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INTRODUCTION

High-pressure water jets and AWJ are among 
the most extensively studied non-conventional 
machining methods for difficult-to-machine mate-
rials, including composites. The strong interest in 
this technology arises from the high energy poten-
tial of the jet and its applicability to the machin-
ing of materials with complex structures. From the 
standpoint of process description, understanding 

jet dynamics is of particular importance, especially 
in terms of jet velocity, stability, and changes in 
energy potential as a function of supply parameters.

Previous studies on the AWJ process have 
focused both on the evaluation of technological 
outcomes and on the analysis of jet dynamics and 
energetics. At the same time, experimental meth-
ods enabling direct measurement of jet veloc-
ity and structure, as well as numerical models 
based on computational fluid dynamics (CFD), 
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smoothed particle hydrodynamics (SPH), the 
finite element method (FEM), and their hybrids, 
have been continuously developed. Despite sig-
nificant progress in the description of the AWJ 
process, further research is still needed on the 
relationship between operating pressure and the 
actual dynamic parameters of the jet, as well as on 
the possibilities of validating simplified theoreti-
cal models using optical methods [1].

In studies on high-pressure abrasive water 
jet cutting, particular attention has been paid to 
the analysis of jet interaction mechanisms and 
the factors affecting process efficiency. Chen and 
Siores [2] demonstrated that striation formation in 
the AWJ process is directly related to the non-uni-
form distribution of the kinetic energy of abrasive 
particles across the jet cross-section. Non-contact 
measurements using Laser Doppler Anemom-
etry revealed a wave-like distribution of particle 
velocity and concentration, leading to local dif-
ferences in interaction energy. The authors also 
pointed out that, with increasing depth of cut, the 
number of particles whose energy exceeds the 
material destruction threshold decreases, thereby 
affecting the nature of the process in the lower 
interaction zone of the jet.

This issue was further developed in studies 
concerning the dynamics of the cutting system. 
Monno and Ravasio [3] showed that cutting head 
vibrations are among the key factors influencing 
the formation of striations on surfaces generated 
in both pure water jet and abrasive water jet cut-
ting. Based on the analysis of vibration signals 
and roughness spectra, they proposed a geometric 
model describing the dependence of the spatial 
period and amplitude of striations on the frequen-
cy and amplitude of jet vibrations. Validation of 
the model confirmed a close relationship between 
cutting system dynamics, jet energy distribution, 
and cutting surface quality.

These considerations are complemented by 
studies on modifications of cutting kinematics. 
Lemma et al. [4] compared conventional AWJ 
cutting and AWJ cutting with head oscillation dur-
ing the machining of glass fiber-reinforced poly-
mer (GFRP) composites, indicating that super-
imposed oscillatory motion may reduce striation 
formation in the lower cutting zone and improve 
kerf wall quality. A reduction in roughness Ra of 
up to approximately 20% was demonstrated for 
appropriately selected oscillation parameters, 
with the effect of oscillation angle being stronger 
than that of oscillation frequency.

Understanding the mechanisms responsible 
for surface quality requires an analysis of jet 
energy characteristics and the energy balance in 
the interaction zone. Studies on the energy bal-
ance of abrasive water jet erosion have highlight-
ed the role of the kinetic energy of wear particles 
removed from the material [5]. It was shown 
that, despite the increase in the kinetic energy of 
such particles with erosion depth, their share in 
the total jet energy is small and amounts to about 
0.3% of the AWJ input energy, indicating the pos-
sibility of simplifying energy-based models of the 
cutting process.

In parallel, experimental methods for ana-
lyzing water jet dynamics have also been devel-
oped. Zelenák et al. [6] presented methods for the 
visualization and measurement of velocity fields 
in continuous and pulsating water jets generated 
in high-pressure systems. The application of the 
shadowgraph technique combined with particle 
image velocimetry (PIV) algorithms enabled the 
analysis of jet geometry and velocity distribu-
tion, both of which are important from the stand-
point of efficient kinetic energy transfer to the 
material. The authors pointed out the usefulness 
of these methods both for CFD model validation 
and for the optimization of nozzle design and 
process parameters.

An important complement to studies on jet 
development is provided by optical experiments 
concerning jet initiation and the early stage of 
its formation. Znamenskaya et al. [7] carried out 
detailed investigations of the dynamics of a jet 
generated at very high pressure using shadow 
imaging, a high-speed camera, and a thermo-
graphic camera. This made it possible to directly 
measure the velocity of the jet front and its accel-
eration; it was shown that the jet reaches veloci-
ties on the order of several hundred meters per 
second within a very short time after initiation. A 
similar line of research was presented by Zelenák 
et al. [8], who used a high-speed camera and 
the PIV technique to analyze the velocity fields 
of a self-excited water jet generated by a hydro-
dynamic nozzle. It was demonstrated that, with 
increasing operating pressure, the maximum jet 
velocity rises to approximately 250 m/s, while its 
decrease along the jet axis amounts to 13–15% 
within the range of 0–100 mm from the nozzle 
exit, providing data for flow model validation and 
analyses of kinetic energy transport.

An important direction in the development 
of AWJ research involves strategies for reducing 
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typical surface defects, such as striations, kerf 
taper, and local cutting-surface damage in hybrid 
structures. Li et al. [9] showed that, in the case of 
aluminum alloy/carbon fiber-reinforced polymer 
(Al/CFRP) stacks, the application of a dual-pass 
abrasive waterjet slotting strategy can signifi-
cantly reduce kerf taper and decrease the inten-
sity of striations without substantially reducing 
process efficiency. The authors also reported 
improved kerf profile quality and a reduction 
in the maximum height of surface irregulari-
ties, indicating that a properly designed machin-
ing strategy can effectively compensate for the 
decrease in the erosive capability of the jet with 
increasing cutting depth.

Experimental findings are directly reflected 
in the development of numerical modeling of the 
AWJ process. More recent studies have combined 
experiments with advanced simulations in order 
to quantitatively assess the influence of abrasive 
water jet parameters on the material removal 
mechanism and the scale of damage in compos-
ites [10,11]. The use of a coupled FEM–SPH 
model made it possible to reproduce the interac-
tions between water, abrasive particles, and the 
workpiece material, including grain fragmenta-
tion phenomena and the distribution of kinetic 
energy within the jet interaction zone [10].

A linear relationship was demonstrated 
between cutting depth and operating pressure, 
along with a significant influence of feed rate 
and impact angle on kerf geometry and surface 
quality. Numerical investigations are comple-
mented by recent experimental studies on the 
machining of fiber-reinforced polymer compos-
ites, which have shown that appropriate selec-
tion of water pressure, feed rate, and abrasive 
flow rate can reduce surface roughness and 
decrease the kerf taper angle, while the pres-
ence of carbon fibers may additionally improve 
dimensional stability and post-machining sur-
face integrity in the AWJ process [12].

A further development of research on jet–
material interaction is represented by studies 
devoted to the characterization of phenomena 
accompanying the AWJ machining of composite 
materials. Hejjaji et al. [13] demonstrated that the 
surfaces of carbon/epoxy composites machined 
by abrasive water jet may exhibit craters, materi-
al ridges, fractured fibers, and embedded abrasive 
particles, and that the intensity of these effects 
increases with jet pressure. These findings con-
firm that the dynamic and energetic parameters of 

the jet directly affect the nature of its interaction 
with the material, thereby justifying the need for 
their quantitative analysis.

In the context of predictive reliability, the 
need for simultaneous modeling of jet flow and 
material erosion has been emphasized. Guo et al. 
showed that reliable representation of the abra-
sive water jet cutting process requires coupling 
SPH and FEM methods and determining the actu-
al outlet particle velocities based on CFD analy-
ses [14]. The resulting relationships between cut-
ting depth, pressure, and feed rate showed good 
agreement with experimental results. To reduce 
computational cost while preserving the ability 
to reproduce multiphase phenomena, Yu et al. 
developed an unresolved coupled smoothed par-
ticle hydrodynamics–discrete element method 
(SPH–DEM) model that enables the description 
of kinetic energy dissipation and erosion mecha-
nisms in ductile and brittle materials [15].

Numerical validation procedures also play an 
important role. Zaki et al. presented a validation 
procedure for AWJ process simulation based on 
coupling a CFD solver with a simplified material 
erosion model [16]. It was shown that accurate 
representation of the free jet, the impact phenom-
enon, and abrasive particle transport is a prereq-
uisite for further modeling of material removal. 
These studies were further developed in the work 
of Wang et al., who demonstrated that the appli-
cation of the SPH method combined with classi-
cal FEM makes it possible to overcome problems 
associated with large deformations and mesh 
instability, enabling quantitative prediction of cut-
ting depth with good agreement with experiment 
[17]. In turn, Özcan et al. proposed an analyti-
cal, calibration-free model for predicting cutting 
depth and kerf profile in controlled-depth abrasive 
water jet machining, based on the kinetic energy 
balance of abrasive particles and the machinabil-
ity number of the material, with shape simulation 
using a signed distance field (SDF) [18].

At the same time, research has also been 
directed toward reducing interlaminar damage 
in CFRP composites, particularly during pierc-
ing and cutting initiation in abrasive water jet 
machining. In the context of delamination, a pro-
cess modification involving the early introduction 
of abrasive particles into the jet, already at the 
stage of its formation, has been proposed [19]. As 
shown by Popan et al., obtaining a homogeneous 
AWJ stream during the initial phase of interac-
tion with the material makes it possible to reduce 
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the shock wave responsible for the initiation of 
delamination, while the response surface method-
ology (RSM) analysis indicated the importance of 
synchronizing abrasive feed, low operating pres-
sure, and a short nozzle stand-off distance.

Technological studies are complemented by 
approaches based on intelligent methods. Vun-
davilli et al. [20] proposed a fuzzy logic-based 
expert system for predicting cutting depth in the 
AWJ process (pressure, nozzle diameter, abrasive 
flow rate, and feed rate), demonstrating improved 
accuracy after optimization of the rule base using 
a genetic algorithm. The application of artificial 
intelligence methods to reduce delamination was 
also presented in studies on CFRP piercing, where 
artificial neural network (ANN) models captured 
nonlinear relationships between process param-
eters (including water pressure, nozzle stand-off 
distance, and abrasive feed synchronization) and 
the size of the damage zone [21].

An important practical aspect is the evaluation 
of the influence of basic technological parameters 
on the energy potential of the jet and the quality 
of the cut surface. Spadło and Krajcarz presented 
a synthetic analysis of AWJ process parameters, 
indicating that increasing operating pressure and 
appropriate selection of abrasive flow rate increase 
the kinetic energy of the jet, which translates into 
greater cutting depth and lower roughness, where-
as excessive feed rate promotes jet lag and deteri-
oration of quality in the lower cutting zone [22]. In 
studies on kerf characteristics and cross-sectional 
quality in CFRP laminates cut by abrasive water 
jet with steel slag abrasive, Qian et al. [23] showed 
that the cut cross-section includes a typical initial 
damage zone, an erosion wear zone, and a stria-
tion zone, while fiber delamination and matrix 
chipping may occur on the surface; at the same 
time, the proposed abrasive material may repre-
sent a cost-effective alternative to garnet while 
maintaining comparable cutting capability.

In diagnostic studies, Perec, Kawecka, and 
Zając proposed the use of the footprint angle as 
an indicator of AWJ cutting quality and efficiency, 
strongly correlated with cutting depth and surface 
roughness, which may support adaptive process 
control [24]. The issue of energy concentration in 
the interaction zone was also analyzed by Ning et 
al., who investigated coating removal by means of 
a high-pressure water microjet; a dominant effect 
of total exposure time and the existence of a stagna-
tion zone governing damage initiation were dem-
onstrated and confirmed by CFD simulations [25].

In summary, the literature review by Karataş 
and Gökkaya [26] indicates that the limitations of 
conventional methods in the machining of CFRP/
GFRP materials constitute a strong motivation for 
the development of non-conventional techniques, 
including AWJ. At the same time, the need for 
further research on jet energetics, process stabil-
ity, and the mechanisms of interlaminar damage 
initiation, particularly in the context of structural 
applications, was emphasized.

An analysis of the available studies indicates 
that high-pressure abrasive water jet cutting is 
a multifactorial process in which cut surface 
quality and the scale of interlaminar damage are 
related to the distribution of jet kinetic energy, 
its stability, and the dynamics of the cutting sys-
tem [2,3]. It has been shown that striation for-
mation and deterioration of quality in the lower 
cutting zone result from both the energetic non-
uniformity of the jet and cutting head vibrations 
as well as changes in process kinematics [2,4]. 
Optical methods (high-speed imaging, PIV, and 
shadowgraphy) have provided data on jet veloc-
ity and structure [6,8], while the development of 
CFD/SPH/FEM models has enabled increasing-
ly accurate reproduction of phase interactions 
and erosion mechanisms [10,18]. At the same 
time, the literature indicates that the quantita-
tive prediction of jet behavior and its energy 
potential under real flow conditions remains a 
significant challenge, particularly with regard to 
the initial stage of jet formation and propaga-
tion [19,21].

Based on the literature review, the following 
research gaps can be identified:
	• a limited number of studies combining direct 

jet velocity measurements obtained using a 
high-speed camera with a quantitative analy-
sis of jet energy potential,

	• insufficient understanding of the effect of 
operating pressure on water jet dynamics 
under conditions close to those encountered in 
the actual AWJ process,

	• limited availability of experimental data that 
could provide a basis for validating models 
describing jet development and energy trans-
fer in abrasive water jet cutting, and

	• a lack of a consistent link between the dynam-
ic parameters of the jet and the evaluation of 
its suitability for analyzing process efficiency.

The aim of the present study is an experi-
mental analysis of the velocity and kinetic 
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energy of a high-pressure water jet in the context 
of the AWJ process, using a high-speed camera 
for the registration of rapidly changing phenom-
ena. The study includes direct measurements 
of jet dynamics for different operating pres-
sure values, determination of the corresponding 
experimental jet velocity values, and evaluation 
of jet kinetic energy for a selected elementary 
segment. An additional objective is to compare 
the experimental results with a simplified theo-
retical model and to determine the relationship 
between operating pressure and the dynamic 
parameters of the jet. The obtained results are 
expected to contribute to a better understanding 
of the phenomena accompanying jet formation 
and propagation and to provide a basis for fur-
ther validation of models describing jet develop-
ment, its dynamics, and its energy potential in 
the AWJ process.

MATERIALS AND METHODS

Experimental setup and test conditions

In the present study, the recorded and ana-
lyzed object was the high-pressure water jet gen-
erated by the system; the measurements focused 
on jet propagation between the nozzle outlet and 
the water surface under repeatable laboratory 

conditions relevant to AWJ applications. The 
test setup was extended by a rapid-event record-
ing system based on a Phantom V1610 high-
speed camera. A view of the experimental setup 
used in the study is shown in Figure 1.

The aim of the study was to analyze the 
velocity of the water jet generated at different 
operating pressure values and to determine the 
corresponding kinetic energy. Measurements 
were performed for five pressure levels: 50, 
100, 200, 300, and 380 MPa. For each pressure 
value, five independent measurement repetitions 
were carried out to ensure the reliability of the 
results and to enable statistical analysis. The 
nozzle diameter remained constant throughout 
the entire test range, which made it possible to 
eliminate the influence of outlet geometry varia-
tions on jet characteristics.

The measurement section length was 
defined as the distance from the nozzle outlet 
to the water surface. This section corresponded 
to the actual stand-off distance occurring during 
the material cutting process, which allowed the 
obtained results to be directly related to tech-
nological conditions. The experiments were 
conducted at an ambient temperature of 21 °C. 
Temperature fluctuations during the tests did 
not exceed ±0.5° C, which minimized the effect 
of changes in the physical properties of water 
on the measurement results. A nozzle with a 

Figure 1. Experimental setup used in the study, including the Eckert Combo abrasive water jet cutting machine 
and the rapid-event recording system with a high-speed camera Phantom V1610 and lighting system
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diameter of d = 1.0 mm was used in the experi-
ments. The length of the analyzed measurement 
section, corresponding to the distance from the 
nozzle outlet to the water surface, was 200 mm. 
This distance was kept constant for all mea-
surement variants. To ensure the comparabil-
ity of the results, the system geometry, camera 
position, and lighting configuration were not 
changed during the measurement series.

Image acquisition system

Water jet recording was carried out using a 
Phantom V1610 high-speed camera. The record-
ings were acquired at a resolution of 1280 × 800 
pixels and a frame rate of 50,000 fps, which pro-
vided sufficient temporal resolution for analyz-
ing jet motion at high velocities. A short expo-
sure time was used to minimize motion blur. The 
field of view of the optical system covered the 
entire analyzed measurement section as well as 
the reference markers used for spatial calibra-
tion. The recordings were performed with the 
camera maintained in a fixed position relative 
to the jet axis, which reduced the effect of per-
spective changes on the measurement results. 
All video sequences were acquired using iden-
tical imaging parameters throughout the entire 
experimental series.

The camera was equipped with a Nikon ED 
AF NIKKOR 80–200 mm f/2.8D lens, which 
provided adequate magnification of the analyzed 
area. Illumination of the test stand was provided 
by one HEDLER HF65 lamp and two DEDO-
COOL lamps mounted on MANFROTTO 1178 
tripods. The applied lighting system enabled 
unambiguous identification of both the jet bound-
aries and the reference markers.

The exposure time and the recording win-
dow were kept constant for all tested pressure 
variants in order to ensure the comparability 
of the recorded image sequences. The adopted 
imaging configuration was selected to provide 
sufficient temporal resolution for tracking the 
jet front and to minimize motion blur during 
the analysis.

The main parameters of the recording system 
included a throughput of 16 Gpx/s, a maximum 
resolution of 1280 × 800 px, a recording rate of 
50 000 fps at full resolution, a maximum record-
ing speed of 1,000,000 fps at a resolution of 128 
× 16 px, ISO sensitivity of 38,000T for the mono-
chrome sensor and 3500T for the color sensor, a 

12-bit bit depth, a pixel size of 28 μm, and a mini-
mum exposure time of 1 μs.

Jet velocity determination procedure

Reference points were placed within the mea-
surement zone, including fixed markers and a 
dynamic point moving along the jet axis toward 
its terminal section. The entire measurement area, 
together with the markers, was located within the 
camera field of view, which made it possible to 
simultaneously record the system geometry and 
the motion of the water jet.

The recorded video sequences were analyzed 
using TemaMotion software, designed for object 
motion tracking based on high-speed image 
sequences. Spatial calibration was performed 
using the known geometry of the reference mark-
ers placed within the measurement area, which 
enabled image coordinates to be converted into 
actual displacement values. An example screen-
shot from TemaMotion is shown in Figure 2. The 
spacing between the reference markers was 10 
mm, and calibration was carried out separately 
for each measurement series before the analysis 
of the image sequences began.

Jet velocity was determined by tracking the 
motion of a characteristic point corresponding to 
the jet front in successive frames of the recorded 
sequence. On this basis, the displacement of the 
point was determined as a function of time, and 
the instantaneous velocity was then calculated 
according to Equation 1.
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where:	v – instantaneous jet velocity,
	 Δx – displacement of the analyzed point, 

Δt – time interval between successive 
image frames.

For each operating pressure value, five indepen-
dent measurement repetitions were performed. For 
each repetition, the maximum jet-front velocity was 
identified from the recorded velocity history. The 
reported experimental velocity for a given pressure 
level was then determined as the mean value of the 
maximum velocity obtained from the five repeti-
tions, and the corresponding standard deviation was 
used in the graphical presentation. The experimen-
tal values determined in this way formed the basis 
for further comparative analysis and were used to 
calculate the kinetic energy of the water jet.
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Theoretical model of jet velocity		   
and kinetic energy

To compare the experimental results with a 
simplified analytical model, theoretical values of 
water jet velocity and the corresponding kinetic 
energy were determined. The theoretical jet veloc-
ity was calculated on the basis of Bernoulli’s 
equation, assuming ideal fluid flow and neglect-
ing energy losses in the system, as expressed by 
Equation 2. It should be noted that this simplified 
Bernoulli-based model has a purely reference 
character and was used to describe the ideal pres-
sure–velocity relationship only. The model does 
not account for hydraulic losses, nozzle-flow dis-
turbances, jet contraction, turbulence, jet breakup, 
or interaction of the jet with the surrounding medi-
um. Therefore, it should not be treated as a quanti-
tatively accurate representation of the real outflow 
conditions, but rather as an analytical baseline for 
comparison with the experimental results.
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where:	vth – theoretical water jet velocity,
	 p – water operating pressure,
	 ρ – water density.

Based on the determined velocity values, the 
kinetic energy of the jet was calculated using the 
classical relationship given in Equation 3.
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where:	 Ek, th ​ – jet kinetic energy, m – mass of the 
analyzed portion of the jet, v – jet velocity.

For the calculations, an elementary jet seg-
ment with a length of 𝑙 = 1 mm and a diameter of 
𝑑 = 1 mm was assumed. The adopted elementary 
jet segment had a reference character and was 
used for the comparative assessment of changes 
in energy potential as a function of operating 
pressure. The mass of the analyzed jet segment 
was determined from its volume and the density 
of water according to Equations 4–7.
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The cross-sectional area of the jet was deter-
mined from the following equation:
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Substitution yields the following relationship:
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The following values were assumed in the cal-
culations: ρ = 1000 kg/m3, d = 0.001 m, l = 0.001 m.

Figure 2. Screenshot from TemaMotion used for the analysis of water jet video sequences
Note: The left panel shows the measurement area with the nozzle outlet, reference points, and the

tracked jet point, whereas the right panel presents the corresponding displacement history x(t)
and instantane ous velocity history v(t) determined for the analyzed point
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After substituting the numerical values into 
Equation 7, the analyzed elementary jet segment 
was obtained as: m = 7.854 ∙ 10–7 kg.

The mass determined in this manner was 
assumed to be constant for all analyzed operat-
ing pressure variants, which made it possible to 
directly compare changes in kinetic energy result-
ing from changes in jet velocity. Depending on the 
adopted analysis variant, the theoretical and exper-
imental kinetic energy values were determined 
according to Equations 8 and 9, respectively.
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and 
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where:	Ek,th – theoretical jet kinetic energy,
	 Ek,exp – kinetic energy calculated on the 

basis of the experimental velocity,
	 vexp – velocity determined from measure-

ments using the high-speed camera.

To compare the experimental and theoretical 
results, the relative velocity deviation was deter-
mined according to Equation 10.
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With a constant nozzle outlet geometry and 
unchanged analysis conditions, the mass of the 

considered jet segment remained constant; there-
fore, the observed changes in kinetic energy 
resulted primarily from changes in jet velocity.

RESULTS

Qualitative analysis of water jet development

Based on the recorded video sequences 
obtained for individual operating pressure values, 
characteristic frames representing successive stages 
of water jet development were identified. For each 
test, three representative positions of the jet front 
were analyzed: (I) the moment of jet discharge from 
the nozzle, (II) the propagation phase in the section 
of the measurement length, and (III) the stage of jet 
interaction with the water surface. A set of repre-
sentative frames is presented in Figure 3.

The analysis of successive stages of jet propa-
gation is of considerable cognitive and method-
ological importance. In the initial stage, imme-
diately after discharge from the nozzle, it was 
possible to assess the conditions of compact jet 
core formation and to identify potential insta-
bilities in the outlet region. In the middle part of 
the measurement section, the degree of continu-
ity and coherence of the jet was observed, which 
was of direct importance for determining its 
velocity and for evaluating its ability to maintain 
energy potential over a given flow path. In turn, 
in the zone of impact on the water surface, the 
character of the final interaction was analyzed, 

Figure 3. Representative frames extracted from the high-speed camera recordings,
showing water jet development for five operating pressure levels: 50, 100, 200, 300, and 380 MPa.
For each pressure value, three characteristic stages of jet propagation are shown: immediately after

nozzle discharge, in the middle part of the measurement section, and in the jet–water surface interaction zone
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including the extent of dispersion, local jet wid-
ening, and the intensity of phenomena accom-
panying the impact, which indirectly reflect the 
level of retained momentum and kinetic energy.

Based on visual observations, it was found that 
increasing operating pressure affected the mode 
of jet development over the entire measurement 
section. At higher pressure values, more intensive 
jet interaction was observed in the central zone 
and near the liquid surface, accompanied by an 
increase in the length of the effectively developed 
jet region and a more pronounced interaction zone 
after impact on the water surface. At the same 
time, the nature of jet dispersion changed, indicat-
ing differences in momentum transport and energy 
dissipation depending on the supply parameters.

Comparison of experimental 			 
and theoretical jet velocity

In the next stage of the analysis, the experi-
mental velocity values determined from high-
speed camera recordings and data processing in 
TemaMotion were compared with the theoreti-
cal values calculated using the Bernoulli-based 
model described by Equation 2. For further anal-
ysis, experimental jet velocity values obtained at 
five operating pressure levels – 50, 100, 200, 300, 
and 380 MPa – were adopted.

To facilitate the interpretation of the recorded 
time histories, characteristic points and time inter-
vals were identified on the exemplary position, 
velocity, and acceleration plots obtained for an 
operating pressure of 50 MPa, as shown in Figures 
4–6.The marked points correspond to the main 
stages of jet development within the analyzed 
measurement section, whereas the highlighted 

intervals represent successive phases of the pro-
cess observed in the adopted time window.

Based on the exemplary plots shown in Fig-
ures 4–6, five characteristic time intervals were 
distinguished. Interval I corresponds to the pre-
initiation stage, in which the analyzed point 
remained stationary and the recorded values of 
position and velocity were close to zero. Interval 
II represents jet initiation and the stage of inten-
sive acceleration, beginning at approximately t ≈ 
1.2 ms, when the first distinct increase in motion 
of the analyzed point was observed. Within this 
stage, point P3 marks the end of the most inten-
sive acceleration phase and the transition to fur-
ther jet development.

Interval III corresponds to the developed 
propagation of the jet in the measurement section. 
In this range, the velocity remained high and rela-
tively stable, while the position increased con-
tinuously. Point P5, located at approximately t = 
2.5 ms, corresponds to the maximum experimen-
tal velocity of the jet. Interval IV represents the 
final interaction stage, in which a rapid decrease 
in velocity was observed, accompanied by a pro-
nounced negative acceleration peak at point P6. 
This phase reflects the onset of final deceleration 
and the loss of jet momentum near the end of the 
measurement section.

Interval V corresponds to the residual stabi-
lization stage. In this range, the position reached 
a plateau at approximately x = 195 mm, while 
the velocity remained close to zero, indicating 
the end of active jet motion in the analyzed time 
window. Point P7 marks the cessation of active 
motion in the measurement section, whereas 
point P8 denotes the end of the adopted obser-
vation window.

Figure 4. Position x(t) of the characteristic point of the water jet as a function of time for an operating pressure 
of 50 MPa, with marked characteristic points and main time intervals corresponding to successive stages

of jet development
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It should be emphasized that the acceleration 
plot was used primarily as an auxiliary and illus-
trative representation of the temporal evolution of 
the process. In the present study, the key quan-
titative parameter remained jet velocity, whereas 
the acceleration history was treated as supporting 
information helpful in identifying the moments of 
rapid onset and rapid decay of jet motion. 

For a pressure of 50 MPa, the maximum 
experimental jet velocity determined from the 
recorded histories was 144 m/s, and this value 
was adopted for further calculations and compari-
son with the theoretical model.

Table 1 summarizes the operating pressure 
values, the experimental and theoretical jet veloc-
ities, the relative deviation between them, the cor-
responding experimental and theoretical kinetic 
energy values, and the estimated maximum accel-
eration of the water jet. The acceleration values 
should be treated as approximate comparative 
indicators. This combined presentation makes 
it possible to assess the influence of operating 

pressure on jet dynamics and energy potential, as 
well as to compare the analytical predictions with 
the experimentally observed behavior of the jet.

The data summarized in Table 1 show that 
both the experimental and theoretical jet veloci-
ties increased with operating pressure, and the 
same tendency was observed for kinetic energy. 
Throughout the entire analyzed range, the exper-
imental values remained lower than the theoreti-
cal ones, indicating that the simplified Bernoulli-
based model reproduced the general trend but 
overestimated the actual jet dynamics. The rela-
tive deviation ranged from -39.92% to -54.46%. 
Because kinetic energy depends on the square 
of velocity, the discrepancy between the experi-
mental and theoretical characteristics became 
even more pronounced when expressed in ener-
getic terms. The estimated maximum accelera-
tion also increased with pressure; however, these 
values should be treated only as approximate 
comparative indicators, especially for pressure 
levels above 50 MPa.

Figure 5. Velocity v(t) of the characteristic point of the water jet as a function of time for an operating pressure 
of 50 MPa, with marked characteristic points and main time intervals corresponding to successive stages

of jet propagation and decay

Figure 6. Acceleration a(t) of the characteristic point of the water jet as a function of time for an
operating pressure of 50 MPa, with marked characteristic points and main time intervals used for the

qualitative identification of the onset, development, and decay of jet motion
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To complement the tabulated results, the 
relationships between operating pressure and the 
main dynamic and energetic parameters of the 
water jet were additionally presented in graphical 
form. Figures 7–9 show the changes in experi-
mental and theoretical velocity, kinetic energy, 
and estimated maximum acceleration as a func-
tion of operating pressure. This form of presen-
tation makes it possible to identify the general 
tendency of change more clearly and to assess the 
agreement between the experimental data and the 
adopted analytical description.

As shown in Figure 7, both the experimen-
tal and theoretical jet velocity increased with 
increasing operating pressure. The experimen-
tal values followed an increasing nonlinear 
trend and were approximated by a second-order 
polynomial. At the same time, the theoretical 
values remained consistently higher than the 
experimental ones throughout the entire ana-
lyzed range. This confirms that the simplified 
Bernoulli-based model correctly reproduces 
the general tendency of velocity growth, but 
overestimates the actual values obtained under 
real experimental conditions. It should also 
be noted that the increase in the experimental 

velocity between 200 and 300 MPa was rela-
tively small compared with the overall trend, 
which suggests that the local response of the 
measured jet front may be influenced not only 
by pressure itself, but also by flow instability 
and the limitations of optical tracking under 
real experimental conditions. 

Figure 8 presents the relationship between 
operating pressure and the kinetic energy of the 
water jet, determined on the basis of experimental 
and theoretical velocity values. From the stand-
point of the present study, this relationship is of 
particular importance, since kinetic energy con-
stitutes the key parameter describing the ener-
getic potential of the jet. The results clearly show 
that the kinetic energy increased with increasing 
pressure for both data series; however, the experi-
mentally determined values remained signifi-
cantly lower than the theoretical ones. This differ-
ence results directly from the lower experimental 
velocity values, and because kinetic energy is 
proportional to the square of velocity, even mod-
erate discrepancies in velocity lead to distinctly 
larger differences in energy.

The plotted trend confirms that increasing 
operating pressure leads to a substantial increase 

Table 1. Comparison of experimental and theoretical jet velocity, relative deviation, kinetic energy, 		
and estimated maximum acceleration for the analyzed operating pressure values

Pressure 
[MPa]

Experimental 
velocity
vexp [m/s]

Theoretical 
velocity
vth [m/s]

Relative 
deviation [%]

Experimental 
kinetic Energy 

Ek,exp [J]

Theoretical 
kinetic Energy 

Ek,th​ [J]

Estimated maximum 
acceleration

amax[m/s²]

50 144 316.23 -54.46 0.00814 0.03927 4.15 × 105

100 230 447.21 -48.57 0.02077 0.07854 6.63 × 105

200 380 632.46 -39.92 0.05671 0.15708 1.10 × 106

300 390 774.60 -49.65 0.05973 0.23562 1.12 × 106

380 430 871.78 -50.68 0.07260 0.29845 1.24 × 106

Figure 7. Experimental and theoretical water jet velocity as a function of operating pressure, together
with the second-order polynomial fit for the experimental data. Error bars indicate the standard deviation 

obtained from five measurement repetitions
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in the energetic potential of the jet. In the ana-
lyzed range, the experimental kinetic energy 
increased from 0.00814 J at 50 MPa to 0.07260 
J at 380 MPa, whereas the theoretical kinetic 
energy increased from 0.03927 J to 0.29845 J. 
This indicates that pressure is a dominant fac-
tor governing the energy available in the jet and, 
consequently, its potential effectiveness in the 
AWJ process.

The relationship between operating pressure 
and the estimated maximum acceleration of the 
water jet is shown in Figure 9. The plotted values 
indicate an increasing tendency, which is con-
sistent with the more intense dynamic response 
of the jet observed at higher pressure levels. It 
should be emphasized, however, that the accel-
eration values above 50 MPa were estimated 
proportionally on the basis of the derivative of 
the velocity history, using the 50 MPa case as 
the reference condition. Therefore, they should 
be interpreted as approximate comparative indi-
cators rather than directly measured quantities 
for all analyzed variants.

The obtained results confirm that operating 
pressure is the main factor governing the dynamic 
and energetic characteristics of the analyzed high-
pressure water jet. Both the experimental velocity 
and the corresponding kinetic energy increased 
with pressure; however, the increase in kinetic 
energy provides a more informative basis for inter-
pretation, because it reflects the energetic capacity 
of the jet more directly than velocity alone.

A clear discrepancy was observed between 
the experimental and theoretical characteristics 
over the entire analyzed pressure range. Although 
the simplified Bernoulli-based model correctly 
reproduced the general increasing trend, it con-
sistently overestimated the actual jet velocity. 
This difference became even more pronounced 
when expressed in terms of kinetic energy, since 
the error in velocity is amplified by the quadratic 
form of the energy relationship. This indicates 
that the analytical model is useful as a reference 
description of the pressure-dependent trend, but it 
is insufficient for accurate quantitative representa-
tion of the real jet without accounting for hydraulic 

Figure 8. Experimental and theoretical kinetic energy of the water jet as a function of operating pressure;
the fitted trendline is shown for the experimental data

Figure 9. Estimated maximum acceleration of the water jet as a function of operating pressure,
together with the second-order polynomial fit. The values above 50 MPa were estimated on a comparative basis 

and should not be interpreted as directly measured quantities
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losses, outlet-flow disturbances, and interaction 
with the surrounding medium. In particular, the 
discrepancy between the model and the experi-
ment reflects the fact that the real jet develops 
under non-ideal flow conditions, which cannot be 
represented by a loss-free Bernoulli formulation.

The comparison of Figures 7 and 8 shows that 
the energetic consequences of pressure increase 
are more clearly revealed in the kinetic energy 
characteristic than in the velocity characteristic 
alone. In this sense, kinetic energy may be treated 
as a synthetic parameter that better captures the 
technological significance of the observed jet 
behavior. The qualitative observations from the 
high-speed recordings are consistent with this 
interpretation: increasing pressure was accom-
panied by more intensive jet propagation, great-
er coherence within the analyzed section, and a 
stronger final interaction with the water surface, 
which reflects the higher dynamic and energetic 
state of the jet.

From the point of view of AWJ machining, 
the obtained results indicate that pressure increase 
should be interpreted not only as a factor increas-
ing jet velocity, but above all as a factor signifi-
cantly increasing the energetic potential available 
in the interaction zone. This is important for tech-
nological interpretation, because in real machin-
ing conditions the ability of the jet to perform 
effective material removal depends on the energy 
transferred to the workpiece rather than on veloc-
ity alone. Therefore, the present results support the 
view that kinetic energy may serve as a more use-
ful parameter for comparing process conditions, 
evaluating the potential effectiveness of the jet, and 
interpreting pressure-related changes in machining 
capability under AWJ-relevant conditions.

The acceleration characteristic shown in Fig-
ure 9 should be interpreted only as a supplemen-
tary indicator of the increasing dynamic intensity 
of the phenomenon. Although its trend is consis-
tent with the observed pressure effect, the esti-
mated character of the acceleration values above 
50 MPa means that this parameter cannot be treat-
ed as a primary basis for quantitative assessment.

It should also be emphasized that the present 
study concerned the behavior of a high-pressure 
water jet in a controlled measurement section and 
did not include direct interaction with a machined 
workpiece. Therefore, the obtained results should 
be interpreted primarily as a basis for further analy-
sis of jet development and energy transfer under 

conditions relevant to AWJ applications, rather than 
as a direct measure of cutting performance.

The applied approach, combining high-speed 
imaging, digital motion tracking, and a simplified 
analytical model, made it possible to identify both 
the actual jet response and the limitations of the 
idealized theoretical description. From this per-
spective, the study provides a useful basis for fur-
ther development of energy-based descriptions of 
water-jet behavior in machining-related conditions.

CONCLUSIONS

Based on the conducted investigations, the 
following conclusions were formulated:
1.	The study provided a combined experimental 

assessment of water jet velocity and kinetic 
energy over a wide operating pressure range 
(50–380 MPa), which constitutes the main sci-
entific contribution of the work in the context 
of pressure-dependent jet characterization un-
der AWJ-relevant conditions.

2.	The kinetic energy determined from the experi-
mental data increased from 0.00814 J at 50 MPa 
to 0.07260 J at 380 MPa, which corresponds to 
an almost ninefold increase in the jet energy po-
tential within the investigated pressure range.

3.	The discrepancy between the theoretical and 
experimental characteristics remained sig-
nificant throughout the entire analyzed range. 
While the Bernoulli-based model reproduced 
the overall increasing trend, it overestimated 
the actual jet velocity by approximately 40–
55%, which resulted in an even stronger over-
estimation of kinetic energy.

4.	The results indicate that kinetic energy is a 
more representative parameter than velocity 
alone for describing the technological poten-
tial of the jet, because it captures the energetic 
effect of pressure increase more directly and 
more clearly differentiates between the ideal-
ized and real jet behavior. This also means that 
the energetic interpretation of jet behavior pro-
vides a more informative basis for understand-
ing pressure-dependent jet performance than a 
purely kinematic description.

5.	The combination of high-speed imaging and 
motion analysis provided an effective experi-
mental basis for identifying jet dynamics under 
high-pressure conditions and for assessing the 
limitations of simplified theoretical models.

6.	The obtained results should be treated as a 
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quantitative basis for further studies on jet 
development and energy transfer in systems 
relevant to AWJ applications, particularly in 
analyses extended to direct interaction with the 
machined material.

7.	The main limitations of the study are related to 
the simplified character of the analytical mod-
el, the estimated character of the acceleration 
values above 50 MPa, and the fact that direct 
jet–material interaction was not included in the 
experimental analysis.
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