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ARTICLE INFO ABSTRACT

Keywords This study aims to investigate some physical parameters in presence
Obligue shock wave of an oblique shock wave numerically. Computational fluid
Fluid flow dynamics has been used to analyze fluid behavior upstream and

Computational fluid downstream of the shock wave. To obtain a good resolution, the
computational domain is constructed by fine meshing. Due to its
wide use in engineering applications, Air has been used as fluid
material. A wedge of half-angle 6 = 22° has been used to intercept
the airflow path and founding the oblique shock wave of angle¢. For
gathering comprehensive information, the air flows have been tested
for three Mach numbers, namely slightly higher than 1, slightly
higher than two, and slightly higher than three (M1~=1, M2~=2, and
M3~=3) and represented as a case (a), (b) and (c) respectively. The
continuity equation, momentum equation, and energy equation have
been solved numerically. Velocity, turbulent viscosity, total
pressure, and total enthalpy have been investigated upstream and
downstream of the shockwave for the three different Mach numbers.
The results showed that the total pressure downstream of the shock
wave was less than that of the upstream shock wave. In addition, the
turbulent viscosity area around the object becomes thicker as the
Mach numbers become bigger. Also, the total pressure was slightly
different for the three different Mach numbers. These behaviors of
the above-mentioned parameters are attributed to the shock wave
effects. In addition, the oblique shock wave angle ¢ is appeared to
be decreased as the Mach number increased.
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1. Introduction
In supersonic airflow, an oblique shock wave of angle ¢ will be constructing in case a

wedge of half-angle 6 intercept the airflow as illustrated in Error! Reference source not found..

Oblique shock wave

Upstream oblique shock wave Downstream oblique shock wave

Wedge half angle 0 Oblique shock wave angle ¢

Figure 1: Oblique shock wave sketch.
The oblique shock wave is created because of an abrupt decrease in the airflow. The shock
wave area is a very small region in the air where the air properties change significantly. Two
cases of oblique shock waves of two different angles are possible. The oblique shock wave of
a large angle ¢ is called a strong shock wave while that of a small angle ¢ is called a weak shock
wave. On the two sides of the oblique shock wave the equations which describe the change in
the airflow variables are as follow [1]:
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where To, Mo and Py are the temperature, Mach number, and total pressure upstream of the
oblique shock wave respectively, while T1, M1, and Py are the same variables downstream of
the oblique shock wave. In addition, y is the specific heat ratio. Due to its widespread in
engineering applications, the shock wave has studded intensively in different engineering areas
[2], [3], [4], [5]. Moreover, because of their importance in aeronautical applications, recently
shock wave has gained inevitable significance. Also, shock wave boundary layer interaction
received great attention in the high-speed aeronautic area. [6] investigated the normal shock
wave boundary layer numerically. [7] studied the correlations for shock wave boundary layer
interaction by use of numerical technique using an in-house solver. The modifications
suggested are seen to improve the applicability of the existing correlations. [8] studied the
effects of unsteady oblique shock waves on the mixing efficiency of a two-dimensional
supersonic mixing layer. They used direct numerical simulation. The effects of three conditions
on the mixing efficiency of the mixing layer have been performed. Their results indicated that
the mixing layer is affected by the shock wave. [9] studied the detonations in condensed phase
explosives and they investigated the oblique shock waves in the surrounding fluids. Fluid
material was considered an ideal gas. Their study was conducted numerically. Depending on
the specific heat ratio, they observed four structures behind the oblique shock wave. [10]
obtained numerical simulation boundary condition based on outburst characteristics. The
propagation characteristics of shock wave and gas flow were performed numerically. They
concluded that the air shock wave was formed because of air medium was compressed by
transient high-pressure gas which expands in the roadway strongly. Also, the gas flow of high
velocity and the shock wave was constructed behind the shock wavefront. [11] had constructed
a method of multi-shock wave system to improve turbine reliability. The grooved surface nozzle
was investigated. They concluded that in the multi-shockwave system the intensity of the shock
wave is weakened compared to the single normal shock wave and hence the impact on the
turbine wheel will be less effective. It could be noted that the oblique shock wave occurs in
various engineering configurations as in over-expanded nozzles or the supersonic aircraft's
inlet. [12] presented experimental results of shock wave/turbulent boundary layer interaction.

Strong unsteadiness was developing inside the separated zone. They concluded the feasibility
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of the spatial-time correlation between wall pressure and velocity in the shock wave turbulent
boundary layer for compressible flow. [13] proposed a simple theoretical approach to determine
a complicated oblique shock wave of internal flow with supersonic inflow boundary conditions.
The main conclusion was that the predicted results of the incident shock wave at several inlet

conditions were in good agreement with the results of the numerical simulations.

2. Procedure

In this study, computational fluid dynamics (CFD) has been used to investigate the oblique
shock wave using air as fluid material. The computational domain has been constructed at 4 m
in length, while the inlet and outflow height were 0.5 m and 1 m respectively. The deflection
angle of the flow has been created by use of a wedge of half-angle 6 = 22° and has been used
to intercept the airflow path and founding the oblique shock wave of angle¢ as illustrated in
Figure 2. The air flows have been tested for three different Mach numbers, namely slightly
higher than one, slightly higher than two, and slightly higher than three, (M1~=1, M2~=2, and
M3~=3) and represented as cases A, B, and C respectively. To obtain a good resolution, the
computational domain is constructed with fine meshing. To perform the simulation, the
momentum conservation equation, continuity equation, and energy equation have been solved

numerically. The mathematical form of conservation of momentum is given as follows:

= (pB) +V.(pP) = —Vp+V(Z) + pg + F (6)
where p and p are the static pressure and the density respectively.

T is the stress tensor, while pg and F are the gravitational body force and external body forces
respectively.

Also, the stress tensor 7 is represented as in equation 8.
7= p[(Vo+ V") -2 V.91 @)
where U denotes the molecular viscosity, and | denote the unit tensor.

In the current study, the continuity equation has been solved numerically. The continuity
equation states that the rate of fluid mass which inter the control volume is equal to that which
leaves the control volume adding to the accumulation of mass within the system. Hence
continuity equation is called the equation for conservation of mass. The equation for

conservation of mass, or continuity equation, can be written as follows:
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where p and v are the density and velocity of the fluid respectively, while Sm is the mass added

to the continuous phase from the dispersed second phase.

To

Figure 2: represent the computational domain.

present the thermal development across the oblique shock wave, the energy equation has been

solved numerically. The general energy equation is given as in equation 10.

= (ph) + V- (¥ph) =V - (kVT) + S, (©)

Where p, h, Sn, v"and k are the density, enthalpy, volumetric heat source, velocity, and thermal

conductivity respectively.
3.Results and discussion

Measurements of velocity behavior and velocity magnitude have been performed for the
three different Mach numbers, case (a), case (b), and case(c) as illustrated in Figure 3. As
expected, it can be shown that as the Mach number increased, the oblique shock wave angle ¢
decreased. This result is consistent with the analytical solution where for a given Mach number,

the wave angle takes a range of possible values [1]:

'—11<¢<
Sin — = =
M

N[

For each value of 6 and Mach number M, there are two possible solutions of ¢, large and small
value. The large value gives the stronger oblique shock wave and the flow becomes subsonic
downstream of the oblique shock wave while the small value results in a weak oblique shock
wave and the flow remains supersonic downstream of the oblique shock wave. The current
investigation shows that the oblique shock wave is weak and the flow downstream has remained
supersonic for the three cases as illustrated in Figure 3. This behavior has been emphasized by
the total pressure investigation for the three cases as illustrated in Figure 4. The total pressure
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near the wedge reached its maximum value at a distance of 3.5 m from the inlet flow to consist
of a total pressure peak for each case. Furthermore, the maximum value of the total pressure
near the wedge of case a was less than that of case b, and the latter was less than the total
pressure of case c. Beyond the pressure peak, the total pressure decreased until reaching near
4m and try to raise again. This raising has become clearer and increases as the Mach number is
increased as can be seen for the three cases in the plot of Figure 4. The vorticities became
stronger as the Mach number increased and certainly can contribute to many interactions which
in turn can change the total pressure value. The measurements of total enthalpy show similar
behavior to the total pressure i.e. a total enthalpy peak has appeared at a distant 3.5 m from the
inlet flow as illustrated in the plot of Figure 5. It should be noted that as the Mach number
increased, the total enthalpy peak value become higher. Furthermore, the behavior of the total
enthalpy down the peak is not affected because of the conservation of energy. The total enthalpy
simulation has been illustrated in Figure 6. It can be seen that the less enthalpy occurred is
behind the wedge for all the cases with little differences because of different Mach numbers, in
turn, stimulate more vorticities as the Mach number has increased. The effect of oblique shock
waves on the fluid flow became more evident by investigating the turbulent viscosity of the
fluid flow across the wedge. The simulation of turbulent viscosity has been illustrated in Figure
7. It can be seen that the turbulent viscosity area in the shock wave region becomes thicker as
the Mach number increases. This result is agreed well with the total pressure and total enthalpy
results. However, the influence of the viscosity drag force decreases due to the increase in the
airflow velocity but the influence of the form drag force caused by the pressure increases. As
flow velocity increases, the onset of eddy currents will increase and the boundary layer will
change to a turbulent boundary layer. Furthermore, the turbulence appears due to either increase
in fluid flow velocity or an increase in surface roughness of the front surface wedge submerged

into the airflow.
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Shock wave area
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Figure 3: Velocity simulation of the three cases.
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Case (a)

Case (b)

Figure 4: Total pressure plot of the three cases.
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Case (a)

Case (b)

Posion im

Figure 5. Total Enthalpy plot of the three cases.
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Case (a)

Case (b)

Figure 6: Total Enthalpy simulation of the three cases.
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Case (b)

Figure 7: Turbulent viscosity simulation of the three cases.
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Conclusions

In this study, the numerical investigation has been perfumed to predict some of the
physical properties of an oblique shock wave. Computational fluid dynamics has been used to
analyze fluid behavior upstream and downstream of the shock wave. Fine meshing has been
used to obtain good resolution. Air has been used as fluid material. The oblique shock wave has
been constructed by using a wedge of half-angle 6 = 22° which intercepts the airflow. The
study has been performed for three Mach numbers. The continuity equation, momentum
equation, and energy equation have been solved numerically. Some of the parameters such as
velocity, turbulent viscosity, total pressure, and total enthalpy have been investigated. The
measurements revealed that the total pressure downstream of the oblique shock wave is less
than that of the upstream shock wave. Furthermore, the total pressure is slightly different for
the three cases of Mach numbers. In addition, the turbulent viscosity area around the object
becomes thicker as the Mach numbers become bigger. It can be noted that the main conclusion
is the oblique shock wave angle ¢ is decreased as the Mach number increases. The differences
in the parameters are attributed to the oblique shock wave's influence on the airflow upstream

and downstream of the oblique shock wave.
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