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Abstract: Effective comminution of copper ore for further processing during flotation is still a challenge, 
both as a technological problem as well as for the high energy costs of such processing. A high-pressure 
water jet is one alternative method of preparing copper ore for final flotation, causing distinct enlarge-
ment of the surface of micronized particles, which could be profitable for copper production. As a conse-
quence of such innovative processing, particles of copper ore become micronized, ensuring grain frac-
tions directly useful for flotation at the exit of the pulverizing apparatus (the hydro-jetting mill). The 
paper presents some results of simulation as well as describing an analysis of the phenomena occurring 
inside the high-pressure water and abrasive-water jets of specific structures, elaborated in the aspect of 
developing hybrid jets of maximum erosive efficiency, potentially useful for effective pulverization. 
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INTRODUCTION 

The usefulness of high-pressure water and abrasive-water jets, effective tools for 
pulverizing or comminuting e.g. minerals and brittle materials, depends mainly on the 
method and conditions of generating the water jet, as well as in the method and in the 
number of additional abrasive grains and, consequently, the method and conditions of 
such addition.  
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The pulverizing of materials finds a wide range of applications in many branches 
of processing and, as aresult, aims at ultimately producing, e.g. mineral aggregates of 
respective grain sizes (Bielecki, 2013; Borkowski P., 2010; Borkowski P. et al., 
2012; Dvorský, et al. 2010, Fu, et al., 2007; Mazurkiewicz, Davey, 2002; Sitek, et al., 
2012); the production of semi-finished energy products for new generation fuels 
(coal-water-slurries) (Borkowski P., Borkowski J., 2010; Borkowski P. et al., 2014; 
Borkowski P. et al.*, 2014; Bortolussi et al., 1994; Cui et al., 2006; Cui et al., 2008; 
Galecki et. al. 1988; Mazurkiewicz, Vašek, 1997), or just for grain preparation as a 
final step preceding the flotation of minerals. However, one should keep in mind that 
the last-mentioned processes are the most energy consumptive ones (Borkowski P., 
2009; Borkowski P., Borkowski J., 2009; Neikov, 2009; Shimizu et al., 2007; Shimizu 
et al., 2009). 

A high-pressure water jet is one alternative method of preparing copper ore for fi-
nal flotation. As a consequence of such innovative processing, particles of copper ore 
become micronized, ensuring at the exit of the comminuting apparatus (a hydro-
jetting mill) grain fractions directly useful for the process of flotation. The structure 
of the surface of the micro-particles is an important feature of this way of preparing 
the feed as a consequence of the different mechanism of comminution compared to 
traditional mechanical methods (Bielecki, 2013). Surface-specific expansion takes 
place as a result of the hydrodynamic influence of the high-pressure water jet, ensur-
ing a decidedly better mechanical ‘opening’ of the grain’s structure and, consequent-
ly, better conditions for chemical penetration of reagents during foam flotation. 

One should have in mind however that the building of a high-efficient hydro-
jetting mill for successive pulverization of copper ore requires knowledge of the me-
chanisms of generating a high-pressure work jet. Having the above in mind, the paper 
presents some results of simulation research as well as describing an analysis of the 
phenomena occurring inside high-pressure water and abrasive-water jets of specific 
structures, realized in the Fluid Engineering Laboratory in Japan. 

HYDRO-JETTING COMMINUTION OF COPPER ORE 

After thorough analysis of several American and Chinese constructions of hydro-
jetting mills (Fang, Gong, Chen, 1999; Ito et al. 2009; Ito et al. 2011; Mazurkiewicz, 
2001, Peng et al., 2009; Shimizu, 2006), our own original prototype was built (Bi-
elecki, 2013). Such a vertical prototype is shown in Fig. 1a. Comminution of the feed 
takes place as the synergetic influence of the high-pressure water jet and a dynamic 
stroke of particles become disintegrated. The exemplary effects of the surface expan-
sion of the copper ore occurring in such circumstances, potentially useful for increas-
ing copper flotation, is presented in Fig. 1b. 
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Fig. 1. High-pressure jetting mill of own construction (a) and exemplary SEM picture of carbonated 
copper ore surface amplification, comminuted with water pressure of 100 MPa (b) 

Such a jetting mill ensures the possibility of comminuting materials in the range of 
working water pressure 50÷300 MPa, and a water consumption range of 0.2÷0.5 
dm3/s. The given prototype allows the use of feed materials up to 2 mm in diameter, 
ensuring a distinctly increased efficiency of micronization, a range of 50 g/s (Bor-
kowski P. et al., 2014; Borkowski P. et al.*, 2014). 

Having in mind the most recent research (Ito et al. 2009; Ito et al. 2011) including 
our own work (Borkowski P., 2010), it is very important to generate a quality jet. 
Knowing the jet’s behavior as well as proper dosing of the copper ore feed, ensures 
adequate movement of the copper particles inside the work chamber of the hydro-
jetting mill. All of the above influence the grade and quality of the mineral material 
being comminuted, and make it possible to better design innovative technologies for 
pulverizing copper ore.  

RESEARCH METHODOLOGY 

Research analyzing the phenomena that occur inside both water- and abrasive-
water jets was possible thanks to the use of a specialized apparatus possessed by the 
Fluid Engineering Laboratory in Japan. A new quality of research has been conducted 
thanks to this modern technique of measurement. However, it was necessary to design 
and to build an adequate measuring track giving the chance to conduct some experi-
ments for modeling super-speed processes occurring inside the water jet. 
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MEASURING TRACK 

In order to conduct simulations in conditions close to the natural ones occurring 
inside a hydro-jetting mill during generation of a high-pressure water jet, it was ne-
cessary to set up an experimental-measuring track, presented in Fig. 2. 

 

Fig. 2. Schema of measuring track for high-frequency processes recording occurring inside high-pressure 
water jet (1 – high-pressure water pump, 2 – device for generating ASJ (abrasive-suspensive-jet),  

3 – work nozzle FanJet type, 4 – PIV (particle image velocimetry) laser system,  
5 – high-speed video camera, 6 – computer) 

It includes a set of apparatuses for generating a high-pressure water jet, as well as 
measuring devices. A high-pressure water pump (1) that generates a water jet of ade-
quate pressure, directs it through a special hose to the generator of a suspensive jet 
ASJ type (2). As a consequence of the abrasive bed washing out, a three-phase abra-
sive-water-air jet is generated then and finally formed in a FanJet type work head (3). 
Such a jet is directed onto the surface of the target (Fig. 3) which stands as counter-
part to the comminuting plate inside the real mill.  

The contact zone of the jet and the treated material,crucial for erosion efficiency, 
is observed as a double-track, both using a laser PIV system (4) and high-speed video 
camera (5). Both these tracks record and then send out high-resolution time-lapse 
pictures to a computer (6) that includes dedicated software enabling analysis of the 
phenomena occurring both inside the jet and in the erosion zone.  
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a)   b)  

Fig. 3. Research setup for simulation of hydrodynamics occurring  
in a hydro-jetting mill: general view (a), schema of work zone (b) 

LASER VISUALIZATION SYSTEM  

Recording the processes inside a high-pressurized water jet can be conducted using 
a specialized Nd:YAG laser, LDP-100MQG type, made by Lee Laser Inc. (Fig. 4). 

a)   b)  

Fig. 4. General view of LDP-100MQG laser (a) and steering device (b), made by Lee Laser, Inc. 

Application of the laser (usually laser impulses, frequency up to 100 µs), along 
with the dedicated software type Koncerto2 by Seica Measurement Technology, 
enables the research of the high-speed phenomena occurring inside the turbulent flow 
of a high-pressure multi-phase jet. A specific example of that may be recording the 
movement of abrasive particles carried by the energy of the jet. The abrasive-water jet 
examined in this case is exposed by such a laser’s electro-magnetic beam of the power 
of 8.0-2.4 mJ and a frequency range of 5–30 kHz. Processing of data gathered in such 
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way ultimately enablesthe rendering of time-lapse pictures of high quality into the 
sequence of a movie.  

The software additionally enables thorough analysis of the dynamism of the inside 
jet, e.g. the velocities and direction of respective grains moving within the jet, which 
generally changes up-to-date knowledge in the scope.  

HIGH-SPEED RECORDING OF THE JET STRUCTURE 

A special high-speed Photron camera SA-NX2 type (Fig. 5) was used for record-
ing hybrid water- and abrasive-water jets. It uses a CMOS sensor of resolution 1024 x 
1024 pixels and allows recording at least 240 f/s with a 12 bit depth of field. The giv-
en exposure time is 300 ns, thanks to which the maximum speed of recording, using 
reduced quality, is 1.000.000. f/s. The camera cooperates in connection with laser 
system LDP-100MQG, controlled by dedicated Koncerto2 software, enabling syn-
chronized recording of the time-lapse video of respective cross-sections of the hybrid 
jet, being overexposed throughout by a laser (Fig. 5b). 

a)   b)  

Fig. 5. High-speed camera Photron SA-NX2 type: general view (a)  
and during recording (b), working in the connection with LDP-100MQG laser 

RESEARCH OF HIGH-PRESSURE WATER- AND ABRASIVE-WATER JETS 

Analysis of the research results were based on mathematical methods elaborated 
and adopted for Koncerto2 software (Geveci, et al., 2003). Analyzing pictures, one 
can establish time-averaged X and Y direction components of the jet velocity given in 
the following formulas:  



Simulation of a high-pressure water jet structure as an innovative tool for pulverizing… 155

 
1

1
( , ) ( , )

N

n
n

u X Z u X Z
N =

= ∑ , (1) 

 
1

1
( , ) ( , )

N

n
n

w X Z w X Z
N =

= ∑ , (2) 

where: un (X, Z) – the X direction component of instantaneous velocity, wn (X, Z) – the 
Z direction component of instantaneous velocity, N – total number of instantaneous 
velocity fields. 

Additionally, for such analysis one should use dependencies describing respective 
directional components of the root-mean square components of velocity fluctuation, 
as stated below:  
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BASIS OF TURBULENT JET FLOW 

Based on theoretical analysis, an algorithm was used enabling definition of the in-
stantaneous velocity fields of the jet. Sample illustrations showing conducted simula-
tions are presented in Fig. 6.  

Such video frames illustrate water droplets moving along the jet (a) as well as ab-
rasive grains (b), which substituted for copper ore in such laboratory conditions. As 
observation shows, particles are carried along the jet with a velocity exceeding 100 
m/s, reaching the target and dispersing its kinetic energy there, to slow down the jet 
flow. The change of the grains’ vector (direction and reversal) when in contact with 
the target material is also a consequence. It should be mentioned here that analogical 
conditions, on a different technical scale, occur also inside a hydro-jetting mill, during 
collision of copper ore particles with a comminuting plate made of sintered carbide. 
Analysis of respective parts of the picture allows observation of the relatively huge jet 
aeration, confirming our own previous observations (Borkowski P., 2010). 
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a)                                                                                b) 

 

Fig. 6. Time-lapse pictures, including the net of instantaneous velocity fields of the jet given for: water jet 
(a) and suspensive abrasive-water jet (b). Work conditions: p = 50 bar, SoD = 60 mm, garnet #200 

4.2. ANALOGIES OF JET FLOW INSIDE A HYDRO-JETTING MILL 

The dynamism of the comminuted material described above can be observed much 
more easily after the video picture taking off and leaving the net of elementary veloci-
ty fields alone, which is described as (5) (Geveci, et al., 2003): 

 2 2
uwv u w= + , (5) 

where: uwv  – magnitude of time-averaged velocity, u  – time-averaged velocity in X 

direction, w  – time-averaged velocity in Z direction. 
Resultant pictures of the given procedure are presented in Fig. 7. It turns out that 

gross energy is carried inside the jet (i.e. mainly in the core). Increasing the distance 
from the work nozzle, observed along the jet, the aeration of a coherent jet takes 
place; striking the forehead of the target causes the droplet phase to arise, finally dis-
persing its energy contiguously to the target surface. 

Both cases of exemplary water-air- as well as abrasive-water jet structures 
analyzed here, one can find analogical phenomena that decide the jet’s aerial 
stratification in a direction perpendicular to the axial. It can be clearly observed 
that barely 20-30 mm distant from the axis in a perpendicular direction, the 
given velocities of jet layers reach only several percent of that in the axis.  
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This is another conclusion important for practice, informing the proper way to de-
sign an abrasive-water jet tool in order to fully use the kinetic energy accumulated in 
a high-pressure water jet.  

 
a)                                                                               b) 

 

Fig. 7. Elementary velocity fields of particles uwv  moving in: water jet (a) 

 and suspensive abrasive-water jet (b). Work conditions: p=50 bar, SoD=60mm, garnet #200 

4.3. SIMULATION ANALYSIS OF JET FLOW 

Some more detailed information can be concluded by observation of the pic-
tures showing the respective directions of jet flow. For example, figure 8 shows 
velocity distribution fields u  presented for both water jet (a) and abrasive-
water jet (b), given for horizontal component X. This is why one can observe a 
full velocity range of particles moving in the jet. Moreover, characteristic areas 
of jet intermittence can be observed, or more general formation, the lack of 
symmetry in respect to axis “O”.  

Such effects may be caused presumably by imprecise setting of the work 
nozzle in one axis of the target rod. Regardless of the factual reasons for that, 
however, one may draw the main conclusion concerning the cumulative effect 
of kinetic energy and the increase of jet velocity along its axis. Thanks to this, 
designing proper construction of a mill needs the rule of centric sprinkling of 
high-energetic water jet. 

 
a)     b) 
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Fig. 8. Velocity distribution fields u  of particles moving in: water jet (a)  

and suspensive abrasive-water jet (b). Work conditions: p = 50 bar, SoD = 60mm, garnet #200 

Specific confirmation of such behavior are the pictures illustrating distribution 
fields of velocity w , occurring inside water- (a) and abrasive-water jet (b), examined 
also in perpendicular direction Z (Fig. 9). 

 
a)                                                                                   b) 

 

Fig. 9. Velocity distribution fields w  of particles moving in: water jet (a) and suspensive  
abrasive-water jet (b). Work conditions: p=50 bar, SoD=60mm, garnet #200 

In this particular case given for a jet’s perpendicular direction to the axis (i.e. 
spreading in direction Z), one may recognize a so-called ricochet jet bouncing from 
the rod surface representing the target there, which is also why field velocities of the 
jet are definitely lower. The discussed types of jet (a, b) cause maximum velocity 
values not exceeding 20 m/s. 
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Such dispersal of the jet’s energy in the contact zone with the target material may 
be used. Looking for an analogy to practical conditions occurring inside a mill, it may 
be easily pointed out that solid particles carried in the jet collide with each other and 
with the internal cylindrical parts of the tube-shaped walls of the mill’s work cham-
ber, causing additional comminution of these particles. Taking everything into con-
sideration, the information gathered during the research, illustrating the real propor-
tions of the jet energy spreading in this model setup,may be transferred into real 
construction of the mill, and is helpful for its optimization. 

CONCLUSION 

Thanks to experimental simulations realized with the help of a unique research po-
sition, it was possible to analyze the dynamical stages occurring inside a water jet 
droplet as well as in small particles of solid materials, moving along respective cross-
sections of an abrasive-water jet.  

The simulations conducted here were planned so that the materials used 
represented real copper ore particles comminuted in a jetting mill. Thanks to that, one 
can also eliminate the technological differences in the parameters used, e.g. relatively 
low water pressure (p = 50 MPa), limiting the suspensive ASJ jet (including garnet 
#200) to a velocity exceeding 100 m/s. 

Application of the mathematical methods in the research, elaborated and adopted 
for Koncerto2 software as well as for algorithms enabling definition of instantaneous 
velocity fields of the jet, allowed the conducting of a simulation analysis of the dy-
namism of both water-air- and abrasive-water jets.  

Such dispersal of the jet energy in the contact zone with target material may be 
used practically. Looking for an analogy to practical conditions occurring inside the 
mill, it may be easily pointed out that solid particles carried in the jet collide with 
each other and with the internal cylindrical parts of the tube-shaped walls of the mill’s 
work chamber, causing additional comminution of these particles. Taking it all into 
consideration, the information gathered during the research, illustrating the real pro-
portions of the jet’s energy spreading in this model setup, may be applied to the real 
construction of a mill, and is helpful for its optimization. 
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