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Reflection and Penetration of a Shock Wave
Interacting with a Starting Vortex
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Experimental and numerical studies are conducted to investigate the interaction of a weak shock wave (M = 1.22)
and a strong vortex (M, max >1). In terms of shock dynamics, two meaningful physics are observed from the
experiment: reflected wave from the vortex edge and transmitted wave penetrating the vortex core. These weak
waves are shown in the numerical interpretation to contribute to the emission of acoustic waves in shock-vortex

interaction.
Nomenclature
A = accelerated wave
C = circumference centered on the vortex at the far field
C,,C_ = characteristics
1 = incident shock wave
K., K_ = invariant along characteristics
M = Mach stem in the shock reflection
M; = moving shock Mach number
M, = tangential Mach number around a vortex base
on ambient speed of sound
M, mx = maximum rotational Mach number of the vortex,
maximum M,
U = faster or upper shock wave
Uax = maximum tangential velocity in the shock—vortex
interaction
14 = pressure
R = reflected wave
r = radius distance from the vortex center
re = radius of the vortex core
S = slip line or slip layer
T = transmitted wave
Vv = main vortex
Ve = tangential velocity
0 = azimuth angle or flow direction
o = density
P = angle of the incident shock wave
Subscripts
free = without disturbance
m = mean value along a circumference
s = ambient value behind the incident shock wave
u,l = upper (faster), lower (slower)
A = difference between two adjacent contours
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Introduction

HE problem of shock—vortex interaction was first introduced

in the 1950s by some researchers of fluid dynamics and
acoustics.'~* Quadrupole noise has been known to be a key sound
source of the screech tone in supersonic jets. The investigation of
shock—vortex interaction also are a building block to understand
more complex problems such as shock—boundary-layer interaction.
In the 1960s, Dosanjh and Weeks approached this problem with a
shock tube experiment and acoustic analogy.>® Ribner’s theoretical
work’ is also remarkable because it has succeeded to predict qual-
itatively the acoustic wave of the Dosanjh and Weeks® experiment,
but his theory is only limited to the moderate range far from shock
waves. More recently, many computational papers of the model
study of shock—vortex interaction have been published thanks to the
advances of numerical techniques.®~!°

Ellzey et al.’ pointed out that the shock—vortex interaction con-
sists of two main categories: The shock wave is severely distorted
by the surrounding flow, and the quadrupole sound is generated
and propagated. The shock distortion effect is dominant at the ear-
lier stage (or near field), whereas the sound is radiated at the later
stage (or far field). This interpretation is supported and strength-
ened by other researchers in the series of papers.!""'> The shock
distortion and the quadrupole sound are the primary physics, but
do not describe the interaction of a shock wave with a strong vor-
tex entirely. Our question is what is the linkage between the two
stages, and the objective of this study is to understand the mech-
anism how the shock wave produces acoustic waves. It is strange
that no previous researchers took into account the strong vortex case
where the maximum rotating vortex Mach number becomes super-
sonic (M, max > 1): See the parameter domain in Fig. 1. That is,
there may be some locally supersonic region in the strong vortex
even though the ambient flow field is subsonic. In a recent paper,'?
some weak waves emitted in the interaction of a shock wave with a
strong vortex are precisely traced without being neglected as noise.
Reflection and penetration of the incident shock wave on a vor-
tex was observed in both the experiment and computation. Our
primary interest should be focused to the meaning of the weak
waves.

In this study, the author proposes a simple experimental model
of the interaction case of a weak shock wave (M;=1.22)
and a strong vortex (M, max = 1.22). The numerical solutions of
Navier—Stokes equations are counterchecked with holographic in-
terferograms and shadowgraphs. The emitted weak waves are
precisely detected and traced to interpret the delicate flow
physics.
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Experimental Apparatus and Procedure

Figure 2 shows the experimental setup of the present problem. The
author introduces an apparatus named shock splitter plate, trans-
forming an incident shock (M, = 1.34) into two planar shocks of
different velocities: the faster one of M, = 1.41 above the plate and
the slower one of My =1.22 below the plate. The incident shock
Mach number is measured by two pressure transducers mounted at
the wall before the shock splitter.
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Fig. 1 Parameter plane of the present study and comparison with
other research: strong vortex region extended to the supersonic range
M v,max > 1.
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Design of the Shock Splitter

The contour of splitter plate is designed for the purpose of split-
ting the incident shock into two plane shock waves with minimum
disturbance by the method of characteristics based on Witham’s ray
shock thory.'* The procedure of drawing the lower part is similar to
the rocket nozzle design in supersonic flow.

When the incident shock enters the inlet of the lower part in
Fig. 3a, the incident flow induced by the moving shock undergoes
a sudden expansion at point O. K is constant along the C. char-
acteristics OA,

Kioa=00+wo =04+ w, (D
Similarly, along the C_ characteristics AB,
K_ap=04 —wp=0p —wp 2

The flow is tangential near the wall without considering viscosity,
04 =0. Our objective is to achieve a parallel flow at point B, 65 =
0. Then, simplifying Eq. (1) and (2), we get the following relation:

(90 =wp —Wp = \/MSB |: )"EM) i| dm (3)
Mo M _1

Ao = (14 —2 Y (1o !
- y+1 pu V)

, (y—DM*42

ToyM2—(y— 1)

[STE

where

The design values are Mo = M; = 1.34 (inlet) and M, = My, =1.2
(outlet). When they are substituted in Eq. (3), p = —21 deg is ob-
tained. The negative sign indicates that the deflection angle should
be expansive.

At all of the node points, we set a system of simultaneous equa-
tions such as Eq. (1) and (2) and solve them from the known points
in Fig. 3a. We may solve the unknown point D from the known O
and E, for example. The slopes of characteristics are

d 1

OE(C,) : ayoﬁ :—E[tan(eg +mp) + tan(0g +mg)] (4)
dy 1

ED(C_) : EED = —E[tan(QE - mE) + tan(@D — mD)] (5)

upper shock tube wall
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b) Density contours obtained from the Navier-Stokes simulation

Fig. 3 Design of a shock splitter.
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where

M2 —1 %
m=tan"! | ———
|: M?20(M) :|
The contour ODB drawn from the characteristics curves is com-
posed of C, and C_: (Fig. 3a). The splitter plate has a uniform
thickness of 1 mm. Figure 3b is the Navier—Stokes simulation of
the designed splitter: The resultant shock strengths are M, =1.41
and M, = 1.22. The difference from the design value (M, =1.2,
1.6% error) may be regarded as the viscosity effect. The author used
Fig. 3b data as the initial condition of the numerical simulations.

Procedure of the Experiment

The upper shock in Fig. 3b is diffracted at the trailing edge of
splitter plate, generating a strong starting vortex. The lower shock
arrives later to strike the vortex at 137 us after the upper shock
diffraction. A shock tube of 60 x 150 mm cross section is used in
the experiement.'? The driver and driven gases are all dry air under
standard atmospheric conditions.

To visualize the instantaneous density field of the compressible
flow, double-exposure holographic interferometry is used in addi-
tion to shadowgraphy.'*!> The fringes are made by interference of
the two duplicated pulse laser beams: One records the image of
undisturbed test section, and the other seizes on the disturbed flow
in some hundreds of microseconds. When the holography film is
projected with a reference He—Ne laser, the interferogram in black
and white fringes is finally reconstructed.

Numerical Simulations

The visualized results are crosschecked with the numerical solu-
tion of the Navier—Stokes equations of conservative integral forms
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(see Ref. 16). The boundary conditions in a standard form are
adopted: no-slip condition at walls and characteristic boundary con-
dition to preserve the Riemann invariant at inlet and outlet. The
initial condition is obtained from the full simulation including the
shock splitter plate (Fig. 3b). The simulation is performed with a
total variation diminishing method based on Roe flux difference
scheme with MUSCL expansion, and the accuracy is second order
in time and third order in space. The viscous flux is added with
simple central differences of conservative variables, and the wall
temperature is fixed as a boundary condition.

Such second or third orders of accuracy can be sometimes in-
sufficient in the delicate computation like acoustic wave problems,
but a locally finer grid will compensate for this drawback using the
quadrilateral unstructured adaptive grid system (QUAG).!""!3 The
adaptive method uses a refinement and unrefinement algorithm in
accordance with error levels. The error indicator is the gross veloc-
ity difference of a cell with its adjacent cells. A cell is refined when
the error exceeds the error level, and vice versa. The unstructured
data structures of quadtree and linked list are used in the storage
of complicated cell connectivity. In the present problem, four to six
error levels were used to catch the shock waves and the weak waves.
Figure 4a is a typical example of the adaptive grid system of four
levels. At a glance, the wave and vortex structure can be discerned
from the finer grid region in Fig. 4a.

Computational Validation

To validate our computational code, a classical problem is solved
in Figs. 4a—4d. This is the interaction problem of a shock and a
weak vortex.>~7° The initial data are M, = 1.29, Uy = 177 m/s
(M,=0.52), and r. =2.77 mm. The computational domain is a
75 x 75 mm rectangle, and the primitive Rankin vortex model is

o
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a)

Fig. 4 Dosanjh and Weeks®> problem: a) quadrilateral unstructured adaptive grids (four levels, partial view), b) density contours around the
vortex 78 us after the shock passes through the vortex center, c) acoustic pulse pressure distribution along the circumferences in shown in b),

and d) Mach-Zehnder interferogram.



CHANG, CHANG, AND LEE 799

a) Euler solution

¢) Holographic interferogram

Secondary
Vortex

b) Navier-Stokes solution

d) Uniform grid (level 1, 92x 92) solution of b)

Fig. 5 Shock diffraction in the 90-deg corner.

used for the description of initial condition inside a vortex:
Umax (r/rf) k)

Vﬂ,free (I‘) =
{Umax (I‘C/I"), r=re (6)
Because there is no artificial coefficient to isolate the vortex at
the outer region (r >r.) in Eq. (6), the planar incident shock wave
should be initially placed at least as far as x = —20r, to avoid par-
asitic numerical waves. Figure 4b shows the density plot at 78 s
after the incident shock passes through the initial position of vortex
center. Along the two circumstance r; (precursor) and r, (acous-
tic), the pressure distribution vs 6 is sampled, and the difference of
two pressures is plotted in Fig. 4c, where various results of other
researchers are also provided. The present simulation shows good
agreement with experiment,’ theory,” and other computation.” An
experimental photograph’ in Fig. 4d also gives a qualitative valida-
tion of this computational method: Compare it with Fig. 4b.

Effect of Viscosity and Convergence

The Navier—Stokes equations are solved in this study, and there-
fore, the viscosity effect is considered here. Inviscid computation
or Euler equations also give us the information of the wave physics,
but for the problems including shear layer, the viscosity cannot be
neglected.

Figures 5a-5d show an example of the shock diffraction over a
90-deg sharp corner. The incident Mach number is M; =1.5 and
Reynolds number, Re =1 x 10° based on the shock-induced flow
speed and the entrance width. In the Euler solution, Fig. 5a, small
vortices due to the Kelvin—Helmbholtz instability are formed on the
slip layer. However, in Fig. 5b, the Navier—Stokes solution with
constant wall temperature shows no small vortex on the slip layer
because they are diffused by the viscosity effect. The secondary
vortex generated by the boundary layer separation at the vertical

wall can be observed only in the viscous solution. The experimental
result in Fig. Sc apparently reveals that the Navier—Stokes result is
very similar to the real physics.

Another question about code performance is the convergence
problem. In Figs. 5a and 5b, the adaptation level of grids is five
to catch the delicate fluid elements. Figure 5d is the level one (or
uniform) grids Navier—Stokes result, and we can see that coarse or
fine grids just have influence on the resolution without violation of
convergence, when compared with Fig. 5b.

Results and Discussion

Six representative frames (shadowgraphs) of the experiment are
displayed in sequence in Figs. 6a—6f. The time given in the Fig. 6
caption is counted from the estimated instant of the first diffraction
of upper shock U. In Fig. 6a, U is already diffracted at the aft tip
of the plate, and a strong starting vortex V is generated. The lower
incident shock / is shown just before striking the vortex V' in Fig. 6b.
The slower shock I seems to be thicker than the faster shock, U in
the shadowgraphs due to the aeroelastic vibration effect of the flat
plate. In the earlier stage of shock—vortex interaction, the upper part
of I is severely distorted by the clockwise rotation of V', as shown in
Fig. 6¢c. In Fig. 6d, part of / (between the plate and V') is accelerated
to split to a kidney bean shape while one end of the rest of part /
is seized by the vortex. The accelerated wave A is propagated to
the radial direction, and the decelerated part of / is rotated in the
counterclockwise direction (Figs. 6e—6f).

In the later photographs of Figs. 6d—6f, there are a few waves
we cannot yet clearly understand. Among them, two meaningful
weak waves are extracted: they are the reflected wave R and the
transmitted wave T. In Figs. 6d and 6e, it is observed that R is
merged to a part of A. The shock / penetrates the vortex core,
showing a faint vestige of T connected with a spiral tail in Fig. 6e,
but it disappears in Fig. 6f.
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The complement computations for the scene between Figs. 6b
and 6d are arranged in Figs. 7a—7f. The computational domain is
250 x 150 mm, where the tip of plate is placed at 100 mm from the
left inflow boundary (Fig. 2), and the initial conditions are induced
from Fig. 3b. The refinement level of the adaptive grids is six.

The incident shock is diffracted at the aft tip of plate in Fig. 7a,
where the main vortex V is connected with spiral slip lines S. Fig-
ure 7b shows the genesis of the small vortex produced by the same
principle as the generation of the main vortex in Fig. 6a. However,
the rotational direction of this small vortex is opposite to that of V.

f) 323 ps

Fig. 6 Experimental shadowgraphs of weak shock and strong vortex interaction.

In Fig. 7c, the diffracted shock A; is propagated to the radial di-
rection from the source (the center of small vortex) while the upper
part of 1, A,, penetrates the vortex core. The two waves, A and A,,
will be merged to the accelerated wave A in Figs. 7d and 7e, where
the shock / is severely distorted to make a reflection at the slip layer
of the vortex edge. In Fig. 7e, the reflected wave R is formed more
clearly, and the upper tip of I, M, is deflected by the clockwise
rotation of vortex. The strong wave M penetrates the vortex core
again, T, but the strength of this secondary wave seems very weak.
The accelerated wave A consists of two parts, A; and A, in Fig. 7e,
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Fig. 7 Navier-Stokes simulation

and the reflection R is soon merged to A (Fig. 7f). The transmitted
wave T is still weak but beginning to slightly deform the density
contours inside the vortex.

Shock Reflection and Shock Penetration

The experiment and numerical simulation are compared in
Figs. 8a—8d. In the holographic interferogram and the numerical
density plot, Figs. 8a and 8b show the earlier stage, whereas Figs. 8c
and 8d show the later stage. The density scale is Ap = 0.025 kg/m?.
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for this experimental model.

The reflected wave R pattern in Fig. 8 is shown schematically in
Fig. 9. R can be interpreted as the reflection of / at the slip layer of
vortex edge. As shown in Figs. 9a—9c, there are two possible patterns
of shock reflections from the slip layer: the compression type (earlier
stage; Figs. 8a and 8b and Fig. 9b) and the expansion type (later
stage; Figs. 8c and 8d and Fig. 9c). The difference of the two types
depends on the incident angle @ of / on the slip layer S. Because
the vortex core rotates like a solid body, the transformed shock
morphology in the left of Figs. 9b and 9c shows that R is compression
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weak accelerated wa
due to the small vortex
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Fig. 8 Comparison of a) holographic interferogram, 200 ps; b) Navier—Stokes simulation, 200 ws; c¢) holographic interferogram, 268 us; and

d) Navier-Stokes simulation, 268 ps.
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Fig. 9 Schematic diagram of reflected wave: a) two stages of ex-
perimental model, b) earlier stage or compression-type reflection
(® <90 deg), and c) later stage or expansion type reflection (P > 90 deg).

if ® <90 deg and expansion if ® > 90 deg. The compression type
is very similar to a single Mach reflection except that the Mach stem
M is immerged under the slip line S. However, S is very diffused
by flow viscosity to a thick layer in the real physics.

The reflection is generally transitional from compression to ex-
pansion as shown in Fig. 9a. If a fluid particle passes through a
wave, and the pressure is increased/decreased, then the wave is
compressive/expansive. This fact has been checked in the numerical
data of Fig. 8b and 8d.

Returning to Fig. 8, we see the transmitted wave T induced by M
penetrating the vortex core. T is very weak and blurred to compres-
sion wave at the later stage, and with wave R, it constructs the spiral
structure such as in Fig. 10. R and T are attached to the vortex core
because the vortex is strong enough to catch the weak waves. As
the incident shock / goes counterclockwise, the spiral tails of weak
waves also rotate in the similar manner. The R part (dashed line in
Fig. 10) is merged with the accelerated wave A, forming the kidney
bean shape. Wave A is composed of at least three wave components:
the diffracted shock A, the accelerated shock A,, and the reflected
wave R (Fig. 7f).

Experimental Model Discussion

In this paper, a new experimental model to generate a shock—
vortex interaction has been introduced. This model differs from the
shock interaction with an isolated vortex in previous studies.’™®
The starting vortex is connected with the trailing edge of plate by a
slip layer (Fig. 7a). Its shape is far from the tangential uniformity or
axisymmetry often assumed in the simplified model study. Figure 11
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Fig. 10 Schematic of experimental model: weak waves R and T propa-
gate counterclockwise with the spiral wavefronts (also see Fig. 6e): y
compression wave; ———, expansion wave; and — - —, slip layer.

o=180°|

Fig. 11 Structure of free vortex in experimental model: equivalent to
about Fig. 6b.

shows that definition of r. and U, (or M,) is not easy for the
real vortex. Along the § =40 deg line, the maximum M, is 1.22
(supersonic), but along the 6 = 180 deg line, it is 0.54 (subsonic).
Therefore, M, cannot be fixed in this experimental model, as marked
in the arrow-lined range in Fig. 1.

The vortex in this study is a strong one, which means that there
is a supersonic region (M, max > 1) inside the flowfield. As shown
in Fig. 1, these kinds of flow regimes have not been seriously in-
vestigated so far. The existence of a supersonic region makes the
interaction problem complex, and weak waves such as R and T are
produced in the strong vortex interaction.

The reflected wave R and the transmitted wave T are too weak
to discern clearly in the experiment and the computation, but their
contribution is obvious to the quadrupole distribution of density
around the circle C (r =33 mm,r ~ 10r,) in Fig. 8d. The T wave cuts
the circle at @ =75 deg, whereas the R wave cuts it at 6 =300 deg,
as easily found in Fig. 12. The mean value of density along the
circumference is defined as

27

P pdb @)

:EO

The normalized density p = (0 — p,;)/pm instead of the primitive
variable is used in Fig. 12. Waves [ and T are compression mech-
anisms [or the density is increased by the wave; denoted (c) in
Figs. 12 and 13] and R is the expansion mechanism [or the density
is decreased by the wave; denoted (e) in Figs. 12 and 13].

The part of wave A (exactly R, Figs. 7e and 7f) is equivalent to
the precursor wave in Ref. 9. For the weak vortex case, the acoustic

0.2
Experiment (1/r.=10)
N-S Simulation (1/r,=10)

~g— Vortex Motion

_O1|\||\||\||\||\||||\|||||\||\|\||\|

0 30 60 90 120 150 180 210 240 270 300 330 360
0 (deg)

Fig. 12 Density distribution around circle C in Fig. 8d: propagating
direction of R and T is left to right.

wave (1, in Fig. 4b, for example) is propagated in the radial direction
in the cylindrical shape. In Figs. 8c and 8d, the tail of T is extended
toC,and T is the acoustic wave in this experimental model (Fig. 8d).
In Ref. 9, the precursor and acoustic are attached to the shock front
(I and A). In this strong vortex case, however, the tips of R and
T are caught in the vortex core for a considerable time due to the
strong rotation.

Simplified Model Study

The authors also conducted a simplified model study, the inter-
action of a planar shock with a modeled vortex, based on Eq. (6),
to see the physics clearly because the experiment contains some
parasitic waves (A; produced by the shock diffraction at the sharp
edge of plate, for example). The input parameters are M, =1.22,
Unax =420 m/s (M, = 1.22, the same as M,, . in the experimental
model), and r. = 3.3 mm. The Reynolds number based on Uy,,x and
r. is estimated to be 9.24 x 10*.

In Fig. 13a, the incident shock I moving from left to right is dis-
torted by the strong vortex V' of clockwise motion. Figure 13b shows
tiny R and T'. The strong vortex is obviously seen not a as simple
circle but as the Arabic numeral eight due to the attachment of weak
acoustic waves. The transmitted wave T is the penetration of the
impinging shock / through the vortex because they rotate counter-
clockwise together: Compare Fig. 13c with Fig. 13b. Last, the ac-
celerated wave A and the shock [ intersect to form a Mach stem in
Fig. 13d. Obviously, the two acoustic waves (one expansion, and the
other compression) are emitted from the R (expansion) and T (com-
pression), respectively. After old waves are radiated or split from the
original ones, new waves soon grow from the slip layer. Figure 13e
is the magnified view of this instant, and it shows the full capacity of
the present computational method. The R and T can be discerned in
Fig. 13. A schematic diagram for the acoustic emission is given in
Fig. 13f.

Overall, this simplified model is a further study of the weak shock
and strong vortex case of Ellzey et al.” with the addition of new
experimental data. However, the strong vortex region should be ex-
tended to where the maximum rotational speed is supersonic to un-
derstand properly the acoustic emission mechanism such as shown
in Fig. 6f. Note that Ellzey et al. called the shock / and A “transmit-
ted shocks” different from transmitted wave T . They also named the
branched parts of / and A “reflected shocks.” As shown in Fig. 7f,
the incident shock /intersects with the accelerated wave A, not the
reflected. The present reflected wave (R) indicates the reflection of
I in the slip layer of vortex edge.
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oldT
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f)

Fig. 13 Simplified model study: a—d) pressure contours along the time sequence, e) magnified view of panel d, and f) schematic diagram for the

acoustic wave generation: +, high pressure and —, low pressure.

Summary

The weak acoustic waves, R and T are detected from experi-
mental observation and interpreted with numerical simulation and
a simplified model study. They are related to two kinds of physics:
shock reflection at the vortex edge and shock penetration through
the vortex core. In the present study, it is shown that the two waves
play the important role of acoustic wave emission in this weak shock
and strong vortex interaction case (Fig. 13f). Using the R and T’ con-
cept, we can approach on the basic question of what makes acoustic
waves in the shock—vortex interaction more feasibly, as well as in a
simpler way.
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