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Abstract

Injection of fuel jet at ultra-high pressure can benefit the
combustion efficiency and emission reduction in internal
combustion engine especially the diesel engine. However, very
few studies had been carried out in the past, especially when
injection pressure is in the order of GPa (10,000 bar) and the
jet velocities are in hypersonic and supersonic ranges. In this
study, fundamental characteristics of high speed fuel jets are
calculated and visualized by Computational Fluid Dynamic
(CFD). Computational domain, consisted of liquid fuel and air,

is

modeled on the basis of two phase flow. The liquid jet is
injected at velocity of around 1300 m/s, while the air is
quiescent. The CFD results show quite similar trend to the
previous experimental results. The simulation is time
dependent or unsteady. The fundamental characteristics which
are penetration distance and velocity attenuation of fuel jet are
the main focus. From this study, more understanding on the
characteristics of high speed fuel jet can obtained and will be

useful further development.
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Abstract

Investigations of high speed liquid jet characteristics

benefit to many technology developments such as

combustion, material cutting, drilling, or even medical
engineering. Generation of high speed liquid jet which has
velocity over speed of sound is the barrier against the
researcher from its study and development, resulting very
few researches in these areas especially in Thailand.
Therefore, high speed liquid jet test rig is constructed in the
Department of Mechanical Engineering, Ubon Ratchatani
University. The impact driving method is used for generating
the liquid jet because the high velocity projectile will produce
the impulsive liquid jet. There are four main components in
this test rig; launcher, launch tube, pressure relief section
and test chamber. In general, the launcher can generate the
projectiles at velocity above 800 m/s averagely. Therefore,
the liquid jet velocity from the projectile impact could be over
the speed of sound. However calibration of the high speed
impact test rig is necessary before experiments. This paper
presents the maximum speed of projectile and liquid jet
which apparatus can produce. In addition, relationship
between the gun powder mass and projectile velocity was
determined. The projectile velocity is measured by time of
flight method and maximum velocity is 1100 m/s.
Experimental data are plotted and fitted by the second order
of polynomial curve. However, the uncertainty of projectile
velocity is sometimes affected by many factors such as
combustion in launcher, behavior of projectile movement and

condition of apparatus, especially inside of the tube.
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Abstract

The study of high-speed liquid jet and its droplets striking on the solid surface has important application in
many industrial areas, such as jet cutting technology, jet cleaning, fuel injection, and combustion. High
speed liquid impact can cause damage or permanently deform of structure materials. Such damage can
occur on the surface of aircraft during high-speed flight in the rain. This “rain erosion” problem began to
attract researchers in the filed of impact engineerihg.

This study focuses on an experiment of the calibration and measurement of an impact pressure
of high-speed water jets. The high-speed water jets were generated by using the momentum exchange
from the impact of a high velocity projectile on liquid package contained in the nozzle. Water jet velocities
ranging from 1240 m/s to 2291 m/s were generated by a horizontal single stage powder gun (HSSPG)
with three difference nozzle curve angles and 0.7 mm orifice diameter. The impact pressure on
polymethyl methacrylate (PMMA) caused by water jets impact was measured using a piezoelectric
polyvinylidenedifluoride (PVDF) film. The maximum impact pressure of about 3.4 GPa at stand-off
distance 3 cm was obtained. However, at more than 3 cm stand-off distance, the impact pressure
significantly decreases because of aerodynamic drag, jet core break-up, and atomization of the water jet.

Key words: high-speed water jets, impact pressure, PVDF.
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Abstract

High speed liquid jets may be applied to jet cutting, drilling and cleaning. Recently, in the automotive
industries, the spray injection pressure becomes higher and higher to enhance the fuel mixing for the improved
combustion efficiency. However, the ultra high injection pressure may cause the damage to the nozzle and also the
combustion chamber. In the medical application, the high speed liquid injection might be applied for the drug
delivery through the skin where the needle is not required anymore.

From the above mentioned application, the investigation on the impact pressure of the high speed liquid jet
relative to the stand-off distant is significant. The high speed liquid jets are generated by the projectile impact
driven method. The high speed projectile is launched by the horizontal single stage powder gun. The experimental
study focuses on the stand-off between 1.5 cm to 6.0 cm, while the nozzle contains approximately 1.5 cm® of water
in its cavity. The nozzle conical angles are 30° and 60° with the orifice diameter of 0.7 mm. The jet velocities are
measured by laser beam interruptions method. The target material is the Polymethyl Methacrylate (PMMA) which
the impact pressure is measured by using a piezoelectric Polyvinylidene Fluoride (PVDF) film.

From the experiments, the maximum water jet velocity of 2290 m/s can be obtained from the 30° conical angle
nozzle. The maximum impact pressures of nozzle conical angle of 30° and 60° are 3.4 GPa and 2.6 GPa
respectively, at stand-off distance 3 cm. However, at the stand-off distance more than 3 c¢m, the impact pressure
significantly decreases, because of acrodynamic drag, jets core break-up, and atomization of the water.

Key words: high-speed water jets, impact pressure, water-hammer, PVDF film

1. Introduction

The impact phenomenon of high-speed liquid jet on surface have been studied for many engineering application, such
as water jet cleaning and cutting technology [1, 2] wet stream turbine erosion, mining and tunneling, fuel injection and
Supersonic Combustion Ram (SCRAM) jets [3-7]. However, high speed liquid phenomenon can cause damage or
permanently deform of structure materials. If the high-speed liquid strikes on solid surface, it can generate a great
number of pressures on solid surface. This pressure causes stresses, which can create damage in material. Such damage
can occur on the surface of aircraft during high-speed flight in rain, steam turbine blades, surface cleaning, fuel
injection part, etc [8-16]. In case of aircraft, it is referred to as “rain erosion”. The first experimental investigation of the
physical of drop impact began with the famous experiments of Worthington (1908) [12] who for the first time used high
speed photograph to study liquid impact. Investigation into the mechanism of rain erosion has been carried out by Engel
and Jenkins (1957) [17]. Since 1961, F.P Bowden e al. [13] studied, the deformation of solid by the impact of a liquid
jet on the solid surface, it is found that there are five general types of deformation produced in the solid, There are in
that; (i) circumferential surface fractures, (ii) subsurface flow and fractures, (iii) large-scale plastic deformation, (iv)
shear deformation around the periphery the impact zone and (v) fracture due to the reflexion of stress wave. After that,
J.H. Brunton (1966) [12] generate liquid jet at speed up to 1,200 m/s for investigate the mode of deformation in brittle



and plastically deforming material. It was found that the predominating mechanism of deformation depends on
mechanical properties of the solid and the velocity of impact. In the last 10 years, H.H. Shi ez al. [24] measured high
speed liquid jet impact pressure on solid targets by using a polyvinylidenedifluoride (PVDF) pressure transducer at
various stand-off distances from nozzle exit to the target. A single size nozzle diameter 2 mm was for generating impact
velocity of 270 m/s.

In literature review, the studies of high speed liquid impact on a solid surface have been purpose for investigation of
the damage out across the surface [8-11,13-16,21-23], calculation water-hammer pressure for 2-3 time speed of sound
[2,11,14,24-25]. However, the impact pressure measurement of high speed liquid jet is difficult because of the
limitation pressure transducer.

In this study high impact pressure is measured by a pressure transducer made from PVDF piezoelectric film. A study
of an impact pressure of supersonic to hypersonic water jets at various stand-off distances from nozzle exit to the PVDF
pressure sensor is carried out. The nozzles for experiment are three difference shapes. Finally, the value of impact
pressure found from experiments can be compared with that determined from water-hammer equation.

2. Experimental apparatus

2.1 Testrig

In this study, high-speed liquid jet is generated by a special technique known as the projectile impact driven method
[13]. By this technique, the liquid retained in the nozzle cavity is impacted by a high velocity projectile. The liquid
obtains the momentum transfer from the projectile and is injected from the nozzle. The high velocity projective needed
in this technique has been generated by the Horizontal Single Stage Powder Gun (HSSPG), shown in Fig.1. The HSSPG
consists of launcher, launch tube, pressure relief section, test chamber and dump tank. The launch tube has a diameter of
15 mm and length of 1.5 m. The pressure relief section has a length of 40 cm, which is designed to diminish the blast
wave in front of the projectile as shown in Fig. 2. The pressure relief section has 3 slots; each having a diameter of 4
mm and a length of 36 cm. The test chamber has a diameter of 48 cm. It is enclosed by poly methyl methacrylate
(PMMA) and windows on two sides for visualization. The projectile is made of Polymethyl Methacrylate (PMMA), is
cylindrical shape with diameter of 15 mm and length of 8 mm (weight of 0.92 g). This HSSPG has been employed to
generate the high-speed water jet velocity ranged from 550 to 2,290 m/s.

Fig. 1 The HSSPG facility: (1) Launcher, (2) Launch tube, (3) Pressure Relief Section, (4) Test Chamber and (5) Dump
Tank.
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2.2 Nozzle geometries

To investigation the effect of nozzle geometries on the impact pressure of the high speed water jet, three nozzle
geometries: the cylindrical nozzle (A) and two conical nozzle (B, C), which has apex angles of 30° and 60°,
respectively, have been tested. All nozzles have a 0.7 mm of orifice diameter (d), 8 mm. of entrance diameter (D), and
4.2 mm of nozzle orifice length (1). The length of the nozzle orifice is usually defined in terms of the nozzle diameter as
1/d. cone angles, and 1/d as an importance parameter in designing nozzles [26] as shown in Fig. 3.

j —— 42 Mmm —p| |<24 mm>|

’ 8mm
L . 4_ T
D=8 mm 7
37.8mm
60
— 1=4.2mm
> | 4 €24 mmPp|

d=0.7mm

(A) (B) (C)

Fig. 3 nozzle shape, (A) Cylindrical nozzle (B) 30° cone angle nozzle and (C) 60°cone angle nozzle

2.3 Jet velocity measurement

The jets velocity is measured by laser beam interruption method. Two diode laser beams are put across the jet path in
the test chamber as shown in Fig. 4. The 1% laser beam is placed at 15 mm from the nozzle exit and the second laser
beams are at 33 mm away from the 1% one. When the jet tip interrupted laser beams, the corresponding output signals
were recorded and displayed in a digital oscilloscope.



Fig. 4 Water Jet velocity measurement arrangement

When water jet tip interrupts the laser beams, the jet travelling duration between two laser beams is measured by an
oscilloscope as shown in Fig. 5. From the time interval between the water jet tip crossed the two laser beam, the water
Jet velocities (V;) can be calculated by,
As
W= (M
At

Where As is the distances between two laser beams (33 mm, in this case) and At is the time of flight of water jet tip over
the distance As

Fig. 5 Oscilloscope trace for the time of flight measurement

2.4 Impact pressure measurement

The high speed water jets generated from HSSPG is impulsive jet. Once the water jet impinges on solid surface, their
impact pressure reaches a high value in a very short time. This pressure is dynamics pressure or water-hammer pressure
created by impact of impulsive water jet. This dynamics pressure is a pressure of high MPa up to GPa. Hence, it is not
possible to measure by conventional pressure measurement.

To measure very high pressure which can not use conventional pressure measurement, the pressure sensor was designed,
manufactured and calibrated in this study. The pressure sensor is constructed with Polyvinylidence Fluoride (PVDF)



piezoelectric film, a 6 mm thick of PMMA and a 8 mm thick of support rubber. The constructed pressure sensor is
assembled in a 8 mm thickness and an outer diameter 75 mm housing as shown in Fig 6. This PVDF film is a flexible
component which comprises a 28 um thick of piezoelectric PVDF polymer film with screen printed Ag-ink electrodes
as shows in Fig. 7.

Piezoelectric &
PMMA _~ PVDF foil
-
\
................. > >
y /(
//
/
Impact
Pressure

Electric Contacts -~

Fig. 6 Assembly of the PVDF pressure sensor

Fig. 7 Polyvinylidence Fluoride (PVDF) piezoelectric film
The characteristics curve of PVDF pressure sensor was measured by test set-up shown in Fig. 8. The PVDF pressure
sensor was calibrated by using dynamics pressure from injector nozzle tester. One side of the pressure sensor is exposed
to the impingement from diesel fuel generated by injector nozzle tester, and other side is exposed to ambient air
pressure. The pressure level was increasing from 2,500 psi to 4,000 psi (17.2 — 27.6 MPa) by 500 psi step interval.
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The experiment setup for measuring the impact pressure of liquid jets by using a PVDF is shown in Fig. 9. Once the
water jet impacts on the PMMA surface, the PVDF film will respond to impact pressure and then the pressure signal of
PVDU film is recorded by oscilloscope as shown in Fig. 10. In the experiment, the stand-off distance from nozzle exit to
the PVDF pressure sensor is varied changed by adjusting the pressure sensor holder backwards or forwards.

Housing

Test Chamber

Projectile Piezoelectric

v PVDF foil

/ Pressure
Liquid Jet

Electric Contacts f

Fig. 9 Experimental setup for Impact pressure measurement



Fig. 10 A load-time trace for a water jet impact

From the calibration curve in Fig. 8, the line on the figure is linear fit to the data and the impact pressure can be
calculated using the Equation:

P=17,975(V)-2,614.4 2)

Where P is the impact pressure (MPa) of water jet and V is voltage signal (mV) from PVDF pressure sensor.

3. Results

3.1 The Water jet velocity

In this experiment, the projectile velocity (956-1,358 m/s) is varied by variant the propellant mass froma4 gupto7 g
of smokeless gunpowder. In Fig. 11, the water jet velocities from three shapes nozzle are compared. In this study, a 7 g
(1,358 m/s Vp) of gunpowder is used for generating the maximum water jet velocity. The maximum velocity of around
2,292 m/s, 1,549 m/s and 1,241 m/s were generated from a 30° conical angle nozzle, a 60° conical angle and a
cylindrical nozzle, respectively. The effect of nozzle shape and propellant mass on water jet velocities are shown in Fig.
11
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Fig. 11 The effect of nozzle shape and propellant mass on water jet velocities

3.2 The Impact Pressure

The impact pressures of the water jets at 1.5, 3, 4 and 6 cm stand-off distance from nozzle exit with three nozzle shapes
are investigated. The maximum water jet velocities generated from nozzle (A), nozzle (B) and nozzle (C) are 1,240,
2,292 and 1,549 m/s, respectively. The effect of stand-off distant and nozzle geometries on the impact pressures is

shown in Fig. 12. From the figure, we found that the maximum impact pressure obtained from the 30° conical nozzle,

60° conical nozzle and cylindrical nozzle are 3.4 GPa, 2.5 GPa and 1.8 GPa, respectively. The maximum impact
pressure occurs at 3 cm for 60° conical nozzle and cylindrical nozzle while it occurs at 4.5 for 30°conical nozzle.

—&— 30° Conical Nozzle
—4&— 60° Conical Nozzle

3 - —®— Cylindrical Nozzle

Impact pressure (GPa)
N
|

1 2 3 4 5 6 7

Stand-off distant from nozzle (cm)

Fig. 12 Impact pressure at stand-off distance from nozzle

3.3 The water-hammer effect

When a droplet of liquid crash on a rigid surface under higher velocity or the frontal liquid in column is stopped
instantaneously and sideways flow is prevented. In these cases, the pressure developed in moving column or the high



pressure occur in liquid impact as a result of the water-hammer effect. The water-hammer pressure (P) for a liquid
striking a rigid surface is given by the equation [11-16, 23, 24]
P=pCV (3)

Where p is the density (kg/m’) of the liquid, C the speed of sound (m/s) in liquid and V is the velocity (m/s) of the
liquid. The water-hammer equation can be used for calculating the maximum pressure developed when a water jet
collides on a rigid surface. The value of P found from the experiments can be compared with that determined from
Equation (3). From the equation, a water jet with an impact velocities V of the maximum velocity from each nozzles
(1,240 2,292 and 1,549 m/s), C = 1,500 m/s and p = 1,000 kg/m”. Results of impact pressure from experiment are
comparing with that of the calculation as shown in Table 1.

Table 1 Calculate-experiment comparison for impact pressure

Nozzle Shapes Cylindrical 30° Conical 60° Conical
source Nozzle Nozzle Nozzle
(GPa) (GPa) (GPa)
Calculation
(1.5-4.8cm.) 1.9 3.7 2.57
Distance
Experiment 3-em. 1.8 3.4 2.5
Distance
4.5cm. 1.4 3.3 2

4. Concluding Remarks

A horizontal single-stage powder gun was designed and manufactured for the high-speed liquid jets generation. From
the high-speed jet generation, the maximum water jet velocity of 2,292 m/s can be obtained from 30° conical angle
nozzle with 7 g of gunpowder. In this study, the PVDF film is used for measuring the impact pressure of the high-speed
water jet at four stand-off distance with three nozzle geometries. The maximum impact pressure is 3.4 GPa at 3 cm
stand-off distance. These results are compared with the water-hammer pressure equation from comparison, the pressure
PVDF sensor was successfully performed to measure dynamics pressure of high-speed water jet. Besides, the impact
pressures of water jets depend on the velocities of water jet, while the velocity of water jet depends on nozzle shapes
and projectile impact velocity.
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5.1 International refereed journal
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Conversion and Management Journal, 2007;48:2556-2564 (impact factor 2005 = 1.244.)

5.2 International Refereed conference
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impact pressure of high speed water jets”, Proceedings of the 10th Asian International Conference on
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