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Abstract. In this paper the application of doublet lattice method and vortex 
lattice method is discussed. A wing of a solar-powered unmanned aerial 
vehicle (UAV) is chosen as the model. Both the methods are used to 
calculating the pressure distribution. The results show that the two methods 
can be used for unsteady aerodynamic analysis of such aircraft in time 
domain and frequency domain respectively.  

1 Introduction  

Solar-powered UAV is a kind of aircraft that uses photovoltaic elements to convert the 
energy of solar radiation into electric energy for maintaining flight and completing scheduled 
tasks. With no need to land to refuel, such vehicles could theoretically fly permanently. High-
altitude solar-powered drones are thought to be a substitute for near-Earth satellites for tasks 
such as forest fire monitoring and signal transmission in the future. Therefore, in recent years, 
many countries have developed rapidly stratospheric solar-powered UAV. The Airbus 
Zephyr S completed 18 consecutive days of flight in 2021, China's Qimingxing-50 solar-
powered UAV cruised at an altitude of more than 20,000 meters, and the Phasa-35 developed 
by Britain's BAE Systems and Prismatic can carry a mission payload of 15kg [1]. 

High-aspect-ratio composite wings are often used in solar-powered UAVs, and they are 
faced with more complex atmospheric environment in such altitude, so it is very important 
to perform aeroelastic analysis [2]. 

Traditionally, aerodynamic analysis based on potential flow theory and combined with 
elastic mechanics is used to analyze aeroelasticity of the high aspect ratio solar-powered 
UAV in engineering. It should be noted that the nonlinear deformation of the wing needs to 
be processed by the solver to ensure the calculation accuracy. 

At present, with the improvement of computer performance, the strong coupling 
aeroelastic calculation method of computational fluid mechanics and computational 
structural mechanics by using the supercomputer is also paid attention in the engineering 
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field [3]. However, this method has high hardware requirements and long calculation time, 
and is not suitable for the initial design stage. 

Therefore, application of two important aerodynamic analysis methods of potential flow 
theory is discussed in this paper.  

2 Methodology  

2.1 Doublet vortex method 

Doublet lattice method (DLM) was first published by Albano and Rodden in 1968 [4]. 
This method simplifies the aerodynamic process by assuming a fixed harmonic frequency. 
As a frequency-domain based aerodynamic analysis tool, this method is often used in 
aeroelastic analysis based on modal coordinates combined with structural dynamics. 
However, a time domain model can also be established by introducing rational fraction 
approximation [5]. 

Dr. Blair's algorithm is used in this article [6], where a planar wing with a limited swept 
angle in Fig. 1 is considered: 

 
Fig. 1. Arrangement of doublet sheet and control points in a swept planar wing. 

Doublet line and the upwash are settled at the 1/4 chord and 3/4 chord position 
respectively. Furthermore, we assume the pressure difference across a doublet sheetΔp is 
spatially constant for each box and 𝛥𝛥𝜉𝜉 as the box chord, which is showed in the Fig. 2.  

 
Fig. 2. Local swept coordinate. 
In order to get the solution in the frequency domain, we can use the formula of upwash  
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�̅�𝑤(𝑥𝑥,𝑦𝑦, 0) = [−𝛥𝛥𝛥𝛥𝛥𝛥𝜉𝜉4𝜋𝜋𝜋𝜋𝜋𝜋 ] [𝐵𝐵0 + 𝐵𝐵1 + 𝐵𝐵2]                            (1) 
The definitions of 𝐵𝐵0, 𝐵𝐵1 and 𝐵𝐵2 are given as 
𝐵𝐵0 = [ 2𝐿𝐿𝐴𝐴0

𝑦𝑦2−𝐿𝐿2(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2]                                            (2) 

𝐵𝐵1 = [ 𝐴𝐴1
2(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2] ln [

(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2𝐿𝐿2−(2𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠Λ)𝐿𝐿+𝑦𝑦2
(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2𝐿𝐿2+(2𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠Λ)𝐿𝐿+𝑦𝑦2]+

𝑦𝑦𝐴𝐴1
𝑠𝑠𝑠𝑠𝑠𝑠Λ [

2𝐿𝐿
𝑦𝑦2−𝐿𝐿2(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2]           (3) 

𝐵𝐵2 = [ 2𝐿𝐿𝐴𝐴2
(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2] + [2𝑦𝑦𝐴𝐴2𝑠𝑠𝑠𝑠𝑠𝑠Λ ] ln [

(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2𝐿𝐿2−(2𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠Λ)𝐿𝐿+𝑦𝑦2
(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2𝐿𝐿2+(2𝑦𝑦𝑠𝑠𝑠𝑠𝑠𝑠Λ)𝐿𝐿+𝑦𝑦2]+ [ 𝑦𝑦2𝐴𝐴2

(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2] [
2𝐿𝐿

𝑦𝑦2−𝐿𝐿2(𝑠𝑠𝑠𝑠𝑠𝑠Λ)2]    (4) 
 
𝐴𝐴0, 𝐴𝐴1 and 𝐴𝐴2 in the formulas above are the complex coefficients used to make complex 

parabolic approximation of the kernel function, which is the key part of the DLM algorithm:  
�̅�𝐾(𝑥𝑥0,𝑦𝑦0, 0) = 𝐾𝐾1(𝑥𝑥0,𝑦𝑦0)𝑒𝑒𝑥𝑥𝑒𝑒 [

−𝑠𝑠𝑖𝑖𝑥𝑥0
𝜋𝜋 ]                           (5) 

Where 𝜔𝜔 is the hormonic frequency of the motion of the planar wing,  𝑈𝑈 is the steady 
velocity of the wind. A more detailed calculation method of 𝐾𝐾1 is presented in Reference 1. 

The parabolic function of 𝑙𝑙 can be written as  
�̅�𝐾(𝑥𝑥0,𝑦𝑦0) = 𝐴𝐴0 + 𝐴𝐴1𝑙𝑙+ 𝐴𝐴2𝑙𝑙2                                    (6) 
We identify the coordinates (𝑥𝑥𝐿𝐿 ,𝑦𝑦𝐿𝐿), (𝑥𝑥𝑅𝑅 ,𝑦𝑦𝑅𝑅) and (𝑥𝑥𝐶𝐶 ,𝑦𝑦𝐶𝐶) to represent (𝑥𝑥0,𝑦𝑦0) at 𝑙𝑙 =

−𝐿𝐿, 𝑙𝑙 = 𝐿𝐿 and the midpoint (𝑙𝑙 = 0).  
𝐴𝐴0 = �̅�𝐾(𝑥𝑥𝐶𝐶 ,𝑦𝑦𝐶𝐶)                                              (7) 
𝐴𝐴1 =

𝐾𝐾(𝑥𝑥𝑅𝑅,𝑦𝑦𝑅𝑅)−𝐾𝐾(𝑥𝑥𝐿𝐿 ,𝑦𝑦𝐿𝐿)
2𝐿𝐿                                              (8) 

𝐴𝐴2 =
𝐾𝐾(𝑥𝑥𝐿𝐿 ,𝑦𝑦𝐿𝐿)+𝐾𝐾(𝑥𝑥𝑅𝑅,𝑦𝑦𝑅𝑅)−2𝐾𝐾(𝑥𝑥𝐶𝐶,𝑦𝑦𝐶𝐶)

2𝐿𝐿2                                     (9) 
Thus, we can get the expression of the kernel function 
�̅�𝐾(𝑥𝑥0,𝑦𝑦0) = [𝑙𝑙(𝑙𝑙−𝐿𝐿)2𝐿𝐿2 ] �̅�𝐾(𝑥𝑥𝐿𝐿 ,𝑦𝑦𝐿𝐿) + [𝐿𝐿

2−𝑙𝑙2

𝐿𝐿2 ] �̅�𝐾(𝑥𝑥𝐶𝐶 ,𝑦𝑦𝐶𝐶) + [𝑙𝑙(𝑙𝑙+𝐿𝐿)2𝐿𝐿2 ] �̅�𝐾(𝑥𝑥𝑅𝑅 ,𝑦𝑦𝑅𝑅)    (10).  

2.2 Unsteady vortex lattice method 

Among potential-flow method, the unsteady vortex lattice method (UVLM) is 
particularly suitable for dynamic analysis [7]. The basis of the method is the modelling of the 
wing as a thin sheet of vorticity, composed of vortex rings (rectangular, in its simplest 
version). Additional vortex rings break off at the trailing edge to create a second vorticity to 
model the wake of the wing.  

In this paper we will focus on the method described by Katz and Plotkin [8]. As with the 
model in DLM, we consider a planar wing below in Fig. 3. The blue wireframe indicates the 
plane of the wing, and the green – wake vortex rings after the trailing edge of the wing. The 
borders of the vortex rings are located at a quarter of a chord from each panel, and the 
collocation points at the 3/4 chord.  

3

E3S Web of Conferences 446, 06003 (2023) https://doi.org/10.1051/e3sconf/202344606003
HSTD 2023



 
Fig. 3. The arrangement of vortex sheet and collocation points. 

The main theorem of UVLM is calculating the intensities of the wing vortex, which can 
be assumed as a function of time. The intensities of the wake vortex are known since they 
are equal to the departure vortex of the wing in the previous instants.  

The time step is defined as: 
Δ𝑡𝑡 = 𝑐𝑐

𝑚𝑚𝑣𝑣𝑈𝑈
                                                    (11) 

Where 𝑐𝑐 – length of chord; 𝑚𝑚𝑣𝑣  – number of the wing box in the chord direction; 𝑈𝑈 – 
velocity of freestream. 

Thus, the intensity of the wake vortex rings will be given by 
Γ𝑤𝑤𝑖𝑖,𝑗𝑗(𝑡𝑡) = Γ𝑤𝑤𝑖𝑖−1,𝑗𝑗(𝑡𝑡 − Δ𝑡𝑡)                                  (12) 
The vorticity in the wing at each time step can be calculate by the following equation: 
𝚪𝚪𝑏𝑏(𝑡𝑡) = 𝑨𝑨𝑏𝑏−1(−𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝒏𝒏𝑧𝑧 − 𝑨𝑨𝑤𝑤𝚪𝚪𝑤𝑤(𝑡𝑡))                         (13) 
Where 𝑨𝑨𝑏𝑏 and 𝑨𝑨𝑤𝑤  – aerodynamic influence matrix; 𝑈𝑈 – angle of attack; 𝒏𝒏𝑧𝑧  – normal 

vector matrix of all the vortex rings. 
The integration of the UVLM algorithm in time domain can be finished by the below 

process: 
𝚪𝚪𝑏𝑏(𝑡𝑡 − Δ𝑡𝑡) and 𝚪𝚪𝑤𝑤(𝑡𝑡 − Δ𝑡𝑡) are known at t time 
Use the following formula to solve the propagation of wake 𝚪𝚪𝑤𝑤(𝑡𝑡): 
𝚪𝚪𝑤𝑤(𝑡𝑡) = 𝑷𝑷𝑏𝑏𝚪𝚪𝑏𝑏(𝑡𝑡 − Δ𝑡𝑡) + 𝑷𝑷𝑤𝑤𝚪𝚪𝑤𝑤(𝑡𝑡 − Δ𝑡𝑡)                     (14) 
Here 𝑷𝑷𝑏𝑏  and 𝑷𝑷𝑤𝑤  are 𝑚𝑚𝑤𝑤𝑈𝑈𝑣𝑣 ×𝑚𝑚𝑣𝑣𝑈𝑈𝑣𝑣 matrix (𝑚𝑚𝑤𝑤  – number of the wake box in the 

chord direction;  𝑈𝑈𝑣𝑣  - number of the wing box in the wingspan direction 

𝑷𝑷𝑏𝑏 = (
𝟎𝟎𝑛𝑛𝑣𝑣×(𝑚𝑚𝑣𝑣−1)𝑛𝑛𝑣𝑣 𝑰𝑰𝑛𝑛𝑣𝑣×𝑛𝑛𝑣𝑣
𝟎𝟎(𝑚𝑚𝑤𝑤−1)𝑛𝑛𝑣𝑣 𝟎𝟎(𝑚𝑚𝑤𝑤−1)𝑛𝑛𝑣𝑣×𝑛𝑛𝑣𝑣

)                      (15) 

𝑷𝑷𝑤𝑤 = (
𝟎𝟎𝑛𝑛𝑣𝑣×(𝑚𝑚𝑤𝑤−1)𝑛𝑛𝑣𝑣 𝟎𝟎𝑛𝑛𝑣𝑣×𝑛𝑛𝑣𝑣
𝑰𝑰(𝑚𝑚𝑤𝑤−1)𝑛𝑛𝑣𝑣 𝟎𝟎(𝑚𝑚𝑤𝑤−1)𝑛𝑛𝑣𝑣×𝑛𝑛𝑣𝑣

)                     (16) 

Use formula (13) to solve the propagation of wake 𝚪𝚪𝑏𝑏(𝑡𝑡) 
Use backward differences to calculate �̇�𝚪𝑏𝑏(𝑡𝑡) : 
�̇�𝚪𝑏𝑏(𝑡𝑡) =

𝚪𝚪𝑏𝑏(𝑡𝑡)−𝚪𝚪𝑏𝑏(𝑡𝑡−Δ𝑡𝑡)
Δ𝑡𝑡                                           (17) 
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Use the formulas (18-21) to calculate the difference of pressure, the lift distribution, the 
total lift and the coefficient of lift at each time step: 

Δ𝑝𝑝𝑖𝑖,𝑗𝑗(𝑡𝑡) = 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌
Γ𝑏𝑏𝑖𝑖,𝑗𝑗(𝑡𝑡)

Δ𝑥𝑥𝑖𝑖,𝑗𝑗
+ 𝜌𝜌Γ̇𝑏𝑏𝑖𝑖,𝑗𝑗(𝑡𝑡)                       (18) 

𝑳𝑳𝑖𝑖,𝑗𝑗(𝑡𝑡) = (𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝑮𝑮𝑦𝑦𝚪𝚪𝑏𝑏(𝑡𝑡) + 𝜌𝜌𝑮𝑮𝑆𝑆�̇�𝚪𝑏𝑏(𝑡𝑡))𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌              (19) 
𝐿𝐿(𝑡𝑡) = ∑ ∑ 𝐿𝐿𝑖𝑖,𝑗𝑗(𝑡𝑡)𝑁𝑁

𝑗𝑗=1
𝑀𝑀
𝑖𝑖=1                                    (20) 

𝐶𝐶𝐿𝐿(𝑡𝑡) =
𝐿𝐿(𝑡𝑡)
1
2𝜌𝜌𝜌𝜌𝑆𝑆

                                               (21) 

Where 𝑆𝑆 – the square of the wing; and 𝐿𝐿𝑖𝑖,𝑗𝑗(𝑡𝑡) can be expressed as  
𝐿𝐿𝑖𝑖 ,𝑗𝑗(𝑡𝑡) = (𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌Γ𝑏𝑏𝑖𝑖,𝑗𝑗(𝑡𝑡)Δ𝑦𝑦𝑖𝑖,𝑗𝑗 + 𝜌𝜌Γ̇𝑏𝑏𝑖𝑖,𝑗𝑗(𝑡𝑡)Δ𝑆𝑆𝑖𝑖,𝑗𝑗) 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌                           (22) 
Go to the next temporary step. 

3 Numerical simulation and results  

3.1 The chose of model and work condition 

The wing model of solar-powered UAV with aspect ratio 15 in reference [9] is chosen. 
The half-wing model is shown in Fig. 4, here the length is 7500mm, and the length of the 
chord is 1000mm. As a low altitude solar-powered UAV the flight Mach number is set as 
0.18 with a 340m/s local sound speed.  

In this article we don’t discuss the nonlinear deformation of the wing, in another word, 
the work is just about the linear unsteady aerodynamic analysis. 

 
Fig. 4. The model of wing chosen in simulation. 

The reduced frequency is considered as 0.34 in the simulation using DLM method, and 
Theodorsen method is compared with it. The amplitude of the angle of attack is set to 5°and 
varies with time in sinusoidal mode. 

 The same speed velocity as jump incoming flow is considered in UVLM simulation. The 
angle of attack is constant as 5°. 

3.2 Results and analysis 

The calculation results of pressure coefficient distribution are shown in Fig. 5 (a) and (b). 
The results show that DLM method has a larger pressure gradient at the leading edge than 
UVLM method with the same mesh density (chord direction - 20; span direction - 40). 
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a                                                                 b  

Fig. 5. a. Amplitude distribution of pressure coefficient of half-span, DLM method. 

b. Distribution of pressure coefficient of half-span at final time step, UVLM method. 

 

 
Fig. 6. Variation of angle of attack and oscillation of CL calculated by DLM and Theodorsen method. 

Fig.6 shows the oscillation of the angle of attack and the variation of lift coefficient. 
Obviously, the calculated results of DLM method have phase lag, and the amplitude is larger 
than the results by Theodorsen method. Compared with the results of DLM method, although 
there is a larger pressure gradient at the leading edge, the steady-state lift coefficient 
calculated by UVLM is larger. 
 

 

6

E3S Web of Conferences 446, 06003 (2023) https://doi.org/10.1051/e3sconf/202344606003
HSTD 2023



 
a                                                                 b  

Fig. 5. a. Amplitude distribution of pressure coefficient of half-span, DLM method. 

b. Distribution of pressure coefficient of half-span at final time step, UVLM method. 

 

 
Fig. 6. Variation of angle of attack and oscillation of CL calculated by DLM and Theodorsen method. 

Fig.6 shows the oscillation of the angle of attack and the variation of lift coefficient. 
Obviously, the calculated results of DLM method have phase lag, and the amplitude is larger 
than the results by Theodorsen method. Compared with the results of DLM method, although 
there is a larger pressure gradient at the leading edge, the steady-state lift coefficient 
calculated by UVLM is larger. 
 

 

 

Fig. 7. Variation of lift coefficient over time with jump flow calculated by UVLM. 

4 Conclusion  

The results show that both DLM and UVLM method can be used for unsteady 
aerodynamic analysis of solar UAV wings. By comparing with Theodorsen method, it is 
found that the two methods can get a larger overall lift coefficient. In practical applications, 
the desired objective should be considered to determine which method should be adopted. It 
should also be noted that the UVLM method takes longer computation time with the same 
number of grids.  
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