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Abstract

High-pressure water jets bear a great technological potential to enhance geothermal deep drilling. Compared to existing
water cutting technologies, significantly different operation conditions are encountered under deep-drilling conditions, such
as high ambient pressures. The fundamental fluid mechanics are significantly affected by those operation conditions. In
this work we examine the influence of increasing ambient pressure of up to 12.0 MPa on the water jet characteristics under
submerged drilling conditions. PIV measurements of the jet flow field at changing cavitation numbers reveal two character-
istic regimes, which are distinguished by a critical cavitation number. In the cavitating regime, the jet decays considerably
faster with increasing distance to the nozzle than in the non-cavitating regime. In addition to that, an increasing cavitation
intensity shortens the potential core length of the water jet and increases the jet spreading angle and with this has a similar
effect on the jet as increasing turbulence intensity in single-phase flows. Related to the decreasing kinetic energy of the jet
in the cavitating regime, the resulting impact force of the water jet on the specimen surface decreases with increasing cavita-
tion intensity. Our investigations indicate that a technology transfer from water jet cutting to submerged jet drilling requires
adjustments of both nozzle geometries and jet operation conditions.
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1 Introduction

High-pressure water jets are widely used in industry. One
well-known technology is water jet cutting of various mate-
rials, which are processed by a focused liquid jet. In future,
this technology shall be used more intensely in the field
of deep drilling for diverse applications. In the oil and gas
industry as well as in geothermal-related application this
technology is known as jet drilling. Jet drilling is a cost-
effective drilling method which offers the possibility of a
broader use of geothermal energy as a renewable energy
resource. However, knowledge of the fundamental fluid
mechanics is necessary to enable a successful technology
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transfer. Therefore, investigations must take into account
the different operating conditions. The jet drilling process
is already used for enhancement of oil and gas recovery in
non-crystalline rock formations such as sandstone in the
oil and gas industry (Buset et al. 2001; Cinelli and Kamel
2013; Ragab and Kamel 2013). However, a transfer of the
jet drilling process to low-permeable and crystalline rock
formations, which are prevailing in geothermal reservoirs
in several hundred metres depths, raises issues about the
applicability.

Whereas water jet cutting is usually performed at non-
submerged and atmospheric conditions, the jet drilling
process is performed under submerged and pressurised
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conditions. This is because the ambient conditions during
drilling, namely temperature and pressure, will increase
with increasing depth. Ambient conditions will alter the
fluid mechanics and with this the water jet properties
which are crucial for the process. The impact of the pres-
sure condition on the fluid mechanics of the jetting process
itself is not well understood and therefore the focus of the
present study.

Important fluid mechanical parameters for process
characterisation are the available kinetic energy of the jet
and the stagnation pressure. The kinetic energy of a jet
increases with increasing velocity, and the stagnation pres-
sure increases with increasing kinetic energy, which scales
with the potential core length of the jet. The pressure pro-
file of the stagnation pressure on a surface is known to be
closely related to the velocity profile of the impinging jet,
as, e.g., Leach et al. (1966) and Donaldson and Snedeker
(1971) found in their experimental studies (Leach et al.
1966; Donaldson and Snedeker 1971). Therefore, a qualita-
tive statement of the stagnation pressure can be made by
evaluating the velocity profile of the jet. Furthermore, the
resulting impact force on the rock surface increases with
increasing kinetic energy and decreasing spreading angle of
the impinging jet. Thus, the kinetic energy of the jet emerg-
ing from a nozzle and with this the velocity distribution, the
jet spreading angle and the potential core length are quality
measures for jet drilling.

Despite the high back pressure in a borehole, the occur-
rence of cavitation inside the applied nozzles is possible
as the high-speed flow can easily cause cavitation during
operation. Cavitation describes the process of nucleation in
a fluid if the local pressure falls below the vapour pressure
of the fluid (Young 1989; Brennen 1995). For nozzle flows
as investigated here, hydraulic cavitation is of major interest.
Hydraulic cavitation occurs due to a pressure drop inside
the hydraulic system such as it is known from pumps or
nozzles (Ross 2013). The cavitation number 6 is a measure
of the extent of cavitation. Physically, the cavitation num-
ber describes the ratio of the available static pressure to the
dynamic pressure of the flow.

Pp— pV<TB)
1/2 hLc

Here, py denotes the back pressure and the vapour pres-
sure is given as py(Tp). It is a function of the ambient tem-
perature. The fluid density p; and the fluid velocity c; con-
tribute to the dynamic pressure. If the cavitation number is
high, which means that the back pressure is significantly
higher than the corresponding vapour pressure, nuclea-
tion and thus the occurrence of cavitation is unlikely. The
higher the fluid velocity, i.e., the lower the cavitation num-
ber, the more probable is the occurrence of nucleation and

cavitation. Each hydraulic system has its specific critical
cavitation number below which nucleation starts.

For nozzle flows, the kinetic energy is determined by the
pressure drop over the nozzle and the cavitation number can
be rewritten as follows (Momma and Lichtarowicz 1995;
Sou et al. 2007).

PB —PV(TB) _Ps _pV<TB)

- 1/2.pL.ci Pn —Ps

The occurrence of cavitation has a significant influence on
the fluid mechanics. Therefore, cavitation has an influence
on the emerging jet and therewith on the flow field of the
jet. The mean flow field of free jets is already described in
detail in literature, so only basic characteristics are recalled
here (Martin 1977; Jambunathan et al. 1992; Pope 2000;
Abramovich and Schindel 2003). In general, the flow field
is distinguished into different regions. First, the jet emerges
from the nozzle and enters the free jet zone. The diameter
of the jet is related to the applied nozzle, and its diameter
d and the velocity profile are in general turbulent. Then,
the submerged jet enters the surrounding environment from
which entrainment of mass, momentum and energy into the
jet is caused by shear-driven interaction. Consequently, this
mixing results in a widening of the jet and the jet spreading
angle a increases. In this region of developing flow, the mix-
ing layer surrounds a jet core where the centreline velocity
is equal to the nozzle exit velocity. This so-called poten-
tial core extends from the nozzle exit and reaches up to the
point, where the local centreline velocity falls below 95% of
the nozzle outlet velocity (Martin 1977; Jambunathan et al.
1992). The potential core reduces in width with increasing
shear layer and turbulence level. The region of developing
flow is followed by a decaying jet region, where the centre-
line velocity continuously decreases, and the jet spreading
angle continuously widens.

In the water jet cutting process, the kinetic energy of the
jet per unit area is the power used to cut the workpieces.
Consequently, a high jet velocity and a small jet spreading
angle are favourable to ensure a high energy impact on the
surface. Those jet parameters can be used to characterise
the emerging jet and the influence of ambient conditions on
the jet. This also helps to understand the jet drilling process
under non-atmospheric conditions.

Most of the research related to jet drilling analyses the
erosion effect of the water jet on the rock after the drill-
ing process is finished. Furthermore, most experiments
were conducted under atmospheric conditions at ambient
pressure of 0.1 MPa. Different parameter studies varying
the flow rate, stand-off distance between the high-pressure
nozzle and the rock specimen, nozzle types and back pres-
sure were conducted, i.e., (Brook and Summers 1969; Pols
1977; Hood et al. 1992; Liao et al. 2012; Dehkoda and
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Hood 2013; Reinsch et al. 2018). In general, the effective
rock erosion decreases with increasing stand-off distance
and increasing back pressure. In terms of fluid mechan-
ics those parameters are comparable to an increasing
jet spreading angle and a decreasing jet velocity if the
nozzle pressure is kept constant. In summary, the effec-
tive rock erosion decreases with a decrease in available
kinetic energy of the jet. Material and rock erosion are
also promoted by cavitation (Momber 2004; Liao et al.
2012; Hutli et al. 2017). As an increased back pressure
can lead to cavitation suppression, it is important to inves-
tigate whether there is a correlation between cavitation
occurrence and rock erosion. For this, the actual jet drill-
ing process needs to be analysed under in situ conditions,
which is part of current investigation (Gradzki et al. 2018;
Jasper et al. 2019).

In particular, the influence of fluid mechanic effects on
the jet drilling process is not yet sufficiently understood.
The operating conditions will have a significant effect on
the performance as they affect the water jet emerging from
the nozzle (Soyama et al. 1996; Jasper et al. 2017). As
mentioned above, most of the rock drilling-related research
has been conducted under atmospheric conditions, which
means a water jet is injected into air at ambient pressure
of 0.1 MPa. But both the surrounding fluid as well as the
altered pressure conditions will have an influence on the
fluid dynamics of the water jet, which had been initially
neglected by those studies.

Matthujak et al. (2020) investigated the influence of
water and air as surrounding fluid on different jet fluids
(Matthujak et al. 2020). They found that the jet veloci-
ties in air were higher than in water, explained by lower
aerodynamic forces compared to hydrodynamic forces.
Jasper et al. (2017) showed that the spreading angle of a
water jet in water is wider compared to that in air (Jasper
et al. 2017). Higher shear forces at the jet boundary are
the reason for this increase in the spreading angle. Thus,
the jet drilling process should be analysed at submerged
conditions to consider the different fluid properties and
their influence on the emerging jet. For this reason, we
examine the fluid mechanics of the jet drilling process
under submerged conditions to quantify the influence on
the drilling performance.

The influence of back pressure on the emerging water
jet can be studied by utilizing the cavitation number and
the jet parameters. A parameter study of various cavitation
numbers conducted in this work represents various in situ
drilling conditions.

In the present study, we perform PIV measurements to
identify the effect of a submerged and pressurised environ-
ment on the development of a high-pressure water jet and
the surrounding flow field.

@ Springer

2 Experimental set-up

The aim of the experiments is the investigation of the influ-
ence of in situ high-pressure drilling conditions on the fluid
mechanics and the development of a water jet.

Three kinds of high-pressure nozzles are used for the
experiments presented in this work. On the one hand, two
sapphire-type nozzles with sharp-edged orifices are differ-
ent in their geometry at the sapphire edge as they are from
two different manufacturers. On the other hand, the third
nozzle is a common convergent nozzle made of stainless
steel. A section view of the tested nozzles is shown in Fig. 1,
schematically illustrating the internal geometry and the noz-
zle body. Due to the nozzle designs the field of view of the
PIV measurements is constraint to the optically accessible
regions and starts at different axial distances x/d. Whereas
the field of view of the conical nozzle (CN) starts at x/d =0,
the beginning for the sapphire-type nozzles is at x/d=1
for sapphire-type 1 (SN1) and x/d =2 for sapphire-type 2
(SN2), respectively. The smallest diameter is d=1.8 mm for
all three nozzles.

A quality measure of the jet drilling process is the avail-
able kinetic energy of the fluid jet and its distribution. There-
fore, we examine the velocity distribution of the jet and in
addition to that, the jet parameters such as the potential core
length I¢ and the jet spreading angle . All these parameters
can be analysed by optical measurements of the flow field.
Those measurements are taken in a specially designed pres-
sure vessel that is optically accessible.

The test bench is shown in Fig. 2. A pressure vessel
designed for PIV experiments at back pressures up to 50
MPa and temperatures up to 40 °C is the central element
of the test bench. The vessel has an inner diameter of 65
mm, an inner height of 400 mm and a volume of 1.3 /. The
nozzle is placed in the middle of the cross section at height
position 120 mm. Sensors are applied to measure the back
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Fig. 1 Section view of the tested nozzles. Both sapphire-type nozzles
(a) and (b) have a sharp-edged geometry at the smallest diameter. The
conical nozzle (¢) has a conical inflow towards the smallest diameter.
The nozzle bodies are shown in dark colour and illustrate the con-
straints in the field of view for the PIV experiments
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Fig.2 Hydraulic flow scheme of the test bench with pressure ves-
sel (A), high-pressure pump (B), sensors (flow Q, pressures Py and
Py, temperature T) and needle valve (C). The optical set-up for PIV
analysis with laser (D) and camera (E) is also illustrated, not to scale

pressure pj, the nozzle pressure py, the flow rate Q and the
temperature 7, as indicated in Fig. 2. The nominal accuracy
of the applied sensors is+0.3%, +2% and +2.5 °C of the
actual value for the pressure sensors, the flow sensor and
the temperature sensor, respectively. The water jet is gen-
erated by a high-pressure plunger pump with a maximum
outlet pressure of 20 MPa and a maximum flow rate of 54 //
min. The pump supply is from a settling chamber at ambient
pressure with a volume of 200 /. The flow rate of the plunger
pump is stabilised by a pressure accumulator. The nozzle
outlet pressure is regulated by a pneumatic valve at the pump
outlet. Regulation of the flow rate and the back pressure in
the vessel is realised by a needle valve at the outlet of the
vessel. A constant temperature level of 39 °C in the water
circuit is ensured by a 7-kW cooling unit attached to the
settling chamber.

The vessel offers optical access by three sapphire win-
dows with a clear aperture of 35 mm, positioned in a 90°
angle each. Two of those windows are used to perform PIV
measurements. The third window is for shadowgraph experi-
ments and is not used in this measurement campaign (Jasper
et al. 2017). The PIV system consists of a 16-bit sSCMOS
camera (LaVision, sCMOS, 2550 x 2160 pixels) with a Zeiss
Yashica macro lens equipped with a bandpass filter and a
Nd:YAG double-pulse laser (Quantel Evergreen 200, repeti-
tion rate 15 Hz), which are synchronised by a timing unit. To
avoid laser light reflections on the nozzle and the inner wall
of the vessel, fluorescent tracers with an average diameter

Table 1 Overview of experimental parameters

Pressure difference 5.0 MPa
Nozzle pressure 5.6-17.0 +0.3% MPa
Back pressure 0.7-12.0 +0.3% MPa
Cavitation number 0.33-2.39 -

Flow rate 13.5-15.0 +2% I/min

Reynolds number 163,000-180,000 -

of 10 um and an emission peak at 560 nm are used. The use
of fluorescent tracers also minimises reflections at the inter-
face of occurring cavitation bubbles. The recorded images
have a dimension of 14.0 X 16.4 mm with a scaling factor of
6.4 um/pixel. A time interval between two recordings of 1
ps has been chosen resulting in a displacement of 15 pixel
in the core region of the jet. For PIV analysis, a multi-pass
decreasing interrogation window is applied. Initial window
size of 64 X 64 pixels is calculated once followed by a final
window size of 32 x 32 pixels which is calculated twice with
an overlap of 50%. The corresponding number of vectors
in the ROI is 135 % 160, resulting in a spatial resolution
of a vector each 100 pm. Universal outlier detection with
rejection of vectors exceeding a difference to the average
of twice the standard deviation of the nearest neighbours is
used for error analysis (Westerweel and Scarano 2005). The
outcomes are averaged over 1000 statistically independent
recordings resulting in an accuracy of the averaged velocities
of 99% and an accuracy of the rms values of the velocity of
90%. The statistical convergence of the average velocity field
is tested at the centreline of the jet at the nozzle outlet and
results in a convergence of the data from 1000 frames, and
details are given in supplementary material.

To identify the influence of changing in situ conditions
on the water jet, experiments are conducted with a constant
pressure drop over the nozzle of 5 MPa and at different cavi-
tation numbers. The range of cavitation numbers represents
the pressure ratio between the back pressure inside the bore-
hole and the pressure drop over the nozzle. Thus, the cavita-
tion number resembles changing pressure conditions due to
different drilling depths. An overview of the experimental
parameters is given in Table 1. Independence of the results
from the installation was tested by ten different repeated
measurements at the same experimental parameters.

3 Results

The influence of pressure conditions during jet drilling on
characteristics of a submerged water jet is presented in the
following. The occurrence of cavitation of a submerged,
high-velocity fluid jet is examined as a function of changing
ambient conditions resembling pressure conditions during
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a drilling process. Hence, averaged velocity fields as well
as the relevant jet parameters that dominate waterjet-driven
drilling processes, are analysed.

3.1 Cavitation inside nozzles

Cavitation plays an important role in the investigation of
in situ conditions on a water jet with changing ambient con-
ditions. While operating at the same pressure level at the
nozzle outlet, the ambient pressure conditions change while
drilling at increasing depths such that the cavitation num-
ber increases, and at some point, cavitation is suppressed.
In our study we investigate the cavitation state which leads
to choked flow. This cavitation state can easily be studied
by analysing the resulting flow rate for given pressure lev-
els (Ebrahimi et al. 2017; Jasper et al. 2019). A cavitation-
induced choking condition is therefore associated with
a flow rate independence of the applied pressure. At this
condition, the flow rate reaches a maximum, whereas it is
assumed that no cavitation is present in the case of the flow
rate dependence on the pressure. This behaviour is shown in
Fig. 3 for three different nozzles types and different operat-
ing pressures. The back pressure is continuously increased
by gradually closing the needle valve at the pressure vessel
outlet, while the nozzle outlet pressure is kept constant. The
resulting normalised flow rate is then plotted over the cavita-
tion number. The cavitation behaviour of different nozzles at
the same applied nozzle outlet pressure is shown in Fig. 3a.
The different sapphire-type nozzles with same overall design
and smaller geometry variations show the same behaviour.
Below a critical value of o, = 1.0 cavitation-induced chok-
ing occurs as can be seen from the constant flow rate. Above
this critical value, the flow rate decreases with increasing
cavitation number and thus no cavitation effect in the nozzle
can be observed. In contrast to the sapphire-type nozzles, the
conical nozzle shows no choked flow and thus no cavitation
occurs inside the nozzle. This is in good agreement with
previous studies (Ohrn et al. 1991; Payri et al. 2002; Macian

Fig. 3 Cavitation behaviour

et al. 2003). Moreover, the onset of cavitation for a specific
nozzle is not dependent on the applied pressure level but
only on the cavitation number. This is indicated in Fig. 3b,
where nozzle outlet pressures of up to 30 MPa are applied
for sapphire-type nozzle SN1.

3.2 Averaged velocity fields, potential core length
and jet spreading angle

Exemplary averaged velocity fields of SN1 and CN nozzles,
as shown in Fig. 1, are presented in Fig. 4. Velocity fields
for SN2 are not further examined as this nozzle shows the
same characteristics as SN1, but has a more restricted opti-
cal access. The complete data set for all examined cavitation
numbers and nozzles is given in supplementary material of
this article, represented as 2D velocity fields. Figure 4a, b
presents velocity fields in the non-cavitating regime of noz-
zles SN1 and CN, respectively. Figure 4c, d shows velocity
field in the cavitating regime of nozzle SN1 and at compa-
rable cavitation number for nozzle CN, respectively. Note
that due to the optical constraints inside the field of view by
the nozzle bodies the velocity fields do show an overlapping
region in the range of 1 <x/d <9, whereas for x/d <1 and
x/d>9 some comparable data are not available. The aver-
aged velocity fields of CN presented in Fig. 4b and d show
no significant changes with decreasing cavitation number. In
contrast to that, the cavitation number has a notable influ-
ence on the averaged velocity fields of SN1. With decreas-
ing the cavitation number from 6=2.39 to 6=0.74 the noz-
zle flow changes from the non-cavitating to the cavitating
regime. When entering the cavitating regime by decreasing
the cavitation number to ¢ =0.74, the zone of high veloci-
ties, the potential core, shortens noticeably.

To further evaluate the development and decay of the
water jet, potential core length, spreading angle and veloc-
ity profiles are examined as a function of cavitation number
in the following. The jet parameters and velocity profiles are
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Fig.4 Time-averaged velocity
fields over 1000 instantaneous

CN

PIV measurements, normal-
ised velocity is colour coded
and velocity components are
shown as vectors. Velocity
fields of SN1 nozzle are shown
in the non-cavitating regime at
0=2.39 (a) and the cavitating
regime 6=0.74 (c), respectively.
Additionally, velocity fields of
CN nozzle at comparable cavi-
tation numbers of 6=2.34 (b)
and 6=0.74 (d) are displayed

x/d

x/d

examined for SN1, as example for sapphire-type nozzles,
and CN in the following. Figure 5 gives a schematic sketch
of the analysed jet parameters.

The potential core length is estimated as the length of
the streamwise centreline velocity beginning from the jet
exit until the local centreline velocity drops below 95% of
the jet exit velocity u,,, (0.95 u,,,,). A sensitivity analysis
of our data reveals that changing the thresholds from 0.99
Upax 10 0.96 1, increases the potential core length by more
than 20%, while a change from 0.95 to 0.90 u,,,, produces
approximately 5% increase in the potential core length. The
threshold of 95% of the jet exit velocity is a reasonable esti-
mation here and is also in accordance with other studies

o
(3, ]
normalized velocity [-]

0.9

0.8

0.7

0.6

0.5

0.4

normalized velocity [-]

0.3

0.2

0.1

(Martin 1977; Jambunathan et al. 1992). A comparison of
the core lengths of both nozzle types is given in Fig. 6a.
The values of the core length /g of SN1 as multiples of
the nozzle diameter d are in the range of 1.7 d</x <2.9 d.
Two different regions can be identified in Fig. 6a. If the cavi-
tation number is higher than the critical cavitation number,
the average value of the core length is 2.7 d. For lower cavi-
tation numbers the average value of the core length is 1.8 d.
The core length is generally depending on the internal veloc-
ity profile and turbulence inside the nozzle (Carlomagno and
Ianiro 2014). The influence on cavitation-induced choked
flow is clearly visible as the turbulence induced by cavitation
results in a shortening of the core length. In contrast to SN1,
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Fig.5 Sketch of the analysed jet parameters. The coordinates are
given as follows, x depicts the streamwise or axial coordinate and y
depicts the radial coordinate. Exemplary, the potential core length
I s indicated as well as the spreading angle a and the nozzle outlet
diameter d

the core lengths of CN reveal an almost constant value of
3.3 d. This result is expected as no cavitation occurs inside
the nozzle. From the values of the core lengths, it can be
seen that the velocity decay on the centreline of CN is less
than that of the sapphire-type nozzle.

In addition to the potential core, the jet spreading angle
is estimated in radial direction when the local velocity drops
below 10% of the centreline velocity at the same axial dis-
tance. A sensitivity analysis of the data shows no signifi-
cant change in the results for thresholds from 5 to 15%. The
spreading angle of the two nozzle types is plotted in Fig. 6b
as a function of cavitation number. The spreading angle of
SN1 is in the range of 12.3° <a < 18.3°. Above the critical
cavitation number, the average spreading angle is 12.5°. In
the range of 0.70 <6< 1.00, the spreading angle increases
linearly from 12.5° to 18.3° and below 6=0.67 the average
spreading angle is 18.3°. Again, in contrast to the spreading
angle of SN1, CN shows an almost constant spreading angle
of 11.4° over the investigated range of cavitation numbers.

Depending on the cavitation number, cavitation bubbles
do not only exist inside the nozzle but also reach outside
the nozzle. Time-averaged inverted bright field images of
nozzle SN1 at cavitation numbers from 6 =0.25-1.50 are
presented in Fig. 7. The nozzle body is shown at the top
of each image, and dark areas below the nozzle present
cavitation areas. With increasing cavitation number, the
cavitation area shortens from x/d=3.5 to 0, as cavitation
intensity becomes lower. Therefore, the bright field images
reveal that a decreasing cavitation number causes the cavi-
tation to expand even behind the nozzle body. Although
cavitation occurs below o, = 1.00, no cavitation bubbles
are visible in Fig. 7 for 6=1.00. This is because the field

Fig.6 Potential core length (a) 45 20.0
and spreading angle (b) of both
SN1 and CN as a function of 4.0 A 180 4 das
cavitation number 3.5 - [6%6) @ 0] L 0p ® o %
5%t --@pe 2 2 : A
<30 {5 0% & A o 16.0 - \
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(@

Fig.7 Time-averaged bright
field images of SN1 at cavita-
tion numbers in the range from
0=0.25-1.50. The inverted
images show cavitation areas as
black coloured, whereas the sur-
rounding water is in light colour

- I

0=0.25

x/d

AR WN =
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Fig.8 Normalised centreline (a) (b)
velocity profiles of SN1 (a, A), 3.5 3.5
SN2 (b, O) and CN (¢, O) and A SN1 0O SN2 =
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of view starts at x/d =1 due to the geometrical constraint
of the nozzle body explained in the experimental set-up.
We assume that the cavitation bubbles formed at this con-
dition might have been imploded until x/d=1. The inten-
sity of cavitation, i.e., the density of cavitation bubbles,
seems to have no significant effect on the potential core
lengths. Once cavitation occurs at a critical cavitation
number of o, =1.00, the potential core length rapidly
drops from 2.7 to 1.8 d. While the critical cavitation num-
ber for the sudden change in the core length is o, =1.00,
the jet spreading angle shows a rather gradual change. The
jet spreading angle starts to increase at 6= 1.00 until a
constant value is reached below ¢=0.67. This is exactly
the region where the cavitation bubbles do not expand
behind the body of the nozzle. The limited space inside
the nozzle right behind the sapphire insert inhibits the jet
expansion although the cavitation bubbles already implode
in this region.

Analysing both the potential core lengths and spreading
angles as a function of cavitation number, a significant influ-
ence of cavitation on those jet parameters can be identified.
Our experiments show that an increasing cavitation intensity,

i.e., a decreasing cavitation number, has similar effect on the
potential core length and jet spreading angle as it is known
for jets with an increasing turbulence intensity in single-
phase flows (Gauntner et al. 1970; Carlomagno and Ianiro
2014). Increasing cavitation intensity leads to a shortening
of the potential core length and an increase in the jet spread-
ing angle. The presence of cavitation causes an increased
jet decay and widening of the jet due to the unsteady bubble
collapse. According to Sou et al. and Orley et al. this leads
to strong turbulent velocity fluctuations inside the water jet
(Sou et al. 2007, Orley et al. 2015). To better understand the
interaction between cavitation and the turbulence character-
istics of the flow, an analysis on the turbulent kinetic energy
is performed in Sect. 3.3.

3.3 Jet decay, velocity profiles and turbulent kinetic
energy

In addition to the potential core length and the spreading
angle, the decay of the streamwise centreline velocity is
examined as a function of cavitation number. The jet decay
is used here as a qualitative measure to assess the degree of
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Table2 Decay rates K, as a function of cavitation number for the
examined nozzles

Nozzle c K, Range
SN1 2.39 0.141 3<x/d<10
1.53 0.132
1.13 0.137
1.04 0.138
0.93 0.153
0.89 0.161
0.81 0.180
0.74 0.188
0.69 0.189
SN2 2.23 0.244 3<x/d<10
1.08 0.267
0.74 0.265
CN 2.34 0.097 3.5<x/d<9
1.00 0.112
0.74 0.103

entrainment and mixing characteristics of the turbulent jet.
The effect of cavitation number on the streamwise veloc-
ity decay is shown in Fig. 8. In the potential core region,
the maximum outlet velocity normalised by the centreline
velocity (u,,,/u) is self-similar and nearly constant for each
nozzle. Downstream of that region, the velocity decay is
nearly linear and can be estimated by the following relation,
where K; and x,, are the decay rate and the kinematic virtual
origin, respectively (Quinn and Militzer 1988):

Umax X X0
o (5-3)
u 4 \d d

According to the given relation, the decay rate K; is
evaluated by fitting least-square lines to the velocity pro-
files. The values of K; and their applied range are given
in Table 2. The decay rates of SN1 show an almost con-
stant value in the non-cavitating regime. Below the criti-
cal cavitation number o ;= 1.00, the decay rate starts to
increase from K;=0.137 up to K,=0.180 at 6=0.81 in
the transition regime. With further decrease in cavitation
number the cavitation-induced choking regime is reached
and the decay rate shows again an almost constant value
of K;,=0.188. This is an increase in decay rate of about
32% in comparison with the non-cavitating regime at
0=2.39. It shows that cavitation occurrence has a strong
influence on the jet decay. The increase in velocity decay
is also illustrated by the increasing slope of the velocity
profiles in Fig. 8a. SN2 shows the same increase in decay
rate from the non-cavitating to the cavitating regime, but
with 11% the increase is less. Although both sapphire-type
nozzles belong to the sharp-edged nozzle types, a slight
difference at the detailed geometry of the sapphire insert
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itself can cause different nozzle behaviour. The values of
the decay rate itself are apparently higher than for SN1,
which becomes evident from a steeper slope of the veloc-
ity profiles in Fig. 8b. In comparison with the sapphire-
type nozzles, CN shows an almost constant decay rate of
K,;=0.104, which is also smaller than the decay rates of
both sapphire-type nozzles. The slope of the velocity pro-
files is remarkably smaller as depicted in Fig. 8c. These
findings suggest that the influence of in situ drilling condi-
tions and their changing ambient pressure conditions have
a greater impact on the sapphire-type nozzle performance
than on the conical nozzle performance as cavitation
occurs at smaller cavitation numbers for those nozzles.
Nevertheless, in practical applications sapphire-type noz-
zles are preferred due to their longer lifetime.

A more detailed examination of the transition from the
non-cavitating to the cavitation-induced choking regime and
its influence on the jet is given by the decay of the centre-
line velocity of the SN1 for different cavitation numbers,
shown in Fig. 9. For the sake of clarity, only the cavitation
numbers below o0=1.13 are shown. The velocity profiles of
higher cavitation numbers coincide with the velocity profiles
of 6=1.13 and 6=1.03. Above the critical cavitation num-
ber of o,,;,=1.00 the velocity profiles are nearly identical
and have an almost constant decay rate. Below o, =1.00,
there is a transition regime where the slope of the velocity
profile declines with further decreasing cavitation number
until 6=0.81. Along with a further decreasing cavitation
number below 6=0.81 the velocity profiles are again nearly
identical. This transition regime of the decay rates shows
similarities to the characteristics of the spreading angle. In
the non-cavitating and the cavitating regime a constant value
for each jet parameter is given, respectively. Both values
are linearly connected in the transition regime for cavitation

3.0
—%—0=113
2.5 1
1| —%—o=104
_ 2.0 A —*%—0=0.93
el
=15 - ——0=0.89
:E
1.0 A ——0=0.81
—A—0=0.74
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—4—0=0.69
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01 2 3 45
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Fig.9 Normalised centreline velocity profiles of SN1 at cavitation
numbers from ¢=0.69-1.13 in the transition range
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Fig. 10 Normalised radial
velocity distribution at
x/d=1.5-6 of SN1 nozzle at
cavitation numbers in the range
of 6=0.57-2.39
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numbers of 6=0.67-1.00, as also shown in Fig. 6b. These
are the cavitation numbers at which the cavitation bubbles
expand from inside the nozzle body to the outside.

This transition from the cavitating to the non-cavitating
regime also affects the radial velocity distribution. Again,
for SN1, Fig. 10 illustrates the radial velocity distribution at
different axial distances x/d =1.5-6 at cavitation numbers
in the range of 6=0.57-2.39. Figure 10a and b show the
non-cavitating regime, in which the radial velocity distribu-
tion in the near-nozzle region shows a typical saddle-back
shape which merges into a Gaussian-shape distribution with
increasing axial distance x/d (Martin 1977; Pope 2000;
Abramovich and Schindel 2003). The jet widening is also
clearly visible as the velocity distribution becomes flatter.

1.5 2.0

—*%—x/d=1.5

—%—x/d =2

——x/d=3

——x/d=4

—A—x/d=5

—A—x/d=6

The transition regime presented in Fig. 10c and d does not
show a saddle-back shape in the near-nozzle region but an
almost Gaussian-shape velocity distribution. Due to the
influence of imploding cavitation bubbles the common jet
development is disrupted. With increasing axial distance, the
velocity distribution flattens faster than in the non-cavitating
regime, which is related to the faster jet decay in this regime.
After the transition regime, the velocity profiles show only a
marginal difference to further decreasing cavitation numbers
as illustrated in Fig. 10e and f.

Figure 11 presents the radial velocity distribution at axial
distances from x/d =1.5-6 of SN1 and CN for the non-cavi-
tating and cavitating regime, respectively. In the near-nozzle
region, the radial velocity profile from the jet issuing from

@ Springer
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Fig. 11 Normalised radial SN1

velocity distribution at

x/d=1.5-6 for SN1 and CN
nozzles in the non-cavitating
(6=2.39) and cavitating regime
(6=0.74)
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Fig. 12 Normalised radial
velocity distribution and turbu-
lent kinetic energy of SN1 for
indicated cavitation numbers of
06=0.57-2.39 at axial distance
of x/d=1.5

u/ Unmax [']

TKE/TKE o []

CN shows the typical saddle-back shape. This shape is main-
tained over a longer axial distance than for SN1, and the jet
widens slower compared to the SN1 nozzle. As there is no
cavitating regime, with increasing axial distance the radial
velocity distribution shows only marginal changes. The jet
decay is not promoted by cavitation, and thus, the initial
velocity distribution is maintained for a longer distance.

In addition to the velocity profiles, the turbulent kinetic
energy (TKE) is used as an approach to quantify the
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induction of turbulence by cavitation bubbles on the water
jet as the TKE values are proportional to uRMS2 (Roth et al.
2002). As for the 2D velocity data one velocity component
is missing for classical TKE calculation, it is assumed that
this missing velocity component contains a similar turbu-
lent contribution as the values calculated for the other two
velocity components by assuming isotropic turbulence. The
radial velocity distribution and the associated TKE distri-
bution for x/d=1.5 of nozzle SN1 are plotted in Fig. 12. In
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Fig. 13 Normalised turbulent
kinetic energy at x/d=1.5-6
of SN1 nozzle at cavita-

tion numbers in the range of
6=0.57-2.39
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the non-cavitating regime, the TKE profiles show typical
low values in the central jet region since the velocity distri-
bution is nearly uniform here. Peaks are visible on the jet
edges at about y/d=0.5 due to the presence of shear layers
and large velocity gradients in that region. With decreasing
cavitation number, the pattern of the TKE profiles change.
The profile becomes flatter, and although the peak is still
at the position with the largest velocity gradient, it is less
pronounced. Overall, a significant increase in TKE can be
seen with decreasing cavitation number. A more detailed
development of the TKE profiles as a function of axial dis-
tance from the nozzle and the cavitation number is given in

—%—x/d=1.5

—%—x/d =2

——x/d=3

——x/d=4

—A—x/d=5

—A—x/d=6

Fig. 13. In general, and for all cavitation numbers, the TKE
values decrease with increasing distance from the nozzle
outlet. With decreasing cavitation number, the peak in TKE
becomes less significant and the profiles flatten.

The analysis of the jet parameters indicates that there are
two regimes: below a recognisable critical value of the cavita-
tion number cavitation occurs inside the used nozzle, whereas
above this critical value no cavitation occurs. Both regimes
are connected by a short regime of transition where the cavi-
tation bubbles do not fully expand beyond the nozzle body.
The results show that cavitation leads to a shorter core length,
a larger spreading angle and a larger decay rate. Moreover,
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the velocity profiles are flattened, and turbulence increases.
Thus, cavitation leads to a stronger jet decay, and therewith,
less kinetic energy is transported to the rock surface to promote
erosion of the latter.

4 Conclusion

In this work, we investigated the influence of in situ drill-
ing conditions on the fluid mechanics and the develop-
ment of water jets intended to use for drilling processes.
Previous experiments reported in literature were mostly
conducted under atmospheric conditions, where the influ-
ence of the surrounding fluid and the pressure conditions
on the fluid mechanics of the process was neglected. Here,
PIV measurements were taken to measure the effect of the
surrounding fluid and changing pressure conditions on the
flow characteristics of those water jets.

Overall, the results reveal a distinct influence of cavita-
tion under in situ drilling conditions. This influence can be
adequately described by the cavitation number. Analysis of the
jet parameters and additional flow measurements reveal that
there are two regimes of cavitating and non-cavitating nozzle
flow. Both regimes are distinguished by a critical cavitation
number which is specific for each nozzle. The results indi-
cate that cavitation inside the nozzle leads to a decrease in the
potential core length, an increase in the spreading angle and
an increase in the jet decay rate. Along with flattened velocity
profiles and decreasing TKE peaks in the shear layer region,
cavitation leads to a stronger jet decay and consequently to
smaller energy transport from the water jet to the rock surface.

For practical reasons, we investigated sapphire-type nozzles
because those are the most common type of nozzles applied
for jetting now. The sapphire-type nozzles showed an increased
jet decay due to cavitation. Due to their similar geometry both
sapphire-type nozzles show the similar cavitation characteristics,
and the minor differences in the geometry of the sapphire insert
from two different manufacturers seem to have no significant
influence on the cavitation characteristics. The additionally
tested conical nozzle did not show an influence of cavitation
on the jet decay, as no cavitation occurred. In future, it might be
useful to redesign the sapphire-type nozzles applied in the jetting
process to prevent jet decay due to cavitation.

In contrast to previous research, we considered the sub-
merged conditions of the drilling process. The submerged
conditions lead to a stronger jet decay than experiments
in air and consequently shorten the feasible stand-off dis-
tance for drilling. As the effective rock erosion decreases
with increasing stand-off distance, the jet decay plays an
important role (Pols 1977; Liao et al. 2012; Stoxreiter et al.
2018). The core region of the jet with its high kinetic energy
should reach to the rock surface to ensure maximum perfor-
mance. Moreover, the effective rock erosion decreases with
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increasing back pressure (Stoxreiter 2018). An increasing
back pressure suppresses cavitation inside the nozzle. This
might be an indication that cavitation is preferable for rock
erosion and that not only the kinetic energy of the jet is
decisive.

While there is a scientific discussion whether cavitation
is preferable for the drilling process or not, we prove that the
occurrence of the latter is depending on the operating con-
ditions and has a great influence on the emerging water jet
and thereby on the drilling performance. Whether cavitation
is preferable or not for rock erosion must be tested directly
through rock sample wear tests, as the granular material
properties of the rock themselves play an important role for
the erosive effect of the cavitation during the drilling pro-
cess. The results presented in this work highlight that the
predominant cavitation number during the drilling process
is a key parameter to control the drilling performance.
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