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Abstract

:

An aerostat with a single tether is proposed for the application of wind measurements at low altitudes. In the current study, the aerodynamic model parameters (stability derivatives) of the aerostat are investigated based on a CFD-based approach. The static, as well as the dynamic stability derivatives of the aerostats are presented. The calculation of the dynamic stability derivatives involves the simulation of the oscillations of the aerostats in their axial direction (surge), the vertical direction (heave) and angular motions with respect to the lateral direction (pitch). A forced sinusoidal oscillation is used for the simulation of the aerostat, and one stable period of oscillation is taken for the derivatives’ extraction. Four different aerostats are considered for the current study with four different angles of attack. The Zhiyuan aerostat, HAA aerostat, NPL aerostat and GNVR aerostat are the aerostats considered for this study. The stability derivative results obtained for the four aerostats are analyzed and compared with respect to their geometrical features. From the static aerodynamic characteristics, the Zhiyuan aerostat shows better performance than the other aerostats in terms of the lift–drag ratio. The dynamic stability derivatives of the Zhiyuan aerostat suggest its application as the proposed low-altitude wind measurement system.
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1. Introduction


Being a fast-growing nation, India plans to make the share of renewable energy in the power system around 40% by 2030. Developments in wind-energy-harvesting methods aid this vision along with other renewable resources such as solar, tidal and geothermal energy. Wind energy is one of the essential renewable energy sources in the Indian power system. The National Institute of Wind Energy (NIWE) estimated the wind power potential of India at 100 m above ground level as 302 GW. This is a sign that wind energy will play a significant role in India’s energy sector in the coming years. The site selection, turbine altitude selection, tower structure design, alignment of wind turbines in the farm, estimation of the expected power output and the extension of existing wind farms are highly dependent on the wind data of the intended site. Even after the installation of the wind farm, hourly, daily and long-term wind data are required for the dispatching of load, forecasting the demand for load, forecasting/planning of the generation and design of the supporting fixtures.



The traditional method of wind data collection in wind-energy-harvesting sites is based on pole-based methods. This method has a few drawbacks, such as the need for a permanent structural setup, which may cause environmental and aesthetic impacts on the site, the inability to vary the altitude of the structure and a long gestation period, and it cannot be relocated or reused easily [1]. There are other methods that are not so popular such as the satellite-based methods [2], LiDARs [3] and measurements using flying vehicles [4].



The current research proposes an alternate method for the low-altitude wind measurement using a tethered aerostat. A ground station for the tether control, powering and data transfer, a tether for keeping the aerostat connected to the ground station, the payload for the wind measurement and the aerostat are the significant components of the proposed system [5]. Compared to the conventional method, the proposed method has the following advantages: it gives freedom to vary the altitude of operation; it does not require any permanent structure for the deployment; it takes less time for deploying at a site and can be relocated easily to different locations and reused.



As the wind farm sites are highly prone to disturbances such as wind gusts, it will be challenging to keep the wind measurement free of errors [6,7]. Such unsteady conditions will result in oscillations or vibrations in the respective axis [8]. The previous study performed by the authors was to analyze the aerodynamic performance of the aerostat undergoing various unsteady wind conditions, as presented in [9]. The current study is part of an investigation to develop a control system for the single tethered aerostat and payload assembly. A mathematical model is necessary to analyze system stability and develop the appropriate control algorithm for the proposed tethered aerostat-based wind measurement system. This paper presents the investigation of the mathematical model parameters required for the aerostat.



Mathematical modeling of complex systems such as aerial vehicles plays a vital role in understanding and predicting the unsteady aerodynamic behavior of that system. An accurate aerodynamic model of the vehicle can improve the design and analysis of the control system required for the operation. There is some literature that presents the analytical modeling of the aerodynamics of airships or aerostats [10,11,12,13,14,15]. The model is highly dependent on the experimental data and is not generalizable for a class of vehicles. Non-linear methods estimate the wind-induced aerodynamic parameters, which are numerically complex for an aerostat [16]. Since the functional form of aerodynamic effects in the form of forces and moments on the aerial vehicle are not readily available for direct measurement, mathematical derivatives are needed to model these forces and moments [17,18]. Derivatives represent a measure of the variation of a parameter or a function with respect to the input or another function or parameter. In the field of dynamics, those derivatives that can represent the model’s sensitivity to some motion variables are termed stability derivatives because these derivatives help simplify the model so that the stability analysis and control of the model becomes easy. Aerodynamic models using stability derivatives are considered an accurate approach to the mathematical modeling of aerial vehicles. Since Bryan’s introduction in 1911, the stability derivatives have been considered the basis for modeling the aerodynamic loads in the equations of motion of aerodynamic systems [19]. Different applications of stability derivatives include linearization of the model for a steady (otherwise with small perturbations) flight to describe the vehicle’s dynamic stability, control system design, trajectory design, aerodynamic shape optimization and design and the development of flight simulators [20].



Stability derivatives can be classified as velocity derivatives and acceleration derivatives (added mass terms). The derivatives due to acceleration are usually neglected for the dynamics of the heavier-than-air vehicles because of their significantly small values. The importance of the added mass terms in a dynamic model is based on the relative densities of the body and the fluid [21]. For underwater vehicles and Lighter-Than-Air (LTA) systems (such as aerostats, airships and hot air balloons), where the added mass effect cannot be neglected, derivatives due to acceleration terms will be included as the added mass and added inertia terms [22]. Added mass, apparent mass, and virtual mass are the terms contained in the dynamic model of aerodynamic geometries moving through fluids to represent the forces and torques due to the inertia of the geometry. The second class, the stability derivatives due to the velocity of the motion variables, is usually considered along with the aerodynamic force terms in the dynamic model [23]. These terms are generally called stability derivatives, and those due to the acceleration terms are called the added mass terms.



The estimation or extraction of the stability derivatives was reported mainly using real flights, wind-tunnel testings and computational/numerical methods. Some of the essential works reported in these classes are presented here. The estimation of the aerodynamic derivatives for the LTA vehicles using a semi-empirical procedure was reported in [11]. They considered the hull–fin interference using an analytical model and the static wind tunnel data by which the dynamic motion of the vehicle can be represented well. As an extension, they investigated the longitudinal and lateral stability derivatives for the TCOM 71M aerostat [24]. The model also verified the static and dynamic stability of the aerostat obtained using the stability derivatives. A neural-network-based prediction of the dynamic derivatives of an aircraft at high angles of attack was presented by [25]. They provided decent results for pitching moment derivatives compared to the wind tunnel experimental data. A wind-tunnel-based stability derivative estimation for a hybrid buoyant aerial vehicle is presented by [26]. They compared the stability of the vehicle with wings and without wings. Even though the physical realism of the experimental methods such as flight tests and wind tunnel tests is highly appreciable, there are some limitations such as scaling errors, blocking effects and high cost. A system identification approach for obtaining the stability derivatives of an LTA vehicle undergoing swing oscillation was presented in [27]. Computational methods were also reported to estimate the stability derivatives of LTA vehicles [28].



Considering the fact that the Computational Fluid Dynamics (CFD) solvers are now capable of handling high-performance tasks due to the developments in digital computing, their application in the extraction of stability derivatives is being largely explored by the research community. Most of the limitations of the experimental method, such as the wind tunnel tests, can be overcome by the CFD-based methods [29]. A forced oscillation of the body was used for extracting the stability derivatives. The motion variables other than the oscillating parameter are considered zero as per the linear theory. A forced periodic oscillation is imposed on the respective degree of freedom of the model to calculate the respective dynamic derivative. For example, the moment stability derivative due to the pitch rate can be extracted by imposing a periodic angular oscillation about the lateral axis and center of the moment [18]. The measured moment response will be used to extract the derivative based on the Fourier series approximation. Such a methodology for estimating stability derivatives using CFD for the Zhiyuan airship is presented in [30]. Stability derivatives involved in the pitch and heave motions of the airship were investigated using forced sinusoidal oscillations. They presented the effect of the tail fins on stability as well. Stability derivatives’ prediction for a full aircraft configuration was investigated to represent the unsteady aerodynamic load on the flight dynamics for transonic speeds and larger angles of attack, as in [31,32]. An investigation of the stability of hybrid airships using the analysis of the stability derivatives was presented by [33]. The added mass and inertia terms’ extraction for an underwater vehicle was reported in [34]. They compared their results with the results from an experimental procedure and theoretical results. Using stability derivatives addressed by [35], the aerodynamic shape optimization considered the derivatives as constraints in the optimization problem.



The forced sinusoidal-oscillation-based stability derivative extraction is the most popular method due to the well-developed Fourier theory and the easy practical realization [5,23,36]. There are also works reported with different methodologies, such as the work reported in [37]. The history effect and the actuation of the body using piece-wise velocity functions were the basis for their methodology. Even though the rotational dynamics were not able to be captured, the methodology was validated with existing data. A detailed literature review of the existing methodologies for stability derivative extraction using CFD can be found in [38].



In this paper, the authors present the aerodynamic model parameter estimation of an aerostat using a CFD-based methodology. As the lateral dynamics of the aerostat are considered to be compensated by the aerostat control surfaces, the longitudinal dynamic model of the aerostat is considered in this study. Stability derivatives that are necessary for a longitudinal dynamic model of the considered aerostat were extracted by applying a translational forced sinusoidal oscillation in the vertical and axial directions and angular oscillations with respect to the lateral axis. In a previous study, the authors investigated the effect of the unsteady motion of the aerostat on the stability derivatives [9]. The current paper considers a steady wind formulation for the analysis. As the geometry of the aerostat affects its aerodynamic stability greatly, the effect of the aerostat envelope shapes in the context of stability derivatives is investigated as well. This will also help to understand the methodology’s efficacy and generalization thoroughly. There are many aerostat/airship geometries available in the open literature. The NPL shape has been designed and developed by the National Physical Laboratory to reduce the chances of flow separation [39]. This was achieved by providing a continuous variation in the radius of curvature of the profile. The GNVR shape has been reported to be a low drag profile [39]. Both of these shapes represent a combination of different simple geometries, such as ellipses and parabolas. This made geometry optimization feasible for them. A high-altitude application was reported, which was claimed to have a minimum weight to increase the payload and stability (HAA shape) [40]. All the above-mentioned shapes were proposed for stratospheric operation. A bionic design for the airship has been reported to minimize drag (bionic shape) [41]. This was achieved by imitating the morphological features of an aquatic animal (Physalia physalis). Other low-drag profiles were also reported for specific applications, such as the Zhiyuan shape [30] and Wang shape [42].



The contents of this paper can be listed as follows: The motivation and the relevant literature for the current study are presented in Section 1. The extraction of the stability derivatives involved in the mathematical model is a significant contribution of this paper. The stability derivative estimation methodology for the surge (axial), heave (vertical) and pitching oscillatory motions are presented in Section 2. There is no work reported so far in the open literature on analyzing the effect of the shape of the model on the stability derivatives. This paper contributes to such a study by considering four different aerostat shapes for the calculation of the stability derivatives. The four aerostat shapes used for the analysis are presented in Section 3. Section 4 includes the numerical simulation methodology and the simulation setup. The computational grid and the domain used for the simulation are also presented. The simulation results and discussion on the results are presented in Section 5, and the significant findings of the current study are presented in Section 6.




2. Stability Derivatives’ Extraction Methodology


A stability derivative extraction methodology based on CFD analysis was presented by the authors in [5]. The analysis was conducted for unsteady wind and unsteady aerostat motion. The current paper deals with the steady analysis of the aerostat stability derivatives and the effect of the shape of the aerostat on the stability derivatives.



In this work, the longitudinal motion of the aerostat is considered. The lateral motion of the aerostat is considered to be compensated by the control surfaces. The motion variables involved in the decoupled linear longitudinal dynamic model are u, w and q. The longitudinal model of the aerostat can be expressed as [21]


         m x   u ˙  +  ( m  a z  −   D ˙   q ˙   )   q ˙  =  D a  +  D T  +  D g            m z   w ˙  −  ( m  a x  +   L ˙   q ˙   )   q ˙  =  L a  +  L T  +  L g            J y   q ˙  +  ( m  a z  −   M ˙   u ˙   )   u ˙  −  ( m  a x  +   M ˙   w ˙   )   w ˙  =  M a  +  M T  +  M g      



(1)




where   D a  ,   L a   and   M a   are the aerodynamic forces and moment,   D T  ,   L T   and   M T   are the forces and moment due to the tethers and   D g  ,   L g   and   M g   are the forces and moment due to buoyancy and gravity.



In the current study, the tether dynamics and the forces due to gravity are not included, and for simplicity, they are named as external forces (  F  e x t   ) in the rest of the paper. The aerodynamic part of the longitudinal dynamic model of the aerostat can be represented as follows:


         D a  =  D e  +   D ˙  u  u +   D ˙  w  w +  (   D ˙  q  −  m z   W e  )  q           L a  =  L e  +   L ˙  u  u +   L ˙  w  w +  (   L ˙  q  +  m x   U e  )  q           M a  =  M e  +   M ˙  u  u +   M ˙  w  w +  (   M ˙  q  − m  a x   U e  − m  a z   W e  )  q     



(2)




where   W e   and   U e   are the component of steady velocity along the vertical and axial direction,   M e  ,   L e   and   D e   are the static moment, lift and drag derivatives,    M ˙  u  ,    L ˙  u   and    D ˙  u   are the moment, lift and drag derivatives due to surge velocity,    M ˙  w  ,    L ˙  w   and    D ˙  w   are the moment, lift and drag derivatives because of vertical velocity and    M ˙  q  ,    L ˙  q   and    D ˙  q   are the moment, lift and drag derivatives due to pitch.



Thus, Equation (1) can be expressed in matrix form as given in Equation (3). The terms with dots are the stability derivatives involved in the aerostat’s longitudinal dynamic model.


          m −   D ˙   u ˙      0    m  a z  −   D ˙   q ˙        0    m −   L ˙   w ˙       m  a x  +   L ˙   q ˙         m  a z  −   M ˙   u ˙       m  a x  +   M ˙   w ˙        I y  −   M ˙   q ˙             u ˙       w ˙       q ˙      =            D e       L e       M e      +       D ˙  u      D ˙  w       D ˙  q  −  m z   W e         L ˙  u      L ˙  w       L ˙  q  +  m x   U e         M ˙  u      M ˙  w       M ˙  q  − m  a x   U e  − m  a z   W e           u     w     q     +  F  e x t       



(3)







The model variables included in the longitudinal model of the aerostat are u, w, q, D, L and M. These longitudinal dynamic variables are predominant in the heave, surge and pitch motions of the aerostat.



The methodology used for the calculation of the stability derivatives includes the simulation of the model for steady-state and then transient and, finally, the oscillations in the respective directions. The forces and moment (D, L and M) are measured for the oscillated motions. A stable cycle of data is used from these measured responses to extract the stability derivatives using the Fourier-series-based method discussed in the following sections.



2.1. Pure Surge Oscillations


The stability derivatives associated with the translational forward motion (along the X-axis) can be expressed as the linear decomposed forces and moment as follows:


         D a s  =  D e  +   D ˙  u  u +   D ˙   u ˙    u ˙            L a s  =  L e  +   L ˙  u  u +   L ˙   u ˙    u ˙            M a s  =  M e  +   M ˙  u  u +   M ˙   u ˙    u ˙      



(4)







A forced sinusoidal oscillatory motion will be induced in the aerostat axial direction, as shown in Figure 1a. The motion is described using the displacement as    x a  =  u a  sin   ω s  t   , velocity as   u =  ω s   u a  cos   ω s  t    and acceleration as    u ˙  = −  ω s 2   u a  sin   ω s  t   . Putting the variables u and   u ˙   in Equation (4) will result in


         D a s  =  D e  +   D ˙  u   ω s   u a  cos   ω s  t  −   D ˙   u ˙    ω s 2   u a  sin   ω s  t            L a s  =  L e  +   L ˙  u   ω s   u a  cos   ω s  t  −   L ˙   u ˙    ω s 2   u a  sin   ω s  t            M a s  =  M e  +   M ˙  u   ω s   u a  cos   ω s  t  −   M ˙   u ˙    ω s 2   u a  sin   ω s  t      



(5)







As Equation (5) comprises the sine and cosine components, the coefficients can be matched with the corresponding Fourier equation representations of the moment and forces after neglecting the higher-order values, as shown in Equation (6).


         D a  = 0.5  a 0  + cos   ω s  t  ·  a 1  + sin   ω s  t  ·  a 2            L a  = 0.5  b 0  + cos   ω s  t  ·  b 1  + sin   ω s  t  ·  b 2            M a  = 0.5  c 0  + cos   ω s  t  ·  c 1  + sin   ω s  t  ·  c 2      



(6)







A comparison between the indices of the in-phase and out-of-phase elements of Equations (5) and (6) gives


          D ˙  u  =  a 1  /  (  ω s   u a  )  ;         L ˙  u  =  b 1  /  (  ω s   u a  )             M ˙  u  =  c 1  /  (  ω s   u a  )  ;         D ˙   u ˙   = −  a 2  /  (  ω s 2   u a  )             L ˙   u ˙   = −  b 2  /  (  ω s 2   u a  )  ;         M ˙   u ˙   = −  c 2  /  (  ω s 2   u a  )      



(7)




where


         a 1  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    D a   ( t )  cos  (   ω s  t  )  d t        a 2  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    D a   ( t )  sin  (   ω s  t  )  d t           b 1  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    L a   ( t )  cos  (   ω s  t  )  d t        b 2  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    L a   ( t )  sin  (   ω s  t  )  d t           c 1  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    M a   ( t )  cos  (   ω s  t  )  d t        c 2  =  2  T 0    ∫  −  T 0  / 2    T 0  / 2    M a   ( t )  sin  (   ω s  t  )  d t     











According to Equation (7), a full-cycle response of drag, lift and moment for the forced oscillation along the axial direction will give the six stability derivatives due to axial velocity and acceleration.




2.2. Pure Heave Oscillations


The stability derivatives related to the translational vertical motion (along the Z-axis) can be expressed as the linear decomposed forces and moment as follows:


         D a h  =  D e  +   D ˙  w  w +   D ˙   w ˙    w ˙            L a h  =  L e  +   L ˙  w  w +   L ˙   w ˙    w ˙            M a h  =  M e  +   M ˙  w  w +   M ˙   w ˙    w ˙      



(8)







A forced sinusoidal oscillatory motion is induced in the aerostat vertical direction, as shown in Figure 1c. The oscillation can be described by the displacement   y =  w 0  sin   ω h  t   , velocity   w =  ω h   w 0  cos   ω h  t    and acceleration    w ˙  = −  ω h 2   w 0  sin   ω h  t   . Putting the variables w and   w ˙   in Equation (8) gives


         D a h  =  D e  +   D ˙  w   ω h   w 0  cos   ω h  t  −   D ˙   w ˙    ω h 2   w 0  sin   ω h  t            L a h  =  L e  +   L ˙  w   ω h   w 0  cos   ω h  t  −   L ˙   w ˙    ω h 2   w 0  sin   ω h  t            M a h  =  M e  +   M ˙  w   ω h   w 0  cos   ω h  t  −   M ˙   w ˙    ω h 2   w 0  sin   ω h  t      



(9)







The components that are in-phase (sine) and out-of-phase (cosine) of Equations (6) and (9) can be compared as


          D ˙  w  =  a 1  /  (  ω h   w 0  )  ;         L ˙  w  =  b 1  /  (  ω h   w 0  )             M ˙  w  =  c 1  /  (  ω h   w 0  )  ;         D ˙   w ˙   = −  a 2  /  (  ω h 2   w 0  )             L ˙   w ˙   = −  b 2  /  (  ω h 2   w 0  )  ;         M ˙   w ˙   = −  c 2  /  (  ω h 2   u 0  )      



(10)







According to Equation (10), a full-cycle response of drag, lift and moment for the forced oscillation along the vertical direction gives the six stability derivatives due to vertical velocity and acceleration.




2.3. Pure Pitch Oscillations


The stability derivatives involved in the rotational pitch motion (about the Y-axis) can be expressed as the linear decomposed forces and moment as follows:


         D a p  =  D e  +   D ˙  α  α +   D ˙   α ˙    α ˙  +   D ˙  q  q +   D ˙   q ˙    q ˙            L a p  =  L e  +   L ˙  α  α +   L ˙   α ˙    α ˙  +   L ˙  q  q +   L ˙   q ˙    q ˙            M a p  =  M e  +   M ˙  α  α +   M ˙   α ˙    α ˙  +   M ˙  q  q +   M ˙   q ˙    q ˙      



(11)







A forced sinusoidal oscillatory motion will be induced on the aerostat pitch axis, as shown in Figure 1b. The oscillation is described in terms of the displacement   α = ν =  q a  sin   ω p  t   , velocity    α ˙  = q =  ω p   q a  cos   ω p  t    and acceleration    q ˙  = −  ω p 2   q a  sin   ω p  t   . Putting the values of w and   w ˙   into Equation (11) gives


         D a p  =  D e  +   D ˙  α   q a  sin   ω p  t  +   D ˙   α ˙    ω p   q a  cos   ω p  t  +          D ˙  q   ω p   q a  cos   ω p  t  −   D ˙   q ˙    ω p 2   q a  sin   ω p  t            L a p  =  L e  +   L ˙  α   q 0  sin   ω p  t  +   L ˙   α ˙    ω p   q a  cos   ω p  t  +          L ˙  q   ω p   q a  cos   ω p  t  −   L ˙   q ˙    ω p 2   q a  sin   ω p  t            M a p  =  M e  +   M ˙  α   q 0  sin   ω p  t  +   M ˙   α ˙    ω p   q a  cos   ω p  t  +          M ˙  q   ω p   q a  cos   ω p  t  −   M ˙   q ˙    ω p 2   q a  sin   ω p  t      



(12)







A comparison of the in-phase and out-of-phase values of Equations (6) and (12) gives


          D ˙  α   q 0  −   D ˙   q ˙    ω p 2  =  a 2  ;        D ˙   α ˙   +   D ˙  q  =  a 1  /  (  ω p   q 0  )             L ˙  α   q 0  −   L ˙   q ˙    ω p 2  =  b 2  ;        L ˙   α ˙   +   L ˙  q  =  b 1  /  (  ω p   q 0  )             M ˙  α   q 0  −   M ˙   q ˙    ω p 2  =  c 2  ;        M ˙   α ˙   +   M ˙  q  =  c 1  /  (  ω p   q 0  )      



(13)







By considering two pitch oscillating frequencies,   ω  p 1    and   ω  p 2   , the stability derivatives due to pitching accelerations can be calculated as


          D ˙   q ˙   =    a 2  ω  p 2    −  a 2  ω  p 1       q 0   (  ω  p 1  2  −  ω  p 2  2  )               L ˙   q ˙   =    b 2  ω  p 2    −  b 2  ω  p 1       q 0   (  ω  p 1  2  −  ω  p 2  2  )               M ˙   q ˙   =    c 2  ω  p 2    −  c 2  ω  p 1       q 0   (  ω  p 1  2  −  ω  p 2  2  )        



(14)







According to Equations (13) and (14), a full-cycle response of drag, lift and moment for the forced oscillation about the pitch axis will give the six stability derivatives due to pitching velocity and acceleration.





3. Aerostat Shapes


In this study, a four-winged aerostat with a “+” orientation of the wings is considered. The length of the aerostat is fixed as 13.5 m by considering the required volume for the desired payload weight. Four different aerostat envelope shapes obtained from the open literature were considered for the comparison of stability derivative results obtained from the current study. They are the Zhiyuan shape [30], GNVR shape [39], NPL shape [39] and HAA shape [40], as shown in Figure 2. These shapes were selected by considering the variation of their leading-edge geometry, diameter and lift–drag characteristics, which will be shown in Section 5.5. It is possible to obtain the equation for the geometry of each aerostat, but in this work, the 2D coordinates of their profiles from the above-mentioned references were used. The 3D models used for the simulation analysis are shown in Figure 3. The maximum diameter is 2.025 m for the Zhiyuan shape, 2.212 m for the GNVR shape, 1.62 m for the NPL shape and 2.025 m for the HAA shape. Among the four aerostat shapes considered, Zhiyuan has the maximum volume and NPL has the least volume.




4. Numerical Simulation


4.1. Governing Equations


The current study involves the simulations performed using a commercial CFD solver, FLUENT 20.0. The 3D, incompressible, unsteady flow was solved with the help of the Reynolds Averaged Navier–Stokes (RANS) equations [43]. The governing equations can be expressed as


        ∇ ·  V →  = 0          ρ   ∂  V →    ∂ t   + ρ ∇ ·   V →   V →   = − ∇ p + ∇ · (  τ =  ) + ρ  g →      



(15)




where  ρ  is the density,   V →   is the velocity, p is the pressure and   g →   is the acceleration due to gravity. The stress tensor   τ =   can be expressed as


   τ =  =  μ +  μ t    ∇  V →  +    V →   T  −  2 3  ∇ ·  V →  I   








where  μ  is the dynamic viscosity,   μ t   is the turbulence viscosity and  I  is an identity matrix.



The SIMPLE algorithm was utilized for the pressure velocity coupling, and the second-order upwind scheme was utilized for the spatial discretisation of the convective terms. A standard interpolation scheme was utilized for the pressure interpolation and an iterative time advancement scheme was used for time advancement. The convergence criterion was set to the order of   10  − 5    for velocity, continuity and turbulence quantities.




4.2. Computational Setup—Domain and Mesh


The domain for the computation considered for the current study is given in Figure 4. The dimensions for the domain were selected after an initial domain independence study. On each of the four faces of the outermost box volume depicted in Figure 4, there are four velocity inlets (faces ABCD, BCFG, CDHG and ABEF), symmetry on one face (face ADHE) and a pressure outlet on the other (face EFGH). All of the aerostat simulations in this paper used the same outer and intermediate volumes. The domain dimensions were determined by the length of the aerostat model. The heave and surge oscillation simulations were created using the dynamic mesh feature, while the pitching oscillation was created using the mesh motion feature. The inner and intermediate volumes were specified as rigid bodies, and the outer volume was kept stationary for the surge and heave motions. The inner volume was forced to move by the specified user-defined function, and the outer and intermediate volumes were kept stationary for the pitching motion simulation.



The computational grid used for the current study was made using GAMBIT and FLUENT meshing. The grid for outer and intermediate volumes (refer to Figure 4) was made using GAMBIT with a total of 0.1M tetrahedral–hexahedral hybrid cells. Comparatively, the coarse grid was used for the outer volumes. The grid for the inner volume with the aerostat (different for each aerostat shape) was made using ANSYS FLUENT meshing, as shown in Figure 5. The range of the number of cells used for each shape is 3 to 3.5 M. The cut cell mesh topology was used for the inner volumes. The proximity of the aerostat was finely meshed using a refining body of influence in the shape of an ellipse. The nearby volume (inner) mesh has   50  ×  50  ×  15   grid points on the X-axis, Y-axis and Z-axis. The viscous boundary layer was specified with   5 ×  10  − 5     as its first layer’s thickness;   1.35   was chosen as the stretching ratio, and 18 layers were taken for the current aerostat surface. The average wall “Y+” value is   0.435   with a minimum of   0.0349   and a maximum of 1 for the above-mentioned mesh configuration.




4.3. Simulation Details


Each simulation included a steady-state simulation at the beginning, followed by a transient set of simulations without any motion. The transient simulation was run till appreciable convergence was obtained. Then, the sinusoidal input specified as a user-defined function was used for the dynamic simulation. Three frequencies were considered for the sinusoidal oscillations;   2.327  ,   2.094   and   1.903  , corresponding to three time periods of 2.7 s, 3 s and 3.3 s. Five full cycles were simulated, and the last stable cycle was taken for the stability derivative extraction. A time interval of   T s  /800 s was adopted for the computational analysis. The details of the simulations performed for the current work are consolidated in Table 1. In the table, some of the amplitudes are velocities and some are angles. They are denoted by their corresponding units. Some of the validation studies were conducted using International Electrotechnical Commission (IEC) gust. The present study was conducted in the range of Reynolds numbers between   1.8 ×  10 6    and   3.3 ×  10 6   . The Mach number for the simulations considered in this paper was 0.02.





5. Simulation Results


The current section mainly discusses the simulation results for the stability derivative extraction study presented in Section 2. Results of some validation studies performed before the aerostat stability derivative extraction, such as the model validation, CFD mesh motion validation using NACA 0012 airfoil and stability derivative extraction for a prolate spheroid, are presented first. This is followed by the static aerodynamic data for the Zhiyuan aerostat, along with a comparison with the other three shapes. Then, the stability derivatives for the Zhiyuan aerostat are presented for different angles of attack. The results obtained for the Zhiyuan aerostat are compared with those for the other three aerostat shapes.



5.1. Grid and Time Step Independence Study


The efficacy of the mesh used for the analysis was tested for different grid refinements, as shown in Figure 6a, and the simulation time step independence study was performed, as shown in Figure 6b. The simulation was performed by providing the Zhiyuan aerostat with an unsteady velocity in the form of a sinusoidal gust, 0-degree angle of attack and a heave oscillation. The coefficients of drag and lift were measured respectively for the comparison. The results show that the grid used for the study is independent of the grid refinement and the time step.




5.2. Validation of the Grid Motion


Validation of the dynamic mesh method, which was used for the linear oscillations of the current model, and the mesh motion feature used in the rotational motions of the model was performed with the help of the AGARD dataset [44]. NACA’s 0012 airfoil test data were considered for the analysis. As a result, a comparison of the lift and pitch coefficients with respect to the experimental results is shown in Figure 7. The closeness of the results validates the use of the methodology for further simulations.




5.3. Validation of the Stability Derivative Extraction Methodology


The methodology for the calculation of stability derivatives discussed in Section 2 was validated using the 6:1 prolate spheroid. The added mass coefficients were compared with the theoretical calculation, as well as with the simulation study by [30].



For the calculation of    L ˙   w ˙   , a sinusoidal translational oscillation with an amplitude of 1 m/s and a frequency of 3.9 rad was considered. For the calculation of    M ˙   q ˙   , two different sinusoidal oscillations having an amplitude of 5 deg and frequencies    ω 1  =   29.79 rad and    ω 2  = 21.06   rad were used.



The analytical calculations can be performed using the following formulations [45]:


          L ˙   w ˙   = −  4 3  π ρ a b c   C 0   2 −  C 0        



(16)






          M ˙   q ˙   = −  4 15  π ρ   a b c   (  a 2  −  c 2  )  2   (  A 0  −  C 0  )    2  (  c 2  −  a 2  )  +  (  C 0  −  A 0  )   (  c 2  +  a 2  )        



(17)







The simulations resulted in the value of    L ˙   w ˙    as   − 0.0457  , and the analytical result is   − 0.0430  ; for    M ˙   q ˙   , the results are   − 0.00339   and   − 0.0033  , respectively.




5.4. Acceleration and Frequency Independence Study


As the current study involves the forced oscillation of the aerostat along the three degrees of freedom, the independence study of the stability derivatives from the amplitude of oscillations (acceleration of the motion) has to be performed. Such a study was conducted for the Zhiyuan aerostat for surge, heave and pitch oscillations, and the acceleration independence was tested for all the stability derivatives involved. As a representative result, the acceleration independence study conducted for surge motion is shown in Figure 8. The coefficients with almost the same values show the simulation’s acceleration independence.



The estimation of moment stability derivatives involves the application of two sinusoidal oscillations with different frequencies. A frequency independence study was conducted for all the stability derivatives that required two frequencies. Figure 9 shows the results of the estimation of    M ˙   q ˙    for a   10 0   angle of attack. Here, three frequencies were used for the comparison: 2.32 rad/s (2.7 s), 2.09 rad/s (3 s) and 1.90 rad/s (3.3 s). The frequency independence of the simulation is clearly observable in Figure 9.




5.5. Static Aerodynamic Characteristics


Before proceeding with the dynamic stability derivatives’ extraction, the static aerodynamic characteristics of the Zhiyuan aerostat, along with the other three aerostats, were studied. This was done by conducting transient simulations with a steady velocity of 7.5 m/s for each aerostat. No oscillations were induced on the aerostat for the static derivative extraction simulations.



The coefficients of drag and lift forces were used for the analysis. Four different angles of attack were considered for this analysis. The angles of attack were selected based on the consideration that all the flight scenarios of the aerostat should be included [9].



A comparison of the drag and lift for the Zhiyuan base case and the other three aerostats for various angles of attack is given in Figure 10a,b. The symmetric nature of the variation of the forces with the angle of attack is clearly seen in the figure. The axisymmetric nature of the aerostat shapes causes these symmetric characteristics. The Zhiyuan shape shows the highest drag for all the angles of attack. This is due to the larger front area and the larger surface area of the shape among all four aerostat shapes. They contribute to the pressure, as well as the skin friction drag. As the angle of attack increases from zero, the area exposed to the free stream wind increases and aids the drag formation. The drag response for the other three aerostats is also shown in Figure 10a. All the other three aerostats also have similar drag characteristics with a reduced magnitude. The NPL shape has the least drag among the four aerostat shapes because of its least frontal area and surface area. The GNVR aerostat and HAA aerostat have the same drag characteristics. This is due to the similar leading edge geometry for those two aerostats. The Zhiyuan aerostat has a comparatively non-aerodynamic leading edge, as seen in Figure 3, which causes a higher drag response among the four aerostats.



As the aerodynamic lift is generated by the differential pressure distribution around the aerostat surfaces, it also shows variation with the angle of attack. The lift response of the Zhiyuan aerostat, along with the other three aerostats, is shown in Figure 10b. The Zhiyuan shape has the maximum lift among all four shapes. As the angle of attack increases, the lift magnitude increases vastly. The largest volume among the four aerostats causes the Zhiyuan aerostat to have the maximum differential pressure between the upper and lower surfaces and, thereby, the maximum lift. As seen for the drag response, the lift response is also similar for the other three aerostats. The NPL aerostat has the least lift magnitude, and the GNVR aerostat has the maximum lift among the three aerostats.



The primary criteria for selecting the shape for an aerostat are the reduced drag and maximum lift for a particular flight condition. A low-drag profile may result in a lower lift and vice versa. Therefore, the aerodynamic shape for the aerostats was selected based on the lift–drag ratio and not on the individual lift and drag information. Figure 10c shows the lift–drag ratio of the four aerostats for different angles of attack. It is seen that all four aerostats exhibit similar characteristics except for Zhiyuan at the negative angle of attack. This justifies the authors’ selection of these aerostat shapes for the analysis because the ultimate goal is to select a low-drag shape with maximum lift for the wind measurement application.




5.6. Dynamic Stability Derivatives


The dynamic stability derivative calculation methodology discussed in Section 2 was applied to the four aerostats with four different angles of attack. Three full cycles of responses were obtained for all the simulation cases, and a full stable cycle was selected for the analysis. The heave and surge oscillations were simulated using an amplitude of oscillation of 1 m/s and a frequency of oscillation of 2.09 rad. The pitch oscillations were simulated using an amplitude of oscillation of 5 deg and a frequency of oscillation of 2.09 rad, 2.32 rad and 1.9 rad. The drag, lift and moment response were measured for each aerostat shape for the heave, surge and pitch oscillations. All the responses are presented with non-dimensional time on the X-axis.



5.6.1. Zhiyuan Aerostat


The response of the Zhiyuan aerostat for heave oscillation, surge oscillation and pitch oscillation is shown in Figure 11. The figure shows the lift response for the heave oscillation, drag response for the surge oscillation and moment response for the pitch oscillation with a time period of 3 s. The first column of the figure represents a continuous set of responses, and the second column represents the single-cycle plots that are used for the stability derivatives’ extraction. As the input oscillations are sinusoidal, the responses are also sinusoidal, as shown in the figure.



As previously seen from the static aerodynamic response of the aerostat, the magnitude of lift increases with the increase in the angle of attack, as shown in Figure 11a. This is caused by a difference in differential pressure between the aerostat’s upper and lower surfaces. A further increase in the angle of attack may cause a stall condition, and this is not within the scope of the current study. The drag remains constant for the smaller angles of attack, as shown in Figure 11c, because the frontal area hit by the wind remains almost unchanged. The frontal area of the aerostat grows as the angle of attack rises towards 10 degrees and the drag rises. This is also seen from the static stability derivative shown in Figure 10a. The moment response shown in Figure 11 shows an inverse relation with the angle of attack. The moment reduces as the angle of attack increases and vice versa.



The stability derivatives of the Zhiyuan aerostat needed for the longitudinal dynamic model were extracted using the methodology specified in Section 2. A comparison of the stability derivatives calculated from the surge oscillations, heave oscillations and pitch oscillations for various angles of attack are given in Figure 12, Figure 13 and Figure 14, respectively.



The drag derivative due to the axial acceleration and axial velocity shown in Figure 12a,b, respectively, shows almost constant values for the small angle of attack. The derivative rises as the angle of attack approaches 10 degrees. This is in close agreement with the drag response shown in Figure 11a. The lift derivative due to the axial acceleration and velocity given in Figure 12c,d, respectively, shows a linear variation with the angle of attack. This shows the peculiar behavior of the aerostat to build up the lift as the axial acceleration happens, which aids the dynamic stability of the aerostat. The magnitude of the derivatives shifts from negative to positive as the angle of attack goes from negative to positive. At the   0 ∘   angle of attack, the derivative value is close to zero. That means the acceleration of the aerostat at a zero-degree angle of attack will not affect the lift much. The moment derivative due to the axial acceleration and axial velocity shown in Figure 12e,f, respectively, shows a linear decrease with the angle of attack. There is an exception at a   10 ∘   angle of attack for the acceleration derivative. Thus, the acceleration along the axial direction causes the moment to decrease, reducing the control effort for pitch control.



The drag derivative due to the vertical velocity, given in Figure 13a, linearly decreases with the angle of attack. In contrast, the lift derivative is almost constant, as shown in Figure 13c. The lift derivative due to vertical acceleration shown in Figure 13b remains constant for small angles of attack, but reduces to a lower value for the higher angle of attack. The vertical acceleration mainly caused by vertical gusts will not aid the drag buildup of the aerostat. On the other hand, it will not even benefit the lift generation of the aerostat. The moment derivative due to vertical velocity shows a variation opposite the moment derivative due to axial acceleration, as shown in Figure 13c. The moment derivative due to vertical acceleration remains constant for all angles of attack with the exception at zero degrees, as shown in Figure 13d.



The drag, lift and moment derivatives because of the pitching acceleration shown in Figure 14a,c,e, respectively, include the application of two different oscillations, as explained in Equation (14), with time periods of 2.7, 3 and 3.3 s. Three different sets of results are presented to check the effect of the selection of the second frequency for the calculation. The results show considerable similarity among the frequency pairs. For the remaining aerostat shapes, the oscillation frequencies for the pitching oscillations were taken as 2.7 s and 3 s. Due to the pitching velocity, the drag derivative shows a linear decrease with the angle of attack, whereas the lift derivative shows an increase with the angle of attack. The moment derivative because of the pitching velocity remains almost constant with the angle of attack variation. The pitching acceleration aids the lift generation and weakens the drag generation of the aerostat.




5.6.2. GNVR, HAA and NPL Aerostats


The simulations for extracting the stability derivatives for the longitudinal dynamic model of the considered aerostat by inducing axial (surge), vertical (heave) and pitch oscillations were repeated for the GNVR, HAA and NPL aerostats as well. Here, in this section, some of those results that showed a deviation from the Zhiyuan response are presented.



The response of the GNVR aerostat, HAA aerostat and NPL aerostat for heave oscillation, surge oscillation and pitch oscillation is shown in Figure 15. A stable cycle of response considered for the stability derivatives’ calculation is shown in the figure.



The lift response of the GNVR aerostat for various angles of attack shows an increment with the angle of attack, similar to the static stability derivatives, as shown in Figure 15a. The close similarity between the Zhiyuan shape and GNVR shape made the lift response of these two aerostats similar. The drag response of the GNVR aerostat shown in Figure 15b has a considerable deviation from that of the Zhiyuan aerostat. Due to the more streamlined design, the Zhiyuan aerostat has a reduced drag compared to the GNVR aerostat. The moment response of the GNVR aerostat shown in Figure 15c is similar to that of the Zhiyuan aerostat. The lift response of the HAA aerostat for various angles of attack is shown in Figure 15d. The amplitude of the lift increases with the increase in the angle of attack. The drag response shown in Figure 15e demonstrates an invariant relation with the angle of attack. The moment response, shown in Figure 15f, reduces with the rise in the angle of attack. The lift response of the NPL aerostat shown in Figure 15g shows the least lift magnitude for the given angles of attack, which is in close agreement with the static derivative response given in Figure 10b. The drag response remains constant for the smaller angles of attack and shows a minute increment in the magnitude for the 10-degree angle of attack, as shown in Figure 15h. The drag magnitude is also the least among the four aerostats, as seen from the static derivative results in Figure 10a. The moment response of the NPL aerostat, similar to the other three aerostats, shows an inverse relation with the angle of attack, as shown in Figure 15i.



The stability derivatives obtained for the Zhiyuan aerostat were compared with those for the other aerostats, as shown in Figure 16. The drag derivatives due to axial acceleration for the four aerostats shown in Figure 16a remain constant with the angle of attack. This is in agreement with the static aerodynamic characteristics shown in Figure 10a. Even though the individual derivatives remain constant, their magnitude varies largely among the aerostats. The GNVR aerostat has the maximum value, and the NPL has the minimum value, as shown in the figure. As seen for the Zhiyuan aerostat case in Figure 12a, the drag derivatives for the 10-degree angle of attack show a deviation for all the aerostats. This is due to the increase in the frontal area of the aerostat due to the large angle of attack. The magnitude of the drag derivative for the GNVR aerostat is slightly higher than that for the Zhiyuan aerostat. This can be explained by the slightly larger diameter of the GNVR aerostat, which causes the front area to increase slightly. In a similar way, the diameter of the NPL aerostat is smaller than the Zhiyuan aerostat, which causes the front area to be smaller than the other aerostat, thereby resulting in a smaller drag. This drag magnitude pattern is reflected in the rate of change of drag as well. As the diameter of the Zhiyuan and HAA aerostats were the same, the drag response and the drag derivative remained the same, as shown in the figure. The lower drag derivative value of the NPL aerostat helps to maintain the attitude of the aerostat because, as the aerostat accelerates forward, the drag buildup will be comparatively less among the four aerostats. On the other hand, the other three aerostats need more station-keeping control effort.



The lift derivative due to the axial acceleration for the four aerostats is shown in Figure 16b. There is a peculiar difference between the derivative response of the Zhiyuan aerostat among the other aerostats. As the angle of attack increases, the rate of change of lift due to the axial acceleration increases linearly, whereas the derivatives decrease for the other aerostats. This particular behavior of the Zhiyuan aerostat is advantageous for the dynamic stability of the aerostat as the increased lift helps the aerostat be more stable. The geometry of the Zhiyuan aerostat causes this particular response. All the other aerostats considered have a less pointy leading edge than the Zhiyuan aerostat. The positive slope in the lift derivative with the axial acceleration of the Zhiyuan aerostat aids the altitude control and station-keeping control efforts. The acceleration along the axial direction causes the lift to reduce its magnitude for the other three aerostats, unlike the Zhiyuan aerostat case. It shows that the aerostat fails to retain its lift as its own. There should be control actions to maintain the required lift for the aerostat.



The moment derivatives due to the axial acceleration for the four aerostats are shown in Figure 16c. The rate of change of moment decreases with the angle of attack for the other three aerostats. The reduction in the moment derivative due to the axial acceleration will reduce the control effort for the pitch control. The Zhiyuan aerostat moment derivative increases for the positive angle of attack, as shown in the figure. Thus, the Zhiyuan aerostat demands more control effort for maintaining the desired pitch for large positive angles of attack. Even though the stalling of the aerostat is not in the scope of this work, the pattern in the moment derivative for the Zhiyuan aerostat suggests that stalling occurs at a lower angle of attack than for the other three aerostats.



The drag derivatives due to the vertical velocity for the four aerostats are shown in Figure 16d. There is a positive slope for the derivatives plot for the GNVR, HAA and NPL aerostats and a negative slope for the Zhiyuan aerostat. Unlike the Zhiyuan aerostat, the drag magnitude builds up as the other three aerostats accelerate in the vertical direction, primarily due to vertical wind gusts. This demands more control effort for the station-keeping and attitude control for the aerostats. This shows that as the turning of the aerostat for a pitch-up flight occurs, such as taking off from the ground station, extra drag build-up causes the aerostat to slow down. The negative slope of the Zhiyuan aerostat aids the control efforts to maintain the position of the aerostat.



The lift derivatives due to the vertical velocity for the four aerostats shown in Figure 16e possess constant values for different angles of attack. The vertical acceleration can be due to the presence of a strong vertical wind gust or an ascending flight phase at the time of the installation or maintenance of the aerostat. The Zhiyuan aerostat has the maximum lift derivative in the negative direction, which demands more control effort for the station-keeping. All the other aerostats aid the lift for the ascending phase, which helps to reduce the control effort. The moment derivatives due to the vertical acceleration for the four aerostats shown in Figure 16f also remain constant for different angles of attack. The Zhiyuan, HAA and GNVR aerostats have the maximum value among the four aerostats, making the pitch control rapid and requiring more effort to keep them in the desired pitch. The NPL aerostat has the minimum value, which helps the aerostat vary the pitch smoothly with less control effort. The force and moment derivatives due to the pitch acceleration for the four aerostats are shown in Figure 16g–i. The drag derivative varies linearly with the angle of attack with a negative slope, whereas the Zhiyuan aerostat has a positive slope. The lift derivative shows an almost constant value for various angles of attack, with the NPL aerostat having the minimum value. The moment and lift derivatives are similar to the Zhiyuan aerostat except for the NPL aerostat.






6. Conclusions of the Study


This paper investigated the aerodynamic modeling of the aerostat using a CFD-based method. The intended application of the aerostat was to use it as a low-altitude wind measurement system. The presented study considered the translational motion of the aerostat in the X (surge) and Z (heave) directions and the rotational motion about the Y-axis (pitching). A small-amplitude sinusoidal oscillation was considered for the simulation of the aerostat motion. A methodology for the calculation of stability derivatives from the full-cycle oscillation responses of the aerostat was presented with CFD simulation results. A base case aerostat shape was selected for the analysis, and three other aerostat shapes were considered for the comparison of the results obtained from the analysis.



The translational oscillatory motion of the aerostat model was simulated using the dynamic mesh motion feature and the zone motion feature available with ANSYS FLUENT. The validation of the dynamic mesh motion method was performed using the NACA 0012 airfoil test data. The validation of the methodology considered for the stability derivatives calculation was performed using prolate spheroid test data. The experimental stability derivatives of the spheroid are available in the open literature. The results showed promising similarity with the theoretical calculations as well. The independence of the results on the amplitude and frequency of oscillations was tested successfully as well.



The static stability derivatives or static aerodynamic coefficients of the four aerostats were presented before the stability derivatives’ extraction. The Zhiyuan shape showed the maximum drag among the four shapes because of its large surface area and large front area. Being the shape with the least surface area, the NPL shape possessed the least drag. The lift characteristics of the Zhiyuan shape were better than all the other shapes due to its large surface area, which contributes to the differential pressure distribution. The lift–drag ratio of the aerostats showed that the Zhiyuan aerostat has the best static aerodynamic characteristics among the four aerostats.



The stability analysis and the control system design for the aerostat can be made better by considering the dynamic stability derivatives involving the small-amplitude motions of the aerostat. In this paper, the dynamic stability derivatives of the Zhiyuan aerostat at four angles of attack were presented, the results of which were compared with the derivatives of the other three aerostats as well. The drag and lift performance of the Zhiyuan aerostat is superior among the four aerostats. This will help the aerostat be controlled with less control effort during the station-keeping and attitude control tasks. The NPL aerostat had better moment stability for the pitching acceleration. This will make the Zhiyuan aerostat demand more control effort for the pitching maneuver.



From this study, it can be concluded that the Zhiyuan aerostat can be used for low-altitude wind measurement applications. The more aerodynamic geometry of the Zhiyuan aerostat compared to the other three aerostats was the main reason for this peculiar performance. The static lift–drag performance of the Zhiyuan aerostat was better among the four aerostats presented. The dynamic stability analyzed using the stability derivatives also suggests the superiority of the Zhiyuan aerostat among the four aerostats. The drag and lift performance of the Zhiyuan aerostat was such that it aided the station-keeping and attitude control efforts. Even though the moment stability was slightly below the NPL aerostat, the Zhiyuan aerostat can be operated for the pitching maneuver with some added control effort.



This study will be extended for the investigation of the control systems required for the station keeping of the aerostat at the desired attitude for wind measurement. The longitudinal stability derivatives can be extracted from the aerostat oscillations involving the longitudinal motion variables and can be used for the longitudinal dynamic model of the aerostat. An optimization of the aerostat geometry for improving the dynamic stability can be considered as a future direction of this study.
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Figure 1. (a) Axial sinusoidal oscillations (surge) in the X direction; (b) rotational sinusoidal oscillations (pitch) of the aerostat about the Y-axis; (c) vertical sinusoidal oscillations (heave) along the Z-axis. 
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Figure 2. Aerostat shapes considered for the current study. 
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Figure 3. Aerostat 3D models; (a) Zhiyuan, (b) GNVR, (c) NPL and (d) HAA shape. 
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Figure 4. Computational domain considered for the current study. 
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Figure 5. Surface mesh of (a) HAA aerostat, (b) NPL aerostat, (c) GNVR aerostat and (d) Zhiyuan aerostat; (e) mesh resolution around the wings and (f) boundary layers of the mesh at wing curvature. 
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Figure 6. (a) Grid independence simulation and (b) time step independence simulation analysis of the Zhiyuan aerostat. 
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Figure 7. Validation results of mesh motion feature comparison with the NACA 0012 test data [44]. 
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Figure 8. Acceleration independence study results; (a) a full cycle drag response and (b) stability derivative,    D ˙   u ˙   , comparison. 
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Figure 9. Oscillation frequency independence study results; (a) a full cycle moment response and (b) stability derivative,    M ˙   q ˙   , comparison. 
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Figure 10. Static aerodynamic coefficients for different angles of attack; (a) coefficient of drag,   C D  , (b) coefficient of lift,   C L  , and (c) lift–drag ratio. 
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Figure 11. Response of Zhiyuan aerostat for (a) heave oscillation—3 cycles, (b) heave oscillation—1 cycle, (c) surge oscillation—3 cycles, (d) surge oscillation—1 cycle, (e) pitch oscillation—3 cycles and (f) pitch oscillation—1 cycle. 
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Figure 12. Zhiyuan aerostat stability derivatives for surge oscillations at different angles of attack; drag derivative due to axial (a) acceleration and (b) velocity, lift derivative due to axial (c) acceleration and (d) velocity, and moment derivative due to axial (e) acceleration and (f) velocity. 
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Figure 13. Zhiyuan aerostat stability derivatives for heave oscillations at different angles of attack; (a) drag derivative due to vertical velocity, lift derivative due to vertical (b) acceleration and (c) velocity, and moment derivative due to vertical (d) acceleration and (e) velocity. 
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Figure 14. Zhiyuan aerostat stability derivatives for pitch oscillations at different angles of attack; drag derivative due to pitch (a) acceleration and (b) velocity, lift derivative due to pitch (c) acceleration and (d) velocity, and moment derivative due to pitch (e) acceleration and (f) velocity. 
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Figure 15. Response of GNVR aerostat for (a) heave oscillation, (b) surge oscillation and (c) pitch oscillation, HAA aerostat for (d) heave oscillation, (e) surge oscillation and (f) pitch oscillation and NPL aerostat for (g) heave oscillation, (h) surge oscillation and (i) pitch oscillation. 
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Figure 16. Comparing the stability derivatives of the Zhiyuan aerostat with the other aerostats. 
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Table 1. Details of the simulations conducted.






Table 1. Details of the simulations conducted.





	Simulation
	Shape
	Gust
	AoA (deg)
	Amplitude
	Time Period (s)





	Grid independence
	Zhi
	IEC/Sine
	10
	12.5 m/s
	10.5



	Time step independence
	Zhi
	IEC/Sine
	10
	12.5 m/s
	10.5



	Mesh motion validation
	NACA-0012
	Sine
	0.5 to 5
	2.4 deg
	0.12



	Method validation
	Spheroid
	Sine
	0
	1 m/s
	1.6



	Acceleration independence
	Zhi
	Sine
	10
	0.5, 0.75, 1 m/s
	3



	Frequency independence
	Zhi
	Sine
	10
	5 deg
	2.7, 3, 3.3



	Surge motion
	Zhi, HAA, GNVR, NPL
	Sine
	−5, 0, 5, 10
	1 m/s
	3



	Heave motion
	Zhi, HAA, GNVR, NPL
	Sine
	−5, 0, 5, 10
	1 m/s
	3



	Pitch motion
	Zhi, HAA, GNVR, NPL
	Sine
	−5, 0, 5, 10
	5 deg
	2.7, 3, 3.3
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