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Abstract
This study details the development of the Unsteady Vortex Lattice Method (VLM) in conjunction with
the MATLAB based Tornado VLM software, aiming to enhance the capabilities of Tornado for unsteady
analysis. This integration allows for improved accuracy and computational efficiency in predicting the
dynamic behaviour of such surfaces. The following work is based on the frequency response of the gener-
alised VLM that effectively removes the cost associated with higher-order computational fluid dynamics
(CFD) solvers. The solver works on the framework of adaptive time-step response and reduces the trun-
cation error improving the accuracy. This unsteady solver computes the induced flow to calculate the
forces acting on the panel concerning time. This unsteady VLM is a fast mode of solver for predicting
the dynamic behaviour of a lifting surface which enables its use in quicker preliminary design analysis.
The results were compared with conventional CFD simulation and have seen a comparable accuracy for
reduced run time. Being a lower-order method, the solver is 24 times faster than the CFD simulation,
which reduces the cost associated and computational power requirement.

Nomenclature

α Angle of Attack

αx Angle of attack position in x

αy Angle of attack position in y

β Side-slip angle

Γ Bound Circulation of an aerofoil

ω Frequency of oscillation

CLα Lift curve slope with α

u Free stream Velocity

CD Coefficient of Drag

CL Coefficient of Lift

dt Time step response

LOM Low-order Modelling

MAC Mean aerodynamic chord

URANS Unsteady Reynolds Average Navier Stokes

UVLM Unsteady VLM

VLM Vortex Lattice Method
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FAST UNSTEADY FREQUENCY BASED SOLVER FOR PROFILES IN TWO AND THREE-DIMENSIONAL MOTIONS

1. Introduction

Fluid dynamics is a sub-discipline of fluid mechanics that encompasses aerodynamics and hydrodynamics. These fields
are important for engineering design and analysis. Unsteady aerodynamics has been studied for over a century to better
understand the flow around aircraft undergoing unstable dynamic motion due to gusts, side-slip or rapid manoeuvring.
This analysis is critical for designing aerofoils and other aerodynamic implements. The theory of unsteady aerody-
namics began in early 1920 with Theodorsen’s approach26 for analysing oscillating aerofoils. The Wagner function28

was then used to study the separated flow in an unsteady manoeuvre, while the Kussner function10 resolved the issue
of the shed vortex’s gradual reduction in influence on the aerofoil over time. The VLM, which emerged in 1937,19

revolutionized the analysis of the aerodynamic sections of wings by dividing them into panels, providing a sectional
overview that was widely used in early aircraft design. VLM can also be used to solve unsteady aerodynamics based
on the unsteady lifting line theory22 for dynamic motion that changes over time. Unsteady aerodynamics is complex to
model and requires significant computational power and time to analyze. To improve the efficiency of computational
simulations for unsteady modelling, low-order methods like VLM have proven to be effective24 . Low-order modelling
(LOM) is an increasingly popular approach that utilizes classical potential and lifting line theory to create new design
tools focusing on reduced parameters. This approach is essential for early design work, as it reduces the number of
parameters, complex calculations, and the time required5 .

The fundamental use of low-order solvers is to reduce the number of degrees of freedom required to produce
the results for the required performance. VLM or panel methods are effective low-order approaches in calculating the
pressure change with the help of velocity change over a wing divided into several panels.12 The change in velocity is
calculated with induced vortices generated over each panel. Each panel is associated with its control point (collocation
point) from which the velocity potential is computed. The resultant velocity, with relation to the free-stream velocity
and Kutta’s condition4 provides the solution of the vortex strength, and through the integration of those, lift and induced
drag forces are calculated. The output of this method can predict the stability derivatives and aerodynamic character-
istics of flying objects. A key difference between a steady solver and unsteady VLM (UVLM) is the need to use time
steps whereby each vortex’s calculation over a panel is obtained at each time step as shown in Fig. 1. The use of LOM
has been in place for more than a decade with its first-ever unsteady implementation in the 1990s5 . These methods
are computationally efficient enough to predict the unsteady aerodynamic loads31 . They are ways of solving for three-
dimensional flow fluids like pressure and velocity when compared with conventional CFD-based interpolation methods.
Initially, the LOM approach is divided into two subroutines: time-based response and frequency-based response. With
the time-based response, every parameter starting from flow speed, location of the aerofoil and many others will be
changed with respect to time to model the dynamic nature of the flow around a vibrating or heaving aerofoil. With
the frequency-based response, these changes are more dominated by frequency change than time. This approach was
used in the aeroelastic analysis of active control for flutter and gust response14 . Because of this effectiveness, LOM
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Figure 1: Unsteady vortex lattice representation3
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approaches are widely used in the early design process stages to speed up the unsteady analysis.
Tornado is a MATLAB-based implementation of VLM16 that is being used as a framework to develop and

implement LOM using UVLM. The UVLM equations are defined in matrices for easy and quick calculations. The
solver allows the user to define the heaving motion with two parameters i.e., heaving amplitude which is the function
of the base chord of an aerofoil, and heaving frequency which is the function of true airspeed. The location of the
most recently shed wake is calculated from the initial time-step response. The subroutine solves for two-dimensional
aerodynamic analysis of an aerofoil of a stated wing of a designed aircraft under given flow conditions. The proposed
program is a quick unsteady solver which differs from conventional CFD modelling with respect to solver time and
analysis. The use of such LOM methods is beneficial for the preliminary design of the next generation of aircraft. The
developed solver can predict the lift, drag and moment coefficients in seconds which drastically cuts computational
costs. Since it is based on the LOM approach, the solver can run on less powerful computer systems as compared to
the ones used for CFD simulations. Cost is one of the major reasons for design problems in the next generation of
aircraft designs, this solver holds good potential for implementation in early design optimisation work. In this paper,
the results of the 2D UVLM code are presented and compared against a higher-order CFD simulation after its validation
with experimental and analytical results.

2. Theoretical Approach: Unsteady vortex lattice method

When visualizing certain flights the inclusion of wake analysis is always helpful in tracking the motion of an aircraft.
Studies have shown that Theodorsen’s theory26 is remarkable in predicting unsteady aerodynamics of the lifting surface
and still holds the same for high-intensity sinusoidal motions. Predicting the non-periodic motion is done by super-
imposing Wagner’s function28 . Besides these classical theories, UVLM can be used for lower-order modelling. This
method is extended to implement the 2D unsteady wake from the trailing edge. The boundary conditions and influence
matrix from wake and bound vortices have been re-derived with respect to time which changes for every time step
response. The lift coefficient is derived from the rate of change of bound circulation with respect to time25 . The field
of unsteady aerodynamics completely depends on past motion, i.e., the history associated with the motion with respect
to time, and the repetition of that motion which means how often it repeats (which is dependent on frequency). It has
been seen from all the unsteady theories of the past11 ,2 ,21 ,17 that every flow field is time dependent which depends on
its state, velocity and temperature of the flow. The major difference between unsteady and steady VLM is the inclusion
of wake modelling to account for the 3D interference during unsteady flow conditions. The transition of conventional
VLM to UVLM is mainly driven by viscous phenomena, such as the need to study the leading-edge separation for delta
wings. The UVLM helps in calculating the velocity potential with the help of boundary conditions which is the basis
of the unsteady potential flow theory7 .

2.1 Oscillating aerofoils

Oscillating aerofoils under the influence of unsteady motion such as heaving, pitching and the combination of both,
have been used to examine high forward thrust and help in analysing unsteady aerodynamics29 . Such complex mod-
elling is highly effective in analysing the flapping wings of insect or bird flight, MAV (Micro air vehicle), UAV (un-
manned air vehicle), and VTOL (Vertical take-off and landing) flights9 . The use of this modelling is also seen with
aeroelastic analysis of wind turbines under heavy crosswinds. The motion of an aerofoil which is time dependent is
essential in visualising vorticity contours around an aerofoil oscillating with heaving amplitude. The vorticity fields
are initially generated at low speeds and are governed by time instances. The heaving motion of an aerofoil shown in
Fig. 3 is governed by its frequency and amplitude13 which in this case is the function of the base chord and velocity
of flow. The heaving motion also helps in understanding the vortex shedding27 , which is seen after a single time step.
The generated vortices will shed off from the trailing edge which, when separated over time, forms the bound vortex
which creates the high-pressure region under the aerofoil essentially increasing the lift generation. Pitching motion
leads to changes in the orientation of an aerofoil for a varying range of angle of attack in each time frame as shown
in Fig. 2 and 3. The body axis of an aerofoil is fixed at MAC (Mean aerodynamic chord) to provide a reference
system around which the body axis will change. A pitching aerofoil helps in visualising both leading edge and trailing
edge vortex shedding23 . The recent investigation of this motion is done with different aerofoil arrangements30 for
visualising the flow separation over pitching and plunging aerofoils. That research proves the viability of accurately
predicting a surging and pitching wing vortex formation. It shows that the accuracy holds good for potentially low
order models9 and justifies its use with reduced order modelling. The paper by Moriche et al.18 shows the use of this
approach for predicting the leading edge suction parameter, which states that the given aerofoil before experiencing
any flow separation with respect to time can suffer a finite amount of flow suction which is very essential information
in predicting vortex formation.
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Figure 2: Pitching aerofoil with time-step.
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Figure 3: Heaving aerofoil with time-step.

2.2 Boundary conditions for an oscillating aerofoil

The coordinate system for a heaving aerofoil is derived with respect to time as shown in Fig. 4. As the heaving motion
is based on heaving frequency and amplitude, the location of the aerofoil moving up and down only has an effect on
the y-axis position, whereas the x-axis is the function of flow speed and time. At each discrete time step, the location
of shed vortices from the trailing edge is re-calculated to trace its path. As time t > 0 the aerofoil starts moving up
following the time-dependent path.

sx = −v × t (x − coordinate) (1)
sy = −h0 × sin(ω × t) (y − coordinate) (2)

The unsteady motion of an aerofoil under flow with reference to the body frame is given by:

(∆ϕ − V − ω × r) · n = 0 (3)

where V is the flow velocity, ∆ϕ is the change of velocity potential, ω is the frequency of rate of change of body axis
with respect to time, r is the position vector from body axis to most recently shed wake and n is the normal vector. The
trailing vortex location is given by:

x = (C + dx) × cos(α) + sx (4)
y = −(C + dx) × sin(α) + sy (5)

where c is the base chord, dx is the location of most recently shed vortices with respect to time, α is the angle of attack
and sx, sy are the body coordinates with respect to time t. The location of the bound vortices with respect to t is given
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Figure 4: Aerofoil location with time step
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by:

x1 =
1
4
×C × cosα + sx (6)

y1 =
1
4
×C × sinα + sy (7)

Calculation of wake downwash using Biot-Savart Law is given by:

W = u × sinα + w × cosα (8)

Here W is the wake-induced downwash, while u and w are the sum of all induced velocities from the wake elements of
interest. The lift and drag on an aerofoil are because of only normal forces and rate of bound circulation with respect
to time which is given by:

q =
1
2
× ρ × (V + w(it))2 (9)

Cl =
L(it)

q(it) ×C
(10)

Cd =
D(it)

q(it) ×C
(11)

Here q is the kinetic (or dynamic) pressure, w(it) is induced velocity for a single iteration, ρ is the density of air at sea
level, L(it) is the calculated lift for a single iteration, D(it) calculated drag (induced drag) for a single iteration. It can
be seen that the given unsteady boundary conditions follow Theodorsen’s approach as the position of the geometry is a
function of time and frequency of the motion shown in equations 1 and 2. Since the unsteady motion of a flow under an
aerofoil is defined as the change in frequency of the motion multiplied by the position vector r and the normal vector
n. The change in velocity potential is calculated over each change in this position shown in equation 3.

3. Computational Approach: Implementation with Tornado

An aircraft wing is defined in Tornado from the information provided by the user. The wing geometry and flight state
conditions are provided by the user, from which the program works out the ISA conditions for the density of air and
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Figure 5: Tornado layout with UVLM.
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other relevant information. After the completion of initialisation, the program moves to the solver which gives the user
the option to select the mesh type and solver type according to his requirements. After that, the results are saved for
future analysis and graphs are plotted for visual and data analysis as shown in Fig. 5 This solver holds good potential
for quickly analysing the aerodynamics for a defined geometry under given conditions.3 To model the dynamic motion
of an aerofoil, a new section of the processor is written to implement the 2D UVLM. The code works in predicting
the heaving and pitching motion of an aerofoil based on the frequency and amplitude of the wave. The defined motion
is a function of the uniform velocity and the base chord. The time step is implemented within the UVLM solver to
provide the change in aerodynamic characteristics of an aerofoil with respect to time.20 With using this solver with
co-relation to Tornado the initialisation parameter required for this solver is extracted from the Tornado base code and
directories. The representation of this, as integrated into the existing Tornado code, is shown in Figure 6. The results
obtained are stored in the same results file with a different name to simplify visualization and distinguish between the
steady and unsteady results. In Fig. 6 the blue colour highlighted area is part of the main section of Tornado code,
which works around by asking questions to the user for the initial geometry set-up, flight state model and lattice setup
which is colour coded in red. The solver predicts the aerodynamic characteristics for analysis over defined geometry
using initial conditions and calculates forces acting on panels which is colour coded in brown colour. These results files
are then used by force coefficients subroutines which are colour coded in dark green colour. This representation is the
basic layout of the Tornado framework subroutines which work in conjunction to predict the steady state response of
user-defined motion. In addition to these two new cases are added to improve Tornado’s unsteady application capability
for oscillatory aircraft analysis. In Fig. 6 the top left corner has two solver’s subroutines named UVLM (Unsteady
VLM for two-dimensional analysis) and UVLM-3D (Unsteady VLM for three-dimensional wing profiles). UVLM
has subsections code which defines the oscillatory motions of an aerofoil with heaving or pitching motion based on
the frequency and time step response as the function of chord length. An adaptive time-step response has been added
to these subroutines to added it to improve the computational speed whilst retaining good accuracy by defining the
parameter called truncation error which is the difference in predicted values from real values. The code workout to
change the time-step to accommodate that change for improved accuracy of the results. The calculated results files are
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then used in the force coefficients generating subroutine of Tornado to calculate force coefficients and plot the data.
UVLM-3D subroutines account for the use of the generated lattice structure from the Tornado base code highlighted
in red as shown in Fig. 6 and define its change in orientation or position with time for defined unsteady motion as the
function of time and frequency. The shed vortices positions are calculated and redefined to change at every time step
which is termed as an influence on the geometry in motion which changes in velocity potentials. This addition to free
stream velocity helps in predicting the aerodynamic characteristics of a wing in three-dimensional flow conditions.

The introduction of this solver with a LOM approach gives the potential in solving unsteady aerodynamics of
aerofoil under a transient time frame which drastically reduces the design cost of the next generation of aerofoil design.
The solver is integrated into the user interface of Tornado to provide the user with a way to define and alter any changes
required before executing it. The two fundamental parameters which drive this solver such as uniform flow speed, time
step, angle of attack, frequency and amplitude are user-defined. The work in future is to improve its utilisation with
other sections of Tornado such as integrating with the steady solver to provide a comparative relation between steady
and unsteady motion of an aerofoil under similar conditions, accounting for changes in force coefficients and extracting
data for its application into design optimisation.

The advancement of UVLM into the three-dimensional solver, the angle of attack position with body references
axis is redefined for every time-step as:

αx = 0.75 ×C × cosα × sx (12)

where αx is the position of the angle of attack in the x direction, C is the chord length, and sx is the change in position
of the wing in the x direction with each time-step. Similarly, the αy is defined as :

αy = 0.75 ×C × sinα × sy (13)

where αy is the position of the angle of attack in the y direction, sy is the change in position of the wing in the y
direction with each time step. For pre-processor initialisation location of the lattice is obtained from the lattice setup
code of Tornado which helps as initially places a lattice predefined with a defined as the number of lattices on both
sides of the aircraft through its wingspan. To define the wake of this aircraft the farstream coordinates are defined
which are the function of cosine and sine of the defined angle of attack.

in f x = in f dist × cos(α) × cos(β) (14)
in f y = −in f dist × sin(β) (15)
in f z = in f dist × sin(α) × cos(β) (16)

In the above equations, in f dist is the variable defined for infinite distance based on the reference position of the
geometry defined in the geometry setup of Tornado. β is the defined side slip for current flight state. The position of
these lattices changes with every time step with defined amplitude and frequency of the motion which is defined as:

x = in f x + lattice.XYZ(t, c(s), 1) (17)
y = in f y + lattice.XYZ(t, c(s), 2) (18)
z = in f z + lattice.XYZ(t, c(s), 3) (19)

In the above equations, s is the variable defined in the lattice setup code file of Tornado which helps in defining which
wing of the geometry currently working with. With the use of in f x and x lattice position terms with dx as the distance
between the wake elements and the initial element position can derive the wake coordinates for each panel in the lattice
as:

INF1(i, 1, 1) = lattice.XYZ(i, 1, 1) + in f x + dx(i, 1) (20)

The above equation INF1 is defined as the wake initialising coordinate which is the addition of lattice.XYZ x coordi-
nate, in f x and dx which are the function flight state conditions. This set of equations runs for the number of S wings
symmetrical or non-symmetrical which is defined by the user. Similarly, the equation for y and z coordinates for the
wake initialisation is derived as:

INF1(i, 1, 2) = lattice.XYZ(i, 1, 2) + in f y + dy(i, 1) (21)
INF1(i, 1, 3) = lattice.XYZ(i, 1, 3) + in f z + dz(i, 1) (22)

Now to determine the influence of the wake element of interest, the distance between the wake element and the wake
element of interest is calculated as is for the 2-D UVLM code;

rx = lattice.XYZ(a, i, 1) − lattice.XYZ(1 : a, 1 : it, 1) (23)
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This difference in wake elements helps in identifying the distance of the wake from the initial position of the geometry
and how it influences the change of velocity potential for each time step. Similarly, the difference in y and z directions
are also derived as:

ry = lattice.XYZ(a, i, 2) − lattice.XYZ(1 : a, 1 : it, 2) (24)
rz = lattice.XYZ(a, i, 3) − lattice.XYZ(1 : a, 1 : it, 3) (25)

The parameters rx, ry, rz are used to calculate the change in velocity potential in each direction giving velocities u, v
and w. This is then used to move the panel location with reference to local velocity with increasing time-step as:

lattice.XYZ(1 : a, 1 : it, 1) = lattice.XYZ(1 : a, 1 : it, 1) + u(1 : it) × dt (26)
lattice.XYZ(1 : a, 1 : it, 2) = lattice.XYZ(1 : a, 1 : it, 2) (27)
lattice.XYZ(1 : a, 1 : it, 3) = lattice.XYZ(1 : a, 1 : it, 3) + v(1 : it) × dt (28)

This helps in plotting the implicit wake of an oscillating wing which is defined by the oscillatory frequency and the
amplitude of the motion. This change in motion can be defined by the use of the time-dependent motion or the
frequency-dependent motion. The layout for supersonic configuration is shown in Fig. 7 which defines the distribution
of the above equations in different sections of the pre-processor, the solver and the post-processor. The addition of
an adaptive time-step is not added into this arrangement as it increases the computational time for the supersonic
simulations.

4. Results and discussion

The validation of the solver is done by comparing it with experimental15 and numerical data1 from early research in
unsteady lift predictions. The results are compared for modelled 2-D profile at the Mach number of 0.5 and 0.8 with
the profile divided among 100 panels chordwise. The variation of the two-dimensional indicial lift coefficient per angle
of attack with chord length travelled is compared with the same boundary conditions as that of the literature.

Compared results as shown in the Fig. 8 show the non-steady region at Ut/c < 1.3 which is close to experimental
model (Ut/c < 1). The plot shows the compared values of CLα in the units of per radian to that of the chord length
travelled in meters. The change into a steady region starts after Ut/c > 1.4. Compared results of Change in CLα with
travelled chord length shows a percentage in the error of 26% compared to that of Lomax15 . The CLα predictions
of higher Ut/c have a higher percentage of error when compared with an experimental and numerical model. The
expected results deviate from the experimental model because of the following reasons; one is that by increasing chord
length, the accuracy of VLM diminishes. This problem can be rectified by using more panels, increasing the influence
terms hence increasing the accuracy. Another reason is the solver’s incapability of accurately predicting the correction
of the compressibility of the flow. This can be implemented by either using Prandtl Glauret’s compressibility correction
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Figure 8: Comparison of change in lift coefficient with alpha in chord length travelled from UVLM 2D and litera-
ture,15.1

factor, which only accounts for the subsonic or by using the hybrid approach with conventional CFD as a plugin to start
with simulation based on initial results from the UVLM solver for faster convergence. The results from UVLM for
two-dimensional analysis using NACA-0012 aerofoil are compared with the literature. The simulation was run for the
oscillatory frequency of 4Hz and 1Hz of motions. Defining the motion of an aerofoil is a combination of pitching and
heaving as a function of frequency and time-step. The results plots are the comparison between the CL with increasing
time (sec.). Comparison between results obtained from the UVLM code and CFD simulation9 is shown in Fig.9-12.
The results obtained from the code show good agreement with those from9 . There is a slight shift in the graph which
is because of the time-step error, which is not mentioned in the literature. The graph shows accuracy in predicting
the force coefficients for the same initial conditions for low-frequency motion. The drag in UVLM is calculated using
wake-induced downwash, which is derived from the influence of all the wake elements in a motion. Downwash and
rate of change of bound circulation from the shed and bound vortices are used to calculate the drag force, which is the
induced drag generated over an aerofoil. In CFD9 , the drag force is calculated by dividing the force on the aerofoil
in the opposite direction to the flow, which is obtained by solving the URANS equations and dividing them by the
cross-sectional area of the aerofoil. From the results, it is apparent that the UVLM predictions are reasonably similar
when compared with the higher-order CFD simulation results, with a level of accuracy suitable for the preliminary
analysis of unsteady effects of aerofoil motion.

The three-dimensional progress with UVLM is achieved by recalculating the new datum point to change the
orientation of the panels with respect to the defined angle of attack by the user. Lattice was imported from the Tornado
lattice code and is redefined to accommodate the change in no of panel concentration along the wing chord and span.
The wake initialisation is done by calculating the infinite distance for x, y and z directions with defined state angles
i.e., angle of attack and side angle. Wing panel orientation is redefined with respect to the angle of attack and side-slip
angle so the wake reflects that with time. Then the influence of wake elements is defined on adjacent panels and how it
reflects with time-step. Then the difference in distance is calculated between all the wake elements and wake elements
of interest which were later used to calculate the velocity potential for all directions. The change in wake has been

Figure 9: CL from UVLM code and literature9 at 4Hz Figure 10: CL from UVLM code and literature9 at 1Hz
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Figure 11: Cd from UVLM code and literature9 at 4Hz Figure 12: Cd from UVLM code and literature9 at 1Hz

achieved by moving the wake elements with local velocity. The plot for which is shown in Fig. 13.
With an extension of the three-dimensional build of the unsteady solver, the lattice code derived from the Tornado

base code is modified and improved to account for the change in angle of attack with time, also enabling the user to
change the dihedral angle and wing orientation and configuration. Further work can be done on improving the viscous
correction for this solver and plotting the shed wake and induced wake for each time step which will improve its
capabilities to mimic real-world environments. For the buildup of viscous correction term for UVLM, initial terms are
defined and are derived from previous code such as the ’N’ number of panels chord-wise, and panel information such
as location and Reynolds number. Reference viscosity is calculated using the reference chord length from the mean of
chord length from all the panels. Then the viscous correction term is calculated using the skin friction term, reference
viscosity for a given Mach and Reynolds number for a given panel.

The curves in Fig.14 are shown for sinking and pitching three-dimensional triangular wings for Mach 1.2 and 2
speeds. Besides the similarities in the nature of the curve and solutions, several conclusions can be drawn from these
results. Firstly, notice how for shorter chord lengths the value of lift curve slope is always higher for UVLM because
of working with the solution of fewer influence terms affecting the convergence. Secondly, with increased chord length
the solutions are close to that of the experimental results from the literature15 giving the same conclusive statement as
for the experimental work that since all the characteristics of the triangular wing are independent of the angle of sweep

Figure 13: Unsteady wake of F-16 wing.
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Figure 14: Comparison of change in lift coefficient with alpha in chord length travelled from literature.15

for this situation, the results can be said to be valid for the un-yawed triangular wing as long as the edges are supersonic.
This means that, as the VLM does not account for the thickness of the wings, and therefore edges designed through
VLM are assumed to be supersonic, the validity of the solver can be found effective for any supersonic configuration
of the wing. Thirdly, the initial values of CLα depend on the influence terms from shed vortices and bound vortices
which are directly dependent on chord length travelled and also influenced by the Mach number. With increased Mach
number the positions of the shed vortices calculated are not accurate, which affects its influence on the results and
as seen from Fig. 14 the accuracy of the solver deviates with increasing chord length travelled. It is observed that
the results for three-dimensional profiles match better with the experimental data of Lomax3-d15 when compared with
the 2-D UVLM solver because in the development of the three-dimensional solver, the initial Tornado code is used to
define the panel geometry, initialising the boundary condition and which undergoes the application of Prandtl Glauret’s
compressibility correction factor which is not used for the two-dimensional solver. The accuracy of the solver can
be increased by increasing the number of panels chordwise and spanwise. Having a larger grid of panels provides
more data with a change in velocity potential. The implementation of the Mach-cone influence6, 8 is also suggested for
better prediction of the panel collocation points. This will help in identifying the location shift when transitioning from
subsonic to supersonic speeds.

5. Conclusion

The proposed work highlights the similarities and differences between the two-dimensional and the three-dimensional
solver in terms of accuracy and agreement with experimental data and the high-fidelity CFD solver. It discusses the
factors influencing lift curve slope and the potential for improving solver accuracy through increased panel density and
Mach-cone influence. The two-dimensional UVLM solver compared to experimental and numerical models shows a
non-steady region at Ut/c < 1.3, which is close to the experimental model (Ut/c < 1). The transition into a steady
region begins after Ut/c > 1.4. The overall curve matches that of experiments and literature. However, predictions
of CLα at higher Ut/c values have a higher percentage of error mainly due to the UVLM’s lack of correction for
compressibility effects in two-dimensional flow.

The three-dimensional solver shows better agreement with experimental data compared to the two-dimensional
UVLM solver. The three-dimensional solver uses Tornado’s defined panel geometry, initializes boundary conditions,
and applies Prandtl-Glauert’s compressibility correction factor. These additional factors enhance the accuracy of the
solver compared to the two-dimensional solver. The accuracy of the solver can be improved by increasing the num-
ber of panels chordwise and spanwise, resulting in a larger panel grid and more data for velocity potential changes.
Additionally, implementing the Mach-cone influence is suggested for better prediction of panel collocation points and
identifying location shifts during the transition from subsonic to supersonic speeds.
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