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ABSTRACT

The characteristics of a jet flow are analyzed. A rotating cone water jet is formed by using plus adding a special spiral section
on the basis of research at home and abroad. According to the structural characteristics of the spiral groove, combined with
the characteristics of the nozzle and requirements, a spin and nozzle structure is designed which has a spiral groove with
certain parameters. A rotating conical water jet is thereby obtained. The force is analyzed in a high pressure pipe and fluid
while spinning, and these are analyzed for the contraction in the force of the abrasive particles and the force of the fluid
leaving the jet nozzle. The movement characteristics of the particles are understood as fluid in the jet formation process,
which provides data support for further study for adding abrasive particles. A trajectory equation of the rotating cone water
jet is derived based on the characteristics of the fluid movement, focusing on the actual movement of the fluid. The
movement characteristics and mechanical properties of the fluid in a nozzle are also analyzed. The influence of nozzle
structure parameters on the formation of the jet is obtained through experimental study. This shows that the cross section of
the ring or circle diameter D correspondingly decreases with the increase of pitch H, and the inner diameter D essentially
remains unchanged. The section shape of the basis is a circle with a center hole with a diameter of 2 mm. The brightness of
the section with the hole is inferior to the condition of the one without a hole. The increasing trend of circle diameter D is
more than that of the inner diameter D as the nozzle diameter di increases. These are the theoretical and experimental
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foundations for further optimizing spinning structures.
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1. INTRODUCTION

Water jet technology for cleaning, descaling, cutting,
drilling and crushing has been developed around the world,
becoming part of the rise of new technologies and new
processes [1][2].

A rotating water jet is defined as a diffusion jet which is
formed under the condition of a non-rotating nozzle with
three-dimensional velocity and formed by jet liquid along a
spiral path. An abrasive water jet is formed by the abrasive
particles in the jet. It will help to improve the make-up and
enhance the performance of the jet nozzle, and contribute to
studies on the theoretical analysis and structural parameters of
fluids in a rotating conical abrasive water jet nozzle, and has
great theoretical value.

There are many works of research about the water jet at
home and abroad. Kinik, Daniel et al. have designed an on-
line monitoring system for cutting technology through an
abrasive water jet. The experiments were conducted with four
different settings of the traverse speed of the cutting head [1].
Feng, Fuping et al. made a non-retention model through
analysis of the mechanism for displacing fluid elements.
Several rules were deduced on the basis of the calculation
results: the retention range of the drilling fluid decreased
gradually on the casing and well walls as the casing
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eccentricity increased, and the retention degree in the annular
narrow gap became more severe [2]. Kohorst, Philipp et al.
investigated the machining of human dentine using an
abrasive water jet and evaluated the influence of different
abrasives and water pressures on the removal rate [3]. Jiang,
Yu-Ying et al. investigated the dynamic characteristics of
multiphase flow and discovered that they are further improved
by adding polyacrylamide into the pre-mixed abrasive water
jet (AWJ), where the multiphase flow in an abrasive
suspension jet (ASJ) nozzle is simulated based on a Cross
equation[4]. Batikh, Ahmad et al. presented a numerical
analysis of the behavior of synthetic jets with a sub-
millimetric (mini jet) and micrometric (micro jet) dimensions,
conducted with the CFD code Fluent [5]. Huang, Zhongwei et
al. presented the experimental results of perforation with
AWIJs under ambient pressures to simulate practical
conditions, and designed a new container that is able to stand
20 MPa in order to lay the casing and natural limestone
samples [6][7]. Ibraheem, Hussein Mohammed Aliassess et
al. assessed the influence of abrasive water jet machining
parameters on the hole-making process of woven-laminated
GFRP material to find the optimum values of the process
parameters [8]. Ojbai, Arko et al. obtained an improvement in
the predictive accuracy and capability of generalization
capable of being achieved by the ELM approach in



comparison with GP and ANN. Kalpana, K.et al. worked on
the principles of erosion of material by the action of a high
velocity water jet mixed with abrasive particles and air. The
input parameters involved in the AWJM system were water
jet pressure, abrasive flow rate, orifice diameter, nozzle
diameter, particle size of the abrasive, abrasive type, and
related factors [9][10].

2. NOZZLE DESIGN

Water jet nozzle design is very important, as it directly
affects the shape and performance of the jet. The methods of
formation for the rotating water jet are as follows: tangential
injection method, fixed blade rotating method, tubes, and
mechanical rotation method [11] [12]. A rotating conical
abrasive water jet nozzle consists of a liquid pipe, rotating
groove part, conical contraction parts and nozzle. The rotating

groove part lies between the conical contraction parts and the
liquid pipe, and connects them. An abrasive slurry flows from
the high pressure rubber pipe via the pipe joint to the liquid
pipe, and forms a spiral movement after entering the flow slot
and center hole because of a rotary pieces barrier. The
spinning part is a special component with a spiral channel,
which is divided into two types, one without and one with a
center hole. The abrasive slurry is fed through the rotating
groove part and rotated into the conical contraction parts
through a hole contraction cone angle of 30 ° as a spiral flow.
The fluid dynamic effects of abrasive slurry are enhanced
after the conical contraction, which gives the slurry a higher
rotation speed. The speed of the abrasive slurry is further
accelerated in the nozzle, which forms a rotating conical
abrasive water jet after leaving the nozzle. Figure 1 shows a
structural diagram of the nozzle head [13].

1 2 3

4 5 6

Figure 1. Schematic of nozzle of rotating conical abrasive jet
I conical contraction parts Il - rotating groove part
111 - liquid pipe
1 - rotating conical abrasive jet 2 - nozzle 3 - nozzle pressure cap
4 - nozzle body 5 — spinning parts 6- center hole

3. STRESS ANALYSIS OF THE NOZZLE FLOW

3.1 Stress analysis of mixed fluids in a high pressure
pipeline

For a liquid-solid two-phase flow system, with high
velocities (3 m/s or more), thin and medium solid particles are
in a completely suspended state [14]. Abrasive (sand) in the
fluid is mainly loaded by the viscous force, gravity Q and the
resistance T of the rigid wall. The principal stress of the
abrasive in the high pressure pipeline has a force of thrust
upwards, with wall friction resistance T1, and the collision
force between sand and sand. The mixture is loaded from wall
friction T2 and pump pressure P. For the abrasive itself, the
particles must overcome a certain resistance and need to
consume corresponding energy to achieve a certain speed and
acceleration according to the two phase flow principle. This
energy passes to the particles through the turbulent diffusion
mechanism of the water media. At the same time, the
distribution of particle concentration in any section of the
flow or port also depends on the turbulent diffusion because a
two-phase medium has solid phase concentration.

3.2 Stress analysis of fluid in rotating groove part

As the mixture flows through the spinning part, if the
spinning part has no hole, the fluid is forced to enter the spiral
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channels in a spiral flow, and the time stress of the mixed
fluid has fluid dynamic pressure F, gravity Q, friction T1,
friction resistance T2 of rotating groove part, and pressure
difference AP2 before and after entering the spiral channels.
When mixed fluid is in a normal flow state, the stress in the
rotating groove part has inertia P, fluid dynamic pressure F,
gravity Q and friction force T. The first two fluid forces play
the main role. If the rotating groove part has a center hole,
with a larger diameter such as 3-4 mm or more,, then when
the mixed fluid flows into the top of the rotating groove part,
the stress of the mixed fluid has a fluid dynamic pressure F,
gravity Q, friction T1, resistance T2 of the rotating groove
part and pressure difference AP 2 for before and after the
spiral channels resistance, and pressure difference AP1 for
before and after the central hole. Note that the stresses are the
same in addition to AP1, AP2 for the fluid. Because the
center hole is larger, the value of the stress caused by API
and AP2 is similar, and the direction is perpendicular to the
fluid surface and points in the opposite direction to the
advance fluid, but the size of its value is still AP1>AP2.

So most fluid arising from the stress caused by AP2 and
under comprehensive stress enters the rotating channels with a
spiral movement, and there is a small part of the fluid
injection from the center hole under the comprehensive force
caused by API and others. When the mixed fluid is in a
normal flow state, the fluid is forced by the stress into a spiral



channel: inertia P, fluid dynamic pressure F and gravity Q,
and the friction force T, the fluid stress in the center hole has
a fluid dynamic pressure F, gravity Q and friction stress T,
with the fluid dynamic pressure F playing the main role. The
spinning part of the center hole has a smaller diameter of
2mm or less, due to the pressure difference AP1=AP2
between the internal and external. Other comprehensive stress
easily overcomes the stress caused by AP2, while the stress
made by fluid injection from the holes is much smaller than
the total stress forcing liquid into the spiral channels (stress of
making fluid rotary motion). Thus the mixed fluid under
comprehensive stress including the fluid dynamic pressure
almost enters all the spiral channels and does not emerge from
the hole, but is spread into a conical shape through the
injection.

When mixed fluid in a spiral channels, the moving
characteristics of abrasive and water in spiral channels are
different, position and velocity of mixed fluid in the cross
section area of the different section are not the same. The

current state in the inside is laminar move, the flow velocity
to increase gradually, and flow pattern gradually convert to
the turbulent flow. Its characteristics are the interaction result
of stress of nature, size, and the role direction. Abrasive stress
have inertial P, gravity Q, and friction T, fluid dynamic
pressure F etc, which is for smaller abrasive particles, the role
of gravity Q is small. For simplifying the complexity research
of abrasive particle dynamics, we assume that stress analysis
of a particle at a moment in a position is shown in figure 2,
which establish the three dimensional space coordinate
system, and ox axis perpendicular to the spiral channels side
to the level of paper, oy axis represents level in the direction
of cutting fluid, oz axis represents the vertical upwards [15]
[16].

(1) Fluid dynamic pressure

Because movement speed of water is faster than that of
abrasive particle, abrasive particles is loaded hydrodynamic
pressure F.

Figure 2. Stress analysis of abrasive particles

In the turbulent the

calculation formula is:

state, fluid dynamic pressure

F=y (U-V) 2d2A

Type: y-resistance coefficient; U-flow velocity (m/s); V-
abrasive particle velocity (m/s); d-the diameter of the abrasive
particles (m); A-liquid density (kg/m3)

In laminar, calculation formula of particles under the fluid
dynamic pressure of water:

F=3ndp (U-V) A

Type: p-viscous coefficient;

The basic flow velocity of layer depends on its depth of
position, fluid dynamic pressure of the abrasive particles
depend on the height and movement speed of water layer. The
role direction of the fluid dynamic pressure abrasive particles
decides in the water flow layer position [4].

In order to facilitate research, the fluid dynamic pressure F
is decomposed in three coordinate system of space, namely
Fx, Fy, Fz; Fx to make the particles moving along the spiral
channels, Fy to convey particles movement forward, Fz to
make the particles rising. Fluid dynamic pressure in different
locations have different direction, making the particles
movement trend to the direction in different area.The force
generated by pulse of mixed fluid can make the particles
movement. Integrated force by the pulse of turbulent and Fz
make abrasive particles floating in the state.
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(2) Gravity

For an abrasive particle, its gravity is the same, and
direction is for the vertical downward, such as the quality of
particles for m, gravity Q equal to mg. If smaller particles, the
effect of gravity can be ignored.

(3) Inertia centrifugal force

When tracking along the spiral curve, particles produce
inertia centrifugal force, which size is relevant on particles
quality m, movement speed v and track curvature 1 / p,
computation formula is: P = mv2 / p. If the proportion of
different size particles is different and quality is same, and
particles have different movement speed, then inertia
centrifugal force of particle is different. Large particles are
more, and then the fluid dynamic pressure and flow velocity
are also bigger.

(4) Friction

When particle collide spiral channels, friction can be
produced, its direction instead of grain direction, size and
location is different because of colliding the wall of the
channel, formula for T = fN, N for integrate force of inertial
centrifugal and law force of fluid dynamic pressure, f for
friction coefficient.

3.3 Stress analysis of abrasive particles within the
contraction

Mixed fluid of abrasive and water passing the high-pressure
pipeline get a certain speed, then the spin movement along
rotation part, into the conical contraction parts. Because the



conical contraction shape, the internal energy form of fluid
will change: part of the static pressure gradually translate into
dynamic pressure, the high pressure water to further speed up.
So abrasive and water speed become imbalanced, thus making
the abrasive particles again getting up, but the speed of
abrasive particles less than the speed of water flow. The force
of the abrasive in the stage: inertial centrifugal force P,
gravity Q, wall friction T, fluid dynamic pressure F. But
friction numerical is less than that of rotation part, and
direction is always opposite to the granular movement
direction, and the values of inertia centrifugal force P and
fluid dynamic pressure F increase accordingly, the size and
the direction of gravity Q are unchanged, analysis of fluid
dynamic pressure F and inertia centrifugal force P is similar to
rotation part..

3.4 Stress analysis of the fluid from the nozzle

The mixed fluid makes a rotating movement after leaving
the nozzle in a very short time because of inertia. Experiments
prove that the turbulence intensity of the rotation flow is
smaller than that of the water flow in a straight line, and the
track of mixed fluid particles is a spiral. For the whole of the
mixed fluid loaded by gravity and inertia centrifugal force, the
fluid spreads in a movement caused by the centrifugal force
and forward front continuously, and thus it forms a unique
horn shape from the exterior. Abrasive particles also form a
certain spread in advancing, focused on the role of the fluid
dynamic pressure, but also affected by gravity Q and inertia

i ]k ! ] J
(X3,Z3,y3)= X 7, Y,|=|ncosd rsing Zel
X2 ZZ y2 H
r,cosd, r,cosd, —06,
T

For analysis movement and track characteristics of fluid,
mixed fluid can be thought as a single medium, so the
complexity of motion have greatly simplified. Because a
spiral movement of particle can form spirals line and spiral
movement form the corresponding spiral face, then the
helicoid can be calculated by integral. If the plane vertical to
axis of spiral face cut spiral face, and contour line of face is
gotten, its polar equation is as follows:

r. =r(g)cosg i+r(g)sing I

The above contour line for spiral movement to be spiral
surface, its equation is as follows:

r, =Mr,
cosd —-sind 0 O
M = siho6 cosd6 0 O
0 0 1 po
0 0 0 1
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centrifugal force P. In time, the circle radius of the fluid spiral
movement increases gradually, and the momentum of the jet
will be passed to the gas at the same time; thus the centrifugal
force becomes smaller and the fluid speed gradually
decreases, and the corresponding fluid energy also slowly
decreases.

4. TRACK EQUATION OF THE ROTATING WATER
JET

The mixed fluid in the spiral channels flows spirally
through stress analysis in the nozzle and performance
analysis. Taking a single particle of fluid as an example, its
movement track is similar to a spiral line according to the
coordinate system in Figure 2. The cylindrical coordinates in
the equation are:

_ H
X=rcosf.z=rsiné. y=§9 or y=régo.
the

Among them I - radius of a spinning
part; 0<@<2mr ; & - a add corner of spinning part;

O<a<Z,
2
If you know two random coordinates of fluid in the space,

space coordinates of the other may be calculated, the
specific calculation methods are as follows:

) H H
rlsln 91 %91 I ~ r1 C08491 _7[01 . rl Cosel rlsln 91 k
r, C0sd, iez r, C0S0, ﬂgz r,cosd, r,c0s0,

s 2

Among them P is spiral parameters, axial displacement
quantity of turned 1 radian.

P =—— O is the angle of turn.
21 8

The equation of spiral face is:
I, =r(@)cos@+o)i+r(g)sin(@+0o)j+ pk-.

X
The equation of helix by integral: I = I rmdr(¢) .
i
From the above analysis, we can conclude that each fluid
point from the rotating conical abrasive jet has a three-
dimensional speed, and the particle track forms a spiral. High-
speed fluid particles with a three-dimensional speed impact on
the materials, not only with a positive pressure, exerting a
radial “extend” force and a circular “cut” force. This is
preferable to an ordinary jet sample on the material effect
through the positive impact of broken rock. So rotating
conical abrasive jet pressure on the material radial is in the
form of an “extend” force and a circular “cut” force, plus the
positive impact force, and it will be easy to meet or exceed
the corresponding strength of the materials, which produces



material destruction through stretch and shear,
improving the crushing efficiency [17] [18].

The following analysis demonstrates that the influence of
the drilling is affected by the center and size of the hole of the
spinning part. When there is no center hole, the analysis of the
breaking and drilling mechanism is as above. When there is a
center hole, then two potential scenarios present themselves:
firstly, when the center hole has a diameter smaller than 2
mm, at the beginning, because the jet gets to the front of the
spinning part, the internal and external pressure difference of
the central hole far outweighs the pressure difference using
spiral channels. Then the force caused by other
comprehensive forces overcomes the pressure difference, and
the fluid flows relatively easily in a spiral channel. So the jet
from the center hole almost fails to shoot, other than by the
spiral movement that proceeds from the spiral channels, and
then accelerates by conical contraction again through the
nozzle forming rotating conical jet. This type of mechanism
for a breaking and drilling jet is the same as that of one
without center holes.

Secondly, when there is a large center hole with a diameter
of 3 mm or more, with the increase of the size of the hole, the
pressure difference inside and outside the center hole
decreases, gradually equaling the pressure difference from the
spiral channels. So there are parts of the jet which have a
pressure difference injecting from the center hole. The tiny
injection from the nozzle has a great effect in directing the

greatly

flow onto the materials drilling. At the same time there is part
of the jet along the spiral channels that becomes a rotating
conical abrasive jet, which plays an important role in drilling.
In this case, smaller convex cones will appear in the center in
theory, as the experimental results demonstrate. Because the
rotating conical abrasive jet erodes broken material at the
same time, the small flow at the center has a direct role in
gradually eroding and striking convex cones, making the
convex cones smaller, even almost invisible.

5. INFLUENCE
PARAMETERS

OF NOZZLE STRUCTURE

5.1 Influence on the shape of the jet of spin pitch and
center holes

Because the experimental effects of a single head are
poorer, two head spins were selected for the experiment. The
experimental conditions were as follows: two head spins, spin
pitches of 8 mm, 12 mm, and 16 mm, a nozzle diameter of
2.00 mm, a cone contract angle of 30 °, working pressure of 8
Mpa, a work target of 80 mm, and impacting time of 7
seconds. The experiment data was as follows:

D(mm) d(mm)
100 l2 7 20 1---spin pitch of
8 mm
s 1 40
90 Li el 2---spin pitch of
4 30 12mm
80 | \h\n\‘ 3---spin pitch of
1 20 16mm
70 : 10
0 2 4 H(mm)

Figure 3. The influence trend figure of section shape of jet by spin pitch

The linear regression analysis of curve in the figure:

L1:D=15H?-85H +97
L2: D=3H?-19H +116
11: d =—4H +33

12: d =—2H +48

That can be concluded by the analysis of above data and
curve trend in figure:

(1) For the spinning part of the same head, the effect of the
spin pitch was small. With the increase of spin pitch H, the
section shape remained the same, but the outside diameter D
of the section circle was reduced, and the inner diameter D
remained basically unchanged, so the influence on the outer
diameter was clear. Because the spin pitch increased, the
rising angles of the spiral channels became bigger under equal
a length of material, and the spin degree was lesser, which
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made the rotation of the jet poorer, and the tangential velocity
and radial velocity also smaller. If the rising angles were too
big, the jet approximated a direct flow and the jet had almost
no tangential velocity, thereby decreasing the section
diameter.

(2) When the center hole diameter of the spinning part was
2 mm, the shape of the section was basically circular. When
the center had no holes, the shape of the section was a torus.
The diameter of the circle or torus of the former compared to
the latter, under the same conditions, was smaller by about 10
mm, and the width of the torus accordingly increased and its
brightness was less than that of one without center holes.
Concrete analysis is as follows: when the spinning part has no
center holes, the mixed flow tends to spin, caused by the
resistance of the spin and spiral channels in existence when
the mixed flow reaches the front end of the spinning part. The
mixed flow is forced into the spiral channels flowing out to
form a spiral movement, and then through conical contraction
acceleration out through the nozzle almost in the form of a
standard hollow cone shape, so the shape of the jet section is
a torus. Almost all the energy of the jet is on the thickness of



the periphery, which has relatively concentrated energy, and
the brightness of torus is stronger, and the circle diameter D is
bigger. When the diameter of the center hole of the spinning
part is 2mm, the stress of the mixed flow becomes more
complex after reaching the front end of the spinning part, and
the mixed flow is mainly affected by comprehensive functions
such as the fluid dynamic pressure, spin resistance and the
internal and external pressures of central hole, which in turn
are mainly affected by the influence of the resistance-
producing flow trend caused by rotation. The mixed flow is
affected by the axial force of fluid dynamic pressure and the
internal and external pressure difference of the central hole,
which enables a mixed flow to emerge through the center
hole. Because the diameter of the hole is smaller, the pressure
difference of the center hole between the internal and external
is smaller, and the sum of the axial force of fluid dynamic
pressure and pressure difference inside and outside the center
hole is less than the resistance of the spin. Thus the mixed
flow has a rotating trend, almost all flowing out from the
spiral channels, but not from the center hole. The jet

momentum is thus smaller, and part of the energy is less than
that of the energy from a nozzle without center holes or spin.
Because the whole process accords with energy and
momentum conservation, the tangential velocity of the jet
through the nozzle is small, namely degrees small; the radial
velocity and the diameter of circle are small and the thickness
of the cone is bigger under the same conditions, namely the
width of the torus on the cross is bigger, which causes the
energy to disperse, and the brightness of the torus is less than
that from one without center holes [19] [20].

5.2 Influence to section shape of jet by nozzle diameter

Experimental conditions: spinning part of respectively two
head and three head, pitch of 8 mm, nozzle diameter of 1.7
mm and 2.0 mm and 2.3 mm, conical contract angle of 30 °,
working pressure of 8 Mpa, work target of 80 mm, work time
of 7 seconds. The drawing of experimental data is as follows:

D(mm d(mm

o Y R

100 | L 1 50 :;zlz. 'remmlame ET

90 r L1 41 40 2---nezzle diameter
of 2. Omm

80 r . 14 130 J3-——nezzle diameter

70 F 1 20 of 2. 3mm

60 : 10

0 2

% di(mm)

Figure 4. The influence trend figure of section shape of jet by nozzle diameter

The linear regression analysis of curve in the figure:

L1:D=-6d/ +33d, +58
L2: D =-6d/ +33d, +58
11:d =—15d7 +11.5d, +13

12:d =-3.5d7 +23.5x +13

That can be concluded by the analysis of above curve in
figure: With nozzle diameter increases, section shape remain
unchanged, but the size of torus increase, the increase trend of
outer diameter D are more than that of inner diameter d,
increasing range of two head of spinning part is more than
that of three head. Because the nozzle diameter increases, the
amount of mixed flow are increased in the same period, and
direction of tangential velocity of fluid particles of the vents is
changed, shoot angle B is increased, which make diameter of
section increasing in the same target.
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6. CONCLUSION

The structural characteristics of a rotating conical abrasive
jet and the results of the drilling experiment are
comprehensively analyzed. Its mechanism and process reveal
a more complicated process of varying factors. There are
tensile elastic damage components caused by jet impact and
the erosion function of the material particles, and a “water
wedge” role on the materials as well as general broken
characteristics of the water jet, and the unique characteristics
of shearing and damaging failure to produce a fracture zone
of the outer torus. This is formed by two larger free surfaces
inside and outside, that then create rock particles for free
surface erosion and shear, which easily drop from the main
body [21][22]. On the other hand, the flow characteristics of
spin forward and rotating outgoing to return of the rotating
conical abrasive jet not only reduce the loss of the return
resistance of the jet flow, but also strengthen the shear and
erosion role of the rock particles of the free surface. This is
unique drilling by a rotating conical abrasive jet.
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