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Abstract: Self-resonating waterjets (SRWJs) are being widely used in the fields of energy exploitation,
due to the significantly increased penetration rate of roller bits in deep-hole drilling. To further
improve the impact and erosion abilities of SRWJs, the effects of the downstream contraction ratio
of organ-pipe nozzle on the axial pressure oscillations were experimentally studied. The axial
pressure oscillation peak and amplitude were used to evaluate the effects under two inlet pressures
and various standoff distances. The results show that the downstream contraction ratio can affect
the development trends of the pressure oscillations and determines the values of the peaks and
amplitudes. Under the experimental conditions, 2.5 is the ratio that leads to the maximum peaks
and amplitudes at almost all the testing standoff distances, while the ratio of 2 always results in the
minimum ones. The development trend of the pressure oscillation peak for the ratio of 3.5 has a great
change at an inlet pressure of 20 MPa. Generally, the relative pressure oscillations are more violent at
an inlet pressure of 10 MPa, which is regardless of the contraction ratio. This study helps provide a
guideline for determining the physical parameters required in the fabrication of organ-pipe nozzles
used for deep-hole drilling.

Keywords: waterjet; self-resonance; contraction ratio; organ-pipe nozzle; pressure oscillation;
deep-hole drilling

1. Introduction

Nowadays, with the rapid growth of the world population and the fast development of society
and economy, energy consumption is dramatically increasing year by year [1–3]. The great demands for
petroleum, coal, and natural gas are remarkably stimulating the development of efficient exploitation
and deep-hole drilling for energy resources, as the shallow ones are being depleted gradually [4–7].

Aiming at improving the drilling efficiency, nozzles were used to increase the performance of
roller bits since 1949 [8]. It is demonstrated that by using high-pressure fluid jets to assist the action of
mechanical bits, the drilling rate can be two to three times faster than rates achieved by bits without
nozzles installed [9]. From then on, the use of nozzles to produce fluid jets to augment the cutting
action for maximizing the rate of penetration has been a standard feature in roller bit design. With the
further development of hydro-energy resource exploration, it was found that cavitation, which easily
occurs in high-speed flow, can greatly enhance the intensity of the drilling action [10]. Moreover, a
feasibility study of cavitating nozzles with water as the working fluid has shown that the volume
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removal efficiency of drilling is much higher when compared with that of non-cavitating nozzles [11].
This is because the violent collapse of cavitation bubbles in the vicinity of solid boundaries is able to
generate rather high-pressure pulses and high-speed micro-jets that can damage the materials being
impacted [12]. Therefore, the employment of cavitating waterjets for improving the drilling speed has
been a common action in the field of energy exploration.

However, in deep-hole drilling, the cavitation intensity is largely confined by the high ambient
pressure, and the larger the drilling depth is, the stronger the confinement. This is due to the fact
that the ambient pressure controls the cavitation number if the pressure drop across the nozzle
has been determined, while the ambient pressure is in turn determined by the drilling depth.
In order to solve this problem in deep-hole drilling, Conn and Radtke [13] proposed the concept of
self-resonating waterjets (SRWJs), which combines the advantages of both a pulse jet and a cavitating jet.
In their experiment, successful drilling tests were performed in a chamber which provided simulated
wellbore pressures up to 21 MPa, and the results showed that organ-pipe nozzles produced more
effective erosion action in comparison with conventional nozzles under the same operating conditions.
Moreover, a comparison between organ-pipe nozzles and cylindrical center body nozzles by means of
both laboratory tests and field trials showed that the former one provided greater volume removal and
erosion rates in deep-hole drilling [14]. Subsequently, Johnson et al. [15] conducted a feasibility study
on the erosion abilities of several nozzles that can generate SRWJs in deep-hole drilling, including
the organ-pipe nozzle, “Pulser”, “Pulser-Fed”, and “Laid-back Pulser”. They found that waterjets
issued from “Pulser” were superior to those from organ-pipe nozzles with respect to the erosivity, but
the big size made it impractical to be installed in the limited room available in the bits. Therefore,
organ-pipe nozzles show the most promise of being adaptable to existing mechanical drill bits with
only minor changes to the hydraulic passages in the bits [16]. Furthermore, Chahine et al. [17] extended
the previous work by giving a comprehensive study on the self-resonant mechanisms of organ-pipe
nozzles, and demonstrated that SRWJs are generated by taking full advantage of the natural tendency
of an axisymmetric jet to organize into large structures, resulting in a large augmentation of the cutting
action of mechanical deep-hole drilling bits.

Based on the self-resonant concept and the preliminary laboratory experiment results, Li et al. [18]
conducted successful field trials in the petroleum engineering of China. They found that with the use of
SRWJ, the rock erosion efficiency could be enhanced up to 2 times, and the average rates of penetration
of tricone bits and bit footages could be increased by 31.2% and 29.1%, respectively. Afterward, by
using the optimized organ-pipe nozzles, they claimed that the average injection pressure of SRWJ could
be reduced by 2.1 MPa and the drilling rate in deep oil wells was considerably improved from 10.1% to
31.5% [19,20]. Subsequently, SRWJs were employed in more than 40 oil wells and the results showed
that this jet could afford an effective approach to improve the rate of penetration in deep and ultra-deep
wells [21]. In recent years, SRWJs are still focused upon by a number of researchers. For example,
Fang, et al. [22] numerically studied the characteristics of the flow field inside the organ-pipe nozzle in
order to obtain the factors affecting the performance of SRWJ. Peng et al. [23] established a mathematic
model to study the cavitation bubble size in the flow fields of SRWJs. Besides, Liu et al. [24] carried
out an experiment to study the pressure characteristics of SRWJs with the use of Hilbert-Huang
transform method. Ding et al. [25] took advantage of SRWJs to improve the mechanical properties of
the aluminum alloy and claimed that the hardness and residual stress could be increased by 61.69%
and 148%, respectively. In addition, the authors have already conducted a series of experiments on
SRWJs, such as the effects of the nozzle inner surface roughness, feeding pipe diameter, and the area
discontinuity at the nozzle inlet on the characteristics of pressure oscillations and cavitation erosion of
the jet [26–35].
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Despite a great many investigations on SRWJ, it should be noticed that the optimal values of the
downstream contraction ratio of organ-pipe nozzles are still unknown and need to be studied. So far,
the organ-pipe nozzles used in the research are all manufactured using an equation that only gives the
ratio of the chamber length to the exit diameter [13–22,25–32], and the detailed physical parameters
required for fabricating an effective nozzle have not been reported.

This study is an attempt trying to understand the effects of the downstream contraction ratio
of organ-pipe nozzles on the pressure oscillations of SRWJs through an experimental method.
The pressure oscillation peak and amplitude of the jet were studied under four contraction ratio
values and two inlet pressure values, and a non-dimensional analysis was also applied to better clarify
the effects. The purpose of this study is to further improve the rate of penetration in deep-hole drilling
for underground energy acquisition.

2. SRWJ in Deep-Hole Drilling

Due to the fact that organ-pipe nozzles offer the simplest system design among several kinds
of self-resonating nozzles proposed [15,16], it has been widely used in the field of deep-hole drilling.
So, this nozzle was used in this study, aiming at enhancing the rate of penetration of roller bits in
deep-hole drilling. The working principles and geometry of organ-pipe nozzles are briefly shown
below, and more detailed information can be found in the work done by Conn et al. [13–17].

As is illustrated in Figure 1, Organ-pipe nozzles producing SRWJs are embedded in the tricone
drilling bit. During the working process of the bit, SRWJs issue from the nozzles and impinge on
the solid surface. Then, the numerous cavitation bubbles formed in the jets collapse near or on the
surface, generating high-speed micro jets and intense pressure waves that can greatly damage the
target. On the other hand, the pressure pulsations also generate shock waves (regarded as the water
hammer effect) that can damage both the surface and inner of the target [36]. As a result, the drilling
efficiency is finally improved.
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For the generation mechanism of SRWJs, it can be observed in Figure 1 that organ-pipe nozzles
consist of an upstream area contraction of (Df/Dc)2, a downstream area contraction of (Dc/De)2, and a
resonance chamber with a length of Lc and a diameter of Dc. Intense pressure waves are formed at the
downstream contraction when high-speed fluid is passing through the nozzle, resulted in by the great
and rapid changes of the flow velocity and pressure field. The pressure waves propagate upwards
and reflected at the upstream area contraction because of the impedance change of the nozzle. Then, a
standing wave will be formed in the chamber if Lc meets the below equation [17,30]:

Lc =

 2n−1
4 λ for (

D f
Dc

)
2
� 1, (

D f
Dc

)
2
� 1

n
2 λ for (

D f
De

)
2
� 1, (

D f
Dc

)
2
≈ 1

(n = 1, 2, 3 · · · ) (1)

where Df is the inlet diameter, m; De is the exit diameter, m; n is a natural number, λ is the length of
the pressure wave, m.

Finally, a peak resonance will occur in the chamber and an SRWJ is generated as long as the
resonant frequency (f 0) of the organ-pipe is near the critical jet structuring frequency (fs). The two
frequencies are expressed as [15–17]

f0 =
c
λ

(2)

fs =
StUe

De
(3)

where St is the critical Strouhal number, with a general value of 0.3 used in SRWJ [13–17,35]; Ue is the
jet velocity, m/s; and c is the local sound speed, m/s.

The peak resonance not only transfers the continuous jet into a pulsed one but also dramatically
accelerates the cavitation in the flow by changing the jet structure into discrete ring vortex, which
enables the jet to have a strong erosion ability. More specifically, the improved cavitation ability results
from the increased number of bubbles that generated at the center of the vortex, and the passage of
each ring vortex across the hole bottom generate substantial pressure fluctuations at the surface [16].
Besides, the pressure pulsations of the jet also transfer some energy to the cavitation [15]. More detailed
descriptions of the generation of SRWJ can be found in [14–17].

Therefore, it should be obvious that the downstream area contraction contributes most to the
generation of the pressure waves and the resonance because of the greater changes in the flow field.
Therefore, this study focuses on the influence of the downstream area contraction on the characteristics
of the axial pressure oscillation of SRWJ.

3. Experimental Setup and Procedures

In the present study, the axial pressure oscillation characteristics were used to evaluate the effects
of the downstream contraction ratio. Thus, an experiment was designed to obtain the values of the
pressure oscillation peak and amplitude. A schematic diagram of the experimental setup for measuring
the axial pressures of SRWJs under different values of the downstream contraction ratio is shown in
Figure 2. It should be noticed that the experimental method and the main equipment and facilities
shown in the figure were all the same with those used in our previous investigations [25–32], except for
the organ-pipe nozzles. Therefore, the schematic of the experimental set-up is the same as the previous
ones [31,35].
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During the testing process, tap water from the tank was pressurized by a high-pressure plunger
pump and then reached the organ-pipe nozzle through high-pressure pipes. Then, the SRWJ issued
from the nozzle and impinged on the surface of a target plate that had a pressure tap of 1 mm diameter
at the center. The target plate was fixed on the wall of a vessel filled with water and the organ-pipe
nozzle was mounted at the end of a hollow-rod settled on the horizontal moving table, as shown
in Figure 2. The axis of the nozzle was made coaxial with that of the pressure tap by adjusting the
positions of the vessel in the Y and Z directions. Finally, the axial pressure was obtained by a pressure
transducer (Model: XPM 10) of a high frequency that communicated with the pressure tap. The pump
had a maximum pressure of 60 MPa and a maximum flow rate of 120 L/min. Moreover, two bladder
accumulators were used to maximally attenuate the disturbances generated by the pump so as to
avoid influences on the accuracy of the experimental results. To be more specific, one accumulator was
located near the pump and the other one was placed close to the nozzle, shown in the figure. A static
pressure transducer (Model: DMK 331P) was employed in the experiment, used to monitor the inlet
pressure (Pi) In addition, two inlet pressures of 10 MPa and 20 MPa were used in the experiment, which
was determined by the pressure of the SRWJ used in practical applications of deep-hole drilling [13,15].
The main parameters of the transducers are shown in Tables 1 and 2, respectively, and FS means
full scale.

Table 1. The main parameters of the pressure transducer of DMK 331P.

Made Parameter Value

BD Sensors

Nominal pressure (MPa) 40
Burst pressure (MPa) 100

Accuracy ≤±0.5% FS
Influence effects of supply (10 V) 0.05% FS

Influence effects of load (kΩ) 0.05%
Thermal error (10 K) ±0.5% FS
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Table 2. The main parameters of pressure transducer of XPM 10.

Made Parameter Value

Measurement
SPECIALTIESTM

Nominal pressure (MPa) 35
Burst pressure (MPa) 105

Frequency response (KHz) 288
Accuracy ≤±0.25% FS

Repeatability ±0.2%
Nonlinearity ±0.25%

The pressure oscillation peak (Pmax) and amplitude (Pa) of SRWJs were used to evaluate the effects
of the downstream contraction ratio. Furthermore, Pmax and the minimum pressure (Pmin) can be
obtained from the laptop connected with the data logger, and Pa was defined as the difference of Pmax

and Pmin, which is Pa = Pmax − Pmin. The standoff distance, S, which was defined as the distance from
the nozzle exit to the surface of the target plate, varied from 10 mm to 100 mm during each test.

For the organ-pipe nozzles used in the experiment, four contraction ratio values were used, which
were 2, 2.5, 3, and 3.5. All the nozzles had the same inlet and exit diameters of 13 mm and 2 mm,
respectively, determined from the previous study performed by Li et al. [18–21]. By making f 0 and fs
equal, the relation of Lc and De can be obtained based on Equations (1)–(3):

f0 = fs ⇒
Lc

De
=

Knc
UeSt

(4)

where Kn is defined as the mode number and can be expressed as

Kn = f unc
(

n,
Dc

De
, Ma

)
=

 2n−1
4 λ for (

D f
Dc

)
2
� 1, (

D f
Dc

)
2
� 1

n
2 λ for (

D f
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)
2
� 1, (

D f
Dc

)
2
≈ 1

where Ma is the Mach number, defined as the ratio of the flow velocity to the local sound speed,
Ma = Ue/c.

Finally, by applying the Bernoulli equation [27] and Equation (4), the chamber lengths can be
achieved, which were 21 mm and 15 mm, corresponding to the two inlet pressures of 10 MPa and
20 MPa. With respect to the pressure loss across the nozzle, more detailed information of the calculation
process can be found in our previous research [27,35]. The picture of the nozzles is shown in Figure 3
and the parameters of the nozzles are summarized in Table 3.
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Table 3. The parameters of the organ-pipe nozzles used in the experiment.

Pi (MPa) Df (mm) Dc (mm) De (mm) Lc (mm)

10
13 2 2.5 3 3.5 2

21

20 15

4. Results and Discussion

4.1. Axial Pressure Oscillations at an Inlet Pressure of 10 MPa

The axial pressure of SRWJs as a function of the standoff distance under the four different
downstream contraction ratios and the inlet pressure of 10 MPa was plotted, with the pressure
oscillation peak and amplitude shown in Figure 4a,b, respectively. It is obvious that the downstream
contraction ratio significantly affects the characteristics of the axial pressure oscillations. In more
specific terms, the ratio of 2.5 always creates maximum pressure oscillation peaks and amplitudes at
almost all the testing standoff distances, while the ratio of 2 always creates minimum ones. Only under
the contraction ratio of 2.5, do both the pressure oscillation peak and amplitude experience a slight
increase and then an obvious decrease with the increase of the standoff distance, which is in good
agreement with the experimental results obtained by Li et al. [18–21]. Moreover, it should be noticed
that this development trend of the pressure oscillation peak and amplitude is a typical feature of SRWJs
that had been demonstrated by Johnson et al. [15], Chahine et al. [17], and Li et al. [19]. In addition, the
results of our previous research have also confirmed this typical feature of SRWJ [29–31,35]. So, that is
to say, at an inlet pressure of 10 MPa, only organ-pipe nozzles with a downstream contraction ratio
of 2.5 can generate effective SRWJ that has large pressure oscillations. According to the generation
mechanism of SRWJ [17], it can be claimed that the downstream contraction ratio determines the
intensity of self-resonance in the chamber, as well as the effectiveness of the SRWJ. In other words,
the downstream contraction ratio of 2.5 triggers the strongest self-resonance that results in the largest
pressure oscillation peaks and amplitudes. It can be claimed that 2.5 is the preferred downstream
contraction ratio under the inlet pressure of 10 MPa in the fabrication of organ-pipe nozzles, while the
ratio of 2 should be avoided.
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Figure 4. The axial pressure oscillation (a) peak and (b) amplitude against the standoff at an inlet
pressure of 10 MPa.

For the pressure oscillation peak shown in Figure 4a, the development trend against the standoff
distance under the contraction ratio of 2 is obviously different from that under the other ratios. Besides,
it is of great interest to observe that the development trends under the contraction ratios of 2, 3, and 3.5
are nearly the same, with the peak dropping with increasing standoff distance all the time. Moreover,
the peaks under these three contraction ratios at each standoff distance are very close and have large
differences when compared with those values under the ratio of 2. These phenomena indicate that the
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value of the downstream contraction ratio is significantly important for the generation of relatively
large pressure oscillation peaks.

With respect to the pressure oscillation amplitude shown in Figure 4b, it is observed that the
values of the amplitude under the four contraction ratios at each standoff distance are obviously
different. However, the development trends are very similar, except for the case of the ratio of 2, which
slightly drops with the increasing standoff distance. When compared with the pressure oscillation peak
in Figure 4a, it was found that the pressure oscillation amplitude is more sensitive to the variations of
the downstream contraction ratio, especially for the cases of ratios of 2, 3, and 3.5. To be more specific,
the contraction ratio of 3.5 is superior to the ratio of 3 for getting larger amplitudes under an inlet
pressure of 10 MPa.

However, it should be pointed out that these analyses are preliminary and qualitative to some
degree due to the complexity of the SRWJ and the very limited literature in this field.

4.2. Axial Pressure Oscillations at an Inlet Pressure of 20 MPa

Under n inlet pressure of 20 MPa, the axial pressure oscillation peak and amplitude against the
standoff distance were also plotted, shown in Figure 5a,b, respectively. The contraction ratio of 2.5
still results in both the maximum peaks and amplitudes, which is the same with that under the inlet
pressure of 10 MPa shown in Figure 4. Besides, the typical trends of SRWJs for this contraction ratio is
more obvious under the increased inlet pressure, which is in consist with the previous experimental
results [18–21]. Furthermore, another interesting phenomenon observed is that the contraction ratio
of 2 still leads to minimum peaks and amplitudes at almost all the standoff distances. So, 2.5 is still
the optimal value of the downstream contraction ratio, while 2 should also be avoided. Moreover,
except for the case of 3.5, the development trends of the pressure oscillation peak and amplitude for
all the other ratios remain the same under the two inlet pressures, indicating that the inlet pressure
can hardly change this feature. However, it should be pointed out that the development trend of the
pressure oscillation peak for the contraction ratio of 3.5 has a dramatic change with the increased inlet
pressure. In addition, it can be observed that the development trends of the pressure oscillation peak
and amplitude for this case also have the mentioned typical feature of SRWJs. That is to say, both the
downstream contraction ratio of 2.5 and 3.5 make effective and obvious SRWJs under an inlet pressure
of 20 MPa.
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To be more specific, the pressure oscillation peaks for the contraction ratios of 2.5 and 3.5 are
obviously greater than those for the ratios of 2 and 3, especially at standoff distances between 20 mm
and 70 mm. Since this range of standoff distance is where the cavitation bubbles and large ring
vortex are formed and take effect [32], it again indicates that the contraction ratio has affected the
self-resonance in the chamber. More specifically, even the pressure oscillation peak for the contraction
ratio of 2 is larger than that for the ratio of 3 at standoff distances below 30 mm and it rapidly drops
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to the minimum with further increasing standoff distance. With respect to the pressure oscillation
amplitude shown in Figure 5b, it can be observed that the inlet pressure has very little ability to change
the developing trends, nor the order of ratios for yielding larger pressure oscillation amplitudes.

4.3. Non-Dimensional Analysis of the Pressure Oscillations

Non-dimensional analysis is known as a dramatically important method used to extract the
dimensionless groups that affect the solution of a number of complex problems [37]. In order to further
clarify the characteristics of the pressure oscillations, a preliminary non-dimensional analysis was
performed. According to the previous research [17], the axial pressure oscillation peak and amplitude
were nondimensionalized by the inlet pressure and the standoff distance was nondimensionalized
by the exit diameter of the nozzle. The averaged peak and amplitude at each standoff distance were
calculated and displayed, and the trendlines including the correlation coefficients are also provided
in the figures. The dimensionless pressure oscillation peak and amplitude against the dimensionless
standoff distance are shown in Figures 6 and 7, respectively.
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As is illustrated in Figure 6, the dimensionless pressure oscillation peaks under the two inlet
pressures are very close to each other at each standoff distance for the contraction ratio of 2.5. It is also
found that the dimensionless peak only has a slight increase in this contraction ratio. For all the other
cases, the dimensionless peak always decreases with the dimensionless standoff distance. For the
curves of the same color, all the solid ones are above the corresponding dash ones, except for the
brown ones. That is to say the dimensionless pressure oscillation peak at an inlet pressure of 10 MPa is
greater than that at an inlet pressure of 20 MPa for the contraction ratio of 2, 2.5, and 3. Moreover, it is
found that the trendlines of the dimensionless peak for the same contraction ratio are more likely to be
parallel at a dimensionless standoff distance between 15 and 40, as well as the average ones. It is also
evidence that inlet pressure is hard to change the developing trends of the pressure oscillation peak
under different downstream contraction ratios. Besides, the difference between the trendlines of the
averaged dimensionless peak is rather small.

As is shown in Figure 7, the curves are generally concentrated at both ends of the horizontal axis,
while in the middle section they are kind of dispersive, indicating that the effects of the downstream
contraction ratio on the pressure oscillation amplitude are more obvious during a certain range of
standoff distance values. It is also observed that the solid curves are above the dashed curves of the
same color nearly all the time, meaning that the relative pressure oscillation amplitude is greater at
an inlet pressure of 10 MPa. Furthermore, the largest difference between the curves of the same color
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appears between the brown ones, indicating that the relative pressure oscillation amplitude at an inlet
pressure of 10 MPa is much greater than that at an inlet pressure of 20 MPa for the contraction ratio of
3.5. When taking the dimensionless pressure oscillation peak into consideration, it can be claimed that
the pressure oscillation of SRWJs is generally more violent at an inlet pressure of 10 MPa, which means
the relative intensity of self-resonance and performance of SRWJ are greater. This is mainly because
the energy loss is higher, caused by the increased flow velocity at greater inlet pressures [32].
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Still, it should be noticed that the current lack of related theoretical and empirical research in the
literature makes it rather hard to give a detail illustration of the reasons behind the foregoing phenomena.

5. Conclusions

For the purpose of enhancing the rate of penetration of deep-hole drilling for underground energy
acquisition, the performances of organ-pipe nozzles with different downstream contraction ratios were
studied by evaluating the axial pressure oscillations. Even though this study is preliminary, it still
provides important information for improving the erosion and impact effects of SRWJs, as well as the
drilling efficiency. The main conclusions are summarized as follows:

(1) Under the experimental conditions, a downstream contraction ratio of 2.5 leads to both
maximum pressure oscillation peaks and amplitudes at all the testing standoff distances, while a ratio
of 2 always results in the minimum ones.

(2) An organ-pipe nozzle with a contraction ratio of 2.5 generates effective SRWJ at both inlet
pressures, while a nozzle with the ratio of 3.5 also creates a waterjet possessing the typical feature of
SRWJ when inlet pressure increased to 20 MPa.

(3) The inlet pressure can hardly affect the development trends of the pressure oscillation peak
and amplitude against the standoff distance. Except for the case of 3.5, the development trends of
the pressure oscillation peak and amplitude for all the other ratios remain the same under the two
inlet pressures.

(4) The dimensionless pressure oscillation peak only has a slight increase in the contraction ratio
of 2, and the pressure oscillation of SRWJs is generally more violent at an inlet pressure of 10 MPa.

(5) Further studies related to the resonating frequency and the exact characteristics of the pressure
waves should be conducted in order to theoretically and mathematically clarify the mechanism of the
influence of the downstream contraction ratio.
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