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Abstract

As a commonly used configuration for advanced unmanned aerial vehicles (UAVs), the
flying-wing configuration suffers from pitching moment trimming issues due to the lack
of horizontal tail. The UAV either needs to unload lift at the trailing edge or needs to
increase the wingtip twist angle at the cost of losing the lift-to-drag ratio. The commonly
used methods for solving pitching moment trimming issues are compared and analyzed
in this paper, and it is found that the method of trailing-edge twist has advantages under
cruising lift coefficient. Furthermore, a trailing-edge twist deformation parameterized
model that can deform multiple critical sections is designed with relevant grids. The
multi-objective genetic algorithm is used to optimize the parameterized model and obtain
the optimized results. Through comparative analysis, it is found that the optimized trailing-
edge twist model has an advantage in distributing the pitching moment. By optimizing the
distribution of aerodynamic forces and moments, cruise trim is achieved with only a 1.43%
cost to the cruise lift-to-drag ratio compared to the initial model.

Keywords: flying-wing configuration; pitching moment trimming; lift-to-drag ratio

1. Introduction

As an advanced design with an updated configuration compared to a traditional con-
figuration, the flying-wing UAV presents more challenges and greater research difficulties.
These include the study of aerodynamic optimization and control problems in the cruising
state. Nickol et al. [1] conducted research on the aerodynamic performance of a civilian
blended wing body (BWB) configuration and found that this configuration offers significant
fuel consumption advantages over the traditional configuration, with savings of up to 39%.
This underscores the benefits of wing configuration in terms of lift and drag characteristics
during cruise. Zhang et al. [2] explored and optimized the relationship between the static
stability margin and fuel consumption in the cruising state of the flying-wing UAV design.
Their findings revealed that the static stability margin is closely related to fuel consumption.
The mechanism behind this is that the static stability margin significantly impacts the
configuration design, with a lower stability design leading to improved cruise efficiency.
This research provides valuable guidance for the design of flying-wing UAV, suggesting
that designers can enhance cruise performance by improving control system capabilities
and reducing static stability.

As early as the beginning of 2000, significant research had been conducted on the
aerodynamic performance optimization of the blended wing body (BWB) configuration,
mainly focusing on wing shape optimization and external drag reduction of BWB [3].
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Qin et al. [4] studied the lift distribution and the effect of twist angle on the spanwise
lift distribution when optimizing the wing profile of BWB. This study emphasized the
ideal lift distribution and the reduction in drag caused by lift-induced vortices rather
than torque characteristics. Nevertheless, when studying the configuration of Lambda
wings, due to the fact that Lambda wings often exhibit unstable pitching moments at
high angles of attack, the process of moment instability is also investigated [5]. Taking
Lee et al.’s [6] research as an example, when adding vortex generators to Lambda wings and
optimizing the planform, it is necessary to ensure high lift and drag characteristics while
also considering the characteristics of high-angle-of-attack pitch moment and increasing
the maximum available lift coefficient. However, the moment curve described in this article
clearly indicates a zero-lift pitch moment problem, which means that the zero-lift pitch
moment remains in a low pitch-down state and requires additional rudder deflection during
cruising to achieve normal flight. This problem inevitably leads to increased resistance
caused by the control surface, decreasing the cruising lift-to-drag ratio. Even though this
was not examined in the article, in practical applications, such a solution would still be
unacceptable [7].

A large part of the above research is the result of the combination of Lambda-wing
and flying-wing configurations. The pitching moment characteristics at high angles of
attack for this configuration are often difficult to directly solve when optimizing this wing
configuration combination, but the problem of zero-lift pitch moment is not without a
solution. The most common method is to arrange some super heavy equipment behind
the UAV. The method of using the engine layout for non-linear trimming mentioned in
Mardanpour et al.’s serial articles [8-10] can adjust the cruise state moment by adjusting
the center of gravity, but it also leads to a decrease in static stability margin. Based on an
atypical wing configuration, Mader [11] established an optimization model by changing the
wing sweep angle and other configuration parameters, combined with the adjustment of the
twist angle, and ultimately improved the pitch moment stability of the model. This research
demonstrates the importance of studying the static stability of Lambda-wing UAVs.

However, the configuration design is often constrained by multiple factors at the
beginning of the design process. Common approaches to addressing zero-lift pitch moment
include replacing the unloaded airfoil, increasing the twist angle and unloading the trailing
edge. Tomasz [12] conducted a moment trimming and stability analysis on wings such
as canard, flying wing, three-surface tandem wing and box wing and proposed a method
of adjusting the moment using weight distribution based on fear of counterweights and
structures. Huijts et al. [13] analyzed the drag impact of moment trimming using control
surface and proved its side effect on drag force. Karimi et al. [14,15] have focused on
the elastic torsion and control systems of wings, aiming to redistribute the aerodynamic
moment through elastic torsion and achieve cruise trim state. Syed et al. [16] also analyzed
and optimized the aeroelastic process of a flexible airfoil of a flying-wing aircraft with an
ultra-long display ratio during deformation. The primary mechanism in this study is the
generation of significant post-unloading deformation at the trailing edge of the airfoil. The
aerodynamic analysis part includes the process of pitching moment trimming. Xu et al. [17]
chose jet flow control for the manipulation and trimming of longitudinal moment. These
research studies have demonstrated that the moment trimming process for flying-wing
UAVs is a crucial research direction in the design of longitudinal static stability.

To address the cruise trim moment problem in flying-wing UAVs, various solutions
have been explored by scholars worldwide. Common approaches include adjustment of
control surface, negative wingtip twist, unloading wing profiles and trailing-edge twist.
While adjusting control surfaces is the simplest method, it significantly compromises the lift-
to-drag ratio. For example, the X-47B uses a —10° wingtip twist angle [18] and requires an
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elevator setting of —23.4° [19] to achieve moment trimming for cruise flight. However, this
approach can negatively impact lift distribution and the lift-to-drag ratio. Thus, optimizing
wingtip twist angles is essential, either to achieve specific lift coefficients or to maximize the
lift-to-drag ratio. Both unloading wing profiles and trailing-edge twist work by reducing
lift at the trailing edge to generate a pitch-up moment for trim. However, trailing-edge
twist is more versatile, as it directly modifies the wing external shape, offering a broader
range of feasible solutions compared to unloading wing profiles.

The advantages and disadvantages of trailing-edge twist and wingtip twist in solving
cruise trim problems on a Lambda-wing configuration UAV are analyzed in this paper.
A parameterized UAV baseline model with eight parameters for trailing-edge twist is
designed and optimized. The analysis results ultimately prove that the trailing-edge
twist model improves the degrees of freedom of the model by allowing for the parameter
distribution of the twist in multiple sections. And the optimized model redistributes the
pitching moment and achieves both drag reduction and trimming.

2. Pitching Moment Trim Problem
2.1. Wingtip and Trailing-Edge Twist Method

In this study, a Lambda wing with parallel leading and trailing edges is adopted as the
primary aerodynamic platform for a subsonic UAV. To enhance the structural integration
between the wing and fuselage, a thickened root section is designed, allowing the Lambda
wing to serve as part of the UAV’s fuselage structure. The key configuration parameters
of the Lambda wing include the wing area S, sweep angle x, wingtip twist angle ¢, chord
length C, wingspan b and inner wing span by, as illustrated in Figure 1.

Wingtip geometric

vist modcl

Modell |

ST

(b) Axonometric drawing.

(a) Projection view.

Figure 1. Wingtip twist model.

Given the geometric constraints inherent to Lambda-wing UAVs, this paper replaces
traditional wingspan and area parameters with a relative aspect ratio for simplification
and generalization. Additionally, the trailing-edge turning location is characterized by the
ratio b1/b. The baseline and wingtip twist configurations used for aerodynamic and stealth
performance evaluation are detailed in Table 1. The airfoil of all models is NACA64;212,
and the configuration parameters are derived from a previous study [20].

Table 1. Parameters of the wingtip twist model.

Number Modell Model2 Model3
S/m? 11.24 11.24 11.24
x/° 39 39 39
A 4.480 4.480 4.480

@p/° 1.142 5 8

b1/b/%

30.79%

30.79%

30.79%
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The trailing-edge twist model is shown in Figure 2. Based on Lambda-wing UAV
Modell, the trailing edge of the model is displaced upside. The eight curves of the four
cross-sections at the trailing edge follow the second-order uniform B-spline rule. Curves
generate multiple ninth-order non-uniform rational B-spline (NURBS) surfaces, which
ensure G2 continuity with the original model, meaning that the first and second derivatives
of the surfaces are continuous, resulting in smooth transitions without visible breaks.
NURBS surfaces are defined by a set of control points, weights, knot vectors and basis
functions. The high-order continuity of NURBS surfaces can help improve the smoothness
of the trailing-edge twist model. The general equation for a NURBS surface is as follows:

Yo Xjto Nip(u) M 4 (0)w; jpi j

W(u,v) =
(u0) im0 Lo Nijp ()M 4(v)w; j

)

where W (u,v) is the surface; p; ; are the control points; N; , (1) and M;,(v) are the B-spline
basis functions; w; j are the weights.

Sectionl
Section2

Section3

Trailing edge geometric
twist model

(a) Projection view. (b) Axonometric drawing.
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(c) Sectional view. (d) Sectional view (enlarged).
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(e) Projection view (enlarged).

Figure 2. Trailing-edge twist model (the deformation is magnified by 300%).
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The twist start points of the four sections of the trailing-edge twist model are defined
as X1, and the upward displacement of the trailing edge is defined as X,. The twist start
points of the four sections of the trailing-edge twist model are defined as Xj, and the
trailing edge displacement is defined as X,. This determines the two edge control points
of second-order B-splines, and then, the intermediate control points of the second-order
B-splines are determined by projecting the midpoint of the twist section onto the tangent
line at the twist start point. Table 2 presents the ratios relative to the chord length for
models generated via trailing-edge twist modifications of Modell. All other parameters are
kept identical to those of Modell. The displacement direction of the trailing edge of these
four sections is perpendicular to the wing plane. The eight control points of these four
control sections are used to generate the edge B-spline curves of the NURBS surfaces and
serve as the edge control points for generating three sets of NURBS surfaces. The remaining
control points on the NURBS surfaces are automatically solved by CATIAV5R21 software,
constrained by G2 continuity with the wing.

Table 2. Parameters of the trailing-edge twist model.

Number Modell Model2 Model3 Model4 Model5 Model6
S/m? 11.24 11.24 11.24 11.24 11.24 11.24
x/° 39 39 39 39 39 39
A 4.480 4.480 4.480 4.480 4.480 4.480
@/° 1.142 5 8 1.142 1.142 1.142
b1/b/% 30.79% 30.79% 30.79% 30.79% 30.79% 30.79%
Start point of twist B-spline/C null null null 20% 20% 40%
Upward displacement/C null null null 1.2% 0.6% 0.6%

In this paper, the Reynolds-averaged Navier—Stokes (RANS) equation is used as the
control equation, and the shear stress transport (k-w SST) two-equation turbulence model
is applied as the CFD method, which is verified using the DLR-F6 Wing-Body model and
experimental data provided by 2nd AIAA CFD Drag Prediction Workshop [21]. Due to the
extensive CFD calculations involved in subsequent research, the results are closely related
to the effectiveness of the grid. An excessively high number of grids will slow down the
computation speed, while an excessively low number of grids will decrease the reliability.
Therefore, grid sensitivity analysis is necessary. The analysis is carried out by the DLR-F6
model. Grid sensitivity analysis adopts C, M, F and E, referring to coarse, medium, fine
and extra-fine mesh levels, respectively. Table 3 shows the grid resolution from coarse to
extra-fine. The four grids follow the rules outlined below:

1. All the grids are topologically consistent and shown in Figure 3;

2. The far field is ~20Cref length away from the test geometry;
3. The cell size of [C, M, E E] increases orderly by 1.5 times.

Figure 3. DLR-F6 block topology and grid resolution (extra-fine and coarse).

Table 3. CEM parameters.

Grid Number Coarse Medium Fine Extra-Fine
Grid nodes 1.20M 1.81 M 2.72M 4.09M
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Figure 4 provides an illustration of the grid convergence achieved for the lift coefficient
in the test case DLR-F6. The margin of error is the proportion of difference between two lift
coefficient results, and the critical convergence of the margin of error is set to 0.5%. Based
on the results in Figure 4, the following research will focus on the 2.72M grid.

0-56 T T T
: i : 'l Medium=1.81
0555 f--/[1-==—-1/\"TSko---) M, error=0.9%
O 055 I Eyyra. | Fine=2.72M, [F1->=gb -
0.545 || fine=4.090M error~0.3% |Coarse=1.20M
S : , error=1.3%
0.54 1 1 1 1 1

3 4 5 6 7 8 9
1/N?3 x10°

Figure 4. Grid resolution convergence results for the normal force coefficient from the grids.

CFD method verification was conducted using angles of attack ranging from —5°
to 2°. The verified lift-drag curve is shown in Figure 5. The grids for the DLR-F6 Wing-
Body model and the Lambda wing model are shown in Figure 6. All grid far fields are
positioned at a distance 20 times the wingspan of the aircraft, with pressure far-field
boundary conditions applied.

0.8 T T T 0.8 : : :
1 1 1 \ \
06 f------ r------ T------ ; 06 f---- - v-z
1 1
04 p------ ro----- T 1 - O e .
O 1 1
02 f------ o Rt EEELEE T--- 02 b 1
1 1
0 | o@#* " r{—=— Experimental 0 - —=— Experimental
0.2 : '3 — K“"SSTl 02 ~ » —Ko-SST
- 3 poAP 0018 0024 003 0036 0042
D
(a) Lift coefficient— Angle of attack. (b) Lift coefficient—Drag coefficient.

Figure 5. Comparison between the numerical method and the experimental method.

Figure 6. DLR-F6 grid and Lambda-wing grid.

Even though there is some fluctuation between this result and experimental data,
the verification results still show the feasibility of the numerical analysis method. The
aerodynamic computational states of baseline geometry are summarized in Table 4.

The curves of the pitching moment coefficient and lift coefficient are shown in Figure 7a.
The curves of the lift-to-drag ratio and lift coefficient are shown in Figure 7b. Model2 and
Model3 represent the wingtip twist models. Model4, Model5 and Model6 represent the
trailing-edge twist models. Model5 and Model6 represent the same upward displacement
with different twist start points.
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Table 4. CFD parameters.

Flight State Parameter Value
Static pressure 26,420 Pa
Mach number 0.65

Density 0.412 kg/m?
Temperature 223.15K
Cruise lift coefficient 0.34
Center of gravity 1.770 m
Mean aerodynamic chord 1.536 m

y 25
0.04 : Modell
0.02 p--@zfwc---- R — @ = Model2 20 o O OS TTT T
. _ "e..0. ! '_.-. Model3 15 kool A-CO-- -
0 fF---+ e o T e oo ®---- Model4 T Y S S S
= " ________.._.’S:- - 4 __'.._ ce+-@ <+ Model5 Modell
v -0.02 = '_!:“-‘ P —e: = Model6 5 — @ = Model2
0 Model3
ceee@ oo Model4
-5 coec@ o« Model5
-10 —0- = Model6
2 -0.2 = .8
-0.2 03 ¢ 0.8 0. 03¢ 0.8

(a) Moment coefficient—Lift coefficient. (b) Lift-to-drag ratio—Lift coefficient.

Figure 7. Comparison of moment and lift-to-drag ratio characteristics.

From the numerical results, it can be seen that although the long-dashed line repre-
senting wingtip twist is effective in trimming the moment coefficient, it causes a significant
decrease in the lift-to-drag ratio. The largest drop, up to 34, occurs between the lift coeffi-
cients of 0.2 and 0.45, including the cruise lift coefficient (0.34). Comparing Model2 and
Model3, which also use wingtip twist but with different angles, it can be observed that the
moment coefficient increases with the increase in the wingtip twist angle, while the cruise
lift-to-drag ratio decreases with the decrease in the wingtip twist angle. If the twist angle is
adjusted to maintain trim in the cruise state, there will be a considerable loss in the cruise
lift-to-drag ratio, which is detrimental to cruise efficiency.

The numerical results show that the aerodynamic twist and the upward displacement
of the trailing edge shift the moment curve upwards, and both parameters significantly
affect the cruise lift coefficient and therefore need to be considered. In terms of the lift-to-
drag ratio, the aerodynamic twist method has a smaller impact, with smaller loss compared
to Modell. The greatest decrease in the lift-to-drag ratio is concentrated around a lift
coefficient of 0.5. At the cruise lift coefficient, the drop in the lift-to-drag ratio is only
around 1-2.

Comparing Model4 and Model5, it can be noted that the upward displacement of
the trailing-edge twist has a significant influence on the pitch moment, with noticeable
changes in the lift-to-drag ratio occurring mainly after a lift coefficient of 0.5. However,
the lift-to-drag ratio curves for the same upward displacement show good consistency.
The starting position of the trailing-edge twist alters the airfoil curvature and affects the
moment characteristics, which are notably different from the wingtip twist method. The
comparison between the two methods is shown in Figure 8, where blue represents the
trailing-edge twist method, and orange represents the wingtip twist method. The starting
position of the trailing-edge twist influences the required upward displacement for the trim.
The analysis shows that the starting position of the trailing-edge twist is a key parameter
affecting both cruise lift-to-drag characteristics and moment characteristics. To accurately
find the cruise trim state, it is necessary to optimize these two parameters.
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Wingtip twist method

Trailing edge method

Figure 8. Comparison of the two methods.

The baseline configuration, Modell, has a very low initial pitch moment at low angles
of attack, with a significant gap to meet the requirement of cruise state moment trim,
necessitating substantial control surface deflection for the trim. Wingtip twist can effectively
improve this characteristic, but increasing the wingtip twist angle to 5° still fails to meet
the requirement. Although it can achieve this requirement at a twist angle of 8°, it also
proves that this method requires a larger wingtip twist angle. On the other hand, the
method of trailing-edge twist approaches the cruise trim requirement while maintaining
the lift-to-drag ratio at the cruise lift coefficient, demonstrating its advantage in addressing
the cruise state pitching moment trim issue.

According to Figure 7b, the wingtip twist method sacrifices the lift-to-drag ratio at
low angles of attack to enhance it at high angles of attack, solving the moment problem.
In contrast, the trailing-edge twist method resolves the issue without sacrificing the lift-
to-drag ratio at low angles of attack, with a lower reduction at the same lift coefficient.
Therefore, subsequent research will focus on optimizing the model using the trailing-edge
twist method.

2.2. Optimization Model

Considering the parallel characteristics required by the Lambda-wing flying-wing
configuration, the three segments of the trailing edge must remain parallel to the leading
edge in the projection view. Therefore, the trailing edge is moved upward in the direction
normal to the plane of the leading edge. To ensure the freedom of deformation and
computability of the trailing edge, the degree of twist is controlled by upward displacement
distance of the trailing edge at four key sections of the Lambda wing. Additionally, in this
chapter, the start point of the twist part of each section is controlled by the length rather
than the ratio to the chord length used previously. These four parameters control the area
affected by the twist part. All trailing-edge twist deformation parameters are shown in
Figure 9. The rules for all surfaces remain consistent with the previous chapter.

\| X(1.1)

X(1,2)

(a) Projection view. (b) Section view.

Figure 9. Parametric geometry.
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The quality of the structured mesh is crucial to the fidelity, speed and effectiveness
of the optimization process. Since the parametric model designed in this chapter involves
trailing-edge twist, using a fixed outer O-block grid generation method will result in
inconsistent distances between the upper and lower grids of the wing sections, ultimately
leading to variations in the size of the first layer of the grid. The more pronounced
the trailing-edge twist, the greater the difference in grid size. The size of the first layer
grid affects the wing surface Y+ value, which significantly influences the aerodynamic
performance calculations. For the K-w SST turbulence model, the Y+ value generally
should be within 10, with values closer to 1 recommended. Therefore, this study employs
the method shown in Figure 10, where the outer O-block nodes follow the trailing-edge
twist movement, thus ensuring the consistency of the boundary layer grid thickness. In
the study, a parametrically editable script was used to auto-generate grids. Multiple tests
proved the high success rate of this grid generation method.

7

Figure 10. Parametric geometry and meshing.

In the optimization design of trailing-edge twist for trim problems, if only cruise
moment optimization is considered, uncertainty in optimization may arise due to multiple
shapes satisfying the cruise moment requirements. This can lead to varying losses in
the lift-to-drag ratio, potentially degrading aerodynamic performance. The optimization
design approach in this chapter aims to maximize the lift-to-drag ratio while maintaining a
low trim moment. Therefore, the optimization model can be described as

max Fop1=L/D
min Fyppp = [Cp]

WA X G _ 1934 | =M @)
j=12
s.t.
Nio| Xd)  _ 1534 | =N
=12

where Fyj is the lift-to-drag ratio, and Fyp is the trimming moment coefficient.

W X, (i,j) i—19234 | = W], refers to continuity of the twisted surface at the trailing
j=12"
edge. N; | X(i,/) =1 %, 34 |7 Nj, refers to continuity of the cross-section.
=4

Additionally, the lift coefficient of the twisted wing may vary due to changes in the
trailing edge at the same angle of attack. Therefore, simply optimizing the lift-to-drag
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Numerical
calculation

I—'I CFD calculation |:

ratio at a specific angle of attack is insufficient. This chapter selects —2° and 2° as the
baseline angles of attack. Using a characteristic where the designed lift coefficient lies
within the non-separated flow region, a linear fit is performed to find the appropriate angle
of attack. Subsequent calculations are based on this new angle of attack. If the new angle
of attack calculation meets the required lift coefficient, the results are output. If the new
angle of attack deviates significantly from the required lift coefficient, the angle of attack is
recalibrated. This recalibration is based on the linear fit of —2°, 2° and the new calculation
results. The process is repeated until the fit closely matches the required lift coefficient, and
the lift-to-drag ratio and moment are determined and output. If the lift coefficient linearity
is still low after too many repetitions, the calculation point will be discarded.

During the optimization design process, the trailing edge is divided into four sections,
creating four new sections, resulting in a total of eight variables, including the section
twist starting point and the trailing edge upward displacement. The flow chart for the
trailing-edge twist optimization model is shown in Figure 11.

_
e [N

I Parametric trailing edge twist model II I Latin hypercube sampling I

¥
I Solving a=[—2,2] by CFD method Il ’I Iterative parametric model I
I | T

I Fitting the cruise angle of attack I| I Numerical calculation I

Re-fitting the cruise
angle of attack

1
No
< Consint_—>

Yes

\ / Yes
N L (E J /[ Finish with Pareto front )
Figure 11. Optimization flow chart.
The specific variable ranges are shown in Table 5.
Table 5. Independent variables and their upper and lower bounds.
Variables X1 XD X3E1) X411 X312 X(2,2) X3,2) X422

Lower bound [mm]
Upper bound [mm]

50 50 50 10 0 0 0 0
1000 500 500 50 50 40 30 8

In the optimization model, the process for fitting the cruise lift coefficient is as follows:
First, using the solved points & = [—2,2], a linear fit of the lift coefficient versus the angle of
attack is performed. For example, for Modell, the fitted angle of attack is calculated to be
3.276° from these two points. Then, & = [—2,2,3.276] is used to recalculate the lift. The lift
coefficient of the newly obtained point is compared to the design lift coefficient of 0.34, and
if the difference is within 0.001, the result is accepted. If the difference exceeds 0.001, a new
fitting point is calculated, and the process is repeated. If the fitting process exceeds three
iterations without convergence, the calculation point is abandoned. The fitting process is
illustrated in Figure 12.
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Figure 12. Fitting the cruise lift coefficient.

In the optimization model, Latin hypercube sampling was used to generate the initial
64 sample points. This statistical method efficiently generates well-distributed sample
points in multi-dimensional space, enhancing sampling efficiency and reducing errors.
Unlike simple random sampling, which may result in clustering in certain regions and
insufficient converge in others (as seen in Gaussian distribution), Latin hypercube sampling
ensures better uniformity with the same limited number of random samples [22]. Efficient
sampling models contribute to improving the computational efficiency of optimization
models, enabling a quick search for the optimal value across the entire feasible domain and
avoiding the pitfalls of local optima. The optimization model employs a non-dominated
sorting genetic algorithm (NSGA), a highly robust genetic algorithm offering global search
capabilities. The algorithm does not rely on the specific properties of the problem, making
it applicable to various types of multi-objective optimization problems. The parameter-
ized model of wing trailing-edge twist used in this paper can seamlessly integrate with
NSGA algorithms.

3. Results and Discussion

The final results are shown in Figure 13. During the optimization process, a total of
1586 computations were performed, including initial sample points and points generated
after iterations. Out of these, 1429 computations were valid. The invalid points included
cases of grid generation errors, non-convergent grid computations and failures in the
search for the cruising lift coefficient. The optimization results clearly show the Pareto
front (points near the green curve). From the Pareto front, the optimal result OPT was
selected, marked at the bottom right corner of Figure 13, corresponding to the advantages
in moment coefficient and lift-to-drag characteristics. The optimal result OPT is the model
where the lift-to-drag ratio is maximized when the trimming moment is less than 2 x 10~%.

The results indicate that there is a conflict between the pitching moment coefficient
and the lift-to-drag ratio within the red Pareto front. A high lift-to-drag ratio implies an
increase in trim moment, and an increased trim moment means more control required from
the elevator in cruise conditions, which in turn reduces the lift-to-drag ratio. Considering
that the main objective of this paper was to achieve trim in cruise state, the model at the
bottom right corner was selected. This model is the result of the 1375th computation, which
is the 31st individual of the 22nd generation in the genetic algorithm. In the following three
generations, no results achieved a higher lift-to-drag ratio with successful trim than this
model. This model will be named OPT in the following text. The values of independent
variables and values of aerodynamic characteristics are shown in Tables 6 and 7. And the
comparison of Modell and OPT is shown in Figure 14.
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Figure 13. Optimized results and Pareto front.

Table 6. Values of independent variables.

X(1,1) X@2,1) X@3,1) X4,1) X(1,2) X(2,2) X(@,2) X(@4,2)

Value [mm]

495.8920 347.1575 448.0385  33.2784  48.3305 6.4116 23.0994 0.1372

Table 7. Values of aerodynamic characteristics.

Variables Lift-to-Drag Ratio  Cruise Pitching Trim Moment Coefficient
Modell 22.822 49 x 1072
OPT 22.492 12x10°*

Figure 14. Geometry of Modell and OPT.

Based on the optimization results, the Pearson heatmap from independent variables
to dependent variables is shown in Figure 15. The Pearson correlation coefficient analysis
is a statistical method used to measure the strength and direction of the linear relationship
between two variables. The Pearson correlation coefficient heatmap provides an intuitive
visualization of the correlations among multiple variables. The values of the correlation
coefficients fall within the range of [-1, 1], where 1 indicates a perfect positive correlation;
—1 indicates a perfect negative correlation; and 0 indicates no linear relationship. The
formula for calculating the Pearson correlation coefficient is as follows:

N XY
VI (= X2, (v - Y

®)

Here, X; and Y; represent the observed values of the two variables; X and Y are their
respective means; and 7 is the number of observations.
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Figure 15. Pearson heatmap from independent variables to dependent variables.

The Pearson correlation coefficient heatmap clearly shows that the two parameters
with the greatest influence on the lift-to-drag ratio are X(1,2) and X(2,2), located near the
trailing edge close to the wing root. Their correlation coefficients are 0.76 and —0.82,
respectively. This indicates that a higher lift-to-drag ratio configuration tends to have more
unloading at the trailing edge near the wing root and less unloading in the mid-wing
section, with a lower correlation between the wingtip and the lift-to-drag ratio.

Additionally, the heatmap reveals that the parameter with the most significant in-
fluence on the cruising pitching moment coefficient is X(3,2) at the third section of the
wingtip, with a correlation coefficient of —0.59. Parameters with a moderate influence are
X(2,2) and X(4,2), with correlation coefficients of —0.43 and —0.44, respectively. This proves
that a lower cruising trim moment means higher unloading at the wingtip. However, it
is important to note that in this optimization model, the absolute value of the pitching
moment coefficient was used. This means that some models with excessive unloading at
the trailing edge were identified as having a high pitching moment coefficient. In other
words, due to the absolute value, the moment coefficient appears reduced, suggesting that
the actual influence of trailing-edge twist on the trim moment should be higher.

The Pearson correlation coefficient heatmap for the independent variables, as shown
in Figure 16, better reflects the coupling correlations between them. Since all correlation
coefficients are below 0.5, it can be concluded that the coupling between each pair of
parameters is relatively low. The highest correlations are between X(2,2) and X(1,2), and
between X(2,2) and X(4,2). This indicates that the linkage between the upward displacement
at Sections 1, 2 and 4 is relatively high, while the linkage with Section 3 is lower. The
correlations for the start point of the trailing-edge twist are all at low levels, indicating that
the start point of the trailing-edge twist has a minimal influence on the section geometry.
Instead, it is primarily the upward displacement that affects the unloading force at the
trailing edge.

For the aerodynamic analysis of the trim problem, the most critical factor is the pitching
moment coefficient. The distribution of pitching moment coefficients at each section of
Modell, with the center of gravity as the reference point, is shown in Figure 17. Due to the
influence of the area distribution of the Lambda wing, the inner wing section is positioned
more forward and inward, thus providing a pitch-up moment. Conversely, the outer wing
section extends outward and rearward along the span, gradually providing a pitch-down
moment. However, it can be observed that the pitch-up moment in the inner wing section
is not linearly distributed, especially near the wing root, where there are fluctuations in the
moment provided. Similarly, near the second segment transition at the wingtip, there is
also a non-linear characteristic.
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Pearson Correlation Coefficients
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Figure 16. Pearson heatmap between dependent variables.
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Figure 17. Pitching moment coefficient distribution at each spanwise section.

The inner wing section provides a pitch-up moment, while the outer wing section pro-
vides a pitch-down moment. At the wingtip, the pitch-up moment significantly decreases,
which is influenced by the chord length reduction at the outermost part. Nonetheless,
this shows that the pitching moment coefficients of each section are not entirely linearly
distributed with the wing area and position. Otherwise, the spanwise position from the
transition point (1.05 m) to the wingtip (3.4 m) would be expected to show a linear dis-
tribution. Comparing the optimized moment coefficients, there is a significant increase
in the pitch-up moment at both the wing root and wingtip. The previously fluctuating
characteristic of the root pitching moment is mitigated, which aligns with the notable
features of X(1,2) and X(3,2) in the optimization results. Between the second and third
sections of the outer wing, the moment changes are minimal.

Observing the pressure contour of Modell in Figure 18, it is clear that the pressure
distribution at the trailing edge of the inner wing section aligns with the local fluctuations
in the moment curve at the wing root. This characteristic is related to the previously
mentioned trend of trailing-edge flow moving toward the wing root. This flow trend
becomes more pronounced as the angle of attack increases. Additionally, the pressure
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contour shows a low-pressure point at the 40% chord line of the transition section. This
point extends into an elliptical region both inward and outward, providing suction (the red
arrows show the tendency direction). This suction region generates a pitch-up moment
but has a weak influence on the wing root, leading to slight fluctuations in the moment
coefficient at the root. The elliptical shape of this region also results in the non-linear
characteristics of the moment coefficient provided by the outer wing section.

30,000

Static Pressure/Pa

27,000

24,000

21,000

18,000

Figure 18. Pressure contour of the original model.

Comparing the optimized results, the surface pressure distribution is shown in
Figure 19. The figure shows that the trailing-edge unloading forces are distributed in
the regions between the wing root and the second section. This distribution aligns with the
characteristics of the moment coefficient decomposition. Specifically, the part of the inner
wing near the wing root matches the calculations in Figure 17. In Modell, the moment
coefficient at the root exhibits some fluctuation along the spanwise distribution, whereas in
the optimized model, the moment coefficient at the root shows a more uniform spanwise
distribution. Figure 19 also clearly shows an increase in the trailing-edge unloading area,
which in turn increases the root moment coefficient. The characteristics at the wingtip
are similar, with a significant increase in the trailing-edge unloading force at the third
section, consistent with the features in the moment curve of Figure 17. Additionally, the
pressure distribution at the leading edge varies between the two models due to differences
in trim angles.

Pressure Contour/Pa

Figure 19. Comparison of upper surface pressure distribution.

Observing the velocity characteristics in Figure 20, the velocity vectors near the trailing
edge of the inner wing comprise a combination of two sets of vectors: one in the direction
of the incoming flow and one toward the wing root. The speed in the direction of the
incoming flow remains relatively constant because there is almost no separation on the
upper wing surface. However, due to the Lambda configuration, there are two sets of
spanwise velocities at the trailing edge starting from the second section, moving toward
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both the root and the third section, with the speed reaching its minimum at the root and
the third section. The angle between this spanwise velocity and the incoming flow velocity
is acute, meaning that this spanwise velocity accelerates the incoming flow velocity. This
results in lower speeds near the root section and the third section compared to other
trailing-edge locations during the optimization process, leading to greater trailing-edge
unloading forces. This is consistent with the previously mentioned areas that primarily
provide trailing-edge unloading forces.

Velocity/m-s

150
125
100
75

50

Figure 20. Wing root spanwise velocity.

The comparison of lift coefficients in Figure 21 clearly shows that Modell exhibits a
steep drop in lift at the second and third sections. This is an unavoidable characteristic
of Lambda-wing design combined with the identical airfoil across the entire wing due
to its area rule variations along the spanwise direction. However, the OPT model shows
significant changes in lift distribution at the first, second and third sections. The optimized
lift distribution becomes more elliptical, which is the main reason for the lower loss in
lift-to-drag characteristics after trimming the moment.

0.005 - . : 0.0015 :
0.004 0.0011 p----msmmmmmmpommmmmm e .
| i | Modell
0.003 ° \ ; i - . =OPT
3 S e A S -
0002 A b : : :
Ll R -
0.001 ' . : .
| R e Ve
0 -0.0001 -
i 2 3 ] 4
1

; Spanwise location[m]

Figure 21. Comparison of lift and drag distributions.

Furthermore, observing the drag coefficient, there is an increase in drag around the
second section and a decrease around the third section. This corresponds to changes in the
lift coefficient and can be considered as variations in the induced drag, having a minimal



Drones 2025, 9, 462

17 of 20

influence on the overall lift-to-drag ratio. The reduction in lift at the root while maintaining
nearly constant drag can be seen as changes in spanwise flow at the root affecting the
lift-to-drag ratio. These results are consistent with findings from the Pearson correlation
coefficient analysis.

Observing the shear stress streamlines in Figure 22, there is a clear trend of spanwise
flow toward the root at the trailing edge. In the initial Modell, this flow starts at the second
section and moves toward the root, where it tends to dissipate. In contrast, the OPT model
shows a noticeable directional adjustment of this flow near the root (Region1 in Figure 22),
reversing the spanwise flow direction before it reaches the root. This change is due to
the upward displacement of the trailing edge at the root, making it more difficult for the
flow to move toward the root. Similar flow changes also appeared in the third section of
the wingtip (Region2 in Figure 22). This positional adjustment corresponds to changes
in the lift and drag coefficients near the root. The streamline patterns demonstrate that
when trimming the optimized model based on Modell, using a trailing-edge twist model
can effectively reduce the additional drag generated by aerodynamic forces. It also keeps
the added pitch-up moment within a limited range, thereby ensuring the aerodynamic
efficiency of the trimmed model.

Wall shear/Pa N

ﬂ 20
15 "

& L —— OPTI

Regionl

Figure 22. Comparison of shear stress streamlines.

Previous analyses focused on the state of the cruising lift coefficient. Figure 23 com-
pares the lift-to-drag characteristics at different angles of attack. The x-axis is represented
by the lift coefficient rather than the angle of attack. This change is due to the significant
variations in lift coefficients at the same angle of attack when addressing trim problems.
Therefore, using the angle of attack as the x-axis would not provide a meaningful reference.
This shows that the changes in the lift-to-drag ratio are minimal at low angles of attack. At
high angles of attack and high lift coefficients, there is a slight decrease in the lift-to-drag
ratio, but the decrease is within an acceptable range. The change in the lift-to-drag ratio
near the cruising lift coefficient is within 3%, which is also within an acceptable range.
This indicates that this method is far superior to the wingtip twist method in terms of
lift-to-drag characteristics.

Observing the pitching moment coefficient versus lift coefficient curve in Figure 24,
the slope shows minimal variation in the low lift coefficient range, with the static stability
margin increasing from 4.4% to 4.9%. The static stability margin is the longitudinal distance
between the center of gravity and the aerodynamic center of lift increment, expressed as a
fraction of the mean aerodynamic chord, indicating the aircraft’s inherent tendency to return
to equilibrium after a disturbance. This phenomenon demonstrates that the aerodynamic
center of lift increment in the optimized model shifts forward. The required longitudinal
trim moment for cruising conditions significantly decreases from 4.9 x 1072 to 1.2 x 1074,
a value small enough to make the drag loss associated with trim surfaces negligible.
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Figure 23. Comparison of lift-to-drag ratios between Modell and the OPT model.
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Figure 24. Comparison of moment characteristics between Modell and the OPT model (pitching
moment coefficient versus lift coefficient).

In the optimized model, the reduction in trailing-edge lift leads to a lower lift coeffi-
cient, which results in an increased trim angle of attack. Where separation is closely related
to leading edge performance, the front edge design of the OPT model remains unchanged.
However, with a lower lift coefficient at the same angle of attack, the starting lift coefficient
for the static instability region decreases. The region is inevitable in Lambda-wing configu-
rations [23]. This characteristic can be further examined in the moment coefficient versus
angle of attack curve shown in Figure 25.
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Figure 25. Comparison of moment characteristics between Modell and the OPT model (pitching
moment coefficient versus angle of attack).

Based on the above analysis, the following conclusions can be drawn: The trailing-
edge twist optimization model, after being refined by the optimization algorithm, excels in
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locally increasing trailing-edge unloading forces. It confines the reduction in lift-to-drag
ratio caused by trailing-edge unloading to a small area, thereby having minimal influence
on the overall lift-to-drag characteristics during wing trimming.

In terms of multi-angle lift-to-drag performance, the trailing-edge twist optimization
model exhibits minimal lift-to-drag ratio loss for the same lift coefficient, showing a signifi-
cant advantage, especially in the low lift coefficient range. However, due to the model’s
inherent principles and the unchanged leading edge, the trailing-edge twist optimization
model causes the static instability region at high angles of attack to appear at the same
angle of attack as before, leading to an earlier onset of static instability. This characteristic
is less favorable for high lift coefficient flight operations. Therefore, this model is more
suitable for UAVs designed for long-duration, low lift coefficient cruising.

4. Conclusions

1.  For the Lambda-wing UAV longitudinal trimming, the wingtip twist method requires
a large twist angle, which shifts the peak lift-to-drag ratio to higher lift coefficients and
reduces performance at low lift coefficients. In contrast, the trailing-edge twist method
effectively preserves the lift-to-drag ratio at low lift coefficients but incurs some loss
at high lift coefficients. Under the lift coefficients in this paper, the trailing-edge twist
method provides a 14.9% drag advantage.

2. Statistically, Pearson heatmap analysis of the optimization results revealed that the
variables significantly influencing the dependent variables were concentrated on the
trailing-edge upward displacement, with moderate coupling effects observed among
trailing-edge twist variables.

3. Aerodynamic analysis indicated that the optimized model had a more advantageous
force distribution along the span, a lower drag flow characteristic and a more rational
trailing-edge unload region. This model achieved a more reasonable transition and
enabled longitudinal trimming, with the lift-to-drag ratio reduced by a relatively
low 1.43%. This optimization model is highly efficient for longitudinal trimming of
Lambda-wing UAVs.
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