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ABSTRACT

During the drilling process for oil and gas resources, the high-pressure water jet is a key
factor which can improve the rate of penetration (ROP) via breaking rock, cleaning well bore,
carrying cuttings and so on. But it is always high confining pressure at the bottom of wells,
which may significantly weaken the effect of high pressure water jet, especially for the deep
(>4500m) and ultra-deep>6000m) wells. It is crucially important to study the effect of
confining pressure on high pressure water jet. A high pressure water jet simulator that could
generate low confining pressurelpQMPa) by controlling the opening of outlet valve was
designed. The jet pressure and impact pressure of a classical cone nozzle with different flow
rate, confining pressure, and standoff distance were measured via experiment. Results show
that jet pressure hardly changes until confining pressure exceeds its 0.51 times before it
linearly increases with confining pressure; numerical fitting analysis suggests that axial
hydrostatic pressure is proportional to the 3.3 power of confining pressure, and increases
linearly with standoff distance; axial impact pressure is inversely proportional to the 0.15
power of confining pressure, and decreases linearly with standoff distance; but when
dimensionless confining pressure exceeds the threshold value which is between 0.6 and 0.7 in
this research, hydrostatic pressure is in accord with confining pressure, and impact pressure
won’t change which means the jet is already stable. This study provides the optimization of
hydraulic parameters for drilling and sand-flushing operation and the design of highly
effective nozzle with helpful instructions.
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1 INTRODUCTION

During the drilling process for oil and gas resources, the high-pressure water jet is a key
factor which can improve the rate of penetration (ROP) via breaking rock, cleaning well bore,
carrying cuttings and so on. A detailed survey funded by American National Science
Foundation of over 25 novel drilling techngprevealed that hydraulic jet had the potential
for drilling oil wells economically in the late 1960 s (Maurer et al. 1969).

To improve the drilling rate, the mechanism of high pressure water jet assisted
rock-breaking, assembly of nozzle, optimization of fluid, structure design of nozzle, and etc.
had been researched (Feenstra et al. 1964; Feenstra et al. 1973; Kolle et al. 1991; Khorshidian
et al. 2014). Meanwhile, studies on velocity and pressure distribution of high pressure water
jet are underway (Albertson et al. 1990c¢lean et al. 1964Shen. 1988). But it is always
high confining pressure at the bottom of wells which may tremendously weakens the effect of
high pressure water jet especially for the deef6Q0m) and ultra-deep§000m) wells.
Robinson (1958) researched effects of confining pressures on failure characteristics of
sedimentary rocks. Brighenti (1989) reported effect of confining pressure on gas permeability
of tight sandstones. Alberts (1966) evaluated the performance of two types of abrasive cutting
jets in chambers that simulated ocean depths to 6100m. Surjaatmadja (2010) conducted a
series of tests to define new best practices for hydrajet perforating of rock under high
confining pressureBut few studies report the impact pressure attenuation of water jet under
confining pressureWith the development of exploration and drilling technology, deep and
ultra-deep drilling, and deepwater drilling have become the focus of drilting.crucialy
important to study the effect of confining pressure on high pressure water jet.

The impact pressure of high pressure water jet with different confining pressure is
measured by experiment. The exact expression of hydrostatic pressure and impact pressure
with confining pressure and standoff distance are derived by numerical fitting analysis. This
study provides the optimization of hydraulic parameters for drilling and sand-flushing
operation and the design of highly effective nozzle with helpful instructions.

2 FACILITIES
2.1 High Pressure Water Jet Simulator

To study the effect of confining pressure on high pressure water jet, a high pressure
water jet simulator which camenerate low confining pressurglpQMPa) is designed
independentlyThe sketch and the photo of the simulator are shown in Figure 1 and Figure 2
respectively. i mainly consists of confining pressure cylinder, nozzle, pressure tap, standoff
distance adjustment lever, high pressure outlet valve. Pressure gauge and pressure sensor are
simultaneouslyinstalled at two holes at the inlet and outlet for observation and accurate
measurement respectivels the main part confining pressure cylinder resists the pressure.
The standoff distance adjustment lever can change distance from pressoréhtapozzle
with no interruption to experiment. The high pressure outlet valve can generate confining
pressure by controllings open.A transparent pipe is used to recycle the water. The pressure



tap connected with pressure sensor is a plane with a 1mm diameter hole in the center. This
methodto generate confining pressure is generally adopted in studies on confining pressure
(Feenstra et al. 1973; Alberts et al; 1996; Surjaatmadija et al. 2010).
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Figure 1. Sketch of High Pressure Water Jet Simulator

Figure 2. Photo of High Pressure Water Jet Simulator
2.2 Measurement Principle

As is shown in Figure 1, high pressure water flows through the inlet into the simulator
and issues from the nozzle. The pressure gauge 1 and pressure sensor 1 which are installed
close to the nozzle show and record the jet pressure labeled A&eP that, high velocity
water impacts on the pressure tap, and total pressure labeledsasbiained by pressure
sensor 3. At the end, water flows through the high pressure outlet valve which generates
confining pressure. Confining pressure labeled as Blisplayed and recorded by pressure
gauge 2 and pressure sensor 2. According to the theorem of momentum (Yuan. 1986), impact
pressure on a plane can be calculated by:

Fi)mpact:pvz (L



Then the total pressure obtained fressure sensor 3 can be expressed as:

P =P+ P

static |mpact:

F;tatic_'_ P %/ (2)

2.3Apparatus

A high-pressure plunger pump is used as the power source with a rated pressure of 60
MPa and a certified capacity of 100 L/min. A hydro-pressure sensor with a measuring range
of 30 MPa, an output current of 4~20 mA, and an accuracy of 0.1% F*S is used to measure
the pressureA 10 MPa pressure gauge and a 30MPa pressuige@ae used to read the
pressure. A high-pressure valve is used to control the confining pressure. A data acquisition
system in which the National Instruments multi-channel data acquisition card is installed is
used to collect and store the pressure data (Figure 3). Because the purpose of experiment is to
investigate the effect of confining pressure on impact pressure, the general cone nozzle is the
most suitable. The nozzle has an equivalent diameter of 3mm, contraction angle ,ciri®0 °
outlet cylindrical section of 5mm. To ensure concentricity of the nozzle and the pressure taps,
the inlet of cone nozzle connected with the inflow pipe with a compress cap and a O-ring seal
is designed as a conical surface, as shown in Figure 4.
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Figure 3. Multi-channel Data Acql;isition System Figure 4. Sketch of Cone Nozzle

2.4 Projects

To study the impact pressure attenuation of high pressure water jet, flow rates are set as
0.6217, 0.6717, 0.7717L/s. Standoff distances are set as 1 to 7 times the nozzle diameter and
are marked as 1d, 2d, 3d, 4d, 5d, 6d, 7d. Confining pressures are set as 0, 1, 2, 3, 4, 5, 6,
7MPa. All pressure data at different flow rates with different confining pressure and standoff
distance are stored in the data acquisition system.



3 ANALYSES OF EXPERIMENT RESULTS
3.1Validation

To validate the experiment method, the total pressyreb®ained without confining
pressure is analyzed. According to Eq. 1, velocities at different standoff distance with
different flow rates are obtained. The dimensionless axial velocity-dimensionless standoff
distance plot is given in Figure 5. As is shown, the ordinate axis is the ratio of the measured
axial velocity and the maximum axial velocity. Horizontal axis is logarithmic ratio of standoff
distance to the nozzle diameter. The attenuation trends of the axial velocity with different
flow rates are in good consistency with each other. According to Alb&st&i60) study, the
intersection of two lines indicates the end of the potential core. The length of the potential
core is about 4.6 times the nozzle diameter, which agrees with the fact very rwell. |
conclusion, the experiment method is reliable to measure the impact pressure.
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Figure 5 Axial Velocity of High Pressure Water Jet without Confining Pressure

3.2 Effect of Confining Pressure on Jet Pressure

According to the fluid dynamic energy equation, pressure drop of the nozzle (Chen et al.
2006) can be expressed as

Ap:% (3)

According to Eg. 3, pressure drop of a special nozzle is constant for a certain flow.
During the experiment, the pressure drop labeledoas Bqual to the jet pressure without
confining pressure for different flow rates. Relationship between jet pressure and confining
pressure is given in Figure 6. The ordinate axis is the ratio of measured presyuce (P
pressure drop @. The horizontal axis is the ratio of confining pressurg {@pressure drop
(Po). According to submerge theory of high pressure water jet without confining pressure, the



hydrostatic pressure in the flow field equals to environmental pressure. It can be inferred that
at any cross-section of water jet the hydrostatic pressure is the same, as well as the axial
direction (Shen. 1998). According to the law of conservation of energy, the jet pressure
should linearly increase with the confining pressure. In fact, as is shown in Figure 6, jet
pressure hardly changes until confining pressure exceeds its 0.51 times before it linearly
increases with confining pressure. The effect of confining pressure on high pressure jet is

complicated and needed to be further studied.
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Figure 6. Effect of Confining Pressure on Jetting Pressure
3.3 Effect of Confining Pressure on Impact Pressure

To figure out the effect of confining pressure on high pressure jet, measured pressure P
and confining pressure:feurves with different flow rates are given in Figure 7, Figure 8, and
Figure 9 respectively. According to Eqg. 2, measured pressureqials to the sum of
hydrostatic pressure and impact pressure. It is easy to understand that hydrostatic pressure
will increase with confining pressure which accelerates the attenuation of impact pressure
The variation of measured pressuggsRcomplex, but the slope of curvesn’t exceed 1. As
shown infigures, dimensionless measured pressui@ Pd has the same change law with jet
pressurelt can be inferred that the confining pressure has no influence on high pressure jet
within the standoff distance equals to 1 times nozzle dianmst#rg emergence of confining
pressure, measured pressutedBcreases quickly; with the increase of confining pressure,
gradually the measure pressurgdtops decreasing but increases slowly instead; when the
dimensionless confining pressure exceeds 0.51, measured pressnceeBses rapidly; as
confining pressure continues to increase, the change of measured pressure tends to be linear
with a 1:1 slope, which means flow field of water jet is already stable; there is a dotted line
with a 1:1 slope for reference in each figure; the slope of measured presstue/éis
obviously larger than 1 at the terminal section that is different with the previous analgsis. W
can tell that hydrostatic pressure is not evenly distripuadtegr dimensionless confining
pressure exceeds the threshold which is in the range of 0.6~0.7 in our study, watessjetting i
already stable, and the measured pressure increases linearly with confining pressure.
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Figure 8. Effect of Confining Pressure on Measured PressihEn Flow Rate is
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3.4 Numerical Fitting Analysis

To get the explicit effect of confining pressure on high pressure water jet, the measured
pressure Pwith different flow rates is summarized to Figure 10. As is shown in Figure 8, the
measured pressure at 2d standoff distance differs from that in Figure 7 and Figure 9, so it is
not included in Figurd 0. On the basic of the analysis above, effect of confining pressure at
1d standoff distance is neglected in Figure 10, too. As shown, measured pressures with
different flow rates agree with each other very well. Curves are fairly smooth which can be
fitted by a single function. But when dimensionless confining pressure is larger than the
threshold value, the smoothness of curves are destructed. When the dimensionless confining
pressure equals to 0.7, high pressure water jet is already stable, so this part measured pressure
is not considered in following parts. It is easy to understand that hydrostatic pressure is
proportional to confining pressure and inversely proportional to standoff distance, while
impact pressure has the opposite law. Based on above analysis, following function is used to
fit the dataresults are shown in Figure.11
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Figure 10 Effect of Confining Pressure on Measured Pressure P
As shown in Figurell, the fitted curves smoothly across most of détagroves the
validity of the function which can describe the effect of confining pressure. At the same time,
indexes of the function are proveahardly change except for the 2d standoff distance. For
conveniencethe average of indexes is used, and Eq. 4 can be written as

N b o8
P:a*(—aj +b/(—aJ 5
R R
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Figure 11. Results of y Function Fitting
Eq. 5 is used to fit the data again. Results are shown in Figure 12.shswn, the
fitting is preferable.The parameters of Eq. 5 turn out to be a function of dimensionless
standoff distance. The fitting results are given in Figure 13. Expressions of parameters are
given as follow:

a= 0.2244*§+ 1.37, b= —0.0743*%+ 0.841. (6)
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Figure 12. Results of P Function Fitting
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Figure 13. Results of Parameter a and b Fitting
Thus, measured pressurgwdth different confining pressure and standoff distance can be
expressed as:

3.3 0.15
L :(0.2244*E+ 1.373 L +[— 0.0743% 4 0.841}3 o @)
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According to Eqg. 1 and Eq. 7, the distribution of hydrostatic pressure and velocity with
different confining pressure and standoff distance are obtained (see Figure 14 and Figure 15).
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Figure 14. Changing Law of Hydraulic Static Pressure with Confining Pressure
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As shown in Figure 14, when/Pyo is less than 0.2, hydrostatic pressure is tiny which is
hardly affected by confining pressumith the increase of confining pressure, hydrostatic
pressure grows increasingly; when dimensionless confining pressure exceeds the threshold
which is between 0.6 and 0.7 in this research, it tends to be linear with a 1:1 slope. On the
contrary, impact pressure significantly decreases with confining pressure at the beginning;
with the increase of confining pressure, the impact pressure attenuation gradually slows down;
when dimensionless confining pressure exceeds the threshold, impact pressure basically
remains unchanged, which means water jet is already stable. Figure 14 and Figure 15 explain
the change law of Figure 10, which means that at the beginning of curves, the axial velocity
dominates the change of measured pressure; at the end of curves hydrostatic pressure
dominates the change of measured pressure.

4 CONCLUSIONS

The effect of confining pressure generated by controlling outlet ‘sabpEening on high
pressure is researched. The change law of high pressure water jet is obtained by experiment
and theory analysis. The following conclusions are achieved:

(1) Jet pressure hardly changes until confining pressure exceeds its 0.51 times before it
linearly increases with confining pressure.

(2) Hydrostatic pressure is not evenly distributed in the zone of high pressuteiget.
proportional to the 3.3 power of confining pressure, and increases linearly with standoff
distance.

(3) Axial impact pressure is inversely proportional to the 0.15 power of confining
pressure, and decreases linearly with standoff distance.

(4) There is a threshold which is between 0.6 and 0.7 in this research for dimensionless
confining pressure. After that jet pressure will linear increase with confining pressure,
hydrostatic pressure is in accord with confining pressure, and impact pressure won’t change
which means the jet is already stable.
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NOMENCLATURE

C Nozzle discharge coefficient, dimensionless
PimpactIMmpact pressure on the pressure tap, MPa

Pstatic Hydrostatic pressure at the measured point, MPa

Po  Jet pressure without confining pressure, MPa

P1  Jet pressure measured by pressure sensor 1, MPa

Pc.  Confining pressure measured by pressure sensor 2, MPa
Pz  Total pressure equals the sum of impact pressure and hydrostatic pressure, MPa
Q FlowrateiEO, 1, 2, 3), s

% Average velocity of the outlet, m/s.

AP Pressure drop of the nozzle, MPa

p Density of water, Kg/fh



