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ABSTRACT 
Hydraulics mechanics is significantly important in the 

drilling process of oil or gas exploration, especially for the drill 
bit. The fluid flows through the nozzles on the bit and generates 
a water jet to remove the cutting at the bottom hole. In this paper, 
a simplified bottom hole model is established. The Particle 
Image Velocimetric (PIV) is used to capture the flow field of 
the single nozzle. Due to the limitation of the bottom and 
wellbore, the potential core is shorter than that of the free water 
jet. The velocity magnitude rapidly attenuates when fluid close 
to the bottom is lower than about 5 mm. Besides, a vortex zone 
appears near the middle of the bottom beside the water jet zone. 
A modified exponential function can be used to fit the centerline 
velocity well. On the one hand, the results of this paper can 
provide verification for the numerical simulation of the bottom 
hole flow field. On the other hand, it also can provide an 
experimental basis for the hydraulic design of the drill bit. 
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1. INTRODUCTION 

Nowadays, oil and natural gas are still one of the major 
energy sources in the world. Drilling is an essential link in oil 
and gas development. During the drilling process,  the drill bit 
is used to break the rock at the bottom hole. The drilling fluid 
flows through the pipe and nozzles to generate a water jet. On 
the one hand, the water jet removes the cuttings to keep a clean 
bottom hole and annual. On the other hand, the water jet erodes 
the bottom of the hole in soft formations to improve the rate of 
penetration[1]. However, the drill bit flow field is extremely 
complex. And few papers are focus on this research area. 
Therefore, it is necessary to conduct more studies on the flow 
field of the bit at the bottom hole. 
 
2. LITERATURE REVIEW AND OBJECTIVE 

The PIV is a non-contact flow field measurement system, 
which is widely used for single-phase or multi-phase fluid flow 
field measurement and analysis[2-5]. At the same time, the 
system resolves many problems for water jet measure and is 
widely used. Milanovic[6] studied the near-field region of a 
turbulent round jet. Lee[7] used the proper orthogonal 
decomposition (POD) method to analyze the jet fusion 
characteristics of double nozzles. The submerged water jet at 
high-pressure ambient conditions was also conducted using the 
PIV system[8-10]. The dual-jet flow field[11], high-speed 

pulsating water jets[12], and impinging jets [13] were also be 
measured. 

Refractive index compensation is an important step in the 
PIV experiment. The optimal result should be that all objects in 
the experiment can achieve index matching[14]. However, it is 
not easy to achieve. Many kinds of fluids are adopted as a 
refractive matching or compensating fluid[15], such as phenyl 
silicone oil[2], the aqueous solution of NaCl and sucrose[3], P-
Cymene[16], the NaI solution[17], et al. 

Radenko Drakulic introduced the PIV in the drill bit flow 
field measurement[1, 18]. However, the relative results are not 
enough to support the hydraulic design for the drill bit. 
Therefore, a simplified PIV test under bottom hole conditions 
is carried out in this paper. 

In this paper, a simplified bottom hole condition is 
established using the similarity criterion[19-23]. A single 
nozzle flow field is captured by PIV system. The transparent 
wellbore and pipe are made of plexiglass. The refractive 
compensation is adopted to reduce the laser reflection of the 
wellbore. Based on the flow field characteristics of a sinlge-
nozzle water jet at the bottom hole, we analyze the influence of 
nozzle diameter and flow rate on the flow field. 
 
3. Experimental set-up 

The flow field of water jet through nozzles at the bottom 
hole is investigated experimentally. The overview of the 
experimental facility and the PIV system is presented in Fig. 1. 
The closed-loop system is comprised of a water tank, 
centrifugal pump, valves, turbine flow meter, and plexiglass 
wellbore. The water flows through the loop delivered by the 
centrifugal pump with an 8 m3/h capacity and 16 m head of 
delivery and is discharged into the water tank. The flow rate of 
nozzles is controlled by a valve combination. There are two 
valves in the combination. One of the valves is installed in the 
backbone of the tube, and the other is in the branch as a throttle 
valve. The range of the turbine flow meter is 1-10 m3/h with the 
±0.5% nominal accuracy. 
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Figure 1: The overview of the experimental facility 
with PIV system. 

The plexiglass wellbore is 1000 mm long with a 100 mm 
diameter. The thickness of the wellbore wall is approximately 
10 mm. A plexiglass drill pipe combined with nozzles is 
instilled in the wellbore. There is a 16 mm gap between the 
wellbore and drill pipe. As shown in the figure, the plexiglass 
wellbore is surrounded by a rectangular plexiglass sink. 
During the experiment, one of the refractive index 
compensation fluids is filled in the sink. The refractive index 
compensation fluid can reduce the reflected laser of the 
wellbore. The laser generator and charge-coupled device 
(CCD)camera are installed perpendicular to the plexiglass 
sink wall, respectively. A laser sheet issued by the laser 
generator will illuminate the tracking particles. The scattered 
laser will be captured by the CCD camera. 

The laser source is an Nd: YAG double-pulse laser with a 
repetition rate of 15 Hz, which can generate a 532 nm, 135mJ 
dual-pulse laser. The capture system is composed of a 14 bit 
2048 × 2048 pixels CCD camera and a telecentric lens. The 
telecentric lens is not sensitive to the focal length and is 
suitable for shooting in the flow field with a large depth of 
field. The silver-coated hollow glass spheres (S-HGS) were 
used as the tracking particles in this experiment. The diameter 
and density of the S-HGS are 10 μm and 1.40 g/cm3, 
respectively. 

The refractive index compensation fluid is filled in the 
rectangular plexiglass sink to reduce the reflected laser of the 
wellbore. As the pre-experiment, the refractive index of fluids 
and plexiglass are measured using the abbe refractometer. 
The refractive index of plexiglass of wellbore and sink is 
about 1.48687. Therefore, the 100 # white oil, whose average 
refractive index is 1.4858, is used as the refractive 
compensating fluid. 

 
Figure 2: The refractive index of fluids (SB-
Saturated brine, SNW- Sucrose + NaCl + water, 68# 
WO- 68# White Oil, 100# WO-100# White Oil, 130 
PSO-Phenyl silicone oil with a kinematic viscosity 
of 130 cs, 150 PSO-Phenyl silicone oil with a 
kinematic viscosity of 150 cs) 
 
4. Experimental set-up 

In the oil and gas drilling process, a polycrystalline 
diamond compact (PDC) drill bit usually has 3 to 7 nozzles. 
The size of each nozzle is 14 mm to 24 mm. However, 
considering the difference in flow rate between the field and 
experiment, the size of the nozzle of experiments is scaled 
using the similarity criterion[19-23]. The geometric similarity 
criterion, which is widely adopted in the laboratory 
experiment[20], is used to determine the size of the nozzle in 
the experiment. The geometric similarity is defined that the 
model is the same shape as the application, usually scaled. 
The experimental nozzle size is specified depending on the 
wellbore size ratio in the actual drilling process and 
experiment. Eq. (1) shows the geometric similarity. 

actual actual

experiment experiment

w N

w N

D D
D D

=  (1) 

where Dw and DN are the diameters of wellbore and 
nozzle, the indexes of actual and experiment mean the actual 
drilling and experimental conditions. The size of the 
experimental nozzles is shown in Table 1. The eventual size 
of nozzles is designed as 6, 8, 10, and 12 mm. 
Table 1: The size of experimental nozzles 
 

No. 

Actual drilling 
process Experimental condition 

Wellbore 
size, mm 

Nozzle 
size, 
mm 

Experimental 
wellbore 
size, mm 

Experimental 
nozzle size, 

mm 
1 215.9 14 100 6.5 
2 215.9 16 100 7.4 
3 215.9 18 100 8.3 
4 215.9 20 100 9.3 
5 215.9 22 100 10.2 
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6 215.9 24 100 11.1 
 

The flow rate of the experiment is specified based on the 
dynamic similarity[23]. The Reynolds number is adopted to 
describe the dynamic similarity of the experiment. The 
density and viscosity of drilling fluid are in an extensive 
range. In this experiment, the density and viscosity are chosen 
1.2 g/cm3 and 10 mPa∙s, respectively. The experimental fluid 
is water, whose density and viscosity are 1 g/cm3 and 1 mPa∙s, 
respectively. 

Re dvρ
µ

=  (2) 
 

where ρ, d, v are the density, characteristic length, and 
characteristic velocity of the flow field at the bottom hole. The 
flow rate of the experiment is designed as 0.80, 0.96, 1.12, and 
1.28 m3/h, which is corresponding to 20 L/s to 32 L/s (72 m3/h 
to 115.2 m3/h ) for actual drilling. The Reynolds number is more 
than 6,00,00 when water jets through a single nozzle from the 
Eq. (2). 

 
Table 2: The arrangement of the experiment 
 

No. 
Nozzle 

diameter
，mm 

Nozzle 
angle，

° 

Distance 
to 

bottom，
mm 

Flow rate，
m3/h 

1 6 

20 17 

1.28 

2 8 0.80/0.96/ 
1.12/1.28 

3 10 1.28 

4 12 1.28 

 
5. RESULTS AND DISCUSSION  

One of the original images of a water jet through a single 
nozzle is demonstrated in Fig. 3. Due to the different flow rates, 
the time interval between the two recordings is not identical. 
The time between the laser pulses is set in the range of 60 μs to 
80 μs. For PIV analysis, the final interrogation area (IA) is 32 × 
32 pixels with a 75% overlap in horizontal and vertical 
directions. An initial IA of 64 × 64 pixels is sequentially 
reduced to the final IA. During each iteration cycle, a local 
comparison of vector attributes with the median value of 9 × 9 
neighbors is used to validate and remove outliers. A minimum 
peak height ratio of 1.1 is used to remove spurious vectors[6]. 

 
Figure 3: The original image of water jet through a 
single nozzle 
 

An adaptive cross-correlation method is adopted to 
evaluate the velocity field determined from each pair of particle 

images, using mentioned parameters. The streamline of the 
instantaneous flow field is shown in Fig. 4. The water jets 
through the nozzle and forms a strong and complex turbulent 
flow field. The jet structure has a wide gap between the bottom 
hole and the free water jet[6, 8]. The water jet flows bake after 
impinging the bottom. In addition, due to the impinging angle 
of the water jet, the crossflow generated by the jet is not 
symmetrical[13]. The instantaneous flow field fluctuates 
extremely, as shown in Fig. 4. However, the vortex and water 
jet domain is evident in the instantaneous flow field. At each 
measurement, 50 images are obtained and used to evaluate the 
mean flow field and for other analyses. 

 

 
Figure 4: The streamline of the instantaneous flow 
field with the 6 mm nozzle (flow rate = 1.12 m3/h) 
 
5.1 The effection of nozzle diameter on flow field 

characteristics 
Compare the contour map of the time-averaged velocity 

field with different diameters nozzles when the flow rate is 1.28 
m3/h with the nozzles is 17 mm to bottom, as illustrated in Fig. 
5. The water through the nozzle generates a high-velocity jet. 
The water jet has a potential core beneath the nozzle. Limited 
by the bottom and the wellbore, the jet deviates from the 
centerline along the bottom and forms a crossflow. It is obvious 
that the smaller nozzle forms a higher-velocity jet at the same 
flow rate. In contrast, the width of the jet is reduced. The 
contour lines are dense on both sides of the jet, which indicates 
that the jet boundary has a large velocity gradient. This also 
generates a high shear rate between the water jet and 
surrounding fluid, which causes the surrounding fluid to flow. 

 
Figure 5: The contour map of the velocity field with 
different diameters nozzle (flow rate = 1.28 m3/h) 

The most important roles of the jet in drilling are 
effectively removing the cuttings at the bottom to keep the hole 
clean and eroding the bottom of the hole in soft formations, 
respectively[1]. The potential core contains most of the 
hydraulic energy of the water jet, which is paid more attention 
to during the drilling process. For a free water jet, the potential 
core is usually defined as the domine that the centerline velocity 
is over 95% of the jet exit velocity Vmax [8]. In this experiment, 
the potential core is defined as the area whose velocity is over 
80% of the Vmax, due to the water jet is significantly obstructed 
by the boundary[1]. The centerline velocity of different nozzles 
with the flow rate of 1.28 m3/h is illustrated in Fig. 6. It is 
evident to observe the potential core, although the water jet is 
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obstructed by the boundary. The velocity remains stable firstly 
beneath the nozzle then decreases rapidly as fluid approaches 
the bottom. The velocity stability section contains the potential 
core. The length of the potential core (V > 80 % Vmax) is 
statistics, as shown in Fig. 7. Due to the velocity data along the 
centerline is dispersed, there is an uncertainty interval whose 
velocity range contains the 80 % Vmax. And the zone in which 
the fluid velocity is lower than 80 % Vmax is the attenuation zone. 
It has a higher velocity gradient in the attenuation zone. It found 
that the potential core length is shorter than that of the free water 
jet whose potential core is about 4-6 diameter of the nozzle[6, 
7]. The velocity magnitude rapidly attenuates when fluid close 
to the bottom is lower than about 5 mm. 

 
Figure 6: The centerline velocity profiles of different 
nozzles(flow rate = 1.28 m3/h) 
 

 
Figure 7: The potential core of different nozzles(flow 
rate = 1.28 m3/h) 

The dimensionless velocity, V/Vmax, is used to find the 
relationship between the velocity and the distance to the bottom. 
As illustrated in Fig 8, the dimensionless velocity data of 
different diameter nozzles evolves to an identical trend. This 
evolution reflects the self-modeling of the water jet. A modified 
exponential function is used to fit all of the data. The fitted 
function is shown in Eq. (3). The coefficient of determination 
between the fitting curve and experimental data is about 0.913. 

( )0.4116

max

0.97729 1 xV e
V

−= −  (3) 

 
Figure 8: The relationship between dimensionless 
velocity and the distance to the bottom (flow rate = 
1.28 m3/h) 

The time-averaged streamline of the flow field of different 
diameter nozzles is presented in Fig. 9. The time-averaged 
streamline is more regular than the instantaneous streamline in 
Fig. 4. Compared with the contour map in Fig. 5, it is easy to 
find the vortex domain and water jet domain in the streamline 
diagram. Near the middle of the bottom, a vertex is formed. A 
set of the streamline is surrounding the vortex. The streamline 
with the flow direction of 8mm nozzles is illustrated in Fig. 10 
as an example. Due to the entrainment of the water jet, the fluid 
around the jet is carried and accelerated[24-26]. The ultimate 
velocity direction is the same as the water jet. However, the 
fluid near the vortex, which is not adjacent to the jet, flows 
towards the jet. The streamline of fluid, which is mentioned 
above, wraps the vortex. The streamline attaches to the bottom 
and then separates. This phenomenon may create another 
crossflow on the other side of the vortex. The particles tend to 
be distributed at the edge of the vortex[27]. If a single nozzle 
with 20 ° is installed at the bottom hole during drilling, the 
cuttings may be removed and distributed near the vortex. 
However, the vortex may cause the cuttings to obstruct at the 
bottom. 

 
Figure 9: The streamline of the flow field with different 
nozzle diameters (flow rate = 1.28 m3/h) 
 

 
Figure 10: The streamline with the flow direction of 
8mm nozzle (flow rate = 1.28 m3/h) 
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5.2 The effection of flow rate on flow field 

characteristics 

 
Figure 11: The streamline of the flow field with 
different flow rates (8 mm nozzle)  

The streamline of the flow field with different flow rates 
is presented in Fig. 12, which is corresponding to case 2. When 
the flow rate increases from 0.8 m3/h to 1.28 m3/h, the 
streamline has no significant changes except the water jet 
velocity. The centerline velocity of the 8 mm nozzle with 
different flow rates is plotted at the same time. The potential 
cores at different flow rates have the same length. When the 
distance to the bottom is lower than about 6 mm, the fluid 
velocity reduces rapidly. The fitting relationship between the 
dimensionless velocity and distance to the bottom is in Eq. (4). 

( )0.40936

max

0.95792 1 xV e
V

−= −  (4) 

 
Figure 12: The centerline velocity profiles of different 
flow rates (8 mm nozzle) 
 

 
Figure 13: The relationship between dimensionless 
velocity and distance (8 mm nozzle) 

 
6. CONCLUSIONS 

In this paper, a simplified bottom hole model is established, 
and a PIV system is used to capture the flow field of the single 
nozzle. The refractive compensation is adopted to reduce the 
laser reflection of the wellbore. From the results, we can 
conclude: 

(1) The 100 # white oil, whose average refractive index is 
1.4858, can be used as the refractive compensating 
fluid for plexiglass wellbore. 

(2) The flow field of the single nozzle at the bottom hole 
can be divided into vortex zone and water jet zone. 

(3) The potential core of the water jet limited by bottom 
and wellbore is shorter than that of the free water jet. 

(4) The fluid velocity reduces rapidly when fluid close to 
the bottom is lower than about 5 mm.  
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NOMENCLATURE 

Dwactual Diameters of the wellbore 
during drilling 

[m] 

Dwexperiment Diameters of the wellbore of 
experiment 

[m] 

DNactual Diameters of the nozzle on the 
drill bit 

[m] 

DNexperiment Diameters of nozzle of the 
experimet 

[m] 

V The velocity of the fluid [m/s] 
Vmax The water jet velocity [m/s] 
Re Reynolds number -- 
ρ The density of the fluid  [kg/m3] 
d The characteristic length [m] 
v The characteristic velocity [m/s] 
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