and Lie, 2022; Arranz et al., 2020; Broering and Liang, 2015). Most
of the studies found that, the aerodynamics and structural responses of the hindwings are affected
by intensity of the vortices shed into the wake. Despite this fact, there are only a few published
articles discussing the aeroelastic or FSI effect concerning flexible tandem wings.

Most of the studies on the FSI phenomenon, i.e. vortex and wake effect, on tandem
configuration, investigated a wing section with spring-like or pendulum-like support to represent
elastic movement, i.e., pitching, heaving, or flapping motion (Kirschmeier and Bryant, 2018; Gong
et al,, 2016). Jones et al. (2015) are among the few researchers who elaborated on the FSI
phenomenon in a flexible tandem configuration. They conducted experimental investigations on
two combinations of Rigid-Rigid wings and Flexible-Rigid wings. On the Flexible-Rigid wings, it
was found that the magnitude of the unsteady aerodynamic forces was influenced by the vortex
shedding frequency which coupled with the wing vibration.

In the present study, an effort to investigate the aeroelastic or FSI phenomenon on a tandem wing
configuration is conducted. In contrast with the one observed by Jones et al. (2015), instead of a
flexible front wing, in this work, a flexible rear wing will be evaluated. The effect of wake from the
front wing concerning the vibration of the rear wing is elaborated. In the field of aeroelasticity,
potential function-based methods, i.e., Doublet Lattice Method (DLM) and Vortex-Lattice Method
(VLM) have been established to model the unsteady aerodynamic loads. Advanced use of DLM
coupled with FEM for the aeroelasticity model could be seen in the fields of vibration energy
harvesting (Akbar et al., 2022; Akbar and Curiel-Sosa et, 2019) and aerofracturelasticity (Abdullah
et al., 2019; 2018). In the current work, a RANS based on Finite Volume Method (FVM) coupled
with Finite Element Method (FEM) is utilized. The implementation of FVM is proposed to capture
the change in flow contours around the wing structures as it could not be captured by panel-based
method, i.e., DLM.

The present investigation is an extension of the work by Moelyadi and Zulkarnain (2021)
regarding the design of a high-altitude long-endurance (HALE) UAV. A new investigation in terms
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of an operational flight condition is also evaluated. A cruising operation with gust wind disturbance
is studied. Simulation is carried out using the two-way fluid-structure interaction (FSI) method. The
fluid flow solution will be solved in the Computational Fluid Dynamics (CFD) domain, which has
been widely used in various problems, i.e., open channel wind turbines (Darmawan and Tanujaya,
2019; Sudarsono et al., 2019) and ships/boats (Riyadi et al., 2022; Dwiputera et al., 2022). On the
other hand, the structural solution is solved in the Computational Structural Dynamics (CSD)
domain using Finite Element Method (FEM). Because of the complexity of the phenomena, two
independent wings are modeled in a rigid-flexible configuration. Various discrete 1-cosine gust
velocities are created and considered in occurrence probability. Validations are carried out
numerically and compared to the historical experiment data.

2. Mathematical Model

In this section, a mathematical model of fluid-structure coupling under disturbance that is used
in the simulation is presented. Firstly, the mathematical model from the fluid solution needs to be
investigated based on its operational condition. In very low-speed flight of HALE, the flow appears
at a low Reynolds number or generally laminar, which is easy to separate. However, the inclusion
of kinetic momentum energy from the freestream flow may lead to the reattachment of separated
flow, inducing turbulence and forming what is commonly referred to as a "separation bubble".
Therefore, fluid solution requires equations that can model both laminar and turbulent regions
(Winslow et al., 2018). The problems can be solved using the Unsteady Navier-Stokes equation
shown by (1) and (2). The assumptions, including transient, incompressible, no heat transfer, and
the presence of a viscous effect on the surface of the wing, are used (Wendt et al., 2009).

apy o(v;) _ 0

—_— 1
at T Pr ox, @

av; o(vivj) opP a (dv; Oy d (0v; Oy
Prac TP oy, T ox  Mox\ax | ox +L‘m(axk axi) @)

In the CFD domain, there are several numerical methods to compute the Navier-Stokes equation,
such as Large Eddy Simulation (LES) and Reynold Averaged Navier Stokes (RANS). In this work,
DES (Detached Eddy Simulation) combines both RANS and LES models as a hybrid equation.
RANS is used close to the boundary layer, while LES is in the wake region. The advantage of this
hybrid formulation is that it can compute turbulent flow with large eddy sizes while maintaining
less computational time than using the LES method in the whole model. The solver is using DES
with a turbulent SST model. The SST-DES model was introduced by Strelets by changing the SST-
RANS model to LES in the Lt turbulent size parameter (Strelets et al., 2001; Menter, 1994).

In the CSD domain, the spring model approach is used to investigate the response of the wing.
The model that also consists of aerodynamics flow can be written in Equation (3)

[MS - Mf]{U} + [Cs - Cf]{U} + [Ks - Kf]{U} = {Fdisturbance(t)} (3)

Where the variable with the subscript 's' is a property of the structure, while the subscript 'f" is
a property of the fluid; {U} is the nodal displacement vector; {U } is the nodal velocity vector; {U }
nodal acceleration vector; {F;;sturpance (t)} i an external disturbance in the form of force as a time
function (Akbar et al., 2022). If the disturbance F on the right side is removed, then Equation (3)
will become an aeroelastic problem such as flutter and divergence. The displacement parameter
from the spring model can be solved numerically using Newmark time integration and Hilber-
Hughes-Taylor (HHT) methods. This is an implicit method where each time step can be solved
simultaneously (Tabatabaei et al., 2020).
Equations from the fluid (CFD) and the structural (CSD) domains will be solved in each
module. An FVM and FEM-based commercial software, ANSYS CFX and ANSYS Mechanical are
utilized. The results of the computation are forced from the integration of pressure distribution and
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structural deformation, respectively. Each set of data will be transferred and interpolated between
the various modules through a System Coupling mechanism until convergence is achieved or the
coupling step limit is reached. As illustrated in Figure 1, these processes will be carried out at each
time step.

Coupling Step |
¥ ]
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n Convergence n :
Start . o — fe— |
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Figure 1 Two-way fluid structure interaction numerical flowchart

3. Simulation Methodology

In the present work, the tandem wing configuration of Moelyadi and Zulkarnain (2021) is
simplified without the boom. The front wing is modeled as rectangular with winglets, while the
rear wing is rectangular and tapered closer to the tip. Both wings are constructed using K3311 airfoil
for a low Reynolds number regime.

Table 1 Fluid properties at sea level

Temperature (T) (K) 288.15
Pressure (P) (Pa) 101325
Fluid Density (pr) (kg/m3) 1.225
Dynamic Viscosity (p) (Pa.s)

(105) 1.821

Table 2 Rear wing material properties

Structural Density (ps) (kg/m3) 174
Young Modulus (E) (GPa) 1.5
Poisson’s Ratio (v) 0.3
Shear Modulus (G) (GPa) 0.6

The fluid domain model is created using ANSYS CEX from the Fluid Flow module. Both
geometries are set in the middle of the domain, and the root section coincides with the symmetry
surface. Figure 2 (a) shows the computational domains created. Structured mesh consists of a
combination of H grid and C grid topology, which is used to reduce computational time and make
it easier to manage grid distribution. In addition to this simulation, the unstructured mesh is also
used as validation, as shown in Figure 2 (b), and will be used in FSI simulation if the deformation
is very large and might cause error due to negative volume in the structured mesh. Validation of
the FSI simulation results between structured and unstructured mesh will be explained in the next
section.
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(b)
Figure 2 Mesh on the fluid domain: (a) Structured, and (b) Unstructured

The fluid domain is assumed to be stationary, therefore, air will be generated from the inlet in
the parallel and perpendicular direction chordwise. Perpendicular wind speed is assumed to be a
disturbance known as a vertical gust. Vertical velocity variation is modeled in 1-cosine gust based
on ESDU regulations 04024 (ESDU, 2004). Gust velocity can be written as depicted in Equation (4)

s

U =%(1—cosﬁ) 4)

where H is the horizontal distance from zero gust velocity to the maximum value of 12.5 of the
chord length, because the plane in the simulation does not move, but the air flows through it.
Therefore, the gust disturbance will also come from the inlet and the freestream velocity. Gust
modeling in the CFD domain needs to be defined in the time domain through Equation (5)

s=L (5)

c

where Vi is the freestream speed, Gust will be generated for 2.125 seconds, as seen at Figure A.1
in Appendix A. In addition, the gust speed is varied by changing its amplitude from 0.5, 1, 2, 3, and
4 m/s. However, it should be noted that, in real conditions, gusts passing through the aircraft can
occur continuously, with highly varying amplitudes of speeds. When determining the frequency of
gusts appearing at a certain speed amplitude, it can be calculated in terms of relative frequency.
ESDU 69023 shows empirical results based on historical aircraft data at various altitudes (ESDU,
1989).

The next step is defining atmospheric conditions and boundary conditions in the fluid domain.
Table 1 shows the atmospheric conditions at sea level. Air is assumed to be isothermal because the
temperature difference between the wing and the environment in the fluid domain is very small,
viscous forces are dominant closer to the surface of the wing, and incompressible. Dynamic mesh
is used in the region closer to the rear wing. Detached Eddy Simulation (DES) - Shear Stress
Transport (SST) is used to calculate flow around the boundary layer and wake region. Simulation
in CFX has six boundary conditions, as shown in Figure 3. The inlet is defined at the front of the
fluid domain, defined as the combination of horizontal velocity 10 m/s and vertical gust velocity
based on Figure A.1 starting from 0.5 seconds until rest. Outlet is defined as zero relative static
pressure and it is located at the end of the computational domain. Fairfield is defined as the opening
pressure and it is located at the top, bottom, and adjacent to the rear wing tip surface. Symmetry is
defined as the mirror of the computational domain because this simulation consists of a half-model
wing geometry. A rigid front wing is defined as a no-slip wall, while a deformed rear wing is
defined as a coupling geometry to the structural model.
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Figure 3 Boundary conditions of the fluid domain

The structural domain model is created using ANSYS Mechanical from the Transient Structural
module. The front wing is assumed to be rigid; therefore, it is not included in the structural analysis.
The rear wing is assumed to have solid and homogeneous material properties. Structural properties
that will be used as input parameters are density, elastic modulus, and Poisson's ratio, as shown in
Table 2. Boundary conditions in the HALE wing structure are fixed support on the wing root
surface and fluid-solid interface on the other wing surfaces, as shown in Figure 4. In addition, the
damping of the structure is removed, and as a result, the decaying of the deflection only depends
on fluid flow.

Fluid Solid Interface

(b)

(a)
Figure 4 Computational Structural Domain: (a) Boundary conditions, and (b) Mesh

Data exchange between fluid computation (CFD) and structure (CSD) domains in FSI
simulations performed using the two-way fluid-structure interaction (FSI) method is set to System
Coupling. The setup section of the Transient Structural and Fluid Flow modules is connected to the
System Coupling to exchange data between the fluid simulation and the wing model structure via
the interface. The simulation time and timestep in the analysis configuration are set according to
the Transient Structural and Fluid Flow setups. The simulation was carried out for 5 seconds with
a time change of 0.005 seconds.

4. Validation
This section will discuss validation regarding the FSI simulation that has been conducted.

Validations include mesh independence in both CFD and CSD modules as well as experimental
comparison.

4.1. Mesh Independence Validation
Structural domain validation was carried out numerically and experimentally. Mesh
independence is a necessary numerical validation to reduce computational errors because of poor
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models. Parameters that have been used to determine whether the number of elements is sufficient
were the vibration mode of the first bending, second bending, and first torsion, according to Figure
B.1 (a) in Appendix B. In the Computational Structural Domain (CSD), based on computational
time and accuracy, the rear wing consists of 14551 elements. Fluid domain validation is also carried
out numerically using an independence test. In Computational Fluid Domain (CFD), based on the
results of the numerical simulation at steady state in Figure B.1 (b) and considering computational
capabilities and simulation stability, the number of elements in the structured mesh that would be
used in the FSI simulation was 4.3 million.

4.2. Experimental Validation
The structural model was also validated by conducting an experimental static test. Additional
mass was distributed along the wing as the replacement of aerodynamic load. In the numerical
simulation, point mass was added at the top of the wing and affected by earth gravitational in 1g
and 1.5g. Figure B.2 in Appendix B shows a comparison of static deflection in experimental and
numerical simulations. Structural deformation along the span was different but had a similar trend
and order. Therefore, the modeled rear wing structure could be used for this FSI simulation.

4.3. Fluid-Structure Interaction Model Validation
Fluid-Structure Interaction simulation is also used in several validation. Firstly, a comparison
between unstructured and structured mesh in the fluid domain is evaluated to prove consistent
results regarding structural deformation. Figure B.3 in Appendix B shows the deflection of the wing
tip during simulation time with variations in the amplitude of the gust velocity and the type of
mesh in the fluid domain. There are no significant differences in terms of tip deflection between the
two types of mesh for each case; therefore, both fluid models can also be used in this simulation.

5. Fluid-Structure Interaction Response Analysis

The interaction between the fluid and the wing structure produces an oscillatory (heaving)
motion. The simulation starts from conditions without airflow, and then the flexible rear wing will
be deflected due to the lift generated by the difference in pressure distribution on the top and
bottom of the wing until it reaches the first second, which can be called the initial deflection. On the
other hand, the gust is generated at 0.5 seconds and needs to travel around 0.75 seconds before it
reaches the front wing.

5.1. Analysis of Fluid-Structure Interaction in High Occurrence Gust

This section presents an FSI simulation of a tandem wing configuration subjected to gust
disturbances with amplitudes of 0.5 and 1 m/s. These disturbances occurred more than ten times
during the flight. Figure 5 illustrates the deflection of the rear wing tip. The appearance of gust in
the form of perpendicular flow to the chord direction results in an additional deflection of the
flexible rear wing. The change in the position of the rear wing tip follows the 1-cosine gust shape,
although there is an insignificant difference in time (phase lag) between the increase in gust and the
deflection of the wing.

The additional deflection of the rear wing can be explained in terms of the FSI coupling
phenomenon between the computational fluid (CFD) and structure (CSD) domains. Gust that
emerges from the inlet will change the resultant direction of flow passing through the two wings,
where the change in direction will form an angle between the flow direction and the chord of the
wing, which is called the angle of attack. Increasing the angle of attack on the rear wing up to 2.8
and 5.7 degrees for the two-parameter variations will change the pressure distribution along the
wing span, which is integrated into aerodynamic forces, so that the wing deflection becomes larger,
which in turn will change the flow around it. Figure 6 shows changes in the lift forces during the
FSI simulation. Positive vertical flow increases lift and drag, which results in greater wing tip
deflection, Besides that, the moment in the spanwise direction gives the wing a tendency to pitch
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down. Similar to changes in rear wing tip deflection, lift force also experiences changes following
the 1-cosine gust shape, even though there is an insignificant difference in time (phase lag).

Tip Displacement (0.5 m/s) [ ,

Tip Displacement (1.0 m/s) | 3.5

Gust Velocity (0.5 m/s)

= = =Gust Velocity (1.0 m/s)

N
Gust Velocity (m/s)

100 150 200 250 300 350 400 450  5.00
Time (s)

Figure 5 Rear wing tip deflection at 0.5 and 1.0 m/s gust amplitude

The FSI simulation results are also shown by contours in the computational fluid (CFD) and
structure (CSD) domains to understand more clearly the phenomena that occur, as shown at Figure
C.1in Appendix C. The streamline changes with time due to the vertical velocity passing through
the two wings. As long as the gust effect takes place, the change in the maximum angle of attack
for both parameters has not reached the stall area, so the flow separation will not occur. The front
wing is assumed to be rigid, so changes in aerodynamic forces caused by changes in the angle of
attack will not change the overall position of the wing. As for the flexible rear wing, changes in
wing position along the span are only caused by changes in the angle of attack without changing
the attitude of the pitch. This is due to the torsional stiffness being able to withstand the pitch
moment that appears on the wing. On the other hand, there is no interaction between the
downstream flow of the front wing and the upstream rear wing even when the vertical gust speed
is maximum, or the wingtip deflection is maximum. Therefore, the additional deflection that arises
due to changes in lift force is only due to gust originating from the inlet.

4.50

Lift (0.5 m/s) 4.00
Lift (1.0 m/s) 3.50

) 3.00 ¥

Gust Velocity (0.5 m/s) c

) 250 =
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Figure 6 Lift response at 0.5 and 1.0 m/s gust amplitude

5.2. Analysis of Fluid-Structure Interaction in Low Occurrence Gust
This section describes FSI simulations of tandem wings with extreme conditions of gust
disturbances at amplitudes of 2, 3, and 4 m/s that occur less than ten times during flight. The
deflection of the rear wing tip is shown in Figure 7, where the deflection of the rear wing tip no
longer follows the 1-cosine gust shape. In the case of 2 m/s, the change in rear wingtip deflection
is similar to that of the gust profile, although it looks more sloping in the amplitude region.
However, in cases of 3 and 4 m/s, the deflection gradient experienced significant changes in the
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peaks and difference in time (phase lag) between the increase, peak, and decrease in vertical gust
speed and wing deflection. The phenomenon of FSI coupling between the computational fluid
(CFD) and structure (CSD) domains with vertical flow disturbance can be explained as follows.
Gust that emerges from the inlet will change the direction of the resultant flow through the two
wings, where changes in the angle of attack will change the pressure distribution between the upper
and lower surfaces of the wings, which are integrated into aerodynamic forces. For the three
relatively extreme conditions, the addition of the angle of attack on the rear wing reaches 11.3, 16.9,
and 21.8 degrees, respectively. Figure 8 shows changes in the lift force during the FSI simulation.
Positive vertical flow increases lift and drag, which results in greater wing tip deflection, Besides
that, the moment in the spanwise direction gives the wing a tendency to pitch down. However,
similar to the deflection response of the rear wing tip, aerodynamic forces and moments also
experience a phase lag and significant gradient changes in the peaks and decreases of gust.

4.5

Tip Displacement (2.0 m/s)
N\ Tip Displacement (3.0 m/s)

- \ Tip Displacement (4.0 m/s)|
kS

Gust Velocity (2.0 m/s)

L\ — = = Gust Velocity (3.0 m/s)

. | ==+ = Gust Velocity (4.0 m/s)

Gust Velocity (m/s)

1.00 1.50 2.00 2.50 3.00 3.50 400 450 5.00
Time (s)

Figure 7 Rear wing tip deflection at 2.0, 3.0, and 4.0 m/s gust amplitude

The FSI simulation results are also shown by contours in the fluid domain (CFD) and structure
(CSD) to find out more clearly the phenomena that occur, as shown at Figure C.2 in Appendix C.
At the maximum speed of the gust, the flow separation on the upper surfaces at the front and rear
wings is caused by the angle of attack reaching the stall area. In addition, the interaction between
the downstream of the forewing and the upstream of the hindwing occurs on the lower surface.
The flow originating from the front wing in the form of a wake affects the distribution of pressure
on the lower surface of the rear wing before separation occurs on the upper surface.

4.5
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AN Lift (3.0 m/s)
va \ 35
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Figure 8 Lift response at 2.0, 3.0, and 4.0 m/s gust amplitude
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6. Conclusions

A new investigation on the FSI phenomenon of a tandem wing configuration has been conducted
in this work. A two-way FSI by means of coupling between CFD and CSD has been implemented.
The effect of gust disturbances on the structural responses of the tandem wings has been evaluated.
In addition to the response exerted by the gust, the influence of the wake generated from the front
wing to the rear wing has also been observed. In the present works, a 1-cosine discrete gust is
applied with a gust amplitude of up to 4 m/s. Based on the results of the numerical investigation,
when the wings are excited by a small gust amplitude, the pattern of the structural response closely
follows the function of the gust with respect to time. In contrast, if a higher gust amplitude is
applied, the structural response has some discrepancies with the gust patterns and depicts a sharper
trend toward its peak value. The phenomenon is caused by a high change of angle of attack;
therefore, a larger flow separation occurs when a higher gust exerts the wing. Nonetheless, it is
important to note that the likelihood of encountering high gust amplitudes is relatively low,
potentially resulting in a frequency of less than one occurrence per flight. Therefore, for a more
realistic representation that considers a higher probability of encountering gusts, the structural
response pattern closely resembles that of a 1-cosine gust shape.
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