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Abstract. One high fidelity numerical method is extended to compute the unsteady aerodynamic 
loads when micro rotary wings suffer wind. The unsteady solutions are obtained by solving 
Navier-Stokes equations, where field velocity method is proposed to carry out the atmospheric 
perturbation. The convective terms are approximated by a high order WENO-Roe scheme, and 
time advance is performed by an implicit scheme of dual time stepping which can guarantee a 
degree of efficiency. Moving overset grids are used to facilitate the implement of rotational motion 
of rotary wings and relative movements between rotary wings, as well as the atmospheric 
perturbation. The results reveal that small atmospheric perturbation has an important impact on 
the flows of micro rotary wings under low Reynolds number. The response of thrust coefficient 
presents periodic fluctuation and its amplitude is proportional to that of wind disturbance, which 
provides the clue for active control research of rotary wing aircraft.  
Keywords: atmospheric perturbation, aerodynamic response, viscous flows around micro rotary 
wings, moving overset grids, field velocity method. 

1. Introduction 

Due to the technological achievements made in modern flight in recent years, more and more 
attention has been paid to the unavoidable negative effects on the fatigue characteristics and flight 
quality of aircraft induced by gust response. In the practical engineering problems, sudden winds 
have a significant impact on the aeroelasticity and the aerodynamic noise of aircraft wings and 
turbofan, as well as helicopter rotor [1-3]. For micro aerial vehicles (MAV), they are expected to 
perform hovering flights as well as aggressive flights despite possible wind perturbation [4], which 
requires advanced control technology. However, before the corresponding control method is 
adopted, the unsteady aerodynamic loads should be accurately predicted when the aircraft suffers 
gust. 

Simulation technique based on computational fluid dynamics (CFD) [5-12] is a very popular 
and important way to understand some assumptions on the gust loads and verify the accuracy of 
prediction. In the work of Parameswaran, Baeder and Singh et al. [8, 9], unsteady 
Euler/Navier-stokes solver was directly used to compute not only the indicial responses of an 
airfoil in regard to step changes in attack angle and pitch rate, but also the penetration of a 
sharp-edged gust through exerting perturbation to flow fields. For Euler/Navier-Stokes solvers, 
the gust disturbance input can be applied on the airfoil or wing as a boundary condition, but some 
problems maybe happen in the flow due to the infinite time derivative, such as numerical 
oscillations, numerical instability and nonphysical feature [8]. Sometimes, by using this method, 
the step input of one parameter may change another input parameter, which maybe results in the 
incorrect indicial response. One case is that if angle of attack of aircraft is suddenly changed, the 
airfoil would go through an infinite pitch rate, which shows that the step change of attach angel 
could lead to an impulsive phenomenon in the pitch rate. On the other hand, gust modeled by 
using grid velocity was a simple and effective method, which is essentially a field velocity method 
[7-12]. Although that velocity of the grid usually means the physical movement of the grid, it is 
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possible to introduce an atmospheric perturbation velocity in a stationary grid by describing the 
grid velocity in some field grid points where the grid does not actually move. Recently, CFD based 
on a field velocity method of modeling gusts was adopted for a truss braced wing aircraft [11, 12]. 
The results showed that the method has the advantage of good numerical stability. In the paper, 
the field velocity method based on moving overset grid technique is extended to the computation 
of unsteady viscous flows around rotary-wings of a MAV under a wind circumstance. 

Overset grids are very popular and widely used in scientific computation for the complex flows 
and complex geometric configurations, which are also successfully applied to the flow field 
computation of rotor in hovering and forward flight [13-19]. Hovering flow fields can be 
transferred into the steady state with rotational symmetry while we observe the absolute motion 
of the fluid in the rotational non-inertial coordinate system which is built on the rotary wings. In 
this case, overset grids used in the computation are static. However, in order to develop general 
program that is also applied to flows with unsteady wind influence or forward flight state, 
mathematical model should be built in the inertial coordinate system where the flow fields are 
always unsteady whether for hovering state or for forward flight state, so the moving overset grids 
are required. The advantage of the moving overset grids includes that every sub domain grid is 
easy to generate and the relative motions between objects can be described by the motions between 
the sub domain grids. 

To identify the validity of numerical methods, reference data related to dynamic gust response 
are usually required. However, few experiment data can be available due to the limitation of 
technology in wind tunnel experiments, and even less in the low Reynolds number range for MAV. 
Compared with the airfoil and fixed wings of aircraft, the research using numerical methods 
related to rotary wings under atmospheric disturbance is also relatively seldom. Thus, we consider 
modeling rotary wings with a Caradonna-Tung two-bladed rotor [20] for rotary-wing MAV in the 
paper. 

This study aims at exploiting the currently available CFD tools [21] for gust response analyses. 
This CFD codes we write are applied to not only the transonic and subsonic flows, but also the 
low speed flows here, so the methods have high robustness. In the present work, unsteady 
Navier-Stokes solvers combined with grid velocity are used to model wind perturbation. The flows 
of micro rotary wings under low Reynolds number are difficult to converge, and meanwhile, it is 
required a long time for the enough development of the tip vortices. To improve the efficiency, 
the implicit dual time step method is proposed. 

2. Moving overset grid layout 

Considering the rotational motion of rotary wings and relative movements between rotor  
wings, we adopt moving overset grids shown in Fig. 1 to solve the unsteady flow field. The overset 
grids are made up of three levels and four sub domain grids including two same rotor grids with 
73×33×69 nodes, an intermedial grid with 63×43×101 nodes and a background grid 53×61×53 
nodes. The background grid remains static, the intermedial grid rotates at a certain velocity, and 
rotor grids are static when taking the intermedial grid as the reference. The rotor grids are 
generated based on the hyperbolic method. Both intermedial grid and background grid are 
Cartesian grids. The advantage of the overset girds is that the grid velocity for the wind disturbance 
is only carried out in the region of rotor grids, which is reflected in the convective terms of the 
governing equations according to the principle of relative motion. In physics, the rotor grids have 
no other motion mode except the rotational motion. By artificial external boundaries and hole 
boundaries, the information including the wind disturbance and other flows can be transferred 
between the rotor grids and intermedial grid, as well as the intermedial grid and background grid 
[22]. It is obvious that the complex problem can be solved with simple grid system. 

Hole Map method [22, 23] is applied to identify the hole boundary. Inverse Map method 
[22, 23] is adopted to search the corresponding donor elements for the artificial external boundary 
and the hole boundary. 
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a) Overset grid profile 

 
b) Rotor grid profile 

Fig. 1. Grid schematic sketch of rotary wings 

3. Numerical methods 

3.1. Governing equations 

Under the assumption of continuous medium, three dimensional unsteady compressible 
Reynolds averaged Navier-Stokes (RANS) equations are given by the integral conservation form: 

ම 𝜕𝜕𝑡 𝐖𝑑𝑉௏ + ඾ 𝐐 ⋅ 𝐧𝑑𝑆డ௏ − ඾ 𝐑 ⋅ 𝐧𝑑𝑆డ௏ = 0, (1)

where: 

𝐖 = ⎣⎢⎢⎢
⎡ 𝜌𝜌𝑢𝜌𝑣𝜌𝑤𝜌𝐸⎦⎥⎥⎥

⎤ ,     𝐐 = ⎣⎢⎢
⎢⎡ 𝜌𝐪𝜌𝑢𝐪 + 𝑝𝐈௫𝜌𝑣𝐪 + 𝑝𝐈௬𝜌𝑤𝐪 + 𝑝𝐈௭𝜌𝐻𝐪 ⎦⎥⎥

⎥⎤ ,     𝐑 = ⎣⎢⎢⎢
⎢⎡ 0𝜏௫௫𝐈௫ + 𝜏௫௬𝐈௬ + 𝜏௫௭𝐈௭𝜏௫௬𝐈௫ + 𝜏௬௬𝐈௬ + 𝜏௬௭𝐈௭𝜏௫௭𝐈௫ + 𝜏௬௭𝐈௬ + 𝜏௭௭𝐈௭𝑓ହ𝐈௫ + 𝑔ହ𝐈௬ + ℎହ𝐈௭ ⎦⎥⎥⎥

⎥⎤, 
with: 

𝑓ହ = 𝑢𝜏௫௫ + 𝑣𝜏௫௬ + 𝑤𝜏௫௭ + 𝑘 𝜕𝑇𝜕𝑥, 𝑔ହ = 𝑢𝜏௫௬ + 𝑣𝜏௬௬ + 𝑤𝜏௬௭ + 𝑘 𝜕𝑇𝜕𝑦, ℎହ = 𝑢𝜏௫௭ + 𝑣𝜏௬௭ + 𝑤𝜏௭௭ + 𝑘 𝜕𝑇𝜕𝑧, 
and 𝜌 , 𝑝 , 𝑇 , 𝜏  and 𝑘  are density, pressure, temperature, shear stress and heat conductivity 
coefficient. 𝑢 , 𝑣 , 𝑤  denote three Cartesian velocity components of fluid velocity 𝐪. 𝐸  and 𝐻 
express total energy and total enthalpy, and their relation is given by the formula 𝐻 = 𝐸 + 𝑝/𝜌. 𝐈௫, 𝐈௬, 𝐈௭ are three unit vectors along three coordinate axes of rectangular coordinate system, and 𝜕𝑉 with unit normal vector 𝐧 = (𝑛௫, 𝑛௬, 𝑛௭) is the boundary of the control volume 𝑉. 

Eqs. (1) are not only suitable for static control volume, but also for arbitrary motion state. 
However, it is expected that the time derivative can be gotten out of the integral formula so as to 
conveniently solve equations with the finite volume method. According to the Leibniz theorem 
[24], there is the formula: 

X

Y

Z

Rotor Grids
Intermedial GridBackground Grid Rotor
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𝑑𝑑𝑡 ම 𝐖𝑑𝑉௏ = ම 𝜕𝜕𝑡 𝐖𝑑𝑉௏ + ඵ 𝐖𝐪௕ ⋅ 𝐧𝑑𝑆డ௏ , (2)

where 𝐪௕ is the boundary velocity vector of control volume. In other words, 𝐪௕ is mesh velocity 
vector. If Eq. (2) are plugged into Eq. (1), we can get the RANS equations with the integral form: 𝑑𝑑𝑡 ම 𝐖𝑑𝑉௏ + ඾ 𝐇ଵ ⋅ 𝐧𝑑𝑆డ௏ − ඾ 𝐑 ⋅ 𝐧𝑑𝑆డ௏ = 0, (3)

with: 

𝐇ଵ = ⎣⎢⎢
⎢⎡ 𝜌(𝐪 − 𝐪௕)𝜌𝑢(𝐪 − 𝐪௕) + 𝑝𝐈௫𝜌𝑣(𝐪 − 𝐪௕) + 𝑝𝐈௬𝜌𝑤(𝐪 − 𝐪௕) + 𝑝𝐈௭𝜌𝐻(𝐪 − 𝐪௕) + 𝑝𝐪௕⎦⎥⎥

⎥⎤. (4)

To simulate the flow field of aircraft flight in the wind disturbance environment, it is supposed 
that perturbation of wind has the temporal synchronization in the computational domain 
considering the small size of the aircraft and the small wind perturbation, so the field velocity 
method is adopted. The flow fields can be construed as obtaining an equal and opposite velocity 
according to the relative motion. Based on the physical principle of the above building 
mathematical model, the convective terms 𝐇ଵ of the RANS equations should be changed to: 

𝐇 = ⎣⎢⎢
⎢⎢⎡ 𝜌(𝐪 − 𝐪௚ − 𝐪௕)𝜌𝑢(𝐪 − 𝐪௚ − 𝐪௕) + 𝑝𝐈௫𝜌𝑣(𝐪 − 𝐪௚ − 𝐪௕) + 𝑝𝐈௬𝜌𝑤(𝐪 − 𝐪௚ − 𝐪௕) + 𝑝𝐈௭𝜌𝐻(𝐪 − 𝐪௚ − 𝐪௕) + 𝑝(𝐪௚ + 𝐪௕)⎦⎥⎥

⎥⎥⎤. (5)

Correspondingly, the governing equations are converted to: 𝑑𝑑𝑡 ම 𝐖𝑑𝑉௏ + ඾ 𝐇 ⋅ 𝐧𝑑𝑆డ௏ − ඾ 𝐑 ⋅ 𝐧𝑑𝑆డ௏ = 0, (6)

and 𝐪௚ is the speed vector relative to the atmospheric disturbance. In the paper, the grid velocity 
for the wind disturbance is only carried out in the two regions of rotor grids. The information is 
transferred between the rotor grids and intermedial grid, as well as the intermedial grid and 
background grid via artificial external boundaries and hole boundaries, which embodies the 
advantage of moving overset girds. 

The state equations are needed to guarantee the closure of control equations, which are written 
by: 𝑝 = (𝛾 − 1)𝜌 ൤𝐸 − 12 (𝑢ଶ + 𝑣ଶ + 𝑤ଶ)൨, 𝑝 = 𝜌𝑅𝑇, (7)

where 𝛾 is the ratio of specific heats. The eddy viscosity is modeled by the zeroth-order algebraic 
turbulence model provided by Baldwin Lomax [25]. 
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3.2. Conversion of coordinate system 

Since the rotary wing motion is broken down by using three levels of overset grids, coordinate 
transformation is required to carry out among sub domain grids including intermedial grid, 
background grid and rotor grids during designing program of the unsteady flow field. Three kinds 
of coordinate systems are involved. One of the related coordinate systems is inertial coordinate 
system also called absolute coordinate system written as 𝑅஺(𝑂, 𝑥, 𝑦, 𝑧). Rotational coordinate 
system 𝑅ோ(𝑂, 𝑒ଵ, 𝑦, 𝑒ଷ) is obtained after the inertial coordinate rotates (90° − 𝜓) around the 𝑦 axis, 
and rotor coordinate system 𝑅௉(𝑂, 𝑏ଵ, 𝑏ଶ, 𝑎ଷ) is obtained after the rotational coordinate rotates (−𝜃) around the 𝑒ଷ axis. Here 𝜙 is azimuthal angle. 

To define: 

൥𝑥ଵ𝑦ଵ𝑧ଵ ൩ = 𝑇ଶଵ ൥𝑥ଶ𝑦ଶ𝑧ଶ ൩, (8)

where 𝑇ଶଵ  is called transformation matrix from coordinate 2 to coordinate 1. Since all of the 
coordinate systems are orthogonal, the transformation matrices are all orthogonal matrices, that is 
to say: 𝑇ଵଶ = (𝑇ଶଵ)ିଵ = (𝑇ଶଵ)். (9)

Two basic transformation matrices are given by: 

𝑇ோ஺ = ൥cos𝜑 0 −sin𝜑0 1 0sin𝜑 0 cos𝜑 ൩ ,     𝑇௉ோ = ൥ cos𝜃 sin𝜃 0−sin𝜃 cos𝜃 00 0 1൩, (10)

where, 𝜑 = 𝜙 − 90°.  Coordinate transformation between overset sub domain grids is 
implemented by combining the above two basic matrices. 

3.3. Discrete method 

By using the finite volume method for Eq. (6) on each control volume (𝑖, 𝑗, 𝑘), ordinary 
differential equations are obtained as the form: 𝑑𝑑𝑡 (𝑉 ⋅ 𝐖) + ෍(𝐇 ⋅ 𝐒)௙ 

௙ − ෍(𝐑 ⋅ 𝐒)௙ 
௙ = 𝟎, (11)

with 𝑓 = 𝑖 − 1/2, 𝑖 + 1/2, 𝑗 − 1/2, 𝑗 + 1/2, 𝑘 − 1/2, 𝑘 + 1/2. 
For spatial discretization, second-order central differencing scheme is used to solve the viscous 

fluxes. Roe Riemann solver as a flux difference splitting scheme is adopted to approximate the 
inviscid fluxes. At the volume interface ( 𝑖 + 1/2, 𝑗, 𝑘 ), Roe scheme is given by the  
expression [26]: (𝐇 ⋅ 𝐒)௜ାଵଶ,௝,௞ = 𝟏𝟐 {[𝐇(𝐖௅) + 𝐇(𝐖ோ)] − ห𝐀෩ห(𝐖ோ − 𝐖௅)} ⋅ 𝐧(Δ𝑆)௜ାଵଶ,௝,௞, (12)

where the subscript (𝐿, 𝑅) stands for the left and right physical variables across the interface  
(𝑖 + 1/2, 𝑗, 𝑘). 𝐀෩ denotes the Roe’s average matrix. It is worth noting that the eigenvalues of the 
Roe average matrix 𝐀෩ are: 
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𝜆ሚଵ = 𝑞෤ − 𝑞௚ − 𝑞௕ + 𝑎෤,      𝜆ሚଶ = 𝜆ሚଷ = 𝜆ሚସ = 𝑞෤ − 𝑞௚ − 𝑞௕,     𝜆ሚହ = 𝑞෤ − 𝑞௚ − 𝑞௕ − 𝑎෤, (13)

where 𝑞෤ = 𝐪෥ ⋅ 𝐧 = (𝑢෤, 𝑣෤, 𝑤෥) ⋅ (𝑛௫, 𝑛௬, 𝑛௭), 𝑞௚ = 𝐪௚ ⋅ 𝐧, and 𝑞௕ = 𝐪௕ ⋅ 𝐧. Entropy fix is required 
to avoid non-physical solution. We adopt Harten’s entropy fix [27]. 

To improve accuracy, fifth-order WENO-Z reconstruction [28, 29] is performed for the left 
and right physical variables in the Roe Riemann solver. In the curvilinear coordinate system with 
uniform distribution grids, interpolation is conducted dimension by dimension. Left state 
extrapolated primary variable 𝐏௜ାଵ/ଶ௅  of fifth order accuracy is expressed by: 𝐏௜ାଵ/ଶ௅ = 𝜔଴𝐕଴ + 𝜔ଵ𝐕ଵ + 𝜔ଶ𝐕ଶ, (14)

where 𝐕௞  ( 𝑘 =  0, 1, 2) is obtained by extrapolating cell average values in the stencil  𝑆௞ = (𝑖 − 𝑘, 𝑖 − 𝑘 + 1, 𝑖 − 𝑘 + 2): 

𝐕଴ = 2𝐏௜ + 5𝐏௜ାଵ − 𝐏௜ାଶ6 ,    𝐕ଵ = −𝐏௜ିଵ + 5𝐏௜ + 2𝐏௜ାଵ6 ,    𝐕ଶ = 2𝐏௜ିଶ − 7𝐏௜ିଵ + 11𝐏௜6 . (15)

By nonlinear WENO-Z weight, 𝜔௞ can be written as: 

𝜔௞ = 𝛼௞∑ 𝛼௟ଶ௟ୀ଴ ,     𝛼௞ = 𝑑௞ ቈ1 + ൬|𝛽଴ − 𝛽ଶ|𝜀 + 𝛽௞ ൰ଶ቉, (16)

where 𝑑଴ =0.3, 𝑑ଵ = 0.6, 𝑑ଷ =0.1. The expression of smooth factor 𝛽௞ is given by literature [30]. 
The introduction of 𝜀 > 0 is to avoid the denominator becoming 0. Traditional choice is 𝜀 = 10ି଺. 
However, if 𝜀 is too large relative to the computational grid, the solution containing discontinuity 
could be affected. It is proposed that 𝜀 is taken as a function of Δ𝑥 [29, 31], for example 𝜀 = Δ𝑥ଶ. 
We choose 𝜀 = 𝑂(Δ𝑥ଷ) = 10-18 because the smallest grid magnitude near body surface  
is 10-6. Right state value 𝐏௜ାଵ/ଶோ  can be derived in a similar way on the stencil  𝑆௞ = (𝑖 − 𝑘, 𝑖 − 𝑘 + 1, 𝑖 − 𝑘 + 2), 𝑘 = 1, 2, 3. 

The implicit scheme of dual time stepping is used for the time update [21]. One rotation period 
is divided into 1200 equal physical time stations. The computation of flow fields are iterated 5 
steps at every physical time station, which is called pseudo time computational process. Main 
iteration and sub iteration correspond to the physical time process and the pseudo time process, 
respectively. The both processes are implicit, so the time update method is called implicit dual 
time step method. 

Specially, to introduce pseudo time term in Eq. (11): 𝜕(𝑉𝐖)𝜕𝜏 + 𝑑(𝑉𝐖)𝑑𝑡 + ෍(𝐇 ⋅ 𝐒)௙ 
௙ − ෍(𝐑 ⋅ 𝐒)௙ 

௙ = 0, (17)

where 𝜏 is pseudo time, and 𝑡 is physical time. The physical time derivative is approximated by 
second-order backward difference of three points, and then we can get implicit discrete equations: 𝜕(𝑉𝐖)𝜕𝜏 = 𝐑𝐇𝐒, (18)

where: 

𝐑𝐇𝐒 = − 3(𝑉𝐖)௡ାଵ − 4(𝑉𝐖)௡ + (𝑉𝐖)௡ିଵ2Δ𝑡 − ቎෍(𝐇 ⋅ 𝐒)௙௡ାଵ 
௙ − ෍(𝐑 ⋅ 𝐒)௙௡ 

௙ ቏, 
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stands for sub iterative residual. Therefore, the solutions of governing equations equal to the steady 
solutions of Eqs. (18) by updating pseudo time 𝜏. 

First order implicit backward difference is performed for the pseudo time derivative  
of Eq. (18): 

𝑉௡ାଵ Δ𝐖Δ𝜏 = − 3𝑉 ௡ାଵ𝐖 ௠ାଵ − 4(𝑉𝐖) ௡ + (𝑉𝐖) ௡ିଵ2Δ𝑡 − ቎෍(𝐇 ⋅ 𝐒)௙௠ାଵ 
௙ − ෍(𝐑 ⋅ 𝐒)௙௡ 

௙ ቏, (19)

where Δ𝐖௜,௝,௞ = 𝐖௜,௝,௞௠ାଵ − 𝐖௜,௝,௞௠ . With linearization for the inviscid flux ∑ (𝐇 ⋅ 𝐒)௙௠ାଵ ௙ , it can be 
derived as following: 

𝑉 ௡ାଵ Δ𝐖Δ𝑡 + 3𝑉 ௡ାଵ2Δ𝑡 Δ𝐖 + [(𝐀Δ𝐖)௜ାଵଶ,௝,௞ − (𝐀Δ𝐖)௜ିଵଶ,௝,௞      +(𝐁Δ𝐖)௜,௝ାଵଶ,௞ − (𝐁Δ𝐖)௜,௝ିଵଶ,௞ + (𝐂Δ𝐖)௜,௝,௞ାଵଶ − (𝐂Δ𝐖)௜,௝,௞ିଵଶ] = 𝐑𝐇𝐒 ௠, (20)

with: 

𝐑𝐇𝐒௠ = − 3𝑉 ௡ାଵ𝐖 ௠ − 4(𝑉𝐖) ௡ + (𝑉𝐖) ௡ିଵ2Δ𝑡 − ቎෍(𝐇 ⋅ 𝐒)௙௠ 
௙ − ෍(𝐑 ⋅ 𝐒)௙௠ 

௙ ቏. 
The sub iteration is solved by the use of implicit LU-SGS method [32]: (𝐋 + 𝐃)𝐃ିଵ(𝐔 + 𝐃)Δ𝐖 = 𝐑𝐇𝐒௠. (21)

3.4. Initial conditions and boundary conditions 

In order to accelerate convergence, pseudo steady is computed until density residual reaches 
four magnitude or iteration is carried out 1000 steps. The results are regarded as the initial fields. 

Boundary conditions consist of body surface boundary condition for the rotary wings, slotted 
boundary condition for the C-H topological rotor grids, far field boundary condition for the 
outmost of the background grid, artificial external boundary and hole boundary conditions for 
transferring information between the rotor grids and intermedial grid, as well as the intermedial 
grid and background grid. It is a difficulty for the implementation of artificial external boundaries 
and hole boundaries when using high order schemes. The variables 𝐏௜ାଵ/ଶ௅  and 𝐏௜ିଵ/ଶோ  of fifth order 
WENO scheme use the stencil including cell 𝐼௜ିଶ, 𝐼௜ିଵ, 𝐼௜, 𝐼௜ାଵ, 𝐼௜ାଶ, thus we propose to adopt 
three layers of cell fingers of hole boundaries and artificial external boundaries so as to the direct 
implementation of interpolation without reducing order. The information exchange between 
overset grids is carried out by trilinear interpolation method. 

4. Results and discussion 

4.1. Flow field simulations without wind perturbation 

Caradonna-Tung two-bladed rotor [20] is selected to be the rotary-wing model. The rotary 
wings have two same blades which are made up of NACA 0012 sections and have a rectangular 
planform which has an aspect ratio of 6. To verify the codes and the computational overset grids, 
subsonic flows around hovering rotor are computed based on the available experimental data. The 
flight states are a pitch angle 8°, a tip Mach number 0.439, and a Reynolds number 1.98×106. As 
shown in Fig. 2, the computed surface pressure coefficients are compared with the experimental 
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data at the 𝑍/𝑅 = 0.68, 𝑍/𝑅 = 0.80, 𝑍/𝑅 = 0.89 and 𝑍/𝑅 = 0.96 spanwise stations. It can be 
seen that the numerical results are consistent with the experimental data. Then this solver is further 
developed to compute the flows of micro rotary wings under low Reynolds number with wind 
perturbation. 

  

  
Fig. 2. Computed and experimental surface pressure coefficient without wind disturbance 

4.2. Aerodynamic response of micro rotary wings under wind disturbance 

Computation is carried out for the flight conditions of pitch angle 6°, tip Mach number  𝑀𝑡𝑖𝑝 = 0.03, and tip Reynolds number 𝑅𝑒 = 1×105. As shown in Fig. 3, since the most sensitive 
influence of atmospheric disturbance comes from that of perpendicular to the direction of 
incoming flow, we study small perturbation with sinusoidal wind that is parallel to the axial 
direction of the rotary wings. 

The function of atmospheric perturbation in axial direction is expressed by: 𝐹(𝑡) = −𝑉௚ ⋅ sin(𝜛 ⋅ 𝑡). (22)

Then the grid velocity function for the atmospheric disturbance is: 𝐺(𝑡) = 𝑉௚ ⋅ sin(𝜛 ⋅ 𝑡). (23)

The blade tip velocity can be written as: 𝑈𝑡𝑖𝑝 = 𝜔 ⋅ 𝑅 = 𝑎0 ⋅ 𝑀𝑡𝑖𝑝, (24)
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where 𝜔 is angular velocity and 𝑅 is radius rotation. 

 
a) Rotational motion of rotary wings 

 
b) Atmospheric disturbance 

Fig. 3. The sketch of rotary wings suffering disturbance of wind 

Let 𝑓௚ = 𝜛 2𝜋⁄ , 𝑓 = 𝜔 2𝜋⁄ . To define ratio of perturbation amplitude and ratio of 
perturbation frequency: 

𝜀 = 𝑉௚𝑈௧௜௣ ,     𝜂 = 𝑓௚𝑓 = 𝜛𝜔, (25)

the grid velocity function can be written as: 𝐺(𝑡) = 𝜀 ⋅ 𝑈௧௜௣ ⋅ sin(𝜂 ⋅ 𝜔 ⋅ 𝑡). (26)

In the paper, the aerodynamic response of the micro rotary wings is studied at different 
disturbance frequencies with same disturbance amplitude, as well as different disturbance 
amplitudes with same disturbance frequency. Given the basic ratio of perturbation amplitude  𝜀଴ = tan(0.35), the computational cases are expressed as follows: 𝜉 = 0.5, 1.0, 2.0, as 𝜀 = 𝜀଴; 𝜀 = 0.5𝜀଴, 1.5𝜀଴, 2𝜀଴, as 𝜉 = 1.0. 

Thrust response under different disturbance frequencies is shown in Fig. 4. We can see that 
curves of thrust coefficient 𝐶்  change with the number 𝑁  of rotary period under different 
disturbance frequencies based on the same amplitude 𝜀଴ = tan(0.35), except that Fig. 4(a) is the 
case without wind disturbance. The number of rotation can be given by 𝑁 = (𝜔/2𝜋)𝑡 = 𝑓𝑡. And 
the expression of thrust coefficient is 𝐶் = 𝑇 ቂఘଶ (𝜔ଶ𝑅ଶ)(𝜋𝑅ଶ)ቃൗ , where 𝑇  is the total thrust 
obtained by integral of pressure on the rotor blades [33]. Therefore, both of 𝑁  and 𝐶்  are 
nondimensional parameters. It can be seen that all of thrust coefficients tend to stability after 
second rotational period, which reveals that the computational method has high good robustness. 
The flows are unsteady despite no disturbance as shown in Fig. 4(a). The varying frequencies of 
thrust agree with the wave frequencies of disturbance wind, however, the varying amplitudes 
gradually become stronger with the increasing of disturbance frequencies. 

When the ratio of perturbation frequency 𝜂 = 1, thrust response under different disturbance 
amplitudes of velocity is shown in Fig. 5. The thrust amplitude increases as disturbance amplitude 
of velocity increasing. Meanwhile, the varying frequencies of thrust are almost identical. The 
results are in accord with the actual conditions. 

From the computational results, it can be predicted that the influence of wind perturbation 
could be controlled by adjusting the rotary wing pitch according to the changing frequency and 
amplitude of wind speed. Maybe, delay effect should be considered so as to nonlinear control 
algorithm would be adopted through combining CFD technique. 
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a) b) 

c) d) 
Fig. 4. Thrust response under different disturbance frequencies 

 
Fig. 5. Thrust response under different disturbance amplitudes of velocity 

Furthermore, the computed surface pressure coefficients are illustrated at the spanwise station 𝑟/𝑅 = 0.89 in Fig. 6. Whether the pressure response results of different wind disturbance with the 
azimuthal angle 𝜙 = 180° shown in Fig. 6(a)-(b) or different azimuthal angles with the same wind 
perturbation of 𝜀 = 𝜀଴, 𝜂 = 1.0 shown in Fig. 6(c)-(d) are consistent with the flight situation. And 
the results conform to the flight aerodynamic characteristics. 
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a) 

 
b) 

 
c) 

 
d) 

Fig. 6. Surface pressure coefficients under wind disturbance 

5. Conclusions 

One high fidelity numerical method is extended to compute the unsteady aerodynamic loads 
when rotary wings suffer sinusoidal wind. Field velocity method is effectively developed to the 
mathematics modeling for small wind perturbation in the condition of using moving overset grids. 
The grid velocity representing the wind perturbation is carried out in the rotor grids, and the flow 
information is transferred among overset grids by artificial external boundaries and hole 
boundaries, where three layers of fingers are proposed so that the fifth order WENO-Roe spatial 
discrete method is directly implemented for inviscid term instead of reduced order.  

In the paper, the aerodynamic response of the micro rotary wings is researched at different 
disturbance frequencies and different disturbance amplitudes. The results show that atmospheric 
disturbance has an important impact on the flows of micro rotary wings under low Reynolds 
number. Thrust coefficient response presents periodic fluctuation and its amplitude is proportional 
to that of wind disturbance. The varying frequencies of thrust accord with the wave frequencies 
of disturbance wind, however, the varying amplitudes gradually become bigger with the 
increasing of disturbance frequencies. Most of all, it can be predicted from the results that the 
influence of wind perturbation could be controlled by changing the rotary wing pitch. 
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