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Computational Study of the Flowfields Associated
with Oblique Shock/Vortex Interactions
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The interaction between a supersonic streamwise vortex and an oblique shock is solved numerically using
the unsteady, three-dimensional Euler equations. The parametric study ascertains the effects of vortex strength,
streamwise velocity deficit, and Mach number on the oblique shock/vortex interaction. The vortex, whose tangential
and streamwise velocities are analytically modeled, is introduced upstream of the shock and allowed to interact with
the shock. The interaction is examined at freestream Mach numbers of 3 and 5, using vortices of varying strength
and possessing various velocity deficits. Three distinct types of interactions—weak, moderate, and strong—are
observed, depending very strongly on the streamwise velocity deficit and, to a lesser degree, on the strength of
the vortex. The weak interaction is characterized by a slight distortion of the shock and vortex with the resulting
flowfield being supersonic everywhere. The moderate interaction, however, results in a more pronounced distortion
of the shock, creating a small pocket of subsonic flow downstream of the interaction. In addition, the incident vortex
is highly distorted by the shock and eventually splits up into two counter-rotating vortices. In the strong interaction,
due to the formation of a large subsonic region, a dramatic reorganization of the original shock occurs, accompanied
by a region of reversed subsonic flow, a stagnation point, and a drastic expansion of the vortex core, all of which

are characteristics of vortex breakdown.

Nomenclature
M = Mach number

p = pressure, N/m?

re = vortex core radius, 0.003 m

S = vortex swirl parameter, ['o/(Vy axis 7c)

V, = axial or streamwise velocity, m/s

Vo = tangential velocity, m/s

I, =vortex circulation, m%/s

by = vortex strength parameter, S/ ®>

u = vortex strength parameter, 7/ ®°

P = density, kg/m’

T = swirl ratio, Vi, max/Vsx, axis

[ = ratio of axial to freestream velocity, Vy axis/Veo
Subscripts

axis = conditions at vortex center, r = 0

0 = stagnation conditions

1 = conditions upstream of bubble shock (see Fig. 1)
2 = conditions in recirculation region (see Fig. 1)
o0 = freestream conditions

Introduction

HE interaction between a supersonic streamwise vortex and

a shock wave, commonly known as a shock/vortex interac-
tion (SVI), is a fundamental fluid dynamics problem with numerous
applications. For example, vortices shed by the forebody of a high-
speed vehicle, flying at high angles of attack, may pass through
shocks generated from wings or other control surfaces. If the inter-
action is strong enough, the resulting flowfield can severely affect
the aecrodynamic characteristics of the vehicle. Another undesirable
situation is one in which a vortex interacts with the shock system of a
supersonic inlet. This SVI can adversely affect engine performance!
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and result in an unstart of the engine. An area in which the SVIcanbe
advantageous is fuel-air mixing in a supersonic combustion ramjet
where the addition of swirl increases the surface area over which the
fuel and air interact. The main thrust behind this technique is either
to increase the vorticity after the interaction and/or to redistribute
the available vorticity such that fuel and air can come into contact
with each other, resulting in improved mixing and combustion.
The vortex breakdown phenomenon in low-speed flows has been
studied extensively, and several comprehensive survey papers®>
have been presented. Vortex breakdown is a scenario in which a rapid
expansion of the vortex core takes place together with the formation
of a stagnation point at the vortex axis. In addition, a region of re-
versed flow exists downstream of the stagnation point. Vortex break-
down and SVI research in high-speed, compressible flows have at-
tracted serious attention only recently. Two distinct types of SVIcan
be considered: normal shock/vortex interaction (NSVI) and oblique
shock/vortex interaction (OSVI). Delery et al.f conducted an exper-
imental study on NSVI in which they defined a vortex breakdown
limit as a function of vortex swirl ratio and shock intensity for Mach
numbers between 1.6 and 2.28. Delery et al.® also performed Eu-
ler calculations of the interaction, which provided good agreement
with the experimental breakdown limit. Vortex breakdown, charac-
terized by a closed reverse flow bubble on the vortex axis, was also
reported. Experimental work in NSVI by several researchers’ 0 has
shown that vortex breakdown and an attendant flow unsteadiness is
common in such interactions. All of these researchers observed that
NSVTI is more likely to result in vortex breakdown than OSVI be-
cause of the large pressure gradient imposed by the normal shock
and the fact that the flow behind the shock was subsonic, allowing
disturbances to propagate upstream. The interaction of a stream-
wise vortex with an oblique shock has also been examined experi-
mentally and various aspects of this flowfield have been presented.
Kalkhoran'! conducted experimental studies of OSVI at Mach 3
and found that the interaction resulted in a very complicated, three-
dimensional, and unsteady flowfield. A later study by Smart and
Kalkhoran'? on OSVI concluded that, under certain conditions of
the vortex and shock strength, the incident vortex could breakdown
and result in the formation of a steady, separated shock structure.
On the numerical side, three-dimensional Euler solutions'? of the
interaction between a supersonic streamwise vortex and an oblique
shock wave at Mach numbers of 2.28 and 5.0 were obtained. In this
work neither vortex breakdown nor an appreciable change in vortex
strength were observed; however, regions of reversed flow and a
convex-concave shock shape were observed. Rizzetta'* presented
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Table 1 Test matrix

Run no. My To o)

(123) 3.0 04 (1.0 0.8 0.6)
“456) 3.0 0.8 (1.0 0.8 0.6)
(789) 5.0 04 (1.0 0.8 0.6)

(1011 12) 5.0 0.8 (1.0 0.8 0.6)

Fig. 1 Flowfield schematic of OSVI showing physical and computa-
tional coordinate systems.

Euler and Navier-Stokes simulations of OSVI, which were com-
pared with experimental results. Overall, excellent agreement with
experimental resuits was reported; however, vortex breakdown was
not observed in this numerical simulation either. Rizzetta attributed
this deficiency in the numerical calculations to the fact that the
numerically generated vortex, due to a lack of quantitative experi-
mental data, could not duplicate the conditions of the vortex in the
experimental test.

Experimental'!*'2 and numerical'*'> work indicates that the
streamwise velocity deficit within the vortex plays a pivotal role in
causing vortex breakdown during an OSVI. Traditionally, the swirl
ratio, ' = Vg max/Vo» and the swirl parameter, S’ = I'y/ (Voo 7).
have been used to characterize the vortex strength. Cattafesta and
Settles® point out that, because of the axial velocity deficit in the
vortex, freestream velocity is not appropriate, and as such, a lo-
cal value of velocity should be used. In this study, modified ver-
sions of these parameters are used, namely, T = Vp max/Vs axis and
S = To/(Vraxis Fc)- It is clear then that a vortex with a velocity
deficit will tend to be stronger than vortices with a uniform stream-
wise velocity. This makes them more fragile and susceptible to vor-
tex breakdown. The current work is designed to study the OSVI
by employing a Burger’s vortex model coupled with a streamwise
velocity profile in which the vortex strength and the magnitude of
the velocity deficit are varied. In addition, the OSVI is simulated at
freestream Mach numbers of 3 and 5 at a freestream pressure and
density of 1171.84 N/m? and 0.01476 kg/m®, respectively. Figure 1
shows a schematic of the problem setup along with the physical
and computational coordinate systems and dimensions, and Table 1
presents the Mach number, I'y, and ¢ for each of the cases.

Numerical Formulation

The three-dimensional, unsteady, compressible Euler equations
are used as the governing equations to simulate the interaction of
a streamwise vortex with an oblique shock. For the flowfields that
result in vortex breakdown, it is expected that viscous effects are
small and might be important only in predicting the details of the
flowfield structures. However, the inviscid equations can be used
with confidence to predict the overall features and characteristics of
the flowfield.

The numerical solutions are obtained using the general aerody-
namic simulation program!® (GASP 2.2), which solves the inte-
gral form of the time-dependent, Reynolds-averaged Navier—Stokes
equations and its subsets. The code utilizes cell-centered, finite
volume, characteristic-based (upwind) methods for the spatial dis-
cretization. The three-dimensional, unsteady Euler equations in in-
tegral form can be expressed as

%//fvgdv+/LF.ndS=o )

where @ = [p pu pv pw pey)’ and F-n = F-i+G-j+H -k
The terms F, G, and H are the inviscid flux vectors in the i, j, and
k directions, respectively. Equation (1) is reformulated in terms of
the volume-averaged values of the conserved variables, (@), and the
primitive variables, ¢ = [p u v w p)7, as

3(Q) dq

6
= 1 . = 2
y > at+;p ndS =0 )

Equation (2) is solved numerically using an implicit three-factor
approximate factorization approach, which results in a sequence of
three block tridiagonal systems of equations. The first-order accu-
rate Buler-implicit method is used for the time discretization. The
cell-centered values of the inviscid flux vectors are calculated us-
ing Roe’s flux difference-splitting!” algorithm. To obtain the values
of the fluxes at the cell faces, the cell-centered values are extrapo-
lated using the monotone upstream-centered scheme for conserva-
tion laws (MUSCL). With this extrapolation scheme, a value for
determines the spatial accuracy of the solution, and for the present
analysis k = %, resulting in a third-order upwind-biased algorithm.
Though this unlimited extrapolation works well in the smooth re-
gions of the flow, the higher-order corrections must be limited, in
regions with large gradients, to maintain stability and eliminate spu-
rious numerical oscillations. To this end, Roe’s SuperBee limiter'®
is used in this work because it provides the least amount of numer-
ical oscillations near the shocks and minimizes the diffusion of the
vortex as it convects downstream.

Computational Grid

A three-dimensional algebraic grid is used in which the grid is
clustered!® about the centerline to accurately represent the circular
vortex on a Cartesian mesh. Furthermore, grid clustering is essential
to minimize the diffusion of the vortex as it convects downstream.
Since the vortex deflects upward upon interacting with the oblique
shock, as shown schematically in Fig. 1, the upper boundary of the
computational domain is turned upward after the point where the
shock intersects the centerline (X ). The Z coordinate of the upper
boundary is expressed as

7 L,/2
- {(X - Xx,cl) tan es + (Lz/z)

X < X‘\', cl

3
szs,cl ( )

where L, = 0.12 m is the domain height at the inflow plane and
8, = 23.3 deg is the flow deflection angle.

To study the effects of grid resolution, medium and fine meshes
are also generated. The mesh sizes and their corresponding mini-
mum and maximum grid spacings are presented in Table 2. In the
medium and fine meshes, regions of grid clustering and the extent
of the boundaries are identical to that of the coarse grid.

Boundary Conditions

The first step in obtaining a solution for an OSVI is to establish an
oblique shock for a given freestream Mach number and flow turning
angle. This is accomplished by introducing freestream conditions at

Table 2 Size and minimum grid spacing for the computational grids

Designation Size AX, mm AY = AZ, mm
Coarse 76 x 76 x 101 24 1.25
Medium 113 x 113 x 151 1.6 0.83
Fine 149 x 149 x 201 12 0.63
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theinlet (X = 0) of the domain, as shown in Fig. 1. Instead of solving
the flowfield over a wedge of semiangle, 8,, the oblique shock is ob-
tained by applying freestream and postshock conditions before and
after X = X, respectively, on the lower boundary (Z = ~0.06 m).
This technique is particularly advantageous because it allows more
grid points within the domain of interest. Second-order extrapola-
tion is applied at the exit plane (X = 0.24 m), whereas first-order
extrapolation is enforced at the two side boundaries (¥ = +0.06 m)
and the upper boundary.

Once the oblique shock is generated, a streamwise vortex is in-
troduced at X = 0 and is allowed to interact with the shock. The
vortex is introduced by replacing the freestream conditions at the
inlet plane with the vortex properties, which include p, p, and u, v,
and w components of velocity. The tangential velocity is supplied
by an analytical model® of a Burger’s type vortex and is expressed as

Vi(r) = (To/n){1 —exp[ — (/7:)*]} C))
For this study, r. = 0.003 m and is the vortex core radius. The v and
w components of velocity are calculated from Vj, by transforming
the preceding cylindrical coordinates (r, 8) to Cartesian coordinates
(y, 2). Experiments with vortices generated by flow over wing tips'?
and swirl vanes® have observed a deficit in the streamwise velocity
V, across the vortex. Cattafesta and Settles® have also observed a
total temperature deficit, which ranges from 0.95 to 1.05 (of the
freestream total temperature) at the vortex core to the outer edge,
respectively. The deficit in velocity and total temperature has been
postulated to be a result of the low energy in the boundary layer at the
surfaces of the wing or swirl vanes. The effect of a total temperature
variation will most probably manifest itself by altering the Mach
number distribution through the vortex, but it is believed that this
effect will be small and will not significantly affect the OSVI. Hence,
for the present analysis, a constant total temperature is assumed. The
axial velocity deficit is modeled using the following function:
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where b= 0.006 m and is defined as a characteristic thickness of
the profile.

The pressure distribution through the vortex is calculated by solv-
ing the radial momentum equation, dp/dr = pV2/r. Making use
of the equation of state and total enthalpy Hy = Hj » = const, p
is expressed in terms of p, Hy «, Vi, Vs, and the ratio of specific
heats y. The radial momentum equation then becomes
Y P Vi
Yy —1Hyo—3(V2+V}) r
which is solved using a fourth-order Runge—Kutta scheme.

Results

dp_
dr —

©)

Vortex Propagation

As the streamwise vortex convects downstream of the inflow
plane, the vortex tends to diffuse, or become weaker, due to the
inherent numerical dissipation present in the algorithm. The weak-
ening of a vortex is characterized by an increase in the density (or
pressure) at the vortex center (r = 0), a decrease in the magnitude
of the peak tangential velocity, and an increase in the core radius.
The changes in vortex properties are dependent on the grid reso-
lution in the cross flow (Y-Z) plane and to a lesser extent on the
streamwise resolution. In numerical* and experimental'? work, it
has been shown that the OSVI is highly dependent on the vortex
strength, and as such, if the vortex diffuses to a large degree, the
resulting interaction will be markedly different.

The vortex is convected without the oblique shock to verify that it
is stable and that its properties do not change appreciably. For these
calculations, the coarse grid is used in which the upper and lower
boundaries are parallel. Figure 2 presents the normalized density
and tangential velocity profiles through the centerline of the vortex,
for run 11, at the inflow plane (X = 0), the location where the
shock intersects the centerline (X = 0.1 m), and the exit plane
(X = 0.24 m). The relative change in p,s between X = 0 and
0.24 m is 6%. A more meaningful comparison is the change in P,y

Vi(r) = Voo + Voo (P — 1)exp[-(r/b)2] 5) between X = 0 and 0.1 m, whichis only 0.08%. The V; distribution
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Fig.2 Nondimensional density and tangential velocity profiles at various axial locations.
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Fig. 3 Schematic of a strong OSVI. BS = bubble shock, OS = eblique
shock, EF = expansion fan, SS = slip surface, and TS = transmitted
shock.

shows that |Vp max| and r. change by 4.63 and 8%, respectively,
between X = 0 and 0.24 m, whereas the change in the |Vp nal
between X = 0 and 0.1 m is negligible. It was observed that without
grid clustering near the vortex, p,ys and r, changed by as much as
30 and 20%, respectively.

Grid Resolution Study

The flowfield associated with run 3 is selected to perform a grid
resolution study because it represents a strong OSVI (to be dis-
cussed later), which takes on a very complicated three-dimensional
flowfield. To this end, run 3 is simulated on the coarse, medium, and
fine grids, and the results are presented in terms of density contours
as well as pressure distributions along various Z locations in the
Y = 0 plane.

Before embarking on the discussion of the results, it is important
to point out the salient features of this complex flowfield. Figure 3
presents a schematic of a typical strong OSVI. Region 2 consists of
subsonic recirculating flow that the outer supersonic flow responds
to as if it were a solid body. Consequently, a three-dimensional
conical shock is formed upstream of the recirculation bubble. This
shock is known as the bubble shock’ and is normal at the vortex
axis. In region 2, slip surfaces separate the subsonic and supersonic
flows. A complicated shock—shock interaction takes place when the
original oblique shock intersects the lower portion of the bubble
shock, resulting in a transmitted shock, which in turn interacts with
the slip surface to form an expansion fan. A more detailed discussion
of these structures will be presented in a later section.

Figure 4 shows a plot of normalized density contoursinthe ¥ = 0
plane for the coarse, medium, and fine grids. The results between
the three grids are similar and predict the same flowfield features.
The coarse grid is found to be sufficiently fine to capture the es-
sential features of the flowfield with the notable exception that the
normal portion of the bubble shock is smeared out. The structure
of the bubble shock can be clearly seen on the medium and fine
grids.

Figure 5 shows normalized pressure distributions along
Z =—0.02, 0.00, 0.02, and 0.05 m in the Y = 0 plane. Note that
these constant Z lines are chosen to compare data for all three grids
at the same location and as such do not correspond to streamlines of
the flowfield. At Z = —0.02 m, there are two distinct pressure rises.
The first is across the original oblique shock, and the second is across
the continued bubble shock. The pressure decreases as it traverses
the expansion fan and levels off at a value slightly below the pressure
that would have existed behind the oblique shock. The distribution
along Z = 0 shows a contant pressure within the vortex core, a

76 x 76 x 101

0.00 0.04 0.08 0.12 0.16 0.20 0.24

X (m)

Fig.4 Normalized density contours on Y = 0 plane for three different
grid sizes.

sharp increase across the normal portion of the bubble shock, and a
constant pressure region within the recirculation bubble. The local
Mach number and p;/ p, upstream of the bubble shock, at Z =0
are 1.24 and 0.913, respectively. At these conditions, the theoretical
stagnation pressure across a normal shock, po2/pe = (Po2/Po.1)
(Po,1/P1) (P1/Ps) = (0.988) (2.556) (0.913) = 2.31. The average
pressure in the recirculation region predicted by all three grids is
approximately 2.26, which is in excellent agreement to the theo-
retical stagnation pressure. Downstream of the recirculation region,
the pressure increases and approaches the pressure that would have
existed behind the oblique shock. The pressure variations along
Z = 0.02 and 0.05 m are also shown in Fig. 5, confirming that the
coarse grid captures the essential features of the flowfield and is
deemed sufficiently fine for the purposes of this investigation.
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Fig. 5 Effect of grid resolution on streamwise pressure at various Z
locations.

OSV1

The OSVI has been investigated at freestream Mach numbers of
3 and 5, using vortices of various strengths and streamwise velocity
deficits. The velocity deficit is chosen such that the Mach number
distribution through the vortex is supersonic and the vortex strengths
are chosen for different values of I'g, which were chosen to match
the experimental work of Cattafesta.?’

Three different types of interactions are observed: weak, moder-
ate, and strong. Each type of interaction is characterized by unique
flowfield structures, and the features of each will be discussed sep-
arately. Two vortex strength parameters, namely, » = S/®° and
.= t/P3, are introduced that, for the present parametric study, are
able to classify each of the cases according to its interaction type.
Table 3 presents a classification of each of the interactions in terms
of A and w. For reference, the values of S and t are also included.

Weak Interaction

In this work, weak interactions are characterized by a slight dis-
tortion of the shock and minimal change in the vortex structure. With
the exception of run 8 for which & = 0.8, all cases for which & =1
resulted in a weak interaction. In the region where the vortex inter-
sects the shock, the shock distorts and takes on the convex-concave
shape observed in previous numerical work.!*>-1* The shock dis-
tortion is attributed to the fact that the vortex strikes the shock at
different angles due to the nonuniform velocity distribution present
in the vortex. Because of the formation of this curved shock, and
depending on the level of shock distortion, weak expansion waves

Table 3 Classification of OSVI in terms of vortex
strength parameters

Run no. N T A “w Interaction type
7 0.078 0.050 0.078 0.050 Weak
1 0.131 0.083 0.131 0.083 Weak
10 0.157 0.100 0.157 0.100 Weak
8 0.098 0.063 0.191 0.122 Weak
4 0.261 0.167 0.261 0.167 Weak
2 0.163 0.104 0.319 0.203 Moderate
11 0.196 0.125 0.382 0.244 Moderate
9 0.131 0.083 0.607 0.386 Strong
5 0.327 0.208 0.639 0.407 Strong
3 0.218 0.139 1.010 0.643 Strong
12 0.261 0.167 1.208 0.772 Strong
6 0.435 0278 2.013 1.286 Strong

P OO IS S

0.00 0.04 0.08 0.12 0.16 0.20 0.24
Axial distance, X (m)

P IS U PO ST S N T GRS |

Fig.6 Normalized density contours in the X—-Z plane at ¥ =0 for run 1.

0.00 0.04 0.08 0.12 0.16 0.20 0.24

Axial distance, X (m)

Fig.7 Normalized density contoursin the X-Z plane at Y = 0 for run 10.

emanate near the interaction region and travel toward the lower
boundary. In fact, Smart and Kalkhoran!? observed a decrease in
pressure at their shock-generating surface and postulated that that
was a consequence of expansion waves originating near the region
of the interaction. The formation of these expansion waves is only
observed in runs 4, 8, and 10 in which there was relatively more
shock distortion compared with runs 1 and 7. The higher values of
A and p for runs 4, 8, and 10 correctly predict that they result in
relatively stronger interactions compared with runs 1 and 7.
Typical weak interaction flowfields are depicted in Figs. 6 and
7, which show the normalized density contours in the ¥ =0 plane



2550 NEDUNGADI AND LEWIS

for runs 1 and 10, respectively. The plots indicate that the incident
vortex, upon striking the shock, deflects upward and convects down-
stream. The angle of deflection of the vortex for the weak interaction
cases varied from 23.4-23.7 deg, which is approximately equal to
the flow turning angle of 6, = 23.3 deg.

Figure 8 shows the normalized density contours in the Y—Z plane
at X = 0.144 m. This figure describes the vortex structure after
interacting with the oblique shock. As the vortex passes through
the shock, it is compressed and acquires an elliptical shape with
its major axis aligned with the Z axis. Furthermore, the vortex, in
addition to being deflected upward, is deflected to the left looking
downstream of the inflow plane.

Moderate Interaction

The term moderate interaction is used to refer to one in which the
incident vortex does not breakdown; however, the properties of the
vortex are such that it distorts the shock wave to such a degree as to
produce a subsonic region immediately behind the shock. Figure 9
shows a nondirectional, computationally generated schlieren type
plot (|Vp{) for run 2, which, along with run 11, results in such a
flowfield. Although the Mach 5 case (run 11) has a larger I’y and

0.08
0.06f
0.04]

0.02}

Z (m)

0.00F

-0.02

-0.04

T

17, 7oL PRPIN UPRPIUES SR PP S BN I
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08
Y (m)

Fig. 8 Normalized density contours in the Y-Z plane at X = 0.144 for
run 4.

interacts with a stronger shock than the Mach 3 case (run 2), it results
in a moderate interaction. The reason for this could be the fact that
the Mach 5 flow has a higher axial velocity at the vortex center
(Vy.axis = 1361 m/s) than the Mach 3 vortex (V, ais = 812 m/s) and
hence possesses higher kinetic energy to be able to withstand the
work associated with the higher pressure gradient. The analogy of
boundary-layer separation under an adverse pressure gradient can
be drawn for this scenario; if the flow along the surface has sufficient
kinetic energy, it is able to withstand the adverse pressure gradient
and remain attached.

As the vortex passes through the shock, it distorts the oblique
shock to such a degree as to form a nearly normal shock at the cen-
terline as can be seen in the magnified view of Fig. 9. For run 2, -
M axis = 1.87 and M> 45 = 0.82. The term M3 54 is higher than
the Mach number for a normal shock, indicating that the distorted
shock is not normal but is rather a strong oblique shock that pro-
duces a small region of subsonic flow behind it. Another possible
explanation for the formation of a nearly normal shock at the center-
line is that the centerline Mach number is less than that required for
an attached shock for 8; = 23.3 deg. The increased distortion of the
shock as compared with the weak interaction is largely attributed
to the deficit in Mach number through the vortex core. It does not
appear as though the vortex strength plays a very strong role in de-
termining the type of interaction because it is observed that run 4,
which has a stronger vertex than run 2, results in a weak interac-
tion. The difference between these two cases is that run 2 has a Mach
number deficit whereas run 4 does not. The higher values of A and p
of run 2 predict that it will result in a stronger interaction than run 4.

Just as the vortex distorts the oblique shock, there is also a distor-
tion of the vortex due to the shock. In the weak interaction, the vor-
tex distortion is minimal; however, for the moderate interaction, the
shock compresses the vortex to a larger extent and the incident vor-
tex splits into two counter-rotating vortices. In experimental work
on OSVI, Cattafesta and Settles® also observed this phenomenon of
the incident vortex splitting up into two elliptically shaped vortices
downstream of the interaction. The center of the primary vortex is
deflected to the left (Y = 0.0082 m), whereas the secondary vortex
center is deflected to the right (Y = —0.0082 m) as illustrated by
the density contour plot of Fig. 10. The splitting up of the vortex is
also observed for run 2.

- Strong Interaction

The term strong interaction is used here to refer to one that results
in vortex breakdown. To the best of the authors’ knowledge, vortex
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breakdown has not been previously simulated numerically for an
OSVI. Although experimental work'? has alluded to the possible
existence of vortex breakdown, previous numerical simulations'>: 14
have been unable to predict vortex breakdown. Earlier numerical
work!® suggested that vortex breakdown may not occur for OSVI
because the flowfield behind the shock remains supersonic, but that
appears not to be the case in the present calculations. Vortex break-
down is observed for runs 3, 5, 6, 9, and 12, but for the purpose of
discussion, only the results of runs 3 and 12 are presented. To assist
with the description of this complicated three-dimensional flowfield,
a schematic of a strong interaction has been presented in Fig. 3.
Figure 11 shows a contour plot of |V p|, whereas Fig. 12 presents
adetailed view of the recirculation bubble in the Y = 0 plane for run
3. The incident vortex interacts with the oblique shock and, because
of the relatively low Mach number within the vortex core, creates a
subsonic region downstream of the shock. In fact, it is observed that
the initial formation of the subsonic region begins slightly below
the vortex axis. It is speculated that because the relatively low Mach
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Fig. 10 Normalized density contours in Y-Z plane at X = 0.168 for
run 11.
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number within the vortex cannot be sustained by the high pressure
gradient of the oblique shock, the only possible solution is a detached
shock with subsonic flow behind it. The moderate interactions also
result in a small subsonic region; however, it is small and does
not grow with time. It is believed that since the subsonic region
in the moderate interaction is caused by a strong oblique shock,
no information is propagated upstream. The subsonic region in the
strong interaction, on the other hand, resulting from a detached
shock, does allow upstream information propagation.

This subsonic region, labeled as region 2 in Fig. 3, grows with
time and contains recirculating flow, as illustrated in Fig. 12. This
region, referred to as the recirculation bubble, in essence acts as
a solid conical body in a supersonic stream. The outer supersonic
flow then responds to this apparent solid body by creating a locally
three-dimensional conical shock upstream of the recirculation bub-
ble. This curved shock is called a bubble shock and is normal to
the vortex axis. The velocity at the axis, V., / V., decreases to 0.03
downstream of the bubble shock. This seems to indicate that in re-
gion 2, downstream of the bubble shock, a stagnation point does
indeed occur at the vortex axis. In a previous section it was shown
that the static pressure across the normal portion of the bubble shock
(see Fig. 5 for Z = 0) corresponds very closely to the stagnation
pressure across a normal shock. These two results strongly indicate
the possibility of a stagnation point at the vortex axis, which is uni-
versally considered to be a characteristic of vortex breakdown. In
their experimental work, Smart and Kalkhoran!? also observed this
separated shock structure for a strong vortex interacting with a strong
oblique shock. Although the existense of a reversed flow region and
stagnation point was alluded to, these features could not be mea-
sured directly. In the present study, each case resulting in a strong
interaction is accompanied by a region of reversed flow. It should
be pointed out that, although the main features of this strong inter-
action agree very well with experimental results, the exact features
of vortex breakdown cannot be determined without ascertaining the
effects of viscosity and turbulence, which have been excluded from
this study.

In region 2 a slip surface above and below the axis separates the
subsonic recirculating flow from the supersonic region. The reason
for this is because the flow processed by the strongest part of the
bubble shock is subsonic, whereas that processed by the weaker
portion remains supersonic. Since the flow in region 3 is super-
sonic, an additional slip surface is required to separate this region
from region 2. These three slip surfaces are clearly indicated in
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Fig. 11 Computational schlieren in ¥ = 0 plane for run 3 with a superimposed Mach 1 contour. Units of V p are 1/m.
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the schlieren plot in Fig. 11. A transmitted shock is created by the
interaction of the original oblique shock and the lower portion of
the bubble shock. The transmitted shock terminates at and interacts
with the slip surface, giving rise to an expansion fan. This region is
one of very high pressure and temperature as indicated by the pres-
sure distribution along Z = —0.02 m in Fig. 5. The bubble shock
continues through the oblique shock and begins to curve slightly as
the expansion waves strike the shock surface. The continuation of
the bubble shock through the undisturbed oblique shock has been
observed in previous experimental'? work on OSVI. The continued
bubble shock weakens as it propagates downstream, and this could
be attributed to a combination of a three-dimensional relieving effect
as well as the interaction of the expansion waves. The upper portion
of the bubble shock induces a nonuniform flowfield, resulting in an
upstream displacement of the original oblique shock, and the shock
structures merge to form a single shock.

Figure 13 shows a contour plot of |V p] in the.Y = 0 plane for
run 12, which illustrates the features of the vortex breakdown for
the Mach 5 case. Qualitatively, this flowfield is very similar to the
Mach 3 case, but there are some striking differences in this flowfield.
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Fig. 12 Detailed view of velocity vectors in ¥ = 0 plane for run 3.
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It is seen that the bubble shock lies much closer to the recirculation
region and that the transmitted shock lies at a shallower angle. Both
these observations can be attributed to the higher Mach number of
this flowfield. In comparison to the Mach 3 case, the upper portion of
the oblique shock is curved and, hence, results in a more pronounced
upstream displacement,

A breakdown length, defined as the distance from the nose of
the bubble shock to the point where the slip surface intersects the
centerline, is used as an approximate measure of the severity of the
strong interaction. It is assumed that a more severe interaction will
lead to a larger breakdown length. For runs 9, 5, 3, and 12, which
result in vortex breakdown, the breakdown length is 1.9, 1.8, 4.5,
and 5.25 cm, respectively. A breakdown length for run 6 could not be
obtained, as this interaction is so severe that the breakdown location
extends up to the inflow boundary and contaminates the boundary
conditions. Table 3 shows the values of A and u for each of these
cases, and it can be seen that either of these parameters is a better
indicator of the interaction than either S or 7. Runs 5 and 9 have
comparable breakdown lengths, and as such, their values of A and
i are also comparable.

Conclusions

Oblique shock/vortex interactions have been simulated using the
three-dimensional, unsteady, compressible-Euler equations, and the
effects of Mach number, vortex strength, and streamwise velocity
deficit on the interaction have been studied.

In the current work, the interaction between an oblique shock
and a vortex whose axial velocity distribution is uniform (& = 1)
typically results in a weak interaction. In this type of interaction,
the nonuniform region within the vortex leads to a distortion of
the shock to form a convex-concave shape. Furthermore, the vortex
tends to pass through the shock with minimal change in its strength
and structure and is deflected at the same angle as the rest of the
flow behind the shock. Among the weak interactions, it is found that
if the distortion to the shock is great enough, expansion waves are
generated near the interaction region and travel toward to the lower
boundary.

In most of the cases studied in this work, decreasing & (or increas-
ing the velocity deficit) typically results in a progressively stronger
interaction. Initially, a moderate interaction is produced, in which
the vortex distorts the shock to such an extent as to form a pocket
of subsonic flow immediately behind the shock. It is speculated that
this subsonic region, being generated by a strong oblique shock,
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Fig. 13 Computational schlieren in Y = 0 plane for run 12 with a superimposed Mach 1 contour. Units of ¥V p are 1/m.
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does not allow any information to propagate upstream, and as a re-
sult, the incident vortex does not break down. However, there is an
appreciable distortion of the vortex, which eventually splits into two
counter-rotating vortices.

It appears as though the moderate interaction acts as a transition
between the weak and strong interaction. As the axial velocity or
Mach number deficit is increased, the local Mach numbers within
the vortex, which are supersonic but much lower than the freestream
Mach number, cannot be sustained by the high pressure gradient. As
a result, the flowfield becomes locally subsonic near the interaction
region and allows upstream information propagation. The subsonic
region eventually consists of recirculating flow and a stagnation
point at the axis of the vortex. The subsonic region behaves as a
blunt obstruction to which the supersonic flow responds by creating
a three-dimensional, separated shock structure. The characteristics
associated with vortex breakdown, namely, the formation of a stag-
nation point on the vortex axis, followed by a region of flow rever-
sal and the disruption of the incident vortex, are all observed in the
strong interactions. The bubble shock interacts with the undisturbed
oblique shock and creates a highly complicated, three-dimensional
flowfield. In contrast to the weak and moderate interactions, where
the flowfield is steady, the strong interactions result in an unsteady
flowfield. It is believed that the recirculation region contributes to
the apparent unsteadiness. Once the bubble shock reaches an equi-
librium position, it is found that the location of the bubble shock
oscillates at most by about 0.002 m, which is smaller than the vor-
tex core radius. Without conducting a time-accurate simulation of
this interaction, a determination cannot be made whether the un-
steadiness is physical or is caused as an artifact of the numerical
algorithm. Furthermore, since these calculations are simulated with
the Buler equations, it is surmised that the unsteadiness might be
caused because the Euler equations contain no natural dissipation.

This study has found that the velocity or Mach number deficit
within the vortex plays a significant role in instigating vortex break-
down. Furthermore, it has been determined that traditional vortex
strength parameters such the swirl parameter .S or swirl ratio t are
not adequate to predict the strength of the interaction. Since the ax-
ial Mach number deficit has a profound effect on the interaction, it
was found that S/®3 or 7/ ®? is a better predictor of the interaction.
For example, runs 1 and 3 are at the same Mach number and have
the same value of I'y, but the former results in a weak interaction,
whereas the latter results in a strong interaction. The difference be-
tween these two cases is the Mach number deficit, and one would
expect that the vortex with an axial velocity deficit would result in
a stronger interaction. This trend is predicted by noting that run 3
has a much higher value of A than run 1. In the most general case,
the OSVI depends on the vortex strength, the axial velocity deficit,
freestream Mach number, and the shock strength, and a huge num-
ber of runs will need to be performed to arrive at an adequate vortex
breakdown limit.
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