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Abstract: This study has the main objective of the analysis of water flow through the active parts
(cutting head CH) of an abrasive water jet (AW]) machine, model YCW]-380-1520, performed on a
high-pressure nozzle (HPN) and mixing tube (MT). The flow is analyzed through the ruby orifice
with a diameter of 0.25 mm by assimilating it with a circular pipe. Taking into account the fact that
the average flow velocity through the ruby orifice is about 622 m/s, the value of 155,500 according
to the Reynolds criterion was obtained. Regarding the turbulent flow regime, the flow section is
divided into four zones; for each of them, the limits of flow layers and the maximum values of water
velocities were determined. In the second part of this work, a 2D analysis of the flow through the CH
assembly was carried out. Since the abrasive inlet tube (AT) also appears in the CH componence, two
situations were analyzed in this study, namely, the case when the inlet through AT is restricted and
the case when the AT is free. For each case, three values of flow diameters were considered, both for
HPN and MT. The water flow characteristics were established and comparisons between theoretical
models and CFD simulation were performed.

Keywords: abrasive water jet machine; water flow; analytical method; numerical simulation

1. Introduction

Abrasive water jet (AW]) machining is a non-conventional cutting process that uses a
high-velocity stream of water mixed with abrasive particles to cut a wide range of materials.
Abrasive water jet (AW]) machining emerged as a highly versatile and efficient method
for processing a variety of materials due to its ability to cut without inducing thermal
damage, its high applicability, and its flexibility [1-4]. This non-traditional machining
technique uses a high-velocity jet of water mixed with abrasive particles to erode material,
making it suitable for complex and delicate operations across multiple industries [5]. In
addition to AW], other advanced manufacturing methods, such as carbon dioxide (CO5)
laser cutting, offer significant benefits. CO; laser cutting, a non-contact, thermal-based
method, provides high precision and excellent operational control, making it particularly
suitable for processing thermoplastics such as polyethylene [6]. Previous studies identified
numerous advantages associated with advanced manufacturing technologies, including
increased market share and profitability, enhanced flexibility, improved delivery times,
reduced costs, higher quality products, greater productivity and efficiency, and significant
competitive advantages [7]. In comparison, AW] machining stands out for its ability to
cut without thermal damage, providing a complementary solution to other advanced
manufacturing techniques by offering unique benefits in specific applications.

The increasing application of AW] machining necessitates a comprehensive under-
standing of the factors affecting its performance, including the characteristics of the water
jet, the properties of the abrasive materials, and the interaction between these elements.
The efficiency and performance of AW] machines depend significantly on the dynamics
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of water flow through critical components, such as the cutting head (CH), high-pressure
nozzle (HPN), and mixing tube (MT) [4]. Understanding the water flow characteristics
through these components is vital for optimizing the machining process and improving the
quality of cuts. The study of turbulent water flow through these orifices provides insights
into the complex interactions between fluid mechanics and material removal. Previous
research focused on both experimental and numerical methods to analyze these flows,
often employing computational fluid dynamics (CFD) simulations [8-15] to complement
analytical approaches [16-18].

The modeling and simulation of abrasive water jets are critical for optimizing perfor-
mance and extending the lifespan of machine components. Computational fluid dynamics
(CFD) simulations are widely utilized to analyze the characteristics and behavior of water
jets under various conditions. Liu et al. [10] used CFD simulations to model ultrahigh
velocity water jets, examining the jet dynamics downstream from a fine nozzle and pro-
viding insights into the kerf formation process in AW] cutting. Similarly, Patirnac et al. [9]
conducted CFD simulations to study the flow through the cutting head of a water jet
machine, focusing on the erosion wear of components due to high-velocity impacts.

The impact of system and geometric parameters on nozzle is also a significant area
of research. Nanduri et al. [19] investigated how variables such as nozzle length, inlet
angle, diameter, and water pressure influence the wear rate of nozzles. Their experimental
procedures helped develop an empirical model correlating these parameters with nozzle
wear, providing a basis for optimizing nozzle design. Further experimental investigations
by Yu et al. [20] explored the effects of abrasive properties, including material, size, and
flow rate, on the cutting performance of AW]Js. Their study highlighted how variations
in these parameters impact cutting depth, kerf width, and surface roughness, which are
critical indicators of cutting quality. Additionally, Shao et al. [8] employed CFD simulations
and experimental methods to analyze the particle flow inside nozzles and the resulting
erosion damage mechanisms, identifying factors such as pump pressure and particle size
as significant influences on erosion rate. Innovations in nozzle design were driven by
the need to improve the efficiency and lifespan of AW] systems. Li et al. [21] utilized
hydrodynamic technology and multi-parameter optimization to enhance the geometry of
suspension abrasive water jet nozzles, achieving better performance and reduced wear.
Wang et al. [22] provided a comprehensive review of the principles, characteristics, and
future directions of AW] machining technology, emphasizing the importance of process
optimization and the development of new technologies to advance the field. In conclusion,
the literature highlights the extensive research efforts focused on understanding and
improving the performance of abrasive water jets. From CFD simulations to experimental
investigations, these studies provide valuable insights into the factors influencing jet
behavior, nozzle wear, and overall cutting performance. Future research should continue
to explore advanced modeling techniques and innovative designs to further enhance the
capabilities and applications of AW] machining.

This paper aims to build on these foundational studies by conducting a comprehensive
analysis of water flow through the active parts (Figure 1) of an AW] machine model YCW]J-
380-1520. By integrating analytical methods with CFD simulations, this research seeks
to deepen the understanding of flow dynamics and erosion characteristics, ultimately
contributing to the optimization and longevity of AW] nozzles.

Detail: A

Ruby Orifice

HPN Body 0.25
.25mm

Figure 1. Schematic of HPN.
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For the calculation of the hydraulic parameters of the ruby nozzle, the assumption is
made of its assimilation with a pipe through which liquid circulates. As a first hydraulic
parameter, it is necessary to know the average water velocity in the cross section of the
ruby nozzle of diameter d,. The expression of this velocity is given by relation (1):

_ 4'Qu

= —=,
mt-dz

)

Um

where v,,—average velocity of water [m/s]; Q,—represents the water flow, [m3/s]; and
d,—the diameter of the HPN ruby hole, [m]. In this case, the measured water flow generated
by the water jet machine is 3.05 x 107> m3/s.

In any section through which fluid flows, the flow regime is characterized by the
Reynolds number, and in the analyzed case it is given by the expression (2):

Re — L‘Z"fd”, @)
a

where p,—is water density [kg/ m3]; u,—is water dynamic viscosity, [Pa-s]. In this case,
based on relation (2), the Reynolds number resulted as 155,500.

2. Methods
2.1. Study of Water Flow through Ruby Nozzle Orifice Using Analytical Method

Knowing the value of the Reynolds number as well as the value of the average velocity
through the water nozzle, a study can be made regarding the turbulent motion through it.
If the ruby nozzle orifice is assimilated to a circular pipe, it is observed that the value of the
Reynolds number resulting from the turbulent motion calculation is fully developed. It is
assumed that the water enters the nozzle with the constant speed vy,.

In the study of the turbulent movement through a pipe of circular section, the friction
that occurs between the fluid and the pipe wall is taken into account, introducing the notion
of friction velocity given by relation (3) [16,23].

_ |
°f Pa )
where T,—is the tangential unit stress [Pa]; p,—is water density [kg/m?].

At high flow velocities, the average value of the tangential unit stress can be deter-
mined [24]:

T = 0.5~pm~ff~vfn. 4)

According to [24], the friction coefficient ch is calculated as:

= 0.001375
ff da Pa'da “Om

1/3
1+ (2.104~R”+”“~106> 1 ©)

where p,,—represents the density of the fluid mixture [kg/ m3]; v,,—the average velocity
of the water through the nozzle [m/s]; and p,—dynamic viscosity of water [kg/m-s],
R,—represents the average ruby roughness [um].

Considering the roughness of the ruby between 0.012 and 0.025 um [25], and only
water flows through the hole, substituting in relation (5), the value of the friction coefficient
is obtained:

= 0.001375
Iy 0.25-1073  998.2:0.25-103-622.35

0.012-10~6 1.008-108 /3
1+ (2~104 + ) =3.932.1073
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substituting the value of the friction coefficient in relation (2), the tangential unitary effort
is obtained in the analyzed case.

T, = 0.5:998.2:3.932:102-622.35* = 7.6-10° Pa

The value of the friction velocity in the case of turbulent flow through the ruby orifice

of the water nozzle will be:
vy = ) 2010 _ 57 5om
f=V 9982 — g

Knowing the value of the friction speed, a reference length given by relation (6) [23]
can be defined and used to express the speed distribution laws, as well as the size of the
flow zone intervals.

Ha -8
= =3.653-10"%m (6)
yf /pu.’[p

As in the case of pipes, in the ruby nozzle where the fluid movement is turbulent,
several specific zones are formed, as shown in Figure 2. These areas refer to the variation in
the average velocity with respect to the distance from the nozzle wall. It is specified that
the notation v represents the local average speed.

y/R A

Zone 1V: Central Flow Zone

Zone III: Layer of developed turbulance

Zone II: Layer of high fluctuations Wall Layer

Turbulent Flow completed

developed

Viscous
Layer l

>\Plane Wall

The first area appears in the immediate vicinity of the wall; this area is called viscous
substrate. According to [23], the viscous substrate has a thickness (y) given by relation (7).
This layer has a very small thickness but plays a very important role in the flow char-
acteristics involving a high velocity gradient. In this substrate the turbulent unit effort
is negligible.

Zone I: Viscous Substrate

/‘f

Figure 2. Turbulent motion past a plane wall.

0§y1§5 (7)
f

In the viscous substrate, the average velocity distribution law has the expression given
by relation (6) [23], where a linear distribution can be observed.

Tp Tp
V= —(r,—1)=— 8
Hu(a ) ,May (8)

where r,—inner radius of the nozzle [m]; —the radial distance measured from the axis of
the nozzle to the wall [m]; and y—the thickness of the viscous layer [m].
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The second zone is where the viscous and turbulent tangential unit stresses are of
comparable magnitude. This zone is called the intermediate layer (buffer), or zone of
intense fluctuations. The limits of this zone are given by the relation (9) [23]:

5§ylg30. ©)
f

It is observed that in the intermediate layer, the average velocity distribution law is
obtained by integrating the expression [23] (10).

dv 7 1
Z_r_ - (10)
dy oy, 1+

In the Formula (10), &, is the apparent or turbulent viscosity, and v, represents the
kinematic viscosity of water [m?2/s]. If the notations are introduced, according to [17,23], it
results as:

ot

4 of-
= —andy' = f—y,

Uf 1/[1
and for the integration, one of the laws proposed for the variation in the turbulent viscosity
in the intermediate layer must be considered. As for laws, reference is made to the one

proposed by Deissler (11) [23], as well as to the one proposed by van Driest (12) [18,23]:

i—m =n?ytot (1 - e_”2y+v+>. (11)
a

The coefficient n has the value 0.124, valid for y* < 26, according to [23].

N\ 2
e _ 2 () 2t (1 et | T
” =K (y")"o <1 ev ) ayT (12)

In Formula (12), K is called Karman’'s constant and has a value around 0.4 [23], and
yst =26[23].

The first and second zones occupy only a small part of the nozzle radius, but have
an important influence on the movement as a whole. The thickness of these two layers
depends on the value of the Reynolds number. The first two areas form the viscous layer;
this layer is formed only when the roughness of the wall is small in relation to its thickness,
i.e., it is necessary that the micro-asperities of the wall do not penetrate this layer. From
Table 1, the validation of this fact can be seen, and that the determination of the average
velocity in the intermediate layer using the methodology described by relations (10), (11),
and (12) is very complicated.

Table 1. Characteristics of turbulent flow through the water nozzle.

Layer Limit Range [mm]

Layer Type Maximum Speed [m/s]
Lower Upper
Viscous substrate 0 1.812 x 10~* 136.61
The intermediate layer 1.812 x 10~* 1.087 x 1073 -
The fully turbulent layer 1.087 x 1073 1.812 x 1072 562.33
The turbulent core 1.812 x 102 0.125 636.43

The third zone, called the fully turbulent layer, presents sufficiently developed turbu-
lence for the effect of turbulent unit stress to be predominant. In this area, the nozzle wall
still influences the flow. The boundaries of the fully turbulent layer are given by relation
(13) [23].

30 < L <500 (13)
Yf
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The average velocity distribution law in the turbulent layer is given by relation (14) [26],
where a logarithmic law is observed.

2 am( L) +B (14)
vf vy

In (14), A and B are experimental constants and their values show some scatter. From [23,27],
it can be seen that the values of these constants are A =2.5 (F15%) and B =5 (725%).

The fourth zone, which is called the turbulent core of the motion, presents a deviation
from the logarithmic law. From [23] it is found that the point where this deviation occurs is
approximately 15% of the nozzle radius. The average velocity distribution law in this area
is given by relation (15), also known as the power law of the velocity profile [26].

1/n
v
L (y> 15)
Umax Ta
In relation (15), v4x represents the maximum velocity, this being present in the axis of
the nozzle, and 7 is a constant whose value depends on the Reynolds number. The value of
n increases with increasing R, number.

The power law variation in the velocity profiles is shown in Figure 3, for different
values of the constant 7, together with the velocity profile for a fully developed laminar flow.

1

0.8

0.6
laminar

0.4 flow

1/R

0 0.2 0.4 0.6 0.8 1
V/Vmax

Figure 3. Polinomial curves of velocity distribution.

The thicknesses of the flow layers in the turbulent regime, as well as the values of the
velocities in these intervals obtained analytically, in the case of the water nozzle with a
diameter of 0.25 mm used in the water jet cutting machine type WUXI YCW]-380-1520, are
presented in Table 1.

It is observed that the lower boundary of the turbulent core of the motion is at a
distance of 0.01812 mm from the ruby hole wall. If we consider the fact that the fourth
flow zone starts at about 15% of the nozzle radius (measured from the wall), then this
layer would start at a distance of 0.01875 mm from the nozzle ruby orifice wall. The
difference between these two values is 6.3 x 10~% mm, this difference being comparable to
the reference length yy.

The diagram in Figure 4 shows the variation in the average speed through the water
nozzle hole depending on the thickness of each layer, obtained both theoretically and
experimentally. On the experimental curve, it can be seen that the maximum speed in the
intermediate layer was established through tests, so that this curve is as close as possible to
the real situation. The experimental curve has an acceptable shape (R? = 0.9277) for values
of the speed in the intermediate layer between 445 m/s and 465 m/s.
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Figure 4. The law of variation in the velocity of water through the ruby nozzle.

The same can be said about the curve obtained theoretically, whose equation is repre-
sented on the diagram. If we divide this equation by the friction velocity (vf), we obtain the
velocity distribution law in the ruby hole section, given by relation (16).

% = 2.352:In(x) + 5.002, (16)
the constants in the equation can be identified as: A = 2.352 and B = 5.002. It is observed
that the difference between the values of these constants obtained for this case and their
theoretical values from [23,27] are included in the deviation field of +15% and +25%,
respectively.

According to the experiments made by Nikuradse, a pipe can be characterized ac-
cording to the ratio between the equivalent roughness (ks) and the reference length (yy),
as [23]:

e Smooth hydraulic pipe, for (ks/yp) < 4;
e  Mixed pipe, for: 4 < (ks/yy) < 60;
e  Completely rough pipe, for: (ks/ys) > 60.

Taking into account this characterization, as well as the fact that the roughness of
the ruby hole wall is between 0.012 pm and 0.025 pm, it is observed that the value of this
ratio is between 0.331 and 0.689, respectively, which means that the turbulent movement
through the nozzle is not influenced by the degree of roughness. From this observation
we can also draw the conclusion that Nikuradse’s relation for calculating the coefficient of
hydraulic resistance A was adopted correctly.

2.2. Study of Water Flow through the Ruby Nozzle Orifice Using the CFD Method

The study of the flow through the ruby orifice in the framework of the finite element
analysis is conducted using Ansys FLOTRAN-CFD APDL 2010, and the analysis element
is FLUID141. The geometric model of the ruby nozzle used in this program is presented
in Figure 5, and the geometric characteristics of the model are presented in Table 2. Since
the water nozzle is a revolution part, the geometric pattern was adopted symmetrically
along the Y-axis. As can be seen, the pattern was divided into quadrilateral-type elements,
resulting in a total of 150 elements.
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Table 2. CFD geometric characteristics of the ruby nozzle.
Line No. L1 L2 L3 L4
Line name Water outlet The wall of the nozzle Water inlet Axis of symmetry
Length 0.125 055 0.125 055
[mm]
No. divisions 10 15 10 15
LIS 4____1:___3
LINE MM
Flowing
Symmetry direction

axis \

{

HPN

/ wall

X Bal 2 A
Figure 5. HPN ruby orifice geometry in CFD analysis (1, 2, 3 and are keypoints used to define the
lines L1, L2, L3 and L4).

The element type FLUID141 is used in the 2D calculation of the velocity and pressure
distribution for a single phase of a Newtonian fluid. In the flow analysis with this type
of element, quadrilateral or triangular elements can be used. In the analyzed case, an
axial-symmetric type element with 4 nodes per element is used.

The equations used by Ansys Flotran-CFD in the case of quadrilateral elements with
four nodes per element are given by the relations (17a), (17b), and (17c), to establish the
velocities along the three directions. The pressure is given by solving the Equation (16),
and in the case of the turbulent kinetic energy, it is given by the relation (19) [28].

Uy = ivx,(l =s)(I=t)+ovx(1+38)(1—t) + o (1+8)(1+1#) + vy (1 =5)(1+1t) (17a)

vy = ivyl(l =8)(1—t) +oy,(1+5s)(1—t) + oy (1 +5)(1+1t) + vy, (1-5)(1+¢t) (17b)

v, = ivzl(l =s)(1—t)+v;(1+s)(1—t) + oy (1 +5)(1+1) +0; (1 —5)(1+1) (170)

where vy, vy, vz, represents the velocities along the three directions of travel.

p= %Pz(l —s) 1=t +p(1+s)1—t)+px(1+s)(14+t)+pL(1—s)(1+1t) (18)
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where py, pj, pk, pL, represent the pressures innodes [, J, K, L.

EX = %Ef(l =) 1 —t)+Ef(1+s)(1—t) + ER(1+s)(1+t) +Ef(1—s)(1+¢) (19)

where EX—represents the turbulent kinetic energy for the analyzed element.

For FLOTRAN CEFD elements, velocities are obtained based on the principle of con-
servation of momentum, and pressure is obtained based on the principle of conservation
of mass. The system matrix derived from the finite element discretization of the equation
governing the motion for each individual degree of freedom is solved separately. The flow
problem analyzed with this type of element is nonlinear, and the equations governing the
motion are tied together. The sequential solution for all equations, combined with some
properties such as pressure or temperature, constitutes a global iteration. The number of
global iterations required to achieve a solution can vary considerably, depending on the
size of the problem in question.

Table 3 presents data related to the modeling of the flow through the ruby nozzle
orifice. All loads as well as bond conditions have constant values and are applied to the
lines of the model. The CFD analysis is turbulent according to the R, number.

Table 3. Ruby nozzle flow modeling data.

Model Type: 2D—Axisymmetric
Element type: FLUID 141
The fluid material: water
Density: pa = 998.2 kg /m?3
Dynamic viscosity: yg = 1.008 Pa-s
" DOF input speed (L3): Vy =62235m/s
Boundary conditions Wall vellz)citprOF (L2): Vx=Vy=0
DOF outlet pressure (L1): 0
Axis of symmetry DOF (L4): Vx=0
Environment conditions: Temperature: 293 K
Pressure: 101,350 Pa

3. Results and Discussion
3.1. CFD Analysis of the Flow through the Ruby Nozzle

The results obtained from the CFD analysis of the flow through the ruby nozzle using
the Ansys Flotran-CFD program are presented below. Thus, in the diagram in Figure 6, the
outline of the pressure drops on the ruby nozzle is represented. It can be seen from the
pressure map that the maximum value indicated is 12.4 MPa and occurs at the entrance of
the fluid to the nozzle, i.e., in the area adjacent to the nozzle wall.

As can be seen, the pressure at the inlet of the water nozzle is not constant. The graph
in Figure 7 shows a parabolic variation of the inlet pressure at a distance of 0.1125 mm
from the symmetry axis with a pressure difference of 24.708 x 10° Pa, and on the interval
from 0.1125 mm to the wall, an almost linear distribution can be observed with a pressure
difference of 3.11 x 10° Pa. From this graph it can be concluded that a variation in pressure
can implicitly lead to a variation in velocity, so where the pressure is low, a high velocity
of the fluid is obtained (the velocity in the axis of symmetry), and where the pressure has
high values, the velocity tends to zero (the case of the velocity at the wall). The pressure
study is useful in calculating the hydraulic losses imposed by the water nozzle, as well as
in determining the tangential stress on the nozzle wall.

In the diagram from Figure 8, the pressure drop along the axis of the nozzle is graph-
ically represented. An almost linear pressure distribution along the ruby orifice can be
observed, and the axial pressure drop value is 96.491 x 10° Pa (9.649 MPa). In the diagram
from Figure 9, the pressure drop along the ruby wall is graphically represented. As can be
seen, in this case too there is an almost linear dependence of the pressure along the nozzle
wall, the value of the pressure drop in this area being 124.31 x 10° Pa (12.431 MPa).
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NODAL SOLUTION

STEP=1
SUB =
FPRES (AG)
RSYS=0
MK =.124E+08 HPN
wall
Symmetry
axis -
Flowing
direction
| EE—
) 2768407 552E+07 8268407 L1108+08
1388407 414407 691E+07 L 9GTEOT7 L 124E408

Figure 6. Pressure contour through the 0.25 mm ruby HPN (units in Pa).
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Figure 7. Water pressure distribution at the entrance to the HPN.
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2894.754

1929.836
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0 1.1 2.2 3.3 4.4 5.5
0.55 1.65 2.75 3.85 4.95

(outlet) HPN orifice length (x102-4), [m] (inlet)

Figure 8. Pressure distribution in the axis of HPN.
1243.119 /
111e.808
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x
~ |
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%
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1]
& /
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g |

0]

0 1.1 22 3.3 a.4 5.5
0.55 1.65 2.75 3.85 4.95

(outlet) HPN orifice length (x10*-4), [m] (inlet)
Figure 9. Pressure distribution at the HPN wall.

In the diagram presented in Figure 10, the contour of the velocities according to the
flow direction is represented, as well as their graphic representation in the form of vectors,
resulting from the Ansys Flotran-CFD analysis. From the velocity map, it can be seen that
the maximum speeds have values in the range of 571.1 m/s to 642.5 m/s, a range that
corresponds to the turbulent core of the movement. The minimum velocities are recorded
towards the nozzle wall, showing an almost uniform flow in the wall layer. This wall layer
creates turbulent conditions of motion.
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NOOAL SOLUTION
STE-2
B -1 Valalaalalalalals
Va1 (AVG) 1 | 'H‘
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/ wall
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Figure 10. The contour of the velocities through the 0.25 mm ruby of HPN (units in m/s).

Figure 11 shows the variation in the water velocity at the exit from the ruby hole
obtained by the finite element analysis.

—0—CFD = = Trendline

700

600

500

400 (1
y = 65.539In(x) + 138.31
300 R?=0.8814

Water velocity [m/s]

200

100

0 700 1,400 2,100 2,800 3,500
(wall) Ratio r,/y; (HPN Axis)

Figure 11. Variation curves of water velocity at the exit from ruby nozzle using Ansys Flotran-CFD.

On the CFD curve (generated in Ansys), a maximum velocity value of 642.46 m/s is
observed at a distance of 0.038 mm from the nozzle wall, after which the velocity tends to
decrease with a very small slope towards the value of 637.86 m/s obtained at a distance
of 0.1 mm from the nozzle wall. In the range of 0.038 mm to 0.125 mm, the CFD graph
shows some relatively small fluctuations of the speed, so that in the axis of symmetry of
the nozzle, the water speed reaches the value of 630.57 m/s. Moreover, on this diagram, an
almost linear dependence of the speed can be observed up to the value of 569.3 m/s at a
distance of 0.013 mm from the nozzle wall. By comparing with the analytical diagram from
Figure 3, a velocity value close to this (578.91 m/s) is observed at a distance of 0.018 mm
from the nozzle wall, i.e., at the end of the fully turbulent layer.
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The theoretical curve in this case was established through experimental tests so that it
has an allure as close as possible to the experimental one. As can be seen from the diagram,
the theoretical speed distribution law is a logarithmic one, whose expression is given by the
relation (18). If we consider the same assumptions as in the case of the analytical study, i.e.,
the friction velocity being 27.59 m/s and dividing the equation by this value, we obtain the
velocity distribution law in the cross section of the ruby, for the case of the CFD analysis.

% = 2.375In(x) + 5.013 (20)

As in the previous case, by analogy with relation (14), the constants A and B can be

identified as: A =2.375 and B = 5.013. It is observed that the values of these constants

obtained by CFD analysis and those given by the theoretical law from the analytical

study are comparable. According to the relation (20), the average speed at the end of the
intermediate zone corresponding to thickness of 0.018 mm is 544.65 m/s.

3.2. 2D Analysis of the Flow through the Cutting Head of the AW] Machine

In this part of the study, a 2D analysis of the water flow through the active elements
of the cutting head from the composition of the AW] machine from the equipment of the
IMN department of UPG Ploiesti is made. For this analysis, three ranges of sizes of the
water nozzle hole and the mixing tube were considered, as presented in Table 4. It was also
considered that the machine discharges the same flow of water and the average velocity of
the water through the ruby orifice varies with the flow section.

Table 4. The dimensions of the holes of the cutting head.

The Diameter of the Ruby The Diameter of the Mixing Average Speed through the

Hole, d; [mm] Tube, d; [mm] Ruby Hole, v;, [m/s]
0.20 0.76 972.40
0.25 0.90 622.35
0.30 1.02 432.18

A 2D analysis of the flow through the active elements of the cutting head was con-
ducted using Flotran-CFD mode in Ansys. The geometric model from Figure 12 was
adopted in the absence of the abrasive tube and in the assumption that the water flow is
symmetrical along the axis of symmetry of the cutting head assembly (line L21).

e High pressure L4
water inlet i

~L10

L
L L24rle
|
A |
Flowing ‘
direction }
|
Abrasive ‘
/ inlet }
TLZL
|
Symmetry | i
axis \ |
|
|
|
WIJ ! }
| s
outlet | I
I
| 26 _14
mx [

Figure 12. CFD geometric model of the cutting head.
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The hydrodynamic parameters used for the purpose of the CFD simulation in this case
are presented in Table 5. This analysis was made considering that only one fluid medium
(water) circulates through the cutting head, and the flow is achieved without heat exchange
processes. Water enters the system through line L14 of the geometric model.

Table 5. Data relating to the modeling of the flow through the cutting head.

Model Type: 2D—Axisymmetric
Element type: FLUID 141
The fluid material: water
Density: p =998.2kg/m?
Dynamic viscosity: ua = 1.008 Pa-s
. DOF input speed: VY, according to Table 4
Boundary conditions DOF wall velocity: VX=VY=0
DOF outlet pressure: 0
Axis of symmetry DOF: VX=0
Abrasive input speed: VXY= —0.547m/s
Environment conditions: Temperature: 293 K
Pressure: 101,350 Pa

The graphic representation of the water velocity at the exit from the ruby hole for the
three sizes adopted are presented in Figures 13-15. Given the fact that the same flow of
water flows through the three holes of the nozzles, it is normal for the velocities at the exit
from them to have a decreasing tendency depending on the increase in the flow section.
Due to the turbulent nature of the flow, a logarithmic distribution of velocities is observed
in the flow section.

= Da=0.20mm

o]

-105.163

-210.329 /

=315.495 /

=-420.66L|

-525.827|

Jet axis

Water velocity, [m/s]
Nozzle wall

-630.993 /

=736.159 /

-841.325

—946.49L

-1051.657 R ! —
0 0.2 0.4 0.6 0.8 1
0.1 0.3 0.5 0.7 0.9

Radius of ruby orifice, (x104-1) [mm]

Figure 13. Water velocity at the exit of the 0.2 mm nozzle.
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Figure 14. Water velocity at the exit of the 0.25 mm nozzle.
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Figure 15. Water velocity at the exit of the 0.30 mm nozzle.

Figure 16 shows the characteristic of normal and shear stresses for a plane jet [29].
Compared to the flow results obtained through a circular duct, a certain qualitative sim-
ilarity can be observed. It can also be seen that the peaks of the Reynolds stress profile
in the case of flow through the pipe are quite sharp and closed towards its wall areas. It
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follows that the turbulence produced during the flow occurs near the wall of the pipe (in
the present case, at the wall of the ruby orifice). The peaks of the turbulent stress profile
developed in a jet are much more developed in the vicinity of the axis of symmetry and
less in its center. This leads to the diffuse nature of a plane jet and the entrainment of the
surrounding medium (fluids or solid particles) towards its interior.

0.06

[ T ] | T |

T

(.05 normal

stress

0.04

T

0.03
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0.m

0 - =
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e

-0.01 \ /

shear | N, f’
—0.02 stress i B

—-0.03 L ! L L L 1
-4 -3 =2 -1 0 1 2 3 4

Ratio: v

Figure 16. Variation in Reynolds stresses for a free jet.

From the presented results, it can be seen that the water velocity is lower in the axis of
symmetry of the jet compared to the rest of the flow interval, showing a peak inside the
flow interval, in the fully developed turbulent flow area (the IlI-rd zone of flow). The values
of the velocities in the area adjacent to the ruby nozzle for the three dimensions analyzed
are presented in Table 6. This graphical feature influences the diffuse nature of the jet flow,
resulting in the variation in normal and shear Reynolds stresses in the jet flow section.

Table 6. Characteristic velocities through the water nozzles.

Hole diameter, d, [mm] 0.20 0.25 0.30
The water velocity in the axis is symmetrical, vy [m/s] 996.35 623.38 423.64
Top speed, vy [m/s] 1051.7 641.46 443.92

Distance from axis of Vpks [mm)] 0.020 0.050 0.090
Maximum water speed, [m/s] 1108 726.206 563.308

Modeling of the flow through the three adopted dimensions of the mixing tube was
conducted in two ways: with the blocked entrance of the abrasive material access tube and
with the free entrance through the abrasive tube.

3.2.1. Case [—Blocked Inlet through the Abrasive Tube

In this analysis, the degrees of freedom (DOF) were blocked along the L15 line of
the geometric model, this line being the access gate of the abrasive material in the mixing
chamber. Figure 17 shows the speed contour in the case of flow simulation using the
pressure nozzle with a diameter of 0.25 mm and the mixing tube of 0.76 mm. For the other
cases there is a proportional variation in velocities due to similar flow conditions. From the
figure below, it can be seen that the speed values along the MT length (detail A) are in the
range of 0-80 m/s.
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Figure 17. Velocity distribution in case of TA locked.

In Figure 18, the variation in the water speed through the flow hole of the MT in
the blocked TA situation is represented graphically for the three considered values of the
diameters. Due to the fact that the same water flow flows through the considered model,
a decreasing dependence of the flow rates is observed as the diameter of the MT orifice
increases. A similar shape of the velocity profile is also observed in the work [30], where
the flow of the liquid phase is found in the laminar regime, having the Re number between
303 and 1532.
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Figure 18. Variation in water velocity through MT in case of blocked TA.

The numerical values of the flow velocities at the exit from the MT in the case of
blocked TA, for the three adopted sizes of the diameters (d;), are presented in Table 7. The
average theoretical values of the velocities were obtained using the flow continuity law,
and the calculation error was obtained using the relation (21).

& = Yth — UCED 19 (21)
Oth
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where e,—represents the error of the obtained values; vy,—represents the theoretical aver-
age speed of the water; and vcrp—water velocity obtained by CFD simulation.

Table 7. Flow characteristics in case of blocked TA.

MT Diameter, d; [mm] 0.76 0.90 1.02

Wall layer thickness, [mm] 0.133 0.158 0.179
Maximum velocity, Uy [m/s] 83.824 59.847 46.636
Average velocity CFD, vcrp [m/s] 65.041 46.398 36.134

Average theoretical velocity vy, [m/s] 67.343 48.021 37.38

Velocity error, & [%] 341 3.37 3.33
Reynolds number, Re 3015.9 2546.78 2246.76

The maximum flow velocity was obtained in the axis of symmetry for all three values
of the diameters, and the thickness of the wall layer was determined according to the point
where the velocity graph changes its slope.

From Table 7, it can be seen that only in the case of the tube with a diameter of 0.76 mm
the flow is turbulent, and in the other two cases it is transient. However, the graphical form
of the distribution of water velocities at the exit of the tube openings is of a turbulent type,
according to the CFD simulation performed.

3.2.2. Case II—Free Entry through the Abrasive Tube

In this analysis, it was considered that the fluid enters both through line L14 of the
geometric model, and through the space intended for the abrasive material to enter the
mixing chamber (L15). It was taken into account that the fluid from the abrasive medium
enters the mixing chamber with the same flow rate, regardless of the sizes of the nozzles
adopted. Since the construction of the cutting head is asymmetric, it was hypothesized
that the fluid from the abrasive medium flows into the mixing chamber through a lateral
surface generated by line L15, according to the relation:

A apr = T-Daye-hpgs = 71:0.005-5.8:1072 = 91.12:10 °m? (22)

where Aj ,,,—the lateral flow area of the abrasive through the MC wall; DMC—diameter
of the mixing chamber; and /i ;5—the height of the L15 generator in the geometric model.

Knowing the flow rate of the fluid through the TA, from the law of continuity, the
average velocity of the fluid entering through the TA is determined, with the relation (23):

’ Qg 4991107°
oAb AL e 91121076

- 0.547? (23)

where v, ;;,,—represents the average flow speed of the abrasive in the case of free TA;
Qg—fluid flow through TA.

Knowing that the direction of fluid entry from TA to MC is at an angle of approximately
30 degrees to the horizontal, it follows that the value of the horizontal component of the
velocity is 0.471 m/s, and the vertical component is 0.277 m/s.

Figure 19 shows the speed contour obtained by CFD analysis in the case of free TA.
Unlike the previous case, the velocity values along the mixing tube can reach up to 240 m/s.
It follows that the cutting head assembly acts as an amplifier depending on the input
velocity of the abrasive medium.

The graphic form of the distribution of water velocities through the adopted openings
of the MT is similar to those analyzed in the blocked TA case, except for their values, as
shown in Figure 20. This is due to the fact that fluid flows through the TA at a certain rate,
and this leads to the amplification of the values of the velocities in the mixing tube.
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Figure 19. Velocity distribution in case of free TA.
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Figure 20. Variation in water velocity through MT in case of free TA.

The flow characteristics resulting from the CFD analysis through the active elements
of the cutting head, in case of unlocking the TA circuit, are presented in Table 8. In order to
highlight the amplification phenomenon produced by the CH assembly with the help of
the TA circuit, the notion of amplification factor (ca) was introduced, both in the case of
the average speed and in the case of the maximum speed. Their expressions are given by
relations (24) and (25).

Cam = OmBL 2.606 (24)
Om,DBL
Comt = —MBL _ 5 505 (25)
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Table 8. Flow characteristics in the case of free TA.
MT diameter, d; [mm)] 0.76 0.90 1.02
CFD average velocity, vcrp [m/s] 169.553 120.947 94.186
Maximum velocity, vp; [m/s] 217.57 155.31 121.01
Reynolds number, Re 1.276 x 10° 1.078 x 10° 0.951 x 10°
Wall tangential stress, T, [Pa] 5.895 x 10% 3.115 x 10* 1.943 x 10*
Friction velocity, vf [m/s] 7.685 5.586 4412
Reference length, y; [m] 1314 x 1077 1808 x1077 2289 x 1077

In the relations (24) and (25), with the speed amplification factor noted, the m/M
indices refer to the average and maximum values of the velocities, and the BL/DBL indices
refer to the case of TA in locked and free state, respectively.

It is observed that the amplification factor remains the same for all adopted MT
sizes, both in the case of the maximum speed and in the case of the average speed. This
is due to the fact that the fluid inlet velocity through the TA is the same for all three
adopted dimensions.

According to [8,31], water jets typically exhibit high Reynolds numbers, and as the
Reynolds number increases, the influence of turbulence becomes more significant.

The values of the Reynolds number presented in Table 8 are somewhat lower than the
range reported in other studies. For instance, [31] provides an overview of the experimental
parameters for water jets, indicating Reynolds number values in the range of 163,000 to
180,000. This comparison highlights that while the Reynolds numbers in this study are
high, they are still below the typical range reported in [31], suggesting that the turbulence
effects in this study might be less pronounced than those observed in the higher range of
Reynolds numbers.

Figure 21 graphically shows the distribution of water velocities at the exit of the CH,
in the case of the mixing tube with a diameter of 0.76 mm, depending on the ratio between
the radius of the tube and the reference length. As can be seen, the graphic form of the CFD
velocity distribution is specific to turbulent flow, a fact also demonstrated by the value of
the Re number.
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Figure 21. Variation in water speed through MT with a diameter of 0.76 mm.

The distribution law of water velocities in the cross section of the tube is given by
the relation (26), this being obtained under the assumption that the logarithmic flow law
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applies to the entire MT-section. Additionally, this shape was obtained by dividing the
trend curve of the flow velocities by the friction velocity vy.

% = 2.552:In(x) + 5.397 (26)

By analogy with the logarithmic law describing the turbulent motion, the constants

can be identified: A = 2.552 and B = 5.397. As can be seen, the matching factor of the CFD

results with the logarithmic velocity distribution law is 60.18%. This demonstrates that the

logarithmic law is not quite appropriate over the entire flow section of the tube, and each
turbulent layer in the flow constitution must be treated separately.

4. Conclusions

The analysis of water flow through the active parts of an AW] machine using both
analytical methods and CFD simulations yielded significant insights. The study demon-
strated the complex nature of turbulent flow through the ruby orifice, highlighting the
importance of considering multiple flow zones to accurately predict velocity distributions
and pressure drops.

Since the flow regime through the orifice of the ruby nozzle is turbulent, the analytical
study was conducted taking into account that in the cross section of the nozzle, there are
four flow zones measured from the wall symmetry axis, the thicknesses of these layers, as
well as the average velocities obtained, were determined. Using these values, the distri-
bution curves of the average analytical and theoretical flow velocities were obtained. The
theoretically determined logarithmic law within the analytical analysis has the constants
A =2.352 and B = 5.002. These values were obtained considering a nozzle wall roughness
value of 0.012 um. The thickness of the wall layer has the value of 0.0181 mm, meaning
14.49% of the ruby nozzle radius, this value being very close to 15% according to [23]. In the
analytical calculation of the stationary turbulent motion, the friction velocity was calculated
obtaining the value of 27.59 m/s, as well as the tangential wall stress with the value of
0.76 MPa.

The pressure drop obtained in the numerical simulation shows two values: along the
axis of symmetry, it is 9.649 MPa, and at the nozzle wall, it is 12.431 MPa. It was found
that the pressure varies at the nozzle inlet following a power law. The same graphical
configuration of the pressure was obtained in the work [32]. The maximum water velocity
was determined to be 642.46 m/s, distributed over an interval corresponding to the central
flow zone, measured at 0.038 mm from the nozzle wall. The average flow velocity distribu-
tion law obtained in this case is logarithmic, with the coefficients of this equation being
A =2375and B =5.013. According to the logarithmic velocity distribution law from the
CFD analysis, the average velocity at the end of the intermediate zone corresponds to a
thickness of 0.018 mm is 544.65 m/s.

It was observed that at the exit of the ruby nozzle orifice, the water velocity is lower
along the axis of symmetry compared to the interval toward the wall. At a certain distance
from the ruby orifice exit, the water velocity along the axis of symmetry increases to values
of 1100 m/s for the nozzle with a 0.2 mm orifice. This leads to the divergent nature of
the jet, which entrains the surrounding medium (it can act as a velocity amplifier in the
CH assembly).

From the flow analysis through the tubes in the blocked /free TA situations, an increase
in water velocities is observed in the free TA case with an amplification factor of 2.606 for
the average velocity and 2.595 for the maximum velocity. Due to the extreme velocities
(approx. 725 m/s) developed by the water nozzles, a vacuum pressure is produced in the
MC, which entrains the connecting media (e.g., air and abrasive particles).

For the mixing tube with a diameter of 0.76 mm (usual size for the WUXI YCW]-380-
1520 machine), the average water velocity at the exit was 170 m/s, and the maximum
was around 217 m/s. In some materials [33], the velocities adopted in the AW] impact
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study are in the range of 180-220 m/s, confirming the validity of the previously presented
calculations and assumptions.

The tangential stresses developed during turbulent flow were determined, not exceed-
ing the critical stress values of the MT wall material.

The coefficients and distribution law of the velocities in the cross section of the MT with
a diameter of 0.76 mm were established. Due to the poor fit of the trend curve Formula (24)
over the CFD results, it follows that the velocity distribution law is not logarithmic across
the entire MT section.

Our findings show that the theoretical models, validated by CFD simulations, can
effectively describe the flow characteristics in different zones, from the viscous substrate to
the turbulent core. The results also underscore the necessity of incorporating detailed flow
analyses in the design and optimization of AW] machine components to enhance cutting
efficiency and precision.

Future work should focus on extending this analysis to include the effects of abra-
sive particle interactions and varying operational conditions. Additionally, experimental
validation with a broader range of nozzle geometries and flow rates would further refine
the predictive capabilities of the models developed in this study. By advancing our under-
standing of water flow dynamics in AW] machines, we can contribute to the development
of more efficient and precise machining processes, ultimately benefiting a wide range of
industrial applications.
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