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Abstract

The unsteady flow structure evolution during an interaction of supersonic under
expanded jet, a blunt body and periodic energy input has been investigated using the free
boundary method on multilevel Cartesian grids with local adaptation based on the wavelet
analysis. The grid is restructured according to the various occurring discontinuities.

Periodic energy input first leads to an increase in body drag (due to energy source
shockwave reaching the body) then to decrease to a level lower than if no energy input was
present. A large amount of discontinuities and their interaction with each other can be
observed. Due to the flow around the body being non-uniform (presence of under expanded
jet and low- pressure chamber), shock waves occurring from energy input become curved.
Shock waves from previous energy inputs interact with those from the next ones and contact
discontinuities, which results in structures similar to the Richtmyer—Meshkov instability.

The flow dynamics are illustrated with a series of images and animations which show the
distribution of density and pressure, stream lines and mesh structure.

Keywords: computational fluid dynamics, free boundary method, Cartesian grids, mesh
refinement, supersonic under expanded jet, periodic energy input.

1. Introduction

One of the methods for improving the aerodynamic characteristics of prospective aircraft is a
controlled influence on the oncoming flow. There are a lot of ways that can be accomplished,
in particular by using energy input localized in a small region. The possibility of remote
energy input into a supersonic flow is confirmed in many experiments [1—4]. The high-
temperature wake is formed behind the energy source with reduced values of the Mach
number, total pressure and velocity, which enables the flow regime altering. If the energy
source and body are of comparable sizes then the flow around the body is quasi-uniform and
drag can be reduced by changing straightforwardly the parameters of the oncoming flow. This
oncoming flow requires large energy expense and is impractical. However, energy input even
in a relatively small space region can lead to restructuring the bow shock wave ahead of the
body. This method of drag reduction is rather efficient.

At this point numerous theoretical and experimental research studies (for instance [1—7]) on
the reduction of wave resistance have been performed. It was shown that energy deposition
into the flow in front of an aircraft’s nose allows reducing the wave resistance by at least
several orders of magnitude due to the formation of a cone- shaped separated flow zone in
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front of the nose. The power consumption at the energy input is significantly less than saving
engine power which is provided by reducing the resistance. Most of the work is devoted to
effects and flow structure.

The majority of the works are concerned with the effects and flow structure occurring during
the steady energy input into a uniform supersonic flow. Work [4] though is investigating the
effects of impulse energy input into a supersonic under expanded jet flowing past a blunt
body. The resulting flow is characterized by spherical plasmoid formation, the discontinuities
generated by it, and their action on the bow shock wave in front of the model. The present
work’s goal is to numerically investigate a similar problem of the interaction of supersonic
under expanded jet, a blunt body and energy input, only the energy input is periodic in
nature.

Since the resulting flow is unsteady due to periodic energy input and has a lot of
discontinuities and their interaction, it makes sense to adapt the grid to the moving features.
For this purpose, multilevel Cartesian grids with local adaptation based on wavelet analysis
are used [8—10]. For local evaluation of the smoothness of the grid function, a criteria based
on wavelet decomposition on local templates is applied, which allows us to clearly see the
location of the discontinuities and large gradients, which in turn helps in the understanding
of flow physics.

The free boundary method [11,12] is used in the present work to simulate the problem
conditions. A Cartesian grid covers both the region of the flow and the area occupied by the
solid bodies. To fulfill the boundary condition on the body surface, compensating fluxes of
mass, momentum and energy are introduced. One of the major advantages of this approach is
the simplicity of grid construction which does not depend on the complexity of the body
geometry.

For a deeper understanding of flow physics, visualization tools such as the animation of
density and pressure fields with stream traces and shadowgraphs are used to illustrate the
flow evolution. They allow us to track the interaction of discontinuities and instabilities.

2. Problem statement

In the experiment [4] a supersonic Laval nozzle and a plasma generator operating on the
principle of a magnetoplasma compressor (MPC) were placed inside the low- pressure
chamber 1 (Fig. 1). The high pressure at the nozzle inlet was created using a compressor. The
pressure at the nozzle inlet was supplied by means of a controlled valve through the nozzle 3.
Power was supplied to the magnetoplasma compressor through a pressurized connector 4.
The MPC storage capacitor 5 was charged by a power source with a maximum voltage of 5 kV.
The energy discharge parameters in the experiment were amperage I,,,,, = 12kA, voltage U =
700 V with discharge current oscillogram displayed on Fig. 1.
The simulation area consists of a low pressure chamber (area 1), a supersonic jet (area 2),
nozzle wall and body (Fig. 2). Simulation area constraints are x € [-12; 4],y € [0; 10]. Starting
parameters are:

1) low pressure chamber,p =1, u=v =0, p=1

2) supersonic jet with M = 2.4, p = 2.684424, u = 2.444169, v=10, p = 2
The body is a cylinder with a diameter D = 1 and length L = 4 with truncated cone head (cone
semi- angle 22.69°, truncated diameter d = 0.5625). The body and the nozzle wall are
represented by the free boundary method [11,12]. The problem statement and conditions are
close to the ones from [4]. The grid has 3 levels, the main grid has a size of 320x200 cells.
The 1st level cells have Ax = Ay = 0.05, the next level the cell size is two times smaller than
the previous one (the second level — Ax = Ay = 0.025, the 3rd level — Ax = Ay = 0.0125) (Fig.
2). As in [9], the model of the Euler equations describing the motion of an ideal compressible
fluid is used which is solved by the finite volume method. In this work, we are more
interested in the discontinuities’ interaction, and at high Re number of experiment [4] and
the energy discharge time, the viscosity effect can be neglected. The algorithm provides a



second order approximation on smooth flow domains. The problem was solved in an
axisymmetric formulation. The numerical algorithm is described in detail in [10] and used
undergoing extensive testing, see [8—10]. The problem was solved in the axially symmetric
formulation.
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Fig. 1. Experimental setup and discharge current oscillogram taken from [4].
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Fig. 2. Calculation area and local adaptive grid structure at an unspecified time.

Energy input is simulated using g component in the energy conservation equation:
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In this paper, the energy discharge from [4] is represented by 3 energy impulses with
constant power g (every impulse has different g). The energy input area is a sphere with a
radius 7 =1 and center at X, = —1.5,y; = 0. Normalized g = 820, derived from ¢q =
0.05Q (5%), E = Lypg, U, Q@ = E/Vgppere- From Fig. 1, we assumed the following periodicity
pattern:

1) 1st impulse t € [0;35mks] q = @

2) 2nd impulse t € [70mks; 105mks] q = q/2

3) 3rd impulse t € [140mks; 175mks] q = q/8



3. Computation results on Cartesian grids with local
adaptation

Animations 1-4 show the flow structure evolution during and after energy input. All results
are illustrated using Tecplot instruments [17]. Animation 1 shows pressure field distribution
with streamtraces. Animation 2 presents the density field distribution. As can be seen from
shadowgraphs calculated with Tecplot and presented on Animation 3, the process is unsteady
and can be characterised by the interaction of a large number of discontinuities. Using such a
visualization tool as a shadowgraph (Laplacian of density, V?p) makes it possible to effectively
compare numerical results with physical experiment. Adaptive grid refinement and
coarsement algorithm can be seen capturing them from Animation 4 which shows grid
structure evolution. Mesh adaptation to the solution is conducted based on density field
analysis. The presented animations allow conducting a comprehensive analysis of the flow
structure evolution, correlating with changes in the computational grid.
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Animation 1 — pressure distribution and streamtraces (left), Animation 2 — density
distribution (right)
6
4
>

-2

o

4

I 2 2
X X
Animation 3 — shadowgraph (left), Animation 4 — grid structure (right)

()
A



[l T [ [T °B [ Emnammn J
‘Mu 22 24 26 28 3 25 Lezg,,uzg-4,1,@_1:,%,2 22 24 26 28 3 |
N

1 ! 1
-6 -4 -2 0 2 4
X X

Fig. 3. Density distribution during underexpanded jet flow (left) and regular supersonic flow
(right) att = 0.

Fig. 3 shows the structure of the flow before energy input. Jet boundary, oblique shock,
expansion waves (characteristic of an underexpanded jet flow [13]) and bow shock wave can
all be seen taking place before the body. The bow shock wave standoff distance is less than in
the case of a regular supersonic flow with the same Mach number (Fig. 3). Due to presence of
a body at this particular distance from nozzle, there is a non- barrel-shaped flow structure
and a Mach disk

At t = 5 ps after the 15t energy impulse starts a spherical shock wave and the contact
discontinuity takes the form of an energy input area moving away from the center (Fig. 4). A
rarefaction wave is formed from the discontinuity boundary and moves toward the center of
energy input area. The energy source of the shock front closer to the body interacts with the
bow shock wave increasing the body drag (Fig. 5).

At t = 12 ps, due to the fact that shock front of the jet energy source closer to it stays in place,
while others continue to radiate from energy source (Fig. 6). The bow shock wave moves away
from the body through the heated gas area. A structure reminiscent of the 2rd type of shock-
impact interaction according to Edney’s classification [14] can be seen inside the shock wave
energy source. A triple configuration takes place on the lateral part of the body.

Fig. 4. Pressure distribution with stream traces at t = 5 ps (left) and t = 12 ps (right) after the
beginning of theist energy impulse.
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Fig. 5. Body drag coefficient during and after energy input.

After the 15t energy impulse of the final energy source, the shock wave front continues to
expand into the low-pressure chamber, but is weakened. After it reaches the boundary of the
jet accelerates leads to the front curves and begins to interact with its own facing front the jet
and the boundary of the jet (Fig. 6). The contact discontinuity of the energy source becomes
unstable due to passage of the jet boundary and also starts to curve. The bow shock wave
continued to move away from the body which leads to decrease in body drag below the level
without energy input (Fig. 5). The shock front of the energy source facing the jet is pushed by
the jet in the direction of the body due to the1st impulse ending. Small vortexes occur in front
of the body, which is a characteristic of the interaction of the input energy with the blunt body
[7] but they don’t stay there and are pushed off the head part due to the periodic nature of
energy input in this work. Fig. 7 shows a satisfactory comparison of numerical simulation and
experiment on the placement of the shock wave and contact discontinuity placement [4].
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Fig. 6. Pressure distribution with stream traces (left) and density distribution (right) at t = 40
us (the1st energy impulse ended).
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Fig. 7. Shadowgraph comparison between numerical simulation (left) and experiment [4]
(right) at t = 40 ps.

The 15t shock energy impulse continues to interact with itself and the jet boundaries as a
result of the 2nd type the Edney configuration. The front of the 2nd energy impulse shock
reaches that configuration and starts to interact with it (Fig. 8). The front of the shock facing
the body reaches the body and is reflected from its raising body drag (Fig. 5).
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Fig. 8. Pressure distribution with stream traces (left) and density distribution (right)
at t = 80 us (10 ps after the beginning of the 2rd energy impulse ).

At t = 107 ps, the 15t energy impulse of the shock front reached the nozzle (Fig. 9). Reflected
the 2nd impulse of energy shock as a bow shock wave, before that it moved away from the
body, lowering the body drag below the level without energy input (Fig. 5). The shock wave of
the 2nd energy impulse starts to interact with the curved discontinuity of the1st contact of the
impulse energy. The small vortex structures continue to occur near the body and get pushed
off from it.
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Fig. 9. Pressure distribution with stream traces (left) and density distribution (right) at t =
107 us (the 2rd energy impulse ended).
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Fig. 10. Shadowgraph comparison between numerical simulation (left) and experiment [4]
(right) at t = 107 ps. Figure 10.

Fig. 10 shows a comparison of numerical simulation and experiment [4] at t = 107 ps. The
shock front of the 2nd energy impulse, facing the jet, and placement are similar, though some
other structures aren’t visible in the experiment which is probably due to inexact
experimental conditions of numerical simulation.

The 3 energy impulse is the weakest of the three, which results in a less shock wave intensity
(Fig. 11). The same trends as the 2nd energy impulse can be seen here, such as interaction with
previous impulse shock fronts, energy shock wave reflection from the body and subsequent
increase in body drag. The shock wave interaction of the 2»d energy impulse with the curved
contact discontinuity of the1st energy impulse results in vortices and structures similar to the
Richtmyer—Meshkov instability [15,16], which can occur at this type of interaction.
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Fig. 11. Pressure distribution with stream traces (left) and density distribution (right) at t =
152 us (12 us after the start of the 314 energy impulse).

In the end, after all the energy impulses have ended, the flow starts to return to its pre-energy
input state (Fig. 12). The bow shock wave takes form, the body drag establishes at a level
without energy input. Structures from the interaction of various discontinuities move away
from the body.
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Fig. 12. Pressure distribution with stream traces (left) and density distribution (right) at t =
316 ps.
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4. Conclusion

The flow structure evolution during the interaction of a supersonic underexpanded jet, blunt
body and periodic energy input has been investigated using the free boundary method on
local adaptive grids with adaptation based on wavelet analysis.The grid is restructured in
accordance with various occurring discontinuities. Grid adaptation allows for significantly
speed up the simulation. A regular uniform grid with the smallest size cells of the adaptive



grid would have consisted of a more than 1 million cells, while the number of adaptive grid
cells didn’t exceed 350 thousand.

The periodic input of energy leads first to an increase in body drag (due to the energy source
of the shock wave reaching the body), then to a decrease to a level lower than if no energy
input was present. A large amount of discontinuities and their interaction with each other can
be observed. Due to the flow around the body being non-uniform (the presence of under
expanded jet and low-pressure chamber), shock waves occurring from the energy input
become curved. Shock waves from previous energy inputs interact with those from the next
ones and contact discontinuities, which results in structures similar to the Richtmyer—
Meshkov instability.

Visualization tools (instantaneous images and animations of gas-dynamic fields, stream
traces and shadowgraphs) provide a deep understanding of the nature and dynamics of flow
evolution and complex processes of shock interaction.
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