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Abstract: In order to apply a swirling jet to a PDC drill bit, the nozzle performance in uenced by nozzle 
inlet geometric parameters and rock breaking tests under submerged conditions were studied. Numerical 
simulation was used to study the in uence of the nozzle structure on the swirling intensity and nozzle 
discharge coef cient. 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 in uenced 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 ef ciently 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, 200 ; Yang et al, 2002; 
200 ). When drilling with polycrystalline diamond compact 
(PDC) bits, the bit pressure drop is generally moderate, and 
the drilling uid jets are commonly issued from conventional 
cone nozzles. Applying new types of jet nozzles in a PDC bit 
improves the bit hydraulic ef ciency 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 
signi cant increase in the rock-breaking ef ciency (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 oil elds (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 ow, 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 ow eld and the bottom hole cleaning. 

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 ow in the nozzle and jet ow

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 ow (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 in uence of the number of nozzle tangential inlets on 
jet ow, the nozzle dimensions in the simulation are de ned 
as constants  1  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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swirling jets are about 14º-17º, while the spreading angle of 
the conventional non-swirling jet is generally around 8º (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).  

Fig. 4 Comparison of velocity pro les of jets from nozzles with different inlets 

9.69e+01
9.21e+01
8.73e+01
8.24e+01
7.76e+01
7.27e+01
6.79e+01
6.30e+01
5.82e+01
5.33e+01
4.85e+01
4.36e+01
3.88e+01
3.39e+01
2.91e+01
2.42e+01
1.94e+01
1.45e+01
9.69e+00
4.85e+00
0.00e+00

Y

X Z

Velocity, m/s 

(a) 2 tangential inlets 

9.62e+01
9.14e+01
8.66e+01
8.18e+01
7.70e+01
7.22e+01
6.74e+01
6.26e+01
5.77e+01
5.29e+01
4.81e+01
4.33e+01
3.85e+01
3.37e+01
2.89e+01
2.41e+01
1.92e+01
1.44e+01

Velocity, m/s 

 (b) 3 tangential inlets

9.49e+01
9.02e+01
8.54e+01
8.07e+01
7.60e+01
7.12e+01
6.65e+01
6.17e+01
5.70e+01
5.22e+01
4.75e+01
4.27e+01
3.80e+01
3.32e+01
2.85e+01
2.37e+01
1.90e+01

Velocity, m/s 

(c) 4 tangential inlets
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Fig. 5 Velocity component distributions at the exit 
of the nozzle with 3 inlets

(a) Axial velocity 

(b) Tangential velocity

According to the de nition of swirling intensity, S´=Wmax/
Vmax (Yang et al, 2005b; Yang, 2003), jet swirling intensities 
under all inlet conditions were calculated, see Table 1.
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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
mm

Cavity depth
mm

Cavity volume
mL

Swirling jet 53 17 15

Non-swirling jet 0 0

4 Conclusions
In this paper, the nozzle performance in uenced 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 in uences 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 in uence 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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