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A swirling jet from a nozzle with tangential inlets
and its characteristics in breaking-up rocks
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Abstract: In order to apply a swirling jet to a PDC drill bit, the nozzle performance influenced by nozzle
inlet geometric parameters and rock breaking tests under submerged conditions were studied. Numerical
simulation was used to study the influence of the nozzle structure on the swirling intensity and nozzle
discharge coefficient. Simulation results indicate that spreading angle of the swirling jet is greater than
that of the non-swirling jet, and the swirling intensity of the jet is strongly influenced by the length of
the nozzle body but weakly by the number of tangential inlets. Rock breaking tests were conducted to
evaluate the performance of the swirling jet. It is found that the swirling jet shows a lower threshold
pressure to break the rock samples and could break rock more efficiently compared with the non-swirling

jet.
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1 Introduction

Waterjet assisted drilling is an effective method for
improving the rate of penetration (ROP) during drilling oil
and gas wells (Shen, 1998; Shen et al, 2006; Yang et al, 2002;
2006). When drilling with polycrystalline diamond compact
(PDC) bits, the bit pressure drop is generally moderate, and
the drilling fluid jets are commonly issued from conventional
cone nozzles. Applying new types of jet nozzles in a PDC bit
improves the bit hydraulic efficiency and drilling performance
(Yang et al, 2010).

Previous research shows that swirling jets with typical
velocity and pressure distributions, generally cause cavitation
and apply shear force on the surface of rocks impacted,
resulting in a sharp drop in the threshold pressure of the
rock (i.e., the pressure necessary to break the rock) and a
significant increase in the rock-breaking efficiency (Yang et
al, 1999a; 2001; 2010). This technology has been successfully
applied in the drilling of the ultra-short radius horizontal
wells in the Liaohe, Shengli, and Jiangsu oilfields (Yang et al,
1999a; 2010).

Relevant research also indicates that the angle of spread
for the swirling jet was found to be greater than that of the
non-swirling jet because of its centrifugal flow, which helps
to increase the jet impact area (Yang et al, 1999b; Yang et
al, 2005a). In addition, compared with the non-swirling jet,
the swirling jet has stronger tangential and radial velocity
components across the bottom surface, which can effectively
improve the cross flow field and the bottom hole cleaning.
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Based on previous studies of the swirling jet and the
hydraulics of PDC bits (Taylor et al, 1999), the application of
the swirling jet to PDC bits would improve ROP.

2 Numerical simulation of the swirling jet
from nozzles with tangential inlets

2.1 Building and meshing of the computational
model for flow in the nozzle and jet flow

CFD software-FLUENT (developed by FLUENT
Company, 1983) was used to simulate the special flow
field. A three-dimensional flow field model was developed
to accommodate the nonzero velocity components in each
direction of the swirling flow (Zhou et al, 2003; Han, 2004;
Yang et al, 2009; 2010). The geometric model of the nozzle
was set up by making reference to the geometric construction
and dimensions of an 8.5-in PDC bit. Because we focused
on the influence of the number of nozzle tangential inlets on
jet flow, the nozzle dimensions in the simulation are defined
as constants: 16 mm in exit diameter, and 40 mm in body
length. Tangential inlets are constant in total cross area, and
the equivalent diameter equals the nozzle chamber diameter,
18 mm. The length of inlet vents in the nozzle axial direction
was modified to ensure the total inlet flow was constant.
Because the study is mainly on the jet flow performance
and as blades of the bit have less influence on the jet flow,
these are neglected in the model. A cylinder 100 mm in
length and 200 mm in diameter was used to approximate the
borehole. The model is built using Pro/E (developed by PTC
Company), see Fig. 1.

Importing the model in Fig. 1 into Gambit (developed by
FLUENT Company, 1983), the flow field was meshed. The
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Fig. 1 3D flow model for a tangential-inlet nozzle
at the bottom hole

critical region in the structured nozzle was refined by local
grid refinement (Han, 2004; Yang et al, 2010), see Fig. 2.

Fig. 2 Meshing of the model

2.2 Numerical simulation under submerged
conditions

2.2.1 Problem-solving model

The standard k — g turbulent model was used to solve
the flow field, and the governing equations include equations
of continuity, momentum equations and f — g equations
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(Han, 2004; Yang et al, 2009). The model constants
are: C, =144, C, =099, o0,=10,and o, =13.

2.2.2 Computational conditions and boundary conditions
2.2.2.1 Computational conditions

1) Unit of length: mm.

2) Unit of pressure: 10° Pa.

3) Solver setup: a) solver: segregated; b) formulation:
implicit; c) space: 3D; d) time: steady; e) velocity
formulation: absolute.

4) Fluid material: liquid water copied from the material
library of software FLUENT (developed by FLUENT
Company, 1983).
2.2.2.2 Boundary conditions

1) Inlet condition of the model: pressure at the nozzle
tangential inlet is given, 7.0 MPa.

2) Outlet condition of the model: top cross section of the
backflow annulus is the outlet of the model, pressure is given
here, 10° Pa.

3) Other boundary conditions of the model: standard
wall condition with zero slip velocity components and no
penetration.

2.2.3 Simulation results and discussion
2.2.3.1 Influence of nozzle inlet structure on flow features

In order to analyze the influence of nozzle inlet structure
on flow features, simulations were conducted corresponding
to three flow inlet conditions, respectively with 2, 3, 4
tangential inlets. The simulation results are shown in Figs.
3 and 4. Fig. 3 demonstrates swirling characteristics of
inward flow near the tangential inlets, and Fig. 4 gives the
corresponding jet flow out of the nozzle.

Fig. 3 indicates that the inflow streams become a swirling
flow after entering the nozzle chamber. The uniformity of
swirling flow is influenced by the number of tangential inlets.
However, the velocity distribution in Fig. 3 does not show
much difference in swirling uniformity. Thus, the number
of the tangential inlets of the nozzle has little effect on the
swirling flow.

Fig. 4 shows that an increase in the number of the
tangential inlets does not make a big difference in the
spreading angle and velocity distributions of the downstream
jet flow apart from a small increase in tangential velocity.
According to the simulation results, spreading angles of the

Fig. 3 Comparison of swirling flow near the tangential inlets
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Fig. 4 Comparison of velocity profiles of jets from nozzles with different inlets

swirling jets are about 14°-17°, while the spreading angle of
the conventional non-swirling jet is generally around 8° (Yang
et al, 1999b; 2001).
2.2.3.2 Influence of nozzle inlet structure on the jet
swirling intensity

Swirling intensity is a dimensionless value to show
swirling extent of flow. On the cross section of the jet at
the nozzle exit, the maximum tangential and axial velocity
components were used to calculate the jet swirling intensity
(Yang, 2003). Then the change in swirling intensity caused
by different nozzle inlet conditions would be compared.
By means of simulation results, velocity data could be
selected as in Fig. 5, which is corresponding to the velocity
distribution of nozzles with 3 tangential inlets. Fig. 5 shows
typical distribution modes of the axial velocity and tangential
velocity components on the nozzle export section, in forms of
“M” and “N” respectively (Yang et al, 1999b; 2005a; Yang,
2003).
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Fig. 5 Velocity component distributions at the exit
of the nozzle with 3 inlets

According to the definition of swirling intensity, S"=W,,,./

Voax (Yang et al, 2005b; Yang, 2003), jet swirling intensities
under all inlet conditions were calculated, see Table 1.
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Table 1 Jet swirling intensities with different tangential inlets

Nozzle feature

Maximum tangential velocity W, ., m/s

2 inlets 55
3 inlets 54
4 inlets 54
3 inlets, body length doubled 25

Maximum axial velocity V... m/s  Swirling intensity S
86 0.64
82 0.66
78 0.69
80 0.31

Table 1 shows that each nozzle generates a powerful
swirling stream, and the number of tangential inlets influences
the swirling intensity. When the number increases from 2 to 4,
the swirling intensity increases by about 7%. This is because
the axial velocity component changes slowly with the number
of inlets while the tangential velocity component varies only
very slightly. Because of the increase in the inlet number, the
axial velocity component decreases but the flow resistance
rises.

In addition, Table 1 shows that the jet swirling intensity
drops sharply, from 0.66 to 0.31 when the length of the nozzle
body is doubled. So nozzles with 3 tangential inlets could
be used in the PDC drill bit. And in order to obtain stronger
swirling intensity and less flow resistance, the length of the
nozzle body should be as short as possible.
2.2.3.3 Influence of nozzle inlet structure on the discharge
coefficient

As an important hydraulic factor in drilling design, the
discharge coefficient of nozzles is an index to express the
total resistance through the nozzle, and it is closely related to
the internal geometric structure of nozzles, provided that the
Reynolds number of water flow at the nozzle exit is more than
the critical value (Shen, 1998). Here the discharge coefficient
of nozzles could be calculated with the help of the simulation.

According to the defined nozzle pressure drop, 7.0 MPa,
the average velocity at the nozzle exit could be calculated
in the numerical simulation, and the discharge coefficient
of nozzles could be obtained from the following equation.
Calculated results are listed in Table 2.

g, =C0,
|

AP—EPV.

(0,.0)=nD*(V,,V,)

where Q, and Q, are the actual flow rate and theoretical
flow rate, m’/s; ¥,and ¥, are the average axial velocities at
the nozzle exit obtained respectively from simulation and
theoretical calculation for ideal fluid flow, m/s; Ap is the
nozzle pressure drop, Pa; C is the discharge coefficient of the
nozzle, dimensionless; D is the nozzle diameter, m.

2

(M

Table 2 Discharge coefficients corresponding to different nozzles

Nozzle feature V,, m/s C
2 tangential inlets 80 0.68
3 tangential inlets 74 0.63
4 tangential inlets 71 0.60
Non-swirling jet (cone nozzle) 112 0.95

Table 2 shows that the larger the number of tangential
inlets, the smaller the discharge coefficient of nozzles will be,
and the discharge coefficients for all nozzles with tangential
inlets are much smaller than that of non-swirling jet nozzles.
Thus, under the same nozzle pressure drop, enlarging the
nozzle diameter of the swirling jet nozzle can obtain the same
flow rate as with the non-swirling jet nozzle.

3 Rock-breaking test

A rock-breaking test with a water jet is one of the most
direct methods for evaluating cuttability of rocks by waterjets
(Brook and Summers, 1969; Yang et al, 2005a). The diameter,
depth and volume of the cavity created on the test rock per
unit time are generally used to evaluate jet performance and
the corresponding influences of nozzle geometric parameters.

3.1 Nozzles

Based on the simulation results, a swirling-jet nozzle
with three tangential inlets was designed and manufactured
for the PDC drill bit dimensions (Crouse and Chia, 1985;
Sun et al, 2000; Mensa-Wilmot et al, 2006), see Fig. 6. The
inlet angle is 30° in order to reduce inflow resistance, and the
equivalent diameter of the total cross section area of the three
tangential inlets is slightly bigger than the inside diameter
of the swirling jet nozzle. The nozzle exit diameter is 6 mm.
During the test, when the tangential inlets are removed, it is
transformed into a non-swirling jet nozzle for comparison.

Fig. 6 A nozzle with 3 tangential inlets for swirling jet

3.2 Test results and discussion

3.2.1 Comparison of jets under non-submerged conditions

Photos of jets under non-submerged conditions are easily
taken in order to compare their characteristics. Fig. 7(a) is an
image of a swirling jet ejecting from the swirling-jet nozzle
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(Fig. 6), and Fig. 7(b) shows a non-swirling jet from the same
nozzle body after the tangential inlets were removed. Both
of the jets were ejected under equal nozzle pressure drop, 5.0
MPa. It is clear that the spreading angle and impact area of
the swirling jet were obviously far larger than that of the non-
swirling jet under non-submerged conditions. Also observed
in the test is that the crossflow produced by the swirling jet on
the bottom of the tank was more regular than that produced
by the non-swirling jet. The former presents the properties of
stable flow, while the latter was characterized by much strong
turbulence and irregularity. From this phenomenon, it is easy
to conclude that the backflow of water after impacting the
bottom of hole or cavity also presents strong irregularity and
turbulence in drilling with a non-swirling jet, which would
severely disturb and prevent the incoming jet flow from a
direct impact on the bottom, resulting in lower efficiency of
the hydraulic energy.

(a) Swirling jet

(b) Non-swirling jet

Fig. 7 Comparison of flow characteristics under non-submerged conditions

3.2.2 Rock breaking test at the same discharge

Cement blocks were used as rock samples. The ratio of
cement to quartz sand was 1:3. The artificial rock samples
had a compressive strength of about 41 MPa corresponding to
a quartz sandstone of moderate hardness (Yang et al, 1999b;
2005a; 2005b; Wu et al, 2010). In the tests for both swirling
jet and non-swirling jet nozzles, the water discharge rate and
impact time were 160 L/min and 4 min, respectively, and the
standoff distance of the nozzle away from rock samples was
28 mm, almost equal to the nozzle practical standoff distance
from the cutting face on an 8.5-in PDC drill bit.

In the tests, because the swirling jet nozzle has a smaller
discharge coefficient, its pressure drop was 9.5 MPa, larger
than 7.2 MPa for the non-swirling jet nozzle after the
tangential inlets being removed, which is in accordance with
the aforementioned simulation results. The cavities generated
in the same cement block respectively with two jets are much
different, see Fig. 8. Performance of the two nozzles is listed
in Table 3.

Table 3 Performance of nozzles at the same discharge

Jet type Cavity diameter ~ Cavity depth  Cavity volume
mm mm mL
Swirling jet 47.6 21 25
Non-swirling jet 15 13 s

Fig. 8 Comparison of cavities created in the same rock sample
at the same discharge

In Table 3, the cavity diameter means the diameter of the
main cavity, not including the delaminated part around the
main cavity. The cavity volume is the whole cavity volume
removed by jet. Table 3 shows that the cavity volume created
by the swirling jet was 5 times that by the non-swirling jet
under the test conditions.

3.2.3 Rock breaking test at the same nozzle pressure drop

Another similar cement block was used in this test. The
nozzle pressure drop was controlled at 7.0 MPa, impact time
5 min, and the standoff distance 28 mm.

In the test, when the non-swirling jet was applied, no clear
cavity was visible. In Fig. 9, the region marked with the white
line was the impact area created by the non-swirling jet, and
the big cavity was created by the swirling jet.
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Fig. 9 Comparison of rock breaking at the same nozzle pressure drop

Fig. 9 and Table 4 demonstrate that the threshold pressure
necessary to break the rock with the swirling jet was lower
than that required when cutting with the non-swirling jet. The
non-swirling jet can break the rock sample at 7.2 MPa (see
Fig. 8), but cannot at 7.0 MPa, which shows that the threshold
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pressure for the non-swirling jet was more than 7.0 MPa but
less than 7.2 MPa. Obviously, the threshold pressure of the
rock sample was lower than 7.0 MPa for the swirling jet.

Table 4 Performance of nozzles at the same nozzle pressure drop

Jet type Cavity diameter ~ Cavity depth Cavity volume
mm mm il
Swirling jet 53 17 15
Non-swirling jet - ~0 ~0

4 Conclusions

In this paper, the nozzle performance influenced by nozzle
geometric parameters was numerically simulated with CFD
software-FLUENT and rock breaking tests were conducted
under submerged conditions in order to ensure a swirling jet
can be applied to a PDC drill bit.

1) By means of numerical simulation, the spreading
characteristics of the swirling jet generated from nozzles with
tangential inlets, and the influences of nozzle structure on both
swirling intensity and discharge coefficient were obtained.
The spreading angle of the swirling jet was much greater than
that of the non-swirling jet. The number of tangential inlets of
the nozzle had little influence on the swirling intensity, while
the increase in the length of the nozzle body would sharply
reduce the swirling intensity.

2) Comparisons of rock breaking tests under either the
same discharge or the same nozzle pressure drop, illustrate
that the swirling jet has a higher ability to break the rock
samples and a lower rock breaking pressure than a non-
swirling jet.

3) The swirling jet nozzle had a lower discharge
coefficient than a non-swirling jet nozzle. In practice,
increasing the diameter of the swirling jet nozzle could
achieve the required discharge rate.
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