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A shock tunnel is a representative type of ground-based equipment in the hypersonic field, which has
the advantage of free stream of excellent quality. Accurate measurements of aerodynamic forces in the
shock tunnel are great challenges. The impulse loads during the start-up process induce the vibration of
the model and its support. Aerodynamic signals are disturbed by vibrational signals. The identification of
the starting time of the steady periodic vibration and excited natural frequencies of the whole structure
would contribute to improve the accuracy of measurement. These two factors are closely related to the
properties of the impulse forces. However, there is currently no published research on the impulse forces.
In this paper, the type of impulse forces (drag history) acting on the sharp cone during the start-up
process was investigated by numerical simulation. The distribution of the static pressure of the typical
wave structures was found to have a significant influence on the types of the drag history. A formula,
based on the physical analysis of start-up process, was put forward to estimate the starting time of the
steady stage. Additionally, the subsequent analysis and design optimization such as vibration of structure
and disturbing frequencies needed an analytical and simple formation of drag history. Thus, the drag
history was approximated by numbers of sine functions. Different phases exhibited notable difference
in composition. Also, a metric denoted as the energy coefficient was derived to identify the critical
frequencies and simplify the analytical expression of the impulse force.
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1. Introduction shock tunnel. Nevertheless, the effects of vibration damping can

be neglected because the order of magnitude of the test time is

A shock tunnel is a representative type of ground-based equip-
ment in the hypersonic field, which has the advantages of high
total pressure, high total temperature and low cost. As a typical
piece of impulse equipment, the operational time of a shock tun-
nel is extremely short, with a test time that is usually in the range
of 2-30 ms [1,2]. Such a short running time constitutes a great
challenge regarding the accurate measurement of the aerodynamic
force. For a conventional tunnel, the running time is generally
several minutes, i.e., a much longer time than the vibration pe-
riod of the force measurement structure, which includes a sting
support, measurement components and the aircraft model. The ef-
fects of damping are obvious, and the whole structure can reach
a force equilibrium condition. The measurement is quasi-static,
and the high accuracy of the measurement can be ensured, but,
there are essential differences for the force measurements in the
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the same as that of the period of the force measurement struc-
ture. Therefore, the measurement of the balance of aerodynamic
forces is a dynamic process. In addition, only several periods of
signals can be obtained from the outputs of the balance. Also,
due to the essentially different mechanical state of the force mea-
surement systems during testing, the difficulty and accuracy of
the force measurement in the shock tunnel are evidently differ-
ent from those in a conventional tunnel.

The vibration of the force measurement structure in the shock
tunnel is initiated by the impulse aerodynamic force during the
nozzle start-up process, and the whole structure reaches a steady
periodic vibration around the equilibrium position during the test
period. The signals sensed by the balance are a combination of
the aerodynamic force signals and vibrational signals. The removal
of the vibrational signals is essential for force signal processing
in the shock tunnel. Several methods have been developed for
the peeling of the signals, including one technique that is com-
monly used, namely the acceleration compensation force balance
technique [3-7]. The accelerometers are mounted near the mea-
surement component and the acceleration signals are measured
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Fig. 1. Schematic drawing of the computational domain.

along with the force signals. The plat force signals are obtained
by adding the processed acceleration signals to the force signals.
The acceleration signals supplied by accelerators can only display
the frequencies of free vibration properties at a certain position
with very limited information on the vibration. Another method
involves using the average to counteract the fluctuation of the
selected signals. For both of these methods, the detailed under-
standing of the starting time of the steady periodic duration and
disturbing frequencies are very important to ensure the accuracy
of the force measurements. The start-up stage and the following
steady vibration comprise the whole process of the tunnel test. The
starting time point is just the end of the start-up stage. Accord-
ingly, the time of duration of the impulse force should be identi-
fied. Also, the vibrational theory indicates that the initial condition
of the steady vibration depends on the start-up stage. Thus, the
form and frequency composition of the impulse force need to be
investigated. However, no research on the characteristics of the im-
pulse forces during start-up of shock tunnel has been reported to
date.

Meanwhile, the wave structures of the nozzle start-up process
have been investigated in numerous studies involving a shock tun-
nel [8-14]. Typical wave structures consisting of primary shock
(PS), secondary shock (SS) and contact discontinuity (CD) have
been observed during the start-up process of the nozzle of the
shock tunnel. The typical wave structures indicate that the pres-
sure distribution around the center zone of the nozzle has a certain
commonality for different nozzles in a shock tunnel. Thus, com-
mon characteristics exist for the impulse drag-time curve acting
on an aircraft model.

This paper described the study of the various characteristics of
an axial impulse force history acting on a sharp cone during the
start-up process of the JF12 shock tunnel. The JF12 hypersonic
shock tunnel was successfully developed by Jiang et al. [15] at
the Institute of Mechanics Chinese Academy of Sciences (CAS). The
wave structures and mechanisms of the impulse force were also
investigated. A formula based on the physical analysis of the start-
up process, was put forward to estimate the starting time of the
steady stage. Furthermore, the subsequent analysis and design op-
timization such as vibration of structure and disturbing frequencies
needed an analytical and simple formation of drag history. Addi-
tionally, analytical modeling with numbers of sine functions for
the impulse force was conducted, this approach made the theoret-
ical study of the subsequent analysis of the vibrational properties
possible. Further studies aimed at simplifying the analytical form
of impulse force were also conducted. The simplification should
be based on a metric to identify the critical frequencies. A metric
denoted as the energy coefficient was derived based on the vibra-
tional theory. The number of the sine functions was replaced by
only three significant sine functions and an acceptable substitution
effect was obtained.

Table 1
Dimension of the computational domain.

Definition Dimension (mm)
Dni 310.0

Dno 245738

LN 14250.0

Dcp 529.0

Lc 1500.0

Dt 3500.0

2. Numerical method
2.1. Computational domain and grid generation

The computational domain contains a nozzle of 142 m in
length and 2.5 m in diameter, a test section and a sharp cone
with a semi angle of 10°, as shown in Fig. 1. The calibrated re-
sults of the flow showed that the deviation of the Mach number
around the effective region of the nozzle outlet was less than 2%.
The flow was simplified to be axisymmetric and the computational
domain was simplified to a two-dimensional region. Only the prop-
erties of the axis forces were of interest in the current study and
the effects of the flow asymmetry were beyond the scope of this
research. The detailed dimensions of each section are listed in Ta-
ble 1. Ly, Lc and Ly denote the length of the nozzle, sharp-cone,
and wake region, respectively; Dyi, Dno, Dcp and Dt represent the
diameters of the nozzle throat, nozzle outlet, cone base and test
section, respectively.

The whole domain was divided into six blocks for grid genera-
tion and computational purposes, as shown in Fig. 2. Because the
finite difference method and structural meshes were used, mesh
orthogonality was important to achieve an accurate calculation. An
orthogonal mesh approach proposed by Volkan Akcelik [16] was
used for grid generation; this method ensured the mesh orthogo-
nality in the inner flow field. In addition, the mesh orthogonality
near the wall was also ensured by creating vertical lines to the
boundary lines passing through the inner gird points. A total of five
separate grids were used for grid independence verification. Each
grid described in Table 2 was obtained from the previous grid by
doubling the number of grids in the i and j directions.

2.2. Governing equation and algorithm

The two-dimensional axisymmetric and compressible Navier—
Stokes equations with transformation to the computational space
[17] presented in eq. (1) were used for the calculation. The con-
vective term was solved using the NND scheme [18], and the
viscous term was discretized using the second-order central dif-
ference method. The first-order Runge-Kutta method was applied
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