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Abstract: Rocket sleds belong to a category of large-scale test platforms running
on the ground. The applications can be found in many fields, such as aerospace
engineering, conventional weapons, and civil high-tech products. In the present
work, shock-wave/rail-fasteners interaction is investigated numerically when the
rocket sled is in supersonic flow conditions. Two typical rocket sled models are
considered, i.e., an anti-D shaped version of the rocket sled and an axisymmetric
slender-body variant. The dynamics for Mach number 2 have been simulated in
the framework of a dynamic mesh method. The emerging shock waves can be
categorized as head-shock, tailing-shock and reflected-shock. An unsteady
large-scale vortex and related shock dynamics have been found for the anti-D
shaped rocket sled. However, a quasi-steady flow state exists for the slender-body
shaped rocket sled. It indicates that the axisymmetric geometry is more suitable
for the effective production of rocket sleds. With the help of power spectral den-
sity analysis, we have also determined the characteristic frequencies related to
shock-wave/rail-fasteners interaction. Furthermore, a harmonic phenomenon has
been revealed, which is intimately related to a shock wave reflection mechanism.
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1 Introduction

Rocket sled belongs to a large-scale test platform running on the ground, which is mainly applied in
many fields, such as aerospace engineering, conventional weapons, civil high-tech products, and so on
[1–5]. Nowadays, the different rocket sleds have been built in many countries, such as USA, Britain, and
China [6]. When the rocket sled moves at a high speed, such as supersonic regime, the potential damage
may appear. Worst of all, the resonance may occur on the rocket sled. Thus, it attracts much attention on
rocket sled vibration.

The main researches on rocket sleds in the literature are to investigate lift and drag forces of different
rocket sleds [2,7–12]. For example, Zhang et al. [13] numerically investigated the aerodynamic
characteristics of rocket sled in different conditions. Martin et al. [14] developed a system called rocket
sled eXpert (RSX). In this system, the aerodynamic characteristics of several rocket sleds can be quickly
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calculated. Xiao et al. [15] numerically predicted the ground effect on rocket sled tests, and an important
basis for the reasonable arrangement of sensors was provided.

With the increasing requirements for high-speed experiments, the supersonic rocket sled was applied for
ground tests. Unfortunately, a number of failures usually occurred due to rocket sled vibration. Two reasons
relevant to rocket sled vibration were confirmed. One was the unstable thrust of rocket engines, and the
other was the interaction between shock-wave and rail-fasteners. The variation originating from rocket
thrust was irregular and difficult to predict. However, shock-wave oscillations were directly related to the
operating speed [16]. From several failed launch tests, Lamb [16] revealed the periodic vibration
phenomenon. It also provided the effective experimental data and theoretical support for vibration reduction
design. Zhang et al. [17] established a virtual wind tunnel model using numerical simulation method. The
aerodynamic characteristics of rocket sleds were also analyzed. They pointed out that the thrust eccentricity
of rocket sleds was an important reason for serious vibration of rocket sleds. Zhang et al. [18] numerically
investigated the aerodynamic performance for an 800 km/h evacuated tube train. They found that a slight
shock wave appeared at the rear of tail car, which affected the aerodynamic force on the train. To our
knowledge, the mechanisms relevant to shock-wave oscillations are sparse. Thus, in the present work, the
shock-wave/rail-fasteners interaction and relevant mechanisms are investigated for two different rocket sleds.

A dynamic mesh approach is used to simulate dynamics for supersonic rocket sleds. The present paper is
organized as follows. The numerical methods and physical models are briefly presented in Section 2. Results
and discussion are presented in Section 3. Finally, the conclusions are given in Section 4.

2 Physical Models and Numerical Methods

2.1 Physical Models
Two rocket sleds are investigated in the present work. One is the anti-D shaped rocket sled which has a

similar geometry in the subsonic rocket sled. The other is axisymmetric slender-body shaped rocket sled
referring to some missile tests. To reduce the computational cost, it’s necessary to reasonably simplify the
physical models. The anti-D shaped rocket sled can be simplified to a two-dimensional (2D) body, and
the slender body can be used to describe the three-dimensional (3D) axisymmetric rocket sled, as shown
in Fig. 1. Furthermore, to investigate the interaction between the shock-wave and rail-fasteners, several
square cylinders are set up on the ground with the same interval. For comparison, the height of 2D body
is equal to the diameter of axisymmetric body D (D = 280 mm).

Figure 1: Two simplified rocket sled models: (a) 2D anti-D shaped rocket sled; (b) 3D slender-body shaped
rocket sled
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2.2 Numerical Methods
To simulate the supersonic motion of rocket sled, the 3D compressible Navier-Stokes equations are

considered as governing equations. In the Cartesian coordinate system, the governing equations including
mass, momentum and energy equations can be written as follows:
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Here, q, ui, p, E represent the density, velocity component, pressure and total energy, respectively.
Based on the above analysis, two rocket sled models are investigated in the present work, i.e., 2D anti-D
shaped rocket sled and 3D axisymmetric slender-body shaped rocket sled. To further reduce the
computational cost, some approximate treatment can be performed. For the compressible flow at the
higher Reynolds number, say about Oð107Þ, the viscosity can be neglected. Thus, the Euler equations are
used in the 3D case, i.e., sij ¼ 0.

The governing Eqs. (1)–(3) are solved by a finite volume method based on structured mesh, and the
Fluent software is chosen. In this study, the density-based transient solver is used to solve the governing
equations. For the density-based transient solver, the compressible governing equations including
continuity, momentum, and energy are solved by means of time-marching solutions. To capture the
discontinuity caused by shock waves, a second-order upwind scheme with Roe’s flux difference
splitting is introduced into two cases. For the 3D case, the inviscid flow is assumed. In the 2D case, the
standard k-ε turbulent model proposed by Launder et al. [19] is used for turbulence closure, which can
be written as,
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The initial values of k and ε are both 0 and their values on the boundary are also chosen as 0.

When the rocket sled runs along the rail at a supersonic speed, shock waves interact with rail-fastener
due to the relative movement between rocket sled and rail-fasteners. To simulate this special flow, a dynamic
mesh technique is acquired. Here, the dynamic mesh approach based on layering [20,21] is utilized. In the
algorithm of dynamic mesh, the grid inside moving region is updated according to the change of boundary
location. The solver will split or merge mesh based on the expansion or contraction of mesh region. When the
grid spacing is larger than the upper limit, one layer will be divided into two layers. When the grid spacing is
smaller than the lower limit, two layers will be merged into one layer. Two different regions need to be set up.
One is the pre-specified motion achieved by a function involving the moving parameters. The other is a
stationary region determined by the resolved flow field. We know that rocket sled runs along one fixed
direction. Thus, the moving function can be described by setting a fixed Mach number.

In the 2D case, the initial condition is set as free-stream parameters. No-slip and adiabatic conditions are
applied to the body and ground surface. The other boundaries are set as pressure far-field boundary
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conditions. In 3D inviscid case, slip boundary condition is applied to body and ground surface, the other
settings are the same as 2D case.

3 Results and Discussion

It is well known that two regions are required for the layering dynamic-mesh-method. The grid for 2D
anti-D shaped rocket sled consists of 190,000 points in the moving region and 240,000 points in the
stationary region. For the 3D slender-body shaped rocket sled, the grid points in the moving and
stationary regions are 370000 and 1910000, respectively. To capture boundary layer for 2D anti-D shaped
rocket sled, the first off-wall grid spacing is chosen as 1 � 10−6D. Because the viscous effect is neglected
for the supersonic flow past 3D body, the first off-wall grid spacing is 3.6 � 10−3D. To guarantee the
temporal accuracy, a sub-iteration technique is introduced with a fixed time step 3 � 10−6 second. At
present, following the effective moving speed of supersonic rocket sled in China, the Mach number is
chosen as 2. The Reynolds number is about 1.21 � 107. Here, the characteristic velocity is the running
speed of rocket sled; the characteristic length is D = 280 mm; the values of density and viscosity
coefficient are chosen at the static temperature 300 K.

Figs. 2 and 3 show the instantaneous flow patterns for two rocket sleds using the contours of static
pressure. Here, the time interval is 0.0006 s, corresponding to a half period of sweeping two fasteners.
For the convenience of discussion, a dimensionless pressure p=p1 is analyzed with p1 the environmental
pressure. Because of the strong compressibility, shock waves appear in the flow fields of two rocket
sleds, such as head-shock, trailing-shock, and reflected shock. In the flow field of anti-D shaped rocket
sled, the obvious pressure-rise occurs behind the head-shock, according to the Rankine–Hugoniot
conditions. When the head-shock sweeps over rail-fasteners, the high-pressure region also appears in the
region between rocket sled and ground due to the shock-wave/rail-fasteners interaction. However, for the
3D axisymmetric rocket sled, the pressure-rise behind head-shock attenuates, which may be associated
with the conical head-shock shrinking. Furthermore, the prominent flow stretching and distortion can be
observed in the region between anti-D shaped rocket sled and ground. It means the eddy roll up easily
appears under anti-D shaped rocket sled. While, it demonstrates a quasi-steady flow state under the 3D
axisymmetric rocket sled, indicating that the axisymmetric geometry can improve the flow stability. In
other words, the axisymmetric geometry is suitable for supersonic rocket sled.

Figure 2: Instantaneous contours of static pressure for anti-D shaped rocket sled at two different times
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Figs. 4 and 5 show the density gradient along streamwise direction. The density gradient can obviously
express the compression and expansion of air. It can be found that the reflected shock waves from head-shock
can reflect back to the body, and the shock-wave/rail-fasteners interaction appear, consistent with the
previous inference. The re-reflected shock waves also occur in the flow field of anti-D shaped rocket sled.
Unlike anti-D shaped rocket sled, the reflected shock waves under axisymmetric rocket sled move
upward and bypass the body. The intensity of reflected shock waves is obviously weakened, resulting in
disappearance of re-reflected shock waves. Further, in the wake of anti-D shaped rocket sled, the obvious
pressure waves can be observed, which may be the result of trailing-shock and rail-fasteners interaction.

The description of flow field using primary variables (such as pressure) may miss some flow details.
Lamb vector divergence r � L is closely related to the momentum and vorticity transport in the flow field
[22,23]. Therefore, it is commonly used to understand the flow mechanisms. Here, Lamb vector is
defined as L ¼ x� u. Hamman et al. [23] have given a physical interpretation for r � L. The positive

Figure 3: Instantaneous contours of static pressure for axisymmetric rocket sled at two different times

Figure 4: Density gradient along streamwise direction of anti-D shaped rocket sled at two different times
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value of r � L represents the flow stretching motion. While, the negative value of r � L denotes the vortical
bearing motion. The alternating distributions of positive and negative values indicate the interaction between
the strong strain region and vorticity region, which is associated with the momentum transport. Figs. 6 and 7
show the distributions of r � L at the symmetric planes of two rocket sleds. The obvious alternating
structures can be found in the wake of two rocket sleds, associated with the moving body. In the flow
field of anti-D shape rocket sled, the alternating structures can be observed near rail-fasteners due to
shock-wave/rail-fasteners interaction. The alternating structures are also affected by the ground. At the
initial stage of shock-wave/rail-fasteners interaction, the alternating structures are formed at leading edge
of rail-fastener. As time goes on, the alternating structures move past rail-fasteners, resulting in eddy roll
up behind rail-fasteners. Further, the alternating structures also appear behind head-shock, corresponding
to shock oscillations. It indicates that the shock wave at the head of anti-D shaped rocket sled is more
unstable than that in the flow field of axisymmetric rocket sled. In the wake of axisymmetric rocket sled,
the positive value of r � L is wrapped by the negative value, as shown in Fig. 7. It means that the wake
behind axisymmetric rocket sled is more stable.

Figure 5: Density gradient along streamwise direction of axisymmetric rocket sled at two different times

Figure 6: Contours of Lamb vector divergence for anti-D shaped rocket sled at two different times
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To analyze the flow fluctuations induced by the shock-wave/rail-fasteners interaction, the pressure
signals near the wall are monitored using several pressure probes, as shown in Fig. 1. Firstly, we have a
discussion for time histories of pressure signals at P1-P5, as shown in Fig. 8. The pressure probes P1-P4
are located below the body with the same intervals from x = 0 to x = 1.5 m. P5 is set on the base of
anti-D shaped rocket sled. Because probe P1 is very close to the head of anti-D shaped rocket sled, the
reflected shock waves only have a minor effect on the pressure signal at probe P1. Thus, the amplitude of
pressure fluctuation at probe P1 is about 1 atm. P2 and P3 are directly affected by the reflected shock
waves originating from the shock-wave/rail-fasteners interaction, so the pressure peak is higher, reaching
approximately 5 atm. At P4, the amplitude reduces referred to the reflected shock waves attenuating. The
pressure fluctuations at P5 are suppressed, which is closely associated with the dead air region in the near
wake behind anti-D shaped rocket sled. Then, time histories of pressure signals at P6-P9 are analyzed, as
exhibited in Fig. 9. Because the pressure fluctuations in dead air region are very weak, it cannot reveal
the frequencies associated with shock-wave/rail-fasteners. Thus, the pressure probe isn’t suggested to set
in the dead air region. Similar to anti-D shaped rocket sled, the pressure fluctuations near the head of

Figure 7: Contours of Lamb vector divergence for axisymmetric rocket sled at two different times
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Figure 8: Time histories for pressure signals at probes P1–P5
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axisymmetric rocket sled are also small. Furthermore, the amplitudes of pressure fluctuation at P7–P9 are
smaller than that at P2–P4, which indicates that pressure fluctuations can be suppressed by axisymmetric
rocket sled comparing with anti-D shaped rocket sled.

Usually, the characteristic frequency relevant to large-scale motion can be obtained using power spectral
density (PSD) analysis [24]. Fig. 10 shows PSD curves for pressure signals at probes P2–P3. The highest
peaks correspond to the characteristic frequencies, i.e., f1 � 0:571 kHz, f2 � 1:048 kHz and
f3 � 1:619 kHz. Here, f1 is the dominated frequency referring to the shock-wave/rail-fasteners interaction.
The approximate relationships can be obtained, i.e., f2 � 2f1 and f3 � 3f1. It implies that the harmonic
phenomenon exists in the flow field of anti-D shaped rocket sled, which is consistent with the findings of
Lamb [16]. The PSD analysis is also performed for pressure signals at probes P7–P9, as shown in
Fig. 11. The characteristic frequencies corresponding to the first three peaks are f1 � 0:540 kHz,
f2 � 1:081 kHz and f3 � 1:621 kHz, respectively. The characteristic frequency f1 is in good agreement
with the experimental results of Lamb [16], indicating that the reliable predictions are obtained in the
present computation. Although the complex alternating structures disappear near rail-fasteners, the similar
relationships (i.e., f2 � 2f1 and f3 � 3f1) are also obtained. In the shear layer, the harmonic or
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Figure 9: Time histories for pressure signals at probes P6–P9

f / kHz

PS
D

0 0.5 1 1.5 2 2.5 30

0.05

0.1

0.15

0.2

0.25
P2
P3
P4

f1≈0.571

f2≈1.048

f3≈1.619

Figure 10: PSD profiles for pressure signals at probes P2–P4

682 FDMP, 2020, vol.16, no.4



subharmonic phenomenon can be also found, which is related to the vortex merging [25,26]. It means that the
present harmonic phenomenon doesn’t originate from the merging of vortices. It may be associated with
shock reflecting induced by the shock-wave/rail-fasteners interaction.

4 Conclusions

In the present work, the dynamics for two supersonic rocket sleds along the rail have been studied using
a dynamic mesh method. Based on the analysis and discussion for calculated results, some conclusions can
be obtained as follows:

1) The dynamic grid method can be applied for simulating the movement of rocket sled. Different flow
characteristics are observed for two different rocket sleds. In the flow field of anti-D shaped rocket sled, the
unsteady large-scale vortex and shock motions appear due to the strong momentum transfer. However, a
quasi-steady flow state exists in the flow field of axisymmetric rocket sled. It means the axisymmetric
geometry is suitable for the rocket sled.

2) Based on the power spectral density analysis, the characteristic frequencies of the shock-wave/rail-
fasteners interaction are obtained. The harmonic phenomenon related to reflected shock waves has been
revealed. Different from the harmonic phenomenon in the shear layer reduced by vortex merging, the
present harmonic phenomenon is reasonably associated with the shock waves reflecting.
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