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This paper develops a multi-time scale kinetics solution strategy for the flight dynamic simulation of 
elastomeric aircraft. The combination of computational fluid dynamics (CFD) solver and reduced-order 
model is utilized to calculate the aerodynamics of elastic aircraft. CFD is applied to the aerodynamic 
solution of rigid motion, and reduced-order model is to the elastic deformation. The governing equations 
of rigid-body dynamics and structure dynamics are decoupled in time-scale, and their time step sizes can 
be set differently. This method overcomes the problem of large difference in characteristic times between 
rigid-body dynamics and structure dynamics, and improves the calculation efficiency of CFD based 
multi-disciplinary coupling solution. For current work, the multi-time scale kinetics solution method is 
applied to the simulation of store separation problem considering elastic deformation of carrier aircraft. 
The autoregressive with exogenous input model is employed to establish the generalized aerodynamic 
model of carrier. By comparison, the time responses of store obtained by the multi-time scale kinetics 
solution method are in good agreement with those by traditional CFD based multi-disciplinary coupling 
simulation, which validates high precision of the new method. Furthermore, the calculation amount of 
the new coupled calculation method is reduced by about an order of magnitude compared with that of 
the traditional method. The multi-time scale kinetics solution method can provide an effective solution 
strategy for similar engineering problems.

© 2020 Elsevier Masson SAS. All rights reserved.
1. Introduction

The air-launch-to-orbit is a low-energy and high-flexibility 
space transportation technology for future, and has attracted broad 
attention [1]. With this launching approach, large transport air-
plane (carrier aircraft) provides initial kinetic and potential en-
ergies for spacecraft (store), and less fuel is consumed for the 
spacecraft to enter orbit [2]. However, there are many technical 
problems in this process, among which the separation of spacecraft 
is the key issue. Primarily, spacecraft is usually mounted below the 
wing, and the flow field of the combined aircraft is extremely com-
plicated. Secondly, the separation is a dynamic process, in which 
strong unsteady aerodynamic interferences can occur between the 
carrier aircraft and external spacecraft [3]. Moreover, for the large 
transport airplane with a high aspect ratio, the deformation of the 
wing should be considered, and the aeroelastic responses of the 
carrier can have an impact on spacecraft. As a result, the flight 
stability of spacecraft is most likely to be influenced by carrier air-
craft and other surroundings [4,5].
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For the store separation technology, seeking safe and reliable 
separation method is the primary problem to be considered [6–8], 
and a great deal of numerical calculations and experiments are 
needed. In recent years, with the advances of computer technology, 
the dynamic grid technology and CFD have been rapidly developed, 
and the CFD/RBD coupled method has been widely applied to flight 
simulation and store separation of rigid aircraft [9–13]. However, 
less work has been done for the elastomeric vehicles. In our pre-
vious research, structure dynamics is coupled in the simulation 
system, and the CFD/CSD/RBD coupling method is developed and 
utilized in the simulation of the store separation process [4,14,15].

The CFD/CSD/RBD coupling method has high calculation accu-
racy. Nevertheless, the huge amount of calculation is the primary 
factor that prevents it from being extended to engineering appli-
cations. During the CFD/CSD/RBD coupling simulation, the majority 
of CPU time is taken up by solving the Naiver-Stokes (N-S) equa-
tion and processing dynamic grid. Therefore, there are two ways to 
improve the simulation efficiency: one is to replace CFD method by 
an efficient aerodynamic model [16], such as the ROM [17,18]; the 
other is to reduce the call number of CFD.

At present, the ROM is excellently suitable for the linear prob-
lem [19–21] and most of the nonlinear problem [22–24]. However, 
for store separation problem, the unsteady interfering aerodynamic 
forces between store and carrier aircraft are complex. Solving the 
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List of abbreviations

ALE Arbitrary Lagrangian–Eulerian
ARX Autoregressive Model with Exogenous Input
CFD Computational Fluid Dynamics
CSD Computational Structure Dynamics
GFSI Generalized Fluid-Structure Interaction

LU-SGS Lower-Upper Symmetric Gauss-Seidel method
RBD Rigid-Body Dynamics
ROM Reduced-Order Model
SILMS Semi-Implicit Linear Multi-Step Scheme
MTS Multi-Time Scale
multibody dynamics problems only with the aerodynamic model-
ing method is difficult for us. Thus, CFD method cannot be aban-
doned.

Increasing physical time step size is an effective way to reduce 
the iteration number of CFD. For the store separation problem, 
the physical time is less than 2 s. The calculation amount of the 
CFD/RBD method is acceptable for engineering in terms of current 
computer technology. Compared with the CFD/RBD coupled sim-
ulation, the computational efficiency of the CFD/CSD/RBD coupled 
simulation is limited by the time step size. The natural frequency 
of the flight mechanic mode of aircraft is 0.005 to 1 Hz, and that 
of the elastic mode ranges from 1 to 1000 Hz. During the CFD/RBD 
simulation, the choice of time step size is based on the flight me-
chanic mode. Only 20 to 40 unsteady time iterations are required 
in one rigid body dynamic cycle. However, the time step size of 
the CFD/CSD/RBD simulation is based on the elastic mode and is 
greatly reduced. It means that thousands of unsteady time iter-
ations are carried out in one period of flight mechanics and the 
calculation amount is huge. For the study of CFD/CSD/RBD coupled 
simulation, if time step size is based on the flight mechanic mode, 
it will result in poor accuracy of elastic deformation or divergence 
of the structural dynamic equation. Then, is there a way to mag-
nify time step size for the flight dynamic simulation of the elastic 
aircraft with high efficiency and precision?

An answer is the combination of ROM and CFD. For the air-
craft structure dynamic simulation, on one hand, as the elastic 
deformations of conventional aircraft are smaller than its refer-
ence length within its flight envelope, the variation of generalized 
aerodynamic forces is linear due to the elastic deformation. On the 
other hand, smaller characteristic times lead to smaller time step 
size, the aerodynamic solver is called frequently. Then the gener-
alized aerodynamic forces can be established by the linear ROM 
with high efficiency, precision and robustness. For the flight dy-
namics, in order to accurate unsteady interference aerodynamics 
better, unsteady CFD method is employed. In the simulation, as the 
aerodynamic solvers of rigid-body dynamics and structure dynam-
ics are different, the time step sizes can be set differently. When 
time step size of rigid-body dynamics simulation is much larger 
than that of the structure dynamics, the simulation efficiency will 
increase. According to this idea, the multi-time scale CSD/RBD cou-
pled simulation method is developed in this research. This method 
takes advantages of both CFD and ROM methods, and overcomes 
the problem of large difference in characteristic times between 
rigid-body dynamics and structure dynamics, improving the cal-
culation efficiency of CSD/RBD coupled simulation.

In this paper, the solution strategy of the multi-time scale 
simulation method is introduced in detail. The ARX model is 
employed to establish the unsteady aerodynamic ROM of elas-
tic aircraft. Focusing on the store separation problem consider-
ing elastic deformation of carrier, the time responses are calcu-
lated with the CFD/CSD/RBD method and the multi-time scale 
ROM/CFD/CSD/RBD method (or MTS ROM/CFD/CSD/RBD, for short) 
respectively. By comparing and analyzing the calculation results of 
the two methods, the computational accuracy and efficiency of the 
MTS ROM/CFD/CSD/RBD method can be verified.
2. Coupling calculation method

2.1. Dynamic solution strategy

For the present research, the combination of ROM and CFD is 
adopted in the CSD/RBD coupled simulation. The weak coupling 
solution method is utilized. In this approach, the rigid body dy-
namic responses are calculated by the CFD/RBD method and the 
time step size is determined by flight mechanic modes. Meanwhile, 
the elastic deformation of aircraft is simulated by the ROM/CSD 
method, and time step size is based on the highest order of elastic 
modes. As the time step size of CFD/RBD simulation is much larger 
than that of ROM/CSD, there are a number of ROM/CSD iterations 
in one CFD/RBD time step, and the flow fields, displacement and 
attitude angle of the aircraft will be frozen during the ROM/CSD 
simulation.

For convenience, the solving process is shown in Fig. 1, in 
which k means current time step, and the time step sizes of 
CFD/RBD and ROM/CSD are expressed as n · ts and ts respectively. 
In the simulation system, the system physical time step size is 
based on ts, and the flow field is solved once when the phys-
ical time step is iterated for n times. The program flow can be 
explained as below.

Firstly, the simulation begins, and the program input file, com-
putational grid, structural modal and aerodynamic models are read 
respectively.

Secondly, CFD/CSD/RBD coupled simulation runs for m steps to 
accurately calculate the effect of the initial excitation on the dy-
namic response of the structure. The time step size is ts′ (ts′ can 
be different from ts).

Thirdly, in the No. m+1 step, determine whether the number 
of computation steps m+1 is an integer multiple of n. If so, the 
CFD/CSD/RBD coupling method will be used to calculate the flow 
field, elastic deformation and rigid body motion. The time step size 
of CFD/RBD is n ·ts, and that of the CFD/CSD is ts. If not, the current 
flow field will be frozen, and ROM/CSD method will be employed 
to solve the elastic deformation of aircraft, the time step size is ts.

Fourthly, determine whether the next step k+1 is an integer 
multiple of n. If so, the generalized displacement will be converted 
into real displacement of grid nodes by modal matrix, and the real 
displacements will be superimposed on CFD grid. If not, keep as it 
is.

Finally, at the end of each physical time step, dynamic response 
parameters are outputted. The program will be prepared for the 
next iteration.

The coupling simulation program is improved from the Gen-
eralized Fluid-Structure Interaction (GFSI) code developed by our 
group [14,15]. There are several simulation modules in the pro-
gram. Below flowchart introduces the governing equations and 
computing methods of the modules respectively.

2.2. CFD module

The CFD module is applied to calculate the aerodynamic forces 
of the aircraft. The governing equations are unsteady, three-
dimensional Navier-Stokes equations, and are described by the Ar-
bitrary Lagrangian–Eulerian (ALE) method. The conservation form 
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Fig. 1. Flow diagram of MTS ROM/CFD/CSD/RBD simulation method.
of N-S equations is written in the earth-fixed rectangular coordi-
nate system as follows [25–27]:

∂

∂t

˚

�

QdV +
¨

∂�

F(Q,Vgrid) · ndS =
¨

∂�

FV (Q) · ndS (1)

where Q denotes the vector of conservative variable; Vgrid is ve-
locity vector of a control volume; and n is the normal vector of 
boundary face of a control volume. F(Q, Vgrid) and FV (Q) represent 
inviscid flux vector and viscous flux vector respectively. � and ∂�

refer to control volume and the boundary of control volume re-
spectively.

The state equations of ideal gas are expressed as follows [25].

P = (γ − 1)

[
e0 − 1

ρ (‖V‖)2
]

(2)

2
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T = P

ρR
(3)

where V, P , ρ and T are velocity vector, pressure, density and tem-
perature respectively. γ denotes the specific heat ratio of the gas. 
e0 is the total energy per unit volume of incoming flow, and can 
be expressed as the sum of the internal energy e and the kinetic 
energy per unit volume: e0 = e + 1

2 ρ (‖V‖)2.
In the CFD module, the Roe, Steger-Warming, Van Leer and 

AUSM series numerical methods are available. And the laminar 
flow model, S-A turbulence model and SST turbulence model can 
be selected to solve the N-S equations. In this paper, S–A tur-
bulence model is employed to enclose the N–S equations. The 
dual-time stepping method is used to solve the governing equa-
tions. The Lower-Upper Symmetric Gauss-Seidel method (LU-SGS) 
and Symmetric Gauss-Seidel method can be chosen for the pseudo 
time marching.

2.3. CSD module

When the deformation of elastic body is much smaller than the 
reference length, the elastic deformation can be regarded as linear 
and expressed by mode superposition method. Derived from La-
grange equations and the principle of virtual work, the structure 
dynamic equations based on mode superposition method can be 
expressed as:

Mξ̈ + Gξ̇ + Kξ = Q (4)

where, M means generalized mass matrix; G denotes generalized 
structural damping matrix; K is generalized stiffness matrix; and 
Q represents generalized force.

When the first N order modes are considered, the elastic dis-
placement vector can be written as:

w(x, y, z, t) =
N∑

i=1

�i(x, y, z)ξi(t) (5)

w(x, y, z, t) is the elastic displacement vector of the structural de-
formation; �i(x, y, z) is the ith-order mode; and ξi(t) is general-
ized coordinate of the ith-order mode. The state space form of the 
structure dynamic equations is as follows:

ẋ = A · x + B · Q (x, t) (6)

A =
[

I O
−M−1K −M−1G

]
,

B =
[

O
M−1

]
, x = [

ξ1, ξ2, · · · , ξN , ξ̇1, ξ̇2, · · · , ξ̇N
]T

The structure dynamic equations are calculated by the second 
order Semi-Implicit Linear Multi-step Scheme (SILMS) [28].

2.4. RBD module

Derived from the momentum theorem and the moment of mo-
mentum theorem, the six degrees of freedom equations of aircraft 
in the body-fixed coordinate can be expressed as:⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Fx = m (u̇ − vr + wq)

F y = m (v̇ − wp + ur)
F z = m (ẇ − uq + vp)

Mx = ṗ Ix − Ixz (ṙ + pq) − (
I y − Iz

)
qr

M y = q̇I y − Ixz
(
r2 − p2

) − (Iz − Ix) rp
Mz = ṙ I z − Ixz (ṗ − qr) − (

Ix − I y
)

pq

(7)

where, F is total external force vector; m is the mass of aircraft; 
v = [

u v w
]T is centroid velocity vector; ω = [

p q r
]T denotes 
angular velocity vector; M represents total moment vector; and h
means the moment of the momentum vector of aircraft. When the 
first derivative terms are moved to the left side of Eq. (7), the gov-
erning equations can be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

mu̇ = Fx + mvr − mwq
mv̇ = F y + mwp − mur
mẇ = F z + muq − mvp(

Ix Iz − I2
xz

)
ṗ =Iz Mx + Ixz Mz + Iz Ixz pq − I2

xzqr

+ (
I y − Iz

)
Izqr + (

Ix − I y
)

Ixz pq
I yq̇ = M y + Ixz

(
r2 − p2

) − (Iz − Ix) rp(
Ix Iz − I2

xz

)
ṙ =Ixz Mx + IxMz + I2

xz pq − Ix Ixzqr

+ (
Ix − I y

)
Ix pq + (

I y − Ix
)

Ixzqr

(8)

The rigid body motion equations are given as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

u̇G = cos θ cosψ · u + (− sin ψ cosϕ + sinϕ sin θ cosψ) v

+ (sinψ sinϕ + cosϕ sin θ cosψ) w
v̇G = cos θ sinψ · u + (cosψ cosϕ + sinϕ sin θ sinψ) v

+ (− cos ψ sinϕ + cosϕ sin θ sinψ) w
ẇG = − sin θ · u + cos θ sinϕ · v + cos θ cosϕ · w

ϕ̇ = p + sinϕ tan θ · q + cosϕ tan θ · r
θ̇ = cosϕ · q − sinϕ · r

ψ̇ = (sinϕ · q + cosϕ · r) / cos θ

(9)

where, 
[
ϕ θ ψ

]T and 
[
ϕ̇ θ̇ ψ̇

]T
are the attitude angle and at-

titude rate of aircraft respectively, and 
[

u̇G v̇G ẇG
]T denotes the 

velocity of aircraft in the earth-fixed coordinate system.
In the RBD module, the six degrees of freedom dynamic equa-

tions and rigid body motion equations are solved by the second 
order SILMS.

2.5. ROM module

In this paper, ARX model is used to build the generalized aero-
dynamic force model of the elastic aircraft. For the MIMO system 
(Multiple-input multiple-output system), ARX model is given as 
follows [29,30]:

y(k) =
na∑

i=1

Aiy(k − i) +
nb−1∑
i=0

Biu(k − i) (10)

where y means output parameter vector and u means input pa-
rameter vector of the model. In this study, the output and in-
put parameter vectors are the generalized aerodynamic force and 
the generalized displacement of elastic carrier aircraft respectively. 
Thus, y = fa and u = ξ .na and nb are the delay order of input and 
feedback of the model respectively, which are determined by the 
user to minimize the model error between training samples and 
model results.

Defined the state vectors xa = [fa(k − 1), ..., fa(k − na), ξ(k −
1), ..., ξ (k − nb + 1)]T and xb = [ξ(k)]T . Eq. (10) can be expressed 
as:

{
xa(k + 1) = Ãaxa(k) + B̃axb(k)

fa(k) = C̃axa(k) + D̃axb(k) + fa0
(11)

where fa0 is static aerodynamic coefficient matrix. Ãa , B̃a , C̃a and 
D̃a are undetermined coefficient matrices of the model:
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Ãa =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A1 A2 · · · Ana−1 Ana B1 B2 · · · Bnb−2 Bnb−1
I 0 · · · 0 0 0 0 · · · 0 0
... I · · · 0 0 0 0 · · · 0 0
...

...
...

...
...

...
...

...

0 0 · · · I 0 0 0 · · · 0 0
0 0 · · · 0 0 0 0 · · · 0 0
0 0 · · · 0 0 I 0 · · · 0 0
0 0 · · · 0 0 0 I · · · 0 0
...

...
...

...
...

...
...

...

0 0 · · · 0 0 0 0 · · · I 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

,

B̃a =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

B̃0
0
0
...

0
I
0
0
...

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

C̃a = [
A1 A2 · · · Ana−1 Ana B1 B2 · · · Bnb−2 Bnb−1

]
,

D̃a = [B0]

Eq. (11) can be written in continuous form:{
ẋa(t) = Aaxa(t) + Baxb(t)

fa(t) = Caxa(t) + Daxb(t) + fa0
(12)

3. The dynamic simulation and analysis

3.1. The calculation model and condition

For the current research, the MTS ROM/CFD/CSD/RBD dynamic 
solution strategy is applied to store separation problem considering 
elastic deformation of carrier aircraft. In the simulation, the carrier 
aircraft is simplified as an elastic wing. The AGARD 445.6 wing is 
employed, which is a standard verification case for dynamic sim-
ulation and is widely used [31]. The store aircraft is a rigid delta 
wing aircraft designed by this paper and shown in Fig. 2. The fuse-
lage of the aircraft is revolution body with a length of 800 mm and 
a diameter of 60 mm. The wingspan is 364 mm and the sweep an-
gle is 70◦ . The distance between the mass center and the nose is 
300 mm. The mass of the aircraft is 4.124 kg; the principal mo-
ments of inertia along the x, y and z axes are 0.009 kg/m2, 0.122 
kg/m2 and 0.126 kg/m2 respectively; and the inertia products Ixy , 
Ixz , I yz are 0.0 kg/m2, 0.002 kg/m2, 0.0 kg/m2 respectively.

Mode superposition method is used to simulate the elastic de-
formation of carrier, and the first four modes are considered. The 
frequencies of the first four modes are shown in Table 1 and the 
formations are shown in Fig. 3.

The digital simulation settings are as follows: the incoming flow 
Mach number is 0.7; the angle of attack is 2◦; the flight altitude is 
15 km; and the Reynolds number based on the mean aerodynamic 
chord of the carrier aircraft is 1.58E06.

The unstructured hybrid mesh is used for spatial discretization. 
The grids nearby the wall are prism cells and the others are tetra-
hedral cells. The surface grids of the carrier and store are shown 
in Fig. 4 and Fig. 5 respectively. The mesh dependency study has 
been carefully carried out in our previous work. The total volume 
cell number is about 5.4 million.
Fig. 2. The three-view drawing of the store.

Table 1
The frequencies of the first four modes.

Number Mode Frequency/Hz

Mode 1 First bending mode 9.5992
Mode 2 First torsion mode 38.1660
Mode 3 Second bending mode 48.3482
Mode 4 Second torsion mode 91.5448

3.2. The unsteady aerodynamic model of the elastic carrier

The unsteady aerodynamic model of the elastic carrier is estab-
lished in this section. The output and input of the model are gen-
eralized aerodynamic force and displacement of the elastic carrier 
aircraft respectively. Considering the first four modes, the output 
and input are defined as:

y = [
fa1 fa2 fa3 fa4

]T (13)

u = [
ξ1 ξ2 ξ3 ξ4

]T (14)

where fai means generalized aerodynamic force of the ith order 
and ξi is generalized displacement of the ith order.

To obtain a higher accuracy aerodynamic model, the training 
samples need to contain more kinetic information of the elastic 
carrier aircraft and be carefully designed. For this research, the 
training samples are based on “3211” signal and are shown in 
Fig. 6. The amplitude ratio of the four modes in training samples 
is 1:0.1:0.01:0.001, which is close to that of the actual vibration. 
Fourier analysis is made for the signal and the results are shown 
in Fig. 7. The frequency spectrum of the training samples ranges 
from 0 Hz to 200 Hz, and the natural frequencies of the first four 
modes of AGARD445.6 wing are covered. The verifying samples are 
used to test the accuracy of the model. There should be no inter-
sections between training samples and verifying samples. In this 
research, the verifying samples are the free vibration responses of 
the AGARD445.6 wing. The computation conditions are same with 
the training samples: Mach number is 0.7, the angle of attack is 2◦
and flight altitude is 15 km. The disturbance velocity of the first 
mode is 0.001 and the others are 0.

The training samples and verifying samples are calculated by 
CFD/CSD method. The CFD surface grids of AGARD445.6 wing are 
the same as Fig. 2, and the volume grid cell number is about 1.8 
million. Through modeling and optimization, the delay orders are 
set as na = 4 and nb = 4. The comparison between training sam-
ples and model results are shown in Fig. 8. It can be seen that 
the model results have good agreement with the training samples. 
The comparison between verifying samples and model results are 
shown in Fig. 9, and the model results almost exactly match the 
verifying samples. Therefore, the model can accurately describe the 
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Fig. 3. The formations of the first four modes. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Fig. 4. Surface grids of the AGARD445.6 wing.

aerodynamic force of the elastic carrier aircraft, and can be used to 
replace the CFD method to calculate the dynamic responses of the 
elastic deformation.

3.3. Dynamic simulation of the store separation considering the elastic 
carrier

3.3.1. Time step size convergence study
For the dynamic simulation, the time step size affects the cal-

culation amount, simulation accuracy and robustness. When it is 
larger, the simulation accuracy is lower and the robustness is 
poorer. However, when it is set smaller, the calculation amount 
Fig. 5. Surface grids of the store.

will be larger. In order to select an appropriate time step size, its 
convergence study is illustrated in this section.

For the MTS ROM/CFD/CSD/RBD coupled simulation method de-
veloped in this paper, two kinds of time step sizes should be 
considered. One is the time step size of the CFD/RBD coupled sim-
ulation, and the other is that of the ROM/CSD coupled simulation.

For the time step size convergence study of the CFD/RBD cou-
pled simulation, the carrier aircraft is assumed as the rigid body 
and there is no elastic deformation in the system. The time step 
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Fig. 6. The training signal.

Fig. 7. Fourier analysis of the training signal.

sizes of 0.02 s, 0.01 s and 0.001 s are considered. For different 
ones, the rigid body dynamic simulation results of the store are 
shown in Fig. 10. As we can see, when the time step sizes are set 
as 0.01 s and 0.001 s, the time responses are almost the same. 
When the time step size is increased to 0.02 s, the curves of at-
titude angle responses gradually depart from the others after the 
physical time of 0.5 s. Therefore, 0.01 s is the appropriate time 
step size for the CFD/RBD coupled simulation. In our previous re-
search, we have the experience that the appropriate time step size 
of a dynamic system is about one-twentieth or one-fortieth of the 
period of the highest mode. As shown in Fig. 10, the highest fre-
quency of the dynamic responses is about 5 Hz, and the period is 
about 0.2 s. It is no doubt that one-twentieth of 0.2 s is 0.01 s, 
which agrees well with the above-mentioned conclusion. Conse-
quently, in the current research, the time step size of the CFD/RBD 
coupled simulation is set as 0.01 s.

In order to determine the time set of ROM/CSD coupled sim-
ulation, the time step sizes of 0.0002 s, 0.0001 s, 0.00005 s and 
0.00001 s are considered. The carrier aircraft is assumed as an 
elastic body, and the multi-time scale CFD/CSD/RBD coupled sim-
ulation method is employed to calculate the dynamic responses of 
store separation process. The time step size of the CFD/RBD cou-
pled simulation is 0.01 s. By calculation, we find that the system 
is instable when the time step size is 0.0002 s. And for the other 
time sets, the dynamic responses are shown in Fig. 11. As we can 
see, when the time step is less than 0.0001 s, the time responses 
of the store and carrier aircraft are almost the same. Therefore, the 
time step of the ROM/CSD coupled simulation is set as 0.0001 s in 
this research.

3.3.2. Simulation results and analysis
The dynamic responses of the store considering the interfer-

ence of the elastic carrier aircraft are simulated by CFD/CSD/RBD 
coupled method and MTS ROM/CFD/CSD/RBD method respectively. 
In the simulation, a concentrated load is applied on the elas-
tic carrier before separation. The magnitude of the load equals 
to the gravity of the store. Then, the static deformation of the 
wing under the aerodynamic load and concentrated load is cal-
culated with CFD/CSD method. In the time of separation, the con-
centrated load will disappear instantaneously. The physical time 
step size is 0.001 s in the CFD/CSD/RBD simulation. And for the 
MTS ROM/CFD/CSD/RBD method, the time step sizes of CFD/RBD 
and RBD/CSD coupling calculation are 0.01 s and 0.0001 s respec-
tively.

The flow field results at different time calculated by both meth-
ods are shown in Fig. 12. As the relative distance between the 
carrier aircraft and store is farther at 0.94 s, only the surface pres-
sure contour of store is provided in Fig. 12-(e) and Fig. 12-(f). It 
can be seen that the attitude angles and surface pressure contours 
calculated by both methods at the same physical time are basically 
identical.

The rigid body dynamic responses of the store calculated by 
both methods are shown in Fig. 13. On the whole, the response 
curves of store obtained by both are almost the same. However, 
for the attitude angle responses, after the physical time of 0.5 s, 
the amplitude error increases slightly. The errors of the dynamic 
responses between the two methods at different physical time are 
shown in Table 2. As can be seen, the displacement response er-
rors are less than 3%, and the angle response errors are less than 
6%. Compared with the small absolute value, the relative error of 
the yaw angle at 0.5 s is rather large, which has no value for ref-
erence.

The generalized displacement responses of the carrier aircraft 
are shown in Fig. 14. For their mean and amplitude value, the 
whole variant trends of both methods are identical. In the first 
0.4 s, the phase positions of the two results are almost the same. 
Nevertheless, as time increases, the phase difference also increases. 
At the physical time of 0.6 s, the phase difference between the two 
results is less than π /2; but at that of 1.0 s, it increases to π . Be-
sides, the peak error between the physical time of 0.1 s to 0.2 s is 
a little large. This is mainly because the aerodynamic model of the 
carrier aircraft ignores the influence of the external store in the 
MTS ROM/CFD/CSD/RBD method. But the influence of this error on 
dynamic responses of the store is weak.

To sum up, for the dynamic simulation of store separation con-
sidering elastic carrier aircraft interference, the results of MTS 
ROM/CFD/CSD/RBD coupled simulation method introduced in this 
paper are basically consistent with those of the CFD/CSD/RBD 
method. This method has high precision and can be applied to 
other similar engineering problems.

3.3.3. The accumulation error estimates of the simulation
For unsteady problems, the accumulated error should be con-

sidered. For the given allowable value of the total error Smax, the 
allowable number of the time steps can be estimated by the fol-
lowing equation [32,33]:

nmax = (Smax/Serr)
2 (15)

In this paper, the CFD code has 2-order numerical scheme and 
based on the hybrid unstructured grid, the mean ratios of the cell 
size can be expressed as �L = 3

√
V /cn . There, V means the volume 
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Fig. 8. The comparison of the generalized aerodynamics forces between training samples and model results.

Table 2
The error of the dynamic responses at different physical time.

t/s Calculation method x/m y/m z/m ϕ/rad θ /rad ψ/rad

0.2 CFD/CSD/RBD results 0.005863 0.000416 −0.12978 0.049089 −0.03703 0.017587
MTS ROM/CFD/CSD/RBD results 0.005958 0.000423 −0.13093 0.05004 −0.03639 0.017809
Relative error 1.62% 1.73% 0.89% 1.94% −1.72% 1.27%

0.5 CFD/CSD/RBD results 0.046501 −0.0122 −1.05552 0.338345 −0.0311 −0.00274
MTS ROM/CFD/CSD/RBD results 0.04749 −0.01261 −1.05935 0.353076 −0.03098 −0.00374
Relative error 2.13% 3.32% 0.36% 4.53% −0.38% 36.47%

0.8 CFD/CSD/RBD results 0.125901 −0.03129 −2.84442 0.592505 −0.05919 −0.01425
MTS ROM/CFD/CSD/RBD results 0.129059 −0.03125 −2.85441 0.622221 −0.0568 −0.01504
Relative error 2.51% −0.11% 0.35% 5.02% −4.03% 5.55%

1 CFD/CSD/RBD results 0.200427 −0.04515 −4.50043 0.743511 −0.0675 −0.0087
MTS ROM/CFD/CSD/RBD results 0.204979 −0.04496 −4.51429 0.788146 −0.06437 −0.00853
Relative error 2.27% −0.41% 0.31% 6.00% −4.63% −1.97%
of the domain and cn means the cell number. Then the Serr can be 
expressed as:

Serr =
(

�L

L1

)3

+
(

�L

L2

)3

+
(

�L

L3

)3

= V

cn

[(
1

L1

)3

+
(

1

L2

)3

+
(

1

L3

)3
]

(16)
The accumulated error is:

S = √
n × Serr (17)

The error estimates are shown in Table 3 for different simula-
tion methods. When the allowable value of the total accumulated 
error is 0.001, the allowable number of time steps is 1166400. Be-
cause the time steps number is less than 1000, the error is below 
the given value in this paper. For the MTS ROM/CFD/CSD/RBD sim-
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Fig. 9. The comparison of the generalized aerodynamics forces between verifying samples and model results.

Fig. 10. The dynamic responses of the store for different time step sizes.
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Fig. 11. The dynamic responses of the store and the carrier for different time step sizes.

Table 3
The accumulated error estimates.

Simulation 
method

Time step number 
of CFD

Allowable number of time steps (allowable 
value of total error is 0.001)

Accumulated 
error

MTS 118 1166400 0.00001006
CFD/CSD/RBD 1000 1166400 0.00002928
ulation method, the accumulated error is less than 35% of that of 
the CFD/CSD/RBD method.

3.3.4. Comparison of computational efficiency
In this section, the computational efficiency of the MTS ROM/

CFD/CSD/RBD method is studied in detail. For the above CFD/
CSD/RBD simulation, the physical time step size is 0.001 s. It re-
quires 1000 times of CFD calculations and about 2000 h CPU time 
to compute the dynamic responses of 1.0 s for one case. For the 
MTS ROM/CFD/CSD/RBD method, however, the CPU time of ROM 
training is only about 64 h. Once the ROM is prepared, it can 
be used for a large number of cases. In this simulation, the time 
step size is selected as 0.001 s at the initial solution stage with 
a total time of 0.02 s, and then the multi-time scale approach is 
employed. The time step sizes of CFD/RBD and RBD/CSD coupling 
calculations are 0.01 s and 0.0001 s respectively, and it only re-
quires 118 times of CFD calculations and about 220 h CPU time 
for the same problem. The calculation amount is reduced by about 
an order of magnitude (see Table 4).
Table 4
The CPU time of the simulation with different methods.

Calculation method CPU time/h

MTS ROM/CFD/CSD/RBD ROM training 64
Dynamic simulation 220

CFD/CSD/RBD Dynamic simulation 2000

4. Conclusions

In the flight dynamic simulation of elastic aircraft, the struc-
tural modal frequency is much higher than that of the rigid-body 
mode. In order to better describe the high frequency character-
istics, the physical time step size is set much smaller than the 
period of flight mechanics. Consequently, the efficiency of rigid 
body dynamic simulation is low. Focusing on this problem, the 
MTS ROM/CFD/CSD/RBD coupled simulation method is introduced 
in this paper. According to the research, conclusions can be drawn 
as follows:
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Fig. 12. The comparison of the pressure contours results between the CFD/CSD/RBD and MTS ROM/CFD/CSD/RBD method at different times.
(1) In the dynamic simulation of store separation considering elas-
tic carrier aircraft interference, the time responses of store 
obtained by the MTS ROM/CFD/CSD/RBD coupled simulation 
method have good agreement with those of the CFD/CSD/RBD 
results. The displacement and attitude angle relative errors 
are less than 3% and 6% respectively. Therefore, the proposed 
method has high precision.

(2) In the MTS ROM/CFD/CSD/RBD coupled simulation, the CPU 
time of ROM/CSD coupled simulation can be ignored. The cal-
culation amount of this method is reduced by about an order 
of magnitude compared with the CFD/CSD/RBD coupled sim-
ulation method. The MTS ROM/CFD/CSD/RBD coupled simula-
tion method can provide a solution strategy for similar engi-
neering problems.
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Fig. 13. The comparison of the dynamic responses results of the store between MTS ROM/CFD/CSD/RBD and CFD/CSD/RBD methods.
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Fig. 14. The comparison of the generalized displacement responses results of the carrier between MTS ROM/CFD/CSD/RBD and CFD/CSD/RBD methods.
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