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Abstract

This paper describes computational work to understand the unsteady flow-field of a shock
wave discharging from an exit of a duct and impinging upon a plate plane. A flat plate is
located downstream, and normal to the axis of the duct. The distance between the exit of the
duct and flat plate is changed. In the present study, two different duct geometries (i.e., square
and cross section) are simulated to investigate the duct geometry effect on the unsteady flows
of a shock wave. In computation, the TVD scheme is employed to solve three-dimensional,
unsteady, compressible Euler equations. Computations are performed over the range of shock
Mach number from 1.05 to 1.75. Theresults obtai ned show that the pressure increase generated
on the plate by the shock impingement depends on the duct geometry and the distance between
the duct exit and plate, aswell asthe shock Mach number. It isalso found that for the duct with
cross-section, the unsteady |oads acting on the plate are less, compared with the square duct.

INTRODUCTION
When agasis suddenly discharged from an exit of aduct or pipe, the pulse jet is formed

at the vicinity of the exit of aduct. If the mass flux discharged is sufficiently large, the
pulse jet leads to a strong impulse wave which propagates toward surroundings. Simi-
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lar flows are made by the discharge of a shock wave from the exit of a duct, leading to
an impulse wavethat is usually characterized by a high peak pressure of short duration.
Compared with the noise of a subsonic or a supersonic steady jet discharged from a
nozzle, the noise due to such an impulse wave often causes large, undesirable, unsteady
loads and pressure transients which are a major source of structural vibration and
fatigue of a mechanical system. In some industrial manufacturing processes, it results
inaserious hearing problem to workers[1]. It isrequired that the impulse wave should
be minimized by an appropriate control means.

There have been a number of practical applications in which a stronger impulse
wave casts a better performance of the fluidic devices, such as pulse combustors [2],
pulse jet filters [3], pulse jet cleanings [4], etc. The pulse jet devices for such purposes
are now in commercial production or have recently been used for avariety of industrial
fields. For example, in the semiconductor industry or coal-based power plants, removal
of fine particles from surfaces is of practical importance both for surface cleaning and
for contamination detection [5].

Until now, for the flow fields produced by the steady jet impinging upon an
object, a lot of researches have been carried out. In 1985, Krothapalli [6] studied the
discrete tones generated by a supersonic jet impinging upon a flat plate, and reported
the variations in both flow- and acoustic fields. Henderson [7] studied the connection
between sound production and structure of a jet impinging upon aflat plate.

Meanwhile, the current understanding of the unsteady flow fields due to the
shock wave impinging upon an object is not enough for the purpose of design of
practical applications. In such applications, it is of practical importance to predict the
pressure transients and unsteady loads on an object. To the author’s knowledge, only a
few effortsto date have been put onthis field. For example, Setoguchi et al. [8] studied
the impingement of impulse wave upon aflat plate. They showed that when the shock
wave discharged from atube is impinging upon aflat plate, a sharp peak of very short
rising time isgenerated a the plate plane, and its magnitude depends upon the distance
between the exit of atube and plate.

The present paper describes computational work to understand the unsteady flow
-fields formed by the plate impingement of shock wave discharging from various three-
dimensional ducts. Computations are performed to solve the three-dimensional, un-
steady, compressible, Euler equations. The total variation diminishing (TVD) scheme
is used to discretize the governing equations. The effects of the duct geometry and the
distance between the exit of a duct and flat plate on the unsteady flow-fields of the
shock wave are investigated in detail.

COMPUTATIONAL ANALYSIS

Governing Equations

In order to smulate the shock wave discharging from the duct exit and impinging on
the plate, the unsteady, three-dimensional, compressible, Euler equations are employed
in the present computation. The governing conservation equations are given by
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where t istime, p isthe density and u, v and w are the velocity componentsin the x, y
and zdirections, respectively. The total energy e per unit volume of the gasis expressed
as e=p/(y-1)+p(W*+V+wP)/2.

Equation (1) is closed by the thermal equation of the state of a perfect gas, p=pRT,
where T is the temperature. In computation, Eq.(1) is rewritten in non-dimensional
form by referring the quantities to atmospheric conditions as follows::
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where the subscript 1 indicates the atmospheric condition, D the equivalent diameter of
a duct and a the speed of sound. If the symbol ( ') indicating the non-dimensional
quantities is omitted for the sake of simplicity, then the equation system is exactly
equivalent to Eq.(1). For the present computational analysis, the Yee-Roe-Davis’s
TVD scheme [9] is applied to solve the governing equations. An operator splitting
technique, suggested by Sod [10], is employed in the present computation.

Computational Domain and Boundary Conditions

In the present computation, two different duct geometries (see Fig.1) are applied to
investigate the effect of duct geometry on the flow-fields formed by the shock wave. In
Fig.1(b), the duct exit with cross-section has closed by approximately 50%, compared
with the exit area of square duct.

Figure 2 shows the computational domain and boundary conditions employed in
computation. As an initial condition for computation, an incident, normal shock wave
of Mach number Ms is assumed at x/D=-0.5 inside the duct where x/D=0 indicates the
duct exit plane. The incident shock wave propagates toward the open end of aduct and
iseventually discharged from the exit of a duct toward surroundings. Asshown in Fig.2,
the computational domain is composed of the duct and flat plate located downstream.
Asthe inflow and outflow boundary conditions, the zeroth-order extrapolation is used
for the conservative variables. The boundary conditions on al the surfaces inside and
outside of the duct and the plate surface are the slip-wall conditions. A structured grid
system with square cells is used in computation. The grid density effect on the com-
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puted solutionsisfirst investigated and the computational grids over 1,100,000 seemto
be fairly good for the present computations.

The Mach number (Ms) of the incident shock wave is changed between 1.05 and
1.75. The distance (L) between the exit of aduct and plate planeis varied from 0.5D to
2.5D. In order to understand the effects of Msand L on the flow-field, the pressure
fluctuations on the plate plane due to the shock impingement and the computed flow
visualization are obtained from the computations.
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Figure 1 — Duct exit geometries applied in computation
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Figure 2 — Computational domain and boundary conditions

RESULTS AND DISCUSSION

Figures 3 and 4 show the computed iso-pressure contours showing the shock waves
discharging from the exits of two different ducts and impinging upon the flat plate for
Ms=1.25 and L/D=1.0. The non-dimensional timet’ is taken to be zero for the incident
shock wave at X/D=-0.5. At t'=0.79, the shock wave (S) discharged from the exit of a
sguare duct is just impinging upon the flat plate, as shown in Fig.3(a). At the corner of
the duct exit, the shock wave diffraction and vortical structure (V) are observed. It is
also observed that the expansion waves (E) propagates back inside the duct. At t'=1.67,
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the wave form istaken for an instance after the shock wave impinged upon theflat plate.
The reflected shock wave (RS) from the plate propagates upstream toward the duct.
The interaction (SS) between a part of the reflected shock and vortical structures is
clearly observed. With an increase in time, the vortical structure grows gradually, pro-
pagating toward downstream. For yz-plane at x/D=0, the unsteady flow-fields are
shown in Fig.3(b). At t'=0.79, the outer and inner black loops indicate the shock wave
(S) and vortical structure (V), respectively. As shown in Fig.3(b), theinitial wave form
discharged from the exit of aduct is nearly square. However, when the time elapses, the
wave form is changed to spherical, propagating toward surroundings.

In Fig.4, the dynamic behaviours of shock wave discharged from the exit of a
cross-type duct are similar to those of the square duct. However, it seemsthat both the
shock wave (S) and the reflected shock (RS) are weaker than those of the square duct,
while the vortical structure is stronger.
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Figure 3 — Computed iso-pressure contours for the square exit (M=1.25, L/D=1.0)
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Figure 4 — Computed iso-pressure contours for the cross exit (Ms=1.25, L/D=1.0)
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Figure 5 shows the detailed pressure distribution generated on the plate plane by
the shock impingement. Although the time t’ a little differs in each case, the pressure
values for the cross duct are lower than those of the square duct. It isalso found that the
low pressure and sunken region indicating the vortical structure appears more widely,
compared with that of the square duct.

Figure 6 showsthe pressure-time histories at the central point (symbol C inFig.2)
of the plate. In Fig.6(a), the pressure on the flat plate suddenly rises up to a peak value,
strongly depending on the duct geometry. After the peak value, the pressure sharply
decreases with time, and then increases again due to the shock-shock interactionsin the
region between the duct exit and plate plane. The relationship between the first peak
value and shock Mach number isshown in Fig.6(b). Thefirst peak value increases with
the shock Mach number. For the cross duct, the first peak pressure is lower than that of
the square duct. It is believed that the duct with cross-section can effectively lead to the
reduction of unsteady loads acting on the plate plane due to the shock impingement.

z/D

. zlD

(b) Cross (yz-plane, x/D=1'.0)
Figure 5 — Computed iso-pressure contours on the flat plate (M= 1.25, L/D=1.0)
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Figure 6 — Effect of Ms on thefirst peak pressure at the central point of flat plate (C)
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The effect of the distance (L/D) between the duct exit and plate on the first peak
pressure of the plate is shown in Fig.7. In Fig.7(a), the L/D value considerably affects
both the first peak value and the pressure rise after the first peak value. For example,
this pressure rise for L/D=1.5 is remarkably higher than the first peak value. The first
peak pressure decreases with an increase in L/D, as shown in Fig.7(b).

Figure 8 shows the peak pressure distribution along the z-axis on the plate. As
shown in Fig.7(a), the pressure value at a certain place of the plate plane is transient
with time. In order to obtain the peak pressure distribution on the plate, the local peak
pressures are taken for each time step during computations. The peak pressure distri-
bution along the z-axis on the plate plane is shown in Fig.8(a). The maximum value of
the peak pressure appears at the central point of the plate (y/D=0, z/D=0). The peak
pressure decreases with the distance in radial direction. The peak pressures for the duct
with cross-section are lower than those of the square duct over the entire plate plane.
The comparison between the first peak and maximum pressure at the central point of
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(a) Pressure-time history (b) Thefirst peak valuevs L/D
Figure 7 — Effect of L/D on the first peak pressure at the central point of flat plate (C)
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the flat plate is shown in Fig.8(b). Asreadier shown in Fig.7(b), the first peak pressure
gradually decreases with L/D. For L/D<1.0, the maximum pressure is nearly the same
with the first peak pressure. However, for L/D>1.0, the maximum pressure has nearly a
constant value that is higher than the first peak value, regardless of L/D value.

CONCLUSIONS

This paper describes computational work to understand the unsteady flow-fields of a
shock wave discharging from an exit of aduct and impinging upon aplate plane. A flat
plate is located downstream, and normal to the axis of the duct. The distance between
the exit of the duct and flat plate is changed. In the present study, two different duct
geometries (i.e., square and cross section) are simulated to investigate the effect of the
duct geometry on the unsteady flows of shock wave. In computation, the TVD scheme
is employed to solve three-dimensional, unsteady, compressible, Euler equations. Com
-putations are performed over the range of shock Mach number from 1.05 and 1.75.
Computational results can predict the three-dimensional dynamic behavior of the
shock wave impinging upon the flat plate. The results obtained show that the pressure
increase generated on the plate plane by the shock impingement depends on the duct
geometry and the distance between the duct exit and plate, as well as the shock Mach
number. It is also found that for the duct with cross-section, the unsteady loads acting
on the plate plane are less, compared with those of the square duct.
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