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ABSTRACT

The aerodynamic characteristics of a hypersonic aircraft are strongly influenced by the accelerating and decelerating
motions of the body. This impact can be more complicated when the oscillatory motion of the body in a complex non-
linear mode is involved. Therefore, it is important to understand the mechanism of the responses of the body to
acceleration and deceleration at different magnitudes. This paper uses a Computational Fluid Dynamics (CFD) method
to investigate the mechanism of acceleration and deceleration at three different magnitudes such as 100g, 1000g and
10000g, and their effects on the aerodynamic characteristics and performance of an oscillating blunt body, which
represents the leading edge of a wing aerofoil of a hypersonic aircraft operating at transonic and hypersonic speeds ranging
from M =2to M = 8. Itis revealed that the low Mach numbers have more impact on the aerodynamic performance of the
body. The results of the 100g and 1000g acceleration or deceleration magnitudes are in close agreement while that of the
10000g are slightly lower or higher during acceleration or deceleration, respectively. The boundary of the shock wave
becomes narrower and the distance of the shock wave from the nose of the body gets shorter as the Mach number is
increased, whereas the fluid velocity recovers quickly in the boundary layer at low Mach numbers.

1. INTRODUCTION

There is a growing number of engineering applications, in which the effects of acceleration and deceleration are dominant,
such as aeronautical vehicles. It can be considered that the acceleration and deceleration of an object is a combined effect
of both translational and rotational motions in a frame of reference [1, 2]. High magnitudes of acceleration and
deceleration are deemed necessary in some applications such as projectiles or manoeuvring planes. A re-entry vehicle
entering the atmosphere often encounters acceleration and deceleration with a high amplitude [3]. Aircrafts operating at
supersonic speeds also experience acceleration and deceleration, which has a great influence on the viscous boundary
layer of the wings [4]. The near-wall characteristics of the surface are affected by acceleration and deceleration effects,
and as a result, the pressure and velocity distribution over the wing surface is greatly altered. In addition, a wing of
hypersonic aircraft may encounter vibration at a small amplitude during the acceleration and deceleration process. An
oscillatory motion of the wing adds additional flow disturbances and aggravates the situation. An extensive investigation
of the response of the boundary layer to acceleration and deceleration effects is required for the design and concurrent
optimisation procedure of hypersonic aircraft wings [5].

Gledhill et al. [6] highlighted that the accelerating motion reduces the drag by approximately 20% in the transonic flow
regime. A numerical study by Roohani et al. [7] demonstrated the impact of acceleration and deceleration on the
development of shockwave and aerodynamic loads at transonic speeds. The effects of acceleration and deceleration on
unsteady aerodynamic characteristics of a train were also investigated by Niu et al. [8], and it was found that the train
experienced a strong unsteady flow phenomenon during the process of acceleration and deceleration, which influenced
the aerodynamic parameters of the train.

Various experiments have been designed and proposed to investigate the effects of accelerating and decelerating motions
of different objects. A wind tunnel experiment to analyse the effects of acceleration of a cylinder was conducted in the
study of Shirato et al. [9]. Likewise, Yang et al. [10] also performed a wind tunnel test to investigate the response of a



cylinder object to acceleration. In these experiments, the speed and frequency of the fan of the wind tunnel were varied
to have the desired Reynolds number and the magnitude of acceleration or deceleration. Furthermore, the impact of
acceleration on the lift applied on the wings of a forward flight was investigated in the experiments of Sawyer et al. [11,
12]. However, it was argued that wind tunnel experiments cannot accurately reproduce the behaviour of an object
experiencing acceleration and/or deceleration at high speeds [13].

With the technical advances in computing technology, Computational Fluid Dynamics (CFD) methods have been widely
used in the aerospace industry due to the advantages of providing flow details and accuracy in predicting aerodynamic
characteristics depending on appropriate turbulence modelling. Win Naung et al. [14] performed high-fidelity CFD
studies to analyse the interaction between the transient flow and the oscillating blades in a modern low-pressure turbine
of an aero-engine. They also investigated the effects of Reynolds numbers, based on an inflow speed, on the transitional
and turbulence flow structures around oscillating blades and highlighted that high-fidelity CFD methods are required to
accurately predict the unsteady flow behaviour [15].

Different numerical methods have been developed to model the acceleration and deceleration of an object. Moving mesh
and moving frame of reference methods are typically applied to the modelling of acceleration and deceleration of objects.
A sliding mesh method was proposed by Steijl et al. [16] to investigate the relative motion between the blades of the rotor
and the fuselage of a helicopter. Inoue et al. [17] employed a moving cell method to numerically analyse the unsteady
flow and the shock wave introduced by accelerating motions. Similarly, Marquart et al. [18] developed a moving mesh
method to evaluate unsteady aerodynamic loads over an accelerating aerofoil. The effect of decelerating sphere on the
shock distance was analysed by Saito et al. [19] using a fixed coordinate system. Li et al. [20] developed the formulation
for the modelling of a cylinder experiencing forced and free motions based on a moving grid method. The moving frame
of reference, on the other hand, requires the formulation of the governing equations in a non-inertia reference frame. Refs
[21, 22] considered the continuity and the conservation of momentum equations to study steady rotational motions,
whereas [23, 24] modelled coupled unsteady rotational and translational motions. Moreover, Combrinck et al. [25] derived
the continuity equation, and the conservation of momentum and energy equations to model the combined unsteady
rotation and translation motions of an accelerating object.

The overarching aim of this paper is to numerically investigate the response of the boundary layer of an oscillating wing
operating at transonic and hypersonic speeds to the acceleration and deceleration effects. The influence of the combined
effects of acceleration/deceleration and the aerofoil oscillation on the development of the aerodynamic characteristics of
the wing will be explored using a CFD method. A hypersonic blunt aerofoil body will be employed for the modelling of
the wing in this analysis. The bending mode of the wing will be integrated into the flow simulations to initiate the
oscillatory motion of the wing aerofoil. The unsteady aerodynamic flow behaviours will be extensively investigated in
the present study. Unsteady aerodynamic simulations will be performed using the commercial software ANSYS Fluent
2022R1. Acceleration and deceleration simulations of the wing will be performed at transonic and hypersonic speeds in
the range of M = 2 to M = 8 based on an oscillating wing aerofoil. Initially, the aerofoil will operate at a constant speed
in a steady-state condition before acceleration or deceleration is applied. This numerical approach can also be utilised for
the design and analysis of other applications such as high-speed trains.

2. PHYSICAL AND COMPUTATIONAL DESCRIPTIONS
2.1. Physical Description

In this paper, a blunt body is employed as a section of a wing model and it undergoes linear acceleration and deceleration
in the numerical simulations. The model was adopted from one of the most cited benchmark models operating in the
hypersonic flow regime. As seen in Fig. 1, the model has a cylindrical shape nose, which can also be considered as a
leading edge of a wing aerofoil. The flow conditions and the design parameters of the blunt body are presented in Table
1. The blunt body is initially operating at a steady Mach number before acceleration or deceleration is applied (i.e., M =
2 in the case of acceleration and M = 8 in the case of deceleration). In this study, three different magnitudes of acceleration
and deceleration such as 100g, 1000g and 10000g where g is the gravity (g = 9.81 ms™) are considered in this study. In
the case of acceleration, the Mach is raised from M = 2 up to M = 8 at a given rate of magnitude, and the process is
reversed in the case of deceleration. Furthermore, an oscillation of the body is also considered in this study to investigate
the effects of oscillation of the blunt body during the acceleration or deceleration process.



e > Table 1. Freestream parameters.
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| Parameters Value

| Mach number 2-8

3 Freestream pressure [Pa] 855
Freestream temperature [K] 125.07

. Wall temperature [K] 294
Blunt body radius, R [m] 0.0381

Figure 1. Geometry of the blunt body.
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Figure 2. Computational domain and mesh.

2.2. Computational Domain and Mesh

Figure 2 shows the computational domain created for the intended simulations to investigate the aerodynamic
characteristics of the blunt body operating at transonic and hypersonic flows and experiencing acceleration or
deceleration. The far-field boundary is located 10R from the origin of coordinates, whereas the outflow area is placed
20R from the origin in the downstream region, where R is the radius of the blunt body, to ensure the far-field boundaries
are far enough from the body so as not to affect the flow around the body. A hexahedral structured grid is generated over
the entire domain as shown in Fig. 2. To sufficiently resolve the boundary layer, the near-wall resolution y* is kept lower
than 1 over the surface of the body. A mesh sensitivity study is also carried out (which will be discussed in the next
section) to ensure that the generated grid is appropriate for the simulations discussed in this paper.

2.3. Numerical Scheme

A three-dimensional, density-based, finite volume solver is used to solve the flow governing equations, and the Navier-
Stokes equations can be expressed as [14, 15]:

%fudQ+Lﬁ,.dZ+Lﬁv.dA'=L5dQ (1)
d Q

where Q is the computational volume, A4 is the surface, U is the conservative flow variables, S is the source term, and ﬁ,
and ﬁV are the inviscid and viscous flux, respectively. An Unsteady Reynolds Averaged Navier-Stokes (URANS) model
is employed, and a standard k-omega SST model is used as a turbulence model in this study. The flow governing equation
can be written in a semi-discrete form as follow:
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where R is the lumped residual and source term. A pressure far-field boundary is applied on the far-field or external
boundaries as shown in Fig. 2, and a no-slip wall boundary is defined on the blunt body. A Mach number and a freestream
pressure and temperature are specified for the pressure far-field boundary.

To integrate the oscillation of the blunt body, the translational displacement is specified on the wall boundary as follows
[26-28]:

d(t) = d + d, sin(wt) 3)

where d and d,, are the time-averaged value and amplitude of the oscillation of the blunt body. The unsteady flow variables
can be expressed by the Fourier series for a specified frequency, o, and specific harmonic numbers (m), as shown in Eq.
4.

U=U+ Z [U, sin(mwt) + Ug cos(mwt)] 4)

where U, U, and Uy are the Fourier coefficients of the unsteady flow variables, and w is the frequency of the oscillation
of the body. Substituting the above decomposition into the semi-discrete form of the governing equations yields:

M

w Z [mU, cos(mwt) — mUg sin(mwt)] = R &)

m=1

Unsteady compressible flows are solved based on a coupled implicit formulation. A second-order upwind scheme is used
for the spatial discretisation and a dual time-stepping method is used for the temporal discretisation. A least square cell-
based method is used for the computation of gradients and Roe-FDS is employed for the processing of flux type. The
residuals for the conservation of mass and momentum equations are set to 104, whereas it is set to 10 for the energy
equation to ensure the solution convergence.

3. RESULTS AND DISCUSSION

Before analysing further, it is important to verify and validate the employed numerical model to make sure that the model
is accurate and reliable. A mesh sensitivity study is first carried out to select the optimum mesh size. Figure 3 plots the
averaged force applied on the surface body with respect to the number of elements generated for different mesh sizes. It
can be seen that there is no significant improvement in the prediction after 100,000 elements. The selected mesh is
comprised of 115,344 elements. After having obtained confidence in the mesh, the accuracy of the model is then tested
against a benchmark test. Both experimental and numerical data are available, and the pressure coefficient distribution
along the cylindrical nose of the blunt body computed from the present analysis is compared to those of the experiment
[29] and a reference simulation [30] (see Figure 4). It is seen that a good agreement is obtained between the present
simulation and the experiment, and the results are also in close agreement with the reference simulation available in the
literature. Therefore, it is concluded that the numerical model employed in the present analysis is both reliable and
accurate.

Steady-state simulations are initially performed at M = 2 and M = 8, and they are defined as the initial condition in the
unsteady simulation when acceleration or deceleration magnitudes are applied. In the case of acceleration, the blunt body
accelerates from M = 2 up to M = 8 at a given magnitude, and on the other hand, the body decelerates from M = 8 to M
= 2 in the case of deceleration. Figure 5 compares the dimensionless pressure, normalised by the freestream pressure,
averaged over the surface of the blunt body for different magnitudes during the acceleration process. For better analysis,
it is divided into two charts: one for low Mach numbers (M = 3 to M = 5) and the other one for high Mach numbers (M
=6to M =8). Itis found that almost no difference is seen between the magnitudes of 100g and 1000g, whereas a noticeable
difference is observed when the magnitude is increased to 10000g. The difference is more pronounced at lower Mach
numbers when the body starts to accelerate. At all Mach numbers, the pressure distribution on the body at the acceleration
magnitude of 10000g is slightly lower than that of 100g and 1000g.
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Figure 3. Mesh sensitivity study. Figure 4. Validation of the CFD model.
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Figure 5. Dimensionless pressure coefficient of the blunt body during acceleration.
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Figure 6. Skin friction coefficient of the blunt body during acceleration.

Similarly, Fig. 6 illustrates the comparison of the skin friction coefficient computed over the body at different Mach
numbers for three acceleration magnitudes. It is observed that the start-up of the acceleration of the body has an impact
on the wall shear stress distribution over the blunt body as the boundary of the shock wave starts to shrink, which directly
affects the skin friction coefficient, for all three acceleration magnitudes. Beyond Mach = 5, the skin friction coefficients
of the 100g and 1000g acceleration magnitudes are close to each other, whereas that of the 10000g magnitude is slightly
lower than that of the other two cases.

The effect of decelerations on the dimensionless pressure of the blunt body is presented in Fig. 7. Similar to the
acceleration cases, almost no difference is detected between the 100g and 1000g deceleration magnitude cases, and the
pressure coefficient of the 10000g case is slightly higher than that of the other two cases. The effect of deceleration on
the skin friction coefficient of the body is also demonstrated in Fig. 8. Likewise, the skin friction coefficient of the 100009
case is higher than that of the 100g and 1000g deceleration magnitude cases by 2.3% between M = 2 and M = 8. Unlike
the acceleration, some variations in pressure and wall shear distribution at lower Mach numbers (see Fig. 5 (a) and Fig. 6
(a)) are not detected during deceleration. To further investigate the effects of acceleration and deceleration, the pressure
coefficient distributions over the surface of the blunt body from the 100009 acceleration and deceleration magnitude cases
at relatively low and high Mach numbers, M = 3 and M = 7, are compared and plotted in Fig. 9. It is seen that the nose of
the blunt body (X/L = 0) experiences a relatively higher pressure at M = 3 when the body decelerates compared to the



opposite case. At M = 7, the pressure distribution over the spherical edge of the blunt body is similar between the two
cases, but it tends to be slightly lower along the main body (0.32 < X/L < 1) when the body decelerates.

Mach Number Mach Number
----- 100g - --1000g —— 10000g -----100g ---1000g —— 10000g
Figure 7. Dimensionless pressure coefficient of the blunt body during deceleration.
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Figure 9. Pressure coefficient distribution over the blunt body during acceleration and deceleration.

The responses of the boundary layer and the shock wave to the acceleration are shown in Fig. 10. The dimensionless
velocity (normalised by the freestream velocity) is plotted along the lines in the boundary layer in the aft region of the
body and the shock wave at the nose of the body (the distances are normalised by the radius of the blunt body) for different
Mach numbers in this figure. It is observed that the fluid velocity recovers more quickly in the boundary layer at low
Mach numbers; however, only a slight difference is seen between M = 5 and M = 8 with the fluid velocity reaching
approximately 80% of the freestream velocity. The responses of the shock wave can be seen in Fig. 10 (b). The boundary
of the shock wave gets narrower as the body accelerates. The distance of the shock wave from the nose of the blunt body
is 53% shorter at M = 5 and 56% shorter at M = 8 compared to M = 2. The fluid velocity is reduced by around 80% and
63% as it enters the shock wave zone at M =5 & 8 and M = 2, respectively. Interesting behaviour is observed between
M =2 and M =5 as the boundary of the shock wave starts to shrink due to acceleration. It is clearly seen that the
dimensionless velocity within the shock wave at M = 3 is higher than that of the rest of the cases. This is due to some
complications in velocity distribution around the stagnation point as the body accelerates. The dimensionless velocity
profile of M = 3.5 tends to approach that of M = 5.



The effects of acceleration magnitude on the responses of the shock wave at M = 2, 3.5 and 5 are illustrated in Fig. 11. It
can be seen that raising the acceleration magnitude from 100g to 10000g gradually reduces the fluid velocity as it goes
further from the blunt body at M = 2 and 5. The effects of acceleration magnitude can be clearly observed at M = 3.5 as
a great deviation in dimensionless velocity is detected within the boundary of the shock wave at different acceleration
magnitudes. This agrees well with the variation in skin friction coefficient between M = 2 and M =5, seen in Fig. 6. At
M =5, there is only a slight difference between different cases, which is also in agreement with Fig. 6.

Figure 12 highlights the effects of the oscillation of the body on the lift coefficient in one oscillation cycle at any Mach
number during the acceleration or deceleration. It is shown that the lift coefficient is sinusoidal in relation to the frequency
of the oscillation of the body, whereas the lift of the non-oscillating body remains almost zero over the entire oscillation

cycle as no inflow angles are considered in this study.

Figures 13 and 14 demonstrate the dimensionless velocity (normalised by freestream velocity) and the pressure coefficient
contours at M = 2, 5 and 8 during acceleration or deceleration. Since the velocity and pressure magnitudes depend on the
Mach number, the dimensionless values are used for a direct comparison between different Mach numbers. As the flow
fields at a specific Mach number during acceleration or deceleration are similar, one of them is only shown in this figure
to make the paper more concise. At M = 2, the size of the shock wave is noticeably larger than the other two cases, and
the velocity diverted from the blunt body is close to the freestream velocity. At M =5 and M = 8, the flow fields around
the blunt body are similar, but the size of the shock wave boundary is slightly larger in the former case. In terms of the
pressure distribution, a significant difference is seen between the M = 2 case and the M =5 and M = 8 cases. The pressure
concentration around the stagnation point at the nose of the body is weaker at M = 2, due to a wider and larger shock

wave, compared to the M =5 and M = 8 cases.
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Figure 11. Responses of the shock wave to different acceleration magnitudes.
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Figure 13. Dimensionless velocity contours at different Mach numbers.
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4. CONCLUSIONS

This paper discusses the impact of acceleration and deceleration at different magnitudes on the aerodynamic performance
of an oscillating blunt body, representing a leading edge of a wing aerofoil of a hypersonic aircraft. The aerodynamic
characteristics such as pressure coefficient and skin friction coefficient during acceleration or deceleration at 100g and
1000g are close to each other while that of 10000g are slightly higher during deceleration and lower during acceleration.
The differences are more pronounced at lower Mach numbers. Deviations in skin friction coefficient at different
acceleration magnitudes are observed between M = 2 and M = 5, whereas these kinds of deviations are not observed
during deceleration. It is also noted that the nose of the decelerating blunt body experiences a relatively higher-pressure
distribution at lower Mach numbers in contrast to the accelerating body. In terms of the responses of the boundary layer
and the shock wave, the fluid velocity recovers quickly in the boundary layer at low Mach numbers, whereas the boundary
of the shock wave gets narrower as the body accelerates. The distance of the shock wave from the nose of the blunt body
is 56% shorter at M = 8 than that of M = 2. The comparisons of the dimensionless velocity and pressure contours indicate
that the fluid velocity relative to the freestream velocity is stronger within the boundary of the shock wave at M = 2
compared to higher Mach numbers, and the pressure concentration around the stagnation point is weaker at M = 2 in
comparison to M =5 and M = 8. It is also revealed that the sinusoidal distribution of the lift coefficient is observed due
to the oscillation of the blunt body which has an influence on the aerodynamic force distribution over the blunt body.
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