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High-pressure water jets are often used as a tool for cleaning, cutting or for modification of

the  surface morphology. The nozzle design has a considerable influence on cavitation and

wear  effects as well as on the nature of the exiting jets. Different applications are affected

by  different flow regimes, such as cavitation or hydraulic-flip, which depend on the radius

of  the nozzle edge.

In this work, the turbulent two-phase flow within two different nozzle types is analyzed

using  Computational Fluid Dynamics. The focus was to establish a relationship between the

geometry of these nozzles and the flow phenomena as well as between wall shear stress

and  the wear, which leads to the change of the water jet shape and reduces the lifetime

of  high-pressure nozzles. The performed variation of the nozzle edge from sharp to round

showed a significant influence on the maximum wall shear stress and cavitation. Addition-

ally,  the inner surface of used nozzles was investigated with Scanning Electron Microscope.

Numerous marks of erosion were found at the nozzle edge. For the validation, the volumet-

ric  flow rate through the nozzles was measured at different inlet pressures and compared
with the simulation results, which showed a good agreement.

© 2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
1.  Introduction

High-pressure water jet (HPWJ) nozzles with circular orifices are avail-

able for different applications, such as cleaning, cutting, deburring and

modification of surface morphology. In the chemical industry, the pres-

sure of HPWJ nozzles for cleaning go up to approximately 50 MPa.

Whereas in classical mechanical engineering HPWJ nozzles are mostly

used to transfer forces onto metallic or concrete materials. Therefore,

correspondingly higher operating pressures in the range from 100 MPa

to 600 MPa are required (Powell, 2017). To cut metallic or any other

material effectively, abrasives are mixed to form an abrasive water jet

(Hashish, 1988).

Depending on the geometry of the HPWJ nozzle, different flow

forms occur within the nozzle. For cutting processes, HPWJ noz-
zles with a sharp inlet edge are used, which generate the so-called
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hydraulic-flip (Tafreshi and Pourdeyhimi, 2004). This flow state inside

the nozzle allows a coherent and stable water jet with low turbulence.

High-pressure nozzles for cleaning applications have a cone-capillary

geometry and generate a turbulent water jet. It is known from the lit-

erature that cone-capillary nozzles have a higher discharge coefficient

and therefore deliver a higher energy per unit time (Begenir et al., 2004).

However, the cone-capillary nozzles form a partially atomized water jet

and have a shorter break-up length when compared to capillary nozzles

(Anantharamaiah et al., 2006).

In many works, flow behavior in different shaped nozzles was

studied both numerically and experimentally. The pioneer work of

Wolfgang von Ohnesorge in 1936 (Ohnesorge, 1936) described for the

first time the droplet formation and atomization of liquid jets. His

findings provided flow regimes of liquid jets at different Reynolds

and Weber numbers. Later, inspired by the development of more effi-

cient diesel engines, the atomization of diesel fuel was extensively

researched (Bergwerk, 1959). More detailed investigations of instabili-

ties in liquid jets were made possible by high-speed photography (Hoyt
and Taylor, 1977). A methodical investigation of the jet breakup pro-

ier B.V. All rights reserved.
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Nomenclature

A0 Reference area (m2)
 ̨ Volume fraction (–)

Cd Nozzle discharge (–)
� Viscosity (Pa s)
� Surface tension coefficient (N m−1)
� Density (kg m−3)
�0 Reference density (kg m−3)
K0 Bulk modulus (Pa)
ṁ Mass flow (kg s−1)
m Mass (kg)
n Density exponent (–)
nB Bubble number density (–)
p Pressure (Pa)
p0 Reference pressure (Pa)
q̇ Volume flow rate (m3 s−1)
R Bubble radius (m)
Re Reynolds number (–)
t Time (s)
kl Turbulence kinetic energy (J/kg)
UBern Jet velocity at constant density (m s−1)
Uth Theoretical jet velocity (m s−1)

Abbreviations
CFD Computational Fluid Dynamics
HPWJ High-pressure water jet
STEP Standard for the exchange of product model

data
STL Stereolithography
�CT Micro-computed tomography
SEM Scanning electron microscopy
EDX Energy dispersive X-ray spectroscopy
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ess can be found in (Kuo, 1996). The modelling of the primary breakup

f high-speed jets remains challenging to this day and one of the first

pproaches was made by (Yi and Reitz, 2004).

In more recent years, Ghassemieh et al. (2006) investigated exper-

mentally the flow of small water jets with pressures up to 12 MPa.

heir findings showed that a sharp inlet edge in capillary nozzles is

esponsible for flow detachment. They also reported that wear of noz-

les depends on the nozzle material, the volume flow rate and the water

ardness. Due to wear, the efficiency of the water jet is reduced and the

ozzle must be replaced. Small solid particles can cause chipping of the

rifice in ceramic-based nozzles (Susuzlu et al., 2004). Anantharamaiah

t al. (2006) performed a numerical study on the degradation of pure

ater jet nozzles with pressures up to 20 MPa. Their findings provided

vidence that the degradation of steel nozzles takes place because of

tress-induced corrosion. They also examined cone-capillary and capil-

ary nozzles and gave an overview of the operating conditions. Another

ype of wear is erosion by cavitation, which mainly depends on the

esign of the nozzle edge radius, (Simpson and Ranade, 2018). Abra-

ive wear due to solid particles can also occur with poor water quality

n steel nozzles (Wright et al., 2003).

The rounding of the inlet edge of a nozzle has a great influence on

he shape of the liquid jet. The ratio of the nozzle edge radius to the

rifice diameter is commonly referred as r/d. A simple expression for

redicting of the inlet roundness for capillary nozzles was published

y Anantharamaiah et al. (2007). Experimental investigations of free

ater jets (Gong et al., 2016; Hoyt and Taylor, 1977) have shown the

mmense influence of nozzle flow on atomization at higher Reynolds

umbers. Another important factor for nozzles is the ratio of nozzle
ength to nozzle diameter, commonly referred to as l/d. The ratio of l/d

ogether with the Reynolds number, influences the jet turbulence, jet
breakup length and the discharge coefficient (Lefebvre and McDonell,

2017). Cavitation phenomena commonly occur due to the presence of

a sharp edge, which causes a deflection of the flow. With smaller l/d

ratios, the vapor cavitation bubbles can directly reach the nozzle outlet.

A larger l/d ratio has the opposite effect (Zandi et al., 2015).

In addition, cavitation affects the water jet break-up. Sou et al. (2007)

showed the effect of cavitation on atomization in two-dimensional like

nozzles and defined different regimes of cavitation. It turned out that

super cavitation lead to a spray forming at the nozzle outlet, whereas

a further increase of cavitation causes the hydraulic-flip regime.

Cavitation is a phenomenon which is used in various processes, see

for example (Bałdyga et al., 2009; Duerkop et al., 2018; Niazi et al., 2014).

However, the cavitation can lead to increased wear of a component as

an undesirable side effect (Haosheng et al., 2007).

Due to high pressures, the experimental study of the flow inside

the nozzle is difficult or not possible. Numerical simulations can make

an important contribution to understanding the flow process within

the high-pressure nozzles (Annoni et al., 2014). In a study performed

in (Zandi et al., 2015) cavitation was numerically investigated in a noz-

zle for diesel atomization. This study showed that with the increasing

cavitation the discharge coefficient decreases. The reason for this is the

constriction of the cross-section of the orifice by the vapor phase.

In this paper, a detailed numerical investigation of the flow in two

nozzle types is presented. For the first nozzle type, a capillary nozzle

with a sharp inlet edge, the hydraulic-flip was simulated at different

pressure values. In the second nozzle type, a cone-capillary nozzle, the

cavitation phenomena, which can lead to severe wear, were numeri-

cally investigated at different pressures and radii of the inlet edge. A

further aim of the performed investigation was the quantification of

the wall shear stresses in the two nozzle types that cause or contribute

to wear, especially in steel nozzles (Wright et al., 2003). Additionally,

the wear patterns on both nozzles were examined and compared with

the simulation results. For both nozzle types, volumetric flow rate mea-

surements and water jet visualizations were carried out and compared

with the simulations.

2.  Materials  and  methods

2.1.  Modeling  of  the  two-phase  flow

The model of a two-phase flow used in this work is based
on the mixture approach (Manninen et al., 1996), where each
of the two fluids may penetrate each other. For both phases,
only one continuity and one momentum equation are solved.
Therefore, no interaction between the two phases, such as sur-
face tension, is taken into account by the simulation. The fluid
properties are calculated on a mass-weighted average basis.
The continuity equation is given by:

∂

∂t
(�m) + ∇ ·

(
�m

→
v m

)
= 0, (1)

where
→
v m =

n∑
k=1

˛k�k

→
v k

�m
is the mass-averaged velocity and �m =

n∑
k=1

˛k�k is the mixture density with ˛k as the volume fraction

of the phase k, which was defined as water and air for the
capillary nozzle and water and vapor for the cone-capillary
nozzle.

The equation of momentum of the mixture is given by:

∂

∂t

(
�m

→
v m

)
+ ∇ ·

(
�m

→
v m

→
v m

)
= − ∇p
+ ∇ ·
[

�m

(
∇→

v m + ∇→
v

T

m

)]
, (2)
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with the viscosity of the mixture �m =
n∑

k=1

˛k�k.

For the cavitation modeling the Schnerr-Sauer model was
used (Sauer et al., 2000), which describes the mass transfer
from liquid to vapor by the vapor transport equation:

∂

∂t
(˛�v) + ∇ ·

(
˛�v

→
Vv

)
= Re − Rc, (3)

where �v is the vapor density and
→
Vv is the vapor phase veloc-

ity. On the right-hand side, Re and Rc are the source terms,
which connect the growth and the collapse of the vapor bub-
bles, respectively.

The Rayleigh–Plesset equation is used to describe the bub-
ble growth depending on the local pressure (Sauer et al., 2000):

RB
d2RB

dt2
+ 3

2

(
dRB

dt

)2

= pv − p

�l
− 2�

�lRB
− 4

�l

�lRB

dRB

dt
,  (4)

where RB describes the bubble radius, pv is the partial pres-
sure of vapor (index v, vapor), p is the local pressure, �l is the
density of liquid (index l, liquid), and � is the surface tension.
By neglecting the second-order terms and the surface tension
force, Eq. (4) can be simplified to:

dRB

dt
=

√
2 (pv − p)

3�l
. (5)

The cavitation flow is modeled as being isothermal with
no latent heat of vaporization. The growth and collapse flow
rates of bubbles are modeled as follows:

Re = Fvap
�v�l

�
˛ (1  − ˛)

3
RB

√
2 (pv − p)

3�l
, pv > p,

Rc = Fcond
�v�l

�
˛ (1  − ˛)

3
RB

√
2 (p − pv)

3�l
, pv < p,

(6)

where Fvap and Fcond are empirical coefficients, which were set
to 1 and 0.2, respectively (Khaware et al., 2019). The mixture
density is defined as � = ˛�v + (1 − ˛) �l, with  ̨ as the vapor
volume fraction, which describes the volume fraction of spher-
ical bubbles per volume of the computational cell:

 ̨ = nB
4
3 �R3

B

1 + nB
4
3 � R3

B

. (7)

The following equation considers the influence of turbu-
lence on vapor pressure:

pv = psat + 1
2

T�lkl, (8)

where psat is the saturation pressure of vapor, T is the turbu-
lence coefficient which has a default value of 0.39, this value
is reported originally by Singhal et al. (2002), and kl is the tur-
bulence kinetic energy. The bubble radius RB is calculated as
follows:

RB =
(

˛

1 − ˛

3
4�

1
nB

) 1
3

. (9)
The bubble number density nB can be determined from
experiments (Brennen, 1995).
2.2.  Theoretical  velocity  of  the  high-pressure  water  jet

Since water becomes compressible at sufficiently high
pressure, the velocity calculation will be affected by the
compressibility. The following three equations are used to cal-
culate the velocity of the jet with water as a compressible
liquid (Susuzlu et al., 2004). The equation of state for the den-
sity is given by:

�l = �0

(
1 + p

nK0

)n

, (10)

where �0 is the standard water density (25 ◦C, 1 bar), n is the
density exponent and K0 is the reference bulk modulus, which
describes the compressibility of the water and depends on
temperature and pressure (Susuzlu et al., 2004). From Eq. (10)
and Bernoulli’s equation:

Ubern =
√

2p

�
, (11)

the theoretical jet velocity Uth can be found as:

Uth =
√

2nK0

�0 (1 − n)

[(
1 + p

nK0

)1−n

− 1

]
. (12)

At p = 325 MPa and a constant density of 998.2 kg/m3, Eq. (11)
gives the velocity Ubern. = 806.95 m/s. With compressible den-
sity, the density increases up to 1155 kg/m3 at p = 325 MPa,

n = 7.15 and K0 = 2.2 GPa (at 25 ◦C, value rises with pres-
sure) (Walker et al., 2008). Due to the compressibility of the
water, the speed of the water jet changes slightly, resulting in
Uth = 778.23 m/s  see Eq. (12). The difference is around 3.5%.

Another important value for nozzle flow is the nozzle dis-
charge coefficient Cd, which can be calculated from the real
volume flow rate q̇ as:

Cd = q̇

A0Uth
, (13)

where A0 is the cross section area of the nozzle outlet.

2.3.  Geometry,  numerical  mesh  and  parameters

The studied capillary nozzle had a nominal diameter of 80 �m
and a sapphire orifice insert. This nozzle is available from var-
ious manufacturers under the name: sapphire nozzle type 18.
The investigated cone-capillary nozzle was purchased from
WOMA® (Form 21LL) and has a nominal diameter of 500 �m.
The geometries of the nozzles were obtained from �CT scans
(Fig. 1), which were performed with a Werth Tomo Scope® HV
Compact tomograph. For the 500 �m nozzle the resolution of
the scan was sufficient and it turned out that the orifice had a
slightly smaller diameter of 489 �m.  The data from �CT scan
were used for the mesh generation, but in the further course of
this paper, we  still refer to this nozzle as 500 �m.  For the 80 �m
nozzle, the scan was insufficient to resolve the small orifice.
Therefore, in the CFD simulation we assumed the diameter
to be 80 �m as it was specified by the manufacturer. The STL
geometry files obtained from the �CT scans were transferred
to STEP 3D geometry files using a reverse engineering process.
Based on the geometry, the computational mesh was created.

For the first nozzle type, the whole flow domain was used
for the simulation. For the second nozzle type, only the inter-
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Fig. 1 – Reconstructed geometries of studied nozzles obtained from �CT scans: (left) capillary nozzle with sharp edge (r = 0
mm) and 80 �m orifice diameter (sapphire nozzle of the type 18), (right) cone-capillary nozzle with 500 �m orifice diameter
and edge radius of approximately 1 mm (WOMA® Form 21LL).

Table 1 – Mesh independence analysis for the conical
nozzle at 750 bar.

Coarse Medium Fine

Number of cells 1,176,902 1,270,103 1,370,978
Dimensionless wall distance y+ 7.7 0.47 0.28
Mass flowrate / kg/s 0.06906 0.06935 0.06938
Max. velocity / m/s 384.62 384.62 384.62
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al geometry was simulated to investigate the effects on wall
hear stress and cavitation.

Square grid elements were used for the simulations and
reas of interest were refined using the method of hanging
odes. Mesh independence analysis was carried out exem-
larily with the conical nozzle at a pressure of 750 bar. The
riginal mesh was locally refined several times to achieve

 y+ value less than unity. The results are summarized in
able 1. The largest deviations in the mass flowrate were
ound between the coarse and medium mesh. Further refine-

ent from medium to fine did not result in a large deviation.
herefore, a y+ value <0.5 was set for both nozzle types in all
imulations of this study.

Boundary conditions and mesh for the two nozzles are
epicted in Fig. 2. For the 80 �m capillary nozzle, the influ-
nce of the pressure on the nozzle discharge coefficient and
n the maximum wall shear stress is studied. Three inlet pres-
ures were simulated: 125 MPa,  200 MPa and 325 MPa. In all
imulations of this nozzle, the nozzle edge radius and the
ength of the capillary were constant at 0.08 mm and 0.17 mm,
espectively. This results in a ratio of nozzle edge radius to the
rifice diameter of r/d = 0 and a nozzle length to nozzle orifice
iameter of l/d = 2.125.

Whereas the 500 �m cone-capillary nozzle besides the inlet
ressure variation, 75 MPa,  125 MPa and 200 MPa,  three differ-
nt nozzle edge radii were examined: r = 0 mm,  r = 0.1 mm
nd r = 1 mm.  The obtained effects on the flow behavior and
avitation are evaluated depending on the corresponding ratio
etween the edge radii to the nozzle orifice diameters: r/d = 0,
/d = 0.2 and r/d = 2, see Fig. 2b. The ratio of nozzle length to
he nozzle orifice diameter results in l/d = 2.5. All cases were
efined as 2D-axisymmetric.

All numerical simulations were performed with Ansys
luent 19.0 applying a steady state approach. The k�-SST
urbulence model has been selected, since it shows good pre-
ictions on adverse pressure gradients and separation of the

ow. Additionally the viscous boundary layer can be resolved
ith a fine mesh (Menter, 1994). For the modeling of the cav-
itation, we assumed a constant “bubble number density” nB

of 1013 see Eq. (7) since many  authors reported good results
using this value (Li et al., 2010; Liu, 2013; Shi et al., 2019). With
the turbulence coefficient of 0.39, local pressure fluctuations
are taken into account in the cavitation model (Soriano Palao,
2009). For the numerical convergence, both the residuals and
values of interest, such as mass flow imbalance, maximum
flow velocity and maximum wall shear stress were monitored
during the simulation.

2.4.  Experimental  setup

Volumetric flow rates through the two studied nozzles at dif-
ferent pressures were measured and photographs of the water
jets were taken. The pumps UHDE HP19/45-S and 45M/P12-
1502/P20 were used for the capillary nozzle and cone-capillary
nozzle respectively. A Nikon d7200 CMOS camera with a Zeiss
50 mm,  f/2 lens was utilized with a Nanolite 120 ns flash sys-
tem. Photographs were taken in a completely dark room with
a relatively slow shutter speed of 1/15 s. Therefore, only the
light from the Nanolite flash exposed the sensor. The aper-
ture was set to f/2, which provided good light intensity and a
sufficient depth of field (Urazmetov et al., 2019).

In the case of the capillary nozzle, the water was collected
in a container for the volumetric flow measurement and the
time was measured. For the cone-capillary nozzle, which has
a larger orifice, an ultrasonic flow meter was used.

The wear signs of the nozzles were examined with two
different Scanning Electron Microscopes (SEM). With the cap-
illary nozzle, the images were taken by a SEM Thermo Fisher
Phenom 2G pro, while the Hitachi SU8000 was used with the
cone-capillary nozzle.

3.  Simulation  results

3.1.  Capillary  nozzle

The velocity magnitude in the capillary nozzle at three sim-
ulated pressures is presented in Fig. 3. Depending on the
inlet pressure (125 MPa, 200 MPa and 325 MPa), the obtained
maximum flow velocities are 495 m/s, 622 m/s  and 785 m/s,
respectively.

Fig. 3b shows the velocity profiles inside the nozzle for the
125 MPa inlet pressure as the ratio of the flow velocity U to the
theoretical velocity Uth, see Eq. (12), in three different locations

as indicated in Fig. 3a. On the y-axis, the radial position Y in
the nozzle is given in relation to the nozzle diameter d. The
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 of t
Fig. 2 – Boundary conditions, geometry and numerical mesh

water flow at the inlet section of the nozzle has a high velocity
gradient near the wall. At this location, the water jet is formed
and interacts firstly with ambient air. The other two locations
nozzle mid  and nozzle out show that the airflow near to the wall
moves in the opposite direction to the water jet.

The water jet is in the hydraulic-flip flow state for all three
pressure values. The flow of the water is detached from the
wall, which has been caused by cavitation inside the nozzle
(Fig. 4a). When the vapor exits the nozzle, and it mixes with
ambient air, thus replacing the vapor inside the nozzle, which
prevents further cavitation. Near the wall of the orifice, the
airflow can be observed, which is being pulled in by the low
pressure of the water jet. This results in a stable water jet.

The airflow circulates inside the capillary of the nozzle
(Fig. 4b). For this reason, in a zone between these two counter-
streaming flows, at approximately Y/d = 0.45 the velocity is
almost zero. Another interesting fact is that the air velocity
reaches 140 m/s, i.e. about 30 % of water jet velocity. However,

since the compressibility of air is being neglected, these find-
ings must be taken with caution. Part of the airflow does not
he capillary nozzle (a) and the cone-capillary nozzle (b).

enter the capillary of the nozzle and mixes with the airflow
surrounding the water jet (Fig. 4b right). If there are droplets
in this area, they will be drawn in by the airflow into the water
jet, which will lead to a disturbance of the water jet as was
shown in the simulation of Annoni et al. (2014).

A higher inlet pressure leads to a higher flow velocity and
thus to a higher Reynolds number. Fig. 4c shows the discharge
coefficient obtained for the capillary nozzle. The discharge
coefficient is slightly influenced by the Reynolds number.
Increasing the Reynolds number by 1.7 times (from 36,000 to
62,000) increases the discharge coefficient less than by 2.5%
(from 0.612 to 0.627), which is caused by the compressibility
of water.

The simulation of the capillary nozzle reveals high wall
shear stresses at the nozzle edge. In order to show the shear
stress distribution in the most stressed area, the wall shear
stress was plotted in Fig. 5a from the nozzle edge to about 2
�m into the nozzle interior. The position of 40 �m corresponds

to the sharp edge on the nozzle, where the flow detaches
from the wall. The wall shear stress decreases rapidly with
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Fig. 3 – a) Velocity magnitude in the capillary nozzle at different pressures, b) velocity profiles at three locations of the
c

i
a
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t
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T
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n

apillary nozzle at 125 MPa.

ncreasing radial position from the nozzle edge. Although the
bsolute wall shear stress increases with increasing inlet pres-
ure, the normalized values of the wall shear stress display a
eversed effect, Fig. 5b. This can also be explained by the fact
hat the water is compressible, similar to the greater difference
etween the velocities at constant and variable density.

.2.  Cone-capillary  nozzle

he flow velocity distribution inside the cone-capillary nozzle
btained by the simulation with the original geometry from

CT scans is shown in Fig. 6a. In this figure, three different
ozzle edge radii are compared for a constant nozzle orifice
diameter. The flow was calculated at inlet pressures of 75 MPa,
125 MPa and 200 MPa. Contrary to the capillary nozzle, where
the flow detaches from the wall, no flow separation in the
cone-capillary nozzle occurs. At the rounded transition from
conical to cylindrical orifice part of the nozzle, a very thin
boundary layer can be observed which leads to the highest
values of shear stress in this region of the nozzle. The width
of the boundary layer increases in the direction of the nozzle
outlet.

As expected, a higher inlet pressure leads to a higher flow
velocity and the maximum values of 385 m/s, 495 m/s  and 622

m/s  are reached at 75 MPa, 125 MPa and 200 MPa,  respectively.
The nozzle with the ratio of radius to diameter of 2 shows
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Fig. 4 – a) Hydraulic-flip flow condition and b) vectors of velocity in the capillary nozzle at 125 MPa,  at nozzle in location (left)
and at nozzle out location (right), c) discharge coefficient.

Fig. 5 – a) Wall shear stress at the inlet edge, b) normalized (wall shear stress divided by inlet pressure) wall shear stress

obtained for the capillary nozzle.

a more  uniform velocity profile. For nozzles with sharp edge
and with the radius to diameter ratio of 0.2, a higher velocity
gradient at the nozzle edge can be observed.

Fig. 6b compares the cavitation effects in the nozzles with

the sharp edge (r/d = 0) and edge with the smaller radius (r/d
= 0.2). The water is accelerated due to the narrowing of the
cross-section. When the nozzle edge is reached, the following
scenarios can occur depending on the geometry. If the radius
of the nozzle edge is large enough so that the water flow can

follow the contour of the nozzle, no cavitation occurs. At a
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Fig. 6 – a) Velocity magnitude for three r/d ratios and b) cavitation at the sharp edge (r/d = 0) and the small radius (r/d = 0.2)
i
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n cone-capillary nozzle at three different pressures.

harp edge or at a smaller radius, the flow cannot follow the
ontour of the nozzle and detaches from the wall, which leads
o a backflow. As a result, a strong negative gauge pressure is
reated in the backflow area. If pressure falls below the vapor
ressure, a phase transition takes place resulting in formation
f vapor bubbles and cavitation. In areas with a higher pres-
ure, the vapor bubbles collapse. The cavitation zone is very
hin and the nozzle with r/d = 0 exhibits higher cavitation than
he r/d = 0.2 nozzle. In the nozzle with sharp edge, r/d = 0, the
apor reaches the nozzle outlet, which can significantly influ-
nce the atomization of the water jet (Sou et al., 2007). For the
/d = 0.2 nozzle most of the vapor condenses before reach-
ng the nozzle outlet. The r/d = 2 nozzle was not affected by
avitation in the simulation.

Fig. 7 shows the velocity profile at the nozzle outlet at dif-
erent inlet pressures. It is evident that the velocity profiles
re significantly influenced by cavitation. Interestingly, the

ozzle r/d = 0.2 has a velocity profile with the smallest bound-
ry layer, which can be explained by the condensation of the
vapor phase. The condensation disturbs the development of
the velocity profile. The nozzle with the sharp edge produces a
higher amount of vapor, which does not fully condense. Thus,
a mixture of water and vapor exits the nozzle. As expected, the
velocity profile for the r/d = 2 nozzle shows a small increasing
velocity gradient with increasing pressure.

The predicted discharge coefficient at different operation
parameters is presented in Fig. 8a and b. The discharge coeffi-
cient increases with the Reynolds number for all varied radii.
This can be attributed to the reduction of the viscous sublayer
and the compressibility of the water that subsequently leads
to a higher discharge value.

Due to occurring cavitation, a contraction of the effective
cross-section takes place. Therefore, the sharp edge at r/d =
0 leads to a lower discharge coefficient. For the same rea-
son, the discharge coefficient at the smaller radius of r/d =
0.2 is in between. The influence of r/d ratios on the flow coef-

ficient is depicted in Fig. 8b. The increase of r/d from 0 to 0.2
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Fig. 7 – Influence of pressure on the velocity profile at the outlet of the cone-capillary nozzle for different ratios of radius to
diameter r/d at: a) 75 MPa,  b) 125 MPa,  and c) 200 MPa.

Fig. 8 – Influence of radius to diameter ratio r/d of cone-capillary nozzle on the discharge coefficient Cd at different Reynolds
numbers (a) and pressures (b) as well as on the maximum (c) and normalized (d) wall shear stress at different pressures.

Table 2 – Volume flow rate for the capillary nozzle (Ø 80 �m)  and cone-capillary nozzle (Ø 500 �m and r/d = 2).

Capillary nozzle Cone-capillary nozzle

Pressure Simulation flow
rate in l/min

Experiment flow
rate in l/min

Div.  in % Simulation flow
rate in l/min

Experiment flow
rate in l/min

Div.  in %

75 MPa – – – 4.1 4.0 −3.7
125 MPa 0.0919 0.1025 +10.5 5.3 5.5 +2.7
200 MPa 0.117 0.126 +7.6 6.7 6.9 +2
325 MPa 0.149 0.158 +6 – – –
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Fig. 9 – a) High-speed photograph of a water jet generated by the studied capillary nozzle with orifice diameter of 80 �m at
125 MPa.  b) High-speed photograph of a water jet generated by the studied cone-capillary nozzle with the orifice diameter
o
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as a greater influence on the discharge coefficient than the
ncrease from 0.2 to 2.

When calculating the maximum wall shear stress, a strong
ependency on the nozzle radius was found, Fig. 8c. A drop

n the maximum wall shear stress of about 50% was observed
t the nozzle with the small radius, r/d = 0.2, compared to the
ozzle with the sharp edge, r/d = 0. The sharp edge r/d = 0 leads
o cavitation and to the highest calculated wall shear stress.
s expected, the maximum wall shear stress also depends on

he inlet pressure. The same behavior was determined for the
apillary nozzle. The maximum calculated wall shear stress
s located near the nozzle edge. Comparing the results of the
all shear stress for both investigated nozzle types, one can

ee that the cone-capillary nozzle with a sharp edge achieves a
ignificantly lower normalized wall shear stress than the cap-
llary nozzle (compare Fig. 5b to Fig. 8d). The convergent shape
f the nozzle reduces the maximum wall shear stress at the
ozzle edge.

.  Experimental  results

.1.  Volume  flow  rate  measurements

he volumetric flow rate through the capillary nozzle was
easured gravimetrically. The results are given in Table 2.

he deviation of the measurements from the simulations
mounted to 6–8% for the inlet pressure of 200 MPa and 325
Pa,  and to approximately 10% for the pressure of 125 MPa.
hese deviations are caused by the following factors: pressure
uild-up when opening the valve and pressure fluctuations
uring operation. The higher volumetric flow rate of the cone-
apillary nozzle was measured with an ultrasonic flow meter
n the feed pipe of the pump. The results showed a good
greement with the simulation.

.2.  High-speed  photography

igh-speed images were taken to evaluate the shapes of
ater jets, Fig. 9. At first, the water jet from the cap-

llary nozzle is evaluated. The water jet has a laminar,
lass-like structure at the nozzle outlet, Fig. 9a. The photo
emonstrates the initiation of the break-up at a length of
pprox. 40 mm.  The reason for this is the formation of

he hydraulic-flip, which was obtained with the simula-
ion for this nozzle type in Section 3.1. The hydraulic-flip
reduces the disturbances, which can occur due to wall fric-
tion or cavitation. After reaching its break-up length, the
water jet atomizes very strongly due to the aerodynamic
effects.

The water jet produced by the cone-capillary nozzle is
shown in Fig. 9b. Compared to the water jet from the cap-
illary nozzle, the cone-capillary nozzle shows a much more
turbulent water jet at the nozzle exit. It has a milky sur-
face which is caused by light scattering from ruffles on the
surface (Lefebvre and McDonell, 2017). This turbulent behav-
ior is due to the non-detached flow of water inside the
cone-capillary nozzle, as was obtained by the simulation in
Section 3.2.

4.3.  SEM  imaging

Scanning Electron Microscope (SEM) images were used to eval-
uate the signs of wear for both nozzles. First, an unused and
a used capillary nozzle were investigated with SEM (Fig. 10a).
On an unused capillary nozzle, the nearly ideal round shape of
the orifice was observed. The used capillary nozzle has white
areas on the nozzle edge, which indicate first marks of abra-
sive erosion caused by particles impacts. In this region the
highest wall shear stress values were predicted with the sim-
ulation. Due to the strong acceleration of the flow as showed
in the simulation, solid particles can chip the surface. In addi-
tion, deposits of particles can be seen, near the nozzle edge. In
particular, strong limescale deposits within the capillary were
noticed.

To investigate erosion phenomena occurring inside the
cone-capillary nozzle, the nozzle was operated at a pressure
of approximately 95 MPa for a period of three hours and was
mill-cut along the plane of symmetry. The largest and more
frequent appearances of erosion were found on the rounded
edge of the nozzle, see SEM images in Fig. 10b. The damage
therefore appears at the location where the highest wall shear
stresses occur. It is conceivable that the damage was caused by
cavitation. Each nozzle is subject to manufacturing tolerances
and a slightly higher roughness could lead to flow separation
and cavitation in that area. With the help of an EDX (Energy
Dispersive X-ray spectroscopy) analysis, the area around the
eroded zone was examined more  closely (Fig. 10c). A cavity

was formed in which increased values of calcium were deter-
mined.
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Fig. 10 – a) SEM images of an unused (left) and used (right) 80 �m capillary nozzle (inlet of the orifice), b) SEM images of a
used cone-capillary nozzle, first marks of erosion (dark region) at the nozzle radius, c) EDX analysis of a used cone-capillary

nozzle.

5.  Conclusions

In this work, two different high-pressure water jet nozzles
were investigated. The first type of nozzle has a sharp nozzle
edge and a capillary orifice and is used mainly in cutting appli-
cations whereas the second type has a rounded nozzle edge
and cone-capillary geometry and is used mainly for surface
processing. For these applications, different water jets regimes
are preferred, which mainly depend on the flow phenomena
inside the nozzle.

For a detailed study of the nozzles, CFD with multiphase
and cavitation models were applied. A real geometry of

experimentally investigated nozzles was determined by �CT
imaging and high-resolution numerical meshes were derived.
From simulations, detailed velocity profiles and wall shear
stress distributions inside both nozzle types were obtained.
The increasing of the inlet pressure led to an increase of the
maximum wall stress for both nozzle types. In addition, when
comparing the normalized wall shear stresses, significantly
higher values were calculated for the capillary nozzle than
for the cone-capillary nozzle. The maximum wall shear stress
was located at the nozzle edge for both nozzle types. Based
on SEM images, wear patterns in the nozzle edge area were
observed. A connection of wall shear stress and signs of wear
was established. Mechanisms such as erosion corrosion or
abrasive erosion, caused by solid particles, lead to erosion of

the nozzle edge. The latter can be assisted by the wall shear
stress as our investigations suggest. Although stress induced



Chemical Engineering Research and Design 1 6 5 ( 2 0 2 1 ) 320–332 331

w
h
m
o
r

n
r
c
z
t
d
t
c
c
c
t

D

T
fi
a

A

T
7
G
f

R

A

A

A

B

B

B

B

D

G

G

ear patterns were visible, the capillary nozzle operated in the
ydraulic-flip regime. As long as the nozzle edge remains geo-
etrically intact, the flow will separate and hydraulic-flip will

ccur. For the capillary nozzle made of sapphire, a sharp edge
emains a good design choice for achieving the hydraulic-flip.

The geometry variation performed on the cone-capillary
ozzle demonstrated that a higher curvature of the edge
esults in a lower wall shear stress and can significantly reduce
avitation that can lead to a higher wear resistance of a noz-
le. Cavitation also has an influence on the velocity profile at
he nozzle outlet, since the vapor phase interferes with the
evelopment of the velocity profile. The vapor phase narrows
he cross-section of the nozzle, which affects the discharge
oefficient. With increasing cavitation, the discharge coeffi-
ient decreases. With steel cone-capillary nozzles, cavitation
an greatly reduce the service life of the nozzle and should
herefore be avoided.
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geometry and injection conditions on the cavitation flow

Vie
Tafreshi, Vahedi, Pourdeyhimi, B., 2004. Nonwovens Cooperative
Research Center, North Carolina State University, Raleigh, NC,
Cavitation and Hydraulic Flip. Fluent News spring 2004., pp.
38.

Urazmetov, O., Cadet, M., Teutsch, R., Schindler, C., Antonyuk, S.,
2019. Experimental and numerical study of a high-pressure
waterjet: ILASS-Europe 2019. In: 29th Conference on Liquid
Atomization and Spray Systems, Paris, France.
Walker, J., Halliday, D., Resnick, R., 2008. Fundamentals of
Physics, 8th ed. Wiley, Hoboken, NJ, 1 v. (various pagings).

w publication stats
Wright, D., Wolgamott, J., Zink, G., 2003. Waterjet Nozzle Material
Types. StoneAge, Inc. Durango, Colorado, U.S.A. Houston,
Texas, WJTA  American Waterjet Conference.

Yi, Y., Reitz, R.D., 2004. Modeling the primary breakup of
high-speed jets. Atomiz Spr 14 (1), 53–80,
http://dx.doi.org/10.1615/AtomizSpr.v14.i1.40.

Zandi, A., Sohrabi, S., Shams, M., 2015. Influence of nozzle
inside a diesel injector. Int. J. Automot. Eng. 5 (1), 939–954.

http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0155
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0160
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0165
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0170
dx.doi.org/10.1615/AtomizSpr.v14.i1.40
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
http://refhub.elsevier.com/S0263-8762(20)30536-0/sbref0180
https://www.researchgate.net/publication/347841455

	Investigation of the flow phenomena in high-pressure water jet nozzles
	1 Introduction
	2 Materials and methods
	2.1 Modeling of the two-phase flow
	2.2 Theoretical velocity of the high-pressure water jet
	2.3 Geometry, numerical mesh and parameters
	2.4 Experimental setup

	3 Simulation results
	3.1 Capillary nozzle
	3.2 Cone-capillary nozzle

	4 Experimental results
	4.1 Volume flow rate measurements
	4.2 High-speed photography
	4.3 SEM imaging

	5 Conclusions
	Declaration of interests
	Acknowledgements
	References


