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Abstract
Water jet is an extensively used method for materials processing due to the possibility of operating in different environments 
(air, water), its safety during working with hazardous materials, and efficiency while cutting hard and brittle rock blocks. 
In this article, we have presented results of the research on processing aerated concrete by means of pulsating water jest. 
The discontinuity in water flow through the nozzle was achieved using an own-construction self-excited head. The intermit-
tent flow had the greatest effect during operating in water environment. Machining efficiency for continuous and pulsating 
water jest was indicated by measuring erosive effects on processed materials. The occurrences of pulsations were confirmed 
while measurement of water jet thrust forces acting on piezoelectric sensor. It was concluded that pulsating water jet had 
greater processing effectiveness in a certain circumstances compared to the continuous flow, during the surface processing 
of concrete blocks.
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1  Introduction

High-pressure water jet is a universal method of process-
ing used for: cutting different materials [1], shaping spa-
tial objects [2], engraving objects based on virtual image 
luminescence [3], processing of coal [4], removing of brit-
tle coatings and layers from the surface of different parts 
[5], cleaning of pipelines [6], renovation of deep wells [7], 
flushing of explosive materials [8], micronization of brittle 
materials like copper ores [9] and coal [10].

Among currently used technologies of water jet, one 
could distinguish: (i) continuous water jet (CWJ) for sur-
face cleaning [11] and coating removal process [12], (ii) 
abrasive water jet (AWJ) for processing brittle [13] and 
hard [14] materials and for finishing processing of machine 

parts [15], (iii) ice water jet (IWJ) [16], (iv) ultrasonic pul-
sating water jet (PWJ) [17] used for peening processing 
[18]. Important works also include research on changes in 
the microstructure of processed materials using a high -pres-
sure water-abrasive jet [19].

Water jet allows for efficient processing of materials. 
However, this process could be further improved by increas-
ing the pressure of the water jet [20], adding abrasive parti-
cles [21] or crushed ice [22] as well as generating pulsations 
[23].

Early works on generating pulsations in water jet have 
started about 60 years ago [24], as the double increase in 
the erosive efficiency was noticed [25]. Based on theoretical 
analyses of sinusoidal jet modulation, it was found that the 
power increased by 18% compared to the non-modulated jet. 
Such processing conditions ensured over double increase in 
efficiency in the excavation of rock materials. The use of 
water jet with modulated pressure, according to the rectan-
gular cycle, resulted in over three times increased amount 
of excavated materials [26].

In the case of self-excited head, the effectiveness of 
machining process is assessed by preservation of coher-
ence and energy during the flow [27]. First works by Hey-
mann and Huang from the research on PWJ showed a great 
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progress in the processing of materials. They concluded that 
major changes, according to continuous jet, were caused by 
the energy which accumulates on the surface of the target 
object as a result of impact of very fast-moving droplets 
with high frequency [28]. In addition to the high maximum 
pressure values, the erosive effect of the pulsating jet was 
also improved as a result of increased dynamics of periodic 
shock waves occurring in the area of contact with the work-
piece [29].

The impact of pulsating water jet on surface in a repeated 
cycle causes the summation of pressure. Erosion efficiency 
of CWJ is much lower in analogous processing conditions, 
because the maximum pressures appear only in the initial 
phase, after first contact of jet with the processed material. 
After that, the value decreases and stagnates [30].

Generating pulsations is mainly aimed at increasing the 
efficiency of processing, as the hydrodynamic pulses provide 
several times higher power of jet. The dynamic effect of 
water on the workpiece causes erosion of its less resistant 
areas, deformation of the surface, and formation of pits [31].

PWJ was used for rock crushing. Li et al. [32] presented 
that the volume of rock fragments, the number of damage, 
and the length of the crack increased with the increase of 
the pulse amplitude and have an exponential growth. High 
pressure also increased rock breaking process. The cracks 
appeared vertical to the side surface [32].

PWJ was generated in self-excited pulsating head, 
designed with specific vortex chamber shape and without 
additional valves. Szada-Borzyszkowska et al. presented 
a design of such a tool, which can be used in mining for 

drilling holes and crushing of rocks [33]. A significant 
increase in the dynamic pressures of the pulsating water jet 
was found. The increase in the nominal water pressure which 
caused a decrease in the frequency of hydrodynamic pulses 
was also reported.

The analysis of the literature on high-pressure flows of 
continuous and pulsating water jets confirmed that in many 
aspects, this issue still requires further research. The high-
pressure water jet has a high application potential that has 
not yet been fully understood and used.

In this article, we present the results of research on influ-
ence of water jet pulsations on the materials erosion pro-
cess. The following process parameters were used: (i) feed 
rate, (ii) pressure, (iii) distance from work material. As a 

Fig. 1   Self-excited pulsating head for materials processing: a cutaway 
view (1—body, 2—outlet nozzle, d1—diameter of the inlet nozzle, 
d2—diameter of side holes, d3—diameter of the outlet nozzle, h1—

height of inlet nozzle, D—diameter of vortex chamber, H—height of 
the vortex chamber), b view of the applied tool 

Fig. 2   The stand for assessing water jet properties (including a zoom 
view of self-excited water jet head)
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processing result, the erosion efficiency was investigated 
based on depth of groove created by PWJ. Material process-
ing was performed in water environment.

2 � Self‑excited head for generating pulsating 
water jet

The construction of self-excited pulsating head, used for 
experimental tests, was developed on the basis of numerical 
simulation presented in work [34]. A cross-section of the 
tool is shown in Fig. 1.

An optimized construction [34] was characterized 
by the following parameters: diameter of the inlet noz-
zle d1

II = 0.6 mm, diameter of side holes d2 = 0.6 mm, 
diameter of the outlet nozzle d3

II = 0.8 mm, height of the 
inlet nozzle h1 = 1.5 mm, diameter of the vortex chamber 
D = 6.2 mm, the height of the vortex chamber H = 3.2 mm, 
the rake angle of the chamber λ = 120°, the width of the 
annular surfaces inside the swirl chamber SP = 1.4 mm. 
The values of geometrical parameters of the tool result 

Fig. 3   The stand for recording water jet pulses: a general view and b piezoelectric force sensor (1—sensor, 2—cover, 3—connector of the trans-
mitter, 4—transmitter, 5—piezoelectric transducer)

Fig. 4   Stand for indication of erosive efficiency of continuous and 
pulsating water jet, operating in water environment: A—workpiece, 
B—moving table, C—self-excited head, D—water tank

Table 1   Physical properties 
of the workpiece—aerated 
concrete, according to EN 771-
4:2011 (PN EN 771-4:2012)

Property name Quantity

Average nominal value of compressive strength 3.0 N/mm2 (category I)
Nominal expansion/shrinkage due to moisture ≤ 0.2 mm/m
Reaction to fire Euro class A1
Nominal water absorption coefficient After 10 min—36 g/dm2

After 30 min—48 g/dm2

After 90 min—65 g/dm2

Nominal water vapor diffusion coefficient 5/10
Nominal gross density value 475 ± 20 kg/m3

Nominal thermal conductivity coefficient λD10, dry state 0.12 W/mK
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mainly from the need to reduce its dimension, as in hydro-
jet surface treatment, many operations are still performed 
manually and such trend leads to increase the freedom of 
operation in hard conditions.

The operational parameters and properties of the tool 
were indicated by measurements of the water jet flowing 
out of it. For this purpose, an ultra-fast camera as well as 
piezoelectric force sensor was used to assess the heteroge-
neity of the jet. The tool was tested in an aqueous environ-
ment at various working pressures, changed in the range 
from 1 to 45 MPa with a step of 5 MPa. The inlet pressure 
was measured using liquid manometer positioned at the 
outlet of high-pressure pump.

3 � Experiment setup

Test stands were designed and built to measure physical 
quantities and technological indicators characterizing 
the operational properties of the tool. In the first stage 
of the research, the shapes of the jet with and without 
pulsations were compared. The images captured with an 
ultra-fast Phantom V12.1 camera (1 million fps, resolu-
tion: 1280 × 800 px) were used to assess the flow at the 
head outlet. Tools were operating in water tank. View of 
the equipment for assessing the shape of the pulsating jet 
with the use of an ultra-fast camera is presented in Fig. 2.

Two methods were used to study the pulsations fre-
quency of the water jet. The first was to measure the forces 
of the water jet with the use of a piezoelectric dynamom-
eter. The second method was to determine the frequency 
of the water pulsations using ultra-fast TV camera.

To assess the pressure of water pulses, the force sen-
sor with a piezoelectric transducer was used (Fig. 3). The 
water jet was acting on the active part of the sensor and 
the force signal was generated in piezoelectric transducer. 
Measurement equipment was submerged in a water tank 
and was protected by a tight rubber cover and a rigid metal 
cover. The jet pressure was calculated according to the 
area of the active part of the sensor (3.14 mm2).

The method for jet frequency measurement was to insert 
the transmitter of the dynamometer into the interior of 
high-pressure pulsating or continuous jet. As a result, the 
pressure on the sensor head protruding beyond the housing 
was determined.

The pulsating jet was tested both at a distance of 15 mm 
and 60 mm, measured between the outlet nozzle and the 
force sensor.

The erosivity of the jet was tested by cutting grooves of 
different depths on the workpiece. The tests were carried 
out for both the pulsating and continuous flow.

The table movement was performed by means of a ball-
screw gear driven by a DC motor with various feed speeds 
ranging from 3 to 20 mm/s. Assembly of the head, usually 
submerged in the water, allowed to adjust its distance from 
the processed material in the range of 0–150 mm.

A water tank was placed on the sliding table, which moved 
with the carriage. The workpiece was placed in a metal holder 
and placed on a rubber pad, which reduced the possibility of 
sliding. The stand diagrams are presented in Fig. 4.

4 � Workpiece material

During the tests, cellular concrete was used (Table 1), fab-
ricated in blocks with dimensions of 100 × 200 × 600 mm. 
It is a building material obtained by inserting gas, usually 

Fig. 5   Examples of cutting efficiency of concrete sample presented 
for: a continuous and b pulsating water jet, given for water pressure 
of 35 MPa, feed rate of 3 mm/s, and stand-off-distance of 15 mm

Table 2   The range of work parameters for tool operating in water 
environment

Evaluation of 
the shape of a 
pulsating and 
continuous jet

Evaluation of the erosiveness of the pulsating and 
continuous jet

Working pressure 
(MPa)

Working pressure 
(MPa)

Stand-of-dis-
tance (mm)

Head feed 
rate (mm/s)

10, 15, …, 45 15; 25; 35 15; 60 3
6
9

12
15
18
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Fig. 6   Typical shapes of a water 
jet with a continuous (left) 
and pulsating structure (right), 
generated in a head for surface 
treatment in an aqueous envi-
ronment at different nominal 
pressures
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air, under appropriate pressure into a plastic cement mix-
ture. As a result of this operation, homogeneous pores 
called cells are formed. This material has high thermal 
and moisture deformability as well as high shrinkage.

Aerated concrete is a relatively easily workable material 
in construction, it is light and has good thermal insulation. 
However, due to the variability of the water absorption 
coefficient with time, a test duration of about 5 min was 
set.

5 � Scope of the research

To assess the efficiency of erosive water jet, its shape was 
compared to the geometrical changes on the processed sur-
faces. The head was operating in the water environment 
with the working pressure ranging from 10 to 45 MPa. The 
pressure value was increased 5 MPa at each step. The dif-
ferences in depth of cut given for continuous and pulsating 
jet are presented in Fig. 5.

The experiment was carried out in terms of changes 
in the pressure value, the stand-of-distance, and the head 
feed rate, as shown in Table 2. The water jet erosivity was 
assessed on the basis of the groove depth in the processed 
material during a single head pass.

The concrete samples were placed in a tank with water, as 
shown in Fig. 4. The tool was kept at the distance of 15 and 
60 mm from the processed material. The distances were set 
based on the evaluation of images of hydrodynamic impulses 
in the water jet (Fig. 6). The discontinuity was the result of 
the pulsating flow. As the distance from the outlet nozzle 
increased, the gap between its fragments also increased.

6 � The analysis of pulsating water jet

Described measurement methods allowed to conduct a 
series of experiments based on a high-pressure water jet 
erosion of sample materials. Figure 7 shows the change of 
the water jet pulsation frequency with the increase of the 
working pressure.

As it results from the conducted research, the frequency 
of pressure pulsation in the water flow decreases due to 
the increase of the nominal water pressure. An increase 
in the nominal pressure of the pulsating water jet reduces 
the frequency of water pulses generated in such conditions, 
according to the following equation:

The following set of pictures (Fig. 8) show the change 
in the value of the force during the pulse duration.

Based on the analysis of hydrodynamic pulses, it was 
found that with each increase in nominal pressure by 
5 MPa, both the instantaneous and the average pressure of 
the pulses increased. However, due to the inversely pro-
portional relation between the increase in force and the 
increase in the average force of hydrodynamic pulses, the 
increase of the latter forces becomes less and less intense. 
For the lowest pressure values (5 MPa) of the water jet, 
the increase in the average impulse strength increased by 
100%. For successive increments of the nominal water 
pressure by 5 MPa, up to its highest value, of 45 MPa, the 
average values of the hydraulic pressure pulses increased 
by: 58%, 24%, 33%, 17%, 16%, 10% and finally 17%.

(1)
y = 7147.199 × x0.41965 exp(−1.3275 × x0.26224), R2 = 0.98322.

Fig. 7   Influence of nominal 
water pressure on the average 
frequency of hydrodynamic 
pulses in a water jet recorded 
using a TV camera
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Fig. 8   Change of the force value during the pulse duration given for different water-pressure range (stand-off-distance 15 mm)
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The values of the water jet thrust forces with each 
increase of pressure by 5  MPa indicated a temporary 
increase of the thrust force by about 15 N. The variability 
of the force amplitude measured for pulsating water jet is 
presented in Fig. 9.

Each time the water pressure increased by 5  MPa 
(Fig. 9), the maximum average pulse amplitudes doubled. 
However, in the pressure range from 20 to 45 MPa, no 
significant increases in these amplitudes were observed.

The signals recorded in 40 ms cycles enabled the analy-
sis of the frequency of the pulses (Fig. 10) and the greatest 
was determined for pressures from 20 to 45 MPa. Their 
period was 1.1 ms.

Figure 11 shows the change of the pulsation frequency 
as a function of the nominal water pressure recorded by 

a piezoelectric force sensor. Based on the analysis of 
changes in the frequency of hydrodynamic pulses, it was 
found that the frequency decreases with increasing nom-
inal water pressure. The highest value of 1800 Hz was 
determined for a pressure of 1.5 MPa. When the pressure 
value reached 45 MPa, the corresponding frequency was 
850 Hz. This course is described by the equation:

Coefficient of determination was R2 = 0.98033. Thus, 
approximately 98% of the above model values explain the 
frequency variation as a function of pressure.

(2)y = 27,921.0049 × x0.57795 exp(−2.7537 × x0.19406).

Fig. 8   (continued)
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Fig. 9   Impulse forces of the water jet for various nominal water pressures at the inlet to the pulsating head
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Fig. 10   Histograms of the duration of single pulses for different pressures at the inlet to the pulsating head
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A KISTLER 9602AQ01 piezoelectric force sensor and 
a Phantom V12.1 ultra-fast TV camera were used to deter-
mine the frequency of occurrence of hydrodynamic pulses 
in the water jet as a verification of above method. The 
determined frequencies of the pulses as a function of the 
nominal water pressure during the head operation in the 
water environment are shown in Fig. 12.

The nature of both of these functions is very similar: 
the highest pulsation frequencies occur at the lowest 
water pressure, but as it increases, the pulsation frequency 
decreases. In the analyzed range of variability, the fre-
quency of hydrodynamic pulses is inversely proportional 
to the nominal pressure of water in the self-excited pulsat-
ing head. It should be noted, however, that the pulsation 
frequencies of the water jet, determined with the ultra-fast 
TV camera, are about 20% higher than those measured 
with a piezoelectric force sensor.

The use of an ultra-fast TV camera enabled to observe 
rapidly changing phenomena of hydrodynamic pulses of 
a jet. The study of the shape of the jet was made difficult 
by obscuring the field of observation by strongly illumi-
nated micro-splashes of water. As a result, the precise 
quantification of such rapidly changing phenomena may 
be biased.

More accurate method of measuring the pulsation fre-
quency of the water jet was carried out using piezoelectric 
force sensor. On the other hand, the use of an ultra-fast 
TV camera is important when researching and analyzing 
the mechanisms that initiate the formation and course of 
a pulsating water jet.

Figure 13 shows the change in the frequency of pulses, 
the power of the jet, and its speed as a function of the 
pressure at the inlet to the head.

The analysis of the obtained values confirmed a dou-
ble decrease in the frequency of pulses from the value of 
1800 Hz with the pressure at the inlet to the head equal to 
5 MPa to about 850 Hz with the pressure increase at the 
inlet to the head to 45 MPa. On the other hand, with the 
increase of pressure at the inlet, the power and velocity 
of jet also increase. For low pressures (5 MPa), the power 
of the jet reached the value of 18 W, and for the pressure 
of 45 MPa, the power reached 6542 W. Jet velocity at a 
pressure of 5 MPa was equal to 68 m/s and at a pressure 
of 45 MPa, reached the value of 266 m/s.

7 � Erosivity of the pulsating water jet 
in the water environment

In the next stage, tests were carried out on the eroding of 
cellular concrete with a water jet operating in the water 
environment, with the parameters listed in Table 2. The 
distance of the head from the processed material was 
15 mm. The results are presented in Fig. 14.

The pulsating water jet generated in a self-excited head 
operating at pressures of 25 and 45 MPa and at a smaller 
(15 mm) distance of the head from the workpiece was 
characterized by an approx. 15–20% increase in the erod-
ing depth in relation to the continuous jet. On the other 
hand, for the pressure of 15 MPa and the distance equal 
to 15 mm, the eroding depth was at the level of 40–50% 
compared to the one generated in self-excited head.

Figure 15 presents the results of the research on the 
impact of nominal pressures and continuous and pulsating 
water jets of the eroding depth of aerated concrete, while 
maintaining the distance of the head from the processed 

Fig. 11   The influence of the 
nominal water pressure on the 
frequency of hydrodynamic 
pulses of the water jet generated 
in the self-excited pulsating 
head for surface processing, 
recorded using a force sensor
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material equal to 60 mm. For this distance and working 
pressures of 25 and 45 MPa, the pulsating jet provided 
20–25% greater eroding depth of aerated concrete accord-
ing to the continuous jet.

High-pressure water jet generated in self-excited head 
was characterized by approximately three times higher 
erosive efficiency at a stand-off-distance of 15 mm in rela-
tion to 60 mm. It shows a real technical advantages of a 
high-pressure pulsating water jet working in water envi-
ronment in relation to continuous one.

8 � Conclusion

During the study on characteristics of the continuous and 
pulsating water jet produced in the self-excited tool, the 
shape and frequency of the water jet pulses recorded in 
the water environment were determined. An ultra-fast 
TV camera and a piezoelectric force sensor were used to 
assess the impulses. It has been shown that the process of 
generating hydrodynamic impulses and the frequency of 
force changes depends on the working water pressure. The 
analysis of the research results allowed to formulate the 
following conclusions important for practical applications, 
especially in renovation and so called hydro-demolition 
processes:

Fig. 12   The influence of 
nominal water pressure on the 
frequency of hydrodynamic 
pulses in water jets generated 
in a surface treatment head, 
recorded with an ultra-fast TV 
camera (red line) and a piezo-
electric force sensor (green line)

Fig. 13   Influence of working pressure and pulse frequency on jet power and its’ velocity
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Fig. 14   Influence of nominal water pressure on the depth of erosion of aerated concrete with a continuous (red) and pulsating (blue line) water 
jet at different feed rate, stand-off-distance as 15 mm
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Fig. 15   Influence of nominal water pressure on the depth of erosion of aerated concrete with a continuous and pulsating water jet at different 
feed rate—stand-off-distance equal to 60 mm
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1.	 The separation of the pulsating jet fragments increases 
with the distance from the outlet nozzle (within the 
examined range).

2.	 Changes in the thrust forces of the water jet produced 
in the self-excited pulsed head show that with each 
increase in pressure by 5 MPa, the thrust force increases 
temporarily by about 15.7 N.

3.	 The pulsation frequencies of the water jet determined 
with the ultra-fast TV camera are about 20% higher than 
those recorded with the piezoelectric force sensor.

4.	 As the pressure increased from 5 to 45 MPa, the pulse 
frequency decreased by about 211% for the pulsating jet.

5.	 For the pulsating jet, an increase in the pulse power by 
1607 W was observed for the pressure of 20 MPa.

6.	 The erosivity of the pulsating water jet was approxi-
mately 130% greater than the one of the continuous jet.
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