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Abstract

This research focus on an analysis of the complex hypersonic flow dynamics during the reentry of expired
spacecraft, such as China's Tiangong-1, into the Earth's atmosphere. The study is motivated by the need to
understand and predict the behavior of space debris to mitigate potential risks to both terrestrial and space-
based assets. The investigation focuses on the flow patterns around the Tiangong-1 spacecraft's compartment
at various angles of attack, elucidating the effects of the spacecraft's geometry on shock wave formation and
flow disturbances. The study extends to the multi-body flow around debris fragments, particularly examining
the influence of different shapes and configurations on aerodynamic interference and forces. The results
demonstrate that the thermal-chemical non-equilibrium model significantly improves the accuracy of
aerodynamic force predictions compared to the perfect gas model. Furthermore, the research reveals that
debris interaction is substantial at close distances but diminishes at greater separations, suggesting a threshold
beyond which debris can be modeled as independent entities for trajectory predictions. This study contributes
to the field by providing a robust computational framework for simulating hypersonic flows around disintegrating
spacecraft and offers insights into debris behavior that can inform space debris management and risk
mitigation strategies. The findings are particularly relevant for the aerospace community, policymakers, and
entities involved in space traffic management and environmental safety.

Keywords: The reentry of expired spacecraft, complex hypersonic flow, Navier-Stokes equation, Flow around
multi-bodies.

1. Background

With the rapid development of aerospace technology, the number of long-serving spacecraft is
increasing. When a large spacecraft in low Earth orbit reaches the end of its operational life, it
gradually decays in orbit due to gravitational and atmospheric drag. As its altitude decreases, it
eventually enters the atmosphere at an altitude of 120 km and undergoes a sequence of flow regimes
including free molecular flow, rarefied transitional flow, slip flow, and continuum flow. This process
involves reentry into a high aerodynamic environment at the first cosmic velocity, leading to structural
thermodynamic responses, deformation, melting, ablation, and a continuous decrease in
accumulated thermal energy 81,

After the service life, the spacecraft will experience thermal decomposition and ablation due to
aerodynamic heating effects upon reentry into the atmosphere at hypersonic speeds. This results in
multiple disintegrations of the spacecraft and the generation of debris fragments. Simulating the
aerodynamic, thermal, and disturbance effects caused by the spacecraft and its debris fragments
during reentry, as well as revealing the flow mechanisms involved, is crucial for predicting the
dispersion range of the debris fragments, conducting numerical forecasts of the coverage area of
reentry disintegration, reducing collision risks with other aerospace vehicles, and assessing the
potential harm to human, financial, and ecological systems on the ground -4,

Therefore, our study addresses the critical bottleneck in accurately simulating hypersonic flow
created by the multiple disintegrations of expired spacecraft re-entering near space, which
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significantly impacts the prediction of the falling area of disintegration debris. In this study, we
developed a solver for the thermochemical non-equilibrium Navier-Stokes (N-S) equations that
considers the excitation of vibrational energy. Using the Tiangong-1 spacecraft as an example, we
conducted flow simulation calculations for the Tiangong-1 compartment at different angles of attack.
We compared the computational accuracy with and without considering the slip boundary flow theory
correction. Additionally, we conducted numerical simulations for the multi-body flow around the
debris of the Tiangong-1 spacecraft. The research on the simulation of multi-body flow mechanisms
around different combinations was carried out with varied shapes and spacing.

2. Method

All computational simulations are conducted using an in-house CFD code developed by the authors.
Additionally, this code incorporates MPI (Message-Passing-Interface) parallel technology to
enhance efficiency and employs a local time marching method to accelerate the convergence of
computations to a stable state.

The energy decay and deceleration of a spacecraft during its reentry and disintegration process after
the end of its service life result in the conversion of its enormous kinetic energy into heat energy.
This leads to the surrounding air entering a non-equilibrium flow state, with the occurrence of
chemical reactions such as dissociation and displacement after the hypersonic flow shock wave. The
characteristic time of these reactions can be compared to the flow characteristic time, and the energy
modes of gas molecules, including translational, rotational, and vibrational modes, are excited. At
this point, the complete gas Navier-Stokes equations are no longer sufficient to accurately simulate
the flight state, and it is necessary to introduce a thermal-chemical non-equilibrium physical model
into the governing equations 5201,

Based on the three fundamental principles - mass conservation, momentum conservation, and
energy conservation - the Navier-Stokes (N-S) Equations describing the multi-body flow around
irregular debris in a near-space flight environment can be derived. The N-S equations for a
multicomponent, two-temperature model and thermochemical reaction non-equilibrium flow in a
three-dimensional rectangular coordinate system can be formulated as follows:
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where all variables are dimensionless, with respect to the characteristic length, incoming flow density
and velocity of the object, respectively. Q denotes conserved variables. F, G and H are the inviscid

vector flux in the three coordinate directions of x, y and z, 17",, 51, and Fi,, are the viscous vector flux
in three coordinate directions!?-3%,

In near space, the Knudsen layer on the aircraft surface has a thickness equivalent to the average
free path of gas molecules. As a result, the N-S equations become inapplicable due to the significant
discontinuous particle effects of rarefied gas, and the gas molecule velocity distribution function
deviates considerably from the Maxwell equilibrium state because of the large flow field gradient
near the wall. To solve the N-S equations outside the Knudsen layer on the aircraft wall, a reasonable
mathematical model for slip boundary conditions in high-temperature multicomponent mixed gas
surfaces can be constructed to correct the N-S equation solver for surface velocity slip and
temperature jump. Based on the model developed by Gupta and using plate flow as an example, the
model for air with a five-component slip boundary is provided as follows.

3. Model and Grid

The first computational models used in this study were based on the compartment of the Tiangong-
1 target spacecraft, as shown in Figure 1. The wind tunnel tests were conducted using two scaled-
down models with a reduction ratio of 2%. The total length of the models was 0.20289 m, and the
reference area of the models was 3.52566x10° m?,
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Figure 1 — The grids of the compartment of the Tiangong-1.

The second set of models in this paper are the multiple disintegrates of China's Tiangong-1 target
aircraft uncontrolled fall reentry - propulsion gas cylinders. The propulsion gas cylinders are rotating
bodies, which are composed of hemispheres and cylinders at both ends. The diameter of
hemispheres at both ends is D = 450 mm and the length of cylinder section is L = 577 mm.
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4. Current Results

4.1 Results of simulation on hypersonic flow around the compartment of Tiangong-1
spacecraft

In this section, numerical simulations are conducted on the compartment formed after the

uncontrolled reentry and disintegration of the Tiangong-1 target spacecraft. Different flow field

patterns of dimensionless pressure and Mach number are plotted for different angles of attack (AoA)

at 0°, 25°, 60°, 90°, and 120°, at a height of 65.2 km and Ma=12.5, as shown in Figures 3 and 4. The
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figures provide a visual representation of the hypersonic flow field in the near-space flight
environment. At an AoA of 0°, the irregular shape of the spacecraft causes disturbances, resulting
in attached oblique shock waves and flow patterns. For flight AoA between 25° and 90°, the flow
field exhibits certain detached shock waves. At AoA of 90° and 120°, the flow field displays the
characteristics of attached oblique shock waves on the front and rear faces due to the irregular shape
of the rear body.

Table 1 — Parameters of flow state around tiangong-1 target spacecraft's two cabins used low-density
wind tunnel experiment and numerical simulation.

Knudsen Reynolds
. Mach Total Total
Sample AI“EE::S H number temperature T,  pressure P, number gumtze;z
M. (K) (MPa)  Jeney (X209 Tert
1 65.2 12.5 592 1.52 5.10 3.70
2 62.1 12.79 586 2.43 3.37 5.63

(a). AoA=0" (b). AoA=25° (c). AoA=60°

(d). AOA=90° (e). A0A=120°

Figure 3 — Dimensionless pressure contour cloud image of Tiangong-1 at H=65.2km and Ma=12.5.

(a) A0A=0° (b) A0A=25° (c) AOA=60°
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(d) AoA=90° (e) AoA=120"

Figure 4 — Mach number contour cloud image of Tiangong-1 at H=65.2km and Ma=12.5.

In order to compare and analyze the characteristics of the flow field around irregular disintegrated
objects in near space solved by numerical method based on N-S equations for perfect gas and
thermochemical reaction with internal energy excitation, the pressure and Mach number contour of
the flow field around the compartment at H=65.2km, Ma=12.5 and AoA=25° are shown in Figure 5
and 6, respectively. It shows that the flow structures in the two flow medium are similar with each
other, and one detached shock wave is formed in perfect gas flow around two bodies, and is more
away from the surface than that in the chemical reaction flow excited by internal energy. The reason
is that the energy dissipation can induce chemical reaction, so that hypersonic detached shock wave
layer thickens the surface flow on attachment, and it shows that the method presented is available
and feasible.

(a) Perfect gas pressure distribution  (b) Bitemperature model gas pressure
distribution in thermochemical reaction

Figure 5 — Pressure contour cloud image of Tiangong-1 at H=65.2km, Ma=12.5 and AocA=25°.

| DNNENNNNR RN

(a) Perfect gas Mach distribution (b) Bitemperature model gas Mach
distribution in thermochemical reaction

Figure 6 — Mach Contour cloud image of Tiangong-1 at H=65.2km, Ma=12.5 and AoA=25°.
5
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Table 2 — Low density wind tunnel experimental state 2: H = 62.1km, Ma., = 12.79, Kn., =
3.7 x 10~ >calculation and test comparison

(24 CA CN Cm ch CL CD CL /CD Note
0.8944 0.0000 0.0005 0.3255 0.0000 0.8944 0.0000 Wind tunnel tests
0.88891 0.0000 0.0000 0.3006 0.0000 0.88891 0.0000 No-slip calculation
0 -0.61 -0.01 0.01 -7.65 -0.01 -0.61 -0.01 Calculation deviation (%)
0.87303 0.0000 0.0000 0.3037 0.0000 0.87303 0.0000 Calculation of slip boundary flow
-2.36 -0.01 0.01 -6.70 -0.01 -2.36 -0.01 Calculation deviation (%)
0.9479 0.3276 -0.1111 0.3392 0.1580 0.9904 0.1595 Wind tunnel tests
0.94337 0.33639 -0.10974 0.3244 0.16751 0.98705 0.1697 No-slip calculation
10 -0.48 2.68 1.22 -4.36 6.02 -0.34 6.39 Calculation deviation (%)
0.92579  0.33293 -0.10801 0.3198 0.16718 0.96946 0.1724 Calculation of slip boundary flow
-2.33 1.63 2.78 -5.72 5.81 -2.11 8.09 Calculation deviation (%)
0.9883 0.6662 -0.2422 0.3635 0.2880 1.1566 0.2490 Wind tunnel tests
0.98138  0.66484  -0.23427 0.3524 0.28885 1.14929 0.2513 No-slip calculation
20 -0.70 -0.14 3.27 -3.05 0.30 -0.63 0.09 Calculation deviation (%)
0.96379  0.65803  -0.23158 0.3519 0.28874 1.13114 0.2553 Calculation of slip boundary flow
-2.48 -1.23 4.39 -3.19 0.26 -2.20 1.53 Calculation deviation (%)
0.9632 0.8795 -0.3474 0.3950 0.3900 1.2447 0.3133 Wind tunnel tests
0.94280  0.85658  -0.32992 0.3852 0.37803 1.21679 0.3107 No-slip calculation
25 -2.12 -2.60 -5.03 -2.48 -3.07 -2.24 -0.08 Calculation deviation (%)
0.93089  0.84977 -0.32684 0.3846 0.37644 1.20261 0.3130 Calculation of slip boundary flow
-3.35 -3.38 -5.92 -2.68 -3.47 -3.38 -0.01 Calculation deviation (%)

Table 2 lists the flight altitude H=65.2km and 62.1km, the two states in the low-density wind tunnel
experiment, implying the near-continuous slip flow zone. Due to the large scale of the two cabins of
Tiangong-1 target aircraft, the corresponding Knudsen number Kn., = 5.1 x 107>, Kn., = 3.7 x 10~°
are small and hence the flow is continuous. In order to analyze and compare the deviation between
numerical results and experiment on aerodynamic moment coefficients in the above two
experimental states, as numerical methods considering boundary slip effect of non-equilibrium flow
surface at high temperature and that without considering surface slip, Table 2 gives the deviation
compared with the experimental states 2 with H = 62.1km, Ma., = 12.79, Kn., = 3.7 x 10~°, at angle
of attack in the flight « = 0° , 10° , 20° , 25° . Using wall slip model and no slip conditions in this
paper respectively, the numerical algorithms to solve the Tiangong-1 module two experiments state
income aerodynamic moment coefficient calculation with the experimental deviation. It can be seen
that maximum deviation is less than 7.65%, the rules to the large scale complex flow around two hull
structure, even though Knudsen number Kn., = 3.7 x 10~> belongs to continuous medium flow at a
minimum. Due to the flight altitude has reached the near-continuous transition zone, the maximum
deviation between the aerodynamic force, torque and pressure center coefficient calculated by using
N-S equation solver with high temperature non-equilibrium surface slip boundary effect and the low-
density wind tunnel experimental data is 6.7%, which is less than the value calculated by N-S
equation without slip. It shows that the development of N-S equation solver considering the
modification of slip boundary conditions is more accurate and reasonable to calculate the
aerodynamic force/moment of large scale irregular disintegrations in near space.

4.2 Results of simulation on flow around irregular multi-debris in near space.

In this section, the numerical simulation on the flow around two paralleled propelling bottles is carried
out using the numerical algorithm that based on N-S equation and focuses on the problems of flow
around irregular multi-body in near space. The Mach number contours are shown in Figure 7 when
the mainstream Mach number is 3, the flying altitude is 40km and the distance between the axes of
two propelling bottles Ay =1.5D. 2D. 3.5D. Asis displayed in the figure, the detached shock waves
are generated near the leading edge of each propelling bottle, which intersect with each other in the
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flow region between two bottles, resulting in complex interference between Mach disk and the flow
such as the intersection, reflection, and fusion of shock waves.

The distance between two propelling bottles has significant impact on the characteristics of the flow
field. When Ay=1.5D, the detached shock waves generated near the leading edge of the bottles
intersect with each other at X=-26mm (the stagnation point of the bottle is located at X=0mm),
generating a clear Mach Disk. After intersection, transmitted shock waves impinge on the walls of
the propellant cylinder, inducing shock wave-boundary layer interaction, leading to a sudden
increase in the pressure near the debris wall, thus modifying the aerodynamic coefficients of the
debris. When Ay=2D, the detached shock waves are generated near the leading edge of each bottle
and intersected with each other at X=143mm, the interference is still remarkable, generating obvious
reflected shock waves that are similar as those in the hypersonic inlet. As Ay continue to increase,
when it reaches 3.5D, the intersection of two shock waves moves further downstream. They intersect
at X=640mm and the transmitted shock waves directly propagate to the downstream so that the
interference of the shock waves on the debris is wakened. As is displayed in Table 3, the minimum
distance between the shock waves and the stagnation point of the bottle remains at 109mm,
indicating that the position of the axes of the detached shock waves in the front of the paralleled
propelling bottles will not change with the variation of the distance between two bottles, in this regard,
the interference of the flow field has no influence on the detached shock waves. When Ay is
sufficiently small, almost equal to D, the two propelling bottles are combined into a single object. In
this way, the flow becomes similar to that of a single body. Conversely, when Ay is sufficiently large,
the flow structures of two propelling bottles will not affect each other, as a result, the two shock waves
develop independently.

Ay =1.5D Ay =2D Ay =3.5D

Ma: 000 045 080 135 180 225 270

Figure 7 — Mach number contours when propelling bottles are placed paralleled with different Ay.

In order to quantitatively analyze the flow around paralleled propelling bottles placed with different
spacing, the axial and normal force coefficient on one of the bottles when Ay=1.5D, 2D and 3.5D is
listed in Table 3. As is shown in the table, with the increase of Ay, the magnitude of axial force
coefficient remains almost the same, because it mainly influenced by the detached shock waves
near the leading edge of the bottle. When y=3.5D, the axial force coefficient decreases remarkably,
this is because that when the position of the intersection of shock waves moves downstream, the
transmitted shock wave directly enters the downstream and no longer affects the flow field near the
wall of the propelling bottles. When Ay=1.5D or 2D, the shock wave interact strongly between two
propelling bottles, resulting in a significant multi-body interference, thus improving the normal force
coefficient. Since the normal force coefficient is mainly due to the interference of the paralleled
propelling bottles, which is not obvious when Ay=3.5D, the order of magnitude of the normal force
coefficient in that condition is only 10*. Moreover, the shock wave interaction results in a significant
change in the characteristics of the flow field. When Ay is small, the mutual interference of two debris
is strong, and the changes of the flow around the debris can’t be explained simply by analyzing the
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flow around a single debris. When Ay=3.5D, the force coefficients of a single propelling bottle,
especially the normal force coefficient, are significantly reduced. The detached shock waves
intersect with each other and generate two transmitted shock waves that directly propagate
downstream. In this condition, the interference between two debris is substantially weakened so that
its effect on the flow field can be neglected, thereby the forecast of the path line of the debris can be
conducted through the independent numerical simulation on each debris.

Table 3 — Minimum distance between shock wave and stagnation point of debris and location of
intersection of shock waves.

Ay 1.5D 2D 3.5D
Minimum distance 109mm 109mm 109mm
Position of intersection X=-26mm X=143mm X=640mm

Table 4 — Axial and normal force coefficient of paralleled placed propelling bottles when Ma=3 and
the altitude is 40km.

Ay 1.5D 2D 3.5D
Axial fgrce 8.80E-02 8.73E-02 7.55E-02
coefficient

Normal force 3 67E-02 3.22E-02 1.06E-04
coefficient

5. Current Conclusion

This study focuses on the disintegration process of an expired spacecraft during reentry into the
atmosphere. A numerical simulation is conducted using the Navier-Stokes method that considers
thermochemical non-equilibrium to analyze the disintegrated debris of the Tiangong-1 spacecraft.
This study mainly concludes two important findings. First, the numerical algorithm for solving the N-
S equations for thermal chemical reactions with internal energy excitation has more advantages and
computational accuracy than the N-S equations for perfect gases when solving the flow field around
irregular dissociative objects in near space, especially in improving the accuracy of aerodynamic
force calculations by at least 15% or more. Second, the results show that irregular debris, e.qg.
propelling cylinder, show strong interaction when their distance is Ay<3D or Ax<D, and significant
changes can be found in flow and aerodynamic characteristics. However, the interaction is negligible
if the distance increases to a certain magnitude. When the distance between the debris in the near
space reaches a certain level, the influence of mutual interference can be ignored, and debris can
be regarded as two separate pieces of disintegrated wreckage to be carried out the engineering
application design of numerical prediction software for aerodynamic fusion ballistic flight track
landing area.
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