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Abstract. Accurate simulation of flow field characteristics within the gap between the slipper and
track is essential for the prevention of aerodynamic heat damage to high-speed rocket sleds. A
three-dimensional structured mesh was utilized to establish the flow field model in the slipper-
track gap, while computational fluid dynamics was employed for simulating the flow field
movement. The results revealed that the bow shock wave at the head of the rocket sled has a
significant influence on the flow field characteristics within the gap. Specifically, the velocity of
the mainstream in the gap initially exhibited an increasing trend, followed by a decreasing trend,
and then a re-increase. Conversely, the mainstream temperature displayed a decreasing trend
initially, followed by an increasing trend, and then a decrease once more. The air compression
within the slipper-track gap resulted in remarkably high temperatures, with the maximum
temperature reaching 1160 K at Ma = 4 in the immediate vicinity of the slipper. The current
investigation provides valuable insights that can guide future research on the structural
characteristics of slippers in high-temperature environments.

Introduction

The high-speed rocket sled is a remarkable and precise piece of ground testing equipment that was
developed in the mid to late 20th century. It can solve a range of performance test issues
encountered during aircraft aerodynamic experiments in high-speed and high-load environments
[1-4]. In contrast to wind tunnel tests that employ scaled-down models, the rocket sled is tested
using a full-scale model of the aircraft. It is extensively employed in the aviation, aerospace, and
defense industries to research and develop a variety of products, such as aviation lifesaving seat
ejection tests, missile guidance, and aircraft rain erosion. During the test, the rocket engine propels
the sled along the track at high speed, while the test product's performance parameters affixed to
the sled are measured with precision.
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Fig. 1. Gap between slipper and track
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The slipper is a crucial component of the rocket sled that makes contacts with the track,
preventing the sled from flying off during movement. During the design phase, a narrow gap is
intentionally left between the slipper and the track to avoid it getting stuck during operation.
However, due to the high speed of the slipper and the stationary nature of the track, there exists a
significant velocity difference between the upper and lower surfaces of the gap, as illustrated in
Fig. 1. This results in a high-gradient flow field within the gap, which can generate extreme
temperatures. Such high-speed and high-gradient flow fields can cause damage to the slipper and
alter its material properties. Thus, it is crucial to accurately simulate the flow field characteristics
in the gap to ensure the thermal protection of the rocket sled slipper.

Two main methods, theoretical analysis and numerical simulation, have been employed to
investigate the characteristics of the high-speed rocket sled slipper-track gap flow field. Notably,
Korkegi and Briggs [5] have made significant contributions to the study of slipper-track gap flow.
Given the high velocity of fluid in the slipper-track gap of high-speed rocket sleds, the fluid is
compressible. The authors [6] identified the presence of compressible turbulence in the gap and
developed a theoretical model to derive the velocity and temperature curves of two-dimensional
compressible flow. When the fluid flows close to a solid surface, the velocity of the fluid decreases
due to drag, resulting in the formation of a boundary layer. The authors [7] argued that supersonic
flow entering the initial stage of the gap would create shock waves, followed by the formation of
boundary layers on the surface of both the slipper and the track. These two boundary layers
converge at a specific point within the gap, as deduced by the authors. In a subsequent paper, the
same authors [8] demonstrated that a decrease in gap height results in a corresponding pressure
decrease, and vice versa.

With the increase in computer processing speed, computational fluid dynamics (CFD) method
was applied to the numerical simulation of the slipper-track gap flow field of high-speed rocket
sled. The Air Force Institute of Technology (AFIT) at the Air University in the United States has
conducted extensive research in this field. Lofthouse [9] utilized the CFD method to compute the
three-dimensional steady inviscid flow field of the slipper-track gap of high-speed rocket sleds at
varying speeds, thereby predicting the pressure gradient within the narrow gap. However, the
accuracy of the results was limited to first order due to the use of an unstructured mesh. Moreover,
since the flow field was assumed to be inviscid, the temperature within the narrow gap could not
be accurately calculated, although its influence on pressure calculation was minimal. Alban [10]
conducted a comprehensive investigation of the aerodynamic heating within the slipper-track gap
and improved the accuracy of temperature predictions using a one-dimensional finite difference
model. Subsequently, Alban replaced the one-dimensional finite difference model with a two-
dimensional finite element model to simulate the temperature distribution within the gap with
greater precision.

The study of the flow field in the slipper-track gap of high-speed rocket sled has made
significant progress, yet there is still much room for improvement. The current studies have shown
high accuracy in one and two dimensions but have used an unstructured mesh in the three-
dimensional model, leading to reduced computational accuracy. To address this issue, this study
seeks to enhance the accuracy of the three-dimensional model using a structured mesh. This will
enable a more precise calculation of the flow field in the slipper-track gap of high-speed rocket
sled and allow for exploration of the movement of the flow field within the gap. Ultimately, the
results of this study will provide a foundation for further research on heat transfer in the slipper-
track gap.

This paper is organized as follows: Section 1 provides an overview of the study's background,
significance, and current status. Section 2 outlines the theoretical framework and modeling
approach. Section 3 presents the calculation results and analysis. Finally, Section 4 summarizes
the key findings and conclusions.

370



Aerospace Science and Engineering - Il Aerospace PhD-Days Materials Research Forum LLC

Materials Research Proceedings 33 (2023) 369-375 https://doi.org/10.21741/9781644902677-54

Methods

In this study, the numerical method was utilized to calculate the flow field in the slipper-track gap
of high-speed rocket sled. The finite volume method was employed to solve the three-dimensional
steady compressible Navier-Stokes equations. The governing equation is expressed as

L () da + pH - 7ids = g - ids. 1)

where Q is the state variable, including the density, momentum component, and total energy of the

fluid. A is the inviscid flux vector on the boundary surface of the control body, H" is the viscous
flux vector, Q is the volume of the control body, S is the area of the boundary surface of the
control body, and 7 is the normal vector of the boundary surface.

The solution format and turbulence model are critical factors that can significantly impact the
accuracy of numerical calculations. To minimize the impact of non-physical dissipation on
accuracy, inviscid fluxes are discretized using Roe's Flux Difference Splitting scheme [11], and
the entropy method was used to correct non-physical solutions. The Roe format has proven to be
one of the most effective formats in practical applications due to its exceptional ability to resolve
viscous and shock wave discontinuities. For the spatial discretization, the second-order upwind
scheme was utilized. In this study, the two-equation k —@ SST turbulence model was employed
to calculate turbulence. This model combines the advantages of k—¢& model and k& —@ model.
The equations of this model are

9 0 _9 M) Ok _
" (pk) + o, (pkuj) = 2 [(u + ak) axj] + G — Y + Sk )
and
0 0 _9 ki) 0w _
a(pw) + a_x,- (pwuj) = 5% [(u + %) ax,-] +G,—-Y,+D, + Sy, 3)

where Gy and G, are the generation terms of k and w. Yx and Y,, are the dissipation terms of k£ and
w. Dy, 1s the cross-diffusion term, and Sy is the self-defined source term.

In this study, a three-dimensional model of the rocket sled and track was developed to
investigate the flow field in the slipper-track gap. The model consisted of a rocket sled, a slipper,
and a track, with a narrow gap between the slipper and track. To numerically solve the flow field,
the finite volume method was employed and the domain was discretized into a structured mesh, as
illustrated in Fig. 2. The discretization of the mesh and calculation were based on the commercial
software ANSYS ICEM CFD [12] and Fluent [13], respectively. The resulting cell number was
approximately 9 million. In the areas where the flow field parameters vary greatly, such as the sled
head, windward side of the slipper, and boundary layer, a denser grid was employed to better
capture the characteristics of the flow field near the structure surface.

The flow field was set as a cuboid. The inlet and far field of the flow field were set as far-field
boundaries; the outlet was set as a supersonic outlet boundary; the sled and the slipper were set as
non-slip adiabatic walls. The track and the ground were set as translational walls, whose
translational speed was consistent with the incoming flow speed. A free incoming flow static
pressure pp = 101,325 Pa and static temperature 7 = 288.15 K were defined. Sea level pressure
and temperature parameters were used, and the ideal gas model was applied. The slipper-track gap
flow field characteristics of the rocket sled at Mach numbers of 2 and 4 were computed. After
25,000 steps, the residual curve converged below 10 to reach the steady state
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(a) Grids on the surface of the structure (b) Grids in the slipper-track gap
Fig. 2. Structured mesh of the flow field

Results and discussion

Fig. 3 illustrates the pressure distribution at Ma = 2. The figure showcases several features of the
flow field that merit discussion. Specifically, Fig. 3(a) reveals the formation of bow shock waves
at the fore of the rocket sled. These bow shock waves are comprised of a central normal shock
wave, surrounded by oblique shock waves on either side. Fig. 3(b) further highlights the emergence
of an annular high-pressure region at the outlet of the flow field and on the ground. Furthermore,
the slipper-track gap flow field characteristics are influenced by the shock wave reflecting off the
track and the ground. Finally, Fig. 3(c) also indicates the presence of a distinct normal shock wave
at the gap's entrance, which is consistent with the theory advanced in Reference [7].
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(a) Cross section 7 (b) Axonometric projection (c) Slipper-track gap
Fig. 3. Pressure distribution at Ma = 2

In this study, we analyzed the flow field at Ma = 4 with the aim of determining the distribution
of physical quantities and the variation rules within the slipper-track gap. To achieve this objective,
we selected ten observation points along the X-axis of the gap, as illustrated in Fig. 4. Observation
point 1 is located at the leading edge of the gap, while observation point 10 is situated at the trailing
edge. To account for the significant variation of the flow field at the leading and trailing edges and
the comparatively small variation in the middle section, we adopted a dense-sparse-dense
distribution mode for the observation points.
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Fig. 4. Observation points at the slipper-track gap

In Fig. 5, we present the physical quantity profiles at different locations within the slipper-track
gap at Ma = 4. Fig. 5(a) shows the velocity profiles at ten observation points. The velocity curves
exhibit a similar trend along the gap flow direction. At the gap inlet, the mainstream velocity is
about 600 m/s. Subsequently, the velocity gradually increases from the inlet to the stable section
before slightly decreasing again. Upon reaching the stable stage, the velocity near the upper and
lower walls rises due to the increase in fluid viscosity, while the mainstream velocity slightly
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decreases. At the outlet section, the mainstream velocity experiences a sharp increase, reaching
approximately 900 m/s. Fig. 5(b) presents the temperature profiles of ten observation points. At
the gap inlet, there is a high-temperature zone in the upper region, whereas the temperature near
the lower wall is lower. While the temperature in the inlet section remains consistent in shape, it
slightly decreases. The temperature then increases from the inlet section to the stable section. The
temperature profile gradually transitions to a lower temperature in the mainstream area and a
higher temperature at the upper and lower walls, with the temperature gradient near the lower wall
being zero. The temperature profile in the stable stage remains constant, with the mainstream
temperature slightly increasing to 1110 K. In the outlet section, the temperature experiences a
significant decrease, with the upper part of the gap outlet being a low-temperature zone and the
temperature near the lower wall being higher. The mainstream temperature at the outlet is
approximately 870 K. To summarize, the narrow gap's temperature is exceptionally high, which
could modify the slipper's material properties.
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Fig. 5. Physical quantity profiles at different positions in the gap

In Fig. 5(c), we present the density profiles of ten observation points at Ma = 4. The
compression effect is more pronounced in the lower part of the fluid near the gap inlet. Therefore,
the air density in the inlet area increases from the upper wall to the lower wall. The density profile
retains the same shape, but there is a slight decrease. As one moves from the inlet section to the
stable section, the density increases, and the mainstream density reaches 13 kg/m?®. The density
profile gradually shifts such that the mainstream density is higher, while the density near the upper
and lower walls is lower. The density profile remains constant until the outlet section, where there
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is an abrupt drop in density, and the mainstream density is about 7.5 kg/m>. Thus, the high air
density in the narrow gap suggests significant air compression.

Conclusions

The high-speed rocket sled is a crucial tool in the aviation and aerospace. This study utilized a
three-dimensional structured mesh to establish a relatively accurate model of the flow field in the
slipper-track gap of a high-speed rocket sled. The simulation provided insight into the movement
law of the flow field within the gap.

At Ma = 2, the pressure distribution within the gap revealed that the bow shock wave at the
head of the rocket sled impacted the flow field characteristics. Moreover, an obvious normal shock
wave was detected at the entrance of the gap. At Ma = 4, the shapes of velocity curves along the
gap flow direction were nearly identical. Initially, the mainstream velocity increased, then
decreased, and finally increased again. In contrast, the mainstream temperature first decreased,
then increased, and eventually decreased once more. The temperature near the upper wall of the
gap inlet was higher, whereas the temperature at the lower part of the outlet was elevated. The air
density of the lower portion at the gap inlet was the largest, and it gradually became the largest in
the mainstream area.

In conclusion, the air in the slipper-track gap undergoes significant compression, resulting in
very high temperatures. At Ma = 4, the highest temperature near the slipper can reach 1160 K,
which poses a potential risk of damage to the slipper. This study provides a foundation for further
research on the structural characteristics of slippers in high-temperature environments.
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