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งำนวิจัยนี้มีวัตถุประสงค์เพื่อศึกษำสมรรถนะและกำรประยุกต์ใช้งำนของอุปกรณ์ผลิตลำเจ็ทที่ถูก
สร้ ำงขึ้ น โดยใช้ ชุ ด ขั บ จำกแม่ เหล็ กไฟฟ้ ำ และใช้ พ ลั งงำนไฟฟ้ ำเป็ น ต้ น ก ำลั งในกำรผลิ ต ล ำเจ็ ท
อุป กรณ์ผลิตลำเจ็ทถูกออกแบบและถูกสร้ำงขึ้นโดยใช้หลักกำร Impact driven method อุปกรณ์
ผลิ ต ล ำเจ็ ท สำมำรถผลิ ต ล ำเจ็ ท ได้ ทั้ งแบบ Impulsive jet และแบบ Semi-continuous jet จำก
กำรศึกษำสมรรถนะของอุปกรณ์ต่อกำรผลิตลำเจ็ทแบบ Impulsive jet และแบบ Semi-continuous
jet พบว่ำ เมื่อขนำดรูหัวฉีด และควำมถี่ของสัญญำณที่ส่งให้เครื่อง Power amplifier เพิ่มขึ้นจะทำให้
ควำมเร็วและควำมดันกระแทกของลำเจ็ทเพิ่มขึ้นแล้วลดลง นอกจำกนี้เมื่อแรงดันไฟฟ้ำ และระยะ
Travelling distance เพิ่มขึ้น ควำมเร็วและควำมดันกระแทกของลำเจ็ทเพิ่มขึ้น ในขณะที่ควำมเร็ว
และควำมดัน กระแทกของล ำเจ็ท ลดลงเมื่อปริมำตรของลำเจ็ทเพิ่มขึ้น จำกกำรศึกษำอิทธิพลของ
Non-Newtonian fluid jet ต่อควำมเร็วและควำมดันกระแทกของล ำเจ็ท พบว่ำ ชนิดของ NonNewtonian fluid ไม่มีนั ยสำคัญต่อควำมเร็วและควำมดันกระแทกของลำเจ็ทในอำกำศ ในขณะที่
ชนิดของ Non-Newtonian fluid jet มีผลกับควำมเร็วและควำมดันกระแทกของลำเจ็ทในน้ำ จำก
กำรศึกษำกำรประยุกต์ใช้ลำเจ็ท พบว่ำ อุปกรณ์ผลิตลำเจ็ทที่สร้ำงขึ้นสำมำรถใช้ในกำรส่งถ่ำยยำได้
โดยระยะกำรเจำะของลำเจ็ทใน Polyacrylamide gel จะขึ้นอยู่กับควำมเร็ว และควำมดันกระแทก
ของลำเจ็ท ในขณะที่กำรแพร่กระจำยของลำเจ็ทขึ้นอยู่กับปริมำตร จำกกำรประยุกต์ใช้ลำเจ็ทในกำร
เจำะกระดูก พบว่ำ ควำมลึกของรูเจำะในกระดูกเพิ่มขึ้นเมื่อปริมำตรของลำเจ็ทและจำนวนครั้งในกำร
เจำะเพิ่มขึ้น จำกกำรเจำะ 80 ครั้งจะทำให้ควำมลึกมีค่ำเท่ำกับ 4.52 mm ซึ่งมีค่ำอัตรำส่วนของควำม
ลึกต่อปริมำณของเหลวที่ฉีดเข้ำไปเท่ำกับ 0.113 mm/mL สำหรับกำรศึกษำกำรเจำะหินด้วยลำเจ็ท
พบว่ำ ควำมลึกของรูในหินทรำยเพิ่มขึ้นเมื่อจำนวนครั้งในกำรเจำะเพิ่มขึ้น บริเวณพื้นผิวของหินทรำย
ที่ถูกเจำะจะเกิดกำรเสียหำยแบบ Shear และแบบ Tensile ขึ้นจำกกำรศึกษำอิทธิพลของขนำดท่อต่อ
ควำมเร็ว และควำมดันกระแทกของลำเจ็ทพบว่ำ ขนำดท่อไม่มีนัยสำคัญต่อควำมเร็ว และควำมดัน

III
กระแทกของล ำเจ็ ท สุ ดท้ ำยเป็ น กำรศึ กษำชุด ผลิ ตล ำเจ็ท แบบ Semi-continuous jet โดยตัว ขั บ
แม่เหล็กไฟฟ้ำ ชุดผลิตลำเจ็ทแบบ Semi-continuous jet สำมำรถผลิตลำเจ็ทที่มีควำมเร็ว และควำม
ดันกระแทกสูงสุดเท่ำกับ 54.58 m/s และ 9.89 MPa ตำมลำดับที่ควำมถี่ของสัญญำณที่ส่งให้เครื่อง
Power amplifier เท่ ำ กั บ 50 Hz จำกกำรศึ ก ษำกำรประยุ ก ต์ ใช้ ง ำนชุ ด ผลิ ต ล ำเจ็ ท แบบ Semicontinuous jet พบว่ำ อุปกรณ์สำมำรถนำไปประยุกต์ใช้ในกำรส่งถ่ำยยำแบบไม่ใช้เข็มได้เช่นเดียวกับ
อุปกรณ์ส่งถ่ำยยำแบบไม่ใช้เข็มในเชิงพำณิชย์ ดังนั้นอุปกรณ์ผลิต ลำเจ็ทใช้ชุดขับจำกแม่เหล็กไฟฟ้ำ
และใช้ต้น กำลังจำกกำรสะสมพลังงำนไฟฟ้ำสำมำรถประยุกต์ใช้ในงำนทำงด้ำนวิศวกรรม และงำน
ทำงด้ำนกำรแพทย์ได้ในอนำคต
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This research aims to study the performance and applications of high speed liquid
jet, which was generated by electromagnetic actuator and using electric power storage
for jet generation. The jet generation device was designed and manufactured based on
impact driven method. The device can produce both impulsive jet and semi-continuous
jet. From the study on the performance of impulsive jet and semi-continuous jet
generation, it was found that the jet velocity and impact pressure increased and
decreased when the orifice diameter of nozzle and the frequency of signal supplied to
power amplifier increased. Moveover, the jet velocity and impact pressure increased
when the capacitor voltage and travelling distance increased, whereas they decreased
as increasing of the liquid volume. From the study on the influence of Non-Newtonian
fluid jet on jet velocity and impact pressure, it was found that types of Non-Newtonian
fluid had not significant effect on jet velocity and impact pressure in the air. While
types of Non-Newtonian fluid jet has significant effect on jet velocity and impact
pressure in water. From the study of the jet applications, it was found that the jet
generator device can be applied for drug delivery. The distance of penetration of the
jet in Polyacrylamide gel depended on the jet velocity and impact pressure, whereas
the dispersion distance depended on liquid volume of the jet. From the jet application
for the bone drilling, it was found that the hole depth in the bone increased as the
liquid volume of the jet and the number of jet pulses increased. The maximum depth
was 4.52 mm at 80 jet pulses, which has the depth per liquid volume ratio of 0.113

V
mm/mL. For the study of the stone drilling, it was found that the hole depth in the
sandstone increased when the number of jet pulses increased. The shear failure
mechanisms and tensile failure mechanisms were generated on the surface of
sandstone. From the effect of the inside diameter of pipe on jet velocity and impact
pressure, it was found that the inside diameter of pipes had the insignificant effect on
jet velocity and impact pressure. Finally, the study of semi-continuous jet generated by
electromagnetic actuator was conducted. The maximum jet velocity and maximum
impact pressure of the semi-continuous jet was 54.58 m/s and 9.89 MPa, respectively,
at the 50 Hz of frequency signal supplied to power amplifier. For the medical
application of semi-continuous jet, it was found that the device can be applied for
needle free jet injection as same as the commercial needle free jet injection devices.
Therefore, the jet generation device created by electromagnetic actuator and using
electric power storage can be applied for engineering works and medical work in the
future.
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CHAPTER 1
INTRODUCTION
1.1 Background
Over the past decades, high speed liquid jets have been successfully applied to
many engineering applications, e.g., jet cleaning, jet cutting, mining and tunneling [13], and fuel injection for combustion [4]. Recently, the attention of high speed liquid
jets has been focusing on medical applications (micro jet surgery, needle-free jet
injection, bone drilling) [5-7] and underwater applications (marine’s surface cutting
and sea drilling) [8] by successfully adopting knowledge from early studies of the high
speed liquid jet. Thus, further study for higher efficiency, lower costs, and also other
applications still be consistently performed.
A very famous technique to generate the high speed liquid jet was firstly invented
by Bowden and Brunton in 1958 [9, 10]. The technique was based on a momentum
transfer of a high speed projectile launched by an explosive power. This technique was
so-called impact driven method (IDM). The achievement of this pioneer study has
motivated the numbers of researchers and scientists to investigate its applications.
Recently, many high speed liquid jet generation techniques have been developed.
Moreover, the power sources for the high speed liquid jet generation can be classified
into five methods: 1) explosive power, 2) compressed gas power, 3) compressed liquid
power using the high pressure pump, 4) spring power, and 5) electric power.
Following the work of Bowden and Brunton [9, 10], O’ Keefe et al. [11] and
Pianthong et al. [12, 13] successfully applied explosive power to generate high speed
liquid jet. O’ Keefe et al. [11] developed an impact-driven method (IDM) to generate
the hypersonic water jet. The nozzle was made from steel which has 30o of core angle.
When the projectile velocities of 0.714 - 1.90 km/s impacted the Laxan piston and
water inside the tube, water was then driven into the nozzle. A jet was set up and
generated vertically by an explosive power. The flow behaviors of the generated
hypersonic jet were observed such that the hypersonic water jet was generated at a
maximum velocity of 4.58 km/s (Ms 13.43).
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In 2002, Pianthong et al. [13] studied water jet and diesel jet behavior. The IDM
through a vertical single-stage powder gun was used to generate supersonic jet.
Geometric parameters, e.g., nozzle diameter (d), internal cone angle ( ) and nozzle’s
depth (l) were found to affect the jet structures and behaviors. It was found that at l/d
of 4 the maximum jet velocities are 2,150 m/s and 2,195 m/s for water jet and diesel
jet, respectively. Internal cone angle also affected the jet velocity such that the cone
angle of 40° and 24° produced the maximum velocity for water jet and diesel jet,
respectively. Even though the explosive power can generate very high speed jet up to
hypersonic level, but it may difficult to operate and require essential attention for
safety issue. Moreover, it is hard to control the jet speed at a specific velocity level.
In 2007, Matthujak et al. [14] introduced the jet generation launched by
compressed gas, a less dangerous power source to study the characteristics of high
speed liquid jets by holographic interferometry and high speed video camera was
reported. The jets were generated by vertical two-stage light gas gun, which could
generate projectile velocity and water jet velocity of 300 m/s and 1.09 km/s,
respectively. The behaviors of the shock wave inside the nozzle and fire ignition of
liquid fuel jets were clarified, and the supersonic jet of Ms 3.21 is achieved.
Recently, Zhenguo et al. [15] investigated rock erosions as resulted by
supercritical CO2 jet in 2016. The supercritical CO2 jet was generated by increasing
the temperature of the CO2 gas until it reached the supercritical state. Supercritical
CO2 jet was appeared more efficient than water jet for slim-hole drilling and hydraulic
fracturing.
Alternatively, the compressed liquid can be used as a power source to generate a
high speed liquid jet by applying the high pressure pump to compress the liquid
volume. In 2013, Dehkhoda and Hood [16, 17] studied granite and marble’s failure
caused by liquid jet impingement. A high pressure piston pump was used to compress
and forced liquid volume to flow quickly into a nozzle. The high pressure liquid was
then accelerated, and the liquid jet was formed through the nozzle. This study found
that the parameters, frequency, and length of the jet were found to affect the rock’s
failure.
It is seen that the high speed liquid jet can be generated by applying the explosion
power, the compressed gas power, and the compressed liquid power. However, the
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disadvantage of these methods is complex and difficul to control the jet velocity. They
took a long time to generate the liquid jet for next operation. Moreover, the
dimensions of the jet generation device are immense and may not be appropriate for
practical applications.
Then, the spring power source was introduced for a smaller jet generation device.
Simon et al. [18] and Schoubben et al. [19] applied spring power to generate a liquid
jet for the needle-free jet injector. The liquid jet was generated by the shrinking and
stretching of spring to drive liquid inside the nozzle. The velocity of the liquid jet is
directly related to the distance of spring stretch. This method needs fewer device
components, a smaller dimension, more economical system, and simple to operate.
Unfortunately, there are some restrictions for using spring power to generate the liquid
jet, e.g., reduced flexibility in adjusting the jet velocity and low life-cycle due to the
fatigue of spring. The spring’s fatigue can cause the deviation of jet velocity from its
original condition. Due to the limitation of spring power, low impact pressure, and low
velocity of the liquid jet are generated compared to the other power sources. Hence, it
is limited for a few applications, such as the needle-free jet injector.
The technique using electric power to generate high speed liquid jet has been
developed to increase the flexibility in the jet velocity control. In 2007, Stachowiak et
al. [20] invented a new energy source for jet generation using electric power and
piezoelectric as the actuator to eliminate the disadvantages of gas power and spring
power as mentioned above. The liquid jet of this device was generated by supplying
electric power to the piezoelectric actuator, which makes piezoelectric stretching about
17.4 ± 2 m at 150 V. The resulted stretching force drives a piston rod and the piston
moves to push the liquid inside the nozzle. The jet velocity can be controlled by
adjusting the supplied voltage to the piezoelectric actuator. Unfortunately, the volume
of liquid for jet generation is minimal at Nano-liter degree. Therefore, the application
of this device is limited, and the continuous jet may not be generated.
A more recent technique using electromagnetic power was further developed. In
2012, Taberner et al. [21] invented an electromagnetic actuator for the jet generation
to eliminated the disadvantages of using a piezoelectric actuator proposed by
Stachowiak et al. [20]. This idea was to replace the piezoelectric actuator by an
electromagnetic actuator. The principle of interaction between the electromagnetic
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field and the permanent magnetic field was applied to generate the liquid jet. The
magnetic fields interaction resulted in axial the movement of the electromagnetic
actuator. The electromagnetic actuator then drived the piston and the liquid inside the
nozzle. It was found that the electromagnetic actuator could generate a jet velocity of
100 - 200 m/s by adjusting the voltage supply to the actuator. The jet velocity of this
device was less invariable and the maximum liquid volume of 0.3 mL could be
contained. Later in 2015, Chang et al. [22] applied the electromagnetic actuator with
an installed micro-controller to study the extraction of protein and glucose under the
pork skin. It was found that the electromagnetic actuator satisfactory extracted
concentration of protein and glucose. However, the device was installed with a
sophisticated control system, expensive, and required high technical expertise for
operation.
It can be seen that an electromagnetic power for generating high speed liquid jet
provides many advantages over the other power sources [21], e.g., smaller dimension,
less dangerous, less expensive, and greater endurance. Moreover, it can generate
continuous jet efficiently. Those advantages of the electromagnetic powered jet can
lead to increase in performance and extend its performance for practical applications.
However, in the past, only needle-free jet injection was focused to be application from
electromagnetic power source. Therefore, the objectives of this study are to investigate
the performance and applications of high speed water jet generated from a proposed
jet generation device powered by electromagnetic power. Effects of voltage (Vc),
travelling distance (xt), orifice diameter of nozzle (d), liquid volume (VL), signal
frequency (f) on jet velocity (Vj) and impact pressure (P) were studied and discussed.
Moreover, the behavior of water jet injected inside pipe in air and submerged water
and effect of Newtonian and non-Newtonian liquid jets were investigated. Finally, the
device is preliminary studied for medical and engineering applications.

1.2 Objectives
1.2.1 To design and build jet generation device powered by electromagnetic
power, which can generate impulsive and semi-continuous jet.
1.2.2. To investigate the performance of a high speed jet generated by an
electromagnetic actuator.
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1.2.3 To study the potential to apply in medical works.

1.3 Scope of the work
1.3.1 Jet generation device powered by electromagnetic power, which can
generate impulsive and semi-continuous jet, is designed and built.
1.3.2 The velocity of water jet in air generated by electromagnetic actuator is
about 100-200 m/s.
1.3.3 PVDF pressure sensor used for impact pressure measurement is built and
calibrated.
1.3.4 Effects of voltage (Vc), travelling distance (xt), orifice diameter of nozzle
(d), liquid volume (VL), signal frequency (f) on jet velocity (Vj) and impact pressure
(P) are investigated.
1.3.5 Behaviors of water jet injected inside pipe in air and submerged water and
effect of Newtonian and non-Newtonian liquid jets are studied.
1.3.6 Medical works, e.g., needle free jet injection and bone drilling are
preliminarily studied.

1.4 Research methodology
1.4.1 Literatures about the liquid jet, power source of jet generation, also
advantage and disadvantage of power source are reviewed
1.4.2 Jet generation device powered by electromagnetic power is designed,
developed and manufactured for impulsive and semi-continuous jet generation by
impact driven method.
1.4.3 Attempt at generating liquid jets in air at 100-200 m/s and in water is
performed. Many test conditions and liquid jet types (Newtonian and Non-Newtonian
liquids) are applied.
1.4.4 Effects of voltage (Vc), travelling distance (xt), orifice diameter of nozzle
(d), liquid volume (VL), signal frequency (f) on jet velocity (Vj) and impact pressure
(P) are investigated.
1.4.5 The pressure sensor is designed, manufactured and calibrated to measure
impact pressure.
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1.4.6 The effect of various high speed liquid jets (Newtonian and Non-Newtonian
liquids) in air at various stand-off distances from the nozzle exit on impact pressures
are measured by the pressure sensor.
1.4.7 The effect of various high speed liquid jets (Newtonian and Non-Newtonian
liquids) in air and water at various stand-off distances from the nozzle exit on impact
phenomena are thoroughly investigated by the pressure sensor and visualization.
1.4.8 Needle free jet injection and bone drilling is preliminarily studied.

1.5 Benefit of this study
1.5.1 Jet generation device powered by electromagnetic power, which can
generate impulsive and semi-continuous jet, is invented.
1.5.2 The dominant parameters on the jet velocity and jet impact pressure in air
and liquid are understood.
1.5.3 The knowledge from this study can provide the preliminary data for medical
applications.

CHAPTER 2
THEORIES AND LITERATURE REVIEW
2.1 Generation of high speed liquid jet
Many decade ago, the high speed liquid jet was generated by the impact driven
method (IDM) [9, 10], which is the famous technique. This method used a high speed
projectile impacts the liquid inside the nozzle. Thus, this technique is the momentum
exchang of a projectile, and then transfers to liquid inside the nozzle. The pressure of
liquid inside the nozzle is rapidly high, which make liquid rapidly move out of the
small orifice diameter of a nozzle, then the liquid jet is injected at high speed level.
The popular energy storage for generating the high speed projectile are: 1) explosive
chemical 2) compressed of springs and 3) compressed of gas. Each of energy sources
has different advantages and disadvantages.

2.2 Conservation of momentum
By considering the impact situation shown in figure 2.1, the liquid jet velocity can
be estimated by applying momentum conservation. Assume the impact velocity (V0) of
the high density polyethylene (HDPE) projectile is 1,100 m/s. The projectile mass (m)
is 0.47 g. After impact, the projectile is attached to the rear surface of the liquid packet
and its average velocity (V1) may be assumed to be reduced to 400 m/s, then it
extrudes the liquid packet through the nozzle orifice. Also, the penetration depth (L) is
assumed to be 8.0 mm.
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Figure. 2.1 Jet generation by impacting of a projectile [23]
The variation in momentum of the projectile (ΔMp) is

MP

m VP

m V0 V1

(2.1)

L
Vav

(2.2)

This takes place in time of Δtj of

tj

L
1
V0 V1
2

The momentum of the liquid jet is

Mj

m Vj

tj

2

A2V j

L
Vav

(2.3)

Using conservation of momentum, the variation in the projectile momentum is
equal to the jet momentum, ΔMp = Mj.

m VP

2

A2V j V j

L
Vav

(2.4)
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Therefore the exit jet velocity can be derived as

Vj

m VP Vav
L
2 A2

(2.5)

Where ρ2 = 1,200 kg/m3. A2 is the cross-sectional area (d = 2 mm) of the nozzle
orifice, m = 0.47 g is the mass of the projectile, V0 = 1100 m/s, V1 = 400 m/s, and L = 8
mm.

2.3 Technique of liquid jet generation
A technique for high speed liquid jet generation was first invented in 1958 by
Bowden and Brunton [9]. The high speed liquid jet was generated in order to study
surface deflections caused by jet impact. The technique was based on a momentum
transfer of a high speed projectile launched by an explosive power as shown in figure
2.1. This technique was so-called impact driven method (IDM). The impact driven
method was divided into 3 sub-methods. There were direct impact driven method
(DIDM), indirect impact driven method (IIDM) and driven method (DM).
The direct impact driven method (DIDM) is the classical method of jet generation
as shown in figure 2.2. It can generate the liquid jet by the direct impact of a projectile.
The liquid is contained inside the nozzle chamber and the end of the nozzle, which is
closed by neoprene disk. When the project impacts on the surface of the neoprene
disk, the neoprene disk was broken. It affects that the projectile moves into the nozzle
chamber and the liquid inside the nozzle chamber is drove out the orifice diameter of
nozzle as the jet. The distance between the projectile and a piston is so-called the
travelling distance (Xt).

Projectile

Nozzle
Liquid

Figure 2.2 Direct impact driven method (DIDM)
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The Indirect impact driven method (IIDM) is similar the DIDM, but the neoprene
disk of the DIDM is replaced by a piston as shown in figure 2.3. When the projectile
impacts on the surface of the piston, the piston moves into the nozzle chamber and the
liquid inside the nozzle chamber is drove out the orifice of nozzle as the jet.

Projectile

Nozzle
Liquid

Piston

Figure 2.3 Indirect impact driven method (IIDM)
The driven method (DM) is the travelling distance equal 0 mm or the projectile is
connected with a piston as shown in figure 2.4. When the project moves, the piston
moves into the nozzle chamber and the liquid inside the nozzle chamber move out the
orifice of nozzle as the jet.

Projectile

Nozzle

Piston

Liquid

Figure 2.4 Driven method (DM)
2.4 Speed of sound
Speed of sound [24] is the moving distance of sound in any intermediary at 1
second as shown in table 2.1. Normally, the sound speed in air at 25 °C is 346 m/s and
it is changed when the temperature of intermediary change as same as other gases. The
sound speed of solid depends on density of other solids. The high speed of sound
relates with the density of solid. The sound speed (a) can be calculated by equation
2.6.
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c
ρ

a

(2.6)

Where
c is the coefficient of stiffness

is the density

Table 2.1 Sound speed of other intermediary at 20 °C [24]
Intermediary

Sound speed (m/s)

Air

343

Water

1,480

Ice

3,200

Glass

5,300

Steel

5,200

Lead

1,200

The sound speed of gas can be calculated by equation 2.7.

aideal

RT

gas

(2.7)

Where
R is gas constant (287.05 J/(kg.K))
T is absolute temperature

The sound speed of liquid can be calculated by equation 2.8.

a fluid

K

(2.8)
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Where
K is a diabatic bulk modulus
is density of liquid

2.5 Back pressure
Back pressure (Px) [25] is the fluid flow resistance inside the nozzle tube, which
depends on distance of fluid moving inside the nozzle tube (l), the friction of piston
surface and wall surface (f). If the back pressure is initially equal to the supply
pressure (P0), there is not flowed through the nozzle. As the back pressure decreases,
this flow is initially subsonic throughout the nozzle. Under these circumstances, the
pressure on the exit plane of the nozzle (Pe) remains equal to the back pressure and the
Mach number on the exit plane is less than 1. In this region of operation, a reduction in
back pressure produces an increasing of mass flow rate ( m ). This type of flow
continues to exist until pack pressure is reduced to the critical pressure (P*)
corresponding to supply pressure, i.e., until:

P*
P0

2

1

1

(2.9)

Where
P0 is the stagnation pressure at the exit
When back pressure decreases to this value, the Mach number on the exit plane
becomes equal to 1. Further reductions in back pressure have no effect on the flow in
the nozzle, i.e., back pressure remains equal to critical pressure, the mass flow rate
remains constant and the Mach number in the exit plane remains equal to 1. Since Pb <
Pe in this state, the expansion from exit pressure to back pressure takes place outside
the nozzle through a series of expansion waves, the flow then resembling that shown
in figure 2.5.
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Figure 2.5 Flow near the exit to a convergent nozzle when Pb is less than the P* [25]
The back pressure throughout the tube length of nozzle (Px) can be calculated by
assuming the isentropic and one dimension flow. The exit velocity is used for
calculating the exit Mach number by equation 2.10.

Ve

M e ae

(2.10)

Where

a e is the sound speed at the exit of nozzle
Use the exit Mach number finding the 4fle/D from the relations of one dimension
adiabatic flow with friction.
Calculate the 4flx/D, which lx is the distance between the nozzle tip and the piston
tip.
Calculate the 4flx-e/D using equation 2.11.

4fl x-e /D = 4fle /D - 4fl x /D
Where
f is friction factor
D is diameter of tube, m

(2.11)
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Use the 4flx-e/D finding the Px/P* from the relations of one dimension adiabatic
flow with friction. P* was instead in Px/P*= 4flx-e/D. Therefore, the back pressure at the
piston tip (Px) was found.
2.6 Power sources of jet generation
The popular energy sources for generating the high speed projectile are gun
powder, springs Compressed of gas and electricity.
2.6.1 Gun powder
The gun powder in the container will increase the pressure, which makes
the projectile movement. When the projectile is moving out of the launch tube, the
exhaust gas is removed at the section of pressure relief. The process of high speed
projectile generation can be described as shown in figure 2.6.

x=0

(1)
(2)

(4)

(7)

(3)

(5)

(6)

(8)

Figure 2.6 Diagram of high speed projectile by gun powder [23]
(1) A bullet is sparked at the end.
(2) Begin burning the gunpowder inside the shelling.
(3) From the burning of gunpowder causes the increasing pressure inside
the shelling.
(4) The pressure inside the shells is about 14-68 MPa.
(5) The projectile begins moving due to the influence of the pressure inside
the shelling.
(6) The projectile has started the friction with the movement.
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(7) The final of gunpowder burning.
(8) The projectile moves more distance and the pressure inside the shell is
decreasing, because the volume at the back of projectile increases.
(9) When the projectile is moving beyond the launch tube of the gun. Hot
gas from the combustion will be vented into the atmosphere and the
pressure inside the shells is equal to atmospheric pressure.

2.6.2 Compressed gas
The popular of this power is light gas for generating high speed projectile,
such as hydrogen (H2), helium (He) and carbon dioxide CO2. The main components of
this power have: high pressure reservoir, diaphragm, launch tube and projectile.
Generally, the projectile is installed at the entrance of the launch tube, which is
between the diaphragm and the reservoir. When the pressure of light gas within the
reservoir is increased by piston movement, the diaphragm is broken by pressure inside
the reservoir. The pressure inside the reservoir will drive the projectile at higher
speeds, as shown in figure 2.7. The Newton's law of motion is applied in this case. It
can be found the different speeds at the other length of launch tube, as it follows.

compressor
helium gas
at 1200 K,
10 MPa

Silencer-shaped
baffles slow
down gas flow

empty steel tank
steel perforated
tube steel tube
gate valve projectile
insulated steel tank

gate valve

Figure 2.7 Components of single-stage light gas gun [23]
The mass of the projectile is calculated by equation 2.12.

m

dvp
dt

m

dvp
dx

Where
m is the weight of the bullet

vp

PA

(2.12)
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v p is the velocity of the projectile at any position.

P is the pressure
A is the cross section area of the launch tube

Integrated throughout the length of the launch tube (L), which is equation
2.13.
mv02
2

A

L
0

(2.13)

Pdx

When

v0 is the velocity of the projectile at the exit of the launch tube.
To make it easier for consideration, v0 is assumed that there is a constant
throughout the movement of the projectile in the launch tube, which is equation 2.14.

vo

2P

AL
m

(2.14)

This equation has an error from friction of projectile with internal surfaces
of launch tube. In fact, the pressure (P) value is not constant, because the volume of
launch tube increased by the projectile movement. The pressure (P) is determined as
follows:
2

P

P0 1

vg
2

(2.15)
1a

Where
P is pressure in the launch tube.

P0 is pressure inside the reservoir.
a is sound speed of gas.

1
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is specific heats ratio.
v g is speed of gas expansion.

Equation 2.15 is used to calculate the speed of gas behind the projectile.
The P/P0 ratio depends on this term.

1

vg
2a

The expansion of the gas in the reservoir is the conversion the energy of
high pressure gas for driving or accelerating the projectile as the high speed level. The
maximum speed of gas movement will make the maximum velocity of projectile
movement. At that time, the pressure of the gas will reduce to zero. The velocity of the
gas movement can be calculated by equation 2.16.

vesc

2
1

a

(2.16)

Where

vesc is the maximum speed of gas at the exit of reservoir.

T0

is the temperature in the reservoir.

M mol is the mass of gas in the reservoir.
R

is gas constant

2.6.3 Spring
The power of this method uses the compression of the spring for driving
the projectile or the piston for jet generation. The power of spring depends on the
spring's hardness (K). It affects to jet velocity. The force of spring compression can be
calculated by equation 2.17.

F

KX

(2.17)
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When
F is the compression fore of the spring.
K is the constant of spring's hardness

X is the distance of spring compressing.

2.6.4 Electricity
Recently, the electric power is used to generate liquid jet. The electric
power is supplied to the actuator. The actuator will drive or impact piston. When the
piston is moving, the jet is generated. From the previous research [20], electric power
was used to drive piezoelectric actuator for jet generation, but this actuator has some
disadvantages. The liquid volume of the jet generation was relatively less. There is a
restriction to practical application. Therefore, researcher invented a new actuator for
jet generation. It was electric power and used electromagnetic actuator for jet
generation. The theory of electromagnetic actuator is as follows.
1 . The kinetic energy (Ek) of the object is the energy of the mass (m)
movement at the velocity (V), which can be calculated by Eq. (2.18).

Ek

1 2
mv
2

(2.18)

2. Electrical energy is accumulated in the capacitor (Ec). In the design, the
electrical energy is stored by capacitor bank. The capacitor bank has a capacity (C) at
the voltage (V), which calculates the electrical energy by Eq. (2.19).

Ec

1
CV 2
2

(2.19)

3. Based on theory of electromagnetism, the copper coil is conducted by
electricity. The copper coil will generate the electromagnetic fields. The density (B) of
electromagnetic field depends on electric current (I) and number of turns (n). The
density (B) of electromagnetic field can be calculated by Eq. (2.20).
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B

nI
L

(2.20)

0

Where
is the constant of the magnetic field at Permeability of free space

0

(12.57x10-7 NA-2)
4. The principle of jet generation is used electromagnetic actuator. Firstly,
the capacitor bank is charged electricity by power supply until the required voltage.
Then, the electric power of a capacitor bank is supplied to the copper coil for
electromagnetic field generation. The magnetic field (which makes from magnetic
material) intersects with electromagnetic field. It results the projectile movement as
shown in figure 2.8. The moving projectile drives or impacts the piston rod inside the
nozzle for jet generation as shown in figure 2.9 and figure 2.10.

Bobbin

Copper coil

Bobbin

Copper coil
Moving
direction

Magnet

Figure 2.8 Principle of electromagnetic actuator

Bobbin

Copper coil

Nozzle
Magnet

Piston

Liquid

Figure 2.9 Application of electromagnetic actuator for jet generation
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Bobbin

Copper coil

Nozzle
Magnet

Liquid jet

Piston

Figure 2.10 Piston rods and piston drive the liquid inside the nozzle, then the jet
is injected
2.7 Non-Newtonian fluid
The Non-Newtonian fluid [26] is a fluid that does not follow the Newton's law of
viscosity. The viscosity of Non-Newtonian fluid depends on deformation of shear rate
or tensile stress rate. In the part of Newtonian fluid, the relation between the shear
stress and the shear rate is linear, which passes through the origin. The constant of
proportionality is the coefficient of viscosity as shown in figure 2.11. However, the
Non-Newtonian fluid is the relation of the shear stress and the shear rate, which is
different. The viscosity of Non-Newtonian depends on the time. Therefore, it cannot
be defined as a constant of viscosity coefficient. Although the concept of viscosity is
commonly used in fluid mechanics to characterize the shear properties of a fluid, it
could be inadequated to describe Non-Newtonian fluids. The Non-Newtonians fluids
are efficiently studied for appropriate devices or rheometers and they are divided into
four types as follows.
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Figure 2.11 Types of Non-Newtonian fluid [26]
2.7.1 Dilatant fluid
A dilatant [27] is a Non-Newtonian fluid that the shear viscosity increases
with applied shear rate as shown in figure 2.12. This behavior is only one type of
deviation from Newton’s Law, and it is controlled by such factors as particle size,
shape, and distribution. The properties of these suspensions depends on Hamaker
theory and Van der Waals forces and could be stabilized electrostatically or sterically.
Shear thickening behavior occurred when a colloidal suspension transitions from a
stable state to a state of flocculation. A large portion of the properties of these systems
are due to the surface chemistry of particles in dispersion, known as colloids. The
dilatant fluids include candy compound, corn starch and salad dressing.
2.7.2 Pseuduplastic fluid
A Pseudoplastic fluid [27] is a Non-Newtonian fluid that the shear viscosity
decreased with applied shear rate as shown in Figure 2.12. These types of fluids are
much more common than dilatant fluids. The Pseuduplastic fluids include milk, fruit
puree and vegetable soup.
2.7.3 Bingham plastic and Bingham Pseuduplastic
Bingham plastic and Bingham Pseuduplastic [27] are a viscoplastic
material that the shear viscosity decreases with applied shear rate as shown in figure
2.12, but its viscosity is higher than Pseudoplastic fluid. Common examples are
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toothpaste, mayonnaise, chocolate, tomato sauce and mustard, which will not be
extruded until a certain pressure is applied to the tube. It is then pushed out as a solid
plug.

Figure 2.12 Effect of shear-rate on viscosity of Non-Newtonian fluids [27]
2.8 Properties of the human skin
The structures of skin and its accessory are hair, glands and nails. They are
integumentary system. It varies in thickness, averaging 1.5 mm, based on location, sex
and age of the individual. For example, the thickness of the feet and palms of the hand
where it is approximately 6 mm thick, and is thinnest on the eyelids, and external
genitalia, being about 0.5 mm thickness. Human skin is composed of three major
layers as shown in figure 2.13. There are the epidermis layer, dermis and subcutaneous
or hypodermis layer [28, 29].
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Figure 2.13 Human skin layers [28, 29]

Figure 2.14 Diagram of epidermis [28, 29]
The epidermis is the top layer of skin, which the thickness is about 0.007 - 0.12
mm. The incumbency of epidermis is protection, absorption of nutrients, and
homeostasis. The epidermis consists of main two layers. There are the stratum
corneum and viable epidermis as shown in figure 2.14. The outermost layer of the
epidermis is the stratum corneum that consists of dead cells, lack nuclei and
organelles. The purpose of this layer is to form a barrier to protect underlying tissue
from infection, chemicals and mechanical stress. The stratum corneum consists of 15 25 layers of corneocytes, resulting in a total layer thickness of about 10 - 25 μm, and
composes of hexagonal flat cells without a nucleus, diameter and thickness ranging
from 25 - 45 μm and approximately 0.3 - 0.7 μm, respectively [28, 29]. The viable
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epidermis is a layered structure, consisting of three layers that the viability of cells
within. There were granulous layer, spinous layer, and basal layer [28, 29].
The dermis is a layer of skin between the epidermis and subcutaneous tissue. It
consistes of connective tissue and cushions the body from stress and strain and also
contains mechanoreceptors, hair follicles, sweat glands etc. The dermis is tightly
connected to the epidermis through a basement membrane and divided into two
anatomical regions: the papillary and reticular dermis. The thickness of epidermis is
about 1.1 mm, which it is varied depending on the location on a human body [28, 29].
The subcutaneous or hypodermis, sometime defined as the adipose tissue layer,
are the lowermost layer of the skin or the integumentary system. It is found between
the dermis and the muscles. Usually exceeding 1 mm thick [28, 29], thickness of the
hypodermis is more dependent on the adipose tissue, and it varies with the region of
the body and the sex, age, and nutritional state of the individual [28, 29].
For the drug delivery, injection performance directly affects the mechanical
properties of the skin and tissue. This concerns with the strengthened properties
termed Young’s Modulus and could be measured by stress, and it results load acting,
applied on the testing skin. The stress is composed of tensile, compressive, and shear
stress. Strength of the skin is varied over a huge range because mechanical properties
of the skin related to a large number of the factors including the ambient condition, the
human body individual, and skin location on a body. Therefore, realistically estimating
and measuring the Young’s Modulus of the skin is more difficult. The properties of
the skin have been measured either in vivo or in vitro. Usually the standard procedure
for preparing the skin specimen has been employed in the measurement. In 2009
Geerligs [30] evaluated the mechanical properties of stratum corneum, epidermis and
hypodermis using the different skin relative humanity in the vitro setups. The results
were shown in table 2.2. Besides, the Young’s Modulus, threshold pressure or
penetration pressure has been defined to indicate amount of the achieved impact
pressure of the jet that penetrate into the skin. Shergold et al. [6] mentioned pressure
of the human skin by the nozzle having 0.1 - 0.5 mm of orifice diameter. It was found
that the pressure around the skin was 1.5 × 104 kPa. The human and porcine skins
were similar in these properties [6].
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Table 2.2 Mechanical properties of the human skin

Layer

Conditions

Young's Modulus, Mpa
Shear

Tensile
0.04 -

25% RH

30

98% RH

10

6 - 10x104

25% RH

30

-

98% RH

10

-

Dermis

-

8

1 - 20x103

Hypodermis

-

24

-

Stratum corneum

Viable epidermis

10x106

In order to deliver the drug using needle-free jet injection, the desired jet speed
should be in the range of 100 - 200 m/s [21] or its impact pressure to penetrate the skin
should be excess of 15 MPa [6]. The advantages of needle free jet injection compared
with drug delivery using needle are a larger area of drug’s dispersion and a higher rate
of drug’s absorption. Nowadays, needle free jet injectors are available on commercial
market as shown in table 2.3. The energy sources of those commercial needle free jet
injectors are mostly from spring and compressed gas. The advantages and
disadvantages of using spring and compression gas are described in the introduction.
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Table 2.3 Example of commercial needle free jet injection devices
Company
National Medical

Injector name

Power

Drug

source

Delivery
location

J-Tip

CO2

Insulin

NA

Biojector 2000

CO2

Wide range

SC, IM

Spring

Insulin

SC, IM

Injex Itaject

CO2

Insulin

SC

Injex30

Spring

Insulin

SC

AdvacetaJet

Spring

Insulin

SC

B1-100

Spring

Vaccinec

SC, IM

Mini-imojet

CO2

Vaccinec

NA

DCI Inc

LectraJet

Spring

Vaccinec

SC, IM

MIT

Med-Jet

CO2

Wide range

ID, SC, IM

Comfort-In

Spring

Insulin

SC

Product
Bioject
Antares Pharma
Injex Aradign
Injex™ Equidyne
Systems
Active Brand
Product
Felton Medical
Inter
Aventis Pasteur

MK Globala &
Mika Medical

Medi-Jector
VISION

Note: Intradermal injection (ID), Subcutaneous or hypodermis injection (SC),
Intramuscular injection (IM) and not available (NA).

2.9 Literature review
Many decades ago, the characteristics and behavior of high speed liquid jet have
been widely studied. These can be applied to a number of technological and scientific
situations such as rain-erosion on surface of aircraft, erosion on turbine blades,
cleaning and cutting technology, mining and tunneling and the study of high speed
liquid jets may be beneficial in improving combustion of direct injection diesel
engines. Moreover, it can apply in medical works such as micro jet cutting, drilling
bone and needle free jet injection.
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The first study of high speed liquid jet was started in 1955 by Jenkins [31].
Jenkins attempted to generate the high speed liquid-solid impact by firing a solid
projectile at 240 m/s (from a compressed of air gun). The damage on the front surface
of the projectile was studied.
This method for projectile generation was the only one available until 1958,
Bowden and Brunton [9, 10] invented a new technique to generate a high speed
projectile for liquid jet generation. This was basically a simple momentum exchange
method. Bowden and Brunton used a high speed projectile (from explosion of gun
powder) to ram a neoprene disk and then rapidly extrude the water contained in the
nozzle as shown in figure 2.15, they could generate the water jet at 1200 m/s. This is
the impulsive water jet. This technique was so-called impact driven method (IDM).

liquid

Neoprene
disk metal slug

Air rifle

chamber
target

Figure 2.15 Impact driven method (IDM) [9, 10]
Since the impact driven method was the potential technique for jet generation,
O’Keefe et al. [11] successfully generated hypersonic water jet velocities up to 4.58
km/s. The experiment was set up in vertically. Before firing, the water column was
supported in the gun barrel, which between Lexan pistons and a Mylar diaphragm of 1
mm thickness. When the projectile moving at 0.714 - 1.90 km/s (from explosion of
gun powder) impacted the Lexan piston, the Lexan piston moved and the Mylar was
broken. The water column moved to the nozzle ( half-angles of only 1 .5 o), then the
water jet at 4.58 km/s was achieved as shown in figure 2.16. This techniques was
developed by Bowden and Brunton, which became the famous technique for further
study of jet generation.
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Figure 2.16 Experimental setup for jet generation of O’ Keefe et al. [11].
Later, Edney [32] used a high speed piston around 500 m/s (compressed air about
300 bar) to impact the piston for jet generation. The experimental setup was similar to
O’Keefe’s study, which has the water packet sealed at the entrance of the nozzle. The
geometry of Exponential and Hyperbolic nozzle was studied in this research. From
this study, it was found that the jet velocity of about 3.5 km/s and impact pressure of
about 1.8 GPa was achieved. Moreover, it was found that the geometry of nozzle
affected on jet velocity. In 1984, Pater [33] also proved the pulsed method to
effectively generate a supersonic jet. The pulsive jet of this study was used to drill
stone for mining work. The pulsive jet was generated by accumulation kinetic energy
of actuator from falling free of a driver as shown in figure 2.17. The actuator impacted
the piston. The velocity of the jet was 2.19 km/s.
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Figure 2.17 Experimental setup of Pater’s [33]
Later in 1994, Shi et al. [34-37] studied about jet generation, the effect on the
nozzle, Shock wave and diesel fuel combustion. From this study, it was found that the
hyperbolic nozzle as shown in figure 2.38 (it made from Titanium) could generate the
jet velocity of 4.5 km/s. Moreover, it was found that the Titanium nozzle was damaged
just a few times by the high pressure inside the nozzle.
From the previous studies, the jet generation could be generated impulsive jet by
IDM, whereas the continuous jet was generated by high pressure pump. The pressure
inside the cylinder of pump reaches 70 MPa. Then the fluid moves though nozzle,
which have the orifice of nozzle of 0.2 - 0.3 mm, become jet at 1500 m/s. It was used
for mining, cutting and tunneling [38-39].
In addition, Ohtani et al. [8] used HO:YAG Laser to induce water for jet
generation. When the laser beam induced the water inside the tube, the water moved to
the end of the tube, it became a jet. The energy for jet generation was 550 mJ/pulse.
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Figure 2.18 Diagram of jet generation [40]
Beyond the study of the jet generation, the behaviors and characteristics of jet
were studied. The knowledges of this study will apply for the related work and jet
applications in the future. From the jet generation method, the projectile was
impacting the piston, the pressure and density of liquid inside the nozzle increased.
The liquid inside the nozzle moved instantly to the orifice of nozzle, then the jet was
injected as shown in figure 2.18. From figure 2.18, C is the impact of projectile with
liquid, T is the first of front compression, L is liquid, M is the air compression, R is
wave of air, S is shock wave and C’ is compression of wave at the end of nozzle.
When the jet was moving out of the nozzle by acceleration, the velocity of jet
increased. At the same time, the shock wave was generated by the compressed of air
surrounding near the jet moving. The position between the shock wave and the tip of
the jet had the high pressure. Then, the pressure inside the nozzle decreased until
ambient pressure.

Figure 2.19 Behavior of the wave at the outside of the nozzle [40]

31
Figure 2.19 shows the behavior of the wave at the end of the nozzle. The water
droplets occur at surrounding of the jet. The bow shock and compression wave is
generated at the front of jet. When the velocity of shock wave decreases, the angle of
expansion wave of shock increases and dissipates as shown in figure 2.20. The water
droplets of jet moving are generated by air resistance. In each of time, the
characteristic of the jet is different because the pressure inside the nozzle is different.
The viscosity of liquid jet in air is uncertain, which is the effect of Reynold number,
Weber number and Gas to liquid density ratio. The droplet of water around the jet is
generated by the fluctuation pressure of the air. Tseng et al. [41] investigated the effect
of gas density on characteristic of liquid jet. It was found that the shape of liquid jet
short and wider when the density of gas was higher than density of liquid jet. This was
the cause of jet velocity decrease. Later, Wu et al. [42] studied the size of the n-hexane
and n-tetradecane droplets surrounding the jet. The measurement the size of the water
droplet nearby the jet used the method of photography.

Figure 2.20 Behavior of the jet moves out of the nozzle [42]
Another important of the liquid jet study was erosion of the object surface when
liquid jet impacted. The idea of this study was the concept of the rain erosion of
aircraft flying at high speed, the erosion of turbine blades and jet cutting technology.
The erosion of object surface could be divided into 5 types: 1) Damage on the circular
surface 2) Structure fracture 3) Plastic deformation 4) Damage in the nature of shear
and 5) Crack. The types of deformation depended on the property of material and jet
velocity as the impacting. The first of study deformation of material surface, Hirano et
al. [43] used the motion of the object moves to the water droplet. Thereafter, there
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were serious studies about deformation of material surface by jet impact until Lesser
and Field [40]. They studied the deformation of material surface from liquid Jet
impact. From this study, it was found that the shock wave was generated by moving
liquid jet. Later, Shi et al. [35, 36] studied the deformation of material surface by
liquid jet impact at 1500 m/s. It was found that the liquid inside the nozzle could be
compressed. When the liquid jet was impacting on the surface of material, the surface
of material was deformation because the surface was impacted by shock wave as
shown in figure 2.21.

Figure 2.21 Deformation on surface of aluminum plate by liquid jet impact at (a)
2,727 m/s, (b) 3,529 m/s, (c) 4111 m/s and (d) 4,545 m/s at stand-off
distance 45 mm [36]
Another important of liquid jet study was the characteristic and behavior of jet. It
was used the photography technique for analysis. The techniques of photography had
moreover one technique. Therefore, it should be the suitable technique for
photography. From Bowden and Brunton study [9], a high speed video camera was
used to visualize the characteristic of jet moving from nozzle. They calculated the
velocity of the jet by the image of jet moving. The frame rate of this camera was
1,000,000 fps, which required the light source for increasing the light of image. The
Xenon flash tube was a light source in this study. From this study, it was found that
the liquid jet can move at supersonic velocity, as shown in figure 2.22.
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Figure 2.22 The characteristic of liquid jet from Bowden and Brunton study (a)
jet velocity of 620 m/s and (b) jet velocity of 770 m/s [9]
The shadowgraph technique was applied for the study of the behavior of jet
because of its high performance, which could see the compression of fluid. Therefore,
many studies used this method for studying the phenomena of liquid jet.
The Schlieren technique was the one in more technique for photography, which
Nishida et al. [44] used this method for investigation the behavior of a diesel jet. From
this method, it was found that the high speed diesel jet could generate the shock wave
as shown in figure 2.23, which the image of the shock wave had more clarity than the
shadowgraph.

Figure 2.23 The high speed Diesel jet at Supersonic range by Schlieren
Technique for Imaging [44]
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The Holographic interferometry technique was the technique photography. This
technique was used by Shi to study the high speed of jet at Supersonic range. From
this study, it was found that this technique could experience the behavior of density
changing as shown in figure 2.24.

Figure 2.24 The shape of water jet at 2000 m/s, (a) the jet moving at the front of
nozzle, (B) the jets moving at next time [44]
In 2 0 0 7 , Matthujak et al. [14] studied the behavior of water jet, diesel jet,
kerosene jet and gasoline jet. Shadowgraph and Holographic interferometry techniques
with the high speed video camera (record at 1,000,000 fps) were used to study
behavior of the jets. The jets were generated by impact driven method from Two-stage
light gas gun. From this study, it was found that the shape of jets and the shock angle
were observed by the shadowgraph technique, which were difference and depended on
the property of liquid as shown in figure 2.25. The velocities of water jet, diesel jet,
kerosene jet and gasoline jet were 317 m/s, 295 m/s, 305 m/s and 290 m/s,
respectively. In addition, they also studied the occurrence of the shock waves by
holographic interferometry as shown in figure 2.26. The shock wave behavior in
surrounding of air could be clearly seen using this technique.
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Figure 2.25 The behavior of liquid jets using shadowgraph technique, (A) Water,
(b) Diesel, (c) Kerosene and (d) Gasoline [14]

Figure 2.26 The behavior of liquid jets using Holographic interferometry
technique, (A) Water, (b) Diesel, (c) Kerosene and (d) Gasoline [14]
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The method of jet generation was mentioned earlier. The majority of the energy
storage is the explosion of gun powder because this energy source has high
performance, which could generate the high speed of the projectile. The popular
device for jet generation had 2 types: single-stage and two-stage gas gun. From
Nonaka et al. [45], it was found that the two state gas gun could generate the high
speed projectile at 3 km/s, which was moved at hypersonic range. Then, the effects of
collisions of the objects moving at high speeds was studied. Pianthong et al. [12]
studied the collision of the objects. They solved the problem of satellite damage by the
meteorite impact. In this study, they created the Whipple bumper shield for protection
the meteorite. The projectile was generated by Micro two-stage gas gun, which it
could generate the high speed projectile (it made form Polyethylene) at 10 km/s. The
projectile impacted on surface of the Whipple bumper shield as shown in figure 2.27.

Figure 2.27 The impact of a projectile on surface of 2 mm Whipple bumper
shield at 3.9 km/s [12]
In 2014, Dehkhoda and Hood [16] studied the collision between liquid jet with
stone. Granite and marble were used for this study. The water jet was generated by
tensile test compressing the water inside the cylinder. The water jet beam was cut by
slot disc, which resulted the water jet pulses generation as shown in figure 2.28. The
frequency of water jet pulses depended on the speed of slot disc as shown in figure
2.29. The frequency and length of water jet pulses and the energy per damage were
studied. From this study, it was found that the damage of stones depended on the
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energy of drilling, which was verified by an earthquake assessment analyzation
technique. If the energy of jet generation increased, the damage on the surface
increased. Moreover, the frequency of jet and length of jet influenced on the stone
damage. The high frequency could make the structure of the stone deformation faster.

Figuer 2.28 The liquid jet generated by the slot disc rotation [16]

Figure 2.29 The shape of the liquid jet generated by slot disc rotation [16]
Ohtani et al. [8] studied the underwater limestone drilling using jet generated by
HO:YAG Laser. The light beam of laser moved through a 1.4 mm diameter of pipe to
induce the water in Y connector. The energy source of a jet generation was 550
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mJ/Pulse. The experimental setup of this study was shown in figure 2.30. The high
speed video camera was used to study the behavior of jet movement. From this study,
it was found that the expansion and contraction was occurred rapidly when the jet
moved out of the end of the pipe. The shock wave was generated by the expansion and
contraction of the jet, which moved at 1532.6 m/s (Mach number = 1.02) out off the
contraction point as shown in figure 2.31. The 2 mm thick of limestone was damaged
by jet and shock wave impacted at 1,800 pulses.

Figure 2.30 Experimental setup (a) Ho: YAG Laser (b) Test chamber and (c)
Imaging [8]

Figure 2.31 The behavior of jet at various times [8]
In 2013, Matthujak et al. [46] studied the effect of liquid jet in water. The liquid
jets were generated by explosion of gunpowder to drive a projectile. The projectile
was made from Polymethyl methacrylate (PMMA) to impact the liquid inside the
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nozzle, which was impact driven method. The liquid was injected into the test
chamber, which inside the test chamber had the water. The behavior of liquid jet was
recorded by high speed video camera at 30,000 fps with shadowgraph technique. The
impact pressure of liquid jet was measured by Polyvinylidene difluoride (PVDF)
pressure sensor, which was installed on PMMA case and it was connected to digital
oscilloscope as shown in figure 2.32. It was found that the velocity of liquid jet
depended on mass of gunpowder, which the velocity of liquid jet was in the range of
550 - 2,290 m/s. When the liquid jet was moving out of the orifice at the high speed,
the shock wave was generated inside the test chamber as shown in figure 2.32. After
the expansion of water vapor bobble, the water vapor bobble will start shrinkage until
minimum size, which created the compression shock and rebound shock as shown in
figure 2.33(j, k, q, r). The impact pressure of liquid jet at the under water decreased
when the stand-off distance increased as shown in figure 2.34. The maximum impact
pressure of water vapor impact was 35 GPa and liquid jet impact was 24 GPa at standoff distance of 15 mm.

Figure 2.32 Impact pressure measurement setup [46]
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Figure 2.33 The behavior of liquid jet using shadowgraph technique for
photography [46]

Figure 2.34 Impact pressure [46]
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In addition, the jet was aslo applied for medical works. Rau et al. [5] used the
liquid jet for cutting a liver of a rabbit to separate the blood vessel. In this experiment,
the Jet-cutter-4 of Biomedizin Technik - German company was compared with CUSA
of Cavitron USA company, which was the device for liver cutting in the general
hospitals. The jet cutter had the nozzle orifice of 0.1 mm and it used NacL 10% for jet
generation. The principle of CUSA cutter was the movement of a 100 μm width of
blade at 23 kHz of vibration. After surgery by liquid jet, it was found that the liver had
the inflammation rather than using the CUSA. But after 3 days of surgery, the
inflammation of the liver began to equal. The different of liver surgery between using
liquid jet and CUSA were duration of surgery, which related with blood loss and blood
suppling to the patient. Moveover, the surgery by liquid jet could make blood clotting.
In 2012, Dunnen and Tuijthof [7, 47, 48] studied the bone drilling by water jet as
shown in figure 2.35. The water jet was generated by water compressed inside the
cylinder, which used the tensile test machine for compressing the water inside the
cylinder at 295 kN, which made the pressure inside the cylinder up to 70 MPa before
transmitted to 0.3 - 0.6 mm orifice diameter of nozzle.

Figure 2.35 Structure of the bone before and after scanned by MicroCT80
Scanner [7]
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On the other hand, the popular of liquid jet application in medical work is drug
delivery without needle or needle free jet injection, which the needle-free jet injection
device had been produced and sold in commercial market [30, 49]. The different of
needle free jet injection was energy source. The popular of energy sources were
spring and compressed gas. The advantages of spring were compact and easy to use
but the disadvantages were non adjustable jet velocity and the fatigue of spring. The
advantage of compressed gas was that it can be control the distance of the drug in the
skin by adjusting the pressure of the gas. The disadvantages were that the system need
a high pressure pump for jet generation, which was large system and expensive.
Therefore, some researchers invented a new energy source to liminate the problems of
previous jet generation device. It was electric power, which was electrically supplied
to actuator for jet generation. In 2 0 0 7 , Stachowiak et al. [20] used the physical
principle of Piezoelectric for jet generation. When the Piezoelectric was obtained the
electricity, the Piezoelectric will stretch. The stretching was used to drive the piston.
The piston was inserted inside the nozzle as shown in figure 2.36. When the piston
was moving, the jet moved out the nozzle tip. The advantage of this energy was jet
velocity control, but the disadvantage was the jet volume, which had very low volume
in nL - µL. Therefore, it was difficult to apply.

Figure 2.36 Needle free injection using Piezoelectric [20]
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Later, in 2012, Taberner et al. [21] studied the drug delivery using liquid jet. The
jet injector was created from electromagnetic actuator, which used electricity for
generating the electromagnetic field. The nozzle of this device used 0.22 mm orifice
diameter of nozzle, which was the ampoule of needle free jet injector (INJex-30). The
device was installed the controller for operating and controlling the jet velocity. The
component of electromagnetic actuator had a copper wire diameter of 0.32 mm,
around 582 inner coils, high magnetic force (NdFeB) as shown in figure 2.37. It was
found that the jet velocity increased when the voltage supplied to actuator increased.
The maximum jet velocity was 200 m/s at 0.2 mL and 200 V. The piston moving of
electromagnetic actuator had fluctuation less than spring actuator as shown in figure
2.38, which helped to reduce the pain. The maximum depth in polyacrylamide gel was
18 mm.

Figure 2.37 Jet generator using electric energy (a) jet gernerator (b) a copper
and NdFeB magnetic (c) Controller [21]

Figure 2.38 The signal of electromagnetic actuator moving [21]
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From, the above mentioned research, there were several device to liquid jet
generation. The liquid jet generation was studied and developed continuously until the
electric power was selected for jet generation. However, there were a few study of
electromagnetic actuator for jet generation. Moreover, the most liquid jet generation
method was an impulsive jet, while the method of semi-continuous jet generation had
not been studied. Therefore, this research aims to study and development of the
electromagnetic actuator for generating impulsive and semi-continuous jets, which use
electric power as power source. The liquid jet generator was designed and
manufactured based on impact driven method, which can generate both impulsive and
semi-continuous jets. In this study, effects of voltage, travelling distance, liquid
volume and orifice diameter of nozzle were investigated. In addition, the behavior of
liquid jet and its application, such the drug delivery or needle free jet injection and
bone drilling, were preliminarily studied.

CHAPTER 3
EXPERIMENTAL APPARATUS
3.1 Impulsive jet generation

Magnet
NdFeB

Copper coil
Piston rod Piston
Bobbin

Water

Travelling distance (xt ) Nozzle

(a)

Impact

(b)

Liquid jet

Liquid jet

Liquid jet
Drive

(c)
Figure 3.1 The impulsive jet generation based on the principle of
electromagnetic field
In this study, the impulsive jet was generated by impact driven method (IDM),
which the driven power source is based on the principle of electromagnetic field.
Firstly, the interaction of the generated electromagnetic field and the NdFeB
permanent magnetic field resulted in axial movement of the bobbin as shown in figure
3.1(a). Then, the bobbin moved axially and finally impacted the piston rod connected
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to an inserted piston inside the nozzle, as illustrated in figure 3.1(b). The piston drives
the liquid water’s volume to move through the orifice of the nozzle. Finally, the highspeed liquid water jet was then generated as depicted in figure 3.1(c).
3.1.1 Components of impulsive jet device
The components of impulsive jet generator based on electromagnetic field
in this study can be described as follows.
3.1.1.1 Actuator
The actuator was made from high density magnetic (Neodymium
magnet, NdFeB) inserted inside the bobbin as shown in figure 3.2. The dimension of
NdFeB magnet was a 30 mm in diameter and 50 mm in long, which was wrapped by 1
mm in thickness of aluminum pipe and 70 mm in long. The bobbin was twined by
1,600 rounds (1 layer) of 0.32 mm (28 AWG) in diameter of copper wire as copper
coil. The resistance of a copper coil was 54 ohms. The dimension of the copper coil
was the outside diameter of 50 mm, inside diameter of 32 mm and 45 mm in long. The
bobbin was made by aluminum and superlene plastic. The dimension of a bobbin was
outside diameter of 50 mm, inside diameter of 31 mm and 50 mm in long. The impact
plate attached with the bobbin was made from aluminum of 10 mm in thickness.

Magnet

Bobbin

Housing

Nozzle

30 mm

Supporting

Coil

Travelling
distance (xt)

Piston

Figure 3.2 Electromagnetic actuator
3.1.1.2 Nozzle
The nozzle was made from mid-steel and it has L/d of 4 and 40˚ of
cone angle as shown in figure 3.3, which this nozzle geometry can generate the
maximum jet velocity as reported by Ref [14]. The nozzle geometry was a 10 mm of
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inside diameter, which was the section of water container. In this study, the nozzle
orifice diameter of 0.2, 0.3, 0.5 and 0.7 was investigated.

10 mm
15 mm

30 mm
40°

dd

L

20 mm

Figure 3.3 Geometry of nozzle
3.1.1.3 Energy storage
The capacitor was used for electric energy storage as shown in
figure 3.4, which has the voltage of 600 V and the capacity of 5,400 μF. It was
assembled by the 28 capacitors (200 volt and 12,000 μF per piece) and it was
connected in serial and parallel connections.

Figure 3.4 Capacitor unit
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3.1.1.4 Power supply
The power supply was designed and built for this study. It can
charge to the maximum voltage of 1,000 V. The components of the power supply are
transformer, resistant, diodes and high voltage capacitors as shown in figure 3.5.

Figure 3.5 Power supply
3.2 Semi-continuous jet generation
The actuator of this study can generate not only impulsive jet but also semicontinuous jet. For semi-continuous jet generation, some parts of experimental
apparatus need modification as described the next section. The work proceduce of the
actuator for semi-continuous jet generation are follows: In forward injection process as
shown in figure 3.6, the micro-controller generated the required frequency signal and
sent the signal to the amplifier for generating the high voltage signal. Then, the high
voltage signal was discharged to the copper coil for electromagnetic field generation.
When the electromagnetic field was intersecting with magnetic field of NdFeB
magnet, the bobbin was move and it drove the piston inside the nozzle. Finally, liquid
contained inside the nozzle was injected. For backward process as shown in Fig 3.7,
the micro-controller also generated the designed frequency signal and sent to the
amplifier for generating the high voltage signal. The high voltage signal was supplied
to a copper coil for electromagnetic field generation. Unlike the forward injection
process, the direction of electric current was different with the forward of injection,
which made the copper coil moving to the initial position of injection. Finally, the
water in the liquid container was driven and flowed into the nozzle by driving the
piston in the liquid container. Then, the device was ready to generate jet at the next
injection.
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Figure 3.6 Semi-continuous generation in forward injection process
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Figure 3.7 Semi-continuous generation in backward injection process
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3.2.1 Components of semi-continuous jet device
Some components of semi-continuous jet generator differs from the
impulsive jet generator. The components of the devices can be described as follows.
3.2.1.1 Controller unit
The controller unit used for controlling the forward and backward
injection process consisted of micro-controller board, LCD monitor and relay switch.
The micro-controller board is Arduino board, which its frequency of clock speed is 16
MHz. The recommended input voltages are 7 - 12 V. The digital I/O Pins are 14 - 54
pins as shown in figure 3.8. The algorithm of program for jet generation was written
by C programming. The frequency signal is created by micro-controller. The signal is
sent to the amplifier for increasing the power of the signal. Then, the increased signal
is sent to the actuator for jet generation.

Figure 3.8 Arduino micro-controller board
3.2.1.2 Power amplifier
The power amplifier (Double King G4) was used for increasing the
low power signal to the high power signal as showed in figure 3.9(a). Its electric
power is 9,800 watt at 8 ohms (bridge power) as shown in figure 3.9(b).
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(a)

(b)
Figure 3.9 Double King G4 power amplifier
3.2.1.3 Electromagnetic actuator
The electromagnetic actuator for semi-continuous jet generation
was similar to impulsive jet generation, but some parts were modified as shown in
figure 3.10(a). The actuator consists of copper coil, bobbin and magnet. The bobbin
was twined by copper wire as shown in figure 3.10(b). A 2.5 Ohms of copper coil was
twined 400 turns in 3 layers by 0.5 mm in diameter of copper wire. A 7.2 Ohms of
copper coil was twined 600 turns in 6 layers by 0.21 mm in diameter of copper wire.
The bobbin was made from superlene plastic. The NdFeB magnet was selected for
permanent magnet, which it was installed inside the bobbin as shown in figure 3.10(a).
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Figure 3.10 (a) Semi-continuous jet generated by electromagnetic actuator and
(b) copper coil
3.2.1.4 Liquid container
The liquid container was installed at the top of the electromagnetic
actuator as shown in figure 3.10(a). The liquid inside the container was driven into the
nozzle by the screw driving.
3.2.1.5 Semi-continuous nozzle
Unlike nozzle of impulsive jet generation, the semi-continuous
nozzle consists of a nozzle, a nozzle cover and a piston as shown in figure 3.11. The
orifice diameter of nozzle was 0.2 mm and it could contain the liquid of 0.2 mL.

Nozzle cover
Piston

Nozzle

Figure 3.11 Semi continuous nozzle
3.3 Jet velocity measurement
3.3.1 Laser beam interruption method
In this study, the jet velocities were measured using 2 points-laser beam
interruption method as described in figure 3.12(a). Two diode laser beams with their
photodiodes were placed at a space distance (S) of 16 mm. When the water jet reached
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the point where the laser beams exist, the laser beams was interrupted. The
corresponding output signals caused by the laser’s interruption were recorded and
displayed on a digital oscilloscope, as shown in Fig 3.12(b). The jet velocities can be
calculated from the recorded signals as follows

Vj

S

(3.1)

Δt

Where
Vj is the jet velocity (m/s).
S is a space distance between two lasers (16 mm).
∆t is the jet’s traveling time along a space distance (second).
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Figure 3.12 (a) Laser beam interruption method and (b) Load-time trace of
signal interrupted by water jet
3.3.2 Visualization technique
Jet velocity can be measured by visualization technique. The jet formation
was visualized by high speed video camera as shown in figure 3.13. From the jet
images, the jet penetration distance (Si) was measured by computer program. The time
(ti) of jet penetration in each image was calculated from the frame per second (fps) of
the camera. Therefore, the jet velocity (Vj) can be calculated by Eq. (3.2).
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Vj = i
ti
Nozzle

(3.2)

Liquid jet

Light source
High speed video camera

Figure 3.13 Experiment setup for jet velocity measurment by visualization
technique
3.4 Impact pressure measurement
The liquid jet generated by an electromagnetic actuator using electric power is an
impulsive jet. Once the jet impacts on a solid surface, the impact pressure reaches a
high-pressure value (MPa level) and then attenuated in a short time (millisecond
period). This pressure is a dynamics pressure created by the impact of the impulsive
jet, and it is impossible to measure by conventional instrumentation. Before
measurement, the PVDF pressure sensor was calibrated by the laws of conversion of
energy and momentum.
3.4.1 PVDF pressure sensor calibration
Since the output signal of PVDF pressure sensor is in Voltage, the
correlation between the voltage output signal and the impact pressures has to be done.
figure 3.14 shows the PVDF pressure sensor calibration setup. Based on the laws of
conversion of energy and momentum, the impact pressure depends on the mass of the
rod and the height of the impact-rod movement. The mass (m) of impact-rods were
varied at 1.8 g, 5.0 g, 8.2 g, 21.3 g and 36 g. The diameter area of liquid jet was 2 mm
(dj). The impact forces (F) were varied by changing the height (h1) and the mass of the
impact-rod. The heights (h1) of impaction ware 0 - 50 mm. Once the impact-rod
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impacted on the PVDF pressure sensor surface, the PVDF pressure sensor responded
on impact force and it sent the output signal to digital oscilloscope in voltage. The
final height (h2) of impact-rod was the height after rebounding, which was observed by
high speed video camera. The impact force (F) can calculate by the laws of conversion
of energy and momentum [51] as shown in the Eq. (3.3).
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Figure 3.14 Calibration setup for PVDF pressure sensor

F

m

v1 v2
T

m

1 v2 / v1 v1
T

(3.3)

Where
F is impact force (N).
m is mass of the impact-rod (kg).
T is impact duration time (s).
v is velocity of impact rod (m/s).
Conversion of energy as shown in Eq. (3.4).

1 2
mv
2

Before impact

mgh

v1

m

1 v2 / v1 v1
T

2 gh1

(3.4)
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After impact or rebounding

v2

v2
v1

or

2 gh2

h2
h1

Where
g is the gravity of 9.81 m/s2.
V1 is velocity before impaction (m/s).
V2 is after impaction of velocity (m/s).
h1 is the initial height between the impact rod tip and the PVDF.
pressure sensor (m).
h2 is the maximum height of impact rod rebounding (m).
The impact pressure (P) of the impact force (F) can be calculated by
equation 3.5. After calibration, the calibration curve of PVDF pressure sensor obtained
for this study is shown in figure 3.15 and the equation of calibration is shown in
equation 3.6.

P

4F
d2

(3.5)

Where
P is impact pressure (Pa)
d is the diameter of the jet impact (m)

P = 35.268Ve+7.8274
Where
P is the impact pressure (MPa)
Ve is the voltage obtained from digital oscilloscope (V)

(3.6)
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Figure 3.15 Calibration curve
3.4.2 Measurement of impact pressure of liquid jet
The impact pressure in this study was measured by PVDF pressure sensor,
which was calibrated by the laws of conversion of energy and momentum as discussed
above. The PVDF pressure sensor was designed and manufactured for this study. The
PVDF pressure sensor was constructed with Polyvinylidence Fluoride (PVDF)
piezoelectric film and it was assembled on 25 mm thick of PMMA support. The
dimension of PMMA housing was 45x45 mm2. This PVDF pressure sensor was a
flexible component, which had the dimension of 28 µm thickness, width 15 mm and
length 25 mm. The PVDF polymer piezoelectric film was plastered by Ag-ink for
electrodes.
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Figure 3.16 (a) Experiment setup for impact pressure measurement
(b) Load-time trace of water jet-impact signal
The experimental setup for measuring the liquid jet-impact by a PVDF pressure
sensor was illustrated in figure 3.16(a). Once the jet impacted on the PVDF pressure
sensor, the PVDF pressure sensor responded to the jet impact. The signal of the jet
impact was recorded by oscilloscope as shown in figure 3.16(b). Then, the output
signal (Ve) was calculated to be pressure value by equation 3.6. In this experiment, the
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stand-off distance between the tip of nozzle and the surface of PVDF pressure sensor
was 3 mm.

CHAPTER 4
IMPULSIVE NEWTONIAN AND NON-NEWTONIAN LIQUID
JETS
4.1 Characteristics of Newtonian liquid jet
In this study, impulsive water jet used as Newtonian liquid jet was generated by
electromagnetic actuator based on impact driven method (IDM). The effects of orifice
diameter of nozzle, travelling distance, voltage and liquid volume on jet velocity and
impact pressure were investigated by laser beam interruption method and PVDF
pressure sensor as described in Chapter 3, respectively. The orifice diameters of nozzle
were 0.2, 0.3, 0.5 and 0.7 mm. The travelling distances were 0, 5, 10, 15, 20, 25 and
30 mm. The capacitor voltages were 100, 200, 300, 400 and 500 V. The liquid
volumes were 0.1, 0.2, 0.3, 0.4 and 0.5 mL.
Figure 4.1 shows the effect of traveling distance on the jet velocity at various
orifice diameters of a nozzle (d) of 0.2, 0.3, 0.5, and 0.7 mm with liquid volume (VL)
of 0.5 mL, and capacitor voltage (Vc) of 500 V. All experiments were repeated more
than five times for each setup to ensure their correctness and consistency. The scatter
of the measurement data points is reasonably small, hence, only average data was used
for plotting and analyzing. It was found that the water jet velocity increased as the
traveling distance increased at all orifice diameters. This is the result of an increase in
the momentum transfer of the copper coil. Moreover, the jet velocities increased
drastically at all orifice diameters of the nozzle for the traveling distance between 0 to
15 mm. However, the jet velocities for the nozzle with an orifice diameter of 0.2 mm
and 0.3 mm increased slightly with the increase of the traveling distance over 15 mm.
While a higher rate of increment in jet velocity is obtained with a larger orifice
diameter of 0.5 mm and 0.7 mm and at a longer traveling distance. This is because the
pressure inside the larger orifice diameter is drained faster at the exit than that of the
small nozzle. A maximum jet velocity of 239.57 m/s is obtained at the traveling
distance of 30 mm, liquid water’s volume of 0.5 mL, capacitor’s voltage of 500 V, and
at the nozzle’s orifice diameter of 0.5 mm.
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Figure 4.1 Effects of traveling distance on the jet velocity at various orifice
diameters of a nozzle, VL = 0.5 mL and Vc = 500 V
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Figure 4.2 Effect of orifice diameter of nozzle on jet velocity at various travelling
distances at VL = 0.5 mL and Vc = 500 V
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Figure 4.2 shows the effect of orifice diameter of nozzle on jet velocity at
travelling distance of 0 - 30 mm. The jet velocity increased as the travelling distance
increased at all of orifice diameters of nozzle because of increasing the momentum
transfer of a copper coil as described above. However, the orifice diameter had an
indescribably significant effect on various jet velocities. The maximum jet velocity of
221.20 m/s was provided at 0.5 mm of orifice diameter of nozzle, 30 mm of travelling
distance and 0.5 mL of liquid volume. It may imply that the 0 .5 mm of diameter of
nozzle was optimal orifice diameter of nozzle for jet generation using electromagnetic
actuator.
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Figure 4.3 Effect of liquid volume on the jet velocity at the various voltage of the
capacitor, xt = 30 mm and d = 0.5 mm
Figure 4.3 shows the effect of liquid volume on the jet velocity at various
capacitor’s voltage (Vc) of 100, 300, and 500 V, respectively. It is found that the same
tendency of the relation between the jet velocity related and the liquid volume is
reported for all applied voltages. The increasing of liquid volume leads to the
decreasing of jet velocity because the higher amount of liquid volume generates higher
back pressure inside the nozzle that causes deceleration of the jet based on the theory

63
of compressible fluid dynamics [25]. Moreover, the jet velocity increases when the
capacitor’s voltage increases at each particular liquid volume due to the generation of
the higher capacitor’s voltage. It then causes a higher density of the electromagnetic
field and the stronger energy to drive the jet. The maximum jet velocity of 239.57 m/s
is obtained at the voltage of capacitor of 500 V, the liquid volume of 0.1 mL, and the
traveling distance of 30 mm.
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Figure 4.4 Effect of liquid volume on impact pressure at the various voltage of
the capacitor, Xt = 30 mm and d = 0.5 mm
Figure 4.4 shows the effect of liquid volume on impact pressure at variable
capacitor’s voltage (Vc) of 100, 300, and 500 V, respectively. The impact pressure was
measured at a fixed standing distance of 3 mm from the nozzle exit. It was found that
the impact pressure decreased when the liquid volume increased. The lower impact
pressure is caused by the decreasing of jet velocity. Similar to the relation between the
jet velocity and the capacitor’s voltage, at each particular liquid volume, the impact
pressure also increases when the capacitor’s voltage increases because of more amount
of energy transferred from electric power to electromagnetic field as described above.
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The maximum impact pressure of 133.27 MPa is obtained at the voltage of capacitor
of 500 V, the liquid volume of 0.5 mL, and traveling distance of 30 mm.

4.2 Characteristics of Non‐Newtonian liquid jets
The Non-Newtonian liquid jets were also generated by electromagnetic actuator.
The condition of maximum Newtonian jet velocity and maximum impact pressure was
used to study the characteristics of Non-Newtonians liquid jet. The condition was the
travelling distance of 30 mm, nozzle orifice diameter of 0.5, and liquid volume of 0.1
mL and capacitor voltage of 500 V. The velocity of Non-Newtonians jets and impact
pressure was measured by visualization technique and PVDF pressure sensor,
respectively. The Non-Newtonians liquid used in this study were milk (pseudoplastic),
salad dressing (Dilatant), tomato sauce (Bingham pseudoplastic) and toothpaste
(Bingham plastic). Moreover, the behavior of Non-Newtonians fluids jet in air and
under water was visualized by high speed video camera (Photron/ FASTCAM SA4) at
30,000 fps.
4.2.1 Jet velocity and impact pressure of Non-Newtonian jets in air and water
Figure 4.5 shows effect of Non-Newtonian liquid jets on average jet
velocity in air. The average jet velocity is useful to indicate how far the jet has
penetration. In this figure, average jet velocities increase gradually after the jet reaches
the maximum point. It indicates that jet penetration distance is very long once it injects
outside the nozzle. The distance for jet velocity measurement is 120 mm from the
nozzle tip because of the limitations of the image size of high speed video camera. The
velocity of milk jet was the highest. At the time after 0.1 ms, the jet velocity of tomato
sauce and salad dressing were not much difference, but at the elapsed time of 0 ms 0.1 ms, the jet velocity of tomato sauce and salad dressing were obvious differences.
The jet velocity of salad dressing was higher than that of tomato sauce. Considering
the jet velocity of toothpaste, it was found that the jet velocity of toothpaste was the
slowest. The average jet velocity of milk jet, salad dressing jet, tomato sauce jet and
toothpaste jet was 191.30 m/s, 173.30 m/s, 173.34 m/s and 147.84 m/s, respectively.
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Figure 4.5 Effect of Non-Newtonian liquid jets on average jet velocity in air
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Figure 4.6 Effect of Non-Newtonian liquid jets on average jet velocity under
water
Figure 4.6 shows effect of Non-Newtonian liquid jets on average jet velocity
under water. It was found that the jet velocities increased and decreased at the time of
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0 - 0.15 ms of all Non-Newtonian liquid jets. The jet velocity of milk jet, slad dressing
jet and tomato sauce jet increased and decreased at the time of 0.15 ms - 0.4 ms
whereas the jet velocity of toothpaste jet increased and decreased at the time of 0.2 ms
- 0.9 ms because of the viscosity of Bingham plastic was the highest. The average jet
velocity of milk jet, salad dressing jet, tomato sauce jet and toothpaste jet was 87.06
m/s, 88.29 m/s, 88.82 m/s and 100.85 m/s, respectively. Comparing jet velocities in air
and under water as illustrated in figure 4.5 and figure 4.6, jet velocities of each NonNewtonian jets in air were higher than that of under water because the aerodynamic
drag is lower than the hydrodynamic drag.
In this study, the impact pressure was measured by PVDF pressure sensor, which
it was calibrated by the law of conservation of energy and momentum as discussed
above. The impact pressure of the Non-Newtonian fluids jet was measured at the
stand-off distance of 2 mm, 10 mm, 20 mm, 30 mm and 50 mm.
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Figure 4.7 Effect of stand-off distance on impact pressure of Non-Newtonian jets
in air
Figure 4.7 shows effect of stand-off distance on impact pressure of NonNewtonian jets in air. The impact pressure increased and decreased as the stand-off
distance increased. The increase of the impact pressure was the effect of momentum
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transfer, while the decrease of the impact pressure was the effect of drag force and the
atomization of the jet tip. The maximum impact pressure of salad dressing jet, tomato
sauce jet and toothpaste jet occurred at the stand-off distance of 30 mm whereas the
maximum impact pressure of milk jet occurred at the stand-off distance of 20 mm. The
maximum impact pressure of milk jet, salad dressing jet, tomato sauce jet and
toothpaste jet was 67.69 MPa, 85.29 MPa, 93.92 MPa and 127.62 MPa, respectively.
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Figure 4.8 Effect of stand-off distance on impact pressure of Non-Newtonian jets
under water
Figure 4.8 shows effect of stand-off distance on impact pressure of NonNewtonian jets under water. It was found that the impact pressure increased and
decreased as the stand-off distance increased which were similar to in air. The
maximum impact pressure of milk, salad dressing and tomato sauce jets occurred at
the stand-off distance of 10 mm and 20 mm for toothpaste jet, which were closer the
nozzle than in air because the hydrodynamic drag is lower than the aerodynamic drag.
The maximum impact pressure of milk jet, salad dressing jet, tomato sauce jet and
toothpaste jet was 56.29 MPa, 76.83 MPa, 74.22 MPa and 85.36 MPa, respectively.
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4.2.2 Formation of Non-Newtonian jets in air and water
In this study, the Non-Newtonian liquid jets were visualized by a high
speed video camera at frame speed of 30,000 fps. The video files were converted to
the picture files, which the time period of each picture is 0.033 ms.

Liquid jet
20 mm

20 mm

(b) t = 0.033 ms

(a) t = 0.000 ms

20 mm

(c) t = 0.066 ms

Jet tip
20 mm

20 mm

(e) t = 0.132 ms

(d) t = 0.099 ms

20 mm

20 mm

(h) t = 0.231 ms

(g) t = 0.198 ms

20 mm

(f) t = 0.165 ms

20 mm

(i) t = 0.264 ms

Disintegration
20 mm

20 mm

(k) t = 0.330ms

(j) t = 0.297 ms

20 mm

20 mm

(n) t = 0.429 ms

(m) t = 0.396 ms

20 mm

(p) t = 0.495 ms

20 mm

(l) t = 0.363 ms

20 mm

(o) t = 0.462 ms

20 mm

(q) t = 0.528 ms

Figure 4.9 Formation of milk jet in air

20 mm

(r) t = 0.561 ms

69
Liquid jet
20 mm

20 mm

(b) t = 0.033 ms

(a) t = 0.000 ms

20 mm

(c) t = 0.066 ms
Disintegration

Jet tip
20 mm

20 mm

(e) t = 0.132 ms

(d) t = 0.099 ms

20 mm

20 mm

(h) t = 0.231 ms

(g) t = 0.198 ms

20 mm

20 mm

20 mm

20 mm

20 mm

20 mm

(o) t = 0.462 ms

20 mm

(q) t = 0.528 ms

(p) t = 0.495 ms

20 mm

(l) t = 0.363 ms

(n) t = 0.429 ms

(m) t = 0.396 ms

20 mm

(i) t = 0.264 ms

(k) t = 0.330ms

(j) t = 0.297 ms

20 mm

(f) t = 0.165 ms

20 mm

(r) t = 0.561 ms

Figure 4.10 Formation of salad dressing jet in air
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Figure 4.11 Formation of tomato sauce jet in air
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Figure 4.12 Formation of toothpaste jet in air
Figures 4.9-4.12 show the formation of four Non-Newtonian liquid jets in air. It
was found that all jets penetrated after the jets moved out the orifice of nozzle. At the
jet tip, the disintegration of Non-Newtonian liquid jets was generated because of
aerodynamic drag. The most disintegration of Non-Newtonian fluids jet was milk jet
because the viscosity of Pseudoplastic fluid or milk decreased as the shear rate
increased. The least disintegration of Non-Newtonian fluids jet was toothpaste jet
because the viscosity of Bingham-plastic fluid or toothpaste was the highest.
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Figure 4.13 Formation of milk jet under water
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Figure 4.14 Formation of salad dressing jet under water
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Figure 4.15 Formation of tomato sauce jet under water
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Figure 4.16 Formation of toothpaste jet under water

73
Figure 4.13 - 4.16 shows the formation of four Non-Newtonian fluids jet injected
under water. From all jets formation, it was found that the jet generated the vapor
bubble. That is the unique characteristics of the high speed jet injected under water.
The highest disintegration occurred at the tip of milk jet because the viscosity and
density of Pseudoplastic liquid or milk jet is similar value to water and the viscosity of
milk decreased as the shear rate increased. Then, the Non-Newtonian liquid jets were
expanded under water like cavitation behavior. Finally, the expansion bubble was
collapsed and disintegrated by surrounding pressure of water. This phenomena has
been clearly described by Ref. [14, 46]. The most difference of Non-Newtonian liquid
jets injected in air and water is vapor bubble behaviors.

CHAPTER 5
APPLICATION OF IMPULSIVE JET
This Chapter described the application of impulsive jet generated by
electromagnetic actuator in medical and engineering works. The preliminary studies of
needle free jet injection, bone drilling, stone drilling and jet injected in pipe were
investigated. The performance of the liquid jet generated by electromagnetic actuator
being reported in this section was valuable for practical applications in the future.

5.1 Needle free jet injection
In order to compare the performance of the device for needle free jet injection
with the commercial needle free jet injectors, this jet generated from the nozzle orifice
diameter of 0.2 mm with a travelling distance of 5 mm was investigated. This nozzle
orifice diameter is the same diameter as the nozzle used in commercial needle free
injector as show in table 5.1. The travelling distance of 5 mm used for jet generation is
because the jet velocity of more than 100 m/s can be produced as shown in figure 4.2.
This jet velocity of 100 m/s is the minimum velocity for needle-free jet injection as
mentioned in previous study [14]. As reported in figure 4.2, the maximum jet velocity
produced at a liquid volume of 0.5 mL and capacitor’s voltage of 500 V was 123.88
m/s which is enough velocity for needle free jet injection.
Figure 5.1 shows effect of liquid volume on jet velocity at capacitor’s voltage (Vc)
of 100, 300 and 500 V, nozzle’s orifice diameter (d) of 0.2 mm and liquid volume (VL)
of 0.5. As the same reason as explained in figure 4.3, the jet velocity decreased when
the liquid volume increased or the capacitor’s voltage decreased. At a capacitor’s
voltage of 500 V, it was found that the jet velocity of more than 100 m/s can be
reached at all specified liquid volumes given in this experiment. The maximum jet
velocity of 140.36 m/s was produced at liquid volume of 0.1 mL. Moreover, the
minimum jet velocity of 123.88 m/s was produced at liquid volume of 0.5 mL.
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Figure 5.1 Effect of liquid volume on jet velocity at various capacitor’s voltage of
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Figure 5.2 Effect of liquid volume on impact pressure at capacitor’s voltage of 500
V, travelling distance of 5 mm and nozzle’s orifice diameter of 0.2 mm
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The capacitor voltage of 500 V was used to investigate the effect of liquid volume
on impact pressure as illustrated in figure 5.2. The impact pressure was measured at a
distance of 3 mm from nozzle exit. From the figure, it was found that the impact
pressure decreased when the liquid volume increased because jet velocity decreased as
described in figure 5.1. The maximum and minimum impact pressures were 20.91 and
16.34 MPa at 0.1 mL and 0.5 mL, respectively, which were higher than the minimum
impact pressure of 15 MPa, being the pressure criteria for needle-free jet injection
[11]. From figure 5.1 and figure 5.2, therefore, it is concluded that this jet generated by
electromagnetic actuator has enough potential to produce the suitable jet velocity and
impact pressure for needle free jet injection. The following section will then present
the results of jet penetration and dispersion of the jet generated at capacitor voltage of
500 V, travelling distance of 5 mm and of nozzle’s orifice diameter of 0.2 mm.
5.1.1 Penetration and dispersion of needle free-jet in synthetic tissue
To investigate the penetration and dispersion behavior of the needle free jet
for medical application, water jet (being used as drug) was injected into a 20%
polyacrylamide gel. Polyacrylamide gel was generally used for drug delivery study
because of its transparent property [21] and its equivalent young modulus to human
tissue (0.22 - 0.38 MPa) [49]. In this study, 20% Polyacrylamide gel were prepared by
mixing an appropriate volume of 40% acrylamide stock (i.e. 37.5 acrylamide/1 bisacrylamide; BioRad Laboratories) with distilled water. The Polymerization was
initiated by the addition of ammonium persulfate (APS) and N,N,N',N'tetramethylethylenediamine (TEMED).
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Figure 5.3 Evolution of jet penetration during the injection into 20%
Polyacrylamide gel at Vc = 500 V, VL = 0.5 mL and d = 0.2 mm
using impact driven method
Figure 5.3 shows the evolution of jet penetration during the injection into
20% Polyacrylamide gel at 500 V, 0.5 mL. The evolution of jet penetration was
recorded by high-speed video camera, Casio Exilim Pro EX-F1 with frame rate of
1,200 fps. From the images, the introductory channel as well as circular dispersion was
obviously observed. The evolution of jet penetration can be divided into two periods.
The first period is called penetration period, as shown in figure 5.3(b). In this period,
the jet has the maximum velocity and maximum impact pressure to penetrate the gel.
The depth of penetration depends on the velocity and impact pressure. This period
takes shorter time than next period. The second period is called the dispersion of liquid
jet in the gel, as show in the figure 5.3(c-i). The time of this period depends on the
liquid volume and jet velocity. Comparing the study of needle free jet injection using
electromagnetic actuator installed controller using driven method (DM) for jet
generation [14] as shown in figure 5.4, it was found that behaviors and dispersion
characteristics of liquid jet from figure 5.3 and figure 5.4 were similar. But the first
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period as show in figure 5.3(c) of jet generator using indirect impact driven method
(IDM) and jet generator using DM in figure 5.4(e) [14] at 1.66 ms was different. The
penetration distance of jet generator using IDM without controller is higher than that
of DM with controller. The penetration distance of the jet generated by IDM and DM
is about 10 mm and 5 mm, respectively. It imply that the time of penetration of IDM is
shorter than that of DM. Therefore, there is not necessary to install the control system
with the device, the short time of penetration will make the patient feel less pain as
related with Mukda study [48].
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Figure 5.4 Evolution of jet penetration during the injection into 20%
Polyacrylamide gel using driven method (DM) [21]
In addition, the dispersions of liquid jet were studied thoroughly as show in
figure 5.5. The characteristics of dispersion were divided 5 formats: 1) Channel is the
distance of depth from nozzle tip to upper layer of dispersion, 2) Hole is the distance
of depth from nozzle tip to the first of dispersion, 3) Height is the distance of
dispersion in y axis, 4) Width is the maximum distance of dispersion in x axis, and 5)
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Depth is the maximum distance from nozzle tip to bottom of dispersion. Figure 5.5
shows the dispersion of water jet in Polyacrylamide gel 20% at liquid volume 0.1 – 0.5
mL. The distance of channel and hole decreased when liquid volume increased
because the jet velocity and impact pressure decreased as described in figure 5.1 and
figure 5.2, respectively. Moreover, the distance of width, high and depth increased
when the liquid volume increased.
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Figure 5.5 Dispersions of water jet in 20% Poly acrylamide gel
Figure 5.6 shows Comfort-in injector [50] used for insulin injection. The
energy storage of this device is compression of spring. The ampoule and piston was
manufactured by hardness plastic, which could contain the maximum drug volume of
0.5 mL and the orifice diameter of nozzle was 0.15 mm. It uses the DM for jet
generation.

Figure 5.6 Comfort-in (Needle free jet injection in commercial) [50]
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Figure 5.7 Effect of liquid volume on jet velocity and impact pressure of
Comfort-in injector
Figure 5.7 shows the effect of liquid volume on jet velocity and impact
pressure of Comfort-in injector. It was found that the jet velocity and impact pressure
decreased as the liquid volume increased, which has the same results of jet generated
by the electromagnetic actuator. The maximum jet velocity and impact pressure was
101.69 m/s and 25.14 MPa at VL = 0.1 mL, respectively.
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Figure 5.8 Evolution of jet penetration during the injection into 20%
Polyacrylamide gel at VL = 0.5 mL using Comfort-in
Comparing between the electromagnetic actuator with Comfort-in injector,
it was found that the jet penetration in Polyacrylamide gel of electromagnetic actuator
was higher than that of Comfort-in injector as shown in the penetration distance at the
same time in figure 5.3(b) and Fig 5.8(b), respectively. The short time of penetration
will help to decrease pain when injecting into human. This is the advantage of
electromagnetic actuator used IDM for jet generation. Considering the part of
dispersion in Polyacrylamide gel, it was found that the dispersion of the both devices
were similar.

82

40

0.1 ml
0.2 ml
0.3 ml
0.4 ml
0.5 ml

Dispersion, mm

30

Spring power

20

10

0

Channel

Hole

Width

Height

Depth

Figure 5.9 Propagation of water jet in 20% Poly acrylamide gel using Comfort-in
needle free jet injection
Figure 5.9 shows dispersion of water jet in Polyacrylamide gel 20% at
liquid volume of 0.1 – 0.5 mL using Comfort-in injector, it was found that the distance
of channel and hole decreased as the liquid volume increased because the jet velocity
and impact pressure decreased. The distance of width, height and depth increased as
the liquid volume increased. These was the same results electromagnetic actuator as
described in Fig 5.5.
From this preliminary study of needle free jet injection using
electromagnetic actuator without controller, it can be concluded that the device has
enough potential to penetrate drug into the human skin and it provided the similar
penetration’s effect to the jet generation with controller [21]. However, effect of more
parameters involving needle free jet injection should be further studied.

5.2 Application for bone drilling
Nowadays, orthopedic surgery has been performed using a conventional drill bit.
The conventional drill bit used for bone drilling increases the temperature of the
surrounding bone tissue, which can lead to unwanted cell damage or cell death,
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causing poor bone healing. Dunnen et al. [7, 47, 48] invented a new technique of
orthopedic surgery using the high-speed liquid jet to generate the drilling’s force from
2013 to 2016. The main advantage is barely increase in the temperature of the
surrounding tissue, thus, causing no thermal damage to the cells. Besides the thermal
advantage, the cut of a water jet is always sharp and clean due to the absence of
contact between the tissue and the water jet instrument [7, 47, 48]. In this study, the
water jet was generated by compressing the water using a tensile testing cylinder at 70
MPa. The compressed water in the cylinder was accelerated through the nozzle’s
orifice diameter of 0.6 mm to generate the water jet. It was found that the maximum
drilling’s depth of bone after jet penetration for 5 seconds was about 24 mm, and the
depth to liquid volume ratio was about 0.045 mm/mL. The amount of waste which was
the combination of the removed bone’s fragments and water was generated during the
drilling process. Also, the superfluous water must be used during surgery to remove
such waste. However, the tensile testing machine is not a device being designed to
generate the water jet. Consequently, it is difficult to apply and control the jet
generator with the desired parameters, such as the jet velocity, and the drilling’s depth
of the bone. There are thickness’s variations of the human’s bones at different body’s
positions; thus, the drilling’s depth must be controlled to avoid the patient’s dangers
[7, 47, 48].
Similar to other research work in bone drilling, pig bones at the femoral condyles
were selected for study [7, 47, 48]. This section will report the results of bone drilling
by water jet generated by the electromagnetic actuator in which the jet velocity can be
adjusted. Figure 5.10 shows the effect of liquid volume on drilling’s depth of a pig
bone. The water jet was generated by the nozzle’s orifice diameter of 0.5 mm, the
traveling distance of 30 mm and capacitor’s voltage of 500 V. The water jet with
numbers of a pulse was applied so that significant drilling’s depth was observed.
Liquid volume per one pulse was varied at 0.1, 0.3, and 0.5 mL, respectively. The
number of jet’s pulses was fixed at 20 pulses. The distance between the nozzle tip and
the bone was 1 mm. A CT scanner (Optima CT600 with 0.625 mm of resolution) was
used to investigate the bone’s structure and the drilling’s depth. It was found that the
drilling’ depth increased when the liquid volume increased, as shown in figure 5.10.
This is similar to those reported by Dunnen’s study [7, 47, 48]. The maximum depth of
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3.02 mm was found at 0.5 mL of liquid volume. This condition was then used to study
the effect of the number of jet’s pulses on drilling’s depth.

Figure 5.10 Effect of liquid volume on depth at 20 jet pulses
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Figure 5.11 Effect of the number of pulse on depth at VL = 0.5 mL
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Figure 5.11 shows the effect of numbers of pulse on the drilling’s depth. The
water jet with a liquid volume of 0.5 mL per pulse was used, and the numbers of pulse
were 10, 20, 40, and 80 pulses, respectively. It was found that the drilling’s depth
increased when the number of pulses increased. The maximum depth of 4.52 mm was
achieved at 80 jet’s pulses. The depth per liquid volume ratio of 0.113 mm/mL was
obtained comparing to 0.045 mm/mL reported by Ref. [47]. It is seen that this study
provides a higher value of depth per liquid volume ratio with the way to decrease the
amount of waste. Also, the relation between the numbers of pulse and the drilling’s
depth is a concave downward curve. This can be explained using the bone’s structure
theory such that at the compact bone’s layer underneath the articular cartilage layer,
the stronger hardness structure exists.

5.3 Application for stone drilling
Most of the tunneling technologies generally use tunnel boring machine (TBM)
that employs the rotation of driller tip for drilling. The driller tip is made from material
with significant high hardness [8]. It penetrates the layers of rock, while the driller tip
must always be contacted with the rock’s surface. As a consequent, the driller tip is
accumulated with high thermal stress and deterioration; thus, frequent maintenance
and parts replacement are required for the driller tip. Also, the use of TBM produces a
large amount of dust from drilling. Therefore, alternative methods [15, 17] have been
invented for rock drilling by the knowledge of the high-speed liquid jet to overcome
these inferiors. In 2009, Ohtani et al. [8] used a laser HO-YAG to induce water jet for
boring rock surfaces. It was reported that this jet generator could penetrate through the
2 mm thickness of the submerged rock specimens under water. Then, Dehkhoda and
Hood [16] studied the damage of rocks using high-speed water jet in 2013. A highpressure pump at 80 MPa is used to generate the jet. The pulse frequency of the water
jet was generated by the rotation of a slotted disk across the water jet beam. It was
shown that the damage of rocks depended on frequency and length of the jet’s pulse.
However, the disadvantage of this pulsed jet’s device is that the slotted disk will be
damaged within a short period. Recently, Zhenguo et al. [15] studied the damage of
stone caused by supercritical CO2 jet in 2016. The supercritical CO2 jet was generated
by increasing pressure and temperature at a high value until its critical state. Then it
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was forced to flow through the nozzle to reach its supercritical state. The processes of
supercritical CO2 generation is still complicated, large, and expensive.
In this study, we will investigate the capability of the stone drilling by the water
jet generated by the electromagnetic actuator. Sandstone with known compressive
strength of 48.43 MPa (tested by a 50 ton-universal testers CY-6040A1 series) was
selected to study the drilling effects. The properties of the selected sandstone were
shown in table 5.1, and the thickness is given for the compressive test.
The water jet at a maximum velocity of 239.57 m/s and maximum impact
pressure of 1 3 3 .2 7 MPa with continuous increment in the number of jet pulses was
applied to drill the sandstone. The sandstone has a diameter and thickness of 51.38 and
3.18 mm, respectively. The stand-off distance between the nozzle tip and the stone’s
surface is 1 mm. The drilling’s depth and failure mechanism of the sandstone was
observed for every increment in the number of pulses.

Table 5.1 Properties of sandstone for the compressive strength test
Detail

Value

Diameter, mm

51.38

Thickness, mm

84.14

Cross section area, m2
Mass, kg
Volume, m3

20.74x10-4
415.00
17.45x10-5

Density, kg/m3

2377.90

Compression force, kgf

10240.00

Elastic modulus, MPa

1306.09

Compressive strength, MPa

48.43
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Figure 5.12 Experimental setup for sandstone depth measurement

Figure 5.13 Effect of number of jet pulse on sandstone depth
A dial gauge was applied for the depth measurement. The tip of the dial gauge
was modified by installing the needle rod, as illustrated in figure 5.12. The
deformation of sandstone was firstly investigated when the number of a pulse was
given at 20 pulses. It was found that the drilling’s depth of sandstone was increased
when the number of the pulse was increased, as shown in figure 5.13. The surface
deformation, as shown in figure 5.14, was observed by a digital microscope with the
resolution of 30X (Dino-Lite AM3111T Digital Microscope 0.3 MP). The fracture of
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sandstone in multiple cracks and cleavages are formed from 0 to 45 pulses. It appears
that fragments are peeled off in shear failure mechanisms. Figure 14(a) shows the
original surface of the sandstone. The particular locations of the perforation hole
caused by the shear failure mechanisms are then depicted in figure 5.14(b) and 5.14(c).
Figure 5.14(d) shows the tensile failure mechanism at 46 pulses. The crack or tensile
failure mechanism is the result of the penetration of the water jet moving deepen into
the rock pores. It produces high pressure acting on the inner wall of stone and may
cause the minerals of sandstone to become separation until cracking. Figure 5.14(e)
shows the shear failure mechanism of sandstone at 60 pulses, and it is completely
penetrated the sandstone of 3.18 mm thickness at 74 pulses, as shown in figure 5.14(f).
This experiment reported that the drilling’s depth is gradually increased when the
number of jet pulses less than 60 pulses. The drilling’s depth is increased rapidly at 60
and 74 pulses. This may be explained such that the high rate of the stress and strain
were generated at the drilling hole and stimulate the faster tensile and shear failure
mechanism of sandstone.
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Figure 5.14 Failure mechanism of sandstone
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5.4 Fundamental study of water jet in pipes
5.4.1 Experiment setup
In this study, the 0.5 mm of nozzle orifice diameter, 0.1 mL of liquid
volume, 30 mm of travelling distance and 500 V of capacitor voltage was selected for
water jet generation because this condition can provided the maximum jet velocity and
maximum impact pressure as discussed in chapter 4. The inside diameters of clear
pipes in this study are 7 mm, 11 mm and 16 mm. The velocity and characteristic of
water jets in pipes in air and underwater were observed by high speed video camera
(Photon) at 30,000 fps. The impact pressures in pipes were measured by PVDF
pressure sensor.
5.4.2 Study of water jet injected into pipe in air
The pipes in this study were installed in the air as shown in figure 5.15.
When the water jet injected into the pipe, the water jet was visualized by the high
speed video camera for evaluating jets velocity and behavior of the jets. The impact
pressure was measured by the PVDF pressure sensor as shown in figure 5.16. The
stand-off distances of 2, 5, 10, 15, 20, 30 and 50 mm on impact pressure were
investigated.
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Figure 5.15 Experiment setup for visualization on the behavior of water jets
injected into pipes in air
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Figure 5.16 Experiment setup of measurement of impact pressure of water jet
injected into pipes in air
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Figure 5.17 Velocity of the water jet injected into pipes in air
Figure 5.17 shows the velocity of water jet in three pipes in air at time
variation. The water jet was visualized by high speed video camera at 30,000 fps,
which the frame size of the water jet moving was 120 mm away from the tip of the
nozzle. It was found that the jet velocity of all pipes increased as the penetration time
of water jet increased because the back pressure inside the nozzle decreased. This flow
velocity is initially subsonic flows throughout the nozzle. If the back pressure
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increases until the equivalent pressure for driving the water jet, the water jet cannot
move throughout the nozzle. The maximum water jet velocity of the 7 mm, 11 mm
and 16 mm of pipe diameter were 205.35 m/s, 211.21 m/s and 200.27 m/s,
respectively. Considering at the elapsed time after 0.4 ms, it was found that the jet
velocity in all pipes decreased because of aerodynamic drag. Considering the effect of
pipe diameter on jet velocity at the elapsed time of 0 – 0.1 ms, it was found that the
inside diameter has a significant effect on jet velocity because air near the nozzle was
induced into the pipe affected to increase the jet velocity. From this study, the jet
velocity in the pipes diameter of 7 mm was the slowest because the induced air around
the pipe was less than that of other pipes. Considering the jet velocity after 0.1 ms, it
was found that the jet velocity has not a significant with the pipe diameter.
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Figure 5.18 Effect of stand-off distance on impact pressure in three dimensions
of pipes in air
Figure 5.18 shows the effect of stand-off distance on impact pressure of
three pipes in air. It was found that the impact pressure increased and decreased as the
stand-off distance increased because the atomization was generated at the jet tip as
shown in figure 5.23 - 5.25. it is because increasing of the atomization makes the
increase of the area of jet impact on surface of PVDF. Moreover, the density of the
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water jet at the impact decreased. Considering the stand of distance in the range of 2 20 mm, it was found that the impact pressure increased when the stand-off distance
increased because the back pressure inside the nozzle decreased, which the water jet
velocity increased as discussed in the above. The maximum impact pressure of water
jet in pipe diameter of 7 mm, 11 mm and 16 mm was 138.79 MPa, 166.15 MPa and
209.82 MPa, respectively. Considering the stand-off distance at maximum impact
pressure, it was found that the stand-off distance of 20 mm was the maximum impact
pressure of the pipe diameter of 11 mm and 16 mm. However, the maximum impact
pressure of the pipe diameter of 7 mm was occurred at 15 mm away from the nozzle
tip because its jet velocity was the slowest as shown in figure 5.17. Considering the
impact pressure of the pip diameter of 11 mm and 16 mm after stand-off distance of 20
mm, it was found that the impact pressure decreased because the atomization
increased after 20 mm of stand-off distance. Although, the jet velocity increased, the
increasing jet velocity has not affect to the impact pressure. Considering at the
maximum impact pressure, it was found that the impact pressure increased as the
inside diameter of pipes increased because the jet velocity in pipes increased as the
inside diameter of pipes increased. The atomization of the jet tip at 20 mm away from
the nozzle tip was less than that after 20 mm away from the nozzle tip.
5.4.3 Study of water jet injected into pipe under water
The pipes in this study were installed under water as shown in figure 5.19.
The dimension of test chamber is 300 mm in width, 450 mm in long and 300 mm in
height. The water level in the test chamber is higher than the nozzle tip of 150 mm.
When the water jet injected into the pipe under water, the water jet was visualized by
the high speed video camera for measuring jet velocity and its behavior. For the
impact pressure measurement, the PVDF pressure sensor was used for this study. The
PVDF pressure sensor was calibrated by the law of momentum and conservation of
energy as discussed above. The experimental setup for impact pressure measurement
shows in figure 5.20.
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Figure 5.19 Experiment setup for visualization of the behavior of water jets
injected into pipes under water
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Figure 5.20 Experiment setup of impact pressure measurement of water jet
injected into pipes under water
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Figure 5.21 Water jet velocity injected into the pipes under water
Figure 5.21 shows the velocity of water jet in pipes under water at time
variation. The water jet was recorded by high speed video camera at 30,000 fps, which
the distance of water jet moving in the frame of picture was 120 mm away from the tip
of the nozzle. From this study, it was found that the jet velocity of all pipes increased
and decreased as the injection time of water jet increased because of the effect of back
pressure as discussed above. The maximum water jet velocity of 7 mm, 11 mm and 16
mm of pip diameter were 121.21 m/s, 155.15 m/s and 78.93 m/s, respectively at 0 - 0.1
ms. Considering at the time after 0.1 ms, it was found that the jets velocity of all pipes
increased and decreased because of the increasing of the atomization at the jet tip and
the effect of hydrodynamic drag. Considering the effect of pipe diameter on jet
velocity at of 0 – 0.1 ms, it was found that the inside diameter of pipes has an
insignificant effect on jet velocity in water. From this study, the water jet velocity in
the pipe diameter of 16 mm was the slowest because the inside diameter of pipe was
large, which affected to disintegration of water jet as shown in figure 5.28. The 11 mm
of pip diameter was generated the maximum water jet velocity at all of the elapsed
time because this pipe was optimized for water jet velocity.
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Figure 5.22 Effect of stand of distance on impact pressure
Figure 5.22 shows the effect of stand-off distance on impact pressure of
three pipes, it was found that the impact pressure increased and decreased as the standoff distance increased because of hydrodynamic drag. Considering the effect of pipe
diameter, it was found that the inside diameter has insignificant effect on impact
pressure. The maximum impact pressure of water jet in pipe diameter of 7 mm, 11 mm
and 16 mm were 109.72 MPa, 107.13 MPa and 113.59 MPa, respectively. The
maximum impact pressure of pipes occurred at the stand-off distance of 15 mm.
5.4.4 Characteristic of water jet injected in pipes in air
The characteristic of water jet in pipes injected in air was recorded by high
speed video camera at frame speed of 30,000 fps. The condition of jet generation is the
same condition of jet generation for the study of jet velocity and impact pressure as in
the above discussion.
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Figure 5.23 Characteristic of water jet injected into the pipe diameter of 7 mm
in air
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Figure 5.24 Characteristic of water jet injected into the pipe diameter of 11 mm
in air
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Figure 5.25 Characteristic of water jet injected into the pipe diameter of 16 mm
in air
Figure 5.23 – 5.25 shows the behaviors of water jet injected in 7 mm, 11
and 16 mm of pipe diameter in air. From this study, it was found that the water jet was
injected as shown in figure 5.23(a), 5.24(a) and 5.25(a). The water droplets were
formed at the jet tip as shown in figure 5.23(c-e), 5.24(c-e) and 5.25(c-e). The second
jet was generated as shown in figure 5.23(g), 5.24(g) and 5.25(g). The water droplet of
second jets is less than that of the first jets because the velocity of second jet
decreased. The third jet was generated as shown in figure 5.23(k), 5.24(l) and 5.25(q)
at 7 mm, 11 mm and 16 mm of pipe diameter, respectively. From this study, it can be
seen that there were three jet pulses, which were generated at the one time of water jet
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generation because the back pressure inside the nozzle decreased. This flow initially
was subsonic flows throughout the nozzle, which it generated the first jet. If the back
pressure increases until equivalence pressure for driving the water jet, the water jet
cannot move throughout the nozzle. Later, the back pressure decreased, then it
generated the second jet.
5.4.5 Characteristic of water jet injected in pipes under water
The characteristic of water jet injected in pipes under water was recorded
by high speed video camera at frame speed of 30,000 fps. The condition of jet
generation is the same condition of jet generation for study jet velocity and impact
pressure as the above discussion.
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Figure 5.26 Characteristic of water jet under water injected into the pipe
diameter of 7 mm under water
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Figure 5.27 Characteristic of water jet under water injected into the pipe
diameter of 11 mm under water
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Figure 5.28 Characteristic of water jet under water injected into the pipe
diameter of 16 mm under water
Figure 5.26 – 5.28 shows the behaviors of water jet injected into three pipes
under water, 7 mm, 11 and 16 mm of pipe diameter under water. From this study, it
was found that the water jet was injected as shown in Fig 5.26(a), 5.27(a) and 5.28(a).
The expansion of water droplets increased after the jet tip injected into the pipes as
shown in figure 5.26(b), 5.27(b) and 5.28(b). Later, this expansion occurred the
contraction as shown in figure 5.26(f), 5.27(f) and 5.28(f). During contraction, the
water near the pipe was sucked into the pipe at the nozzle tip as shown in figure
5.26(h), 5.27(t) and 5.28(g). The second jet was generated as shown in figure 5.26(k),
5.27(k) and 5.28(l). The expansion of water droplet of second jets is less than that of
the first jets. Later, this expansion of second jet occurred the contraction like the first
jet. From this study, it can be seen that the expansion of water droplet increased and
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decreased or contraction during the jet injection because of the cavitation affect. The
second and third jet was generated at the one time of water jet generation because of
the affect of the back pressure inside the nozzle as discussed above.

CHAPTER 6
SEMI-CONTINUOUS WATER JET GENERATED BY
ELECTROMAGNETIC ACTUATOR
6.1 Introduction
In this chapter, the impulsive jet device was modified from generating impulsive
jet to be the semi-continuous jet by connecting the designed micro-controller as
described in Chapter 3. The micro-controller created the frequency signal to control
the electrical power supply, which discharged to the semi-continuous jet device for
semi-continuous jet generation. The frequency (f) in this study was a value of HIGH
and LOW of the micro-controller. The time (T) was a loop signal as shown in figure
6.1. Therefore, the frequency can be calculated by the Eq. (6.1). In this study, the
frequency of 33, 40, 50, 66, 100 and 250 Hz on jet velocity and impact pressure were
investigated.
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Figure 6.1 Example of frequency at 50 Hz
f=1/T

(6.1)
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6.2 Performance of the semi-continuous device
The preliminary performance of semi-continuous jet generation was presented.
The semi-continuous jet was generated by electromagnetic actuator at the resistance of
the copper coil of 2.5 and 7.2 ohms, 0.2 oriffice diamesion of nozzle, travelling
distance of 0 mm and liquid volume of 0.2 mL. The amplifier Double King G4 was
used to supply the electric power. The jet generation was controlled by microcontroller. The effect of frequency and resistance of copper coil on jet velocity and
impact pressure were investigated. The water jet velocity was measured by
visualization technique and impact pressure was measured by PVDF pressure sensor.
Moreover, the dispersion of water jet in polyacrylamide gel was illustrated.
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Figure 6.2 Effect of frequency on jet velocity at coil resistance of 2.5 and 7.2
ohms
Figure 6.2 depicts the effect of frequency on jet velocity at coil resistance of 2.5
and 7.2 ohms. The jet velocity of both coils increased and decreased when the
frequency increased because the processes of generating electric power of amplifier
need to have the suitable time of charging and discharging. Even though the coil
resistance of 2.5 ohms provided higher jet velocity than 7.2 ohms, the 2.5 ohms mode
the power amplifier over load and heat up when long time operation. The maximum
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jet velocity was generated at the frequency of 50 Hz, which was 60.59 m/s and 54.58
m/s at the coil resistance of 2.5 ohms and 7.2 ohms, respectively.
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Figure 6.3 Impact pressure 7.2 ohms
Figure 6.3 illustrates the effect of frequency on impact pressure at 7.2 ohms of
coil resistance. The impact pressure increased and decreased as the frequency
increased because the processes of generating electric power of amplifier need to have
the suitable time for charging and discharging. The maximum impact pressure was
9.89 MPa at the frequency of 50 Hz. The maximum impact pressure was lower than 15
MPa [6], which is the minimum impact pressure for drug delivery by jet injection.
However, the jet has many pulses as shown by the voltage signal in Fig. 6.4. From the
figure, there are some peak impact pressure of above 9.89 2.5 MPa. Therefore, such
jet pulse can penetrate the tissue, which is not more depth but it can penetrate
continuously.
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The impact pressure signal
The jet pulse and the peak voltage

Figure 6.4 The example of the impact signal at the frequency of 50 Hz
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Figure 6.5 Dispersion of the water jet in 20% polyacrylamide gel
Figure 6.5 illustrates the dispersion of water jet in 20% polyacrylamide gel. The
20% polyacrylamide gel was used for prediction of the water jet dispersion in human
tissue because the young modulus was similar human tissue. The 20% polyacrylamide
gel was prepared by mixing an appropriate volume of 40% acrylamide stock (i.e. 37.5
acrylamide/1 bis-acrylamide; BioRad Laboratories) with distilled water. The
polymerization was initiated by the addition of ammonium persulfate (APS) and
N,N,N',N'-tetramethylethylenediamine (TEMED) as discussed in Chapter 3.
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Figure 6.6 The dispersion distance of water jet in 20% polyacrylamide gel at
the resistance of 7.2 ohms
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Figure 6.7 The dispersion of water jet in 20% polyacrylamide gel at the resistance
of 7.2 ohms
Figure 6.6 and 6.7 shows the dispersion of water jet in 20% polyacrylamide gel.
The water jet was generated at 0.2 mm of orifice diameter of nozzle, liquid volume of
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0.2 mL, 7.2 ohms of the coil resistance and the frequency of 33, 40, 50, 66, 100 and
250 Hz. The dispersion of width and depth was measured. The position of width and
depth was shown in figure 6.5. From this figure, it was found that the dispersions of
water jets in 20% polyacrylamide gel were different when the frequency increased
because the jet velocity and impact pressure were different as shown in figure 6.2 and
figure 6.3. Considering the area of dispersion, it was found that the frequency of 50 Hz
had the maximum dispersion area because it had the maximum jet velocity and impact
pressure. The maximum width and depth of water jet in polyacrylamide gel was 16.09
mm and 25.24 mm, respectively.

Figure 6.8 The dispersion of water jet in 20% polyacrylamide gel at the coil
resistance of 7.2 ohms and the frequency of 50 Hz
Figure 6.8 shows the dispersion of water jet in 20% polyacrylamide gel, which
was generated at the condition of the coil resistance of 7.2 ohms and the frequency of
50 Hz. In the figure, the gel was injected 5 times by the semi-continuous jet device.
From this study, it was found that the shape of dispersion was similar.

6.3 Comparison of jet velocity generated by impulsive and semi-continuous jet
In this study, the water jet was generated by impulsive jet generator and semicontinuous jet generator. The condition of impulsive jet was the 0.2 mm of nozzle
orifice, capacitor voltage of 500 V, 0 mm of the travelling distance and 0.1 - 0.5 mL of
liquid volume. The condition of semi-continuous jet was 0.2 mm of nozzle orifice,
using power amplifier, 0 mm of travelling distance and 0.1-0.5 mL of liquid volume.
The jet velocity of both devices was measured by visualization technique as discussed
in Chapter 3. From this study, it was found that the jet velocity of two devices
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decreased when the liquid volume increased as shown in figure 6.9 because of the
effect of back pressure inside the nozzle. Considering the effect of jet generation
method, it was found that the semi-continuous jet generator could create the maximum
jet velocity higher than impulsive jet generator because the electric power of semicontinuous jet generator has more stable, whereas the electric power of capacitor
decreased as the increasing time of discharging. The maximum jet velocity of
impulsive jet generator and semi-continuous jet generator was 55.66 m/s and 26.55
m/s, respectively.

Jet velocity (Vj), m/s

80

60

40

20

Impulsive
Semi-continuous
0
0.0

.1

.2

.3

.4

.5

.6

Liquid volume (VL), mL

Figure 6.9 Jet velocities of impulsive jet generator and semi-continuous jet
generator

CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusions
This research aims to study the performance and application of liquid jet, which
was generated by impact driven method and using electromagnetic actuator. The jet
generation device can generated the impulsive jet and semi continuous jet. From the
study, it can be concluded as follows.
7.1.1 For the impulsive jet, jet velocity and impact pressure increased as the
increasing of travelling distance and capacitor voltage whereas the liquid volume
decreased. The nozzle orifice diameter of 0.5 mm, 500 V of capacitor voltage, 30 mm
of travelling distance, 0.1 of liquid volume provided the maximum jet velocity and
impact pressure, being 239.57 m/s and 133.27 MPa, respectively.
7.1.2 For Non-Newtonian liquid jets study, the jet velocity and impact pressure of
Non-Newtonian liquid jets were different because of the effect of viscosity. The
impact pressure of Non-Newtonian liquid jets in air and water increased and deceased
when the travelling distance increased. Milk jet has the maximum jet velocity of
191.30 m/s in air. Toothpaste jet has the maximum impact pressure in air, the
maximum jet velocity under water and impact pressure under water, which was 100.85
m/s, 127.62 MPa and 85.36 MPa, respectively.
7.1.3 For Needle free jet injection study, the jet was generated using 0.2 mm of
orifice diameter. The jet velocity and impact pressure increased as the increasing
capacitor voltage, whereas the jet velocity and impact pressure decreased as the
increasing liquid volume. The penetration mechanism of liquid jet in Polyacrylamide
gel can be divided into two periods, which were penetration period and dispersion
period. The dispersion mechanism of liquid jet in Polyacrylamide gel can be divided
into five formats: channel, hole, width, height and depth. The hole of penetration
period depended on jet velocity and impact pressure.
7.1.4 For bone drilling study, the nozzle orifice diameter of 0.5 mm, 500 V of
capacitor voltage and travelling distance of 30 mm were used for jet generation. The
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liquid volume was varied 0.1 mL - 0.5 mL. The hole depth of Femoral condyles bone
of pig was investigated by CT-Scaner. It was found that the depth of bone increased as
the increasing of the liquid volume and number of pulses whereas the depth per
volume ratio decreased. The maximum bone depth was 4.52 mm at 80 pulses. The
depth per liquid volume ratio was 0.113 mm/mL at 80 pulses, which was higher than
the previous study (0.045 mm/mL) [47].
7.1.5 For stone drilling study, the nozzle orifice diameter of 0.5 mm, 500 V of
capacitor voltage and travelling distance of 30 mm and 0.1 mL of liquid volume,
provided the maximum jet velocity and maximum impact pressure, were used. The
number of jet pulses on depth of the hole in the sandstone was investigated. It was
found that the depth of sandstone increased when the number of jet pulse increased.
The shear failure mechanisms and tensile failure mechanisms was generated on the
surface of sandstone. The 74 pulses of water jet can drill through the 3.18 mm
thickness of sandstone.
7.1.6 For a study of water jet in pipes, the 0.5 mm of orifice diameter of nozzle,
500 V of capacitor voltage and travelling distance of 30 mm and 0.1 mL of liquid
volume, provided the maximum jet velocity and maximum impact pressure, were
used. For study in air, the inside diameters of pipes has a significant effect on jet
velocity at the time of 0 - 0.1 ms whereas it has no significant effect on jet velocity at
the time over 0.1 ms. The impact pressure increased and decreased when the stand-off
distance increased. The inside diameters of pipes has an insignificant effect on impact
pressure. The maximum water jet velocity in air at 7 mm, 11 mm and 16 mm of pipes
diameter were 205.35 m/s, 211.21 m/s and 200.27 m/s, respectively. The maximum
impact pressure of water jet in air at 7 mm, 11 mm and 16 mm of pipes diameter were
138.79 MPa, 166.15 MPa and 209.82 MPa, respectively. The characteristic of water
jet in air of all pipes were similar.
For study under water, it was found that the inside diameter of pipes has an
insignificant effect on jet velocity. The impact pressure increased and decreased when
the standoff distance increased. The inside diameters of pipes has an insignificant
effect on impact pressure. The maximum water jet velocity under water at 7 mm, 11
mm and 16 mm of pipes diameter were 121.21 m/s, 155.15 m/s and 78.93 m/s,
respectively. The maximum impact pressure of water jet under water at 7 mm, 11 mm
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and 16 mm of pipes diameter were 109.72 MPa, 107.13 MPa and 113.59 MPa,
respectively. The expansion of water droplets were increased after the jet move out of
the nozzle. Later, this expansion occur the shrinkage. The characteristic of water jet
under water of all pipes were rather different.
7.1.7 For semi-continuous jet, the jet was generated by electromagnetic actuator,
which was installed the controller for controlling the electromagnetic actuator
movement. In this study, it was found that the jet velocity increased and decreased
when the frequency signal increased. The 7.2 ohms was used for studying the impact
pressure and dispersion of the jet in Polyacrylamide gel. The impact pressure
increased and decreased when the frequency increased as same as the jet velocity. The
50 Hz provided the maximum jet velocity of 54.58 m/s and maximum impact pressure
of 9.89 MPa. The dispersion in the polyacrylamide gel of the semi-continuous jet was
investigated for needle free jet injection.
7.1.8 Finally, it can be concluded that the electromagnetic actuator has the
performance to apply in engineering and medical works in the future.

7.2 Recommendations
7.2.1 The electric power in this study was generated by power amplifier, which
was not stable and not suitable for jet generator.
7.2.2 The copper coil was heated up by electric power when it was used long
time.
7.2.3 The jet generator size is still big, it should be make smaller.
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Table A.1 Effect of travelling distance on jet velocity at various orifice diameters
of nozzle (d) at VL = 0.5 mL and Vc = 500 V

Travelling distance (Xt), mm
0
5
10
15
20
25
30

Jet velocity, m/s

d=0.2
mm
22.37
125.66
173.91
184.02
191.26
194.42
198.37

d=0.3
mm
17.53
124.71
167.30
184.70
191.24
199.18
201.71

d=0.5
mm
16.00
124.36
154.89
180.47
183.92
199.18
221.21

d=0.7
mm
16.73
110.62
153.87
176.33
179.79
195.20
211.56

Table A.2 Effect of orifice diameter of nozzle on jet velocity at various travelling
distances (Xt) at VL = 0.5 mL and Vc = 500 V
Nozzle
orifice,
mm

Xt=0 mm

Xt=5 mm

Xt=10 mm

Xt=15 mm

Xt=20 mm

Xt=25 mm

Xt=30 mm

0.2

22.37

125.66

173.91

184.02

191.26

194.42

198.37

0.3

17.53

124.71

167.30

184.70

191.24

199.18

201.71

0.5

16.00

124.36

154.89

180.47

183.92

199.18

221.21

0.7

16.73

110.62

153.87

176.33

179.79

195.20

211.56

Jet velocity, m/s
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Table A.3 Effect of liquid volume on jet velocity at various voltage of capacitor
(VC) at travelling distance = 30 mm and orifice diameter of nozzle =
0.5 mm

Liquid volume (VL), mL
0.1

0.2

0.3

0.4

0.5

Jet velocity, m/s

VC=100 V

VC=300 V

VC=500 V

123.08
124.08
120.08
114.29
114.29
109.08
108.11
108.11
114.29
105.26
108.11
104.40
107.40
108.60
104.32

203.00
200.01
199.65
191.34
195.12
195.12
181.82
178.48
185.78
177.78
182.78
176.67
165.67
166.67
164.56

242.42
238.22
235.29
235.29
230.98
233.22
216.22
225.29
230.53
228.57
216.22
222.22
216.22
216.22
216.22
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Table A.4 Effect of liquid volume on impact pressure at various voltage of
capacitor (VC) at travelling distance = 30 mm and orifice diameter of
nozzle = 0.5 mm

Liquid volume (VL), mL

0.1

0.2

0.3

0.4

0.5

Impact pressure, MPa
VC=100 V

VC=300 V

VC=500 V

36.79
33.48
35.00
29.14
32.26
33.11
27.81
30.84
25.92
24.60
22.81
24.32
21.39
20.54
22.43

92.05
84.68
84.68
72.52
77.43
75.35
73.38
68.59
72.40
64.66
66.50
66.50
63.67
63.67
60.24

135.16
130.65
137.99
131.38
133.32
128.99
125.71
119.09
125.71
115.20
119.64
109.82
104.92
95.47
97.36
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Table A.5 The velocity of milk jet in the air
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50

Distance, mm
0.00
5.12
10.82
16.94
23.29
31.29
36.94
44.00
49.88
56.23
63.52
72.47
82.35
92.47
101.41
110.35

Velocity, m/s
0.00
155.15
163.94
171.11
176.44
189.64
186.57
190.48
188.94
189.33
192.48
199.64
207.95
215.55
219.50
222.93
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Table A.6 The velocity of salad dressing jet in the air
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50

Distance, mm
0.00
4.00
8.47
14.25
19.54
25.51
33.33
39.00
46.20
52.87
61.14
69.42
80.00
88.73
97.93
106.89

Velocity, m/s
0.00
121.21
128.33
143.94
148.03
154.61
168.33
168.83
175.00
178.01
185.27
191.24
202.02
206.83
211.97
215.94
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Table A.7 The velocity of tomato sauce jet in the air
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50

Distance, mm
0.00
2.37
6.44
13.33
20.46
26.89
34.02
41.37
48.96
55.17
62.75
70.57
79.77
88.27
96.78
105.28

Velocity, m/s
0.00
71.82
97.58
134.65
155.00
162.97
171.82
179.09
185.45
185.76
190.15
194.41
201.44
205.76
209.48
212.69
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Table A.8 The velocity of toothpaste jet in the air
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50

Distance, mm
0.00
1.66
6.59
10.35
15.31
20.00
26.58
33.65
40.94
47.29
53.88
61.64
68.23
75.76
83.52
91.29

Velocity, m/s
0.00
50.30
99.85
104.55
115.98
121.21
134.24
145.67
155.08
159.23
163.27
169.81
172.30
176.60
180.78
184.42
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Table A.9 The velocity of milk jet under water
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50
0.53
0.56
0.59
0.63
0.66
0.69
0.73
0.76
0.79
0.83
0.86
0.89
0.92

Distance, mm
0.00
3.60
7.40
9.41
12.84
16.29
19.51
22.71
27.65
32.34
36.29
38.02
40.74
41.97
44.19
45.92
47.16
48.39
50.37
51.85
53.08
53.83
54.56
55.55
56.04
56.29
58.76
59.01
59.50

Velocity, m/s
0.00
109.09
112.12
95.05
97.27
98.73
98.54
98.31
104.73
108.89
109.97
104.74
102.88
97.83
95.65
92.77
89.32
86.26
84.80
82.70
80.42
77.68
75.15
73.19
70.76
68.23
68.48
66.23
64.39
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Table A.10 The velocity of salad dressing jet under water
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50
0.53
0.56
0.63
0.76
0.79
0.86
0.92
0.99
1.09
1.16
1.19
1.22
1.25

Distance, mm
0.00
3.26
6.73
10.42
13.83
17.09
20.27
23.61
26.38
29.36
31.70
34.04
36.59
38.72
39.78
41.48
42.76
44.46
47.23
51.91
54.04
58.31
61.06
63.83
65.47
66.59
66.38
65.95
65.96

Velocity, m/s
0.00
98.79
101.97
105.25
104.77
103.58
102.37
102.21
99.92
98.86
96.06
93.77
92.40
90.26
86.10
83.80
80.98
79.25
75.33
68.39
68.23
67.96
66.08
64.47
60.12
57.65
55.88
54.01
52.60
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Table A.11 The velocity of tomato sauce jet under water
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50
0.56
0.63
0.69
0.76
0.83
0.86
0.92
0.99
1.09
1.16
1.22
1.25
1.29

Distance, mm
0.00
2.66
5.78
10.32
13.41
16.31
19.32
22.18
25.45
28.40
30.91
32.95
37.50
40.91
42.28
44.10
47.27
54.54
56.13
57.50
61.59
69.09
68.40
71.36
72.72
73.18
72.04
70.45
69.31

Velocity, m/s
0.00
80.61
87.58
104.24
101.59
98.85
97.58
96.02
96.40
95.62
93.67
90.77
94.70
95.36
91.52
89.09
84.26
86.99
81.00
75.76
74.65
80.52
74.03
72.08
66.78
63.36
59.00
56.18
53.85
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Table A.12 The velocity of toothpaste jet under water
Elasped time, ms
0.00
0.03
0.07
0.10
0.13
0.17
0.20
0.23
0.26
0.30
0.33
0.36
0.40
0.43
0.46
0.50
0.53
0.56
0.59
0.66
0.73
0.79
0.86
0.92
0.96
0.99
1.02
1.09
1.16

Distance, mm
0.00
3.20
6.66
9.58
13.33
16.87
21.04
23.33
28.12
32.29
36.66
42.08
46.66
50.62
56.88
61.46
66.25
70.42
75.21
82.92
87.71
89.16
93.95
97.50
98.54
98.96
99.37
101.40
104.79

Velocity, m/s
0.00
96.97
100.91
96.77
100.98
102.24
106.26
101.00
106.52
108.72
111.09
115.92
117.83
118.00
123.12
124.16
125.47
125.53
126.62
125.64
120.81
112.58
109.50
105.52
102.97
99.96
97.14
93.11
90.73
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Table A.13 The impact pressures of four Non-Newtonian fluids jet in the air
Stand-off distance,
mm
2
10
20
30
50

Milk
59.28
64.83
67.69
58.19
50.36

Impact pressure in air, MPa
Salad dressing
Tomato sauce
53.51
67.84
71.91
83.03
76.68
87.27
85.29
93.92
70.71
75.99

Toothpaste
47.91
68.40
85.77
127.62
97.40

Table A.14 The impact pressures of four Non-Newtonian fluids jet under water
Stand-off distance,
mm
2
10
20
30
50

Milk
49.58
56.29
50.93
27.43
20.80

Impact pressure under water, MPa
Salad dressing
Tomato sauce
Toothpaste
49.73
59.20
43.06
76.83
74.22
65.43
73.33
70.58
85.36
44.86
35.64
56.14
27.81
20.64
35.22
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Table A.15 Effect of liquid volume on jet velocity at various capacitor voltage
(VC), travelling distance = 5 mm and orifice diameter of nozzle =
0.2 mm
Liquid volume,
mL

0.1

0.2

0.3

0.4

0.5

Jet velocity, m/s
VC=100 V

VC=300 V

VC=500 V

75.47
74.77
72.73
74.77
73.39
72.73
70.18
71.43
70.80
71.43
70.80
67.23
68.97
67.23
66.12
63.49
64.52
66.12
66.12
66.67
62.02
62.99
65.57
66.12
61.07

106.67
103.90
105.26
108.11
102.56
98.77
98.77
101.27
98.77
102.56
95.24
95.24
95.24
97.56
98.77
91.95
88.89
89.89
90.91
91.95
86.96
84.21
86.02
87.91
87.91

140.35
142.86
140.35
137.93
140.35
129.03
131.15
129.03
131.15
133.33
129.03
129.03
129.03
129.03
125.00
129.03
125.00
129.03
129.03
125.00
126.98
125.00
125.00
121.21
121.21
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Table A.16 Effect of liquid volume on impact pressure at capacitor’s voltage =
500 V, travelling distance = 5 mm and nozzle’s orifice diameter = 0.2 mm
Liquid volume, mL

0.1

0.2

0.3

0.4

0.5

Impactpressure, MPa
20.23
20.80
21.22
21.22
21.08
19.88
20.80
19.11
20.66
19.04
18.47
19.32
19.25
17.13
17.98
17.77
17.34
17.62
17.84
16.57
16.71
16.64
16.92
15.44
16.00
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Table A.17 Effect of liquid volume (VC) on dispersion distance of water jet in
Poly acrylamide gel 20%

Propagation
Channel
Hole
Width
High
Depth

Dispersion, mm
VL=0.1mL

VL=0.2mL

VL=0.3mL

VL=0.4mL

VL=0.5mL

6.19
13.02
17.29
14.95
22.44

5.21
12.88
21.47
19.19
24.65

4.99
12.56
28.93
22.57
27.38

4.02
11.9
31.08
24.9
35.26

3.69
10.42
35.27
25.22
35.61

Table A.18 Effect of liquid volume on jet velocity and impact pressure of
Comfort-in injector
Liquid volume, mL
0.1
0.2
0.3
0.4
0.5

Comfort-in injector
Jet velocity, m/s
Impact pressure, MPa
25.15
101.70
24.38
93.83
22.96
86.34
21.92
74.54
20.38
69.17

Table A.19 Effect of liquid volume on depth at 20 jet pulses
Liquid volume, mL

Depth of bone at 20 jet pulses , mm

0.1
0.3
0.5

2.56
2.77
3.02
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Table A.20 Effect of the number of pulse on depth at VL = 0.5 mL

Number of jet pulses, Pulses

Depth of bone, mm

10
20
40
80

1.38
3.02
3.81
4.52

Table A.21 Effect of number of jet pulse on sandstone depth
Number of jet pulses, Pulses

Depth of sandstone, mm

20
40
46
60
74

0.92
1.21
1.27
1.58
3.18

Table A.22 Effect of pipe diameter on the velocity of water jet in air
Elapsed time, ms
0.000
0.033
0.066
0.099
0.132
0.165
0.198
0.231
0.264
0.297
0.330
0.363
0.396

Jet velocity, m/s
7 mm

11 mm

16 mm

0.00
53.03
67.27
128.79
153.18
165.64
176.21
187.58
188.14
192.39
202.70
202.81
205.35

0.00
73.64
123.18
162.42
175.61
186.55
191.11
200.65
203.71
206.09
208.79
211.21
202.35

0.00
84.18
129.85
156.67
170.00
174.79
177.27
183.72
190.15
192.39
195.39
199.39
200.28
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Table A.23 Effect of pipe diameter on impact pressure at various stand-off
distance in air
Stand-off distance,
mm
2
5
10
15
20
30
50

7 mm
117.80
121.22
126.02
138.80
135.88
138.66
134.36

Impact pressure, MPa
11 mm
84.02
95.89
103.11
133.90
166.16
119.47
94.31

16 mm
129.91
130.47
141.58
160.46
209.83
156.13
108.97
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Table A.24 Effect of pipe diameter on the velocity of water jet under water
Elapsed time,
ms
0.000
0.033
0.066
0.099
0.132
0.165
0.198
0.231
0.264
0.297
0.330
0.363
0.396
0.429
0.462
0.495
0.528
0.561
0.594
0.627
0.660
0.693
0.726
0.759
0.792
0.825
0.858
0.891
0.924
0.957
0.990

7 mm
0.00
121.21
103.79
86.57
77.88
77.88
83.69
90.26
89.81
87.54
83.97
81.05
76.46
71.26
68.01
66.95
68.18
66.70
64.93
62.87
61.03
58.95
57.45
55.70
53.38
51.60
50.28
49.38
47.62
46.87
45.88

Jet velocity, m/s
11 mm
0.00
155.15
124.24
98.38
104.85
108.73
103.59
105.41
102.92
102.73
106.42
105.23
103.59
100.40
96.56
92.71
90.36
86.83
83.30
81.37
78.86
76.96
74.86
72.62
69.92
68.68
65.75
64.46
62.71
61.09
59.30

16 mm
0.00
65.76
78.94
70.20
87.27
92.18
95.51
94.07
90.57
86.36
80.36
83.22
81.24
77.02
75.28
73.33
69.17
65.47
63.30
63.45
62.24
61.47
60.48
59.29
57.36
56.12
54.72
53.67
52.23
50.65
49.63
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Table A.25 Effect of pipe diameter on impact pressure at various stand-off
distance under water
Stand-off
distance, mm
5
15
20
50

Impact pressure under water, MPa
7 mm
11 mm
16 mm
103.39
109.72
107.89
101.72

81.73
107.14
98.81
75.06

108.31
113.60
101.72
86.31

Table A.26 Effect of frequency on jet velocity at coil resistance of 2.5 and 7.2
ohms
Frequency,
Hz
33
40
50
66
100
250

Jet velocity, m/s
7.2 Ohms
2.5 Ohms
34.01
37.60
43.22
49.28
54.58
60.59
52.20
56.38
51.96
52.15
22.83
36.49

Table A.27 Effect of freqquency on impact pressure at 7.2 ohms
Frequency, Hz

Impact pressure, MPa

33
40
50
66
100
250

6.70
7.97
9.89
4.30
2.86
0.84
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Table A.28 Effect of frequency on dispersion distance of water jet in 20%
polyacrylamide gel at the resistance of 7.2 ohms at 7.2 ohms
Dispersion, mm
Depth
Width
17.09
12.19
14.19
8.89
25.39
16.90
18.69
11.49
16.29
10.89
12.99
6.79

Frequency, Hz
33
40
50
66
100
250

Table A.29 Jet velocities of impulsive jet generator and semi-continuous jet
generator
Liquid volume,
mL
0.1 ml
0.2 ml
0.3 ml
0.4 ml
0.5 ml

Jet velocity, m/s
Impusive jet generator Semi-continuous jet generator
26.55
55.66
23.06
54.28
17.40
47.34
14.03
43.95
11.30
41.01
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APPENDIX B
Drawing of electromagnetic actuator
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Figure B.1 Semi-continuous nozzle

Figure B.2 A piston
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Figure B.3 Cover of semi-continuous nozzle
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Figure B.4 Liquid connector of semi-continuous nozzle
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Figure B.5 Impulsive nozzle at orifice diameter 0.2 mm

146

Figure B.6 Impulsive nozzle at orifice diameter 0.5 mm
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Figure B.7 Liquid container
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Figure B.8 Magnetic housing
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Figure B.9 Bobbin
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Figure B.10 Stand of housing
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Figure B.11 Impact plate
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Figure B.12 The front of the housing
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Figure B.13 The rear of the housing
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APPENDIX C
Controller program of semi-continuous jet device
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#include <unicon.h>

//This programe was created for 0.2 mL or lower

int RELAY_FOR

= 1;

int RELAY_REV

= 2;

int PWMPin

= 9;

int LEDPin

= 8;

int Liquid_Pump

= 13;

int SP_MODE

= 7;

int SENSOR1

= 30;

int sensor_state

=0;

int i;
int mode

=1;

int sw_start

=15;

int sw_mode

=14;

int state_start

= 0;

int state_mode

= 0;

void setup() {
pinMode(LEDPin,OUTPUT);
pinMode(PWMPin,OUTPUT);
pinMode(FOR_GUN,OUTPUT);
pinMode(REV_GUN,OUTPUT);
pinMode(SP_MODE,OUTPUT);
pinMode(Liquid_Pump,OUTPUT);
pinMode(sw_start,INPUT);
pinMode(sw_mode,INPUT);
pinMode(RELAY_REV,OUTPUT);
pinMode(RELAY_FOR,OUTPUT);
glcdRect(0,0,127,60,GLCD_GREEN);
glcdRect(0,65,127,95,GLCD_GREEN);
setTextSize(2);
setTextColor(GLCD_GREEN);
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glcd(1,1,"NFJI-T-HZ");
glcd(2,1,"6Modes-HZ");
glcd(6,4,"V4P");
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
digitalWrite(SP_MODE,LOW);
delay(500);
}
void REV_PWM_GEN()
{
delay(100);
digitalWrite(RELAY_FOR,HIGH);
digitalWrite(RELAY_REV,LOW);
delay(100);
digitalWrite(PWMPin,HIGH);
}
void FOR_PWM_GEN()
{
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,HIGH);
delay(100);
digitalWrite(PWMPin,HIGH);
}
void CUT_PWM_GEN1()
{
delay(1);
digitalWrite(PWMPin,LOW);

// Change 250hz
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delay(1);
}
void DRI_PWM_GEN1()

// Change 250Hz

{
delay(1);
digitalWrite(PWMPin,HIGH);
delay(1);
}
void CUT_PWM_GEN2()

// Change 33Hz

{
delay(5);
digitalWrite(PWMPin,LOW);
delay(10);
}
void DRI_PWM_GEN2()

// Change 33Hz

{
delay(5);
digitalWrite(PWMPin,HIGH);
delay(10);
}
void CUT_PWM_GEN3()

// Change 40Hz

{
delay(5);
digitalWrite(PWMPin,LOW);
delay(10);
}
void DRI_PWM_GEN3()

// Change 40Hz
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{
delay(5);
digitalWrite(PWMPin,HIGH);
delay(5);
}
void CUT_PWM_GEN4()

// Change 50Hz

{
delay(5);
digitalWrite(PWMPin,LOW);
delay(5);
}
void DRI_PWM_GEN4()

// Change 50Hz

{
delay(5);
digitalWrite(PWMPin,HIGH);
delay(5);
}
void CUT_PWM_GEN5()

// Change 66Hz

{
delay(1);
digitalWrite(PWMPin,LOW);
delay(9);
}
void DRI_PWM_GEN5()
{
delay(1);
digitalWrite(PWMPin,HIGH);
delay(4);

// Change 66Hz
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}
void CUT_PWM_GEN6()

// Change 100Hz

{
delay(1);
digitalWrite(PWMPin,LOW);
delay(4);
}
void DRI_PWM_GEN6()

// Change 100Hz

{
delay(1);
digitalWrite(PWMPin,HIGH);
delay(4);
}
void LIQUID_PUMP()
{
delay(100);
digitalWrite(Liquid_Pump,HIGH);
delay(300);

// adjust time for feed water

digitalWrite(Liquid_Pump,LOW);
delay(100);
}
void show_mode()
{
setTextSize(3);
setTextColor(GLCD_GREEN);
glcd(3,2,"M=%d",mode);
}
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void mode_1()
{

// Change 250Hz 20-20-5, Drive-Charge-Delay

FOR_PWM_GEN();

delay(1);
CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D4

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D6

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D10

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();
CUT_PWM_GEN1();

//D4
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DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D6

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D10

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D4

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D6

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();
CUT_PWM_GEN1();

//D10
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DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D4

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D6

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D10

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D4

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();
CUT_PWM_GEN1();

//D6
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DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D10

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D4

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D5

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D6

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D7

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D8

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D9

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D10

CUT_PWM_GEN1();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
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do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
REV_PWM_GEN();
delay(5);
CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D1

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D2

CUT_PWM_GEN1();
DRI_PWM_GEN1();

//D3

CUT_PWM_GEN1();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void mode_2()
{

// Change 33Hz 15-15-5, Drive-Charge-Delay

FOR_PWM_GEN();

delay(10);
CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D1

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D2

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D3

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D4
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CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D5

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D6

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D7

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D8

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D9

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D10

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D11

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D12

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D13

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D14

CUT_PWM_GEN2();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
REV_PWM_GEN();
delay(5);
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CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D1

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D2

CUT_PWM_GEN2();
DRI_PWM_GEN2();

//D3

CUT_PWM_GEN2();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void mode_3()
{

// Change 40Hz 10-15-5, Drive-Charge-Delay

FOR_PWM_GEN();

delay(5);
CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D1

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D2

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D3

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D4

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D5

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D6

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D7

167
CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D8

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D9

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D10

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D1

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D2

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D3

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D4

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D5

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D6

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D7

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D8

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D9

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D20

CUT_PWM_GEN3();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
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do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
REV_PWM_GEN();
delay(5);
CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D1

CUT_PWM_GEN3();
DRI_PWM_GEN3();

//D2

CUT_PWM_GEN3();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void mode_4()
{

// Change 50Hz 10-10-5, Drive-Charge-Delay

FOR_PWM_GEN();

delay(5);
CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D1

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D2

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D3

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D4

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D5
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CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D6

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D7

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D8

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D9

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D10

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D1

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D2

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D3

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D4

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D5

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D6

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D7

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D8

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D9

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D20

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D1
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CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D2

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D3

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D4

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D5

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D6

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D7

CUT_PWM_GEN4();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
REV_PWM_GEN();
delay(5);
CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D1

CUT_PWM_GEN4();
DRI_PWM_GEN4();

//D2

CUT_PWM_GEN4();
delay(100);
digitalWrite(RELAY_FOR,LOW);
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digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void mode_5()
{

// Change 66Hz 5-10-1, Drive-Charge-Delay

FOR_PWM_GEN();

delay(4);
CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D3

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D4

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D5

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D6

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D7

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D8

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D9

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D10

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2
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CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D3

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D4

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D5

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D6

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D7

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D8

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D9

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D20

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D3

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D4

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D5

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D6

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D7

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D8

173
CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D9

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D30

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D3

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D4

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D5

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D6

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D7

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D8

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D9

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D40

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2

CUT_PWM_GEN5();
DRI_PWM_GEN5();
CUT_PWM_GEN5();

//D3
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delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
REV_PWM_GEN();
delay(5);
CUT_PWM_GEN5();
DRI_PWM_GEN5();

//T=10ms
//D1

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D2

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D3

CUT_PWM_GEN5();
DRI_PWM_GEN5();

//D4

CUT_PWM_GEN5();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void mode_6()
{

// Change 100Hz 5-5-1, Drive-Charge-Delay

FOR_PWM_GEN();

delay(4);
CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D1

175
CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D5

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D6

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D7

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D8

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D9

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D10

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D1

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D5

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D6

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D7

176
CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D8

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D9

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D20

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D1

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D5

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D6

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D7

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D8

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D9

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D30

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D1

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3
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CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D5

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D6

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D7

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D8

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D9

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D40

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D1

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
do{
state_start = digitalRead(sw_start);
}while(state_start== HIGH);
delay(100);
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REV_PWM_GEN();
delay(5);
CUT_PWM_GEN6();
DRI_PWM_GEN6();

//T=10ms
//D1

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D2

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D3

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D4

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D5

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D6

CUT_PWM_GEN6();
DRI_PWM_GEN6();

//D7

CUT_PWM_GEN6();
delay(100);
digitalWrite(RELAY_FOR,LOW);
digitalWrite(RELAY_REV,LOW);
LIQUID_PUMP();
}
void sp_sound()
{
digitalWrite(SP_MODE,HIGH);
delay(100);
digitalWrite(SP_MODE,LOW);
}

179
void loop()
{
show_mode();
state_mode = digitalRead(sw_mode);
state_start = digitalRead(sw_start);
if (state_mode== LOW)
{
delay(300);
sp_sound();
mode = mode+1;
delay(300);
if(mode >=7)
{
mode =1;
}
}
if (state_start== LOW)
{
if (mode ==1)
{
mode_1();
}
if (mode ==2)
{
mode_2();
}
if (mode ==3)
{
mode_3();
}

//Change
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if (mode ==4)
{
mode_4();
}
if (mode ==5)
{
mode_5();
}
if (mode ==6)
{
mode_6();
}
}
}
//END
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