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The interaction of an infinite microwave filament and a shock layer is
analyzed numerically on the basis of the Euler system of equations. The
filament is regarded as a heated rarefied channel (heat layer). Flow
details for asymmetrical filament location are researched including the
formation of a new position of the stagnation point and the dependence
of the front drag force on the filament characteristics and location. The
origin of a lift/pitch force in the case of zero angle of attack is discussed.
This force is shown to be a function of the shift value from the sym-
metry axis of the heat layer and the degree of the gas rarefaction in it.
The mechanism of the lift /pitch force origination is revealed. These phe-
nomena are analyzed for blunt and pointed bodies at freestream Mach
number 1.89 and a wide class of values of infinite filament characteristics:
the rarefaction factor and the disposition relative to the body.

1 INTRODUCTION

The effect of heat inhomogeneities on a flow reconstruction over an aerodynamic
body in a supersonic flow has been investigated since the end of the last century
(see the survey in [1] and additional surveys in [2, 3]). In [4, 5], the possibility
of the supersonic flow control by a space-distributed energy supply was pointed
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out. Flow structure reorganization caused by the interaction of the heated rar-
efied channel (or the heated layer) with a shock layer was analyzed in [6]. In [7],
the application of this phenomenon for modeling of the microwave energy effect
on aerodynamic characteristics of bodies for the purpose of the flow control im-
provement was considered. The results of the computation of the asymmetrically
located (relative to a streamlined body) energy release in a supersonic flow were
discussed in [8, 9], including the generation and dynamics of the lift force under
zero angle of attack. Steady flow structures for considered flow modes were ob-
tained and researched in [10]. In this paper, flows over blunt and pointed bodies
are analyzed for an asymmetric filament location relative to the body. The dy-
namics of drag and lift/pitch forces is discussed. The flow modes characterized
by the generation of steady periodic structures are also considered.

2 STATEMENT OF THE PROBLEM

The interaction of a microwave filament with a planar shock layer is numerically
analyzed on the basis of the system of Euler equations for an ideal gas in two
dimensions:

8_U + 8_F + a_G =0
ot  Ox Oy ’
Here,
p fu , pU
U U U
U= ,,Zv ; F= ppul; ; G= pf—mﬂ
Es u(Es +p) v(Es + p)

where p and p are the density and the pressure of the gas; u and v are the z-
and y-components of the gas velocity, Es = p(e + 0.5(u? 4+ v?)), and the units of
measure are: [, = 1071 m, ¢, = 1.6-10~% s, u,, = 6.27-10% m/s. The statement of
the problem is analogous to the authors’ previous work in [7]. The Mach number
of the oncoming flow was 1.89. On the entrance boundary the parameters of the
oncoming flow are used. Reflection (slip) boundary conditions are utilized on the
body surface. A no-reflection boundary condition is applied on the exit boundary.
The energy deposition by the microwave pulse is modeled as the instantaneous
creation of a heated infinite rarefied channel (“filament”). The filament enters
the computational domain at the entrance boundary (z = 0) as a channel of low
density p;, p; = appo for 0 < r < 0.5d. The static pressure and the velocity of the
channel are equal to those of the undisturbed flow. Thus, the channel is regarded
as a heated layer. Nondimensional undisturbed flow parameters corresponding
to the normal conditions are: pg = 1, pg = 0.2, ugp = 1, and vg = 0. The
filament is assumed to arise instantly in the steady flow in front of the bow
shock wave at the time moment ¢;. Space and time filament characteristics are
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Figure 1 Microwave filament (experiment).

in agreement with the parameters of
the heated areas obtained experi-
mentally as a result of microwave
energy injection into the air [7].
A slightly modified difference scheme
from [11] is used. A photograph of
the experimental filament image and
a schematic sketch for the statement
of the computations are presented in
Figs. 1 and 2. The considered flow
parameters are presented in Table 1.

Figure 2 Schematic flow configuration

Table 1 Governing dimensionless parameters

Type Description Definition Value
Mach number M 1.89
Specific heats ratio y 14
Flow Body’s diameter D 0.2
Body’s shape blunt,
(8 — half top angle) pointed (tg 3 = 1.0; tg 3 =1/3)
Degree of gas rarefaction
(density ratio) @e 0406
Diameter d/D 0.127, 0.254
Filament Lengt.h (duration) Al/D oo
Location
(y — the distance between —0.13 (symmetric),
the lower filament y/D 0.08, 0.16, 0.24, 0.4

boundary and the axis
of symmetry)

(asymmetric)
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3 RESULTS

3.1 Specific Features of Flows in the Case of Asymmetric Filament
Location

Figures 3 and 4 present the steady-flow fields of the interaction of the energy
release located symmetrically and asymmetrically towards the blunt body. In
this part, d/D = 0.254. Under the symmetric disposition of an energy source
channel in the steady state, a triangle heated area in front of a body is formed (see
Fig. 3). The warm stream from the heated source enters the triangle area and
is divided in two equal parts at some distance from the body. Each part of the
stream is then convected down along the appropriate lateral body’s surface. The
stagnation point is disposed in the center of the front body’s surface just as in the
case of a flow without channel, the pressure in this point being sufficiently less
under the channel action causing the face drag force reduction. For asymmetric
filament location (if it is placed up from the axis of symmetry), the stagnation
point forms in the lower position than that for the case of the symmetric location
(see Fig. 4). In this point, the pressure value exceeds that for the flow without
the filament by tens of percent. The contact discontinuities form a new triangle
structure, the below contact discontinuity turns near the body and becomes
parallel to the body’s front surface. An additional shock wave with respect
to the symmetrical filament location is generated from the left boundary of the
rarefaction wave with the center in the bottom body’s corner (see Figs. 3 and 4a).
For more rarefied gas in the filament, this shock wave does not appear (see Fig. 4,
right column); the threshold value of the rarefaction degree «, is between 0.5
and 0.6.

In Fig. 5, the averaged dependencies of the relative values of the stagnation
pressure, the drag force and y-coordinate of the stagnation point on the body

14
1.2
1.0 E
0.8+

(a) (b) (0)

Figure 3 Steady flowfields of the interaction of symmetrically located filament with
shock layer from blunt body (density, isochors) (y/D = —0.13): (a) a, = 0.4; (b) 0.5;
and (b) ap, = 0.6
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(®)

Figure 4 Steady flowfields of the interaction of asymmetrically located filament
with shock layer from blunt body (density, isochors): (a) y/D = 0.08; (b) 0.16; and
(¢) y/D = 0.24. Left column refers to a, = 0.4; middle column to «, = 0.5; and right
column to o, = 0.6

over the filament location are presented for different rarefaction degree in the
filament. Here, ps, F', and ys are the stagnation pressure, the drag force, and
the stagnation point coordinate for the flow with filament, respectively, and p?,
FO, and 3? are the similar parameters for the flow without filament.

A face drag force reduction is observed in all cases. A pair vortex structure
generated at the first stage of the energy release / shock layer interaction was
shown to be the reason for the primary drag force reduction [7]. The stagnation
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Figure 5 Dependencies of relative values of stagnation pressure, drag force and
r-coordinate of the stagnation point on the body over the filament location for different
rarefaction degree in the filament : 1 — a, =0.4; 2 — 0.5; and 3 — a, = 0.6
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Figure 6 Pressure on the lower (1) and upper (2) lateral body’s surfaces
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Figure 7 Velocity and density (isochors) fields inside the upper separation area,
y/D =0.4 and a, = 0.5
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Figure 8 Dependence of the lift force over y/D for different values of a,: 1 — 0.4;
2—0.5,and 3 — 0.6

point location on the front of the body is lower and the drag force reduction is
greater for greater values of y/D. These dependencies are linear over the value
of the relative distance from the filament to the axis of symmetry y/D.

Moving the filament up from the axis leads to the overall up shift of the
heated triangle area, and, as a consequence, to opening of a lower part of the
body to the action of a cold supersonic stream (causing a new stagnation point
position). The most part of the stream goes down along the lower lateral surface.
The rest (small) part of this cold flow goes up along the front surface of the body
pressing the warm triangle structure away from this surface. Reaching the upper
corner of the body, this cold flow comes into contact with the warm flow exiting
from the triangle area, turns to the right and then is convected down along the
upper lateral surface, leading to the origination of a separation area. In Fig. 6,
the distributions of the pressure along the lateral body surfaces are presented.
It is seen that at the lower surface, the pressure quickly approaches the static
pressure of the oncoming flow (note that the dimensionless freestream pressure
value is pg = 0.2). On the contrary, at the upper surface, it achieves this value
only at some distance downstream the separation area. Inside this area, the flow
is of a vortex structure (Fig. 7) and the pressure value is less than the freestream
pressure. As a result of this pressure difference, a net vertical force arises which
could be distinguished as a lift force if it were not limited in the spatial domain
of its application. It is more correct to describe it as a pitch force. The lift/pitch
force is a function of a shift value from the symmetry axis of the thermal layer
and the degree of rarefaction in it (Fig. 8). It is seen that within the limits of
investigated parameters, this force rises linearly with the shift distance of the
heated channel from the axis and is approximately inversely proportional to the
degree of rarefaction in the channel.

Let compare stationary flowfields for different shapes of the body (for «,
= 0.4 and 0.6): the streamlining of blunt body (case 1, Fig. 9a) and two cases of

145



PROGRESS IN FLIGHT PHYSICS

Figure 9 Steady flowfields of the interaction of asymmetrically located filament with
shock layer, left column refers to «, = 0.4, and right column to «, = 0.6 (density,
isochors, and pressure, colors): (a) blunt body; (b) tg8 = 1.0; and (¢) tgf = 1/3.
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Figure 10 Dynamics of defining flow parameters, blunt body (I — a, = 0.4, and
2 — a, = 0.6): (a) face drag forces; and (b) lift forces

streamlining pointed bodies with a wedge as a front shape: tg 3 = 1.0 (case 2,
Fig. 9b) and tg 5 = 1/3 (case 3, Fig. 9¢). At Mach number 1.89, in the first two
cases, the initial detached bow shock wave regime (without an energy supply)
is realized; in the last, the initial flow with an attached shock occurs. Here,
y = 0.16D. It is seen that the flow modes for different rarefaction degree are
characterized by different shock structures near the front part of the bodies. The
interaction with the filament shifted to y = 0.16D above the axis of symmetry
leads to a drag force reduction and the development of a lift/pitch force in spite
of the zero angle of attack (Figs. 10 12). Here,

yp+D
F= / pdy7 F‘lift:Fn_Fv
Yo

where y, is the lower body’s y-coordinate, F,, and F, are the drag forces of
the lower and upper body’s surfaces. The dynamics of drag and lift forces for
blunt body (case 1) is presented in Fig. 10 and for the cases 2 and 3 of pointed
body in Figs. 11 and 12. In Figs. 11a and 12a, Fj, and Fy, are the front drag
force components for the bottom and top surfaces of the pointed part of the
aerodynamic body, so F' = Fj, + Fj, . It can be seen that the drag force is
reduced in all the cases examined — at 45.0%, 31.8%, and 8.3%, respectively,
and the drag force reduction is greater for smaller a,. It should also be noticed
that the bow shock wave is weaker inside the heated rarefied channel in all
considered cases. This weakness (calculated on the basis of the density drop on
the shock front) is about 11.8%.

As for lift (pitch) forces for all the cases (see Figs. 10b, 115, and 12b) some
peculiarities are observed between the three cases. Using the blunt body as a
reference, one may see a redistribution of the pressure along the lateral surfaces,
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Figure 11 Dynamics of defining flow parameters, pointed body, tg /3 = 1.0 (the case
of primary detached bow shock), o, = 0.4: (a) face drag forces; and (b) lift forces

0.12 0.04
0 10 [ _\’\\\( 0.03 % total
£.0.08 5002
' . =~ 0011
N , F
0.06 !k\ kn 0.00 -
= ]
0.04 L 1 I I -0.01 L L L L
6 8 10 12 14 16 6 8 10 12 14 16
t t
(@) (b)

Figure 12 Dynamics of defining flow parameters, pointed body, tg 3 = 1/3 (the case
of primary attached bow shock), a, = 0.4: (a) face drag forces; and (b) lift forces

which is especially visible for the second body shape (see Fig. 11b). Here, Fiig
and Fif, are the lift forces formed by the upper and lower lateral surfaces and
the lift force formed by upper and lower surfaces of the pointed part of the
aerodynamic body and Fiis,.,,, = Flist + Flist, - In this case the separation area is
formed on the pointed part of the body. However the lateral force on the upper
surface turns out to become greater than on the lower one, so it decreases the
lift force from the front (pointed) part of the body Fig, . In the third case, the
separation area is not formed, the lateral force on the upper surface is again less
than on the lower one and this gives a positive contribution to the net lift force
(see Fig. 12b). Nevertheless, in this case the lift force Fjg is twice as less than
for the blunt body.

The comparison of the drag and lift forces mean values in the steady state
for the cases 1 3 for different values of the rarefaction degree in the filament is
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Table 2 Characteristics of the drag and lift forces

o F'—F E —F,, F) —Fy, Flittyopa Frige i),
FO L L FR+F  F) Fy
Blunt body (case 1)
0.4 45.0% — — 19.4% 19.4% —
0.6 21.2% — — 9.1% 9.1% —
Pointed body, tg8 = 1.0 (case 2)
0.4 31.8% —-12.3% 76.0% 26.9% —-12.2% 88.4%
0.6 11.2% —8.2% 30.6% 12.1% —5.0% 38.9%
Pointed body, tg8 = 1/3 (case 3)
0.4 8.3% —0.2% 16.8% 11.3% 6.0% 17.0%
0.6 —0.4% 0.1% —0.8% 1.1% 2.9% —0.9%

presented in Table 2. Here, the parameters are related to the according values
in the absence of the filament F}) , F} | F), and F}) (the last force is formed by
the lower surface of the pointed part).

For the blunt body, the values of drag force reduction and the values of lift
forces differ approximately twice for a, = 0.4 and 0.6. Note that for a, = 0.4,
the flow mode with the bottom shock wave takes place and for o, = 0.6, the flow
mode without this shock wave takes place. In case 2, the values of the drag forces
reduction differ in three times and the values of lift forces differ more than in two
times. In case 3, the drag force reduction is still registered (8.3%) for a, = 0.4
and is not registered for o, = 0.6, the values of total lift forces differ in ten times.
Thus, the effects are stronger for smaller o, and with increasing sharpness of an
aerodynamic body, the flow modes with the bottom shock waves become more
preferable for the drag force reduction and the total lift force obtaining, the most
input in these forces being provided by the front pointed parts of the bodies.

3.2 Steady Flow Modes with Periodical Flowfield Structures
Generation

In the case of an asymmetric filament location relative to the body, a specific type
of flowfield was observed near the body’s face. For the particular set of inflow
parameters, steady-flow structures with some oscillations of the parameters in
their structure elements are observed in the area of a cooler gas between the
vertical contact discontinuity and the front surface of the body. Fields of density
(in isochors) and velocity in the steady flow structures with two (y/D = 0.24)
and three (y/D = 0.2) elements are presented accordingly in Figs. 13a and
13b. Depending on the freestream parameters (including rarefied heated channel
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Figure 13 Density (isochors) and velocity in the periodical steady-flow structures
with two (a) and three (b) elements; M = 1.89 and «, = 0.5 [10]
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Figure 14 Density (isochors and colors) in the periodical steady-flow structures with
four elements, M = 1.89, a, = 0.4, y/D = 0.16: (a) blunt body, d/D = 0.127; and
(b) pointed body, d/D = 0.254.
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parameters) the number of elements in these steady structures varies from one to
four. The transverse velocity component generation during the evolution of the
structures shows the possibility of the presence of a tangential shock instability
under these conditions. The mechanism for the generation of these structures is
connected with the multiple reflection of a primary compression wave inside the
flow between the tangential shock and the wall [10]. This mechanism is similar
to that of the generation and forming structures which accompany the Miles
Ribner instability of super-reflection observed experimentally (in a cylinder flow)
in a shallow water [12].

Figure 14 demonstrates steady flow modes with the periodical structures of
four elements generated in the cases of blunt (Fig. 14a) and pointed (Fig. 14b)
bodies (the structure’s characteristics turned out to be weakly dependent on the
filament radius). It is seen that for the same heated channel location relative to
the body (y/D = 0.16) and the same rarefaction degree (a, = 0.4) of the gas in
the filament, the structures in the case of blunt and pointed bodies contain the
same number of the elements (four).
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