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A numerical investigation is conducted around a multistage launch vehicle to examine the influence of the base
region and turbulence. A Reynolds-averaged Navier—Stokes flow solver coupled with rigid body dynamics, because
of resultant aerodynamic forces and gravity, is developed to simulate the detachment motion of strap-on boosters. An
overset mesh technique is adopted to achieve maximal efficiency in simulating the relative motion of launch vehicles,
and various turbulence models are implemented to accurately predict aerodynamic forces in high Reynolds number
flows. The flow solver is validated by comparing the computed pressure coefficients of the Titan-I'V launch vehicle
with the experimental data. In addition, some preliminary studies are conducted to examine the influence of the base
flow and turbulence effect in the accurate simulation of detachment motion. Finally, the separation behavior of the
KSR-III, a three-stage sounding rocket developed in Korea, is numerically investigated. It is observed that the
afterbody flowfield strongly affects the separation motion of strap-on boosters. The negative pitching moment of a
strap-on at the initial stage of a detachment motion is gradually recovered and the final result is a safe separation,
whereas forebody-only analysis yields a collision scenario between the core rocket and the booster. Only a slight
difference in vehicle trajectory is observed from the comparison between inviscid and turbulent analyses. Change of
the separation trajectory due to viscous effects is just a few percentage points and, therefore, inviscid analysis seems

to be sufficient for the simulation of separation motion if the study focuses on the movement of strap-ons.

Nomenclature
C, = pressure coefficient
C, = eddy viscosity coefficient
ds = displacement vector, m
da = angular displacement vector, deg
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flux vectors
viscous flux vectors
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F, = scalar components of F
= angular momentum vector, kg - m/s”
= identity matrix
J = moment of inertia, kg - m?
= flux Jacobian
= resultant moment vector about mass center,
kg - m?/s? B
M, M, = scalar components of M
' = mass, kg

pressure, kg/(m - s?)
conservative variable vector
residual vector

physical time, s

density, kg/m?

pseudotime

velocity vector, m/s

= angular velocity vector, 1/s
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I. Introduction

TRAP-ON boosters have traditionally been used to increase the

payload of launch vehicles. From an aerodynamic point of view,
the boosters should guarantee minimal drag while maximizing
payload capacity. However, even an optimal aerodynamic booster
shape for steady flight may sometimes result in an unsafe trajectory
after detachment from the core rocket. This may lead to a collision
with the core rocket. Thus, it is important to investigate in detail the
separation behavior of strap-on boosters and reflect on their
aerodynamic dynamic characteristics during the design process. If a
collision occurs during free fall, it then becomes mandatory to
conduct extensive simulations using various jettisoning forces to find
the optimal jettisoning conditions for a safe separation.

Many researchers have analyzed the aerodynamic dynamic
behavior of launch vehicle configurations with strap-on boosters.
Some researchers have conducted steady-state numerical and
experimental flow analyses around the core rocket with a number of
strap-on boosters [1-3]. Others have analyzed unsteady flowfield
characteristics during separation based on the prescribed trajectory of
strap-ons from experimental data [4—6]. As for the coupled analysis
of aerodynamics and dynamics, unsteady simulation techniques with
6-degrees-of-freedom rigid body motions have been implemented
into well-known flow codes such as OVERFLOW [7] or CFL3D.
Various numerical analyses including store separation simulations
using an overset or Cartesian grid technique [8,9], detachment of
strap-ons from the core rocket [10], and impact of multiple bodies in
proximate flight [11] have also been carried out. Recently, much
research has focused on implementing appropriate turbulence
models to describe the turbulent flowfields around projectiles [12—
14] or constructing efficient aerodynamic databases to directly
predict the trajectory of detached boosters from existing data sets
[15].

Though remarkable progress has been made in this area, further
research is still necessary. Firstly, most studies assumed the
predefined trajectories of strap-on boosters from experimental data
and simulated unsteady flowfields at given positions. Thus,
numerical analyses were dependent on experimental data, even
though the level of numerical modeling was sufficiently acceptable.
Also, most aecrodynamic dynamic coupled analyses focused on the
forebody flow region only. Obviously, forebody flow analysis does
not accurately predict the downward motion of boosters, because the
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lower part of boosters will move out of the main computational
domain during separation [1-6,10]. Secondly, regarding the
implementation of turbulence models, steady-state flow analyses
have mainly been conducted. The effect of turbulence on the
separation dynamics of strap-ons needs to be more thoroughly
investigated [12—14]. Finally, a data-driven simulation approach can
be a powerful tool for the efficient prediction of separation motion,
because it will substantially reduce the total computation time.
However, this can only be realized if macrodata sets with various
inflow conditions are provided. In addition, this approach does not
provide local flow features during separation [15].

Keeping these things in mind, the current study focuses on
improving the first and second shortcomings of these previous
analyses. To examine the afterbody flow effect on separation motion,
aerodynamic dynamic coupled simulations are conducted with
forebody and full-body mesh systems. Numerical error in the
forebody flow analysis is then investigated quantitatively by
comparing the result with the full-body flow analysis. Regarding the
effect of turbulence, the Reynolds-averaged Navier—Stokes (RANS)
flow solver with the k—w shear stress transport (SST) [16] two-
equation model and the Spalart—Allmaras (SA) [17] one-equation
model, which has been validated in various steady/unsteady
applications [18-20], is adopted for efficient computations of high
Reynolds-number viscous flows. For the current research, the Craft—
Launder—Suga (CLS) [21] two-equation model is additionally
introduced to the existing flow solver, and the three turbulence
models are used for flow analyses of a prototype launch vehicle.
From the computed results, a turbulence model with good accuracy
and acceptable efficiency is chosen for the separation analysis of a
multistage launch vehicle. Finally, the booster trajectory is compared
with the inviscid counterpart to quantify the viscous effect.

II. Numerical Approaches
A. Flow Analysis
Because the present geometry contains massive flow separation in
the base region, the three-dimensional compressible Navier—Stokes
equations are adopted. The Navier—Stokes equations can be written
in general curvilinear coordinates of (&, , ¢) as follows:
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where Q is the conservative variable vector, E A F N G are the inviscid
flux vectors, and Ev, F - év are the viscous flux vectors.

For an adequate description of turbulent flowfield within the
framework of RANS formulation, the i~ SST [16], SA [17], and
CLS [21] turbulence models are implemented to the flow solver. Of
these models, the CLS model is originally an algebraic stress model
with a cubic stress-strain relationship. However, it was observed that
the success of the CLS model is dependent on the functional eddy
viscosity coefficient of C, and not on the cubic stress-strain
relationship [22,23]. Following this observation, the current study
only adopts the formulation of the functional eddy viscosity. By
leaving the stress-strain relationship linear, the flow solver can
reduce the excessive computational cost entailed in the cubic model.

Dual time stepping is employed to obtain the second-order
temporal accuracy as
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where R =

»(E;SE") + »(Fi;}m + B(G&G”). Here, t represents pseudo-
time, n is the physical time level, and s is the pseudotime level.
Equation (2) is then discretized in pseudotime using the Euler
implicit method and is linearized using the flux Jacobian. This leads
to the large system of linear equations in delta form at each

pseudotime step as
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The lower upper symmetric Gauss Seidel scheme [24] is used for
the implicit time integration of Eq. (3). The viscous flux Jacobian in
the implicit part is neglected because it does not influence the
accuracy of computed solutions. Local time stepping is used during
subiteration.

The modified advection upstream splitting method (AUSM) using
pressure-based weight functions [25] is applied as a numerical flux at
a cell interface. This scheme was designed to remove the
nonmonotonic pressure oscillations of the AUSM-type schemes near
a wall or behind shock waves by introducing pressure-based
weighting functions at a cell interface. For higher-order spatial
accuracy, the monotone upstream-centered schemes for conserva-
tion laws [26] approach is used. Primitive variables are extrapolated
at a cell interface and the differentiable limiter [27] is employed to
suppress unphysical oscillations near physical discontinuities.

B. Dynamic Analysis

The definition of reference frames for dynamic analysis is depicted
inFig. 1. The X axis denotes the axial direction and the Z axis denotes
the normal direction from the core rocket to the booster. Also, pitch
angle is the rotation angle with respect to the Y axis. The same
notation is used throughout this paper.

The motion of the booster during separation can be described as
follows. At first, the basic equations of rigid body motion with
respect to the fixed coordinates of XYZ are expressed as

_ dﬁ) . (dﬁ)
Fo=|m— . M., =\— 4)
¢ ( dr ) xyz ¢ dr ) xyz

InEq. (4), F g and M «¢ are the external force and moment vectors
because of aerodynamic force, gravity, and additional control force.
v and & are velocity and angular momentum vectors with respect to
the center of mass of the body.

Because the moment and product of inertia of the booster in the
fixed coordinates would change continually due to its rotation, it is
necessary to determine their values as functions of time. It is more
convenient to use the body-fixed coordinates of xyz for rotational
description, whereas the force equations are directly solved in the
fixed coordinates. Then the force and moment equations with an
angular velocity o will finally result in the following forms of Euler’s
equations of motion:

/\ /\

A

v X V} z
X X

XYZ : axes of fixed orientation

xyz :body-fixed axes A

Fig. 1 Reference frame.
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FX = mi)X Mx = Ixxd)x - (Iyy - Izz)w}'wz
FY = mi)y My = Iyyd)y - (Izz - ]xx)wzwx (5)
F, =miy, M. = Izzd)z =Ly — Iyy)wxwy

From Egq. (3), the force equations yield the new velocity v"*! and
displacement ds"*! as
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And the new angular momentum @"*! and the angular
displacement da"*! are updated as
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As aresult, the new position and velocity component at the next
time level are determined.

Fig. 2 Configuration of the KSR-III.
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C. Geometry Description and Mesh Generation

Figure 2 shows the geometry of the KSR-III launch vehicle. The
KSR-III is composed of a core rocket and two strap-on boosters
attached to the core. The strap-on boosters have the same diameter as
the core rocket to employ the same rocket engine. The length of the
strap-on boosters is about 57% of the core rocket. To prevent
catastrophic contact between the core rocket and the boosters, the
baseline of the booster is located 0.25 m lower than that of the core
rocket. The fin of the core rocket has a thickness of 25 mm.

To represent the relative motion of bodies efficiently, the overset
grid technique originally proposed by Steger et al. [28] is adopted.
The trilinear interpolation technique with the Newton—Raphson
method is used for donor cell searching. The main grids and subgrids
of the overset grid system are generated as multiblock meshes to
represent the fin and base regions. A detailed mesh system will be
depicted in Sec. IIL.B.

III. Results and Discussion
A. Validation and Preliminary Studies

First, the steady-state flowfield of the Titan-IV launch vehicle is
computed to validate the overset grid technique. Turbulent flow
analysis is conducted using the k—@ SST model, and the freestream
conditions are the Mach number of 1.6 and the Reynolds number of
1.1 x 107, with a zero angle of attack. The overlapping meshes of
101 x 66 x 121 grid points for the core rocket and of 81 x 66 x 101
for the booster are used. Figure 3 shows the cross-sectional pressure
contour of the Titan-IV vehicle, and the computed surface pressure
along the centerline of the vehicle is compared with the wind-tunnel
data. A close agreement between experimental and computed values
is observed except for a slight difference at the connecting point of
the core rocket and the booster. In this region, the computed values
are underestimated because of the effect of a connecting cable used in
the wind-tunnel test [2].

Second, the separation motion of strap-on boosters in a simplified
configuration is simulated to examine the influence of the base flow.
The basic shape is similar to the KSR-III configuration, except that
the model shape near the baseline is cylindrical without a fin and flare
skirt. In this configuration, the dominant factor influencing the
motion of the strap-on booster is the bow shock from the booster. A
bow shock is first generated over the nose of the strap-on and then
propagates to the core rocket. After hitting the surface of the core
rocket, the shock impinges on the booster again. This mechanism
sequentially increases the pressure on the left side of the strap-on,
giving positive normal force and positive pitching moment. Here, it
is assumed that a pressure change near the baseline is not critical, and
thus the forebody analysis is expected to show a similar result to the
full-body analysis.

Figures 4 and 5 show the results of the separation motion in the
simplified configuration. Figure 4 is the computed pressure field. The
initial distance between the core rocket and the booster is 0.2 m.
Figure 5 shows the trajectory of the displacement and the rotation

T

T

o

S
S

Fig. 3 Pressure contour around the Titan-I'V launch vehicle and surface pressure along the centerline (solid line: numerical result, circle: experimental

data).
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Fig. 4 Separation motion of a simplified launch vehicle configuration (at t = 0.0 and 0.3 s).
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Fig. 5 Position and rotation angle of the booster (solid line: forebody simulation, dashed line: full-body simulation).

angle of the booster. As can be seen from the results, the full-body
analysis yields a faster fall-down motion and rotation, as well as a
slower repulsive motion. All of these characteristics can be explained
by the role of expansion waves generated around the base region.
Expansion waves lower the pressure at the base plane of the booster,
which produces a faster fall-down speed than the forebody analysis.
Also, expansion waves from the baseline of the core rocket reduce
the pressure on the lower left side of the booster. As a result, the net
normal force is relatively reduced, and the clockwise motion is
accelerated because the part experiencing lower pressure is actually
located below the center of mass of the booster. The effect of
expansion waves from the core rocket and the booster can be
observed clearly in Fig. 5. Even though the two analyses (forebody
and full body) qualitatively exhibit the same tendency, they clearly
yield different positions with time. Considering the base flow,
downward motion and clockwise rotation are accelerated by about

10%, whereas normal displacement is decreased by about 15% at
0.3 s after separation.

Last, several turbulence models are applied to the analysis of a
stand-alone booster of the KSR-III [29]. To accurately describe the
massively separated flow in the base region, an advanced turbulence
model is essential. At the same time, the enormous computational
burden due to turbulence transport equations should be avoided.
Thus, an accurate turbulence model with an acceptable computa-
tional cost is important for an efficient simulation of the separation
motion of the rocket system. Here, inviscid and turbulent results are
compared with the wind-tunnel test data compiled by the Korea
Aerospace Research Institute to assess computational accuracy and
efficiency. The analyses are performed at the Mach number of 1.6
and the Reynolds number of 1.683 x 107, with angles of attack of 0,
10, 20, and 30 deg. Based on the preliminary grid refinement tests, a
two-block mesh with 1.5 million grid points is adopted as the
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Y Figure 7 shows the surface pressure distribution along the axial

B l direction and the base pressure distribution along the radial direction
1.50 at an angle of attack of 0 deg. In the case of the body surface
}:gg 7 X distribution, all simulations show nearly the same results, except that
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Fig. 6 Mesh system and pressure contour around a stand-alone booster
of the KSR-III.

computation domain. The baseline of the rocket is assumed to be the
solid wall. Figure 6 shows the mesh system and pressure contour at
an angle of attack of 0 deg.

Tables 1-3 present computed aerodynamic coefficients at various
angles of attack compared with the experimental data of Ok et al.
[29]. Regarding the normal force and the pitching moment, all the
simulations yield similar results, whereas some differences in the
axial force can be observed between the inviscid and turbulent

the inviscid analysis predicts a slightly stronger oblique shock at the
skirt. For the base pressure distribution, turbulent results are clearly
more physical than the inviscid solution in the sense that the base
flow usually does not exhibit a strong pressure gradient toward the
radial direction at a 0 deg angle of attack. The mild pressure gradient
in turbulent analyses is caused by the flow mixing inside the
recirculation region due to turbulent kinetic energy. On the other
hand, the inviscid computation shows a stronger pressure gradient in
the base region and yields higher pressure at the stagnation point.
Among the turbulence models, the CLS model predicts rather higher
pressure than the k—w SST model, as in Park et al. [23], and the SA
model yields lower base pressure.

From the preliminary studies, the forebody-only simulation results
in substantially different booster trajectories even in the simplified
launch vehicle geometry. The effect of the afterbody region on the
booster trajectory is expected to be more significant in the actual
KSR-III shape. Also, the simulations of a stand-alone booster
configuration show that turbulence mainly affects the axial force
component, and the fall-down speed of the strap-on booster is
expected to be faster in the turbulent analysis. Computed
aerodynamic forces among the turbulence models are approximately
the same. Thus, the k—@ SST model is adopted as the main turbulence
model for unsteady motion simulation, because the k~—@ SST model
provides better convergence characteristics than other turbulence
models.

B. Separation Dynamics of the KSR-III

The steady-state aerodynamic characteristics of the KSR-IIT and
the detachment motion of a strap-on during the separation process are
examined. The freestream Mach number is 1.7 and the Reynolds
numberis 1.431 x 107. The flight angle with respect to the ground is
90 deg and the angle of attack is 0. During the separation, the core

analyses. As expected, the turbulent simulations show better
agreement with the experimental data.

rocket constantly ejects plume gas through the nozzle exit, whereas
the engine of the strap-on is extinguished just after separation. Thus,

Table 1 Axial force coefficients of a stand-alone booster

Angle Trip-on Trip-off Inviscid SA CLS k—w SST
of attack experiment experiment
0.0 0.64 0.62 0.579393 0.658066 0.638265 0.642174
10.0 0.69 0.66 0.638950 0.690538 0.667548 0.673245
20.0 0.72 0.70 0.684898 0.719355 0.713173 0.708900
30.0 0.76 0.74 0.733479 0.753686 0.758607 0.756455
Table 2 Normal force coefficients of a stand-alone booster
Angle Trip-on Trip-off Inviscid SA CLS k—w SST
of attack experiment experiment
0.0 0.0 0.0 0.0 0.0 0.0 0.0
10.0 0.72 0.64 0.780849 0.794824 0.814961 0.792976
20.0 2.58 2.57 2.499558 2.484706 2.490406 2.489458
30.0 4.67 4.61 4.574496 4.534726 4.541290 4.547741
Table 3 Pitching moment coefficients of a stand-alone booster
Angle Trip-on Trip-off Inviscid SA CLS k- SST
of attack experiment experiment
0.0 0.0 0.0 0.0 0.0 0.0 0.0
10.0 1.66 1.75 1.725053 1.656376 1.647186 1.671261
20.0 3.00 2.94 2.944154 2.944198 2.939763 2.958803
30.0 4.10 4.04 3.973241 3.997101 3.997545 4.026465
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Fig. 7 Surface pressure on the forebody and base plane.

the base plane of the booster is treated as a wall. As for the exit
condition of the core rocket, flow properties at the nozzle exit are
obtained by the chamber condition, which is described in the annual
report of the KSR-III development. From the chamber condition and
cold gas assumption, the properties at the exit are Ma.,; = 2.86 and
£ =-I-=1.084. Other properties are calculated from these
relations. Also, as the exit diameter of the nozzle is 746.4 mm, the
center region of the base plane is treated as the nozzle exit and the
outer region is assumed to be the wall. The boundary condition at the
base plane is shown in Fig. 8.

Asin Fig. 8, the main zones and subzones of the overlapping mesh
system are constructed as multiblock meshes. The main grid for the
core rocket has four blocks with about 2.8 million grid points. The
computational region around the forebody of the core rocket is
composed of three blocks to represent two fins with an X
configuration. One more block is added for the base region of the core
rocket. Similarly, the subgrid around the strap-on has two blocks
with about 0.7 million grid points. One block mesh is generated
around the forebody of the strap-on and another block is generated
for the afterbody region of the booster. For efficient computation,
parallel computing is conducted using 20 processors of a cluster
machine with AMD 3800+ X2 CPUs.

In Fig. 9, pressure contours on and around the vehicle at the initial
stage of separation are presented to investigate the aerodynamic
characteristics of the launch vehicle and the initial motion of the
booster. The first factor influencing the motion of the strap-on is the
bow shock generated from the booster nose. The bow shock hits the
core rocket and then turns back to the booster, which increases the
pressure on the upper left side of the booster. As a result, the axial
force and the repulsive force between the core rocket and the booster
increase. In addition, a positive pitching moment is generated. The
next factor influencing the motion of the strap-on is the oblique
shocks from the core rocket. The oblique shocks generated at the fin

Fig. 8 Overlapping mesh system and boundary condition at the base
plane.

and flare skirt of the core rocket hit the lower left side of the booster,
resulting in a negative pitching moment and an increment in the
normal force. Finally, expansion waves generated from the baseline
of the core rocket also change the aerodynamic characteristics of the
strap-on. Expansion waves hit the lower left side of the booster and
somewhat counterbalance the effect of the oblique shock from the
core rocket. All things combined, the strap-on initially experiences a
repulsive force and a negative pitching moment. As a result, the
strap-on moves away from the core rocket and rotates counterclock-
wise at the initial stage of the separation process, and a collision may
occur depending on the magnitude of the negative pitching moment.

The separation motion of the strap-on booster is schematically
summarized in Fig. 10. As mentioned, the booster initially
experiences a negative pitching moment and starts a counter-
clockwise rotation. As the nose of the booster gets closer to the core
rocket, the reflected bow shock becomes stronger and generates a
strong repulsive force. At the same time, the oblique shock from the
core rocket to the bottom of the booster gradually becomes weaker as
the traveling distance of the oblique shock increases. Also, expansion
waves from the baseline of the core rocket reduce the pressure at the
strap-on. Thus, the booster is beginning to rotate in the opposite
direction and it may avoid collision if the negative pitching moment
at the initial stage is not too large. When the booster eventually gains
a positive inclination angle, it tends to accelerate positive pitching
motion mainly because the asymmetric bow shock of the nose
produces a strong positive pitching moment. In addition, the negative
pitching moment induced by the oblique shock from the core rocket
is sufficiently diminished because the downward motion of the
booster reduces the effective length of the moment arm with respect
to the booster’s center of gravity.

Fig. 9 Pressure contour on and around the KSR-III.
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Fig. 10 Schematics of the separation motion of the strap-on.

a) Initial pressure contour

Fig. 11 Separation motion analysis in the forebody simulation (from 0.00 to 0.40 s, time interval of 0.20 s).
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Fig. 12 Separation motion analysis including the base region (from 0.00 to 0.40 s, time interval of 0.20 s).
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Fig. 13 Separation motion analysis using the k~» SST model (from 0.00 to 0.40 s, time interval of 0.20 s).
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The separation dynamics of the KSR-III are examined. Analyses
are performed using the dual time stepping method, with the physical
time step of 0.005 s. Also, all simulations exhibit the free-fall motion
of a booster, that is, no jettisoning force on the booster. The base
effect on the trajectory of the booster is investigated first. The
pressure fields of the forebody and full-body inviscid simulations are
compared in Figs. 11 and 12. From the results, the full-body analysis
shows a faster fall-down motion than the forebody simulation and
exhibits a positive pitching moment. As explained previously, this is
a consequence of the interactions between the bow shock from the
booster nose, the oblique shocks from the fin and skirt of the core
rocket, the expansion waves from the core rocket, and the base
pressure. In the case of the forebody simulation, the base region
moves completely out of the computational domain as separation
proceeds. This means that high surface pressure induced by the
oblique shocks will remain unchanged and the booster will produce
an excessive negative pitching moment. As a result, the forebody
simulation shows the collision between the core rocket and the strap-
on booster at 0.22 s after the separation, whereas the full-body
simulation yields no collision. As shown in Fig. 12, the booster
initially starting with the counterclockwise rotation reverses its
rotating direction during separation and is finally postured with a
positive angle of attack. Then, the body accelerates the clockwise
rotation and finally leads to a safe separation.

Next, the detachment motion of the strap-on booster in the
turbulent flowfield is examined. Figure 13 shows the trajectory and
pressure field at free separation. As can be seen in Figs. 12 and 13,
both inviscid and turbulent analyses provide very similar pressure
fields and no visible difference between the two solutions can be
found. This is because, in the separation dynamics of strap-on
boosters, the effect of nonlinear waves is much stronger than the
viscous effect, and the second-order numerical dissipation in the
convective flux somewhat mimics the physical viscosity. Figure 14
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shows the temporal trajectories of the position and rotation angle.
Inviscid and turbulent results exhibit nearly the same behavior,
whereas the forebody analysis drastically deviates. During the
separation process, the difference in position and rotation angle
between the two simulations always stays within 2.5%.

As in Fig. 14b, a slightly slower downward motion of the booster
in the turbulent analysis may appear contradictory to the previous
result of the stand-alone booster analysis, in which turbulent analysis
provided larger axial force. As can be seen in Fig. 15, the high-
pressure region around the skirt of the booster is more diffused in the
turbulent result than the inviscid case. As a result, the inviscid
analysis slightly overestimates the high pressure around the skirt, and
a higher axial force is obtained.

IV. Conclusions

Aerodynamic dynamic coupled analysis is carried out for the
accurate simulation of separation dynamics of strap-on boosters in a
launch vehicle configuration. In particular, the influence of the base
region and the effect of turbulence on the dynamic behavior of the
booster are examined. From the preliminary study, flow analysis
ignoring the afterbody region can result in a false scenario even with
a simple launch vehicle configuration. Among the tested turbulence
models, the k~w SST model is proven to be the most appropriate to
adequately and efficiently describe the RANS-based turbulent
flowfields around a launch vehicle configuration.

Based on the preliminary study, the booster separation of the KSR-
IIT is examined. At the initial stage, the booster experiences a
negative pitching moment but gradually recovers a positive pitching
moment, and this finally leads to a safe separation. Unlike the full-
body analysis, the forebody analysis does not capture the interactions
between the bow shock from the nose, the oblique shocks from the fin
and flare skirt, the expansion waves on the baseline, and the base
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Fig. 15 Comparison of computed flowfields between inviscid and turbulent analyses.
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pressure. As aresult, it leads to a false collision scenario between the
core rocket and the booster.

As for the viscous effect, the turbulent analysis shows nearly the
same result as the inviscid analysis. In the inviscid analyses, both the
movement and rotation of the booster deviate only slightly from
the turbulent cases. Thus, inviscid analysis seems to be sufficient for
the efficient simulation of the separation motion of strap-ons. Finally,
the present work demonstrates that the prototype KSR-III
configuration yields a safe separation even in a free-fall condition,
but an additional jettisoning force would be necessary for
unpredicted external disturbance during separation.
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