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A B S T R A C T   

Hypersonic stage separation is a significant process for the future two-stage-to-orbit (TSTO) vehicle. Strong and 
complex interstage aerodynamic interference may result in drastic aerodynamic forces and moments, potentially 
conflicting with the safe separation. Therefore, the dynamic stability of the vehicle during separation is critical to 
aerospace safety. In this study, numerical analysis of a hypersonic flow with Ma = 6.7 past a parallel-staged TSTO 
vehicle during stage separation is performed by laminar flow simulations. The TSTO vehicle consists of a wave- 
rider and a spaceplane as booster and orbiter, respectively. Considering the different centers of gravity for the 
orbiter during separation, the longitudinal dynamic stability of the orbiter is analyzed based on the dynamic 
characteristic of the center of pressure (CoP) in different cases. The dynamic separation behavior, aerodynamic 
characteristics, and typical flowfield patterns are clarified. Moreover, the derivative of CoP to time is proposed 
and analyzed in detail, which serves as an indicator to determine the dynamic stability and the safe stage sep-
aration. A safety separation judgment criterion is also proposed based on the CoP dynamic characteristics for the 
TSTO vehicle, and the mechanism of CoP variations associated with the unsteady aerodynamic interference 
during stage separation is revealed.   

1. Introduction 

The horizontal take-off and landing two-stage-to-orbit (TSTO) reus-
able launch vehicle is a promising airline space transportation system 
and has received much attention [1–3]. The parallel-staged TSTO 
vehicle may comprise the booster with an airbreathing combined engine 
and the orbiter with a rocket engine3, and the stage separation typically 
occurs under hypersonic conditions. For example, the Saenger TSTO 
concept has a staging Mach number of 6.7 [1]. Thus, the high-speed flow 
past a TSTO vehicle (e.g., a two-body system [4–8]) may be associated 
with shock wave-shock wave interaction (SSI) and shock 
wave-boundary layer interaction (SBLI), as well as flow separation 
[9–14]. In terms of high-speed complex interactions, advanced appli-
cations (e.g., the interaction between the shock wave and transverse jets 
in supersonic flow) have been investigated. Gerdroodbary et al. [15–19] 
studied the fundamental flow physics of the interaction between fuel jets 
and air jets in a supersonic transverse flow. The complex features of the 
multi-jets in supersonic flow were analyzed, and their significant effects 
on the penetration of hydrogen jets were clarified. Moreover, the effects 
of jet number, total pressure ratio, inflow Mach numbers, etc., on fuel 

and air mixing performance were discussed in several studies. Based on 
these studies, the unsteady complex interaction is important in 
high-speed flow, especially for TSTO stage separation applications 
involving multi-body moving. The strong unsteady flow effect of aero-
dynamic interference coupled with the motion of the vehicle body in-
creases the risk and difficulty of the stage separation of the TSTO 
vehicle. Therefore, stage separation is one of the critical problems for 
TSTO vehicles and multibody separation in a hypersonic regime. 

Parallel-staged TSTO may have different separation schemes. Wang 
et al. [20] proposed two candidate schemes, i.e., longitudinal and 
transverse stage separation, and distinguished between these two 
schemes. Recently, longitudinal stage separation has been investigated 
by computational fluid dynamics (CFD) simulations [21,22] and 
free-flight experiments in the JF-12 shock tunnel [23,24]. Moreover, 
Wang et al. [25] analyzed the CFD and free-flight test results of unsteady 
interactions during longitudinal stage separation for parallel-staged 
TSTO vehicles. The results demonstrated the feasibility and reliability 
of the longitudinal stage separation scheme, which reduced the inter-
stage aerodynamic interaction. In addition, transverse stage separation 
has been a research hotspot due to its complex high-speed flow 
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phenomena involving unsteady interaction mechanisms and aero-
dynamics [26]. Decker [26] conducted a wind tunnel investigation using 
a simple TSTO configuration to examine the aerodynamic interference 
effects. Static measurements of the effects of the interstage vertical gap 
and relative incidence angle were performed at Mach 3 and 6. Bordelon 
et al. [27] carried out a wind tunnel test on a TSTO model. The mea-
surement results showed that the TSTO vehicle was statically unstable 
due to strong shock interactions at several relative separation positions. 
Ozawa et al. [28] investigated the effects of the interstage gap in a 
simple configuration on the aerodynamic interference at Mach 8.1 
through experiments. The results showed that the flow pattern would be 
unsteady with shock oscillation under a certain interstage gap. To 
reduce interstage aerodynamic interaction, Uematsu et al. [29] carried 
out aerodynamic interaction experiments with different cross-sections 
for simplified TSTO configuration. The results showed that the trian-
gular cross-section of the booster was effective in minimizing the shock 
wave interaction. In addition, Peng et al. [9] and Liao et al. [10] found 
strong aerodynamic interference and associated peak air and thermal 
loads in the parallel-staged TSTO configurations. Cheng et al. [30] 
performed numerical simulations of the aerothermodynamics of the 
TSTO. The results indicate that the complex interstage shock wave 
interaction features contribute to the significant increase in aerothermal 
loads at shock reflection positions. Furthermore, Wang et al. [31] 
numerically simulated the dynamic stage separation for a simple TSTO 
configuration and analyzed the effects of the incidence angle on stage 
separation. The results showed that aerodynamic interference becomes 
stronger and more complex as the incidence angle increases. Since Wang 
et al. [22] proposed the spiked model for parallel-staged TSTO vehicles, 
Liao et al. [32] investigated the transverse stage separation for spiked 
TSTO vehicles and analyzed the flowfield structure variation with 
increasing angle of attack. The results showed that the aerospike 
reduced the aerodynamic interaction between stages and lowered the 
drag. Cvrlje [33] investigated the separation maneuver of an idealized 
TSTO vehicle aerodynamically by CFD. The unsteady flowfields arising 
from translatory motion were calculated. The results showed that the 
separation is dominated by reflected shocks, and the unsteadiness has a 
significant effect on the air loads. Cvrlje et al. [34] numerically inves-
tigated the influence of yaw and roll harmonic oscillations on the entire 
flowfield and resulting air loads. They demonstrated that quasi-steady 
values do not accurately approximate the unsteady behavior even at 
low reduced frequencies. When stronger aerodynamic interference oc-
curs between stages, the unsteady effects tend to be more significant. 
Moelyadi et al. [35,36] performed steady and unsteady simulations for 
stage separation aerodynamics of the TSTO system. The flow patterns 
demonstrate strong interference effects from incident, reflected, and 
expansion waves. Moreover, since the aerodynamics of stages signifi-
cantly change at the beginning of the separation maneuver, the unsteady 
characteristics must be carefully considered. Wang et al. [13] and Liu 
et al. [37] demonstrated that the two stages might suffer from the risk of 
stage collision and separation failure due to unsteady and strong inter-
ference aerodynamics. Particularly, the pitching moment of the orbiter 
is sensitive to the separation parameters during stage separation, 
significantly affecting the TSTO separation. 

The above studies on the transverse stage separation for the TSTO 
vehicle have revealed the significant influence of the unsteady and 
strong aerodynamic interference on the aerodynamics of the stage, 
which directly determines the separation process. In particular, the 
balance of moments is essential for a safe separation maneuver. The 
unsteady aerodynamic interference may lead to drastic variations in the 
moment balance, making it necessary to carefully consider the sepa-
rating stability of the vehicle. Moreover, several studies investigated the 
unsteadiness by the harmonic oscillation of the orbiter at a certain po-
sition. The dynamic stability issues of TSTO vehicles during stage sep-
aration were rarely reported. There were few published studies on the 
dynamic stability of the aerospace vehicle under strong disturbance (i.e., 
strong aerodynamic interference), and no corresponding judgment 

criteria associated with dynamic separating stability for TSTO separa-
tion were proposed. In this study, a series of CFD simulations were 
performed to realize TSTO stage separation by changing the center of 
gravity (CoG) of the orbiter. The longitudinal stability of the orbiter was 
analyzed by investigating the variations of the center of pressure (CoP) 
and its derivatives for different cases. The remaining sections of this 
paper are organized as follows: Section 2 introduces the size and details 
of the parallel-staged TSTO model. Based on the TSTO model, the un-
steady hypersonic flowfields during stage separation are simulated for 
different CoG cases. Section 3 describes the governing equations, nu-
merical methods, and boundary conditions. A computational overset 
grid for TSTO stage separation is presented, and verification of the 
computational grid and the time step the validations for numerical 
methods are also performed. Section 4 presents detailed results and 
discussion, including dynamic separation behavior and unsteady aero-
dynamics, interaction mechanism with the changing of the flow struc-
tures and wall pressure, and aerodynamics. The CoP characteristics 
involved in longitudinal dynamic stability, the derivative of CoP to time, 
and the linear stability method are analyzed in detail. Several judgment 
criteria for outcome-based safety conditions and TSTO vehicle CoP- 
based safety separation are specified. Finally, the conclusions of this 
study are presented in Section 5. 

2. TSTO model 

The parallel-staged TSTO model for the numerical simulation con-
sists of a wave rider and a spaceplane as the booster and the orbiter, 
respectively [21–25]. The booster is designed as a wide-speed range 
vehicle with a deformable wing and twin vertical tails based on a 
conically derived wave-rider. The orbiter is designed as a large swept 
wing body with a vertical tail. Fig. 1 presents the size of the TSTO model 
with the origin of the coordinate system on the nose of the booster. The 
leading edge of the booster and the orbiter is blunted with a blunt radius 
of 1 mm. The length and span of the booster are lb = 1 m and wb = 0.55 
m, respectively, and its CoG is located at (0.738, − 0.05, 0) m, which is 
about 73.8% of its length. The length and span of the orbiter are lo = 0.4 
m and wo = 0.186 m, respectively. The CoG of the orbiter is only one 
independent variable (lCoG/lo = 0.65, 0.675, 0.687, 0.70, 0.71, 0.725, 
0.75, 0.80), and the CoG of the orbiter offsets from the lower surface is 
hCoG/do = 0.32. The minimum interstage clearance is h/lb = 0.015, and 
the initial incidence angle between the orbiter and booster is 8◦. The 
angle of attack of the TSTO vehicle is zero. The non-dimensional mass of 

Fig. 1. The overall size of the scaled TSTO model.  
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the orbiter is mo/ρ∞lo3 = 2660, and the moments of inertia are Ixx/ρ∞⋅lo5 

= 18, Iyy/ρ∞⋅lo5 = 165, and Izz/ρ∞⋅lo5 = 154, with ρ∞ = 0.0074 kg m− 3 

indicating freestream density. Moreover, the booster is assumed to be 
fixed in the simulation, while the orbiter is separated freely from the 
booster. The orbiter is governed by the six degrees of freedom (6-DOF) 
motion equations under the aerodynamic forces, moments, and gravity 
force. The reference point for the moments is located on the CoG. In the 
simulations, the mechanical connection and separation of the unlocking 
device between the two stages and the vehicle engine are omitted. 

3. Numerical methods and validations 

3.1. Computational methods 

The Navier-Stokes (N–S) and the 6-DOF rigid body dynamics equa-
tions are solved for the unsteady flowfield during the TSTO stage sep-
aration process. The unsteady three-dimensional (3-D) N–S equations 
employed for the simulation are given by: 

∂
∂t

∫∫∫

Ω
WdΩ+∰ ∂Ω(Fc − Fv)dS= 0 (1)  

where W indicates conservative variables; Fc represents the vectors of 
convective fluxes; and Fv denotes viscous fluxes. These parameters can 
be expressed as: 
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where ρ is the density; u, v, and w are the velocity components in the x, y, 
and z directions, respectively; p denotes the pressure; E and H are the 
total energy and total enthalpy per unit mass, respectively. Moreover, p 
= (γ-1)[ρE - 1/2ρ(u2+ v2+w2)] and H = E + p/ρ, where γ is the specific 
heat ratio; τij is the component of viscous stress; Θx, Θy, and Θz represent 
the heat conduction; nx, ny, and nz are the components of unit outward- 
facing normal vector; Vr represents the contravariant velocity relative to 
the motion of the grid, which can be expressed as: 

Vr =V − Vg =
(
u − ug

)
nx +

(
v − vg

)
ny +

(
w − wg

)
nz (3)  

where Vg = ugnx + vgny + wgnz is the contravariant velocity at the surface 
of the control volume. To complete the system of equations, the ideal gas 
equation of state is introduced: p = ρRT. Additionally, 

Θx = uτxx + vτxy + wτxz + kT
∂T
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(4)  
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(5)  

Θz = uτzx + vτzy + wτzz + kT
∂T
∂z

(6)  

where kT is the coefficient of thermal conductivity; T is the temperature. 
The components of the viscous stress tensor are obtained as follows: 
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where μ is the viscosity coefficient. 
The 6-DOF rigid body dynamic (RBD) motion is governed by. 
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Eqs. (13)–(15) represent the CoG translation of the body and Eqs. 
(16) and (17) represents the CoG rotation in the axial system. In the 
above equations, m is the mass of the body, Vx, Vy, and Vz are the velocity 
components of the body (also the velocity of the orbiter grid, Vg), ωx, ωy, 
and ωz are the components of the angular velocity of the body, Fx, Fy, are 
Fz the components of applied force exerted on the body, including 
aerodynamic forces and gravity. In addition, Ixx, Iyy, and Izz are the 
principal moment of inertia of the body, and Mx, My, and Mz are the 
components of the applied moment exerted on the body. 

The computation of the N–S equations is based on the finite volume 
method [38]. The spatial discretization employs a second-order total 
variation diminishing (TVD) polynomials interpolation scheme with a 
minmod limiter [39]. The inviscid flux terms are evaluated by 
Harten-Lax-van Leer contact (HLLC) approximately Riemann method 
[40], and the viscous flux terms are calculated by the second-order 
simple average of all the vertex polynomials. Time advancement is 
performed by backward Euler integration with multi-grid acceleration 
and dual time step method [41]. Furthermore, the 6-DOF equations are 
solved by the fourth-order Runge-Kutta advancing method. The free-
stream conditions are Ma∞ = 6.7, Re∞ = 8.86 × 105 m− 1, q∞ = 24,217 
Pa, p∞ = 773 Pa, T∞ = 365 K, p0 = 3.95 MPa, T0 = 3108 K, and H0 =

3.65 MJ kg− 1, which are a typical test flow conditions for the JF-12 
hypersonic duplicated flight conditions shock tunnel. Due to the small 
Reynolds number of freestream, the flow has not transitioned to the 
turbulent flow with lb = 1 m at such inflow condition, which has been 
validated by the experiments of the laminar boundary layer on a 
large-scale flat plate or blunt cone conducted in the JF-12 shock tunnel 
at similar test flow condition [42,43]. Moreover, the reliability and ac-
curacy of the laminar flow simulation of Mach 6.7 hypersonic flows over 
the TSTO vehicle (i.e., Saenger concept) have been validated by 
Schroder et al. [44,45]. Based on the validation results, the laminar flow 
assumption is adopted in the simulation. The specification of fluids is the 
airflow with perfect gas properties. Moreover, the rarefied gas effects 
and non-equilibrium real gas effects [46,47] are not considered in the 
current study because of the relatively low total enthalpy H0 < 5 MJ 
kg− 1 and small Knudsen number of 1.2 × 10− 5 < 0.05. Thus, the free-
stream gas property is considered the calorically perfect gas, which was 
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also validated by Schroder et al. [44,45] through laminar flow simula-
tions for the hypersonic flows over the TSTO vehicle. In the simulations, 
all conservative variables at the inflow boundary and flowfield initiali-
zation are determined by the freestream conditions. Conservative vari-
ables at the outflow boundary are computed based on the solution in the 
computational domain (centroidal extrapolation). Non-slip and adia-
batic conditions are adopted for the wall boundary. 

3.2. Computational grid and verifications 

The overset grid method is used to compute the TSTO stage sepa-
ration due to its advantages in simulating multibody flow problems 
[48]. Fig. 2 presents the computational overset grid for the TSTO vehicle 
and the sketch of the boundary conditions in the simulation. The overset 
grid comprises a booster grid as a background grid and an orbiter grid as 
a moving grid. Both sub-grids are generated by the hybrid meshing 
method and consist of structured and unstructured blocks. The first cell 
spacing normal to the wall is selected to ensure y+ ~1, and a progression 
ratio of 1.1 is applied to cluster grid points radially outward from the 
wall with forty cells spanning the thickness of the boundary layer to 
accurately capture the boundary layer flow physics. The overset method 
applied in the current study involves the connection of the two sub-grids 
at each time step by hole cutting and data interpolation. As shown in 
Fig. 2, since the outer boundary of the orbiter grid serves as the cutter 
boundary, the booster grid cells that intersect with the cutter boundary 
are recognized as the cutter cells. Then, the cells are intercepted from the 
booster grid within the orbiter grid to form the inner boundary of the 
booster grid. Therefore, the cutter and inner boundary enclose the 
overlapping cells of the booster grid and the orbiter grid. The flow data is 
exchanged and interpolated on the overlapping cells to achieve 
second-order accuracy within two or more layers of interpolated grid 
nodes. Detailed overset grid methods for the numerical simulation are 
given in Ref. [48]. 

In the numerical study, three grids of different resolutions and cell 
numbers treated with the same meshing method are used to verify the 
grid independence. Three grids are labeled as the coarse, medium, and 
fine grid, with the total cell number of sub-grids around 8 million, 17 
million, and 35 million, respectively. Fig. 3 presents the trajectory and 
aerodynamic coefficients of the orbiter during stage separation in the 
case of lCoG/lo = 0.71 computed from three grids. All curves of the three 
grids have approximately the same variation tendency, but the compu-
tational results of the medium and fine grids are more consistent at 
feature points. Considering the computational efficiency and cost, the 
medium grid is selected as the computational grid for the simulations 

and discussion. 
To verify the computational time step independence, three different 

time steps with the same medium grid are used in the lCoG/lo = 0.71 
stage separation simulation case, i.e., dt⋅U∞/lb = 0.2564, 0.1282, 
0.05128, respectively. Fig. 4 shows the orbiter’s displacements, pitching 
angle, and aerodynamic coefficients with different computational time 
steps. The curves for these variables have almost the same trend, but the 
values computed from the dt⋅U∞/lb = 0.1282 and 0.051 3 are closer. 
Fig. 5 shows the flowfields when the orbiter is passing by one of the 
separation positions with cases of different time steps. The major flow 
structures between these flowfields are well-captured and identical. 
Considering the CFD simulation accuracy and efficiency, the non- 
dimensional time step of dt⋅U∞/lb = 0.1282 is chosen for the simulation. 

3.3. Validations 

Since the hypersonic flowfield during the TSTO stage separation is 
mainly characterized by the SBLI phenomena and the multibody relative 
motion, the reliability and the efficiency of the computational methods 
should be validated for typical flow field cases. In this study, the shock 
wave-laminar boundary layer interaction and the wing-pylon-store 
separation cases were validated to determine the reliability and accu-
racy of the computational methods for simulating the TSTO hypersonic 
stage separation. Fig. 6 shows the experimental result and laminar flow 
simulation results for the laminar-SBLI at Ma = 12.2 and Re = 1.4 × 105 

m− 1 over the double-cone model in the LENS XX hypersonic wind tunnel 
[49]. The test model of a double cone has semi-angles of 25 and 55◦. The 
pressure instrumentation was incorporated into the model to record the 
flowfield development over the model. In addition, the uncertainty in 
the experimental measurements is ±10%. The laminar flow simulation 
result shows good consistency with the measured data for the separation 
zone and feature points of the wall pressure. 

Fig. 7 shows the experimental and numerical results of the super-
sonic wing-pylon-store separation at Ma = 1.2, Re = 7.87 × 106 m− 1. 
The wing-pylon-store configuration is shown in Fig. 7(a). The mass of 
the store is 907.8 kg, and the moments of inertia are Ixx = 27.12 kg m2 

and Iyy = Izz = 100 kg m2. More details of the geometry and experiment 
are depicted in Refs. [50,51]. The computational overset grid with 8.5 
million cells is shown in Fig. 7(b). The computational results are ob-
tained by solving the inviscid supersonic flow over the wing-pylon-store 
and 6-DOF rigid body motion equations using the overset grid method. 
Fig. 7(c) and (d) present the comparative results of the CFD and 
experiment, i.e., displacements and Euler angles of the store during 
separation. The computational displacements, pitching angle, and yaw 
angle are in good agreement with the experimental results. However, a 
discrepancy occurs in the roll angle when t > 0.4 s between CFD and the 
experiment. The discrepancy may be due to the smaller moment of 
inertia (Ixx) of the store in the rolling direction compared to the other 
moments of inertia (Iyy and Izz), and the computational error may be 
amplified gradually. Overall, the comparison validates the accuracy and 
reliability of the computation methods for multibody separation in this 
study. 

4. Results and discussion 

4.1. Separation behavior and aerodynamics 

Fig. 8 plots the linear function of the orbiter’s pitching moment 
against the CoG before the stage separation. It can be seen that the 
pitching moment increases with the backward shifting of the CoG. In 
addition, the pitching moment equals zero at lCoG/lo = 0.687, which 
means the CoP on the orbiter is located at lCoP/lo = 0.687 before the 
release of the orbiter. On this basis, the orbiter is subjected to a pitch-up 
moment if the CoG is located after the CoP; otherwise, it is subjected to a 
pitch-down moment. When the orbiter separates from the booster, it 
exhibits pitch-up or pitch-down behaviors according to the positions of Fig. 2. Schematic of the computational overset grid for the TSTO vehicle.  
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the CoG and CoP. Table 1 summarizes the separation results of different 
CoG cases: when lCoG/lo ≤ 0.687, the orbiter collides with the booster; 
when lCoG/lo = 0.70, the orbiter falls to the booster with pitch-down 
behavior; when lCoG/lo ≥ 0.75, the orbiter separates from the booster 
with strong interstage interaction; when lCoG/lo = 0.80, the orbiter ex-
periences a somersault and causes failure; when 0.705 ≤ lCoG/lo＜0.75, 
the orbiter successfully separates from the booster. In addition, Fig. 9 
plots the displacements and pitch angles of the orbiter for different 
cases. As can be seen in Fig. 9(a), when 0.65 ≤ lCoG/lo ≤ 0.70 (i.e., the 

collision or failure cases), Δy shows a variation of first increase then 
decrease with the Δx. When 0.705 ≤ lCoG/lo ≤ 0.75 (i.e., successful 
cases), Δy steadily increases with the Δx. Moreover, the slope for the 
successful separation cases varies from 20 to 14, and the separation 
displacements in all cases are tangent to and asymptotic to the line with 
a slope of 20 at the beginning of the separation. Therefore, the separa-
tion behaviors in these cases are the same at the beginning of the sep-
aration. Additionally, the dual lines with slopes of 20 and 14 enclose the 
security zone of the TSTO stage separation from the zero point. Due to 

Fig. 3. Grid independency study: a) the separation displacements and pitching angle of the orbiter, and b) the aerodynamic coefficients of the orbiter during the 
stage separation in the case of lCoG/lo = 0.71 computed from three grids. 

Fig. 4. Orbiter separation trajectories and aerodynamic coefficients with three different computational time steps.  

Fig. 5. Flowfields of the t = 0.03 s in the lCoG/lo = 0.71 stage separation case with three different computational time steps.  

Fig. 6. Shock wave and laminar boundary layer interaction occurring on the double-cone: a) photography of double-cone test model, b) Mach number contour of the 
flowfield, and c) comparison of the surface pressure distribution on the double-cone between experimental and CFD results. 
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the small security zone, the safe separation for the TSTO is challenging, 
and the other cases that fall outside the security boundary tend to fail. 
The trajectory of the orbiter presents linear variation, and the safe 
separation can be guaranteed at a slope between 14 and 20. As shown in 
Fig. 9(b), the orbiter’s pitch angle eventually decreases to the negative 
when 0.65 ≤ lCoG/lo ≤ 0.70, which falls into the insecurity zone. At this 
point, the orbiter pitches down and collides with the booster or falls into 

the booster’s wake. When lCoG/lo = 0.80, the orbiter separates from the 
booster by somersaulting. The pitch angle of the orbiter becomes 
discontinuous at +180◦ and falls into a negative value of − 180◦. It can 
also be seen from Fig. 9(b) that a lCoG/lo less than 0.70 may be the 
boundary between the pitch-up and pitch-down behavior for the stage 
separation. 

Fig. 10 illustrates the longitudinal aerodynamic coefficients of both 
stages during the separation of representative cases. The CL and CM are 
calculated by Eqs. (19) and (20), respectively, where “*” is replaced by 
“o” and “b” for the orbiter and the booster, respectively; L denotes the 
lift; Mz is the pitching moment (Mz > 0 indicates the pitch-up moment, 
and Mz < 0 indicates the pitch-down moment). Additionally, the L also 
equals the normal force N since the pitch angle of the booster is fixed. 
During separation, the aerodynamic coefficient of the orbiter is larger 
than that of the booster, indicating that the orbiter suffers more from 
aerodynamic interference than the booster during the separation. This 
result agrees with the study of Wang et al. [32] In addition, the fluctu-
ation of the aerodynamic coefficients increases with the backward shift 
of CoG. At lCoG/lo = 0.75 and 0.80, its variation trend differs from the 
others. When 0.65 ≤ lCoG/lo ≤ 0.70, the lift and moment of the orbiter 
decrease to a negative value, resulting in the pitch-down of the orbiter 
and separation failure. In this CoG interval, the lift coefficient and 
pitch-down moment of the orbiter decrease as the CoG moves backward, 
and the collision moment of both stages is delayed with the CoG back-
ward shift. During this process, the lift coefficient of the booster first 
decreases slightly and then increases to the undisturbed state, while the 
nose-up moment first increases and then decreases to the undisturbed 
state. The variation amplitude of the aerodynamics increases with the 
CoG backward shift. Regarding the successful cases (0.70 < lCoG/lo <

0.75), the orbiter steadily separates from the booster under positive lift 
and slight pitch-up moment. In this process, the lift of the orbiter in-
creases while the pitching moment varies steadily, facilitating the rapid 
entry of the orbiter into orbit after stage separation. The aerodynamics 
coefficient of the booster follows the same trend as in the previous cases, 
but the variation amplitude is greater due to the larger backward shift of 
the CoG. After the separation, the aerodynamic coefficients of the 
booster converge to the undisturbed values, as shown in Fig. 10(c) and 
(d). The fluctuation amplitude of the aerodynamic coefficients in both 
stages increases with the CoG backward shift, indicating a stronger 
aerodynamic interaction between stages during separation. However, 

Fig. 7. Wing-pylon-store separation: a) configuration, b) computational overset grid, c) and d) are the comparisons of the displacements and Euler angles of the store 
during separation between experimental and computational results. 

Fig. 8. The orbiter’s pitching moment against the CoG before stage separation.  

Table 1 
Separation results of different cases.  

Case Result Remark 

lCoG/lo =

0.65 
Collision The orbiter pitches down and collides with the booster 

lCoG/lo =

0.687 
Collision The orbiter pitches down and collides with the booster 

lCoG/lo =

0.70 
Failure The orbiter pitches down and falls downstream 

lCoG/lo =

0.705 
Success The orbiter separates away from the booster steadily 

lCoG/lo =

0.725 
Success The orbiter separates away from the booster steadily 

lCoG/lo =

0.75 
Risk The orbiter separates away from the booster with strong 

interstage interaction 
lCoG/lo =

0.80 
Failure The orbiter turns a somersault with strong interstage 

interaction  
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the aerodynamic coefficients significantly fluctuate when lCoG/lo = 0.75 
and 0.80, where strong and complex aerodynamic interference may 
happen between stages. The lift of the orbiter rises rapidly to a maximum 
and then drops to the minimum and finally increases. The pitching 
moment of the orbiter presents large fluctuation and peak characteristics 
during separation. In addition, the lift coefficient of the booster de-
creases fast to a great negative value and then quickly increases to the 
undisturbed value. The pitching moment of the booster increases rapidly 
and then decreases to the nose-down moment and finally reaches the 
undisturbed value. The effects of interstage aerodynamic interference on 
aerodynamics will be analyzed in the subsequent section with the flow 
patterns. Moreover, the large pitch-up moment applied to the orbiter at 
lCoG/lo = 0.80 results in the somersault of the orbiter and causes sepa-
ration failure. Based on the separation behavior, the safe condition for 
the TSTO stage separation is 0.70 < lCoG/lo ≤ 0.75. However, given the 
large fluctuations in the lift and pitching moment of the stages when 
lCoG/lo = 0.75, the absolute safe condition for the TSTO stage separation 
is considered to be 0.70 < lCoG/lo < 0.75. 

CL =
L

1
2ρ∞U2

∞l∗w∗

(19)  

CM =
Mz

1
2ρ∞U2

∞l2
∗w∗

(20)  

4.2. Typical flowfield patterns with aerodynamics 

During stage separation, the hypersonic flow past the TSTO can be 
divided into three phases based on the relative position between the 
booster leading edge shock wave (BLES) and the orbiter: I. The orbiter is 
underneath the BLES; II. The BLES impinges on the orbiter when the 
orbiter breaks through the BLES; III. The orbiter passes through the 
BLES. Fig. 11 shows representative flowfield characteristics in phase I. 
The flowfields are presented by the numerical schlieren (contour of the 
density gradient) on the symmetry plane and the wall pressure coeffi-
cient contours. Additionally, the vortex iso-surface shown in the results 
was generated by implementing the LiutexUTA code published by Liu 
et al. [52,53] at the University of Texas at Arlington. Before the orbiter 

Fig. 9. The separation trajectory of the orbiter (a) and the time history of the orbiter’s pitching angle (b) for different cases.  

Fig. 10. Time history of the aerodynamic coefficients of the stages during separation: subfigures (a) and (b), the orbiter; subfigures (c) and (d), the booster.  
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passes through the BLES, the flow characteristic is dominated by the 
small interstage gap flow, where the orbiter shock wave W2 is reflected 
between the stages and induces boundary layer separation. As shown in 
Fig. 11(a), the SBLI occurs where the incident shock wave W2 impinges 
on the shear layer of the booster, which separates from the booster and 
forms the recirculation zone. Then, the reattachment shock wave W3 is 
formed as the shear layer re-attaches to the booster. However, W3 im-
pinges on the orbiter and causes the separation of the shear layer. The 

impingement of the separated orbiter shear layer and the reattachment 
of the booster shear layer maximizes the pressure on the booster, as 
shown in Fig. 11(d). Therefore, the pitching moment of the booster 
keeps increasing, as shown in Fig. 10(d). As the stage separation pro-
ceeds and the interstage gap increases, the impinging location of W2 
moves downstream, and W3 no longer impinges on the orbiter, resulting 
in direct impingement of the orbiter shear layer on the booster and 
increased pressure. As shown in Fig. 11(b), the increasing rate of the 

Fig. 11. The representative small interstage gap characteristic flowfields of TSTO at lCoG/lo = 0.687 before the orbiter passes through the BLES: (a) and (b) are the 
flowfields of t = 2 ms and 25 ms, respectively; (c) vortex structure at t = 25 ms shown by the iso-surface of |Liutex| = 8000 and colored with Mach number; (d) 
pressure coefficients along the upper wall of the booster and the lower wall of the orbiter at two instants. 

Fig. 12. The representative large interstage gap characteristics flowfields of TSTO at lCoG/lo = 0.71 for phase II and phase III stage separations: (a) flowfields shown 
by symmetry numerical schlieren and contour of wall pressure coefficient; (b) vortex structure shown by the iso-surface of the |Liutex| = 8000 and colored with the 
Mach number; (c) pressure coefficients along the upper wall of the booster and the lower wall of the orbiter at four instants. 
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pressure diminishes at t = 25 ms. Since the shear layer does not re-attach 
to the aft body at t = 25 ms, the pressure along the aft body decreases 
under the effect of the expansion wave formed by the reattachment of 
the booster shear layer. In addition to the complex interstage SBLI, the 
BLES W1 and W2 encounter type VI SSI above the orbiter, and the 
compression shock waves W4 encounter type I SSI in the wake flow. 
Fig. 11(c) also shows the typical vortex structures in phase I, including 
the horseshoe vortex formed by recirculation under the interstage SBLI 
and the wake vortex system. 

Fig. 12 shows the typical flow patterns as the orbiter breaks through 
the BLES (W1) during stage separation. When the interstage gap be-
comes larger, the reflection of multiple incident shocks (orbiter shock 
W2) in the gap disappears and remains as a single interaction of the W2 
with the booster shear layer. The reattachment shock W3 and the 
compression shock W4 cause type I SSI in the wake region at t = 45 ms, 
as shown in Fig. 12(a). Moreover, the incident shock W2 induces the 
flow separation on the booster and forms the horseshoe vortex, as shown 
in Fig. 12(b). As the SBLI moves downstream, the peak pressure also 
moves downstream and approaches the trailing edge of the booster, as 
shown in Fig. 12(c). It can also be seen that the transmitted shock of W2 
interacts with the booster wake rather than the booster boundary layer 
as separation proceeds in type I SSI with the BLES. The resulting SBLI on 
the booster vanishes, and the booster wall pressure recovers to its un-
disturbed state, decreasing the pitching moment of the booster. 
Furthermore, the BLES first performs a type I SSI with the orbiter shock 
W2 and then begins to impinge on the lower wall of the orbiter from 

nose to tail. When 45 ms ≤ t ≤ 68 ms, the peak pressure on the low wall 
of the orbiter moves from the nose downstream to the tail, as shown in 
Fig. 12(c). In such circumstances, the pitching moment of the orbiter 
first increases and then decreases. After the orbiter flies through the 
BLES (t = 85 ms), the transmitted shock wave of W1 in the type I SSI no 
longer impinges on the orbiter but interacts with the orbiter’s wake. As a 
result, the wall pressure of the orbiter is restored to an undisturbed state, 
as shown in Fig. 12(c). 

The above flowfield patterns are associated with the boundary flow 
separation induced by the incidence shock of W2. The incidence shock 
has a low intensity, leading to localized flow separation on the booster 
that develops downstream. However, for larger lCoG/lo (i.e., lCoG/lo ≥

0.75), the flowfield patterns differ significantly and involve the large 
flow separation and complex wave structure due to the strong incidence 
shock wave W2 during stage separation. Fig. 13 shows the typical 
flowfields for lCoG/lo = 0.75, and Fig. 14 plots the pressure coefficients 
over the wall at corresponding instants during stage separation. Since 
the CoG is located near the rear of the orbiter, the pitching moment and 
pitching angle of the orbiter are larger, as shown in Fig. 9(b) and 10(b). 
It can be seen from Fig. 13(a) that the stronger incident orbiter shock W2 
with a larger shock angle leads to a larger flow separation on the booster. 
The separated shear layer W3 induces the impingement of the separation 
shock W4 on the orbiter, increasing the pressures on the lower wall of 
the orbiter and the pitching moment, as shown in Fig. 14(b). In turn, the 
increasing strength of W2 causes stronger SBLI on the booster, leading to 
the impingement of the separated shear layer on the orbiter and greater 

Fig. 13. The complex flowfield patterns with larger interstage gap characteristics over TSTO of several instants during stage separation at lCoG/lo = 0.75 (left, 
numerical schlieren on the symmetry plane and wall pressure coefficient contours; right, vortex structure shown by iso-surface of the |Liutex| = 8000 and colored 
with the Mach number). 
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pressures, as shown in Fig. 13(b) and 14(b). Under the effects of the 
shear layer reattachment and the expansion waves behind the orbiter, 
the formed reattachment shock W6 is strong and impinges on the 
booster nearly as a bow shock wave, inducing great pressure on the 
booster, as shown in Fig. 14(a). Therefore, a strong adverse pressure 
gradient is formed and propagates upstream through the subsonic 
recirculation zone underneath the shear layer. The boundary layer on 
the booster rapidly separates and turns into a large-scale separated 
vortex moving upstream, as shown in Fig. 13(a)-13(c). In this process, 
the induced separation shock W4 moves upstream with the lifting shear 
layer and causes type I SSI with the W1 and W2. The transmitted shock 
waves of W1 and W4 are reflected in the limitation of the W2 and the 
orbiter wall, forming the shock wave cluster shown in Fig. 13(b) and 
inducing pressure fluctuations in the lower wall of the orbiter shown in 
Fig. 14(b). With the further destabilization of the booster boundary layer 
flow and upstream movement of the separating vortex, W4 and W1 
converge into the stronger converging shock W9. Together with the fully 
separated shear layer, the W9 impinges on the orbiter, creating a more 
complex cluster of shock waves at the lower wall of the orbiter with 
greater pressures, as shown in Fig. 13(c) and 14(b). The reattachment 
shock W6 becomes stronger and swings downstream due to the fully 
separated flow and the high-speed jet flow accompanying the 

accelerated expansion wave behind the orbiter. It interacts with the 
booster’s wake rather than the orbiter’s wake to adapt the supersonic 
flow downstream of the larger recirculation zone. The pressure on the 
booster around the reattachment shock position increases, and the 
pressure along the recirculation zone reaches its maximum due to the 
strongest compression effect of the W9, as shown in Fig. 14(b). Addi-
tionally, the fully separated shear layer folds, and some small secondary 
shock waves are formed due to the irregular motion of the large-scale 
separated vortex, as shown in Fig. 13(c). As the separation proceeds, 
the orbiter flies to the position where the strong downstream blocking 
condition formed by the interaction of the W2 and W9 with the sepa-
rated flow has vanished, and the shear layer W3 no longer impinges on 
the orbiter but gradually re-attaches to the booster. The reattachment 
shock W6 no longer presents on the booster, eliminating both the 
pressure peak and adverse pressure gradient, as shown in Fig. 14(b). As a 
result, the separated vortex loses its support conditions and moves 
downstream to the wake flow, as shown in Fig. 13(d). 

Fig. 15 shows strong aerodynamic interactions during the stage 
separation when the CoG is further shifted backward (i.e., lCoG/lo =

0.80). When lCoG/lo = 0.80, the flowfield patterns before t = 50 ms are 
similar to those at lCoG/lo = 0.75, as shown in Fig. 13. However, a larger 
pitching moment leads to a larger incidence angle and stronger 

Fig. 14. Pressure coefficients over the upper wall of the booster (a) and the lower wall of the orbiter (b) of several instants during stage separation at lCoG/lo = 0.75.  

Fig. 15. Strong aerodynamic interaction causing longitudinal rolling of the orbiter in the case of lCoG/lo = 0.80. (left, numerical schlieren on the symmetry plane and 
wall pressure contour; right, vortex structure shown by iso-surface of |Liutex| = 8000 and colored by Mach number). 
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downstream conditions between the orbiter and the booster, enhancing 
the recirculation motion underneath the shear layer, as shown in Fig. 15. 
The larger and stronger recirculation region forms a stronger shear layer 
W3 and converging shock W8. The folding shear layer caused by the 
vortex results in type VI SSI interaction between the secondary shock W4 
and W7. Then, the strong W7 interacts with the orbiter shock W2 with 
type III SSI and forms the triple point. The strong interaction leads to 
flow separation in the lower wall of the orbiter and the formation of the 
corresponding separated vortex system. As shown in Fig. 15(b), the third 
shock wave in the type III SSI will generate a large pressure as it im-
pinges on the orbiter and increases the pitching moment, causing lon-
gitudinal rolling of the orbiter. Due to the full separation of the booster, 
the BLES (W1) will be detached from the leading edge, and the booster 
will suffer a significant loss of “wave-ride” performance. As a result, the 
pressure on the lower wall along the leading edge no longer exceeds the 
pressure along the upper wall. The strong vortex is downwardly directed 
along the leading edge, propagating from the downstream to upstream 
during the longitudinal rolling of the orbiter due to the increasing 
strength of the separated vortex. Fig. 15 shows that the vortex down-
wash behavior induces shock W8 along the shear layer on the lower wall 
of the booster, which moves from the downstream to upstream with 
increasing strength. The strong interaction pattern continues until the 
end of the longitudinal rolling of the orbiter and the disappearance of 
the strong downstream obstruction conditions. Furthermore, due to the 
increased compression effect of the converging shock W7 and the up-
stream shifting of the reattachment shock W5, as well as the loss of the 
wave-ride performance of the booster, the pitching moment reaches its 
minimum around t = 50 ms, as shown in Fig. 10(d). 

4.3. Analysis of longitudinal dynamic stability 

Since the TSTO vehicle has a symmetric configuration, the rolling 
and yaw motions are insignificant during stage separation. Therefore, 
the longitudinal dynamic stability concerned with the pitching motion is 
analyzed in depth from several aspects. The conventional analysis 
method for the dynamic stability of the aeronautical vehicle is based on 
two simplifying assumptions: small disturbance with small variation in 
the variable; and linear changes in aerodynamics with motion variables 

[54]. However, these assumptions may no longer be valid because SSI, 
SBLI, and flow separation produce stronger aerodynamic disturbances 
during hypersonic stage separation of TSTO vehicles. Thus, an alterna-
tive and candidate analysis method based on the CoP characteristics for 
the longitudinal dynamic stability is proposed and applied in TSTO stage 
separation. 

4.3.1. CoP peak characteristics 
The CoP is defined as the point on the body where the aerodynamic 

moment is zero. It is located at a distance xCoP downstream of the leading 
edge of the vehicle [55]: 

xCoP = lCoG −
Mz

N
(21)  

the non-dimensional distance between the CoP and CoG is considered as 
the CoP characteristic to reflect the longitudinal dynamic stability: 
(

xCoP − lCoG

l

)

∗

= −

(
Mz

N⋅l

)

∗

. (22)  

where N is the normal force; l is the vehicle length; the symbol “*” is 
replaced by the “o” and “b” for the orbiter and the booster, respectively. 
As for Eq. (21), the pitching moment results in a pitch-up or pitch-down 
trend when the CoP is upstream of the CoG or downstream of the CoG. 
Because the pitching moment affects the separating stability, the time 
history of the CoP is important. Fig. 16 shows the CoP characteristics of 
the orbiter and the booster in different stage separation cases. As shown 
in Fig. 16(a), at 0.65 ≤ lCoG/lo ≤ 0.70, the CoPs of the orbiter signifi-
cantly change, presenting drastic “peak” characteristics. Because the 
normal force of the orbiter changes from the positive to the negative, the 
CoP first increases to a greater positive value and then drops to a greater 
negative value, while the pitching moment changes steadily during this 
time. The drastic “peak” characteristic of the CoP indicates an unsafe 
separation mode due to the sharp changes in the longitudinal dynamic 
aerodynamic characteristics over a very short period. This finding can 
also be validated by the separation results at 0.65 ≤ lCoG/lo ≤ 0.70, as 
shown in Table 1. It can also be seen from Fig. 9 that the above finding is 
consistent with the result and analysis of the orbiter’s motion. Expect for 
the separation cases at 0.65 ≤ lCoG/lo ≤ 0.70, the CoP characteristics of 

Fig. 16. Time history of the CoP for the orbiter (a) and the booster (b) in the different stage separation cases.  
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the remaining cases are also displayed in the enlarged plots of Fig. 16(a). 
In contrast to the drastic “peak” characteristics, the time history of the 
CoP in these cases shows a relatively stable pattern and evolves 
approximately along the zero axis, except for the case of lCoG/lo = 0.80. 
This result suggests that the CoP is close to the CoG, with a stable and 
safe separation of the orbiter from the booster throughout the separation 
process. Fig. 15 shows that when lCoG/lo = 0.80, the orbiter experiences 
strong aerodynamic interference, and the flow separation on the fuse-
lage is large. Accordingly, the aerodynamics exerted on the orbiter 
fluctuates, and the dynamic characteristic of the CoP eventually oscil-
lates and diverges. This characteristic also shows the unsafe separation 
mode, which can be validated in the previous discussion for Fig. 15. 
Thus, the separation cases of 0.65 ≤ lCoG/lo ≤ 0.70 and lCoG/lo = 0.80 are 
unsafe according to the CoP characteristics of the orbiter and are also 
unexpected in the stage separation of TSTO. 

The “peak” characteristics also appear in the time history of the 
booster CoP for the cases of lCoG/lo = 0.75 and 0.80, with two pairs of 
“peaks” observed, as shown in Fig. 16(b). In each pair of “peaks”, the 
COP of the booster changes in the same way by dropping to a negative 
value and then rising sharply to a positive value. However, the varia-
tions of the first and the second pair of “peaks” are due to different 
factors. Taking the case of lCoG/lo = 0.75 as an example, in the first pair 
of peaks around t = 35 ms, the normal force of the booster decreases 
from the positive to zero and negative values. The booster is subjected to 
a strong reattachment shock impingement on the upper wall, resulting in 
pressure rise when the pitch-up moment is applied, as shown in Fig. 13 
(a). In the second pair of peaks around t = 65 ms, the normal force of the 
booster increases from negative to zero and positive values. Because of 
the strong reattachment, the shock wave disappears, and the converging 
shock weakens (Fig. 13(d)), the pressure distribution on the upper sur-
face of the booster decreases (Fig. 14(a)), and the pitching moment 
changes from the pitch-down to pitch-up (Fig. 10(d)). The CoP charac-
teristics in the case of lCoG/lo = 0.80 are similar to those at lCoG/lo = 0.75 
because their aerodynamic interference processes and mechanisms are 
similar to those discussed in the previous section. Moreover, the sepa-
ration process may also be unsafe and unexpected for the cases of lCoG/lo 
= 0.75 and 0.80. The “peak” characteristics of the booster CoP are 
detrimental to the flight stability of the booster during TSTO stage 
separation. Overall, by analyzing the CoP characteristics of the two 
stages, the safer separation condition for the TSTO model at zero angle 
of attack is 0.70 < lCoG/lo < 0.75, which agrees well with the safe sep-
aration condition inferred from the aerodynamics in Sec. 4.1. Moreover, 
in the case of dynamic CoP under strong disturbance, if the “peak” 
characteristic is observed, the longitudinal dynamic stability perfor-
mance is poor, and the stage separation is not probably safe; otherwise, 
the stage separation might be safe. 

4.3.2. Derivative of CoP to time 
When the “peak” characteristic is observed in the CoP time history of 

a given stage, this stage experiences longitudinal dynamic instability, 
leading to stage separation failure. Thus, the CoP dynamic behavior 
should be monitored to predict the possibility of the “peak” character-
istic and provide instruction for separation safety. The derivative of the 
CoP to the time can be used as a second observational view of the lon-
gitudinal dynamic stability to provide alternative safe separation judg-
ments. Fig. 17 illustrates the non-dimensional derivation of the CoP to 
time for both stages between different stage separation cases. For the 
unstable separation cases with “peak” characteristics, the derivative of 
the CoP to time first oscillates around the zero point and gradually di-
verges with rapid rise and drops. Conversely, the longitudinal dynamics 
in these cases are stable without “peak” characteristics, which is man-
ifested by a small oscillation amplitude around the zero value of the first 
derivative CoP with time throughout the stage separation. If the deriv-
ative of CoP to time is considered as an alternative index for the longi-
tudinal dynamic stability under the complex and strong disturbance 
circumstance, and comparing the derivative of CoP to time for two 
groups of separation cases (i.e., stable and unstable cases), the safety 
thresholds in terms of the longitudinal dynamic stability for the orbiter 
can be expressed as: 
⃒
⃒
⃒
⃒
∂(xCoP − lCoG)o

/
lo

∂t
⋅

lo

U∞

⃒
⃒
⃒
⃒≤ 0.02 (23)  

and that for the booster can be expressed as: 
⃒
⃒
⃒
⃒
∂(xCoP − lCoG)b

/
lb

∂t
⋅

lb

U∞

⃒
⃒
⃒
⃒≤ 0.2 (24) 

From the dynamic characteristics of the CoP, the above thresholds 
can also determine the safe condition for the TSTO stage separation. For 
example, in the cases of 0.70 < lCoG/lo < 0.75, their first derivates of CoP 
to time vary and oscillate within the threshold during the stage sepa-
ration. The aerodynamics on both stages caused by the aerodynamic 
interference become consistent and smooth, and the longitudinal dy-
namics are more stabilized. For the cases of lCoG/lo ≤ 0.70 and lCoG/lo ≥

0.75, their first derivates of CoP to time oscillate with the divergence 
tendency. Then, the “peak” characteristics occur after a sudden loss of 
control due to the reversal of the normal force induced by the strong and 
complex interference. Moreover, the flow separation on the stage also 
contributes to the oscillation of the longitudinal dynamic stability, with 
stronger and larger flow separation producing greater oscillations, such 
as the fully separated flow on the booster at lCoG/lo = 0.75 and 0.80 
(Figs. 13 and 15). The drastic fluctuation and oscillation of the derivate 
of CoP to time are shown in Fig. 17(b), with large-scale fully separated 
vortex responsible for the longitudinal aerodynamic instability. 

4.3.3. Linear stability analysis 
Although the associated assumptions and limited conditions may not 

be appropriate, the traditional linear stability analysis of the TSTO stage 

Fig. 17. Time history of the first derivative of CoP to time for the orbiter (a) and the booster (b) in different stage separation cases.  
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separation is still performed to show the prediction behavior of the 
linear stability theory. The traditional longitudinal stability criterion for 
the re-entry vehicle is based on simplified assumptions, which can be 
expressed as [56]: 

CMq∗ + CMα̇∗ < 0 (25)  

where CMq* is the first derivate of CM to the non-dimensional pitch angle 
rate q*; CMα̇∗ is the first derivate of CM to the non-dimensional rate of the 
angle of attack. Eq. (25) indicates that the pitch attenuation parameter is 
a separate measure of dynamic stability. When it is negative, the vehicle 
is probably stable because the pitching moment attenuates forward, and 
the CoP dynamically reaches the CoG during the flight. Fig. 18 plots the 
pitch attenuation parameter for the orbiter in the different stage sepa-
ration cases. Considering that the angle of attack and the pitching angle 
for the orbiter are the same during separation, their rates are equal, and 
their non-dimensional forms can be expressed as follows: 

α̇∗
=

α̇lo

2U∞
, q∗ =

qlo

2U∞
(26) 

Since the booster is fixed during the simulations of stage separation, 
the pitch attenuation parameter is absent and cannot be discussed here. 
As shown in Fig. 18, the pitch attenuation parameter has the “peak” 
characteristics in some cases regardless of whether the stage separation 
is safe or unsafe, even in the case of failed separation at lCoG/lo = 0.65 
and 0.675. In addition, the pitch attenuation parameters between these 
cases (stable or unstable stage separation) fluctuate in a range above or 
below zero with several “peaks” rather than exhibiting a negative or 
non-negative characterization. Therefore, in the TSTO stage separation 
situation with complex and strong aerodynamic interference, the pitch 
attenuation parameter loses its characterization effect on the longitu-
dinal dynamic stability, as expressed by Eq. (25). This phenomenon 
further supports the desirability of alternative characterization metrics 
for the longitudinal dynamic stability involved in CoP dynamic prop-
erties in the case of TSTO stage separation. Table 2 summarizes three 
analysis methods proposed and discussed in the longitudinal dynamic 
stability study of TSTO stage separation. 

5. Conclusions 

This study investigates the effects of the CoG on the stage separation 
of TSTO vehicles at Mach 6.7. New insights into the dynamic charac-
teristics of the TSTO stage separation and safe separation criteria are 
obtained. Furthermore, the dynamic separation behavior, unsteady 

aerodynamic interaction mechanism with flowfield patterns, and the 
longitudinal dynamic stability based on the CoP are analyzed for the 
cases at 0.65 ≤ lCoG/lo ≤ 0.80. The conclusions of this study are as 
follows:  

(1) The CoG of the orbiter contributes to the stage separation of 
TSTO, with a safe separation condition of 0.70 < lCoG/lo < 0.75. 
For the separation behavior, the trajectory of the orbiter presents 
linear variation, and the safe separation can be guaranteed at a 
slope between 14 and 20. The small size of the security zone 
makes it challenging for TSTO to be safely separated. When lCoG/ 
lo ≤ 0.70, the orbiter pitches down and collides with the booster, 
leading to separation failure. In the cases of lCoG/lo ≥ 0.75, strong 
aerodynamic interference and large flow separation occur in both 
stages, resulting in the somersault of the orbiter and the risk of 
the stage separation. Under the strong aerodynamic interference, 
the peak value of the stages’ aerodynamics at lCoG/lo ≥ 0.75 is at 
least about four times larger than that at lCoG/lo < 0.75. More-
over, the pitching angle of the orbiter when lCoG/lo = 0.80 is at 
least about three times greater than that for the other cases.  

(2) The hypersonic flowfield patterns past TSTO can be divided into 
three phases based on the relative position between the BLES and 
the orbiter. When the orbiter is below the BLES, the multiple SBLI 
between stages changes to the single SBLI as the interstage gap 
increases. The interstage SBLI causes the horseshoe vortex and 
pressure-rising. The pressure increase at the reattachment posi-
tion is approximately 20 times the plateau pressure at the recir-
culation region on the upper wall of the booster. As the orbiter 
breaks through the BLES, the interaction between the BLES and 
the orbiter affects the aerodynamics of the orbiter. Due to the 

Fig. 18. Time history of the orbiter’s pitch attenuation parameter in different stage separation cases.  

Table 2 
Analysis methods and criteria of the longitudinal dynamic stability in stage 
separation.  

No. Method Criteria 

1 CoP characteristics Stable and safe: No “peak” characteristics appear 
for both stages 

2 Derivative of CoP to time 
Stable and safe: 

⃒
⃒
⃒
∂(xCoP − lCoG)o/lo

∂t
⋅

lo
U∞

⃒
⃒
⃒
⃒≤ 0.02 

and 
⃒
⃒
⃒
∂(xCoP − lCoG)b/lb

∂t
⋅

lb
U∞

⃒
⃒
⃒
⃒≤ 0.2 

3 Traditional linear 
dynamic stability 
analysis 

CMq∗ + CMα̇∗ < 0 loses efficacy for the TSTO 
stage separation situation  
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modest strength of the BLES, the pressure rise at the shock- 
impinging position is approximately twice the plateau pressure 
on the lower wall of the orbiter. Once the orbiter passes through 
the BLES without strong SSI, the separation is secured. Moreover, 
the mechanism of unsteady interaction between the shifting of 
SBLI and the aerodynamics is revealed. Particularly, the risk of 
stage separation due to strong aerodynamic interference involved 
with the large flow separation and strong shock structure is 
analyzed in detail for the cases of lCoG/lo = 0.75 and 0.80. Under 
the strong aerodynamic interference when lCoG/lo = 0.75, the 
pressure at the position of the reattachment shock wave is at least 
24 times higher than the plateau pressure in the recirculation 
region on the upper wall of the booster. In addition, the pressure 
rises at least four times the plateau pressure on the lower wall of 
the orbiter.  

(3) Based on the dynamic CoP characteristics and derivative of CoP 
to time, the longitudinal dynamic stability analysis is performed 
for the TSTO stage separation situation with complex and strong 
disturbance. First, the CoP characteristic representing the stable 
and safe separation condition is the absence of “peak” charac-
teristics in both stages. Second, the non-dimensional derivative of 
CoP to time representing the stable and safe separation condition 
is the variation and oscillation of the derivative around the zero, 
with critical values of ±0.02 and ± 0.2 for the orbiter and the 

booster, respectively. Moreover, the mechanism of “peak” char-
acteristics and the oscillation of the derivative with the aero-
dynamic interference are revealed. In addition, the traditional 
linear stability analysis method and criteria are demonstrated to 
be inefficient in accessing dynamic stability under strong and 
complex aerodynamic interference. 

These findings provide new insights into the dynamic stability of 
CoP. The alternative analysis methods of longitudinal dynamic stability 
are clarified and will be further applied, studied, and improved in future 
studies. Effects such as angle of attack and staging Mach numbers will be 
considered in the aerodynamics of TSTO stage separation or strong 
disturbance instability in other vehicles. 
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Nomenclature 

CD Drag coefficient 
CL Lift coefficient 
CM Pitching moment coefficient 
CMq* First derivate of CM to the non-dimensional pitch angle rate 
CMα̇∗ First derivate of CM to the non-dimensional rate of the angle of attack 
Cp Pressure coefficient 
D Drag force (N) 
d Height of vehicle (m) 
dt Dimensional time step (s) 
E, H Total energy and total enthalpy per unit mass (J⋅kg− 1) 
Fc Convective fluxes 
Fv Viscous fluxes 
Fx, Fy, Fz Force components exerted on the body (N) 
h Height of center of gravity or interstage gap (m) 
Ixx Moment of inertia about the X axis (kg⋅m2) 
Iyy Moment of inertia about the Y axis (kg⋅m2) 
Izz Moment of inertia about the Z axis (kg⋅m2) 
kT Coefficient of thermal conductivity (W⋅(m⋅K)− 1) 
L Lift force (N) 
l Length (m) 
Ma Mach number 
Mx, My, Mz Moment components exerted on body (N⋅m) 
m Mass (kg) 
N Normal force (N) 
p Pressure (Pa) 
q Dynamic pressure (Pa) 
q* Dimensional pitch angle rate (rad⋅s− 1) 
Re Unit Reynolds number (m− 1) 
T Temperature (K) 
t Time (s) 
U Speed (m⋅s− 1) 
u, v, w Velocity components in x, y, and z directions (m⋅s− 1) 
Vg Contravariant velocity vector at the surface of the control volume (m⋅s− 1) 
Vr Contravariant velocity vector relative to the motion of the grid (m⋅s− 1) 
Vx, Vy, Vz Velocity components of body (m⋅s− 1) 
W Vectors of conservative variables 
w Span of vehicle (m) 

Y. Wang and Y. Wang                                                                                                                                                                                                                         



Acta Astronautica 216 (2024) 488–503

502

x Coordinate in the X direction (m) 
y+ Non-dimensional wall spacing 
α̇ Dimensional rate of the angle of attack (rad⋅s− 1) 
Δx, Δy, Δz Displacement in the X, Y, and Z direction (m) 
Θ Heat conduction (W⋅m− 2) 
θ Pitching angle (deg) 
μ Coefficient of viscosity (N⋅s⋅m− 2) 
ρ Density (kg⋅m− 3) 
τi,j Component of viscous stress (N⋅m− 2) 
ωx, ωy, ωz Angular velocity components of body (rad⋅s− 1)  

Subscripts 
b Booster 
CoG Center of gravity 
CoP Center of pressure 
o Orbiter 
0 Total condition 
∞ Freestream condition 
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