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The dynamic response of a hypersonic rocket sled was studied by considering the time-
varying friction coefficient and the gap caused by wear between the slipper and track. A
multi-body dynamic model for a hypersonic rocket sled system was established by
considering the time-varying mass and moment of inertia, nonlinear aerodynamic loads,
engine thrust, track irregularity, and nonlinear contact force. As for the wear calculation,
the ductile and shear criteria were used as the material damage criteria, and slipper wear
was determined by the number of damaged elements. A rocket sled test was also carried out,
and the dynamic response of the sled was measured. The results showed that the
computational sliding displacement and velocity of the third-stage sled matched well with
the test values. The computational root mean square (RMS) values of the vertical
acceleration of the third-stage sled front slipper considering friction and wear matched
better with the test values than with the case without considering friction and wear, which
underestimated the RMS value by approximately 20.1% at Mach 5. The importance of

considering friction and wear and the correctness of the computational method were
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validated. It is also found that the Kkinetic friction coefficient decreased with an increase in
the product of the pressure and velocity. The wear height of the slipper increased almost
linearly with the sliding displacement. The test results showed that the vertical acceleration
power spectral density of the third-stage sled front slipper increased with time in the full
frequency band below 2000 Hz. This study will guide the design and optimisation of

hypersonic rocket sleds.

Nomenclature
= slipper—track contact area
= acceleration

= directionally dependent material parameter in ductile fracture curve

= damping constant

= aerodynamic drag

maximum penetration depth

= exponent in L-N contact force formula

= slipper—track normal contact force

= slipper—track tangential contact force (frictional force)
= material parameter in shear fracture curve

= gravity

= current penetration depth

= length of the third-stage sled

= wear height

= moment of inertia

= contact stiffness

= material parameter in shear fracture curve

= aerodynamic lift

= step size of backward differentiation formula

= mass matrix
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P

PV value

at
t1

t

ttotal

mass
Mach number

aerodynamic pitch moment

normal unit vector

tangential unit vector

normal pressure

product of normal pressure and sliding velocity
generalised coordinates

displacement

engine thrust

time

time step

moment when the first-stage sled separates
moment when the second-stage sled separates
total time

velocity

wear rate

attitude angle

second order derivative term in dynamic equations

ductile strain

equivalent fracture strain at ductile fracture

shear strain

equivalent fracture strain at shear fracture

equivalent plastic strain in equibiaxial tension/compression at shear fracture

equivalent plastic strain in equibiaxial tension/compression at ductile fracture

stress triaxiality



81

82

83

84

85

86

87

88

89

90
91
92
93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

nln = stress triaxiality in equibiaxial tension/compression at ductile fracture

7 = shear stress parameter

016 = shear stress parameter for equibiaxial tension/compression
A = Lagrange multiplier

7, = kinetic friction coefficient

@ = ratio of maximum shear stress to equivalent stress

1) = coefficient of backward differentiation formula

D, = Jacobian matrix

v = coefficient of backward differentiation formula

Subscripts

XY, Z = sliding direction, vertical direction, lateral direction

. Introduction

A hypersonic rocket sled is a large, high-precision ground-test equipment mainly used to solve a series of test
problems associated with aerodynamics, structure, control, fuse, engine ignition, and damage encountered by aircraft
at high speeds and in large-overload environments [1-7]. In a hypersonic rocket sled test, a solid rocket engine is
used as the power source to push the rocket sled along a high-precision straight track at a hypersonic speed.
Simultaneously, the performance parameters of the test products fixed on the sled are tested and analysed using
various electronic equipment. Rocket sled systems are widely used in performance tests and reliability assessments
of hypersonic vehicles because their carrying capacity, moving velocity, acceleration, and environment are easy to
control, and it is easy to observe and collect test data.

A monorail rocket sled is one of the widely used forms of hypersonic rocket sleds. Compared to a duo-rail rocket
sled, a monorail rocket sled has much less mass and aerodynamic drag, making it easier to accelerate. However, at
the same time, the vibration acceleration of a monorail rocket sled is greater, the stability is poorer, and the
mechanical environment is worse. The sled experiences track irregularities, large dynamic loads caused by

continuous slipper-track collisions, powerful shock waves, and engine thrust oscillations. These factors cause severe
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vibration of the rocket sled system and cause its moving environment to deteriorate sharply [8]. When reaching a
hypersonic speed, even a small excitation will cause the rocket sled to vibrate strongly and significantly affect its
motion stability. The instability of a rocket sled may result in the failure of the slipper or a track shear fracture and
lead to test failure. The dynamic response of a rocket sled directly affects the test environment of the tested product
and determines the accuracy and reliability of the test results. Therefore, it is necessary to establish an accurate
rocket sled system dynamic model and to analyse its dynamic response.

Some studies have been conducted on the dynamic response of rocket sleds. The earlier methods for predicting
the dynamic response of rocket sleds include the empirical coefficient A method and the sled impact parameter
method. Thereafter, some scholars used the finite element method (FEM) to carry out structural response analysis of
rocket sleds [9-11]. However, these methods only studied the dynamic response of a rocket sled at a certain speed.
In fact, the dynamic characteristics of a rocket sled system vary with the mass, gap between the slipper and track,
aerodynamic loads, and thrust. For instance, the fuel consumption will result in a continuous and significant mass
reduction for a few seconds and induce a difference in the dynamic response of the rocket sled. Therefore, it is
necessary to study the dynamic response of rocket sleds over the entire test period. Generally, the multi-body
dynamics method is often used to study the dynamics of the entire test period. According to the initial conditions
and boundary conditions of a system, the dynamic differential equations of the system can be solved using this
method, and various nonlinear factors can be considered. For a hypersonic rocket sled, its nonlinear factors include
aerodynamics, boundary conditions, and slipper—track contact. First, a rocket sled runs from low to hypersonic
speeds. In contrast to free flight, the aerodynamic coefficient of a rocket sled changes with velocity owing to the
influence of the ground effect and other factors and results in the nonlinear aerodynamic characteristics of the sled.
Second, a rocket sled runs along a track with a time-varying gap height between the slipper and track which
introduces nonlinearity into the boundary condition. The height of the gap depends on the local track irregularities.
In addition, because there is no lubrication between the slipper and the track, it leads to a dry sliding friction
phenomenon. Combined with the large impact force generated at high speed and with large loads, the slipper and
track undergo very serious wear damage [12], thus increasing the slipper—track gap. These two reasons lead to the
discontinuity and nonlinearity of the boundary conditions between the slipper and the track. Third, there are
intermittent collisions between the slipper and track during the movement of a rocket sled that introduce nonlinearity

into the contact. The normal contact force is a strong nonlinear force related to deformation. In addition, the friction
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coefficient of the material surface changes with the sliding velocity after a large number of experiments [13].
Therefore, the tangential contact force also exhibits nonlinear characteristics with a change in the friction coefficient
between the slipper and the track.

In summary, the dynamic response of a hypersonic rocket sled is a highly nonlinear dynamic response of a time-
varying system. The time-varying and nonlinear factors of the system must be considered to improve the accuracy of
research results. Hoose [14-15] considered track irregularity and slipper—track contact force in a study of rocket sled
dynamics but did not consider the aerodynamic load on the rocket sled or the influence of slipper—track friction and
wear. Wang [16] established a sled-track coupling dynamic model by considering the track irregularities,
aerodynamic load, slipper—track contact force, and time-varying characteristics. The acceleration, velocity,
displacement, and contact force of the rocket sled system were obtained by numerical calculations, but the influence
of slipper—track friction and wear was not considered. Zhang [17] established a multi-body dynamic model of a
rocket sled system, considered track irregularities and aerodynamic drag, and analysed the model using the co-
simulation method. However, the effects of aerodynamic lift, aerodynamic moment, time-varying mass, friction, and
wear were not considered. Gu [18] established a simplified dynamic model of a duo-rail rocket sled system and
solved the dynamic equations by considering track irregularities. However, they did not consider the aerodynamic
load, time-varying mass, or the influence of friction and wear. In summary, some nonlinear factors have been
considered in the study of rocket sled dynamics, but the contact nonlinearity caused by friction and the boundary
nonlinearity caused by wear have not been considered. Friction and wear are very important factors for accurately
predicting the dynamic response of rocket sleds, because the frictional force affects the prediction of the sliding
displacement and sliding velocity of the rocket sled, and the wear of the slipper leads to a change in the slipper—track
gap and significantly influences the vertical and lateral acceleration of a rocket sled [19].

Therefore, the influence of slipper—track friction and wear is considered in this dynamic study. A multi-body
dynamics research method for a hypersonic rocket sled system combined with friction and wear analysis was
established, and the feasibility of the method was verified by comparing the computational results with the rocket
sled test results. The time-varying and nonlinear dynamic responses of the hypersonic rocket sled considering

friction and wear were obtained and may benefit the design of hypersonic rocket sled systems.
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Il. Theoretical method

A. Dynamic equations of rocket sled system

The forces and constraints of the monorail hypersonic rocket sled system are shown in Fig. 1. The gravity G,
aerodynamic lift L, aerodynamic drag D, and aerodynamic pitching moment M, act on the centre of mass of the
rocket sled when it slides along the track at velocity v. Thrust T is applied to the engine at the rear of the rocket sled.
Three slippers were connected to the rocket sled shell with a fixed joint and were affected by the contact force of the
track, including the normal contact force Fj, and the frictional force Fj: (j = 1, 2, 3). The lower surface of the track
was fixed. As shown in Fig. 1, all the forces and moments on the rocket sled varied with time. Owing to fuel

consumption, the mass m and the moment of inertia J of the rocket sled were also functions of time t.

— nL
Rocket Sled
K M"C 0 D T j
Fln' [“an G Fln*
Track F1t Fat Fit

Fig. 1 Forces and constraints of rocket sled system

The Lagrange multiplier method was used to establish dynamic equations according to the force and constraint
conditions of the rocket sled system. The Lagrange multiplier method is a relative coordinate method; compared

with the Cartesian method, it uses fewer equations. The established dynamic equations are index-3 differential

o “EUDCae) .

is the Jacobian matrix of the constraint equations, § is the acceleration, ¢ is the

algebraic equations expressed as

where M is the mass matrix, <I>q

velocity, g is the generalised coordinates, A is the Lagrange multiplier F is the applied force, and y is the

second-order derivative term in the acceleration equations.
The system is completely constrained, and the constraint equation is
®(q,t)=0. 2
The Jacobian matrix @, of the constraint equation was obtained by solving the partial differential of the

constraint equation with respect to the generalised coordinates q as
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The velocity constraint equation was obtained by taking the total differential of Equation (2) with respect to time

tas
@, (q,t)q+®,(q,t)=0. (4)
The acceleration constraint equation was obtained by taking the total differential of Equation (4) with respect to
time tas
@ 4+(®,9),q+2®,4+P, =0. 5)

The expression of y obtained from Equation (5) is

7 ==(®,9),4-20,4-D,. (6)

The rocket sled system was dominated by the collision contact process. The slide and collision contact between
the slipper and track affected each other during the movement of the rocket sled, and the contact load varied with
time and the attitude angle of the rocket sled. Therefore, this is a typical dynamic contact problem. Because the
slipper—track contact force directly affected the dynamics, friction, and wear characteristics of the rocket sled, it was
necessary to establish a reasonable slipper—track contact model. For the slipper—track normal contact force, the L-N
nonlinear contact force model was adopted [20]. Compared with the linear contact and Hertz contact models, this
model is more suitable for high-speed collision contact problems [21]. The L-N nonlinear contact force model

divides the normal contact force F, into elastic force and damping force as
F, = max[Kg°® + step(g, DMAX )cg,0]n, @)
where n is the normal unit vector, K is the contact stiffness, g is the current amount of penetration, g is the current

relative penetration velocity, e is the exponent, ¢ is the damping constant, DMAX is the maximum penetration depth

at which the damping force is scaled to cg with a cubic step function, and step(g,DMAX) is a cubic step function

that smoothly increases the damping constant from zero to ¢ as the penetration increases from zero to DMAX.
According to Equation (7), normal contact force is a strong nonlinear force depending on the amount of
penetration. In the L-N nonlinear contact force model, when the amount of penetration g reaches the maximum

penetration depth DMAX, the two components begin to separate. In a specific rocket sled dynamics computation,
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each contact parameter can be calculated using the FEM [16]. The slipper—track tangential contact force (frictional

force) F, is expressed as
Ft = Fn/uni ' (8)

where n, is the tangential unit vector and g is the kinetic friction coefficient.

B. Friction and wear theory

The stress field of the slipper and track contact was studied in the FEM analysis of the slipper—track friction and
wear. There are three main methods of study: displacement, force, and mixed methods. Among them, the
displacement method has a clear relationship between the basic variables and is convenient for matrix calculations
[22]. Therefore, the displacement method was chosen to study the stress field.

In friction and wear theory, the general parameters used to evaluate the performance of friction and wear are the
wear height h, wear rate w, and PV value. The wear height h is used to reflect the wear amount, and the wear rate w
is defined as the ratio of the wear height h to the sliding displacement sx [23]. Because the slipper—track normal
pressure P and the sliding velocity vy constitute the independent variables in the calculation of friction and wear, the
PV value is defined as the product of the two. The normal pressure P is the ratio of the normal contact force F, to the
slipper—track contact area A.

It is necessary to select the material failure criteria to determine whether the material is worn. Ductile and shear
criteria can be used for fracture ductile metals. Ductile fracture is caused by the nucleation and aggregation of
microstructural cavities, while shear fracture is caused by the movement of a shear zone. Because measuring
fracture strain under different stress triaxialities requires many experiments, to avoid this, Hooputra [24] proposed

failure models of ductile fracture and shear fracture. For ductile fracture, the relationship between the equivalent

fracture strain ¢; and stress triaxiality 7 is

o & Sinh[b(ﬂ_ —77)}+5T' Sinh[b(iy—rf )J
° sinh[b(r7"—7")] ’

where & and &; are the equivalent plastic strain in equibiaxial tension and compression at ductile fracture,

)

respectively; " and 7~ are the stress triaxiality in equibiaxial tension and compression at ductile fracture,

respectively; and b is the directionally dependent material parameter in the ductile fracture curve.
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When Equation (10) is established, ductile fracture begins to occur.

5 de
b -1 10
IO & (1) 10

For shear fracture, the shear stress parameter & is defined as

1-k.7n
0= 2, 11
P (11)

where K, is the material parameter in the shear fracture curve, and ¢ is the ratio of the maximum shear stress to

the equivalent stress. Then, the relationship between the equivalent fracture strain &; and the shear stress
parameter € is
. esinh[ f(0-07)]+esinh[ f(0"-0)]

T sinh[ £ (0°-67)] ’

where &, and & are the equivalent plastic strain in equibiaxial tension and compression at shear fracture,

(12)

respectively; f is the material parameter in the shear fracture curve; and 6" and & are the shear stress parameters

for equibiaxial tension and compression, respectively.

0" =2-4k,
(13)
6 =2+4k
When Equation (14) is established, shear fracture begins to occur.
[ des__4 (14)

° &(0)
According to the above material failure criteria, it can be determined whether the slipper material has ductile or

shear fracture through the FEM calculation, and then the slipper wear can be determined.
I1l.  Computational method

A. Dynamics analysis method
1. Dynamic model

The first step of the multi-body dynamics computation of a rocket sled system is to establish the model of the
rocket sled and track. The monorail rocket sled used in this test adopted a three-stage tandem propulsion as shown in

Fig. 2. During the movement of the rocket sled, the second-stage sled engine worked at t; after the first-stage sled
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engine finishes working, and then the first-stage sled separated. Similarly, the third-stage sled engine worked at t,
after the second-stage sled engine finished working, and then the second-stage sled separated. The third-stage sled

finally reached hypersonic speed, which was the simulation object.

- 5 i
Third stage : Second stage : First stage
‘ q
0
—
Track

Fig. 2 Three-stage rocket sled

The third-stage sled contained a sled body and propellant. The sled body contained the shell, internal structure,
test product, engine, electronic equipment, and three slippers. The test product was integrated into the third-stage
sled. The initial mass of the third-stage sled was 894 kg. The time-varying curve of the mass characteristics of the
third-stage sled propellant was obtained according to the factory parameters of the solid rocket engine as shown in
Fig. 3. Since the propellant was of a rotating shape and burnt from the inside out, the yaw moment of inertia curve
was the same as the pitch moment of inertia curve. It was found that the reduction rates of mass, yaw moment of
inertia, and pitch moment of inertia remained constant after t; = 6.166 s, while the roll moment of inertia showed
nonlinear time-varying characteristics. The initial propellant mass in the third-stage sled accounted for
approximately 42.8% of the total mass and lost within 9.475 s, indicating that the rocket sled system had strong

time-varying mass characteristics.

400 250
™~
E
300 | o 200
o L]
= £ 150+
@ 200 2
g ‘s 100
=
100 g 50l
]
=
0 - - - - 0
0 2 4 6 8 10 0 2 4 6 8 10
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(a) mass (b) yaw moment of inertia
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Fig. 3 Time-varying mass characteristics of propellant

Track irregularity is one of the main factors causing the vibration of a rocket sled; therefore, the vertical
irregularity was measured by an optical method. Considering the measurement error, the original information
obtained from the measurement was detrended to obtain the vertical track spectrum as shown in Fig. 4. Because the
computational method mainly focused on the vertical track spectrum, the lateral track spectrum was not established,

and the subsequent analysis was limited to the vertical direction.

Height / mm

1 1 1 1 1 1 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Distance /m

Fig. 4 Vertical track spectrum

According to the vertical track spectrum shown in Fig. 4, a track model with irregularities was established. The
third-stage sled model was assembled using the track model shown in Fig. 5. An initial 1.9-mm gap was found

between the slipper and the track, and the gap varied with the local track spectrum.
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Fig. 5 Assembly of slipper and track
2. Sled loads

The second step of the multi-body dynamics computation of the rocket sled system was to calculate the load
characteristics, including the thrust for the entire period and the aerodynamic load at different velocities, and use
them as the input conditions for the dynamics computation. In the process of the multi-body dynamics computation
of the rocket sled system, the position and direction of thrust and aerodynamic loads are shown in Fig. 1. The
eccentricities of thrust and aerodynamic drag were not considered.

As for the thrust calculation, because the research object was the third-stage sled, the thrust curve after time t, of
the third-stage sled engine provided by the factory was used directly. The force of the second-stage sled on the third-
stage sled was used as the equivalent thrust curve before time t,. The calculated third-stage sled thrust curve for the
entire time period is shown in Fig. 6. It was found that the ignition times of the second and third stages were t; =
2.379 s and t; = 6.166 s, respectively, and the thrust oscillation phenomenon existed in the rocket sled engines.

x10°

3.5

3 i
25 1

1.5

Thrust/N

0.5

0 2 4 6 8 10
Time /s

Fig. 6 Thrust curve

The aerodynamic loads of the third-stage sled were obtained using the computational fluid dynamics method.
The steady aerodynamic loads of the third-stage sled under different Ma were calculated, and the aerodynamic loads
at other velocities were obtained by piecewise interpolation and used as the input conditions for the multi-body
dynamics computation of the rocket sled system. During the dynamics analysis, the sliding velocity vy of the third-
stage sled was solved at each time step to obtain the corresponding aerodynamic loads at that time step. Owing to
the small gap between the slipper and the track, the attitude angle g of the rocket sled was limited to a very small
range; therefore, the angle of attack and angle of sideslip of the rocket sled were not considered in the aerodynamic

calculation. Accordingly, only lift L, drag D, and pitch moment M, were considered as aerodynamic loads.
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For the aerodynamic calculation of the third-stage sled, steady three-dimensional compressible viscous Navier—
Stokes equations were adopted as the governing equations. The spatial difference format was the Roe format [25],
and the non-physical solution was modified using the entropy method. The Roe format is one of the most successful
upwind formats in practical applications because of its excellent viscous resolution and shock wave discontinuous

resolution. The lower-upper symmetric Gauss - Seidel (LU-SGS) implicit time stepping format [26] was used,

which has the characteristics of small computation requirements and good robustness. The turbulence was solved
using the Reynolds-averaged Navier—Stokes method, and the two-equation realised k-¢ turbulence model was used.
The length of the third-stage sled was denoted as H, and the flow field was set as a cuboid, with a length, width, and
height of 10H, 5H, and 5H, respectively. The inlet and far field of the flow field were set as far-field boundaries.
The outlet was set as a supersonic outlet boundary. And the sled was set as a non-slip adiabatic wall. The track and
the ground were set as translational walls, whose translational speed was consistent with the incoming flow speed.
Considering the ground effect and symmetry of the structure, the 1/2 flow field grid model was established as shown

in Fig. 7.

8 Afiiﬁig‘—' LAY

(a) Local grid (b) Boundary-layer grid
Fig. 7 Flow field grid model

The aerodynamic load curves of the third-stage sled after the calculation are shown in Fig. 8. The centre of the
pitch moment M, was the centre of mass of the third-stage sled. When the pitch moment M, was positive, it was a
pitch-down moment. As can be seen, the lift L, drag D, and pitch moment M, were not proportional to Ma® within
the range of Ma = 0-6, indicating that the aerodynamic coefficients constantly varied with velocity, thus reflecting

the nonlinear aerodynamic characteristics of the rocket sled.
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Fig. 8 Aerodynamic load curves
3. Dynamics analysis method

First, a multi-body dynamics simulation of a hypersonic rocket sled system was carried out without considering
friction and wear. The computational process is illustrated in Fig. 9. The time-varying propellant mass curves, thrust
curve, and aerodynamic load curves were introduced to obtain the mass matrix M, engine thrust T, and
aerodynamic loads at different time steps when initialising the dynamic model. To solve the contact force, the local
track spectrum heights and slopes of the three slippers were obtained according to the sliding displacement sy of the
third-stage sled. It was then determined whether the three slippers were in contact with the track, so the vertical
displacements sy, lateral displacements s;, and attitude angles g of the three slippers were calculated. If there was no
contact, there was no contact force at this time step; if there was contact, then the current penetration depth g was

obtained. The current relative penetration velocity g was obtained according to the local track spectrum slope,

vertical velocity vy, and lateral velocity v, of the slipper. According to Equations (7) and (8), the slipper—track
normal contact force Fn and frictional force Ft were obtained, in which the kinetic friction coefficient = 0.2 was

defined.
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Fig. 9 Dynamics computational process without considering friction and wear
The multi-body dynamics calculation of the rocket sled system was based on the commercial software LMS
Virtual.Lab Motion. To solve the dynamic equations, a sparse matrix was used to improve the operation speed. The
integration algorithm used was the backward differentiation formula (BDF) [27], which is an implicit multi-step
integration algorithm with variable order and variable step size. The advantage of the BDF is that it is inherently
stable for stiff systems. The ordinary differential equations in multi-body dynamics are second-order, and the basic

form is
4="f(a,qt). (15)
The BDF method was used to iteratively solve Equation (15) so that the equation converged at each time step.

The iteration format was

qn+1 = I(DanJrl + Z l//iqn+i

0
i=1-k
| A (16)
qn+l = I(pk fn+1 + Z l//iqn+i

i=1-k
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where y, and ¢, are the coefficients, and | is the step size. For rigid ordinary differential equations, the range of k
was 1<k <6, and the resolution of the k-step method was of the order k. In Equation (16), velocity and f,,, must

be predicted. f, ., isa function of the velocity and generalised coordinate at time n + 1.

fn+1 = fn+1(qn+11qn+1) (17)
For the calculation of acceleration, the matrix was simplified to a banded matrix as much as possible, and the

matrix was factored to reduce the operation time. The total calculation time t, was 9.475 s and defined as the

maximum time of the thrust curve.

A multi-body dynamics simulation considering the friction and wear of the hypersonic rocket sled system was
also carried out. The computational process was illustrated in Fig. 10. According to the case without considering
friction and wear, the sliding displacement sy(t), sliding velocity vx(t), and slipper—track normal contact force Fn(t)
over the entire time period were output as the input conditions for the friction and wear computation. Then, the
kinetic friction coefficient 4(PV) curve and the wear height h(syx) curve were output as the input conditions for the
dynamics computation considering friction and wear. The wear height h of the slipper increased with an increase in
the sliding displacement sx. However, it was unrealistic to change the shape of the slipper at each time step in the
rocket sled dynamics computation. In fact, the continuous wear of the slipper was reflected in the rocket sled
dynamics as the gap between the slipper and track increased. Therefore, although the shape of the slipper was not
adjusted during the modelling, the shape of the track was adjusted to make the slipper—track gap at each point on the
track reflect the wear height of the slipper at that point. Because the size of the gap was very small relative to the
slipper and track, this equivalent method was reasonable. Therefore, the track was remodelled by combining the
vertical track spectrum and the wear height h(sx) curve in the dynamic analysis considering friction and wear. In
contrast to the computational process shown in Fig. 9, the kinetic friction coefficient (PV) curve and the worn-track
model needed to be imported during the initialisation of the computational process shown in Fig. 10. To calculate
the slipper—track frictional force Ft, the normal pressure P was obtained by dividing the normal contact force Fn by
the contact area A = 0.02 m?, The kinetic friction coefficient x corresponding to the normal pressure P and the
sliding velocity vx was obtained according to the kinetic friction coefficient u(PV) curve, and the slipper-track

frictional force Ft was obtained according to Equation (8).
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Fig. 10 Dynamics computation process considering friction and wear

B. Friction and wear computation

The kinetic friction coefficient was computed using the method presented in Ref. [28]. First, the actual surface
roughness of the slipper and track was measured, and the W-M function method [29] was used to establish a rough
surface profile. The W-M function method has a clear parameter meaning and high accuracy and is widely used. A
finite element model with a rough surface was created based on the rough surface profile as shown in Fig. 11. The
left and right ends of the track were set as symmetric constraints to simulate an infinite-length track, and the lower
surface of the track was set as a fixed constraint. According to the sliding velocity v(t) and normal contact force
Fn(t) obtained from the rocket sled dynamics computation, normal pressure P was applied to the upper surface of the
slipper, and the sliding velocity vx was applied to the slipper. The contact mode between the slipper and track was
set as hard contact and frictionless. The materials of the slipper and track were 18Ni(300) steel and U71Mn steel,
respectively, and their material properties are listed in Table 1. Because the slipper—track collision model is a high-

speed collision model, the Johnson—Cook constitutive model was used for computation.
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Fig. 11 Slipper—track finite element model with rough surface

Table 1 Slipper—track material properties

Parameter Slipper Track
Density / kg m3 8000 7920
Elastic modulus / GPa 190 210
Poisson ratio 0.283 0.3

Because the slipper and track contact intermittently, there may be no slipper—track contact at the time of a certain
sliding velocity vy; that is, the normal pressure P(vx) = 0 at that time. Therefore, the root mean square (RMS) values
of the non-zero normal pressure P in a small range around each sliding velocity vx were used to calculate the kinetic
friction coefficient under multiple groups of PV values. The shear stress and normal stress of the contact nodes were
extracted from the computational results and divided by each other to obtain the kinetic friction coefficients x under
multiple groups of PV values. The kinetic friction coefficient «(PV) curve was fitted with multiple groups of data.
Then, the «(PV) curve was used as the input condition for the multi-body dynamics computation of the rocket sled
system considering friction and wear.

In related studies, the friction between the slipper and track was considered to be similar to the collision of small
particles. Therefore, a slipper—track microscopic sub-model of the finite element was established, and a single
micro-convex was used to represent the roughness of the entire track as shown in Fig. 12. The slipper and track were
set to be deformable bodies, and they deformed plastically after contact. All the degrees of freedom at the lower
surface of the track were constrained, and the left and right ends of the track were set as symmetric constraints. The
initial velocity condition was loaded on each node of the slipper to prevent grid distortion. The subsequent velocity
boundary conditions were applied to the upper and right surfaces of the slipper to make the slipper deformable.
Because the normal pressure P corresponds to the sliding velocity vy, the load was not applied to the upper surface
of the slipper. Instead, the vertical and rotational degrees of freedom on the upper surface of the slipper were set to

zero, and the sliding velocity vy was used to replace the PV value to carry out multiple groups of wear computations.
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Fig. 12 Slipper—track microscopic sub-model

Both the slipper and track were worn during the wear computation. However, the track after wear did not affect
the motion of the rocket sled; therefore, the wear computation only focused on the slipper. Combined with the
element stress generated by computation and the failure criteria shown in Equations (9)—(14), the number of slipper
failure elements at the computational sliding velocity vx was determined. By counting the number of failure elements
at each computational sliding velocity vy, the wear rate w at each computational sliding velocity vx was obtained.
Combined with the relationship between the sliding displacement sx(t) and the sliding velocity vx(t) obtained from
the rocket sled dynamics computation, the wear rate w of each computational sliding displacement s was obtained,
and the wear rate w(sx) curve was obtained through interpolation. By integrating the wear rate w(syx) before each
sliding displacement sy, the wear height h(sx) curve of the slipper was obtained. The wear height h(sy) curve was
superimposed with the vertical track spectrum, and then the track model including the track spectrum considering
wear was established. The newly established track model was the input condition for the multi-body dynamics

computation of the rocket sled system considering friction and wear.

IV. Hypersonic rocket sled test

A hypersonic rocket sled test was carried out to verify the computational method of the hypersonic rocket sled
dynamic response considering friction and wear. The test system was mainly composed of a rocket sled, track, sled-
mounted test equipment, and ground test equipment as shown in Fig. 13. The sled-mounted test equipment was
installed inside the sled, including the acceleration sensor, storage system, power system, telemetry equipment, and
synchronous trigger. The ground test equipment mainly included a ground telemetry receiver, velocity radar, and

photoelectric theodolite.
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Fig. 13 Rocket sled test system

The photoelectric theodolite is a high-precision measuring device with a tracking function that can realise
automatic tracking and high-speed photography of a rocket sled. The velocity of the rocket sled was measured using
velocity radar. An acceleration sensor was installed at the front slipper of the third-stage sled to collect the vibration
acceleration signal. For the poor mechanical environment of a hypersonic rocket sled, a small lightweight
acceleration sensor with a strong impact resistance and high temperature resistance was selected, and a static and
dynamic calibration was performed to ensure test accuracy. The sensor signal was transmitted to the sled-mounted
storage system via a cable, and the sled-mounted telemetry equipment transformed the electrical signal into a
telemetry signal. The ground telemetry receiver received the wireless telemetry signal and transformed it into an
electrical signal in a specified format for real-time display and storage. The test data was instantly transmitted
through the telemetry system.

The test used a three-stage tandem-propulsion monorail rocket sled, which was consistent with the computation.
When the rocket sled was launched, the trigger signal was generated by the sled-mounted synchronous trigger
because of the movement of the rocket sled. The transistor-transistor logic signal was output synchronously to the
storage system and telemetry system to ensure that the time zero of each sled-mounted system was unified. When
the rocket sled moved along the track, each test system collected the data. The test results revealed that the
maximum Mach number of the third-stage sled was 5.2. The ground test equipment recorded the sliding
displacement and sliding velocity of the third-stage sled over the entire period. The ground telemetry receiver

collected the vibration acceleration data before 7.575 s, but the data after 7.575 s were not collected.
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V. Results and analysis

A. Friction and wear analysis

Based on the multi-body dynamics computation of the rocket sled system without considering friction and wear,
the sliding displacement sy(t), sliding velocity vy(t), and front slipper-track normal contact force Fy(t) of the third-
stage sled over the entire time period were obtained. The normal pressure P under different sliding velocities was
obtained by combining the front slipper-track normal contact force Fy(t) and sliding velocity vy(t) as shown in Fig.
14. The maximum sliding displacement of the rocket sled was 6916 m, the maximum sliding velocity of the rocket

sled was 1760 m/s, and the maximum slipper-track normal contact force was 2.4 x10° N during t,, = 9.475s. As

shown in Fig. 14(c), the slipper—track normal contact force changed dramatically over the entire period. A positive
value indicates that a slipper was in contact with the upper surface of the track and thus was subjected to a vertical
upward force. The negative value indicates that a slipper was in contact with the lower surface of the track and thus
was subjected to a vertical downward force. The occurrence ratio of positive and negative values was 1.036
according to statistics, and they appeared alternately, indicating that the slipper and track collided back and forth in
the vertical direction. As shown in Fig. 14(d), the RMS value of the normal pressure P and the sliding velocity v
showed a clear positive correlation. The RMS value of the normal pressure P reached a maximum value of 11.954

MPa at Mach 5.
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Fig. 14 Input conditions for friction and wear computation

Under normal pressure P and sliding velocity vx shown in Fig. 14(d), kinetic friction coefficient computations
were carried out to obtain 10 groups of kinetic friction coefficient 1 under PV values, which were then fitted into the

kinetic friction coefficient x(PV) curve shown in Fig. 15. The fitting function was

/,I(PV) — 0.1231e—0.0003889PV + 0l2994e—0.00001435PV . (18)
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+ 03
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Fig. 15 Kinetic friction coefficient curve

As shown in Fig. 15 and Equation (18), the kinetic friction coefficient x decreased with an increase in the PV
value, and the rate of decrease was high at the beginning and then lowered. Because the kinetic friction coefficient u
changed nonlinearly with the PV value, the frictional force between the slipper and the track showed contact
nonlinearity. The wear was calculated at 10 different velocities as shown in Fig. 14(d). The slipper stress
distributions at Ma = 1, 3, and 5 are shown in Fig. 16. By comparing the stress distribution at the three velocities, it
was found that the stress generated by the slipper increased, and the stress concentration area decreased with an
increase in velocity. This is because the stress became more difficult to transfer to other interior areas in a timely
manner as the velocity increased, resulting in a stress concentration in the contact area of the slipper and the track

micro-convex.
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In combination with the stress distribution of each working condition and the material failure criteria, the wear
rate w of the sliding velocity vx under each working condition was obtained as shown in Fig. 17. The wear rate w
increased with an increase in sliding velocity vx in the Mach ranges 0.5-2 and 2.5-5. However, the wear rate
decreased in the Mach range 2-2.5 because the principal strain rate increased by one order of magnitude within this
PV value range, leading to a decrease in the number of elements judged as failure.
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Fig. 17 Slipper wear rate vs. sliding velocity

According to the wear rate w(vyx) of the above sliding velocities, combined with the relationship between the
sliding displacement sx(t) and the sliding velocity vx(t) in Fig. 14(a) and 14(b), the wear rate w of each computational
sliding displacement sy was obtained. The wear rate w(s,) curve was obtained through interpolation as shown in Fig.
18. The wear rate w(sx) was integrated along the sliding displacement s to obtain the wear height h(sx) curve of the
slipper as shown in Fig. 19. The wear height h increased almost linearly with the sliding displacement s,. The
maximum sliding displacement obtained by computation was 6916 m, and the corresponding wear height was
0.9875 mm. The above wear height h(sx) curve was superimposed with the vertical track spectrum in Fig. 4 to obtain

the vertical track spectrum considering wear as shown in Fig. 20, and a track model considering wear was



517  established based on the track spectrum. Because the new track model considered the irregularity and wear, the
518 boundary conditions of the rocket sled slipper at different track positions were different and demonstrated the

519 boundary nonlinearity of the hypersonic rocket sled dynamics.
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526 B. Dynamic response analysis
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The sliding displacement s, and sliding velocity vy curves of the rocket sled over the entire computation and
testing period are shown in Fig. 21. The curves of sliding displacement s, and sliding velocity vy obtained by
computation matched well with the test values, which confirmed the effectiveness of the computational method in
the prediction of sliding displacement and velocity. The time at which the third-stage sled reached the maximum
sliding velocity was called the total time. After that, the rocket sled gradually slowed down without thrust until it left
the end of the track. The total time and maximum values of the sliding displacement and velocity are listed in Table
2. It can be seen from the table that the total test time was 9.328 s, while the total computation time was 9.475 s,
with an error of 1.6%. For the sliding displacement, the computational value was larger than the test value. The error
between the maximum sliding displacement of the test and the value of the dynamics computation considering
friction and wear was 4.7%, and the error between the maximum sliding displacement of the test and the value of the
dynamic computation without considering friction and wear was 6.2%. The computational value of the sliding
velocity was smaller than that of the test value. The error between the test maximum sliding velocity and that of the
dynamic computation considering friction and wear was 1.2%, and the error between the test maximum sliding
velocity and that of the dynamic computation without considering friction and wear was 0.6%. As shown in Fig.
21(b), the computation accurately predicted the velocity changes of the rocket sled during the separation of each
stage but failed to predict the abnormal velocity changes of the third-stage sled within a short time before the
maximum velocity. This abnormal change in velocity may have been caused by the abnormal combustion of the
propellant at this time. In addition, the sliding velocity and displacement without considering friction and wear were
slightly larger than those considering friction and wear. This is because in the dynamics computation without
considering friction and wear, the kinetic friction coefficient was defined as u = 0.2, which was smaller than the
kinetic friction coefficient considering friction and wear at most times. Because the frictional resistance was smaller,
the rocket sled moved faster and farther. However, the frictional force was too small compared with the thrust, and
the slipper was not in contact with the track at all times; therefore, the sliding displacement and velocity of the two
computations were similar. This indicates that within the acceptable error range, it is reasonable to consider dynamic
computational results without considering friction and wear as the input to perform friction and wear computations,

even if there is a small deviation between the input and the dynamic results considering friction and wear.
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561
562 Figure 22 shows the curve of the third-stage sled pitch angle 5, over the entire computation period. In the

563 previous analysis, the third-stage sled was mostly subjected to a pitch-down moment. However, Figure 22 shows
564 that the pitch angle of the rocket sled oscillated around 0°without a clear pitch-down phenomenon, indicating that

565  the aerodynamic moment of the third-stage sled was not sufficient to overcome the larger slipper-track contact force.
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In the case of considering friction and wear, the amplitude of the pitch angle increased with time owing to the time-
varying gap between the slipper and track. In addition, the frequency of the pitch angle fluctuation was higher than
that without considering friction and wear. This indicates that wear had a significant influence on the attitude angle
of the rocket sled. However, the maximum pitch angle of the rocket sled was less than 0.04< Therefore, it is

reasonable to ignore the influence of the angle of attack on the aerodynamic computation.
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Fig. 22 Pitch angle

The vertical vibration acceleration ay of the front slipper of the third-stage sled over the entire period is shown in
Fig. 23, in which the test data was collected before 7.575 s. The results show that the vertical vibration acceleration
of the front slipper was distributed almost symmetrically along the x-axis and changed dramatically. The maximum
value reached 360 g, indicating a poor rocket sled dynamic environment. The rocket sled was affected by track
irregularity, shock wave impact, oscillating engine thrust, and time-varying mass characteristics; therefore, its
stability was poor. Once the rocket sled was unstable, a large slipper—track collision occurred, resulting in a large
acceleration. As shown in Fig. 23, large vibration accelerations occur occasionally, and this phenomenon occurs
more often at high speeds. This indicates that the slipper—track collision frequency was higher at high speeds than at

low speeds, which was consistent with the slipper—track contact frequency shown in Fig. 14(c).
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The vertical vibration acceleration of the front slipper was analysed in the time domain. To obtain the internal
relationship between the vertical acceleration a, and the sliding velocity vy, the RMS values of the vertical
acceleration in a small range under different sliding velocities were extracted as shown in Fig. 24. It was found that
the RMS value of the vertical acceleration of the front slipper increased almost linearly with the sliding velocity.
Compared with the computational values without considering friction and wear, the RMS values of the vertical
acceleration considering friction and wear matched better with the test values, confirming the need to consider
friction and wear in the hypersonic rocket sled dynamics computation. There was no significant difference between
the computational results with and without considering friction and wear at low speeds, during which only a small
amount of wear was generated. However, at high speeds above 800 m/s, owing to increasing wear, the RMS values
of the computational vertical acceleration without considering friction and wear were smaller and different from the
test values, while the computational results considering friction and wear were closer to the test values. When the
sliding velocity of the rocket sled reached 1700 m/s, the RMS value of the computational vertical acceleration
considering friction and wear was 78.4 g, whereas it was only 65.3 g when friction and wear were not considered.

The case without considering friction and wear underestimated the RMS value by approximately 20.1%.
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From the above analysis, it was shown that wear had a significant influence on the vertical vibration acceleration
of the front slipper. In fact, the change in the wear height in the dynamic computation of the rocket sled was
reflected by the change in the slipper—track gap. Therefore, a dynamic study of the rocket sled under different
slipper—track gaps was conducted. The rocket sled dynamic computational method without considering friction and
wear was adopted to simulate seven working conditions, and the vertical slipper-track gap size was different under
different working conditions. Figure 25 shows the RMS values of the vertical vibration acceleration of the front
slipper under each working condition at Mach 5. It was found that the RMS value of the vertical vibration
acceleration of the front slipper initially decreased and then increased with an increase in the slipper—track gap
within the calculated range, and the acceleration reached a minimum when the slipper—track gap was 1.9 mm. The
initial slipper—track gap used in the rocket sled test was 1.9 mm; therefore, the vertical acceleration of the rocket sled

dynamics computation considering friction and wear was larger than that without considering friction and wear.
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Fig. 25 RMS value of vertical acceleration vs. gap between slipper and track

As shown in Fig. 25, the best gap height existed when the vertical acceleration of the front slipper was the

smallest. On the one hand, the vertical distance that the slipper can accelerate increases with an increase in the
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slipper—track gap; therefore, the slipper—track collision force increases and enhances vibration. On the other hand,
the influence of track irregularity on the movement of the slipper increases with a decrease in the slipper—track gap
and also enhances vibration. The above analysis provides ideas for the design and optimisation of an initial slipper—
track gap. There is an optimal initial slipper—track gap that can minimise the vibration magnitude of the rocket sled
slipper at the maximum sliding velocity after wear to reduce vibration. However, the constraint condition of the
optimal design is the minimum value of the initial slipper—track gap used to prevent the slipper from getting stuck on
the track during movement.

To further analyse the dynamic response of the rocket sled in the frequency domain, time—frequency analysis
was carried out on the vertical vibration acceleration test data of the third-stage sled front slipper. As shown in Fig.
26, the acceleration power spectral density (PSD) of the third-stage sled front slipper was analysed and expressed in
decibels. In general, the vertical acceleration PSD of the front slipper increased with time in the full frequency band.
Before 2.5 s, the vibration energy of the front slipper was mainly concentrated in the low-frequency range below
200 Hz. However, the vibration energy was distributed in the full frequency band at a high speed. This is because
the average slipper—track impact force is large in the high-speed stage of a rocket sled, and the impact form is a
high-frequency impact, resulting in large vibration acceleration in the full frequency band. However, the average
slipper—track impact force is small in the low-speed stage of a rocket sled, and the impact form is a low-frequency
impact; thus, the vibration acceleration data largely reflects the response of the third-stage sled within the first
several natural frequencies below 200 Hz. In addition, as shown in Fig. 26, the energy of vibration acceleration in
the full frequency band was large at t = 3.4 s and corresponded to the large slipper—track impact at t = 3.4 s as shown
in Fig. 23. Therefore, it is reasonable to infer that the vibration acceleration energy in the full frequency band below

2000 Hz increases when the third-stage sled front slipper is subjected to a large impact.
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Fig. 26 Time—frequency characteristics of vertical acceleration test values

VI. Conclusion

In this study, considering the variation in the slipper—track Kinetic friction coefficient and the variation in the
slipper—track gap caused by wear, a multi-body dynamic computational method for time-varying and nonlinear
hypersonic rocket sled system was established, and a hypersonic rocket sled test was carried out. The sliding
displacement and sliding velocity of a third-stage sled predicted by the above computational method matched well
with the test values. The computational RMS values of the vertical acceleration of the third-stage sled front slipper
considering friction and wear matched better with the test values than the case omitting consideration. This confirms
the effectiveness of the proposed computational method.

The friction and wear computational results showed that the kinetic friction coefficient decreased with an
increase in the PV value, and the rate of decrease was high at the beginning and then decreased. The wear height of
the slipper increased almost linearly with the sliding displacement of the third-stage sled. The dynamic
computational results show that friction and wear had a significant effect on the pitch angle of the third-stage sled.
The maximum vertical acceleration of the front slipper reached 360 g, and its RMS value increased almost linearly
with the sliding velocity. The test results show that the vertical acceleration PSD of the third-stage sled front slipper
increased with time in the full frequency band below 2000 Hz. The wear of the slipper in the dynamics computation

was reflected by the change in the slipper—track gap. The RMS value of the vertical acceleration of the front slipper
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decreased initially and then increased with an increase in the slipper—track gap, which provides useful information
for the design and optimisation of the initial slipper—track gap of a rocket sled system.

In conclusion, friction and wear should be considered in the dynamic analysis of a hypersonic rocket sled
system. Because of the limitations of computing resources, the rocket sled system was regarded as a rigid body in
this study. Further studies will be carried out to discretize the rocket sled system and strike a balance between
excessive computation and high precision. In addition, only the mechanical wear of the slipper was considered in

this study; melt wear will be considered in subsequent work.
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