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ABSTRACT

Due to the complex aerodynamic interaction, the safe separation of two stages is one of the challenges for the successful launch of a two-
stage-to-orbit (TSTO) vehicle. The unsteady hypersonic flow past the parallel-staged TSTO model during stage separation at Ma¼ 6.7 and
Re¼ 8.86� 105 m�1 is numerically studied using laminar flow simulation. The TSTO model consisted of a waverider and a spaceplane as
booster and orbiter, respectively. The effect of the center of gravity (CoG) of the orbiter on the unsteady aerodynamic interference during
stage separation of TSTO is analyzed in detail with 0.65� lCoG/lo � 0.80. In addition, the aerodynamic characteristics, dynamic behaviors,
and unsteady wall pressure variation are compared in different cases. The results show that the CoG regime is limited to 5% of the
orbiter length for absolutely safe separation, i.e., 0.70< lCoG/lo < 0.75. As for the unsuccessful separation, the orbiter tends to fly nose-down
if lCoG/lo � 0.70 while tending to pitch or somersault when lCoG/lo¼ 0.80. Furthermore, the pitching moment of the orbiter, which is
influenced by the interstage shock wave–boundary layer interaction and shock–shock interaction, dominates the separation safety, and the
specific flow mechanisms concerning the separation behavior associated with aerodynamic interference in different cases are analyzed in
detail.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0151663

I. INTRODUCTION

The parallel-arrangement two-stage-to-orbit (TSTO) reusable
launch vehicle is expected to realize the dream of traveling around the
world in one hour at a low cost, and it has attracted extensive research
attention.1,2 Apart from hypersonic air-breathing propulsion technol-
ogy,3 safe stage separation is also a fundamental challenge for TSTO,
which directly determines the success of the mission. In addition, the
supersonic and hypersonic flow past a multi-body system is inherently
complex and difficult to eliminate due to strong shock–shock interac-
tion (SSI), shock–boundary layer interaction (SBLI), etc.4–16 The paral-
lel TSTO vehicle usually consists of the booster with a combined
air-breathing engine and the orbiter with a rocket engine,3 and the
stage separation typically happens in the hypersonic regime, i.e., Mach
6–7. Unsteady hypersonic flow with strong and complex aerodynamic
interference for multi-body motion complicates the stage separation
for TSTO.

The separation scheme affects the separation behavior of the two
stages and is related to the safety of vehicle.17 With the conventional
scheme, i.e., transverse stage separation (TSS), the orbiter detaches
along the direction perpendicular to the booster with a noticeable vari-
ation gap, resulting in strong aerodynamic interference between the
stages. Wang et al.17–19 proposed a new separation scheme, i.e., longi-
tudinal stage separation. Specifically, the orbiter moves along the
upper surface of the booster with small or zero gaps to avoid strong
aerodynamic interference and achieve safer separation. The feasibility
of longitudinal stage separation was verified by the dynamic test in the
JF-12 duplicate flight condition shock tunnel. This is the first dynamic
active separation test for the parallel-arranged TSTO vehicle in the
shock tunnel.20,21 The complex flow mechanism associated with
strong aerodynamic interference during TSTO stage separation has
been a hot research topic. In the 1960s, Decker22 conducted a wind
tunnel study to investigate the aerodynamic interference associated
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with simple parallel-staged TSTO configurations at Mach 3 and 6. In
addition, Decker and Wilhite23 summarized the effects of various
parameters on the separation maneuver from the Space Shuttle config-
urations. Schroder and Hartmann24 performed an inviscid and viscous
simulation for perfect and equilibrium Mach 6 hypersonic real gas
flows over the Saenger TSTO vehicle. The simulation results showed
good agreement with the experimentally measured aerodynamics, and
it was found that the influence of the orbiter on the flow over the
booster weakened with increasing angle of incidence. The perfect gas
assumption was validated. Cvrlje et al.25 performed the unsteady flow
simulation for TSTO, where the orbiter performs yaw and roll oscilla-
tions with defined frequencies over the booster at a certain distance,
and analyzed the flowfields and wall pressure as well as the aerody-
namics. The results indicated that the unsteadiness during the separa-
tion could not be neglected. At NASA, Bordelon et al.26 performed
stage separation wind tunnel tests on the LGBB (Langley Glide-Back
Booster) TSTO vehicle to determine the aerodynamic forces and
moments of interference and to analyze the flowfields between the
stages. They found that the aerodynamics are dominated by complex
SSI, which causes the booster to be statically unstable at several separa-
tion positions. Murphy et al.27 developed experimental tools and test
methods to solve the stage separation problems for the LGBB TSTO
vehicle based on the aerodynamic database from the benchmark wind
tunnel test. The results of the test program showed excellent agree-
ment with both inviscid and viscous computational predictions and
experimental results. Ozawa et al.28,29 investigated the aerodynamic
interactions of a simple two-dimensional TSTO model at Mach 8.1 in
a shock tunnel. The flow pattern was classified according to the inter-
stage clearance and SSI pattern, and the flow mechanism of a feedback
loop related to shock oscillations was analyzed. Wang et al.30 per-
formed the computational fluid dynamics (CFD) analysis of the flow
characteristics and physical mechanism of the stage separation for
double wedge TSTO configurations and investigated the effect of inci-
dence angle on the stage separation in depth. The results showed that
the intensity of interference upgrades as the incidence angle increases,
while it degrades as the interstage gap increases. Moreover, the inci-
dence angle between 6� and 8� may be conducive to the safe separa-
tion for the TSTO model. Lin et al.31 developed a two-body
synchronous captive trajectory system (CTS) test technique and
applied it in the hypersonic wind tunnel to acquire the separation tra-
jectory and aerodynamic characteristics of the TSTOmodel.

The finished research works on the transverse stage separation
for the parallel-staged two-body configurations studied the interstage
interference and associated aerodynamics at high speeds, and com-
pared and validated the results between CFD and wind tunnel tests.
These works have shown that aerodynamic interference involves
strong shock waves and the viscous boundary layer plays a role in stage
separation, and especially the resulting unsteadiness and vehicle insta-
bility in the stage separation needs to be carefully treated, despite some
results being carried out in the static stage separation and quasi-steady
way. Moreover, the study of the static or quasi-steady stage separation
have limitations when it comes to capturing the unsteady and highly
coupling effects of the strong aerodynamic interference and the multi-
body motion in hypersonic flow. Furthermore, the flow mechanism
and separation characteristics of the parallel-staged complex TSTO
configuration should be understood in depth, though the flowfields of

dynamic stage separation have been studied extensively with the sim-
ple TSTO configuration. On the other hand, the effects of a few critical
parameters on TSTO stage separation were examined in detail, such as
interstage incidence angle, gaps, and so on. However, the effect of the
vehicle’s center of gravity (CoG) on stage separation has not been
investigated yet. To bridge this research gap, in this paper, the effect of
the orbiter’s CoG on stage separation is numerically investigated for a
TSTO vehicle with complex geometry and parallel stages. The flow
patterns, interaction structure, and strong aerodynamic interference
coupled with the orbiter’s separation behavior are analyzed in detail.
Moreover, the flow mechanism associated with the aerodynamics of
the vehicle is revealed. The variation range of the orbiter’s CoG for the
safe separation of the TSTO vehicle is also clarified.

II. COMPUTATIONAL TSTO MODEL

The TSTO configuration for the stage separation study in this
research consists of a waverider and a spaceplane as the booster and
orbiter, respectively. More detailed information on the TSTO vehicle
can be found in Ref. 19. Figure 1 shows a schematic illustration of the
size of the TSTO computational model. In addition, the leading edge
of both vehicles models is blunted with a blunt radius of 1mm. The
length of the booster is lb¼ 1m, and its CoG is located at 0.738,
�0.05, and 0 m. The length of the orbiter is lo¼ 0.4m, and its CoG is
the only independent variable (lCoG/lo¼ 0.65, 0.675, 0.687, 0.70, 0.705,
0.71, 0.725, 0.75, 0.80). In addition, the perpendicular offset of the
CoG of the orbiter to the lower surface is hCoG/do¼ 0.32. The initial
minimum interstage clearance is h/lb¼ 0.015, and the initial incidence
angle of the orbiter is 8�. In addition, the AoA of the freestream is
zero. The non-dimensional mass of the orbiter is mo/q1lo

3¼ 2660,
and the moments of inertia are Ixx/q1�lo5¼ 18, Iyy/q1�lo5¼ 165, and
Izz/q1�lo5¼ 154, respectively. The density of the freestream is
q1¼ 0.0074 kg�m�3. The moment of inertia of the orbiter is assumed
to be invariant in different cases for the numerical simulation due to
the small offset of the CoG and the small mass of the orbiter so that

FIG. 1. The schematic illustration of the overall size of the TSTO configuration.
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the variation of the moment of inertia can be ignored. Furthermore,
for the dynamic stage separation simulation, the booster is assumed to
be stationary, while the orbiter detaches freely from the initial position
shown in Fig. 1 and is subjected to six-degree-of-freedom (6-DOF)
motion equations under the flow forces, moments, and gravity. The
moment reference point is located at the CoG. Additionally, the
attachments and mechanical structures between the stages, as well as
engines, are not considered in the numerical simulation, and their
effects on the stage separation are not analyzed in this paper.

III. COMPUTATIONAL METHODS AND VALIDATIONS
A. Governing equations and numerical methods

The unsteady three-dimensional (3D) Navier–Stokes (N–S)
equations employed for the simulation of dynamic TSS of the TSTO
are given by

@

@t

ð ð ð
X
WdXþ

ð
(

ð ð
@X

Fc � Fvð ÞdS ¼ 0; (1)

where W, Fc, and Fv are the vectors of conservative variables, convec-
tive fluxes, and viscous fluxes, respectively, which are expressed as

W ¼

q

qu

qv

qw

qE

0
BBBBBBBB@

1
CCCCCCCCA
; Fc ¼

qVr

quV r þ nxp

qvVr þ nyp

qwVr þ nzp

qHV r þ Vgp

0
BBBBBBBB@

1
CCCCCCCCA
;

Fv ¼

0

nxsxx þ nysxy þ nzsxz

nxsyx þ nysyy þ nzsyz

nxszx þ nyszy þ nzszz

nxHx þ nyHy þ nzHz

0
BBBBBBBB@

1
CCCCCCCCA
;

(2)

where q is the density; u, v, and w are the velocity components in the
x, y, and z directions; p is the pressure and p¼ (c � 1)[qE � 1/2q(u2

þ v2 þ w2)] (c is the specific heat ratio); E and H are the total energy
and total enthalpy per unit mass, and H¼ Eþ p/q; sij is the compo-
nent of viscous stress; Hx, Hy, and Hz are the heat conduction; nx, ny,
and nz are the components of outward-facing unit normal vector; Vr

represents the contravariant velocity relative to the motion of the grid,
which is expressed as

Vr ¼ V � Vg ¼ u� ugð Þnx þ v � vgð Þny þ w� wgð Þnz; (3)

where Vg¼ ugnx þ vgny þ wgnz is the contravariant velocity at the sur-
face of the control volume. To close the system of equations, the ideal
gas equation of state is introduced: p¼ qRT. Additionally,

Hx ¼ usxx þ vsxy þ wsxz þ kT
@T
@x

; (4)

Hy ¼ usyx þ vsyy þ wsyz þ kT
@T
@y

; (5)

Hz ¼ uszx þ vszy þ wszz þ kT
@T
@z

; (6)

where kT is the coefficient of thermal conductivity and T is the temper-
ature. The components of the viscous stress tensor are obtained from
the following relations:

sxx ¼ 2l
@u
@x

� 2
3
l

@u
@x

þ @v
@y

þ @w
@z

� �
; (7)

syy ¼ 2l
@v
@y

� 2
3
l

@u
@x

þ @v
@y

þ @w
@z

� �
; (8)

szz ¼ 2l
@w
@z

� 2
3
l

@u
@x

þ @v
@y

þ @w
@z

� �
; (9)

sxy ¼ syx ¼ l
@u
@y

þ @v
@x

� �
; (10)

sxz ¼ szx ¼ l
@u
@z

þ @w
@x

� �
; (11)

syz ¼ szy ¼ l
@w
@y

þ @v
@z

� �
; (12)

where l is the viscosity coefficient.
The N–S equations are solved with the cell-vertex finite volume

method for spatial discretization.32 The inviscid flux is computed with a
second-order upwind scheme using the Harten-Lax-van Leer contact
(HLLC) approximate Riemann solver.33 The spatial variables are inter-
preted by second-order total variation diminishing (TVD) polynomial
interpolation with a minmod limiter for stability.34 The viscous flux is
computed by a simple second-order average of all vertex polynomials.
The viscosity coefficient is evaluated based on Sutherland’s law.35 The
time advancement is performed by the backward Euler method inte-
grated with multigrid acceleration and dual time-stepping method.36 To
obtain time-accurate unsteady results, the non-dimensional computa-
tional time step is dt�U1/lb¼ 0.1282, where dt is the dimensional time
step and U1¼ 2564m�s�1 is the freestream speed. The freestream con-
ditions are Ma1¼ 6.7, Re1¼ 8.86� 105 m�1, q1¼ 24217Pa, p1
¼ 773Pa, T1¼ 365K, p0¼ 3.95MPa, T0¼ 3108K, and H0

¼ 3.65MJ�kg�1, which is a typical test flow condition of JF-12 duplicate
flight conditions shock tunnel. Although the rarefied gas effects and
nonequilibrium real gas effects usually become key issues at the
sceneries of very hypervelocity and high-enthalpy flow condi-
tions,37,38 such as hypersonic flows associated with spacecraft reen-
try into the upper atmosphere,39 the hypersonic flow investigated is
still the continuous flow and the laws of N–S equations are still
applicable since the Knudsen number is sufficiently small (around
1.2� 10�5) and less than 0.05. Moreover, the freestream gas prop-
erty is a calorically perfect gas, and the real gas effect is not consid-
ered in the work, because the real gas effect does not play a role in
such enthalpy airflow conditions, and it would be notable at higher
enthalpy conditions, such as H0 > 5MJ�kg�1. Thus, it is appropriate
to consider the perfect gas and to neglect real gas effects in the flow
problems considered, and the reliability of the perfect gas N–S equa-
tions simulation is also proved in the validations even though the
higher enthalpy is considered. As for the boundary conditions, the
non-slip adiabatic wall condition is adopted for the wall, the free-
stream condition is adopted for the inflow, and the supersonic out-
flow condition is adopted, under which the boundary state from the
interior flowfield is extrapolated. Moreover, laminar flow is assumed
for the simulation since the flow did not transition to the turbulent
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flow with lb¼ 1m at such a small inflow Reynolds number, which
has been validated by experiments of the laminar boundary layer on
a large-scale flat plate conducted in JF-12 shock tunnel at similar
test flow condition.40 Furthermore, previous studies have shown
that numerical simulation results for laminar flow of the TSTO
model agree well with wind tunnel test results and computed results
for turbulent flow; therefore, the flow over the TSTO can be
assumed laminar depending on the flow parameters.41,42

The 6-DOF rigid body dynamic (RBD) motion is governed by

m
dVx

dt
� Vyxz þ Vzxy

� �
¼ Fx; (13)

m
dVy

dt
� Vzxx þ Vxxy

� �
¼ Fy; (14)

m
dVz

dt
� Vxxy þ Vyxx

� �
¼ Fz; (15)

Ixx
dxx

dt
� Iyy � Izzð Þxyxz ¼ Mx; (16)

Iyy
dxy

dt
� Izz � Ixxð Þxzxx ¼ My; (17)

Izz
dxz

dt
� Ixx � Iyyð Þxxxy ¼ Mz: (18)

Equations (13)–(15) represent the translation of the CoG of the
body and Eqs. (16) and (17) represents the rotation of the CoG in the
body’s axial system. Here, 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); xx, xy, and xz are the components of the angular
velocity of the body; Fx, Fy, and Fz are the components of applied force
on the body, including aerodynamic forces and gravity; Ixx, Iyy, and Izz

are the principal moments of inertia of the body; Mx, My, and Mz are
the components of the applied moment on the body.

In the coupling of the flow solver and 6-DOF RBD dynamics
solver for the stage separation of the TSTO, the forces and moments
are computed from the flow solver as the input of the 6-DOF solver,
and then, the linear and angular displacements of the orbiter can be
updated by numerically integrating the 6-DOF equations with fourth-
order Runge–Kutta method. Based on the displacements, the relative
position of the two stages and the overset grid are updated. This itera-
tive process is repeated until the end of the computation.

B. Computational grid and grid independency study

Considering the advantages of the overset grid methodology in
solving the multi-body relative motion problem, it is adopted to simu-
late the dynamic separation of the TSTO vehicle. Figure 2 presents the
overset grid and sketch of the boundary conditions in the numerical
study. As shown in Fig. 2(a), the computational grid consists of two
sub-grids, i.e., orbiter grid and booster grid. Both grids are generated
by the hybrid meshing method and are composed of unstructured and
structured blocks, including hexahedral, tetrahedral, pyramid, and tri-
angular prism cell types. The first cell spacing normal to the wall is
chosen to ensure yþ � 1, and a progression ratio of 1.1 is applied to
cluster the grid points radially outward from the wall and 40 cells
spanning the thickness of the boundary layer to accurately capture the
boundary layer flow physics.

The overset method applied for dynamic simulation involves the
connection of the two sub-grids by hole cutting and data interpolation
at every time step, as shown in Figs. 2(b) and 2(c). The outer boundary
of the orbiter grid is defined as the cutter boundary, and accordingly,
the cells from the booster grid that intersect with the cutter boundary

FIG. 2. The schematic of the computational overset grid in the study.
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are identified as the cutter cells. Then, the cells from the booster
grid within the orbiter grid are cut off, creating the inner boundary
of the booster grid. The cutter boundary and inner boundary
enclose the overset cells of the two sub-grids. Afterward, the flow
date is exchanged and interpolated on the overset cells to achieve
second-order accuracy within two or more layers of interpolated
grid points. More details of the overset grid can be found in related
studies.43 In the separation of TSTO, the sub-girds remain
unchanged, but the overset grid is updated with the movement of
the orbiter at every time step. The flow data are exchanged
between the grid, and the computation of the entire flowfield is
completed.

In the current study, three grids generated by the same
approach but with varying resolutions are used to verify the grid
independency. The three grids are coarse grid, medium grid, and
fine grid, with approximately 8 � 106, 17 � 106, and 35 � 106 cells,
respectively. Figure 3(a) displays the pressure coefficients of the
symmetry lines on the upper surface of the booster and lower sur-
face of the orbiter computed from the three grids before separa-
tion. Figures 3(b) and 3(c) show the displacements, pitching angle,
and aerodynamic coefficients of the orbiter computed from the
three grids during separation in the case with lCoG/lo¼ 0.71. All
curves of the three grids display approximately the same variation
tendency. Moreover, the values computed from the medium and
fine grids are closer at the feature points. Therefore, the medium
grid is selected for subsequent analysis.

C. Computational time step independency study

In the current study, the computation of the three different time
steps with the same medium grid are used to verify the time step inde-
pendency. The non-dimensional time step is set as dt�U1/lb¼ 0.256 4,
0.128 2, 0.051 28, respectively. Figure 4 presents the displacements,
pitching angle, and aerodynamic coefficients of the orbiter computed
with the three different time steps during separation in the case with
lCoG/lo¼ 0.71. All curves of these time steps display approximately the
same variation tendency. Moreover, the values computed from the
dt�U1/lb¼ 0.128 2 and 0.051 28 are closer to the feature points. Figure
5 shows the flowfield when the orbiter moves one of the approximately
same positions during separation between different time step compu-
tations. The major flow structure is captured well and in the same
between these flowfields, and the flowfields computed from the
dt�U1/lb¼ 0.128 2 and 0.051 28 are closer. Therefore, considering the
computational cost and efficiency, the non-dimensional time step of
dt�U1/lb¼ 0.1282 is selected for numerical simulations.

D. Validations

1. Shock wave and laminar boundary layer interaction

SBLI is a typical and important phenomenon in two-body config-
urations at high speeds, so it is taken as an example. In this study, the
numerical simulation results obtained with the same computational
model and methods are compared with the measurement data
obtained from an experiment in the LENS XX hypersonic wind tunnel

FIG. 3. Grid independency study: (a) pressure coefficient along the surface of the vehicle, (b) the separation motion of the orbiter, and (c) aerodynamic coefficients of the
orbiter in the lCoG/lo¼ 0.71 case in three computational grids.

FIG. 4. Separation motion of the orbiter (a) and aerodynamic coefficients of the orbiter (b) in the lCoG/lo¼ 0.71 case in terms of different computational time steps.
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at the Calspan University of Buffalo Research Center (CUBRC).
Figure 6(a) shows the double-cone test model. The freestream condi-
tions are Ma¼ 12.2, Re¼ 1.4� 105 m�1, and H0¼ 5.44MJ�kg�1,
which indicate a laminar flow pattern, and the uncertainty in the
experimental measurements is6 10%. More experimental details are
depicted in Refs. 44 and 45. Figure 6(b) displays the computational
flowfield around the double-cone, and Fig. 6(c) presents the compari-
son of the calculated surface pressure along the double-cone and mea-
surement results. As shown in Fig. 6(c), a peak pressure discrepancy
between CFD and measured data exists due to a transitional sepa-
rated/reattached flow region, but the variation tendency of the pres-
sure distributions between CFD and experiment is consistent.
Moreover, the computationally separated flow region and location of
the peak surface pressure are in good agreement with the measure-
ment results. As a whole, the numerical method in the current study is
acceptable.

2. Wing-pylon-store separation

The wing-pylon-store separation is one of the typical and stan-
dard experiment cases to validate the numerical simulation of
multi-body separation with the dynamic mesh method.46,47 The wing-
pylon-store configuration is composed of a delta wing and a store, as
shown in Fig. 7(a). The mass of the store is 907.8 kg, and the moments
of inertia are Ixx¼ 27.12 kg�m2, Iyy¼ Izz¼ 100 kg�m2. More details of
the geometry and experiment are depicted in Ref. 46. The computa-
tional overset grid has 8.5 million grid cells and is shown in Fig. 7(b).
The separation results are obtained with the overset grid method by
computing the inviscid unsteady supersonic flow around the wing-
pylon-store and numerically integrating 6-DOFmotion equations. The

freestream conditions are Ma¼ 1.2, Re¼ 7.87� 106 m�1, AoA¼ 0.
Figures 7(c) and 7(d) show computational and experimental results of
the displacements and Euler angles of the store during the separation.
The computational displacements, pitching angle, and yaw angle are in
good agreement with the experimental results, but a discrepancy is
observed when t> 0.4 s for the roll angle. The reason for the discrep-
ancy may be that the moment of inertia (Ixx) of the store in the rolling
direction is smaller compared to the other moments of inertia (Iyy and
Izz), and the computational error may be amplified gradually. In gen-
eral, the numerical method can accurately simulate the dynamic sepa-
ration of the store. Moreover, the above two validation cases prove that
the simulation methods in the current study can accurately simulate
the complex aerodynamic interference and multi-body separation and,
therefore, can be applied to the numerical study of the stage separation
of TSTO at high speeds.

IV. RESULTS AND DISCUSSIONS
A. Interference mechanism and aerodynamics before
separation

The initial stage separation condition describes the mutual inter-
ference and aerodynamics of the stages that will determine the subse-
quent separation behavior and flow patterns before orbiter release. As
shown in Fig. 8, the flow structures are characterized by the type VI
SSI of the booster leading edge shock S1 and orbiter shock S2, the
S2-induced boundary layer separation, large-scale horseshoe vortex
structure between the stages, and a downstream wake vortex system
associated with compression shock waves. The vortex isosurface
shown in the results is described by the LiutexUTA method, which is
implemented by the LiutexUTA code published by Liu at the
University of Texas at Arlington.48,49 In addition, S2 interacts with the

FIG. 5. Flowfields of the t¼ 0.04 s during separation in the lCoG/lo¼ 0.71 case in terms of different computational time steps.

FIG. 6. Shock wave and laminar boundary layer interaction: (a) double-cone test model, (b) computational flowfield (Mach number contour), and (c) surface pressure distribu-
tion on the double-cone: experimental and CFD results.
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FIG. 7. Wing-pylon-store separation: (a) geometry, (b) computational overset grid, (c) and (d) computational and experimental displacements and Euler angles of the store dur-
ing the separation.

FIG. 8. Flowfield of TSTO before separation: (a) symmetry numerical schlieren and vortex structure illustrated by Liutex magnitude of 8000 and colored by Mach number con-
tour; (b) skin-friction lines and pressure coefficient contours on the stage walls; (c) sketch of aerodynamic interference between stages; and (d) sketch and illustration of the
pressure coefficients along the stage walls in the symmetry plane.
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boundary layer on the booster, and the resulting adverse pressure gra-
dient propagates upstream in the subsonic layer, causing the boundary
layer to separate and become a shear layer interacting with S2. Due to
the weakness of the incident shock S2, the separation point shifts
upstream and is located at x/lb¼ 0.5, and the plateau pressure
increases slightly, as shown in Figs. 8(c) and 8(d). However, the reat-
tachment of the boundary layer causes a rapid pressure increase and
induces a reattachment shock. This reattachment shock impinges on
the lower wall of the orbiter, and therefore, the peak pressure is located
on the aft body of the orbiter, as shown in Fig. 8(d). Furthermore, the
adverse pressure gradient originating from the lower wall of the orbiter
induces the boundary layer to separate into a shear layer, which
impinges on the upper wall of the booster, resulting in the peak pres-
sure and secondary flow separation, as shown in Figs. 8(d) and 8(b),
respectively. In addition, the separation topology shown in Fig. 8(b)
presents two recirculation regions on the upper wall of the booster and
one recirculation region on the lower wall of the orbiter. The primary
recirculation region is formed by the incident shock S2-induced
boundary layer separation and stretches from the saddle point C1 to
the attachment node N1. The secondary recirculation region is the
area from the saddle point C2 to the attachment node N2. Due to the
weaker interaction between the separated shear layer on the lower wall
of the orbiter and the reattachment boundary layer on the booster, the
secondary recirculation zone is smaller than the primary one.
Additionally, the interaction of the reattachment shock wave and the
orbiter boundary layer results in the flow separation on the lower wall
of the orbiter from saddle point C to the attachment node N. As
shown in Fig. 8(d), the valley pressure on the lower wall of the orbiter
is due to the effect of the expansion waves formed during the reattach-
ment of the boundary layer in the S2-induced SBLI. As the supersonic
flow passed through the small area enveloped by the separated bound-
ary layer of the orbiter and into the expansion channel, as shown in
Fig. 8(c), the flow accelerates, and the pressure decreases along the
booster aft body, as shown in Fig. 8(d). The flow structure and the sep-
aration topology, i.e., the skin-friction lines on the booster, are similar
to those in the previous study17 and the study on the SANGER
configuration.50

Figure 9 shows the relationship between the orbiter’s pitching
moment coefficients and its CoG positions. The pitching moment
coefficient presents a linear variation with the lCoG/lo and satisfies the
equation CM¼ alCoG/lo þ b. This relationship is related to the simpli-
fied function Mz¼ L(lCoG � lCoP), where Mz is the pitching moment,

L is the lift force, and lCoP is the longitudinal position of the center of
pressure (CoP) on the orbiter. The pitching moment increases with
the rearward shift of the CoG. A positive value of the moment indi-
cates a nose-up moment, while a negative value indicates a nose-down
moment. As shown in Fig. 9, the pitching moment equals zero when
lCoG/lo¼ 0.687, suggesting that the CoP is located at lCoP/lo¼ 0.687
before separation. Moreover, if the CoP is in front of the CoG, a nose-
up moment is exerted on the orbiter; otherwise, a nose-down moment
is exerted. Therefore, if lCoG/lo< 0.687, a nose-down moment is
exerted on the orbiter before separation, and therefore, the orbiter will
fly nose-down and collide with the booster, leading to separation fail-
ure; in contrast, if lCoG/lo > 0.687, a nose-up moment is exerted on the
orbiter, and therefore, the obiter will fly nose-up and safely separate
from the booster. However, due to the complex aerodynamic interfer-
ence and coupling of the flow and body during stage separation, it
would not be easy to claim the appropriate CoG condition for safe sep-
aration based on the initial aerodynamics, as discussed in Secs. IVB
and IVC.

B. Dynamic behavior and aerodynamics during
separation

Figure 10 illustrates the separation trajectories and speeds of the
orbiter during stage separation under different CoG conditions,
respectively. Based on the variation trends of these curves, the separa-
tion behaviors varying with the CoG are divided into three scenarios.
In the cases of lCoG/lo � 0.70, the displacements and the velocities
have the same variation tendency. Specifically, the longitudinal dis-
placements and velocities increase monotonically and steadily; the
pitching angle and angular velocity decrease monotonically and
steadily; the transverse displacement and velocity first increase and
then decrease. In particular, the longitudinal motions in the cases of
lCoG/lo < 0.70 vary asymptotically to the longitudinal displacement in
the case of lCoG/lo¼ 0.70. Furthermore, as the separation progresses,
the orbiter will fall toward the booster after reaching the highest posi-
tion relative to the booster with a decreasing pitching angle, i.e., the
orbiter will fly nose-down to the booster, resulting in collision and sep-
aration failure. In the case of lCoG/lo > 0.70, the velocities increase
faster and faster as the separation progresses, and therefore, the dis-
placement also increases at an accelerating rate. The pitching motion
of the orbiter varies continuously with the increase. As such, the
orbiter successfully separates from the booster with its nose pointing
upward. It can be concluded that lCoG/lo¼ 0.70 divides the separation
behaviors in the investigated cases of 0.65� lCoG/lo � 0.80 into two
scenarios. With the backward shift of the CoG, the motion variables
shown in Fig. 10 tend to increase gradually at the same separating
instants, especially in the cases of 0.75< lCoG/lo � 0.80. As can also be
seen from Fig. 10, the orbiter’s displacements and velocities vary dra-
matically in the case of lCoG/lo¼ 0.80, while t> 0.04 s. The pitching
angular speed increases at an accelerating rate during the separation,
and therefore, the pitching angle increases rapidly, leading to the stall-
ing and somersault of the orbiter, which signify the stage separation
failure, as shown by the “reverse” of the pitching angle from 180� to
�180� in Fig. 10(c). The third scenario of the stage separation
behavior is represented by the case of lCoG/lo¼ 0.80; i.e., the orbiter
separates from the booster but with stalling and pitching somersault,
which is another type of separation failure. Figure 11 presents
the snapshots at some instants in several typical stage separation casesFIG. 9. Variation of pitching moment coefficient of the orbiter with the CoG.
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to show three scenarios of the separation behavior mentioned above.
Figures 11(a)–11(c) represent the first scenario, i.e., 0.65� lCoG/lo
� 0.70, in which the orbiter was first lifted up but with a decreasing
pitching angle and then flew nose-down, resulting in the collision of
two stages. Figures 11(d)–11(f) represent the second scenario, i.e.,
0.705� lCoG/lo � 0.75, in which the orbiter successfully separates from

the booster. Figure 11(g) represents the third scenario, i.e., lCoG/lo
¼ 0.80, in which the orbiter performs a pitching somersault. It is found
that the second scenario of stage separation may be favorable for the
successful stage separation of the TSTO vehicle, while the others
should be avoided. However, more detailed flow physics and associ-
ated aerodynamic effects on the stage separation should be further

FIG. 10. Time history of the displacements and speeds of the orbiter in the simulations of stage separation at different CoG conditions: (a) longitudinal displacement, (b) trans-
verse displacement, (c) pitching angle, (d) longitudinal speed, (e) transverse displacement, and (f) pitching angular speed.

FIG. 11. Sequences of the relative positions between stages during stage separation in different CoG cases.
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analyzed to determine the specific condition of CoG for absolutely safe
TSTO vehicle separation.

Figure 12 illustrates the longitudinal aerodynamic coefficients,
including CD, CL, and CM, of two stages during the separation. These
aerodynamic coefficients are calculated by Eqs. (19)–(21), where “�” is
replaced by “o” and “b” for the orbiter and the booster, respectively.
Here, D is the drag, and Mz is the pitching moment, indicating the
nose-up moment whenMz > 0 and the nose-down moment whenMz

< 0. In general, in the stage separation, the non-dimensional aerody-
namics of the orbiter are larger than those of the booster, which indi-
cates the orbiter would be more markedly affected by the aerodynamic
interaction in the stage separation of the TSTO in the current research.
This is in agreement with the result of the study of Wang et al., who
numerically investigated the aerodynamic interference between the
TSTO-like two-body configuration.17 Additionally, the range and the
variation of the aerodynamics of the two stages tend to be larger
and show more significant fluctuation with the backward shift of the
CoG. Moreover, the aerodynamics of the two stages in the cases of
lCoG/lo¼ 0.75 and 0.80 show variation tendencies different from those
in the other cases.

As for the orbiter, the drag steadily increases when lCoG/lo < 0.75
while first increasing steeply and then decreasing rapidly with lCoG/
lo¼ 0.75 and 0.80. The lift decreases to negative values, eventually
causing the orbiter downward to the booster when 0.65� lCoG/lo
� 0.70 while increasing monotonically when 0.70< lCoG/lo < 0.725.
When 0.725� lCoG/lo � 0.80, the lift first increases and then decreases

rapidly even to negative values with lCoG/lo¼ 0.80. Moreover, the
pitching moment varies steadily if lCoG/lo < 0.725 in contrast to the
large amplitude and fluctuation when lCoG/lo 	 0.725. Particularly,
the pitching moment decreases to the nose-down moment when
0.65� lCoG/lo � 0.70, while a small nose-up moment is maintained in
the stage separation when 0.705� lCoG/lo < 0.725. Thus, the orbiter
separates from the booster smoothly without a great altitude change
under the positive lift and proper nose-up moment with 0.705� lCoG/
lo < 0.725, as shown in Figs. 11(d) and 11(e). However, the orbiter
downwards and nose-downs to the booster under the negative lift
and nose-down moment when 0.65� lCoG/lo � 0.70, as shown in Figs.
11(a)–11(c). In the meantime, since the orbiter is subjected to greater
forces and pitching moment during stage separation with larger lCoG/
lo, the velocity is higher, and the linear and angular displacements are
larger, as shown in Fig. 10. Consequently, the orbiter would separate
from the booster with a large pitching angular speed and angle in the
cases of the 0.725� lCoG/lo � 0.80. The orbiter separates from the
booster when 0.75� lCoG/lo� 0.80, though turning a somersault even-
tually and separating unsuccessfully due to the much higher pitching
moment, as shown in Fig. 12(c). Additionally, the orbiter’s aerody-
namics and stage separation behavior prove that the critical point of
the CoG for the successful stage separation is located at lCoG/lo¼ 0.70
instead of the initial CoP location of lCoG/lo¼ 0.687. The orbiter would
be nose-down and collide with the booster if lCoG/lo � 0.687 because
the initial CoP is behind the CoG. However, the orbiter could also be
nose-down to the booster if lCoG/lo 	 0.687, where the initial CoP is

FIG. 12. Time history of the aerodynamic coefficients of the stages during stage separation with different CoG cases: subfigures (a)–(c), the orbiter; subfigures (d)–(f), the
booster.
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ahead of the CoG, e.g., 0.687� lCoG/lo� 0.70 that is caused by the sub-
sequent complex aerodynamic interaction between the stages.
Therefore, the mutual interaction effect between the orbiter’s move-
ment and the aerodynamics in the stage separation is significant and
will be discussed further

CD ¼ D
1
2
q1U2

1l�w�
; (19)

CL ¼ L
1
2
q1U2

1l�w�
; (20)

CM ¼ Mz

1
2
q1U2

1l2�w�
: (21)

As for the booster, the aerodynamic variations during stage sepa-
ration follow the same tendency, i.e., the drag and the lift first steadily
decrease and then increase to the undisturbed values, while the pitch-
ing moment first decreases and then decreases to the undisturbed val-
ues. However, with 0.75� lCoG/lo � 0.80, the forces and the moments
show large fluctuations, possibly leading to high risks, e.g., the lift
drops sharply to negative values like the stalling of airplanes, and the
pitching moment first shows a higher increase and then drops steeply
to a nose-down moment and quickly recovers to the undisturbed
value. These drastic changes in the aerodynamics of the booster pose a
potential risk to flight stability during stage separation, even if the
booster is fixed in the current simulation. The complex flow physics
accounting for such unusual and anomalous aerodynamics of the two
stages will be analyzed further later. Now, based on the analysis of the
stage separation behavior and aerodynamics of both stages with differ-
ent CoG cases, the second group of stage separation cases with
0.705� lCoG/lo � 0.75 would be the indulgent condition for the safe
separation of the obiter if ignoring the booster’s aerodynamic
characteristics. However, taking the booster into account, the safe stage
separation condition in terms of CoG for the TSTO vehicle is
0.705� lCoG/lo< 0.75.

C. Unsteady interference mechanisms governing
the separation

1. Collision of the two stages (0.65 £ lCoG/lo £ 0.70)

Collision of the two stages is the most serious accident during
TSTO stage separation, which affects the survival and reusability of
both stages. Figures 11(a)–11(c) show three failures in the first group
of the orbiter, which eventually moves toward the booster. The orbiter
is nearly under the nose-down moment and decreases the pitching
angle when 0.65� lCoG/lo � 0.70. Figure 13 shows the orbiter’s pitch-
ing moment coefficients during stage separation with 0.65� lCoG/lo
� 0.70, and two sequences of several feature points on the curves are
marked to analyze the aerodynamic interaction during stage separa-
tion. These feature points are in the one-to-one correspondence
instants discussed in the following subgraph of Figs. 14–18. Due to the
similar variation trends of the pitching moment when 0.65� lCoG/lo
� 0.687 and distinct variation of that when lCoG/lo¼ 0.70, the
pitching moment and the associated aerodynamic interaction when
lCoG/lo¼ 0.687 and 0.70 will be discussed as representative cases.

Figures 14 and 15 present several typical instants of the flowfield
of TSTO with lCoG/lo¼ 0.687 to analyze the mechanism between the
aerodynamic interaction and the collision. Figure 16 illustrates the var-
iation of wall pressure coefficient distribution along the stages between
these instants during stage separation. The main flow structure
between the two stages at t¼ 0.012 s in Figs. 14(a) and 15(a) is the
same as that at t¼ 0 s, with type VI SSI. The incident orbiter shock S2
induced the booster boundary layer separation and a horseshoe vortex,
and the reattachment shock S4 impinged on the orbiter rearward and
induced flow separation from the rearward. Therefore, the wall pres-
sure distribution responses are similar. The takeoff position of the
pressure on the booster due to boundary layer reattachment shifts
downstream as the orbiter separates, as shown in Fig. 16(a), and the
pressure rises on the orbiter rearward are smaller than that at t¼ 0 s,
as shown in Fig. 16(b), as reattachment shock S4 impinges on its aft.
Due to the smaller pressure distribution on the rearward lower wall of
the orbiter, the nose-down moment minimizes, i.e., point “a” on the
green curve in Fig. 13. As the orbiter separates, reattachment shock S4
no longer impinges on the orbiter and interacts with the compression
shock of type I SSI in the wake, as shown in Figs. 14(b)–14(d). As a
result, the high pressure on its afterbody disappears, but the peak pres-
sure value exits on the lower wall of the orbiter when t� 0.034 s, as
shown in Fig. 16(b). The supersonic airflow under the orbiter nose
flows over orbiter shock S2 with the reduction of the flow channel area
due to the incidence of the orbiter and the bulging of the booster
boundary layer due to SBLI. As a result, the supersonic flow pressure
increases as the flow speed decreases. The convergence of the flow
channel does not change apparently as the orbiter moves when
t� 0.034 s, so the peak value at the lower wall of the orbiter is almost
the same, as shown in Fig. 16(b). Moreover, the decelerated airflow
passes through the expansion waves appearing where the boundary
layer reattaches, so that the airflow accelerates and the flow pressure
decreases downstream, as shown by the “valley” in Fig. 16(b).
Furthermore, the nose-down moment of the orbiter increases as the
high-pressure zone shifts downstream cross the CoG, maximizing at
t¼ 0.034 s, i.e., point “c” on the green curve in Fig. 13. As the orbiter
separates away further, as shown in Fig. 14(d), the interstage gap
increases enough, so the lower wall of the orbiter does not suffer from
the interaction caused by SBLI on the booster. The high pressure on
the lower wall of the orbiter vanishes, resulting in the nose-down
moment of the orbiter minimizing, as shown by point “d” on the green

FIG. 13. Time history of the orbiter’s pitching moment coefficients during stage
separation with 0.65� lCoG/lo � 0.70: the diamonds represent the feature points
analyzed with lCoG/lo¼ 0.687, while the circles represent the feature points ana-
lyzed with lCoG/lo¼ 0.70.
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curve in Fig. 13. The orbiter is under the action of the nose-down
moment, whose pitching angle is decreasing during stage separation,
and the pressure on the lower wall of the orbiter is decreasing while
that on the upper wall around the nose is increasing, as shown in Figs.
16(b) and 16(c). Consequently, its lift force and pitching moment
decrease after t¼ 0.034 s. Moreover, the orbiter cannot pass through
the cover of the booster leading edge shock S1, as shown in Figs. 14(e)
and 14(f), and the impinging of S1 on the orbiter nose induces the
high rise of the pressure and then causes the orbiter to nose-down

toward the booster. Finally, the collision occurs. Additionally, the flow
along the lower wall of the orbiter separates and induces the stream-
wise vortex, as shown in Fig. 15(c), resulting in the lower pressure dis-
tribution, as shown in Fig. 16(b).

As for the booster, on the other hand, the horseshoe vortex on
the booster shifts downstream and diminishes when t� 0.034 s, as
shown in Fig. 15(b), until vanishing with the disappearance of SBLI,
and the pressure variation behavior on the upper wall of the booster in
Fig. 16(a) is thoroughly analyzed as follows. At first, a length Ls typical

FIG. 14. Numerical schlieren and sonic line on the symmetry plane and wall pressure contour of several feature instantaneous flowfields during stage separation in the repre-
sentative condition with lCoG/lo¼ 0.687.

FIG. 15. Numerical schlieren on the symmetry plane and vortex structure illustrated by isosurface of Liutex magnitude of 8000 and colored by Mach number of three represen-
tative flowfields during stage separation with lCoG/lo¼ 0.687.
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of interaction streamwise for convenience discussion is defined as the
distance between the separation point and the end of the pressure pla-
teau, as shown in Fig. 16(a). As the orbiter moves, the inviscid inci-
dence position and the strength of the orbiter shock S2 shift
downstream and decrease slightly, and Ls steadily increases when
t� 0.034 s. During this process, the incidence shock gradually weak-
ens, but the local Reynolds number Red of the incidence position
increases with the boundary layer development along the wall, where
d is the displacement thickness of the boundary layer. When Red
< 105, since the relative importance of the viscous forces decreases
with increasing Red, the free-interaction theory predicts an increase in
the interaction extent and a decrease in the overall pressure rise with

increasing Reynolds number. One consequence of such a laminar
regime is that the larger value Ls can be achieved at a larger Reynolds
number with the same strength of incident shock in the shock-
induced separation, even if the strength of the orbiter shock S2
decreases slightly. The results shown in Fig. 14(a) when t� 0.034 s
agree well with the free-interaction theory as long as Red < 105, where
the predominance of viscosity is apparent to resist the separation
induced by the adverse pressure gradient in laminar flows.51

Moreover, a greater decrease in the reattachment pressure rise at
t¼ 0.046 s is observed due to the weakness of the incidence shock S2
compared to that when t� 0.034 s due to the decreasing pitching angle
of the orbiter. As the high-pressure zone induced by SBLI on the

FIG. 16. Pressure coefficient distributions along the stage walls at several instants during stage separation with lCoG/lo¼ 0.687: (a) upper symmetry line on the booster, (b)
lower symmetry line on the orbiter, and c) upper symmetry line on the orbiter.

FIG. 17. Numerical schlieren on the symmetry plane and vortex structure illustrated by isosurface of Liutex magnitude of 8000 and colored by Mach number of several feature
instantaneous flowfields during stage separation with lCoG/lo¼ 0.70.
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booster moves downstream over the CoG and with decreasing magni-
tude, the lift force increases to the undisturbed status when SBLI disap-
pears, and the nose-up moment increases first and then decreases to
the undisturbed status, as shown in Figs. 12(e) and 12(f).

Figures 17 and 18 show several typical instants of the flowfields
and the pressure coefficient along the stage walls during stage separa-
tion with lCoG/lo¼ 0.70. The flowfield and aerodynamics before instant
a, i.e., t< 0.048 s when the orbiter has not passed across the booster
leading edge shock S1, are similar to those with lCoG/lo¼ 0.687 when
t� 0.046 s, as shown in Figs. 14 and 15. As shown in Fig. 17(a), the
booster leading-edge shock impinges on the underneath nose of the
orbiter, resulting in the high-pressure rise, as shown in Fig. 18(b).
Thus, the orbiter nose-up moment maximizes, as shown by point “a”
on the blue line in Fig. 13. In addition, orbiter shock S2 induces the
flow separation, e.g., the horseshoe vortex appears on the rearward of
the booster, and the pressure rise is shown in Fig. 18(a). As the orbiter
separates, S1 intersects with S2 in type I SSI, and the location of the
transmitted shock impinging on the lower wall of the orbiter shifts
from forward to rearward, as does the high-pressure rise, causing the
pitching moment to gradually switch from the nose-up moment to
nose-down moment. Finally, the nose-down moment maximizes, as
shown by point “b” in Fig. 13, when the transmitted shock impinges
on the rearward of the orbiter, as shown in Fig. 17(b). Moreover, the
transmitted shock of S2 no longer incidents to the booster but the
wake behind the booster, resulting in stretching and deformation of
the wake vortex. Figure 17(c) shows that the transmitted shock of S1
impinges on the trailing edge of the orbiter, and the pressure along the
lower wall of the orbiter does not show any pressure rise, as shown in
Fig. 18. Thus, the nose-down moment minimizes, as shown by point
“c” on the blue line in Fig. 13. The orbiter manifests nose-down sepa-
rating behavior shown in Fig. 17(d), and the pressure along the upper
wall of the orbiter increases while that along the lower wall decreases
due to the flow separation, e.g., the streamwise vortex shown in Fig.
18(c). The nose-down moment continues to increase further, as shown
in Fig. 13. Finally, the orbiter falls into the wake of the booster, indicat-
ing the failure of TSTO stage separation.

In general, the failure of TSTO stage separation with the orbiter
nose-down to the booster when lCoG/lo � 0.687 and lCoG/lo¼ 0.70 is
due to the different aerodynamic interaction mechanisms. The former
is due to the nose-down moment contributed by SBLI occurring in the

clearance near the rearward orbiter, but the latter is due to the pitching
moment switching from nose-up to nose-down moment as the
impingement point of the booster leading-edge shock on the orbiter
shifts downstream along the lower wall of the orbiter. The orbiter can-
not balance or compensate for such a nose-down moment because of
the relatively forward CoG.

2. Successful stage separation of the two stages
(0.705 £ lCoG/lo £ 0.725)

Figure 19 illustrates the time history of the orbiter’s pitching
moment coefficient during stage separation with 0.70� lCoG/lo
� 0.725 and several feature points to be discussed. The pitching
moment coefficients before instant “c” vary at the same trend between
these conditions, possibly indicating that the aerodynamic interactions
dominated by SSI and SBLI around the two stages are the same. At an
instant, CM maximizes at point “a,” where the booster leading-edge
shock S1 impinges on the lower wall of the orbiter nose, as shown in
Fig. 17(a). Thus, the nose-up moment increases. Then, CM minimizes
at point “b,” where the transmitted shock of S1 impinges on the after-
body of the orbiter, as shown in Fig. 17(b). Thus, the nose-down
moment increases. Next, CM reaches inflection point “c,” where S1 no
longer interacts with the orbiter, as shown in Fig. 17(c). Figure 20
shows the flowfields of several feature instants in Fig. 19 to demon-
strate the similarity and difference of these instantaneous flowfields

FIG. 18. Pressure coefficient distributions along the stage walls at several instants during stage separation with lCoG/lo¼ 0.70: (a) upper symmetry line on the booster, (b)
lower symmetry line on the orbiter, and (c) upper symmetry line on the orbiter.

FIG. 19. Time history of the pitching moment coefficient of the orbiter during stage
separation with 0.70� lCoG/lo � 0.725 and several marked feature points.
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before instant “c” between the condition with 0.70� lCoG/lo � 0.725.
The shock structures between these flowfields are the same as those in
the previous description. In addition, the orbiter presents a greater
pitching angle under conditions with larger lCoG/lo hence the stronger
orbiter shock S2. Consequently, the pressure rise and separation area
on the booster due to the interaction of S2 and boundary layer are
larger, and the pressure along the orbiter’s windward wall increases,
whereas the pressure along the orbiter’s leeward wall decreases, as
shown in Fig. 21. Furthermore, with greater pitching angles of the
orbiter during stage separation, the consequent pressure difference
between the lower and upper walls of the orbiter increases, which
would further increase due to the S2 impinging on the orbiter, result-
ing in the larger pitching moment in conditions with larger lCoG/lo, as
shown in Fig. 19. However, an anomalous phenomenon of the

pitching moment is observed with lCoG/lo¼ 0.71, where the nose-up
moment decreases but increases with lCoG/lo¼ 0.705, as shown by
point “f” in Fig. 19. Figures 22(a) and 22(b) show the two flowfields at
instant “f” under the conditions that lCoG/lo¼ 0.705 and 0.71, where
the flow patterns are the same, but the orbiter presents a greater pitch-
ing angle with lCoG/lo¼ 0.71. Thus, the expansion waves originate
from the afterbody of the orbiter closer to the orbiter shock, indicating
that the high pressure on the rearward of the orbiter’s lower wall needs
to expand and decreases sooner in the wake. Therefore, the nose-up
moment of the orbiter under the condition that lCoG/lo¼ 0.71
decreases. The effect would be more complex under conditions with
larger lCoG/lo. For example, the high pressure on the rearward of the
lower wall of the orbiter induces the adverse pressure gradient and
propagates upstream, resulting in the variation and movement of the

FIG. 20. Numerical schlieren on the symmetry plane and vortex structure illustrated by isosurface of Liutex magnitude of 8000 and colored by Mach number of feature instan-
taneous flowfields of “a,” “b,” and “c” during stage separation with lCoG/lo¼ 0.71 and 0.725.

FIG. 21. Pressure coefficient distributions along the stage walls at several instants during stage separation with lCoG/lo¼ 0.71 and 0.725: (a) upper symmetry line on the
booster, (b) lower symmetry line on the orbiter, and (c) upper symmetry line on the orbiter.
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shock structure under the orbiter, e.g., the compression waves covered
by S2, as shown in Fig. 22(c), turn to the triple point and Mach stem,
as shown in Fig. 22(d). The response pressure distributions are shown
in Fig. 21(b), and with the high-pressure shifts upstream, the pitching
moment in Fig. 19 increases from the minimum point “d” to “e.”

In general, as the CoG shifts backward, the orbiter has the appro-
priate nose-up moment to resist or compensate for the nose-down
moment contributed by the impingement of S2 on the afterbody of the
orbiter. Therefore, the orbiter can break the interaction of the booster
leading-edge shock and successfully separate from the booster with a
positive pitching angle. In addition, the orbiter could not manifest invari-
ant aerodynamic phenomena at the greater pitching angle after stage sep-
aration under conditions with larger lCoG/lo, as shown in Fig. 20.

3. Special unsafe stage separation of the two stages
(0.75 £ lCoG/lo £ 0.80)

As shown in Fig. 12, the aerodynamic coefficients of both stages
with lCoG/lo¼ 0.75 and 0.80 vary with huge fluctuation and different
trends in contrast to these under the other conditions. Thus, distinct
aerodynamic interactions occur during stage separation and have a
significant effect. Figure 23 plots the time history of the pitching
moment coefficients of the two stages when lCoG/lo¼ 0.75 and 0.80,
and several feature points are labeled. The pitching moment coefficient
of the booster under both conditions varies with similar trends, while
that of the orbiter shows a huge difference between the two
conditions.

Figures 24 and 25 show the typical flowfields of the feature
instants marked in Fig. 23 to describe the flow characteristics that

account for the special aerodynamics during stage separation with
lCoG/lo¼ 0.75. Apparently, the flow structures before instant “a” vary
the same as those with 0.705� lCoG/lo � 0.725. However, the orbiter
has a greater pitching moment as the CoG shifts backward further,
resulting in a greater pitching angle and greater lift force and displace-
ments, as shown in Figs. 9 and 12. At instant “a,” the orbiter shock S2
incidents on the booster cause the SBLI and recirculation region. Due
to the strong strength of S2, the shear layer S3 is lifted higher, and the
separation shock S4 is induced. Moreover, shock waves S1 and S4
impinge on the points in front of the orbiter’s CoG with high pressure
so that its nose-up moment reaches the maximum. As the separation
goes, as seen in Fig. 24(b), the reattachment shock S5 associated with
high-pressure shifts downstream along the upper wall of the booster
so that the nose-up moment of the booster reaches maximum, as
shown in Fig. 26(b). In addition, the shear layer S3 is lifted higher and
closer to the orbiter due to incident shock S2 with a greater shock
angle. Moreover, the stronger SBLI induces the higher pressure down-
stream, and therefore, the greater adverse pressure gradient propagates
upstream more forward in the subsonic zone, resulting in the lifting of
the shear layer and forward moving separation shock S4. When the sit-
uation reaches instant “c,” incident shock S2 has induced a larger sepa-
ration, and the separated shear layer impinges on the afterbody of the
orbiter. Moreover, shock waves S4 and S1 first intersect at the end
point and then interact with S2 in type I, and the transmitted shock
impinges on the middle part of the orbiter. Thus, the nose-up moment
of the orbiter reaches the minimum, as shown in Fig. 23(a). Figures
25(a) and 25(b) show that the separated vortex develops and moves
upstream in the subsonic zone under the increasing adverse pressure
gradient caused by increasing strength incident shock S2, which impels

FIG. 22. Numerical schlieren and sonic line on the symmetry plane and wall pressure contour of several feature instantaneous flowfields of “d,” “e,” and “f” during stage
separation.
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FIG. 23. Time history of the pitching moment coefficients of the two stages with lCoG/lo¼ 0.75 and 0.80 and corresponding feature points, circle points on the curve of lCoG/
lo¼ 0.75, and diamond points on the curve of lCoG/lo¼ 0.80: (a) orbiter, (b) booster.

FIG. 24. Numerical schlieren and sonic line on the symmetry plane and wall pressure contour of several feature instantaneous flowfields during stage separation in the repre-
sentative condition with lCoG/lo¼ 0.75.
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the shear layer to be lifted increasingly higher and separation shock S4
to be stronger and moves upstream then pats on the booster leading
edge shock S1. Therefore, shock waves S1 and S3 rendezvous and con-
vert into a stronger converging shock S8 impinging on the orbiter at
instant “d,” causing the nose-up moment to reach the maximum, as
shown in Fig. 23(a). The recirculation region extends to the booster
leading edge. The larger recirculation region and subsonic zone are
formed, and the orbiter is lifted higher with a greater pitching angle.
The subsonic flow passes through the recirculation region and is
expanded by expansion waves underneath the afterbody of the orbiter
to the supersonic flow. Moreover, the part supersonic flow jets to the
upper wall of the booster is decelerated by the ending shock, i.e., reat-
tachment shock S5. In addition, the larger recirculation region on the
booster will be maintained due to the high adverse pressure gradient

provided by the reattachment shock S5. The full and strong separated
vortex is shown in Fig. 25(c), where the unsteady vortexes underneath
the shear layer interact with each other and exchange kinetic energy,
causing the shear layer to form some wrinkles resulting in secondary
shock waves S9 origins on the shear layer. At instant “e,” the shear
layer and the converging shock impinge on the rearward of the orbiter
and contribute to a great nose-down moment so that the pitching
moment reaches the minimum. Due to the complex interactions
between S8, the shear layer, and S2 near the orbiter, the cluster of
shock waves accounting for the high pressure on the orbiter occurs, as
shown in Fig. 24(e). As the orbiter separates to a higher position,
where the shear layer no longer impinges on the orbiter and reattach-
ment shock S5 shifts on the tail of the booster, the upper wall of the
booster is covered by the recirculation region and separated vortex.

FIG. 25. Numerical schlieren on the symmetry plane and vortex structure illustrated by isosurface of Liutex magnitude of 8000 and colored by the Mach number of feature
instantaneous flowfields during stage separation with lCoG/lo¼ 0.75.

FIG. 26. Pressure coefficient along the upper symmetry line of the booster during stage separation with lCoG/lo¼ 0.75.
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The high pressure on the rearward of the booster vanishes while still
on the leading edge, so the nose-down moment of the booster reaches
the maximum at instant “f.” Due to the absence of the interaction of
the shear layer on the orbiter and the strength of S7 being weaker, the
pressure on the orbiter’s afterbody decreases, and its pitching moment
increases at instant “f” and reaches the maximum at instant “g.” Due
to the absence of the reattachment shock S5 on the booster and result-
ing high pressure, the adverse pressure gradient decreases to the posi-
tive gradient, and the separated vortex underneath the shear layer ebbs
downstream and swarms into the wake, as shown in Figs. 24(g) and
25(d). The recirculation region diminishes, the shear layer returns to
the booster, and the converging shock S8 degenerates into the leading
edge shock S1. Additionally, the orbiter passes through just complex
aerodynamic interaction and separates from the booster, and orbiter
shock S2 intersects with S1 and then interacts with the developed shear
layer in the wake, as shown in Fig. 24(h).

Figure 26 plots the pressure coefficient distributions along the
upper wall of the booster at some instants during stage separation with
lCoG/lo¼ 0.75. The pressure rise on the rearward at 0.8� x/lb � 1 is
attributed to the reattachment shock S5 shown in Figs. 24(a)–24(f).
The pressure plateau represents the recirculation region on the
booster, with the strength of S5 being stronger, the higher pressure on

the rearward. The higher adverse pressure gradient propagates
upstream, and a larger recirculation region extends forward to the
leading edge. Thus, the separated shear layer and the converging shock
S8 are stronger, leading to a higher pressure plateau, as shown in Fig.
26(a). In addition, the separation point, i.e., the starting point of the
plateau, also moves upstream and forward to the leading edge. When
S5 vanishes and no longer exists on the booster anymore, the adverse
pressure gradient converts to the positive pressure gradient due to the
increasing pressure around the leading edge while decreasing pressure
on the rearward, as shown in Fig. 26(b). Therefore, the recirculation
region decreases, and the separated vortex moves downstream to
wake. In addition, the shear layer reattaches on the booster so that the
pressure distribution on the booster return to that at the isolated sta-
tus. The “rise” and “descend” arrows in Fig. 26 indicate the pressure
gradient behavior associated with the aerodynamic interaction and
recirculation region shown in Figs. 24 and 25.

Figures 27 and 28 show the flow structures during stage separa-
tion with lCoG/lo¼ 0.80. The main flow structures, such as the sepa-
rated shear layer S3, reattachment shock S5, the converging shock S8,
and the moving recirculation region, are similar to those with lCoG/
lo¼ 0.75. As the CoG shifts backward further, however, the orbiter
shows faster pitching motion, and the booster full flow separation

FIG. 27. Numerical schlieren and sonic line on the symmetry plane and wall pressure contour of several feature instantaneous flowfields during stage separation in the repre-
sentative condition with lCoG/lo¼ 0.80.
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happens early. Consequently, the impinging of the S8 and shear layer
on the orbiter promotes the pitching motion of the orbiter and induces
a stronger structure around the orbiter, which substitutes the cluster of
shock waves. Moreover, the recirculation region is formed on the
orbiter, and the stronger structure is represented by the triple point
structure shown in Figs. 27(c)–27(g). Since the flow separates on the
orbiter, the unsteady vortex and variation of the strong structure are
responsible for the fluctuations of the orbiter’s aerodynamics, as
shown in Fig. 23(a). Due to the high-pressure zone on its lower wall,
the orbiter undergoes a pitching somersault under the greater nose-up
moment, as shown in Fig. 27. As for the booster’s pitching moment
shown in Fig. 23(b), the nose-up moment maximizes because of the
reattachment shock S5. With the compression effect of the S5 decreas-
ing, the pressure on the rearward decreases. The pressure on the fore-
body of the booster increases with the strength increase in S8, as
shown in Fig. 27(b), causing the nose-up moment to decrease to the
minimum. However, the strength of S8 decreases at instant c, and the
pressure on the forebody decreases, resulting in the nose-up moment
increasing to the maximum, as shown in Fig. 23(b). In addition, the
orbiter perpendicular to the booster during the somersault forms a
strong downstream condition to enhance recirculation motion under-
neath the shear layer, causing the S8 to be stronger during instant
“d”–“f” so that the nose-down moment reaches the maximum. The
booster’s pitching moment will recover as the recirculation region on
the booster vanishes, and the shear layer attaches to the booster again,
as shown in Fig. 27(i). On the other hand, due to the full separation on
the booster, its leading-edge shock will be detached from the leading
edge, thus losing “wave-ride” performance significantly. As a result,
the pressure on the lower wall along the leading edge is no longer
higher than that on the upper wall. Therefore, the forceful vortex
downwashes along the leading edge, as shown in Fig. 28(c), and the
side-flow momentum enters the boundary layer on the lower wall of

the booster. Consequently, the shear layer is lifted slightly, and the sec-
ondary shock S9 underneath the booster is induced to interact with S1
with type VI, as shown in Figs. 27(f) and 27(g). The phenomena van-
ished as the separated vortex ebbed. The distinct flow phenomena
occur when lCoG/lo¼ 0.80 instead of when lCoG/lo¼ 0.75 because of
the downstream obstruction of the orbiter, which enhances the
strength of the recirculation on the booster when lCoG/lo¼ 0.80. That
is, the separated vortex in the recirculation region does not affect the
lower wall of the booster and cross the leading edge, as shown in Fig.
25(c) with lCoG/lo¼ 0.75.

In general, as the CoG shifts backward further, the stage separa-
tion behavior of the orbiter is dominated by the rotation of the pitch-
ing, and the effect would be more notable as the lCoG/lo increases.
Thus, the increasing orbiter pitching angle increases the strength of
the orbiter shock S2 incidents to the boundary layer of the booster,
causing the greater adverse pressure gradient to propagate upstream
with a faster propagating speed. Therefore, the larger recirculation
region induces a stronger converging shock and shear layer impinging
on the orbiter, which, in turn, promotes the pitching speed of the
orbiter. Thus, the positive feedback of the aerodynamic interaction
associated with the pitching motion of the orbiter is formed, which
induces the failure of stage separation. Furthermore, the effect of the
feedback intensifies with the increase in the lCoG/lo. Figure 29 plots the
functions of the shock angle against both pitching angular speed and
angle to indicate the positive feedback. The orbiter’s pitching angle
could indicate the strength of the incident shock S2, and the angular
speed could indicate its increasing rate. In the first phase, the shock
angle represents the separation shock angle induced by the separated
shear layer, as shown in Fig. 27(a). The shock angle increases with the
pitching angle and angular speed, and vice versa. As the recirculation
region extends upstream, the separation shock and the leading-edge
shock converge to the converging shock, as shown in Fig. 27(b).

FIG. 28. Numerical schlieren on the sym-
metry plane and vortex structure illus-
trated by isosurface of Liutex magnitude
of 8000 and colored by the Mach number
of feature instantaneous flowfields during
stage separation with lCoG/lo¼ 0.80.
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The shock angle represents the converging shock angle in the second
phase in Fig. 29. Also, the shock angle is increasing with the pitching
angle and angular speed, and vice versa. Therefore, the shock angle
indicates the strength of the recirculation region, aerodynamic interac-
tion, and the pitching motion of the orbiter, which form positive
feedback as analyzed. The positive feedback ends when the orbiter
undergoes somersault so that the strong interaction downstream con-
dition cannot be maintained. In addition, the TSTO stage separation
with 0.75� lCoG/lo � 0.80 is unsafe because the orbiter may undergo
somersault, and the booster would have a large recirculation region,
causing its aerodynamics to fluctuate drastically, which should be
avoided during stage separation.

V. CONCLUSIONS

This numerical study of how the orbiter’s CoG affects the stage
separation of TSTO vehicles at Mach 6.7 is performed to compara-
tively analyze the mechanism between the unsteady interaction and
the aerodynamics of both stages and the resulting dynamic behavior in
the different conditions with 0.65� lCoG/lo � 0.80. The results can be
summarized as follows:

(1) The CoG significantly affects TSTO stage separation: the orbiter
would nose-down to the booster, even resulting in the collision
of the two stages with 0.65 � lCoG/lo � 0.70; the orbiter success-
fully separates from the booster with 0.70 < lCoG/lo < 0.75; and
the orbiter performs pitching somersault, and large recircula-
tion region appears on the booster if 0.75 � lCoG/lo � 0.80.

(2) The trends of the aerodynamics and the flow structure during
stage separation under the different conditions are almost the
same during the early phase of separation. The flow is domi-
nated by the SBLI, horseshoe vortex, and the type I and VI SSI.
However, the large flow separation and strong aerodynamic
interference resulted in strong structures such as triple point
and cluster shock waves near the orbiter if 0.75 � lCoG/lo
� 0.80. The complex flow structure and the recirculation zone
induced by the movement of the orbiter shock during stage sep-
aration are compared with those in the literature, which show
good agreement.

(3) The orbiter collides with the booster due to the nose-down
moment contributed by the SBLI near the rear of the orbiter
when 0.65 � lCoG/lo < 0.70, and the pitching moment switches
from the nose-up moment to the nose-down moment when
lCoG/lo¼ 0.70. However, the backward motion of the CoG
endows the orbiter with an appropriate nose-up moment to
resist or compensate for the nose-down moment if 0.70 < lCoG/
lo < 0.75. Furthermore, with the large backward motion of the
CoG, the separation behavior of the orbiter is dominated by the
rotation of the pitching if 0.75 � lCoG/lo � 0.80, the positive
feedback associated with the strong shock structure, the recircu-
lation region, and the pitching motion induces the somersault
of the orbiter and the full separation flow on the booster.

Overall, the hypersonic unsteady flow over the TSTO configura-
tion during stage separation is demonstrated by presenting the flow-
fields, the unsteady wall pressure along the stages, and the
aerodynamic characteristics based on different CoG conditions. The
CoG condition for stage separation in the current study is limited to
5% of the orbiter length, i.e., 0.70< lCoG/lo < 0.75. However, the other
parameters besides the CoG, such as the initial interstage clearance
and the AoA, which may also affect the stage separation performance,
have not been investigated. In addition, the specific CoG conditions
for different TSTO configurations may differ, although the key factors
of the aerodynamic interference related to the stage separation results
have been clarified. Therefore, the current discussions on how the
CoG affects stage separation are a good start, and the remaining issues
will be considered in future studies.
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NOMENCLATURE

AoA Angle of attack (deg)
CD Drag coefficient

FIG. 29. The functions of the shock angle against both pitching angular speed and
pitching angle during stage separation with lCoG/lo¼ 0.80.
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CL Lift coefficient
CM Pitching moment coefficient
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 body (N)
H Enthalpy (MJ�kg�1)
h Height of center or gravity or clearance (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)
Ls Distance between the separation point and the end

of the pressure plateau (m)
l Length (m)

Ma Mach number
Mx,My,Mz Moment components exerted on body (N m)

Mz Pitching moment (N m)
m Mass (kg)
p Pressure (Pa)
q Dynamic pressure (Pa)

Re Unit Reynolds number (m�1)
Red Local Reynolds number based on the displacement

of the boundary layer
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)
x Coordinate in the x direction (m)

yþ Nondimensional wall spacing
b Shock angle (deg)

Dx, Dy, Dz Displacement in the x, y, and z direction (m)
H Heat conduction (W�m�2)
h Pitching angle (deg)
l Coefficient of viscosity (N�s�m�2)
q Density (kg�m�3)

si,j Component of viscous stress (N�m�2)
xx, xy, xz Angular velocity components of body (rad�s�1)

Subscripts

b Booster
CoG Center of gravity
CoP Center of pressure

o Orbiter
d Displacement thickness of the boundary layer (m)
0 Total condition

1 Freestream condition
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