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internal energy excitation is presented by decomposing the collision term of the
Boltzmann equation into elastic and inelastic collision terms. Then, the gas-kinetic
numerical scheme is constructed to capture the time evolution of the discretized velocity
distribution functions by developing the discrete velocity ordinate method and numerical
quadrature technique. The unified algorithm of the Boltzmann model equation involving
thermodynamics non-equilibrium effect is presented for the whole range of flow
regimes. The gas-kinetic massive parallel computing strategy is developed to solve the
hypersonic aerothermodynamics with the processor cores 500~45,000 at least 80%
parallel efficiency. To validate the accuracy of the GKUA, the hypersonic flows are
simulated including the reentry Tiangong-1 spacecraft shape with the wide range of
Knudsen numbers of 220~0.00005 by the comparison of the related results from the
DSMC and N-S coupled methods, and the low-density tunnel experiment etc. For un-
controlling spacecraft falling problem, the finite-element algorithm for dynamic thermal-
force coupling response is presented, and the unified simulation of the thermal structural
response and the hypersonic flow field is tested on the Tiangong-1 shape under reentry
aerodynamic environment. Then, the forecasting analysis platform of end-of-life large-
scale spacecraft flying track is established on the basis of ballistic computation combined
with reentry aerothermodynamics and deformation failure/disintegration.
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1 Introduction

Large-scale spacecraft in low orbit of 300 km~ 500 km faces the problems of de-orbiting
fall around the end of life, and disintegrates during reentering back to the earth because
they suffer tremendous aerothermodynamics environment and overloads [1]. The
high-temperature thermo-chemical non-equilibrium gas flows produced by spacecraft
re-entering atmospheric surrounding will create cumulative effect on the metal truss soft-
ening, melting and the pyrolysis ablation of embedded composite. Under this circum-
stance, hypersonic aerothermodynamics problems need to be solved and meanwhile
various fluid-structure interaction approaches are studied [2]. Aerothermodynamics
induces structural deformation, softening, melting, ablation and disintegration. Figure 1
shows the schematic diagram of disintegrated flight path during reentry of large-scale
spacecraft fall from the outer space. How to forecast the flight trajectory of uncontrolled
spacecraft, disintegrated components and debris ahead of time is of world problem in the
field of spaceflight. The precision of reentry forecast for disintegrated flight path mainly
depends on the integrated simulation of aerothermodynamics and structural deformation
failure/disintegration covering various flow regimes [3-7].

To simulate the gas flows from various regimes, the traditional way is to deal with them
with different methods. On the one hand, the methods related to rarefied gas flow have
been developed, such as the microscopic molecular-based Direct Simulation Monte-Carlo
(DSMC) method [8, 9]. On the other hand, also the methods adapted to continuum flows
have been well developed, such as the Navier-Stokes equation solvers of macroscopic fluid
dynamics. However, both methods are totally different in nature, and the computational
results are difficult to link up smoothly with various flow regimes. Engineering develop-
ment of current or intending spaceflight projects is closely concerned with complex gas
dynamic problems of low-density flows in the intermediate range of Knudsen numbers,
especially in the rarefied transition and in the near-continuum flow regimes. In fact, the
Boltzmann equation [10] depicts the evolutionary process of the molecular velocity distri-
bution function (VDF) from non-equilibrium to equilibrium state at arbitrary time in
gases. It can describe the molecular transport phenomenon covering continuum flow to
free-molecular flow regimes. The Navier-Stokes equation based on continuum medium
assumption can be obtained according to the first-order Chapman-Enskog expansion of
the Boltzmann equation. And one can prove that, for simple gases, when the number of
simulated molecules approaches to infinite, the solution of the DSMC method, which has
been widely using in rarefied gas dynamics, will be converged to that of the Boltzmann
equation [11, 12]. Due to the complexity and uncertainties [10, 13] of the nonlinear multi-
dimensional integral-differential properties of the Boltzmann equation, it is very difficult
directly and exactly to solve the Boltzmann equation.

Fig. 1 Sketch of disintegrated flight path during reentry of large-scale spacecraft in expiry of service
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To take full advantage of collision relaxation and transport characteristics of the Boltz-
mann equation, several approximate solution methods have been developed commendably,
such as the linearized Boltzmann equation [14, 15], moment method [16], Monte-Carlo
finite difference method [17], and model equation methods [18-21]. In these techniques,
the model equation methods have been widely used due to its simple frame and common
numerical techniques [22-25]. By using a simplified collision relaxation model to replace
the collisional integral of the Boltzmann equation, the kinetic model equation retains the
basic properties of the Boltzmann equation, such as the H-theorem and conservation invari-
ant conditions. The most famous kinetic model is the BGK model [18] for monatomic
gases. However, the BGK model leads to the Prandtl number Pr = 1, while its correct value
is about 2/3 for monatomic gases. In order to get correct Pr, some modified model equa-
tions such as the ES model by Holway [19] and the Shakhov model [20] were introduced.
During the last two decades, the Lattice Boltzmann Method (LBM) [26, 27], the KFVS [28],
a series of gas kinetic BGK-type schemes and direct modeling methods such as GKS, UGKS
etc. [29-34], have been developed.

To study aerodynamic problems covering various flow regimes, the unified computable
modeling has been actualized on the collision integral of the Boltzmann equation, in which
the molecular collision relaxing parameter and the local equilibrium distribution function
can be integrated with the macroscopic flow variables, the gas viscosity transport coefficient,
the thermodynamic effect, the molecular power law, molecular models, and the flow state
controlling parameter from various flow regimes [24, 35-38], and the gas-kinetic unified al-
gorithm (GKUA) has been presented and used to simulate the gas flows from highly rar-
efied free-molecular flow to continuum flow regimes with the whole range of Knudsen
numbers [37-39]. In the past, the GKUA has been successfully applied to solve hypersonic
reentry aerothermodynamics around kinds of space vehicles and micro-scale flows involved
in MEMS devices [6, 35—40]. Because the VDF (f) is a multi-space and multi-dimensional
function on velocity space and physical space, especially for the three-dimensional Boltz-
mann model equation, which is a six-dimensional (x, y, z, V, V), V) function, large compu-
tational memory is consumed while directly solving the kinetic model equation, and it is
very important how to improve the efficiency of numerical computation for
three-dimensional hypersonic flows around complex bodies. The computational time step
of explicit schemes is determined by the stability conditions of numerical schemes and
would be very small for hypersonic flows around complex irregular vehicles due to metric
coefficients of grid system and singularity of irregular objects, especially at continuum and
near continuum flow regimes of near-space flying surroundings. So, it is necessary to con-
struct the gas-kinetic implicit schemes [6, 7] in order to shorten the computing conver-
gence time and improve the computational efficiency.

On the other hand, to simulate the thermal response destructive behavior, a finite
element algorithm (FEA) has been developed [5] for the dynamic thermo-elasticity
coupling problem of materials incorporated with the GKUA for solving the exterior
hypersonic reentry aerothermodynamic environment, in which the Newmark implicit
scheme is employed to discretize the dynamic thermoelasticity equation and the
Crank-Nicolson scheme is used to solve the heat-conduction equation [41]. In engin-
eering problems, the determination of thermal stresses is usually carried out in two
steps. First, the temperature distribution is obtained from the Fourier’s heat-conduction
equation, the stresses are then calculated by the equations of thermoelasticity, including
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the temperature terms in the stress-strain relations. When subjected to the strong aero-
dynamic force and rigorous aerodynamic heating, the material deformation will significantly
affect the temperature distribution in the interior of the material. The thermal-induced vibra-
tion should also not be neglected, and the heat propagation should be viewed as a wave
phenomenon rather than a diffusion phenomenon. For this reason, a unified consideration
and analysis to the coupled system of heat transfer, deformation and stresses on material and
structure [42] is needed to simulate the real physical and mechanical problem. Thus, the dy-
namic thermo-elasticity coupling response behaviors including material internal temperature
distribution, structural deformation, and thermal damage are simulated in real time by apply-
ing the FEA + GKUA in the field of reentering hypersonic aerothermodynamics.

It is key and necessary to solve multi-body flow interference once spacecraft disintegra-
tion is appeared during its falling and reentering back to the earth. The LU-SGS implicit
scheme and the cell-centered finite volume method are constructed to solve the Boltzmann
model equation under the frame of the GKUA. In this work, to solve the multi-body
aerodynamic problems including two and three side-by-side cylinders and irregular bodies
with different gap ratio covering highly rarefied to near-continuum flow regimes, a
multi-block patched grid technique is built for irregular multi-body flows, in which the grid
points on both sides of joint interface are completely patched by one to one, and the
discrete distribution functions and macroscopic flow variables for computation are
transferred by the interfaces between blocks. On the other hand, the GKUA will be further
extended and developed to solve the thermodynamic non-equilibrium hypersonic flows
during the re-entry disintegration of end-of-life spacecraft, in which a kind of Boltzmann
model equation considering the excitation of vibrational energy is constructed.

To establish the forecasting platform of flying track for the uncontrolled spacecraft falling
from outer space to earth as the first attempt, the DSMC for hypersonic reentry thermo-
chemical non-equilibrium flow, N-S/DSMC, slip N-S as verifying tools, and the computa-
tional methods of thermal environment and structural heat transfer/composite material
pyrolysis, and disassembly and separation have been developed [7, 9, 43, 44] by taking the
coupling simulation with trajectory and aerothermodynamic calculation as the main line
combined with statistical analysis and 3D scene visualization, the forecasting analysis plat-
form of flying track for the end-of-life large-scale spacecraft is established for the unified
computation of reentry aerothermodynamics, deformation failure/ablation/disintegration
with engineering treatment. The remaining parts of this paper are organized as follows:
The unified Boltzmann model equations in thermodynamic non-equilibrium effect and
implicit numerical scheme are constructed in Section 2. The dynamic coupled
thermo-elasticity equations and the finite-element algorithm are proposed in Section 3.
The unified simulation of structural deformation and hypersonic aerothermodynamics is
presented in Section 4. The numerical simulation and analysis of aerothermodynamics for
disintegrated spacecraft is in Section 5, followed by conclusions and the expectation of the
future work in Section 6.

2 Gas-kinetic unified algorithm for thermodynamic non-equilibrium
Boltzmann model equation

The Boltzmann equation [10] depicts the evolutionary process of the VDF from
non-equilibrium to equilibrium state at arbitrary time in monatomic gas. It connects

the microscopic molecular dynamics and the macroscopic fluid mechanics by the
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probability statistical distribution function, and can describe the transport phenomena
covering continuum flow to free-molecular flow regimes. Gas flow approaches to steady
state and obeys the fact that the VDF goes to the local equilibrium distribution taken
by macroscopic flow variables in the locality. So, the computable modelling of the
Boltzmann equation can be realized [6, 24, 35—40, 45] by using the gas molecular colli-
sion relaxing parameter and the local equilibrium distribution function. Based on the
processing mode of continuous energy level, the rotational and vibrational energy in
the quantum states can be introduced as the independent variables of VDF. The
equilibrium distribution functions involving in the energy modes and the effective
temperature of translation & rotation, or translation, rotation & vibration can be
deduced in computable forms, and the three-temperature unified Boltzmann model
equation in non-equilibrium effect with vibrational energy is presented in the frame-
work of GKUA, in which the relaxation process of gas molecules is simplified as trans-

lation, translation-rotation, and translation-rotation-vibration energy relaxation.
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All flow variables are evaluated and updated by three reduced non-equilibrium VDFs

of f1, f> and f3 over the velocity space.
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(10)

Here, m denotes the molecular mass, R is the gas constant, ¢ denotes the molecular
thermal velocity, k is the Boltzmann constant, J; is the Kronecker symbols, i, j=1, 2, 3.

All flow variables are evaluated and updated by the three reduced non-equilibrium
VDFs of fi, f> and f3 over the velocity space, and can be non-dimensionalized, in which
the characteristic variables are referred to its free-stream equilibrium values at infinity,
such as number density #.,, temperature T.., the most probable velocity ¢;e. = /2RT .,
time t..=L/c,,.., where L is a characteristic length of the problem, force mnmcfnw /2,
heat flux mn.c3,. /2 and the distribution function 7../c3_.. And the Knudsen number is
defined as Kn = A../L, where A, is the mean free path in the free stream flow.

The Boltzmann model Eq. (1) can be transferred into a group of partial differential
equations with non-homogeneous and hyperbolic conservation [24, 35, 37-39] on time
and physical space at every DVO points.
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Under the frame of the GKUA, the LU-SGS implicit schemes based on the cell
central-type finite volume method (FVM) [6] are constructed to directly solve the
Boltzmann model Eq. (11). Using the FVM, in the cell central-type control volume Qj,
the integral equation can be got for the exemplification of 2D flows,

of iy
— F = 1
E” + o §aQ nds=Sy. (12)

Here, F= (Vo fmg)? + (Vys f0’5)7, 7 is the normal vector on boundaries of the

control volume, X is the average value of X, yon Q.
The second term in the left hand side of Eq. (12) can be rewritten as:
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After obtaining f}’]H in every control volume, all of the macroscopic flow variables
can be evaluated and updated by the quadrature methods [35-38], such as the
Gauss-Legendre numerical quadrature method. Then, the integration of the distribu-
tion function over the discrete velocity domain [V,,V},] can be solved by the following
extended Gauss—Legendre formula,

Vi

V/ f(v)dvzk; /V k F(V)dv, (14)

Vit

Vir1—View Vier + Vi V=V
V)dy = ANy, ).
. f(v) 5 2 f 5 + 5 X

(15)

The time step At in the implicit scheme is less strict than that of the explicit schemes.
In this study, the time step is set as

At = CFL - min(l;)/ mg\x(\/m, Vys) (16)

Where, the CFL number is set to 0.95. [; is the characteristic linear size of the i-th
grid element. The V,, and V) are the discretized velocity components in V,- and V-
directions, respectively.

To resolve the difficulty of the vast computer memory required by the current algorithm
in solving three-dimensional complex flows and to well exploit massive power of parallel
computers, the multi-processing strategy and parallel implementation technique suitable
for the GKUA are investigated by using the technique of domain decomposition. For the
velocity domain Qy decomposition strategy, the amount of computation for the discrete
velocity quadrature integrations for macroscopic quantities occupies about only one fifth of
the total amount of the computation of the whole GKUA. Accordingly, the number of
CPU processors can reach the number of DVO points of N, x Ny x N, then one can realize
super-parallel computing. Thus, it is suggested that the velocity space , decomposition
technique to be adopted. The numerical experience indicates that in each CPU the amount
of work and the memory required for handling the solution of the distribution function is
about 1/N,, of serial computing, where the N, is the number of processors participated in
the parallel computing. This overcomes the restriction of memory problem in serial com-
putation and is of crucial importance in computing complex 3-D hypersonic rarefied flows.
When the number of DVO points used is set and the way for the parallel distribution of
discrete velocity space is generated, each processor will have its correspondingly individual
integrality in solving the discrete VDFs assigned to it and the degree of parallelization is
higher. This belongs to a coarse-grain high performance parallel computing scheme.
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To illustrate and test the feasibility and parallel efficiency of large scale 3-D flow
computation based on the present GKUA for solving the unified Boltzmann model
equation, here we report our experience of such calculation on the Sunway BlueLight
MPP parallel supercomputer with up to 8704 ShenWei SW1600 processors using the
parallel strategies described above. The discrete velocity space MPI parallelism is de-
signed and combined with core-level Open ACC paralleling on dimension of location
space. Recently, the hardware parallel speedup technique has been applied to accelerate
computation of the GKUA. Figure 2a shows the speedup ratio of parallel calculation
with numbers of CPU of (a). n=1440~7920CPU and (b). 4950~20625CPU, where the
dashed line indicates the ideal speedup ratio and the solid line depicts the present one.
A more recent large-scale computation of the complex hypersonic flow over the
Tiangong-1 two-capsule vehicle based on the GKUA with six-dimensional phase space
grid system of 101 x 61 x 31 x 120 x 90 x 70 is put in practice with 500~45,000 CPUs.
The speed-up ratio and corresponding parallel efficiency are shown in Fig. 3. It can be
shown from Figs. 2 and 3 that the parallel speed-up almost goes up as near-linearity
with the increase of the number of CPU. This indicates that the parallel computation
of the GKUA possesses very high parallel efficiency and scalability with good load bal-
ance and data communication efficiency by the use of the present parallel computing
scheme. From these tests on small, moderate and large scale parallel computing facil-
ities for the domain decomposition strategy of the GKUA, the measured speedup ratio
is very close to the theoretical one, and at least 80% parallel efficiency can be achieved
for all various scale computations. This validates the present GKUA methods possess
quite high parallel speedup and parallel efficiency. Good parallel speedup performance
can ensure to enlarge the computational job scale by increasing the number of proces-
sors with high parallel efficiency and expandability. This enables us to perform exten-
sive and large scale 3-D hypersonic flow simulations for the uncontrolled Tiangong-1
spacecraft at various flight trajectory points, although the computation is expensive and
almost all the largest computing facilities in the High-Performance Supercomputer

Centers in China are utilized.
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Fig. 2 Speedup ratio of parallel computation for GKUA with 1440~7920~20625 processors. a 1440~7920CPU,
b 4950~20625CPU

Page 8 of 21



Li et al. Advances in Aerodynamics (2019) 1:4 Page 9 of 21

128.00

64.00

32.00

16.00

500 1000 2000 3000 4000 4500 6250 7500 10000 12500 15000 20000 25000 30000 45000

—¢— GKUA specdupratio g Ideal speedup ratio
(a) Speed-up

1.200

1.000 -

o w

0.600

0.400
0.200

0000 T T I T T T T T I T I T T T 1
O & & & & & & & & & & & & O &
F & O & & O N 0 OO0 & OO0
KR I I A P

(b) Parallel efficiency

Fig. 3 Speedup ratio and parallel efficiency on 500~45,000 processors for gas-kinetic parallel algorithm. a
Speed-up, b Parallel efficiency

3 Finite element algorithm for structural deformation and thermal damage
under hypersonic aerothermodynamic environment

Once the hypersonic aerothermodynamic environment is obtained around the
large-scale reentering spacecraft, the finite-element methods to simulate the heat
conduction and the dynamic deformation and destructive behavior of the metal
truss structure need to be developed. In the three-dimensional domain QcR3, the

dynamic thermoelasticity equation [41, 42] is expressed, as follows

82ui 8ui 0 aMk 0
- ) L 2 (o) =7, 1
Pz " T axj< i Bxl) T o (ﬁve) /i (17)

Where, u =[u;, u, us]” is the displacement vector, f =[f, f, f3] is the vol-
ume force and the superscript © denotes transposition. p is the density, 7 is the damp-
ing coefficient and C;y, is the 4-order elasticity tensor. For homogeneous and isotropic
materials, Cyy is written as Cyy = Ad;0, + G(8x8j; + 840). Here, J; is the Kronecker
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symbol, A and G are the Lamé constants, expressed by the Young’s modulus E and the

Possion’s ration v as.

Ev E
A= (1+v)(1—2v)’G:2(1+v)' (18)

0=T-T, is the temperature increment with 7 and 7, denoting the absolute
temperature and reference temperature respectively and f; is the thermo-stress mod-
ule, ;= Cjuar, where ay; is the thermal expansion coefficient. For homogeneous and
isotropic materials, ay = agdu, ao is the thermal expansion constant, and then f3;; can be

written as f5;; = 3yaod;, here y = is the bulk modulus, which means that the incre-

3(1 2v)
ment or decrement of the temperature leads to the expansion or contraction of the
body, effecting the stress distribution of the structure. The elastic strain ¢ is

L= = 1
& 2 <8x, + 8x,~> ( 9)

and the stress tensor oy = Cjjers — B0

Considering the deforming influence on the temperature field, the transient heat con-
ductive equation is expressed as follows

96 3 (ou\ o ( 96
o by 7l - i = :h 20
pcat+T0ﬁ"8t<8xj> o, (k’ax) (20)

Here, c is the specific heat, k; denotes the 2-order conductivity tensor and / is the
heat source. Considering also homogeneous and isotropic materials, from the expres-

sion of f3;, the second term of Eq. (20) can be denoted by
au, E(X() 8855
Tob; 3, ot <8x ) =To 1-2v ot ' (21)

in which ¢; is the volumetric strain, Eq. (21) illustrates that the change rate of the volumet-
ric strain is the positive correlation with the temperature field.

In summary, for the convenience of our derivation, the weak form of the dynamic
thermoelasticity coupling equations is to find # and 6, such that

u; . ou; . ouy oii; au,
/pat2 der/Qra—uider/ ”klax ax}dx / B0 7%, ——dx /fudx+/ pilkids,

pe 89 ki 00 30 / h / q
550N g~ | L a 4 Bds.
/ Toor? Uata / To ox; ox; To )y Te

(22)

From the equations above, it is noted that the displacement # and temperature incre-
ment 6 are dependent on each other, which have to be solved simultaneously in the
finite-element method. Equation Section (Next)

{M ud(t) + Cud(t) + K,d(t)-LE(t) = F(t) (23)

Mo&(t) + Ko&(t) + L7d(t) = G(¢)

Adopting the Newmark implicit method [2, 5] to deal with the velocity and acceler-
ation terms, we have the time stepping scheme
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where the parameters 0<w<1, 0<#x<1/2, and usually when & >0.5 and # = 0.25(0.5

(24)

+ )%, the scheme above is unconditionally stable.

To ensure that the displacement and the temperature distribution of the inner structure
of hypersonic flying body are continuously solved from Eq. (24), the unified simulation of
structural deformation and hypersonic aerothermodynamics needs to be constructed with
real-time trajectory updating, in which the values of the aerothermodynamic temperature
and force computed by the GKUA as the boundary conditions for the coupled thermoelas-
ticity problems. To combine the present FEA methods with the GKUA [6, 35, 37-39, 45]
of aerothermodynamics covering various flow regimes for simplicity, we consider and verify
the flow-rounded infinite plate problem as an example of thermodynamic coupling re-
sponse during spacecraft re-entering Earth’s atmosphere, shown in Fig. 4. The size of the
plate is 0.015m x 0.5m, the exterior of which is the reentry near-continuum transition flow,
the inflowing Mach number, Knudsen number and ratio of specific heat are Ma.. = 8.3666,
Kn.,=0.01 and y =14, respectively. The exterior flow field of the plate with the mesh of
63 x 41 in the XoY coordinate is computed by the GKUA for solving the unified Boltzmann
model equation. Because of the re-entry near-continuum transition flow regime, the thick
detached shock wave layer is formed around the thin plate shown in Fig. 4a, and the strong
aerodynamic heating and force are imposed as the interface condition of the present
thermodynamic coupling finite-element algorithm on the plate surface. The high
temperature and strong pressure make the plate expand, deform and damage.

4 Results and discussion

To verify the accuracy and reliability of the present computable modeling of Boltzmann
equation and GKUA in solving thermodynamic non-equilibrium flows with vibrational en-
ergy excitation, the cylinder flows of Nitrogen gas with Kn. =0.01, Ma. =5, n.=
1.4966E20/m?>, T..=T, =500k are solved by the present GKUA and the DSMC,
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respectively. Figure 5 shows macroscopic flow variables including (a) pressure, (b) Mach
number, (c) overall temperature, (d) translational temperature, (e) rotational temperature
and (f) vibrational temperature with the comparison of the DSMC results, in which the two
results agree well, especially, the contours of pressure and overall temperature distribution
are almost completely identical. It is indicated from the translational, rotational, vibrational
and overall temperature distribution that the translational temperature is the highest, the
rotational temperature is the second and the vibrational temperature is the lowest in the in-
terior stagnation region after the detached shock wave, and the vibrational temperature
computed by the present GKUA with better resolution is slightly higher than the DSMC
results.

In addition, the present GKUA uses the structured mesh with refinement near surface
and slightly wider grid in the location of detached shock wave, however, the DSMC uses
self-adaptive unstructured mesh and the space mesh is refined to better capture shock
wave where the macroscopic flow gradient is large, so that there is a slight difference in the
shock location between the two methods. Figure 6 shows the surface pressure and heat flux
distribution with different non-equilibrium effects including the GKUA results with the
Shakhov model of simple gas, the ES model of rotational excitation polyatomic gas and
Nitrogen vibrational energy excitation, respectively, where the “DSMC-translation”,
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“DSMC-rotation” and “DSMC-vibration” denote the DSMC results of the Nitrogen as a
simple gas without excitation of internal energy, the Nitrogen gas with rotational energy
and the Nitrogen gas with vibrational energy excitation, respectively, and Fig. 6b and d cor-
respond to the local enlarged profiles of surface pressure and heat flux near the stagnation
point. It is indicated that the surface pressure distribution near the stagnation point is the
lowest for the “DSMC-translation”, the next for the “GKUA-Shakhov”, and other results
almost coincide. The surface heat flux distribution shown in Fig. 6¢c and d for the
“DSMC-translation” and “DSMC-rotation” near the stagnation point is obviously higher
than the other results and exists serious statistical fluctuation. On the whole, the results
obtained by these methods are in very close agreement.

In order to study the influence of vibration energy excitation on the aerodynamics of
Tiangong-type spacecraft with solar array, Fig. 7 shows (a) translational temperature,
(b) rotational temperature, (c) vibrational temperature, (d) Overall Temp. (e¢) Mach No.
and (f) streamline structure around the Tiangong-type spacecraft with H = 90km, Ma..,
=8 in thermodynamic non-equilibrium effect of vibrational energy excitation solved by
the present GKUA in massively parallel computing. It is indicated that the vortex struc-
ture is formed between the solar array and the module, and the axial force and normal

Page 13 of 21
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\

force coefficients are respectively obtained as Ca=9.635 and Cn =-1.525 for thermo-
dynamic non-equilibrium gas, and Ca=9.535 and Cn=-1.795 for completely simple
gas with the relative error of 1.04% and 17.7%, in which the complex non-equilibrium
flow between the solar panels and the modules has a great influence on the normal

force around the Tiangong-type spacecraft.

. Temp. of H=110km

(e) Structural deformation of H=100km (f) Deformation of H=95km  (g) Structural Temp. of H=90km

Fig. 8 Pressure contours of flow field, temperature distribution and deformation of structure during the first
disintegration of H=250~90 km around Tiangong-1 spacecraft. a Pressure distr. of H= 250 km, b Struct.
Temp. of H=120km, ¢ Normal stress, d Struct. Temp. of H=110km, e Structural deformation of H= 100
km, f Deformation of H =95 km, g StructuralTemp. of H=90km
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801s, d Normal force coefs, e Pitching moment coefs, f Pressure center position

To simulate metal-truss structure deformation and damage under the strong aero-
thermodynamic environment during the reentry falling process of the large-scale
low-orbit vehicle with solar array from H =250 km, Fig. 8 shows the pressure contours
around Tiangong-type spacecraft with Kn., = 220.34, Ma.. = 22.75, and the temperature,
normal stress and deformation distribution of Tiangong-type spacecraft structure var-
ied with falling height from H =120 km to H = 90 km during the first disintegration.

To compare and verify the correctness of different algorithm models and experiments in
solving the common hypersonic flows around the two-capsule body of Tiangong-type
spacecraft after disintegration for the first time, Fig. 9a, b and ¢ show the pressure and
temperature contours of flow field and the structural temperature of two-capsule vehicle of
Tiangong-1 spacecraft computed by the GKUA at 801 s during the reentry, and Fig. 9d-f
show the aerodynamics solved by the GKUA, DSMC [9], N-S/DSMC [43], Slip N-S and
low-density wind-tunnel experiments [44] for hypersonic flows around the two-capsule of
Tiangong-type spacecraft, in which good agreement exists and the GKUA results are more
identical to the experimental data and the DSMC results, in which the GKUA has been

Fig. 10 Macro flow variables around component and debris from multiple disintegration of Tiangong-1
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Fig. 11 Contours of number density, temperature, Mach number and streamlines past three side-by-side
square cylinder for Kn..=0.001, Ma.. = 3 with spacing H=2L. a Number density, b Temperature, ¢ Mach
number, d Flow streamlines

verified in high-precision and strong simulation ability in solving the aerodynamics of
irregular large-scale spacecraft covering various flow regimes.

Large-scale spacecraft such as the Tiangong-1 in uncontrolled falling will disintegrate into
multi-bodies in near-space flying surrounding during its reentry passing through the atmos-
phere. By developing multi-block patched grid generation technique, a computational plat-
form based on the GKUA with implicit scheme has been established to solve the
multi-body flow problems covering various flow regimes. Figure 10 shows the multi-body
interference and flow phenomena around different multi-bodies of the irregular disintegra-
tion/debris simulated by the GKUA. When H = 6 L, interference become very weak. When
H=10L, the Mach stem disappears, and the two oblique shock waves are formed by head
shock waves, the separation vortex disappear.

In order to establish more engineering processing approaches for the flow interfer-
ence among disintegrated multi-bodies, three side-by-side square cylinder flows are
simulated by the present GKUA for Kn..=0.001, Ma..=3 with zero attack angle. As
previous, H is defined as the distance between the centers of the upper and middle
square debris, and L is the square cylinder side length. The flow state cases with differ-
ent gap spacing of H=2L, 4L, 6L, 8L and 10 L are simulated, respectively. Figures 11,
12, 13 and 14 show the number density, temperature, Mach number contours and the
corresponding flow streamlines relative to the four cases of H=2L, 6L, 8L and 10L,
respectively. It can be seen that similar flow phenomena to the two side-by-side square
cylinder flows are revealed in Figs. 11 and 12 for H=2L and 6L, respectively. In
addition, when H = 2L, a series of interference shock waves appear in the zone after the
throat, disturb the tail flow, and lead to a very complex flow field. As H increases,
the interference shock waves move backward, when H =6L, the flow interference

5 B

(a) Number density (b) Temperature (c) Mach number (d) Flow streamlines

Fig. 12 Contours of number density, temperature, Mach number and streamlines past three side-by-side
square cylinder for Kn..=0.001, Ma.. = 3 with spacing H=6L. a Number density, b Temperature, ¢ Mach
number, d Flow streamlines
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(a) Number density (b) Temperature (c) Mach number (d) Flow streamlines

Fig. 13 Contours of number density, temperature, Mach number and streamlines past three side-by-side
square cylinder for Kn.. =0.001, Ma.. = 3 with spacing H=8L. a Number density, b Temperature, ¢ Mach
number, d Flow streamlines

interaction become very weak with saddle-type bow wave. When H increases to 8
L, a Mach stem wave system is formed by the interaction of the bow head shock
waves. Behind the Mach stem, two oblique shock waves are formed and act on the
tail flow, resulting in a series of shock waves and rarefaction waves. When H =10L,
the Mach stem disappears, and two oblique shock waves are formed by the de-
tached head shock waves. It is indicated from the flow streamline structures of
Figs. 11d, 12d and 13d that trailing vortices appear behind each square cylinder
with the increase of gap spacing distance from H=2L to H=8L, respectively, and
because of flow interference among three side-by-side cylinders, the trailing vorti-
ces after the upper square cylinder are not symmetrical. The trailing vortices be-
come large by increasing H. When H increases to 10L (Fig. 14d), because of the
shock interaction, a new separation vortex generates and appears at x =7 behind
the middle square cylinder. At this time, the flow interference between the
side-by-side square cylinders becomes very small, and the trailing vortexes behind
the upper square cylinder are almost symmetrical. The separated vortex would dis-
appear when H increases to a certain value. Figures 11, 12, 13 and 14 reveal the
varying features of multi-body flow in the continuum flow regime with different
gap spacing and the influential range of the flow interference among the
multi-body side-by-side square debris.

Combined by developing the DSMC for hypersonic reentry thermochemical
non-equilibrium flow, the N-S/DSMC, the slip N-S, and the computational
methods of thermal environment, structural heat transfer/composite material pyr-
olysis in embedded layer or special device, and disassembly and separation with
multi-body flow interference, the forecasting software for large-scale spacecraft

(a) Number density (b) Temperature (c) Mach number (d) Flow streamlines

Fig. 14 Contours of number density, temperature, Mach number and streamlines past three side-by-side
square cylinder for Kn..=0.001, Ma.. = 3 with spacing H=10L. a Number density, b Temperature, ¢ Mach
number, d Flow streamlines
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Fig. 15 Validation of the present numerical forecast of uncontrolled reentry disintegration and the space-
tracking results for falling area distribution of the Tiangong-1 spacecraft. a Present numerical prediction, b
Map calibration of NASA's postofficial website

falling from outer space has been established [5-7, 9, 43, 44] with the unified
simulation on ballistic trajectory, rapid engineering calculation modified by the
present numerical algorithm results for aerothermodynamics covering various flow
regimes, ablation, deformation failure and disintegration. Figure 15 shows the fore-
cast of flight trajectory and falling area of disintegrated wreckage and debris from
the Tiangong-1 spacecraft falling into the atmosphere with the comparison of the
monitoring results afterwards from the map calibration of NASA-Tv’s post website
(www.apololl.com) announcement in good agreement and compatibility. It is indi-
cated from the falling reentry forecast that the uncontrolled Tiangong-1 will be
disintegrated firstly at the range of 110-105km, secondly at 100-95km, specially,
the main bearing-cone platform and trajectory controlling engines will be disinte-
grated at 83km-56km and so on. The present numerical forecasting platform ob-
tained the scope of falling area distribution of longitudinal length 1200 km and
lateral width 100 km from the first disintegration to debris falling to the South Pa-
cific Ocean. These results on the multiple disintegration, falling area distribution
and trajectory calculation coupled with aerothermodynamics for the uncontrolled
Tiangong-1 spacecraft affirm the accuracy and reliability of the unified modeling
and typical computation of structural deformation failure from thermodynamic re-
sponse and hypersonic aerothermodynamics for falling disintegration along ballistic
trajectory with different flying heights, Mach numbers covering various flow re-

gimes from outer space to earth.

5 Conclusion

In this paper, the collision term of the Boltzmann equation is divided into elastic
and inelastic collision terms. The inelastic collision is characterized into
translational-rotational energy relaxation and translational-rotational-vibrational
energy relaxation according to certain relaxation rates in real-time computation.
Then, a kind of Boltzmann model equation considering the excitation of vibra-
tional energy is constructed, and an implicit gas-kinetic unified algorithm has
been presented to directly solve the unified Boltzmann model equation. The mas-
sively parallel MPI and OpenACC technique is built and applied to the irregular
large-scale and multi-body reentry flows from free-molecular to continuum flow
regimes.
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To simulate the disintegration of metal truss structure for spacecraft during uncon-
trolled falling back to the atmosphere, the dynamic thermo-mechanical coupling model
has been derived by the variational principle on the basis of the dynamic thermoelasticity
and the heat conductive equations, then the finite-element implicit schemes are
constructed, as a result, the corresponding finite-element algorithm and computational
procedures of FEA + GKUA have been established to simulate the transient thermal and
mechanical damage behaviors of the structures under reentering aerothermodynamic
environment as a new researching direction.

Integrated by developing the other simulation prediction methods as verification and sup-
plement of reliable modeling for hypersonic reentry aerothermodynamics covering various
flow regimes, the forecasting analysis platform of spacecraft falling flight track has been be-
ing established for the unified computation to reentry aerothermodynamics and structural
deformation failure/ablation/disintegration, and has been applied to the numerical forecast
of the flight track of the uncontrolled Tiangong-1 spacecraft, in which authenticates the
correctness and validity of the computable modeling of Boltzmann-type velocity distribu-
tion function equation with internal energy excitation and the gas-kinetic massively parallel
algorithm for hypersonic non-equilibrium aerothermodynamics during falling disintegration
of the uncontrolled Tiangong-1 spacecraft.

As this work is only the beginning of numerical forecast for un-controlling
spacecraft falling from outer space, further investigations on the three-dimensional
irregular multi-body flows with real gas effects involving internal energy excitation
around disintegrating debris of uncontrolled spacecraft, need to be studied in the
future.
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