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Featured Application: The shock wave generator developed in this article is easy to operate and reusable. It
can generate high-pressure and high-speed shock waves. Therefore, it can be widely used in the design and
development of various devices, such as shock-driven power generation devices, pipeline obstruction removal
devices, geothermal well productivity enhancement devices, lightweight rock fracture devices for disaster
relief, shock waves soil loosening and hole-fertilization devices that can reduce soil carbon emissions, etc.

Abstract: Wind energy is a kind of renewable energy with great potential for development. This study mainly
investigated the application of shock waves generated by high-pressure gases (wind energy) for generating
energy. In this study, we designed a new supersonic shock wave generator that can be reused without
disassembling and assembling bolts and developed a supersonic shock wave monitoring system. This system
monitored the velocity of the generated shock waves, which was Mach 3-5, and the output pressure was more
than 100 times higher than the input pressure of the shock wave generator tank.Then, we developed a power
generation system driven by supersonic shock waves based on the characteristics of the new shock wave
generator, which can generate high-pressure and high-speed blast waves and can be reused. The shock wave
generator can repeatedly generate high-pressure waves to drive the Tesla turbine and then the magnetic energy
generator for power generation. We established a complete control process for power generation driven by
shock waves by controlling the valve stem. The system can detect the tank pressure, output pressure, gas flow,
rotation speed, voltage, and current during the control process for the performance analysis of power
generation.

Keywords: renewable energy; high-pressure gas; supersonic shock wave; shock wave monitoring system;
power generation system; automatic control process; power efficiency analysis

1. Introduction

The current approach to utilizing wind energy drives power generators by rotating wind
turbines. The entire mechanical-electric facilities to match the generated electricity to the power grid
or meet the power supply specifications of existing tools is very complicated [1,2]. As for existing
wind generation facilities, giant windmills capture wind energy directly but represent only a tiny
proportion of the total cost. The wind is free, but wind power generation is more expensive than
thermal power generation. That is why countries tend to build larger and larger wind turbines [3-5].
Large wind turbines can reduce the unit cost of mechanical and electrical facilities but cause many
other problems. For example, the wind energy conversion efficiency of large wind turbines is low
because the difference between wind farms caused by large blade spans makes it challenging to
optimize blade design; in addition, it is difficult to popularize wind energy because of the stringent
conditions to locate large wind turbines.

Wind turbine blades are critical components in wind power generation; long blades lead to great
twisting forces and high-power generation; thus, it is essential to develop large wind turbines with
high power and long blades [5,7]. On the other hand, the longer the blades of a wind generator are,
the higher it will be and the more space it will take up. According to the American Wind Energy
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Association, from 2000 to 2018, the average height of grid wind generators in the United States
significantly increased from 58 m to 88 m, and the average blade diameter increased from 48 m to 116
m [6,7].

From the perspective of fluid energy, with current technologies, it is much easier to store high-
pressure gases than high-temperature heat because its energy supplements very quickly, unlike
batteries that take a long time to recharge. Moreover, high-pressure gases are easy to store and not
easy to escape, so it is a good option for short-term (compared with chemical energy) energy storage.
It is also challenging to convert compressed high-pressure gases into mechanical energy even with
compressed high-pressure gases. For example, high-pressure molecules in internal combustion
engines move in all directions but not just toward pistons, losing a lot of energy as heat energy.
However, if low-pressure zones are deliberately created in front of high-pressure gases to guide all
the molecules in that direction, it is called a shock wave [8,9]. Shock waves propagating in steady
flows are usually generated at gas interfaces with differential pressure, such as shock tubes and
explosion shock waves [10,11]. Studies on detonation waves generated by explosions have been
conducted for more than half a century, including shock wave reflection, diffraction, the interaction
between shock waves, and the interaction between shock waves and vortices[12-14]; these are
essential bases for safety assessment and disaster prediction techniques in military and industry [15-
18].

The shock wave is a supersonic shock wave when its speed exceeds Mach 1 (the speed of sound,
about 340.3 m/s). Supersonic fluids have been applied in missiles, supersonic vehicles, space rockets,
and operations or experimental research of high-speed vacuum flow. Various research institutions
and industries are currently experimenting with supersonic fluid by using the shock waves generated
by the intense compression of fluid between high-pressure and low-pressure zones. As for the design
of existing devices used to generate supersonic shock waves, firing pins are mainly used to impact
the metal partition (a thin aluminum sheet) between high-pressure and low-pressure zones to rupture
them and create gaps or, the difference between high and low pressures is used to rupture a metal
partition and create gaps so that a large amount of high-pressure gases can rush out of the gap to
generate shock waves [19]. Figure 1 shows the structure of a shock wave generator that uses a striker
to break a metal partition. Figure 2(a) shows a metal partition with a score in the middle. Figure 2(b)
shows a metal partition broken by impact.
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Figure 1. Structure of the traditional shock wave switch.

(b)

Figure 2. Metal partitions used in the traditional shock wave generation device. (a) Metal partitions
with different notch depths, (b) Impact burst.
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This supersonic shock wave generator works as follows: (1) when the high-pressure gases enter
the front and rear sealed parts, due to their equal stressed area and acting force, the balanced valve
stem creates static balance, which can effectively prevent the high-pressure gas from flowing into the
homogeneous jet nozzle and shock tube (Figure 4(a)); (2) the balanced valve stem is driven to move
backward, and the high-pressure gas in the gas storage space is rushed into the homogeneous jet
nozzle and shock tube to cause shock waves (Figures 4(b) and 4(c)); (3) when it works again, the
balanced valve stem is just driven to move forward, so that the inlet of the high-pressure storage tank
is precisely between the front and rear sealed parts of the balanced valve stem, then high-pressure
gases can be input again to prepare to generate shock waves (as shown in Figure 4(a)).

In this study, we first designed a new supersonic shock wave generator structure to solve the
existing problems in devices generating supersonic shock waves. Then, we developed a shock wave
monitoring system to monitor the speed and pressure of the generated supersonic shock waves and
verified the efficiency of repeated operation. Finally, this paper also presents the applications of the
power generation system with supersonic shock waves as the aerodynamic source using the
characteristics of the new shock wave generator, which can recurrently generate supersonic shock
waves. We have developed an experimental system for supersonic shock wave-driven power
generation, which can monitor and analyze power generation efficiency through automatic control
and automatic measurement of the shock wave-driven power generation process.

2. Design of a New Shock Wave Generator

This study proposed a new supersonic shock wave generator [20] comprising a high-pressure
storage tank and a balanced valve stem (as shown in Figure 3). Gas storage space was arranged on
the outer ring inside the high-pressure storage tank and is joined with a high-pressure gas inlet unit
by a pin. An inner cylinder is set in the center of the gas storage tank to connect with the outside
world, and there is an inlet in front of the inner cylinder to connect with the gas storage space. A
homogeneous jet nozzle is arranged at the front end of the high-pressure storage tank, and the front
end of the nozzle is joined with a shock tube by a pin. The balanced valve stem is in the inner cylinder
of the high-pressure storage tank, with a front and rear sealed part. The rear end is jointed with a
stem driving device by a pin, which can drive the valve stem forward and backward in the inner
cylinder by gas pressure.
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valve stem

) space storage tank
inlet ‘ /
homogeneous [ ] v

11

jet nozzle

inner cylinder

72,
¥~ rear sealed part i\
front sealed |

bart i | stem driving
T 4 device
inlet ‘
gas storage
space

Figure 3. Structure of the new supersonic shock wave generator.

This supersonic shock wave generator works as follows: (1) when the high-pressure gases enter
the front and rear sealed parts, due to their equal stressed area and acting force, the balanced valve
stem creates static balance, which can effectively prevent the high-pressure gas from flowing into the
homogeneous jet nozzle and shock tube (Figure 4(a)); (2) the balanced valve stem is driven to move
backward, and the high-pressure gas in the gas storage space is rushed into the homogeneous jet
nozzle and shock tube to cause shock waves (Figures 4(b) and 4(c)); (3) when it works again, the
balanced valve stem is just driven to move forward, so that the inlet of the high-pressure storage tank
is precisely between the front and rear sealed parts of the balanced valve stem, then high-pressure
gases can be input again to prepare to generate shock waves (as shown in Figure 4(a)).


https://doi.org/10.20944/preprints202404.1927.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1927.v1

o ' E— = At
(b) (c)

Figure 4. A schema presenting the working of the supersonic shock wave generator. (a) The gas
storage space is filled with high-pressure gases to make the balanced valve stem static and balanced;
(b) The balanced valve stem moves backward to allow gas circulation between the gas storage space
and jet nozzle; (c) The high-pressure gases are rushed into the homogeneous jet nozzle and shock tube
to generate shock waves.

This shock wave generator may have the following advantages: (1) there is no need to notch the
metal partition and to disassemble screw locks and a large number of joint bolts, which is easy and
can reduce the labor cost; (2) the shock wave generation process needs no manual intervention, which
can reduce the experimental failure rate and improve the shock wave generation efficiency; (3) no
foreign matters and debris are rushed into the shock tube with airflow, which can improve the safety
of the operator and reduce the need for equipment maintenance; and (4) after shock waves are
generated, as long as the high-pressure storage tank is filled again, the generator can generate shock
waves again. Hence, this generator makes supersonic shock wave generation experiments repeated
dozens to hundreds of times each day and helps to design the automatic control architecture of the
continuous shock wave generator, for example, the application in the power generation systems
driven by supersonic shock waves.

3. Supersonic Shock Wave Monitoring

This section may be divided by subheadings. It should provide a concise and precise description
of the experimental results, their interpretation, as well as the experimental conclusions that can be
drawn.

3.1. Monitoring System Architecture

To verify the function and efficiency of the new shock wave generator, a supersonic shock wave
monitoring system was developed in this study to monitor the speed and pressure of the generated
shock waves. Figure 5 shows the shock wave monitoring system architecture. The black line
represents the gas, the red dotted line represents the signal, and the blue line represents the fluid. The
functions of all components in the system architecture are described as follows:

(1) Shock wave generator: it is a device used to generate supersonic shock waves.

(2) Activation control valve: it is controlled by the monitoring host and is used to activate the shock
wave generator to generate supersonic shock waves.

(3) Shock tube: it is a cylindrical steel tube with water as the carrier, and the shock waves generated
enter the steel tube to move and reflect quickly.

(4) High-pressure gas supply unit: it is used to generate high-pressure gases and provide gases to
the shock wave generator to generate shock waves. It can be an air compressor or a high-pressure
gas cylinder.

(5) Inlet valve: it is used to control high-pressure gases entering the gas storage tank of the shock
wave generator.

(6) Input pressure gauge: it is used to monitor the pressure of the gases entering the gas storage tank
of the shock wave generator.

(7) Output pressure gauge: it is a mechanical pressure gauge with residual pressure used to monitor
and display the maximum pressure in the shock tube.

(8) Front-end pressure sensor: it is a high-pressure and high-speed pressure sensor installed at the
front end of the shock tube.
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(9) Rear-end pressure sensor: it is also a high-pressure and high-speed pressure sensor installed at
the rear end of the shock tube.

(10) Water inlet valve: it is used to assess and control whether to input water into the shock tube and
is installed below the shock tube.

(11) Water source: it provides water for the shock tube and is used as a water bucket or tap.

(12) Exhaust drainage valve: it is a control valve installed at the top of the shock tube for exhaust or
drainage, so the shock tube is filled with water when water flows out of the valve.

(13) Drainage tank: it is used to receive water or gases from the exhaust drainage valve.

(14) Drainage valve: it is a control valve for removing residual water from the shock tube.

(15) Signal transformation unit: it is a data acquisition and control card for acquiring pressure signals
measured by the front-end and rear-end pressure sensors and then transmitting them to the
monitoring host for processing. It also transmits the command of the monitoring host to the
activation control valve to activate the shock wave generator to generate supersonic shock waves.

(16) Monitoring host: it is a personal computer that executes LabVIEW monitoring software. Through
the signal transformation unit, the monitoring host commands the activation control valve to
activate the shock wave generator to generate supersonic shock waves. On the other hand, it
synchronously acquires the pressure signals measured by the front-end and rear-end pressure
sensors. It then calculates and analyzes supersonic shock waves' movement speed and output
pressure in the shock tube.

Monitoring
host Gas line
(LabVIEW
Software) | 00— —————- Signal line
Flow line
Fmo—m oo > Signal

———————————————— » transformation unit

High-pressure
gas supply unit

le____| Activation
Shock control valve
Inlet valve wave
generator Input pressure
gauge

| Frontend | = | ﬁ Exhaust
pressure sensor ® drainage valve
c
k A
Output
————
T pressuré gauge | prainage tank
u
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Figure 5. The architecture of the shock wave monitoring system.

3.2. Numerical Simulation of the Shock Wave Monitoring

For the numerical simulation of supersonic, high-temperature, and high-pressure flow fields in
a long cylindrical shock tube [21], this study uses a multi-block grid approach, using CFD
(computational fluid dynamics) code based on the control volume method and the preconditioning
method for solving Navier-Stokes equations to model compressible and incompressible coupling
problems. We define the inviscid flux vector F in the standard conservation form as follows:
pV
pVv, + pt

-

F= vay +pJ
pl7vz + pE

lpVE + pl7J

)
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where g is the density, V is the velocity vector, v, vy, and v: are the velocity components in the x, y,
and z directions respectively, p is the pressure, E is the total energy per unit mass, and the relationship
between E and the total enthalpy H is H = E — p/o, where H = G, T + V?/2, C; is the constant pressure
specific heat and T is the temperature. This system is closed by the equation of state, which usually
has the form o=p(p, T). The low diffusion flux splitting method of AUSM+ is used here [22], then the
inviscid interface flux Fi2 in the x direction can be decomposed into the sum of the convection
contribution Ff;, and the pressure contribution F{ /2> where the subscript 1/2 represents the center

of the grid, and the convection term Fy,, and the pressure term FEZ can be defined as follows:

[v] [

Ff, = (012 |V VD= (pvx)l/zl 0 j )
0
0

vZ
Hijivq
In the convection term Fj),, if the interface mass flux (Qvx)12 is non-negative, then the state i is

selected for the column vector (1, vx, vy, vz, H)T; if ( ovx )12 is negative, then state i+1 is selected. The
interface quantities (ovx)i2 and pi2 are defined as follows:

(pv1y2 = aqp2 (pimI'/z + Pi+1m1_/2) 3)

P12 = PG (M)p; + Pisy(Miypivr (4)

Among them, a1 is the interface sound speed, Mi is the MACH number, Mi = vxi / a1z, and m{ /2
and my,, are defined as follows:

mi,, = My (M;) + Mgy (M) (5)

mij, =5 (Mip2 + My 2]) 6)

PGy and P, inequation (4) are both fifth-degree polynomials of M, and their definitions are as

follows:
b (M E12QF M) £ =MM? - 1)% M| < 1 o
® ﬁ(M + [M|), otherwise

M{,y and Mg, in equation (5) are both fourth-degree polynomials of M, and their definitions

are as follows:
1 2

NECEAES!
) %(M + |M|), otherwise

Next, we use the following Navier-Stokes equations as governing equations:

0 - = -

S wda+ [f[F-G]-dA=0  (9)
where (2 is an arbitrary control volume, A is the surface area, W is the dependent vector of

conservative variables, G is the viscous flux vector in the standard conservation form, Wand G are
defined as follows:

p 0
A
w=|pw|, G=| T (10)
psz Tzi
pE TV + 4

In the preconditioning method, we convert the governing equations defined by the conservative
variable W into the form defined by the primitive variable Q = (p, v, vy, v, T)T, as follows:

T2 [ff Qav + [f[F - G]-dd=0 (11)

where I' is the preconditioning matrix, which is based on the matrix proposed by Choi and Merkle
[23] and further expanded by Weiss and Smith [24]. T is defined as follows:
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o+— 0 0 0 -2
Vy (0 + R_lT) p 0 0 B prﬁ
r= n(e+2) o p 0 -7 @
v, (0 + R_lT) 0 0 p _%
H(o+7)-1 e v v, |G- (F)]]

where R is the gas constant, and @ and H are defined as follows:

0=—F-= (13

Ul a2

Ufer = min{a®, max([V|%, K|V, |*)} (14)

H= C,T +5 (2 +v,2 +1,2)(15)
where | V1 is the local velocity, | V«I is the fixed reference velocity, a is the speed of sound, and K is a
constant. The Weiss-Smith preconditioner is formed by adding the vector O[1, vy, vy, v-, T]T to the
Jacobian matrix OW/0Q, where W is a vector of conservative variables. In this study, K is fixed at 0.25,
and the eigenvalues of I"'A (A=0F/0W) are v, vx'+a', where v« is the velocity component in the x
direction, and

v' ta = §|(1 + M2, v, + a\/(l - M,Zef)zM2 +4MZ, (16)
2 Urzef
Mref = 7 (17)

3.3. Development of the Shock Wave Monitoring System

Figure 6 shows the entity of a supersonic shock wave monitoring system prepared according to
the system architecture in Figure 5. In the entity monitoring system, we used an air compressor as
the high-pressure gas supply unit and set the gas pressure at 5 kg. Moreover, Model 113B23 pressure
sensors that can measure gas with high pressure and high speed are adopted as the front-end and
rear-end pressure sensors [25], with the resonant frequency > 500 kHz. The pressure sensing
(Pmin ~ Pmax) ranging from 0 psi to 15000 psi (equivalent to 0 kg/cm? to 1054 kg/cm?), the output voltage
(Vmin ~ Vimax) of the two pressure sensors ranging from 0 V to 7.5 V, and the distance (Ad) between the
two pressure sensors is 35 cm. The signal transformation unit uses NI USB-6341 X Series data
acquisition and control card [26], with a sampling rate of 500 KS/s and input-output channels (pins)
including 16 Als, 24 DIOs, and 2 AOs. In this monitoring system, two analog input channels (AI0 and
All) are used to acquire the pressure signals measured by the front-end and rear-end pressure
sensors, respectively. A digital output channel (PA00) transmits DO commands to the activation
control valve.
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Figure 6. Entity of the shock wave monitoring system.

In this study, we used the LabVIEW graphical language [27-29] to develop the monitoring
software for the shock wave monitoring system. Figure 7 shows the startup screen of the monitoring
software.

D:AShock wave data.xls

Figure 7. Startup screen of the monitoring software.

The monitoring system's sample number and sampling rate are shown in the upper left of the
screen. Function buttons such as "Activate,” "Clear curves," "Read curves," and "End" are shown in
the lower left of the screen. The "Activate" button activates the generation and monitors shock waves.
The "Clear curves" button can clear the screen's pressure curve and measurement parameters. The
"Read curves" button displays the pressure curve data saved previously. The final "End" button ends
system execution.

In the middle of the screen is a pressure curve chart showing the measured pressure curves.
There is an output data file path that users can set at the bottom center of the screen; a monitoring
result display zone is located on the right side of the screen to display the monitored data and the
calculated result of shock wave speed and shock wave pressure.
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3.4. Experimental Analysis of Supersonic Shock Wave Monitoring

The shock wave monitoring results are shown in Figure 8, the upper left corner shows that the
sample number 7 of this monitoring system is 100000 points (Pt), and the sampling rate #s is 100000
Pt/sec, namely, the sampling time t; of each Pt is 1/100000 sec. Buffered sampling [26] was adopted in
this study. At a sampling rate of 100000 points per sec, the pressure values of 100000 points measured
at each end were collected (lasting for 1 sec) to draw the pressure curve.

q Frontarve (7

D:\Shock wave data.xls -

Figure 8. Shock wave monitoring results.

The pressure curve chart in the middle of the screen shows two curves in blue and red. The blue
curve represents the front-end pressure curve, while the red curve represents the rear-end pressure
curve. The system automatically displays the pressure pulses with the maximum peak (namely, the
first measured shock wave) in the center of the chart. In this chart, a blue (front-end) pressure pulse
appears first, followed by a red (rear-end) pressure pulse (we can ignore noises with slight pressure),
indicating that the shock wave first passes through the front-end pressure sensor and then the rear-
end pressure sensor. After that, a red-pressure pulse follows another red-pressure pulse, giving rise
to another blue-pressure pulse. This phenomenon indicates that after passing through the rear-end
pressure sensor for the first time, the shock wave reaches the bottom of the shock tube and reflects;
the reflected shock wave first passes through the rear-end pressure sensor and then the front-end
pressure sensor.

The measurements and calculated parameters in the monitoring result display zone on the right
side of Figure 11 are analyzed from top to bottom as follows:

(1) Maximum voltage measured: the maximum peak voltage of the pressure pulse measured appears
at the peak, where "Chl Max" represents the maximum voltage (vsna) of the front-end pressure
curve (channel 1), and "Ch2 Max" represents the maximum voltage (vrma) of the rear-end pressure
curve (channel 2). At this point, vfmx = 6.756V and v = 6.728V.

(2) Location with the maximum pressure: "Chl Max Pos" represents the location (lfmx) with the
maximum value of the front-end pressure curve, and "Ch2 Max Pos" represents the location (lrmax)
with the maximum value of the rear-end pressure curve. At this point, lfu«x = 8959 Pt, and lnmax =
8983 Pt.

(3) Distance and time differences between both ends: the distance Ad between the front-end pressure
sensor and the rear-end pressure sensor was 0.35 m, and the system calculates the time difference
At of two pressure pulses based on the difference between the rear end and the front-end in
positions of the maximum pressure, namely,

At = (lrmax - lfmux) X ts

(18)

Therefore, At = (8983 - 8959) x 0.00001 =24 x 0.00001 = 0.00024 sec, where ts is the time of each sampling
(0.00001 sec).
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(4) Shock wave velocity and Mach: the shock wave velocity in the x direction can be calculated by
dividing the distance between the front end and rear end by the time difference between the shock
wave passing through the front-end and rear-end sensors, namely, shock wave velocity vx (m/sec)

was calculated as follows:
Ox = Ad / At

(19)
Therefore, v+ =0.35 m / 0.00024 sec = 1458.33 m/sec. In addition, because Mach 1 (Ma) was about 340.3
m/sec, the shock wave velocity Mx in Mach was calculated as follows:

Mz = Ux / 340.3 = 1458.33 / 340.3

429  (Mach)

(20)

(5) Input pressure and output pressure: we fixed the input pressure pis at 5 kg/cm? in the shock wave
monitoring. However, the maximum peak voltage of the pressure pulse measured appears at the
peak. Therefore, the output pressure pout of the shock wave was calculated from the maximum
peak voltage (V) of the front-end pressure pulse or the maximum peak voltage (Vipea) of the
rear-end pressure pulse. The equation is as follows:

Vpeak = max ( preak, Vrpeak)

@)

V. —Vmi
—peal_min (Pmax - Pmin)

Pout = Pin T

Vmax—Vmin

(22)

Since Vipeak = 6.756V and Vipeak = 6.728V, 50 Vpeak = 6.756V. And Vinin = 0V, Vinar = 7.5V, Pmin = 0 kg/cm?
and Puax = 1054 kg/cm?, therefore the calculated output pressure pout = (6.756V / 7.5V) x 1054 kg/cm? =
945.51 kg/cm?. We can compare the output pressure of the shock wave measured by this monitoring
system with the value measured by the magnetic output pressure gauge on the shock tube for
verification. The data measured by the output pressure gauge on the shock tube are shown in Figure
9. The values shown by the red pointer in Figure 9(b) were all about 945 kg/cm?, verifying the pressure
measured by this monitoring system.

Figure 9. Pressure change, as shown by the magnetic output pressure gauge. (a) Before shock wave
monitoring; (b) After shock wave monitoring.

(6) Magnification ratio: the pressure magnification ratio 7y is the ratio of the output pressure pou to the
input pressure pir, namely

Tp = Pout / Pin

(23)

Therefore, pressure magnification ratio r, = 945.51 / 5 = 188.3 (times).
In this study, 20 shock wave monitoring experiments were conducted. We fixed the input
pressure at 5 kg, and the system calculated the time difference (Af) between the front and rear ends,
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velocity (vx), Mach (Mx), output pressure (pour), and magnification ratio (ry) in each experiment. The

statistical results are shown in Table 1. The sequence numbers of experiments are not arranged in

order in this statistical table because we rearranged the statistical results from small to large according
to the speed. According to Table 1, for the 20 shock wave monitoring experiments, the average speed
was 1480.33 m/s and equivalent to Mach 4.36, the maximum average pressure was 943.31 kg/cm?, and
the average magnification ratio was 188.7 times. On the other hand, the table also shows that the
shock wave speed was proportional to the maximum pressure generated; the higher the speed, the

higher the pressure will be.

Table 1. Statistics of shock wave monitoring results.

No. | At(s) |vx(m/s)| Mx(Mach) |pou (kg/cm?) Tp

1 10.00025 | 1400 4.12 935.7 187.14
2 10.00024 |1458.33 4.29 942.85 188.57
3 10.00024 |1458.33 4.29 943.27 188.65
4 10.00027 | 1296.3 3.81 906.01 181.2
5 10.00027 | 1296.3 3.81 908.49 181.7
6 10.00021 |1666.67 49 964.94 192.99
7 10.00022 |1590.91 4.68 956.19 191.24
8 10.00022 |1590.91 4.68 956.57 191.31
9 10.00022 [1590.91 4.68 956.01 191.2
10 | 0.00023 |1521.74 4.48 951.92 190.38
11 | 0.00026 |1346.15 3.96 931.17 186.23
12 1 0.00025 | 1400 4.12 938.37 187.67
13 1 0.00026 [1346.15 3.96 926.23 185.25
14 | 0.00026 [1346.15 3.96 928.19 185.64
15 | 0.00021 |1666.67 49 965.08 193.02
16 | 0.00022 |1590.91 4.68 957.25 191.45
17 1 0.00022 |1590.91 4.68 958.81 191.76
18 1 0.00022 [1590.91 4.68 958.75 191.75
19 10.00023 |1521.74 448 950.7 190.14
20 | 0.00025 | 1400 4.12 939.33 187.87
Avg| 0.00024 {1480.33 4.36 943.31 188.7

4. Design of a Power Generation System driven by Supersonic Shock Waves

4.1. System design

We designed and developed a power generation system with supersonic shock waves as the

aerodynamic source based on the developed shock wave generator. Figure 10 shows the architecture

of the power generation system driven by supersonic shock waves.
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Figure 10. The architecture of the power generation system driven by supersonic shock waves.

The functions of the components in the system architecture in Figure 11 are described as below:

(1) Shock wave generator: it comprises a high-pressure storage tank and a balanced valve stem.
When the balanced valve stem moves backward and the gases in the high-pressure storage tank
reach the set pressure, the generator can generate shock waves that rush out of the
homogeneous jet nozzle.

(2) Valve stem controller: it can drive the balanced valve stem of the shock wave generator forward
and backward. When the balanced valve stem moves backward (ON), the generator generates
a shock wave, and high-pressure gas rushes out to drive the Tesla turbine to rotate. When the
balanced valve stem moves forward (OFF), the output of high-pressure gases stops.

(3) Gas source: it is a high-pressure gas cylinder or an air compressor that provides high-pressure
gases for the high-pressure storage tank of the shock wave generator.

(4) Regulator: it can adjust the gas pressure output from the gas source.

(5) Flow detector: it detects the gas flow f; delivered from the gas source to the high-pressure gas
storage tank. The flow signals detected can be transmitted to the monitoring host through the
signal transformation unit.

(6) Tank pressure detector: it can detect the gas pressure p: in the high-pressure storage tank of the
shock wave generator. The pressure signals detected can be transmitted to the monitoring host
through the signal transformation unit.

(7)  Output pressure detector: it can detect the gas pressure pooutput from the shock wave generator.
The pressure signals detected are transmitted to the monitoring host through the signal
transformation unit.

(8) Tesla turbine: the turbine can rotate through the impact of shock waves and high-pressure gas
and can continue to rotate after the high-pressure gas stops through its energy storage inertia.
The rotated turbine can rotate the rotating rod and then drive the magnetic energy generator to
work.

(9) Rotation speed detector: it can detect the rotation speed s: of the rotation rod. The speed signals
detected are transmitted to the monitoring host through the signal transformation unit.

(10) Magnetic energy generator: it comprises a rotating permanent magnet and a stationary coil. The
rotating rod rotates to rotate the magnet to cut magnetic lines and generate power. According
to the principle that magnet motors can rotate sustainably due to magnetic action, it can
supplement the heat consumed by friction, increase the continuous high-speed magnet rotation
time, and improve the power generation efficiency.

(11) Power control unit: it can convert the alternating current generated by the magnetic energy
generator into direct current and provide it to the power output unit.
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(12) Voltage detector: it can detect the voltage V» of power generated by the magnetic energy
generator. The voltage signals detected are transmitted to the monitoring host through the
signal transformation unit.

(13) Current detector: it can detect the current I, of power generated by the magnetic energy
generator. The current signals detected are transmitted to the monitoring host through the
signal transformation unit.

(14) Power output unit: it contains an energy storage battery and a load unit. The load unit is a light
bulb box containing five parallel light bulbs. Users can turn each light bulb on or off. The power
provided by the power control unit can charge the energy storage battery or directly supply the
power required by the load unit.

(15) Signal transformation unit: it is an Advantech USB-4711A multi-functional high-speed signal
acquisition and control card [30]. It can transmit signals measured by the tank pressure detector,
output pressure detector, rotation detector, and power control unit to the monitoring host for
processing. It further transmits driving commands from the monitoring host to drive the valve
stem controller.

(16) Monitoring host: it is a personal computer that executes LabVIEW monitoring software. It
receives the signals of tank pressure, output pressure, rotation speed, and power voltage. Then,
it sends the control signals to drive the valve stem controller to carry out the control process of
power generation driven by supersonic shock waves.

The developed power generation system entity, according to the system architecture in Figure

10, is shown in Figure 11. Figure 12 shows the light bulb box with three bulbs turned on.

Magnetic
“—energy generator

Shock wave generato: rotation rod
Valve stem controllery
Regulator—_ =& = Tesla turbine

Tank pressure
detector

Output
pressure detector

Flow detector

Turned off bulbs

Light switches

Figure 12. A light bulb box with three bulbs turned on.

4.2. Shock waves-driven control process

In this study, we developed the automatic monitoring software in the LabVIEW graphical
language [23-25] for the power generation system driven by supersonic shock waves. Figure 13
shows the control process of this software. The symbols used in this control process have the
following meanings: (a) Pumin: the lower threshold of pressure in a high-pressure storage tank; (b) Srmin:
the lower threshold of rotation speed; (c) Ta: the delay time for high-pressure gas output. The control
process consists of four stages: setting, storage tank gas-filling, shock wave and gas
output, and rotation speed detection, which includes seven steps. Step (1) is in the setting stage,
steps (2) and (3) are in the storage tank gas-filling stage, steps (4) and (5) are in the shock wave and
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gases output stage, and steps (6) and (7) are in the rotation speed detecting stage. This control
process automatically monitors the shock waves-driven power generation experiments [31,32].

—-
setting ’ (1) Setting parameters: Pimin, Srmin, Td ‘
v
storage (2) Put high-pressure gases into the
tank storage tank
gas-
filling
No
Yes
(4) Generate shock wave and output
shock high-pressure gases, start Ty timing
wave and

>

Continue Tq4 timing VV

gases
output
(5) T4 timer ends
(6) Stop the output of high pressure
gases

>
-

Y

speed | Wait for s, to drop
detection

(7) S < Srmin ?

Figure 13. The control process of shock waves-driven power generation.

4.3. Power generation experiments and analysis

Figure 14 shows the execution screen of the supersonic shock wave-driven power generation
monitoring software. This monitoring software can execute the automatic control program shown in
Figure 15. The control parameters set by the user are displayed in the upper left corner of the
execution screen in Figure 16, such as the minimum tank pressure (Punin), minimum rotation speed
(Srmin), and delay time (T4), where Pimin = 3.5 kg/cm?2, Srmin = 1200 rpm, Ta =2 Sec. The square light "Low
pressure” on the left side of the screen indicates whether the tank pressure is too low (p: < Pumin), the
red light means too low, and the green light means sufficient; the square light "Low rotation" indicates
whether the rotational speed is insufficient (sr < Smin ). The circular light "Activation” represents the

activation of shock wave output. The sampling rate, elapsed time, and number of data records are
displayed at the bottom of the screen.
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Minprossure 35 kpfem”  Activation 6 |Sec
Min Rotation 1.5 | Krpm Stable_10_|See

Tank pressure | | 055 ksien?
.

Low :
pressure ] ‘ \ ‘|
5 | iF fl w

<" R,

W e ek ok sio S e im 100 100 foioeg
rotation

. Output pressure| | 25 kefem®
oy
H

B2 mA

Activate

I=]
isggaggzég a5

i oo 000 sk oba sn 1000 100 o0 106 OGS
Sample rate | 0.2 |Sec i n[24.6 Jsce E =l 1091 _|records Time unit| 0.2 Sec

Stop


https://doi.org/10.20944/preprints202404.1927.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 April 2024 d0i:10.20944/preprints202404.1927.v1

15

Figure 14. Execution screen of the power generation monitoring software.
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Figure 15. Display screen of power generation monitoring experiment results.

During the monitoring process of the shock-driven power generation, the system will
automatically capture six measurement data, including the storage tank pressure p:, output pressure
po, rotation speed s, gas flow rate f;, voltage V), and current Iy, at a sampling rate of once every 0.2
seconds. The curves of these measurement data will be displayed in the six curve graphs in the center
of the screen in Figure 17. From the comparison of the tank pressure p: curve and the output pressure
po curve, we can see that the pr can be inflated to about 5 kg/cm? > Puin = 3.5 kg/cm? each time (steps
(2) and (3) in Figure 14). After the shock wave, po will first appear a steep wave (pulse), and then the
output pressure of about 0.5 kg/cm? will last for 2 (T4) seconds. During this time, pt will drop to a low
point (steps (4) and (5)). At this time, if sr = Srmin, wait for sr to drop. When sr < Smmin, inflate again and
re-enter the next cycle (steps (6) and (7)). We can see from the speed curve in the screen that the system
controls the speed s: of the connecting rod at around 1200 rpm (Srmin), and the speed s determines the
size of the output voltage V. When the monitoring process is completed, the system will
automatically save the set parameters and all measured curve data to the file for subsequent power
generation performance analysis.

Figure 15 shows a display screen of the results of a power generation monitoring experiment.
This screen displays six curves from top to bottom; they are the curves of pressure (including yellow
storage tank pressure p: and red output pressure po), gas flow rate f;, rotation speed s, voltage Vj,
current Iy, and power Ep, where Ey = V} - I,. The X-axis of each graph is in the same time sequence.
Users can simultaneously scroll the X-axis display range of the six graphs through the sliding bar on
the upper right side of the screen to observe the power generation performance in each period.

We mark five time points A, B, C, D, and E on the X-axis of Figure 17. The A-B period is the
power generation period when no load (0 bulbs) is turned on at the power output end, while the B-
C, C-D and D-E periods are the power generation periods when 1, 2 and 3 light bulbs are turned on
respectively. It can be seen from the I, curve in the figure that the I, and E, in the A-B period (0 bulb)
are both zero, while the I, and E, in the 1-bulb, 2-bulbs and 3-bulbs periods gradually increase,
indicating that the greater the load (the greater the number of light bulbs), the larger both I, and E,.

Table 2 shows the average values of relevant monitoring data in each period, where fsaug+, 7s-avg-k,
foavgk, Vp-avgk, Ip-mgk, and Epagk (k =0, 1, 2, 3) are the average value of the shock frequency, rotation
speed, flow, voltage, current and power in the period that k bulbs are opened. The statistical results
in Table 2 show:
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fs-avg-0 < fs-avg1 < fs-avg2 < fsavg-s  (24)
Ts-avg-0 > I's-avg-1 > Ts-avg2 > Is-avg3  (25)
fg-avg-0 < fgavg1 < fgavg2 < fgavgs (26)
Vp-avg0 > Vpavg1 > Vpavg2 > Vpavgs  (27)
Ip-avg-0 < Ip-avg1 < Ip-avg2 < Ip-avgs (28)
Ep-avg-0 < Ep-avg1 < Ep-avg2 < Ep-avg-3 (29)

Table 2. The average values of relevant monitoring data in each period.

period 0-bulb 1-bulb | 2-bulbs | 3-bulbs
foavgk (Hz) 0.42 0.54 0.68 0.81

Ts-vg-k (TPIM) 1262.52 | 1243.65 | 1204.34 | 1170.82

fe-wgk (L/min) 143.83 176.79 197.15 233.27

Vi-wogk (V) 28.38 26.79 25.46 24.44
Ip—avgfk (mA) 0 51.33 98.63 143.26
Ep-mgx (mW) 0 1375.71 | 2514.68 | 3501.15

Based on the statistics of the above monitoring results, we can analyze the performance of this
shock wave-driven power generation experiment as follows:

(1) It can be seen from equation (7) that when the number of light bulbs that are turned on increases,
the frequency of the generated shock waves also increases, which means that the more the load,
the greater the aerodynamic force that needs to be supplied.

(2) Equations (8) and (10) show that the load becomes larger when the number of bulbs increases.
Although the rotation speed is still controlled near Smin(1200 rpm), it still decreases slightly as the
number of bulbs increases, so the output voltage also gradually decreases.

(3) Equation (9) shows that when the number of bulbs increases, to maintain a fixed speed, more high-
pressure gas needs to be consumed so that the flow rate will increase significantly, and the more
bulbs, the higher the gas flow rate.

(4) Equations (11) and (12) indicate that when the number of light bulbs increases, both Ip-ws and Ep-ag
become larger. When users turn on a light bulb, its average load resistance Rl-avg-1 is calculated
as follows:

Rl-avg-l = Vp-avg-l/ Ip-avg-l =26.79 / 0.05133 = 521.92Q2

(5) When turning on 2 or 3 bulbs connected in parallel, if R1, Rz, and Rs are bulb resistors, Rz and Ris
represent the load resistance of 2 bulbs and 3 bulbs connected in parallel. We can express the load

resistors Rz and Ris as expressions (13) and (14) (since Ri=R>=Rs):
V V V 2V R

=t —=———=> R, = LAY
R|2 Rl Rg R1 2 2 (13)
\% V \% V 3V Ry
=t —+ —=— = Ry = ——
Ris Ri  R2  Rg Ri "l (14)

The average load resistance Riag2 and Riag-3 are calculated as follows:

Ri-awg2= Vp-aog2 [ Ipavg2 =25.46 [ 0.09863 = 258.14Q) = Ri-wg-1 / 2 = 260.96Q

Ri-avg3= Vpags [ Ip-avgs =24.44 / 0.143260 = 170.60Q = Riag1/ 3 =173.97Q

This calculation result is consistent with the relationship between Equation (13) and Equation
(14), showing that the average error of the monitoring results of this experiment is tiny.

5. Conclusions

In this paper, we propose the design of a new supersonic shock wave generator as a solution to
the problems in traditional supersonic shock wave generators. The shock wave generator mainly
comprises a high-pressure storage tank and a balanced valve stem. When the balanced valve stem is
moved backward, a gas outlet is created on the high-pressure storage tank to allow a large amount
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of high-pressure gases to rush out rapidly to generate a shock wave. Then, the balanced valve stem
is moved forward to close the gas outlet, and the high-pressure gases are inputted into the high-
pressure storage tank once again. Therefore, the balanced valve stem can move backward again,
generating another shock wave. Moreover, to verify the functions and efficiency of this new shock
wave generator, a supersonic shock wave monitoring system was developed in this study to monitor
the speed and pressure of the generated shock waves. The shock wave monitoring experiments by
the system to verify that the new supersonic shock wave generator has the following characteristics:
(1) saving workforce and material resources: thin aluminum sheets need not be used, so it is
unnecessary to disassemble screw locks and a large number of joint bolts; (2) high security: the thin
aluminum sheets need not be broken, which reduces risks for operators; (3) high operation efficiency:
the shockwave generation efficiency is very high, for there is no need to replace thin aluminum sheets;
(4) repeatable operation: as long as the high-pressure storage tank is re-filled with gases, it can
generate supersonic shock waves repeatedly; (5) it can generate supersonic shock waves of Mach 3 to
4; and (6)it can generate high-pressure shock waves with a magnification ratio of 100 times.

On the other hand, this research further utilizes the characteristics of a new type of shock wave
generator that can generate high-pressure shock waves and has repeatable operation to design a
power generation system using supersonic shock waves as a source of aerodynamic force. We have
developed a shock wave-driven power generation experimental system. This system can execute the
control program of shock wave-driven power generation, repeatedly generating high-pressure shock
waves to rotate the Tesla turbine and then drive the magnetic energy generator to generate electricity.
In the shock wave-driven power generation experiment, we turned on different numbers of parallel
lamp loads and automatically monitored and plotted 7 data curves. They are storage tank pressure
p, output pressure p,, rotation speed s, gas flow rate f;, voltage V), and current I, and power E,.
Through observing and calculating these data curves, we can carry out the performance analysis of
the shock wave-driven power generation experiment. The analysis results show that: 1. The output
voltage V} is proportional to the rotation speed s, so controlling this s- can determine the V. 2. When
there is no load (the number of bulbs is 0), the output current I, and power E;, are zero. 3. The more
light bulbs are turned on, the greater the I, and E, generated. 4. The more light bulbs are turned on,
the greater the required gas flow f;, and the higher the frequency f: of the shock wave. 5. The voltage
Wy, current I, and resistance R monitored and calculated by the power generation laboratory can all
comply with the relevant circuit analysis laws for different numbers of parallel light bulb loads.

Through the results of this shock wave-driven power generation experiment, this study can
verify the feasibility of using supersonic shock waves as a source of aerodynamic force for the power
generation system.

6. Patents

(1) Hu, M. S. and Su, R. H., Generating device for supersonic shock waves (R.O.C. New Patent No.
M553377).

(2) Hu, M. S, Su, R. H,, Hsu, U. K. and Tai, C. H., Power generation system driven by dual-cycle
supersonic shock waves (R.O.C. Invention Patent No. 1700432).

(3)Su, R. H,, Chung, L. Y,, Hu, M. S. and Jia, Z. M., Geothermal well productivity enhancement
method and system (R.O.C. Invention Patent No. 1601874).

(4) Hu, M. S. and Su, Y. L.,Pipeline obstruction clearing device using supersonic shock waves (R.O.C.
New Patent No. M646343).

(5)Hu, M. S, Su, Y. L. and Chen Yang, Z. G., Lightweight supersonic shock wave hard ground
excavator (R.O.C. New Patent No. M615448).

(6) Hu, M. S., Su, Y. L., Portable supersonic shock wave rock crusher, (R.O.C. New Patent No.
M608193).

(7YHu, M. S,, Su, Y. L., Tsai, S. H. and Hsu, U. K., Supersonic shock wave soil loosening and hole
fertilization device (R.O.C. New Patent No. M646343).
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