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Abstract: A computational study was performed to analyze the flow field of multi-
pulsed laser energy deposition before a Ma 8 bow shock. The interaction process of
multiple blast waves and bow shock was analyzed. The influence of energy
deposition frequency was compared. The results showed that, when the pulse
frequency was lower than 25 kHz, the effects of each blast waves were almost
isolated, and the pressure reduction was limited. When the pulse frequency reached
100 kHz, the superpose effects of blast waves were evident. A serial of wave
transmission, reflection and amalgamation were appeared behind the bow shock,
and greatly changed the shape of bow shock. The time-averaged pressure at the
stagnation point was reduced to 72% of the baseline, which was benefit for the
wave drag reduction.
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1 Introduction

Energy deposition, by injecting focused energy in front of a blunt body to alter the bow shock
structure, was shown to be an effective way of wave drag reduction in supersonic flow [1~5]. Several
studies on this method were carried out in recent years. Levin et al. [6] numerically studied the effects
of energy deposition on aerodynamic drag and heat transfer of blunt body and predicted the limitation
of drag reduction. Zheltovodov et al. [7] carried out a 2D unsteady numerical simulation for a Mach
3.45 flow. The results were compared with Adelgren et al. [8, 9] and Tretyakov et al. [10, 11]
experiments. Riggins et al. [12, 13] numerically compared different wave drag reduction techniques.
The results showed that the method of energy deposition had the greatest drag reduction capability
and highest efficiency. Adelgren et al. [14] carried out a series of experiments to study the influence
of energy deposition on hemisphere in Mach 3.45 flow. The stagnation pressure showed a 40%
reduction. Erdem et al. [15, 16] carried out experiments in Mach 5 flow with arc discharge and
analyzed the effect of different configuration. Sakai et al. [17], Sasoh et al. [18, 19] and Kim et al.
[20, 21] carried out a series of numerical and experimental studied of energy deposition in Mach 2
flow and a 21% drag reduction was achieved in the experiments. Tate et al. [22] developed a non-
equilibrium thermal chemical code to simulate the air ionization, and the interaction of blast wave and
bow shock. Kremeyer [23] and Kremeyer et al. [24] studied the effects of pulsed energy lines on drag
reduction. It showed advantages over pointed energy deposition.

The feasibility and the total effects of energy deposition were detailedly investigated in the previous
studies. However, the interaction process and mechanism of blast wave and bow shock were not fully
understood by now, especially in the multi-pulsed energy deposition condition. The objective of the
present study was to further explore the flow field characteristics of wave drag reduction by multi-
pulsed energy deposition before a cylinder in Mach 8 flow.



2 Flow Model and Numerical Method

A two dimensional flow was modeled based on the experiments [25, 26], in which a Mach 8 flow was
past a cylinder with diameter of 76mm. The flow domain is sketched as Fig.1, where the origin of the
coordinates lies on the stagnation point of the cylinder. The static pressure and temperature at
freestream were 855Pa and 123.5 K, respectively.
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Figure 1: Flow configuration.

In the case of energy deposition, the laser energy was modeled as a sphere with uniformly distributed
temperature and pressure, and was positioned in front of the cylinder on the x axis. The process of
ionization was not considered in the present study.

The energy input by laser spot can be expressed by the following equation:

E = p,C,ATV

where p_ is the freestream density, ¢, is the specific heat at constant volume, A7 is the

temperature increase due to energy deposition, and V is the laser focal volume, which was assumed as
a sphere [27]. A dimensionless parameter was defined to evaluate the relative input energy to the
flow:

E
E=—
E,
where E, is the enthalpy of the local flow field without energy deposition, and can be expressed as:
E, =p.Cc,T.V

Two dimensional simulations were carried out with the commercial flow solver FLUENT. The second
order accurate AUSM scheme was adopted for convective flux term and the first order implicit
method was used for temporal discretization. The gradient reconstruction was based on node Green-
Gauss method. Equations were solved using incomplete lower upper factorization (ILU), in
conjunction with algebraic multigrid (AMG) method. The pressure far field condition was used for
the inflow and outflow, where the Mach number, static pressure and temperature were fixed.

3  Results and Discussion

3.1 Baseline Flow

The flow without energy deposition was simulated first. The grids were uniformly distributed at one
cylinder radius away from the surface, and then stretched along the radial direction with a ratio of
1.02. The grid number was 0.36 million.

Fig.2 showed the computed surface pressure compared with experiments [26]. The computational
results were in good agreement with the experimental data. The theoretical standoff distance A,

according to Ambrosio and Wortman [28] for 2D bow shock was:

Ay = 0.386R-exp(£:\'/|627)




where R was the radius of the cylinder. For the case withM_ =8,R=38mm, A, =15.8mm, the

computed standoff distance was 15.7mm, and its error was about 0.6% compared with the theoretical
value. Fig.3 showed the contours of pressure and temperature, respectively. The pressure and
temperature were increased greatly after the bow shock, which intensified the aerodynamic force and
heating in the head region.
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Figure 2: Surface pressure compared with experimental data.
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Figure 3: Normalized pressure (left) and temperature (right) contours of
baseline flow.

3.2 Energy Deposition Flow

Once the baseline was obtained, an energy spot was deposited upstream of the bow shock. The energy
level was & =10 with the center of the focal zone located on the x axis and 2R away from the
cylinder. Three pulsing frequencies (f=100, 25 and 10 kHz) were studied. The time step was taken as

05e7%s.

3.2.1 {=100kHz

The numerical schlieren images were shown in Fig.4 to demonstrate the flow field structure during
the interaction process.

At the initial stage (a), the first blast wave was formed due to the thermal spot caused by energy
deposition pulse. It expanded and moved downstream towards the bow shock. At t ~ 30us (b), the

leading edge of the first blast wave encountered the bow shock, while the forth blast wave was just
generated. As the blast wave moving forward, the blast wave and the bow shock mutual transit with
each other. Because the temperature inside the blast wave was higher than the surrounding, and the
Mach number was lower accordingly. The transmitted bow shock moved upstream and developed a
convex shape, which was known as “lens-effect”. The leading edge of the blast wave transmitted into
the shock layer. The density behind the bow shock was higher than the heated bubble. With the
proceeding of the blast wave into the bow shock, it was compressed. When the transmitted bow shock
met the trailing edge of the blast wave, additional waves emerged, which was reflected back towards
the cylinder. At t ~ 4045 (c), the first blast wave was fully entered the shock layer and formed a

concaved shell layer. At this moment, the leading edge of the second blast wave began to interact with
the bow shock. At t ~ 44 s (d), the transmitted leading edge of the first blast wave impinged the wall

of the cylinder. The second blast wave was gradually compressed in the shock layer, and its leading



edge was merged with the first reflected shock wave. At t ~50.s (€), the second blast wave was fully
submerged into the shock layer, and was compressed. At t ~ 54,5 (f), the leading edge of the second
blast wave, combined with the first reflected shock wave, stroked the wall and reflected. The two
compressed blast waves were amalgamated and a pair of vortex rings was formed. At the same time,
the bow shock continued moving outward. At t ~ 60.s (), the third blast wave was compressed and
united with the anterior two to form a “mushroom-shaped” region. At t ~ 66,5 (h), the third leading
edge stroked the wall. And all the reflected waves from the wall united and formed a secondary bow
shock liked wave before the wall. At t ~78us (i), the fourth leading edge stroked the wall. After
serials of wave transmission, reflection and amalgamation, the bow shock was transformed into a
cone-shaped shock (j), and the standoff distance of stagnation point was increased to 18.3mm.
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Figure 4: Numerical schlieren image of the flow process at f=100 kHz.

The time-history of the normalized pressure at the stagnation point was shown in Fig.5. The first peak
corresponded to the stage in Fig.4 (d) when the first leading edge of blast wave stoked the wall. After
that, the following expansion wave caused the pressure to decrease. The second peak corresponded to
the stage in Fig.4 (f), which was the combined effects of second blast wave leading edge and reflect
shock wave. The following pressure drop was also the effects of expansion wave. The third and fourth
peaks corresponded to Fig.4 (h) and (i) respectively. The pressure was vibrated because of the
continually striking of compression and expansion waves. The time-averaged pressure at the
stagnation point was 72% of the baseline, which was benefit for the wave drag reduction.
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Figure 5: Time history of the pressure at stagnation point at f=100 kHz.

3.2.2 f=25kHz
When the frequency was reduced, the flow characteristics were quite different from the previous case.
Fig.6 showed the typical moment of the process.
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Figure 6: Numerical schlieren image of the flow process at f=25 kHz.

Fig.6 (a) indicated that, the first blast wave was submerged and compressed by the bow shock like the
previous case, while the next blast wave hasn’t been generated yet. This was because the intervals
between the pulsed were relatively long. When the second blast wave appeared (b), the first
compressed waves rolled up to form a pair of counter-rotating vortex in the shock layer. With the flow
proceeded and reached a quasi-steady state (c), three pairs of vortexes exist behind the bow shock.
The flow field structure was not complicated as the f=100 kHz case, and the superposed effect of
multiple pulses were not evident. Fig.7 showed the time history of stagnation point pressure, it could
be seen that the time-averaged pressure was 91% of the baseline, which was much lower than the
previous case.
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Figure 7: Time history of the pressure at stagnation point at f=25 kHz.

3.2.3 {=10kHz

When the pulse frequency was further reduced to 10 kHz, the effect of each pulse was almost isolated,
as indicated in Fig.8. In the quasi-steady state, only a pair of vortex existed in the central part of the
bow shock, and the previous pair of vortex was slide down along the cylinder wall. The time history
of stagnation point pressure (Fig.9) showed that, the time-averaged pressure was 96% of the baseline,
which was almost the same with single pulsed condition and was inefficient.
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Figure 8: Numerical schlieren image of the flow process at f=10 kHz.
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Figure 9: Time history of the pressure at stagnation point at f=10 kHz.

3 Conclusion

The flow characteristics of multi-pulsed energy deposition before a Mach 8 bow shock were
numerically analyzed. The results showed that, when the frequency was low, as in the case of 10 kHz,
the effect of each pulse was isolated. The disturbance of one blast wave had trivial influence on other
blast waves. The pressure reduction was as low as that in single pulse condition. In the case of 25
kHz, there existed three pairs of vortex behind the bow shock in quasi-steady state. The influences of
blast waves were not superposed, and the reduction of pressure at stagnation point was limited. In the
case of 100 kHz, the interaction of each pulses were evident and the flow field was complicate. The
convex shape of bow shock, the superpose effect of compressed blast waves, and the expansion waves
were the main structures that influenced the pressure fluctuation. In the present case, the stagnation
point pressure was reduce to 72% of the baseline at frequency of 100 kHz and &£ =10, with the energy
deposition position located 2R away from the cylinder.
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