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Abstract 
 
Self-excited oscillation pulsed waterjet (SOPW) can take advantage of water hammer effect by generating discrete water slugs with 

large pressure oscillations. To further improve its efficiency, the performance of a jet-driven Helmholtz oscillator generating SOPWs was 
experimentally studied with feeding pipe diameter being considered. The axial pressure oscillations of the jets against the chamber length 
and standoff distance under four pump pressures were analyzed. It was found that feeding pipe diameter greatly affects the pressure oscil-
lations. This dramatically depends on the pump pressure and is mainly caused by the wave and acoustic interactions in the oscillator. 
Feeding pipe which induces the maximum peak is the one that results in the minimum amplitude, and vice versa. Moreover, feeding pipe 
of diameter of 25 mm makes the amplitude fluctuate more violently at lower pump pressures. Further investigations related to the interac-
tions of feeding pipe, hydroacoustic waves, and vorticities in shear layer should be performed.  

 
Keywords: Self-excited oscillation; Pulsed waterjet; Feeding pipe diameter; Pressure oscillation; Helmholtz oscillator   
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 
 
1. Introduction 

High speed waterjet is an appealing non-thermal technology 
that has been experiencing a rapid development during the last 
few decades [1]. It is presently applied in nearly all areas of 
modern industry, such as automotive industry, aerospace in-
dustry, construction engineering, petroleum engineering, envi-
ronmental technology, chemical process engineering, and 
industrial maintenance [2-4]. Many researchers are focusing 
on improving the destructive power of high speed waterjets 
through creating high pressure pumps, optimizing nozzle 
structures, and understanding the dynamic characteristics of 
the jets [5-7]. It is reported that commercial high pressure 
systems capable of generating pressures up to 400 MPa have 
been available on the markets [8]. However, further enhance-
ment of the pump pressure is still needed in order to achieve 
more destructive and powerful waterjets that are required in 
some kinds of applications. An obvious and direct conse-
quence of further improving the pump pressure is the much 
higher cost to manufacture and maintain the equipment, which 
has been preventing the development and wide application of 
ultra-high pressure pumps. 

An alternate approach without using ultrahigh pressure 
pumps is adding a certain amount of abrasive particles into the 
plain waterjet to create abrasive waterjet [9]. By mixing the 
abrasive particles with the jet in a chamber or a tube, the mo-
mentum can be transferred from the jet to the particles, which 
subsequently results in a great enhancement of the cutting 
capability and destructive power of the jet [10]. Another effec-
tive way to eliminate the need for such high pressures is to 
pulse the continuous waterjet into a series of discrete water 
slugs so as to produce pulsed waterjet. Specifically, by taking 
advantage of the water hammer effect, the collision of a 
pulsed waterjet with a solid surface is able to generate short 
and high pressure transients that can cause serious damage to 
the surface and interior of the target [11]. Moreover, pulsed 
waterjet is capable of generating cyclical impact forces as a 
consequence of the short-duration pressure pulses, which can 
eliminate the “cushion” effect and cause significantly greater 
damage to the target material compared with a plain waterjet 
[12]. Because of these advantages of pulsed waterjet, it has 
been the subject of a relative intense research effort in the Refs. 
[13-15].  

High pressure pulsed waterjets can be generated by me-
chanical methods such as rotating, reciprocating, and wob-
bling mechanisms. For example, Dehkhoda and Hood [12, 16] 
developed an external-flow-interrupted pulsed waterjet device 
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where the high speed rotation of a slotted disc in front of the 
continuous waterjet was used to generate discrete water slugs. 
Dehkhoda et al. [17] designed a water-filled cylindrical steel 
chamber with a steel piston at one end and a centrally-located 
nozzle mounted at the other end. Pulsed waterjet can be 
yielded when a hammer is used to impact the piston. However, 
even these devices can successfully generate pulsed waterjets 
with large scale of pressure and velocity oscillations, they 
require high levels of mechanical maintenance and have very 
limited lifetime and reliability in harsh working environment 
such as deep-hole drilling, rock cutting, and mud dredging 
[18]. 

In order to break the limitations of pulsed waterjets gener-
ated by these mechanical methods, another way of generating 
pulsed waterjets with the use of a Helmholtz oscillator was 
proposed by Morel [19]. He experimentally claimed that jet 
instabilities coupling with the Helmholtz resonance is able to 
produce very powerful chamber-pressure oscillations. And 
corresponding to the external-interrupted pulsed waterjet, this 
is defined as SOPW because it is produced by self-excited and 
self-sustained pressures in the oscillator without the use of any 
external exciting parts in the system. Then, based on some 
other pioneering research on self-excited oscillation and jet 
instabilities [19-21], several Helmholtz oscillators (“Pulser”, 
“Laid-Back-Pulser”, and “Pulser-Fed”) with improved struc-
tures were designed by Johnson et al. [22]. They also carried 
out a series of experiments using the oscillators and concluded 
that the jet’s performance can be doubled with respect to the 
erosivity, as compared to a steady jet having an equivalent 
mean pressure drop.  

Due to the significant advantages of SOPW over a me-
chanically generated pulsed waterjet, it has been studied ex-
tensively as a fundamental problem in turbulence and as a new 
technology in engineering applications. In more specific terms, 
Hasan and Hussain [23] explored the characteristics of a self-
excited axisymmetric jet experimentally and found that self-
excitation produces a large increase in the fluctuation intensity 
in the near field of the jet when compared with a correspond-
ing unexcited jet. Arthurs and Ziada [24] experimentally ex-
amined the acoustic tone generation of a high speed self-
excited jet over a wide range of jet velocities. They concluded 
that the acoustic tones are generated by both symmetric and 
anti-symmetric jet instabilities. Moreover, Li et al. [25, 26] 
studied the effects of nozzle inner surface roughness on the 
axial pressure oscillation and cavitating erosion characteristics 
of self-resonating cavitating pulsed waterjets, which have the 
same generation mechanism with SOPW. In addition, Li et al. 
[27] also found that area discontinuity at nozzle inlet greatly 
affects the characteristics of self-resonating cavitating pulsed 
waterjet, which provides a novel way to improve the perform-
ance of the jet. Furthermore, Fang et al. [28] performed a nu-
merical investigation on the influence of collapse wall on the 
pressure oscillations of SOPW, aiming at improving the per-
formance of the jet through optimizing the nozzle structure. 
They demonstrated that the upper wall plays a more important 

role than the lower wall in affecting the pressure oscillations. 
As for the applications of SOPWs, Wang et al. [29] devel-

oped a modulating tool with a suction-type Helmholtz oscilla-
tion built-in, aiming at further improving the rate of penetra-
tion. And they claimed that this tool is more reliable and dura-
ble because it has simpler structure and no moving parts. On 
the other hand, Yang et al. [30] investigated the dynamic char-
acteristics of SOPW discharging from a Helmholtz oscillator 
used as the breaking and losing device for air-lift pump. They 
pointed out that SOPW not only effectively breaks the hard 
rock but also produces fluctuating uplift forces acting on the 
sand particles. Moreover, by applying SOPW in mine gas 
extraction, Li et al. [31] found the gas absorption rate can be 
decreased by 30 %~40 % and the penetrability coefficient can 
be increased 100 times. 

In the considerable number of papers published on SOPW, 
however, most of them are dealing with the generation me-
chanisms, structure optimization, or engineering applications. 
To the best of our knowledge, nearly no one has ever consid-
ered feeding pipe diameter as an important factor affecting the 
characteristics of SOPW. But feeding pipe diameter should 
deserve some attention when wave propagation and self-
excitation are taken into account. To be more specific, Rien-
stra [32] concluded from an analysis of acoustic wave-pipe-jet 
flow interaction that the velocity and pressure fields inside the 
pipe and the pressure far field are related to the pipe diameter, 
indicating feeding pipe diameter could affect the performance 
of SOPW. Herrmann et al. [33] pointed out that the wave 
damping characteristics are determined by pipe diameter, sug-
gesting that feeding pipe diameter is related to the perform-
ance of the jet. Since SOPW is resulted from a standing wave 
generated in the oscillator, this suggests that feeding pipe di-
ameter is related to the performance of the jet. Moreover, in 
one of the pioneering efforts on a jet-driven oscillating pulsed 
jet, Morel [19] has particularly pointed out that some attention 
should be given to the feeding pipe geometry, because it could 
have great effects on the oscillation characteristics of the jet. 
To be honest, in one of our previous experiments on SOPW, it 
has been stumbled upon that the erosion capability of the jet 
was dramatically changed after the feeding pipe had been 
replaced by another one with a different diameter, which actu-
ally most promoted this study. 

The objective of this study is to improve the performance of 
Helmholtz oscillator for producing high speed waterjets with 
stronger self-excited and self-sustained pressure fluctuations. 
To reach this goal, effects of feeding pipe diameter were ex-
perimentally investigated as an attempt, with a focus on the 
axial pressure fluctuation peak and amplitude.  

 
2. Working principles of a Helmholtz oscillator 

As shown in Fig. 1, a Helmholtz oscillator is constructed of 
a cylindrical shell and two circular end plates called upstream 
nozzle and downstream nozzle respectively. The cavity 
formed by these three parts is called oscillation chamber. And 
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each end plate has at its center an orifice coaxial with the axis 
of the cylindrical shell. It should be pointed out that the inner 
side of the downstream nozzle is not flat, but is a frustum with 
a certain angle and called impinging wall.  

When a high speed jet emerges into the oscillation chamber, 
shear layer will be formed in the separation zone because of 
the sudden changes of pressure and stress distributions in the 
flow. And according to the boundary/shear layer and fluid 
mechanics theory, disturbances will be formed by the nozzle 
lip-jet interactions. Furthermore, the combination of these 
disturbances with the Kelvin-Helmholtz instability of the jet is 
able to result in vorticities formed in the shear layer. The vor-
ticities and shear layer move downwards and then impinge on 
the impinging wall, yielding pressure and acoustic waves of 
different frequencies at the feedback zone. Then, these pres-
sure and acoustic waves propagate upwards at the local sound 
speed. A specific frequency of wave can significantly amplify 
the same frequency of disturbances at the separation zone, 
leading to much more and stronger vorticities generated at the 
separation zone. The enhanced vorticities will certainly cause 
stronger pressure and acoustic waves generated and reflected 
at the feedback zone. Thus, a closed loop of this self-excited 
and self-sustained oscillation is shaped and shown in Fig. 2.  

If the wave frequency, fw, matches the fundamental fre-
quency of the Helmholtz oscillator, f0, and also the jet structur-
ing frequency, fs, peak resonance will be formed in the oscilla-
tion chamber, which will subsequently cause great pressure 
oscillations that can make the jet more unstable. On the other 
hand, after the jet discharges from the downstream nozzle, its 
interactions with the environmental fluid will intensify the 
instability of the jet. Under these conditions, the continuous jet 

will be pulsed into discrete water slugs, and a SOPW is finally 
generated. As the match of the three frequencies is particularly 
important in designing an effective Helmholtz oscillator, the 
mathematic expressions of the frequencies are presented be-
low. 

The wave frequency can be defined as [34]: 
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where N is model number; Lc is the length of the oscillation 
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where a is local sound speed; and U is jet velocity. 

As for the fundamental frequency of the Helmholtz oscilla-
tor, it can be expressed as [35]: 
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where A0 is the cross area of nozzle inlet; l0 is the length of 
nozzle inlet; V is the volume of the oscillation chamber; β is a 
correction factor of 0.6; and d1 is the inlet diameter. 

In terms of the jet structuring frequency, it is obvious that: 
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where St is Strouhal number, and is usually given a value of 
0.3, according to the previous investigations [19-22, 25-28]. 

More detailed information on jet-driven Helmholtz oscilla-
tor for generating SOPWs can be achieved in Refs. [19, 22, 28, 
29, 31, 36]. However, it should be noted that the detailed de-
sign of a jet-driven Helmholtz oscillator for successfully gen-
erating SOPWs is quite complex, and currently the absence of 
a theoretical and quantitative explanation of the mechanism 
makes experimental investigation the main method in the 
study of SOPWs [22, 26]. 

 
3. Experimental system and procedures  

In terms of SOPWs, the intensity of pressure oscillation is 
an important criterion to evaluate the effectiveness of a SOPW. 
Thus, effects of feeding pipe diameter on the performance of 
the jet-driven Helmholtz oscillator were evaluated by the pres-
sure characteristics of the jets under different conditions, 
which were different pump pressures, chamber lengths, and 
standoff distances. 

 
 
Fig. 1. Working principles of a jet-driven Helmholtz oscillator. 

 

 
 
Fig. 2. Closed loop of self-excited and self-sustained oscillation. 

 



1206 D. Li et al. / Journal of Mechanical Science and Technology 31 (3) (2017) 1203~1212 
 

 

3.1 Experimental setup and procedures 

Fig. 3 is a schematic diagram of the experimental setup for 
measuring the axial pressures of SOPWs discharging from the 
Helmholtz oscillator. The experiment was performed on a 
multifunctional waterjet test bench developed by our research 
team and had been used in some of our previous research [25-
27]. High pressure waterjets were provided by a plunger pump 
whose maximum pressure and flow rate were 60 MPa and 
120 L/min, respectively. By using the control table, pump 
pressure could be continuously regulated by changing the 
frequency of the motor powering for the pump. The experi-
ment was performed under four pump pressures (Pu), which 
were 10 MPa, 15 MPa, 20 MPa and 25 MPa.  

As is shown in Fig. 3, the Helmholtz oscillator installed on 
the walking device could be given a motion in the X direction, 
while a target plate fixed on the loading platform could be 
given motions in the Y and Z directions. The target plate had 
at its center a hole with a diameter of 1 mm, which was 
smaller than that of the jet. Moreover, a pressure transducer 
(Model: BD Sensors DMP333) was installed on the target 
plate, communicating with the hole. By adjusting the location 
of the target plate, the axis of the nozzle could be made coax-
ial with that of the hole on the target plate. As a consequence, 
SOPWs could impact perpendicularly on the plate in each test, 
which then ensured the reliability of the results. For better 
analyzing the effects of feeding pipe diameter, another pres-
sure transducer was installed in the flow path to get the pres-
sure (inlet pressure Pi) of the flow just before it entered into 
the Helmholtz oscillator. 

Standoff distance, S, which was defined as the distance 
from the nozzle exit to the plate surface, could be continu-
ously changed by horizontally moving the oscillator. And in 
the experiment, standoff distance was changed from 10 mm to 
100 mm with an interval of 10 mm. 

The pressure oscillation amplitude was defined as the dif-

ference of the maximum pressure and the minimum pressure 
appeared in the period of each test, and could be expressed as: 

 
max minaP P P= -   (5) 

 
where Pa is the pressure oscillation amplitude; Pmax is the pres-
sure oscillation peak; and Pmin is the minimum pressure. Both 
Pmax and Pmin could be read directly from the laptop connected 
with the data logger. 

 
3.2 Helmholtz oscillator and feeding pipes  

Fig. 4 shows the structure and picture of the Helmholtz os-
cillator used in the experiment. According to the previous 
researchs [18, 22, 34], the ratios of the chamber length and 
downstream diameter to the upstream diameter are rather im-
portant to the performance of Helmholtz oscillator. Therefore, 
effects of feeding pipe diameter were also studied under dif-
ferent ratios in the following section.  

As is illustrated in Fig. 4, a regulation ring was applied to 
ensure the continuous change of chamber length, Lc, from 0 

 
 
Fig. 3. Experimental setup for measuring the axial pressure. 

 

 
 
Fig. 4. Profile and photo of the testing Helmholtz oscillator. 
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mm to 40 mm. For the upstream nozzle, the inlet diameter was 
di = 13 mm, the convergence angle was θ = 14°, and the up-
stream diameter was d1 = 2 mm. The diameter of the chamber 
was Dc = 24 mm and the taper angle of the impinging wall 
was α = 120°. And three downstream nozzles with diameters 
of d2 = 2.2 mm, 2.4 mm and 2.6 mm were employed in the 
experiment. All these geometrical parameters were deter-
mined according to the previous investigations [18, 22, 34]. 

Three feeding pipes with inner diameters of 6 mm, 13 mm 
and 25 mm were used in the experiment. They had the same 
length of 10 m and all came from the same manufacturer. The 
main specifications of the three feeding pipes are shown in 
Table 1. 

 
3.3 Disturbance elimination 

From Sec. 2, it is known that SOPWs origin from an effec-
tive amplification of the initial disturbances generated in the 
free shear layer. In order to eliminate other disturbances that 
could affect the results, two bladder accumulators were used 
to minimize the pressure or flow rate fluctuations of the pump. 
As is depicted in Fig. 3, one accumulator was positioned 
closely to the pump and the other was situated immediately 
next to the Helmholtz oscillator. 

Since the difference between feeding pipe diameter and in-

let diameter could cause disturbances at the oscillator inlet, 
three fittings were used to make the flow enter into the oscilla-
tor steadily. The flow passages in fittings (a) and (c) changed 
smoothly from one end to the other end with an angle of 14°, 
as shown in Fig. 5. As a result, the unwanted disturbances 
could be obviously eliminated and feeding pipe diameter was 
made the only variable in each test. 

 
3.4 Experimental uncertainties 

As pressure oscillation peak and amplitude were used to 
evaluate the effects of feeding pipe diameter, the main ex-
perimental uncertainty came from the accuracy of pressure 
transducer used to measure the axial pressure of the jets. And 
this pressure transducers had been calibrated by the manufac-
ture with an accuracy of ±0.2 %FS. Other experimental uncer-
tainties, even not so important, included the accuracies of the 
pressures transducers used to obtain the pump and inlet pres-
sures, which were both ±0.5 %FS. In addition, the accuracy 
class of the data logger was 0.05, and the linearity error and 
zero drift were ±0.02 %FS and 0.02 %/10K, respectively. 

 
4. Results and discussion 

It should be clear that the most obvious effect of feeding 
pipe diameter is the different linear pressure losses in the pipe-
line. In order to give a better investigation on other more im-
portant effects of feeding pipe diameter on the performance of 
the oscillator, this effect was isolated by comparing the aver-
age inlet pressures under each condition, as shown in Table 2. 

It is evident from Table 2 that the pressure loss in the pipe-
line increases with decreasing feeding pipe diameter under 
each pump pressure. And at higher pump pressures, the pres-
sure loss for each feeding pipe diameter is also greater. How-
ever, it should be noted that the differences caused by feeding 
pipe diameter are not so important. Because the largest differ-
ence of pressure loss is only 1.12 MPa, which appears be-
tween Df = 6 mm and Df = 25 mm at pump pressure of 
25 MPa. 

 
4.1 Pressure oscillation peak against chamber length 

Our preliminary tests have shown that the most appropriate 
ratios of downstream nozzle diameter to upstream nozzle di-
ameter in this experiment are 1.1, 1.1, 1.2 and 1.2, correspond-
ing to pump pressures of 10 MPa, 15 MPa, 20 MPa and 

Table 1. Specifications of the feeding pipes. 
 

Pipe 
size/mm 

Inside  
diameter/mm 

Outside  
diameter/mm 

Working  
pressure/bar 

Burst  
pressure/bar 

6 6±0.5 18±0.8 600 1800 

13 13±0.5 24±0.8 420 1600 

25 25±0.5 42±1 380 1520 

 

 
 
Fig. 5. Profiles and photos of the three fittings. 

 

Table 2. Inlet pressure corresponding to each pump pressure. 
 

Pump pressure Pu/MPa 

10 15 20 25 
Feeding pipe  

diameter Df/mm 
Inlet pressure Pi/MPa 

6 9.29 14.07 18.96 23.81 

13 9.91 14.82 19.54 24.80 

25 9.96 14.95 19.94 24.93 
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25 MPa, respectively [37]. As Morel [19] has pointed out that 
the interactions between feeding pipe and the oscillator vol-
ume is of great importance, here the axial pressure oscillation 
peaks of the jets against chamber length under each pump 
pressure are plotted in Fig. 6. 

The chamber length for achieving the greatest axial pressure 
oscillation peak is defined as optimal length, which is decreas-
ing with the increase of pump pressure. This is due to the fact 

that the jet velocity is larger at higher pump pressures, result-
ing in the increase of the structuring frequency, shown in Eq. 
(4). As a consequence, the fundamental frequency of the 
Helmholtz oscillator should increase so as to match the struc-
turing frequency and cause resonance. According to Eq. (3), it 
is clear that decreasing the volume of the chamber can in-
crease the fundamental frequency. Since the chamber diameter 
is fixed, the decrease of the volume can only be achieved by 
decreasing the chamber length. In more specific terms, the 
optimum chamber lengths are 6 mm, 4 mm, 3.5 mm and 3 
mm, corresponding to pump pressures of 10 MPa, 15 MPa, 20 
MPa and 25 MPa, respectively. And it is evident from the 
figure that, feeding pipe diameter nearly has no influence on 
this phenomenon. In other words, feeding pipe diameter al-
most has no ability to change the oscillating frequency of 
SOPWs, which is in good agreement with our previous re-
search on the characteristics of self-resonating pulsed water-
jets influenced by feeding pipe diameter [38]. 

However, feeding pipe diameter can greatly affect the value 
of the axial pressure oscillation peak, especially near the opti-
mal chamber lengths. More specifically, feeding pipe with 
diameter of 6 mm can make the pressure oscillation peak 
reach 15.13 MPa and 19.21 MPa, respectively, corresponding 
to chamber lengths of 6 mm and 4 mm and pump pressures of 
10 MPa and 15 MPa; while at pump pressures of 20 MPa and 
25 MPa, feeding pipe with diameter of 13 mm takes its place 
to cause the greatest pressure oscillation peaks of 24.92 MPa 
and 31.81 MPa, respectively. As is shown in Fig. 6, it is also 
found that the same feeding pipe affects the pressure oscilla-
tion peak against chamber length differently, depending on the 
pump pressure. For example, at pump pressure of 10 MPa, 
even feeding pipe of diameter of 6 mm causes the greatest 
peaks at chamber length between 5 mm and 7 mm, it also 
makes the smallest peaks at all the other chamber lengths. 
However, this feeding pipe is always the one that leads to the 
lowest peaks at pump pressure of 25 MPa. 

These tests also provide the optimum chamber lengths cor-
responding to each pump pressure for conducting the follow-
ing experiment on the pressure oscillation peak and amplitude 
with varying standoff distance, since the optimum structure of 
Helmholtz oscillator should be applied in applications. 

 
4.2 Pressure oscillation peak against standoff distance 

Fig. 7 shows the pressure oscillation peaks at various stand-
off distances and the four pump pressures. It is of great inter-
est to observe that, the shape of each curve is rather similar 
with that of the corresponding curve in Fig. 6. Each curve first 
goes up and then goes down with a crest at a certain standoff 
distance, called optimal standoff distance. The optimal stand-
off distance mainly depends on the pump pressure, meaning 
feeding pipe diameter can hardly affect it. And the optimal 
standoff distances are about 45 mm (S01), 40 mm (S02), 35 mm 
(S03) and 30 mm (S04), corresponding to pump pressures of 
10 MPa, 15 MPa, 20 MPa and 25 MPa, respectively. 

 
 

 
 

 
 

 
 
Fig. 6. Axial pressure oscillation as a function of chamber length at 
different pump pressures. 
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Furthermore, if the linear pressure loss in the pipeline is 
taken into account, a relation between the four optimal stand-
off distances could be achieved, which is: 

 
1 2 3 43 / 2 2 5 / 2 .o o o oS S S S» » »  (6) 

 
In order to give an explanation on this relationship, here we 

give a preliminary analysis with respect to the jet instability 

wave which is an important and necessary requirement for 
generating SOPWs. To obtain the jet velocity, Bernoulli equa-
tion is applied: 

 
2

1 2 .
g 2g l j

P uZ Z h hg
r

+ = + + +  (7) 

 
Here, Z1 = Z2, and ignore linear loss hl and local loss hj, we 

can get: 
 

1 2 3 42 / 3 1 / 2 2 / 5 .u u u u= = =  (8) 
 
Combine Eqs. (4) and (8), the relation of jet structuring fre-

quencies under the four pump pressures can be obtained: 
 

1 2 3 42 / 3 1 / 2 2 / 5 .v v v vf f f f= = =  (9) 
 
For the instability wavelength, there is λ = c/f. Hence, the 

relation between the wavelengths at different pump pressures 
can be obtained as follows: 

 
1 2 3 4 53 / 2 2 5 / 2 3 .l l l l l» » » »  (10) 

 
Therefore, it can be concluded from Fig. 7 that the optimal 

standoff distance has a proportional relation with jet instability 
wavelength, which is regardless of feeding pipe diameter. 

Moreover, it is even more amazing that the relations and 
trends of the curves under each pump pressure are almost the 
same with those in Fig. 6, suggesting that the effects of feed-
ing pipe diameter are very similar under these conditions. 
However, it should be emphasized that the reasons behind 
Figs. 6 and 7 are completely different. Specifically, the phe-
nomenon that the pressure oscillation peak first increases and 
then decreases with increasing chamber length in Fig. 6 is 
caused by the need of a match of the jet structuring frequency 
and the fundamental frequency of the Helmholtz oscillator. 
Only the optimal chamber length can result in the resonance in 
the oscillator and the strongest pressure oscillations [18, 19, 
37]. On the other hand, the existence of an optimum standoff 
distance at each pump pressure in Fig. 7 is mainly attributed to 
the fact that the pressure or flow rate of the jet is most discrete 
at a certain standoff distance. Since SOPW is derived from jet 
instabilities, a certain time is needed to allow the instability 
wave and aerodynamic interactions to become the strongest 
[21, 22]. 

Another interesting phenomenon can be observed in Fig. 7 
is that the range of effective standoff distance where the peak 
pressure is larger than the corresponding pump pressure (the 
rage where curves are above the orange dash line) is dramati-
cally affected by feeding pipe diameter. At pump pressures of 
10 MPa and 15 MPa, feeding pipe diameter that results in both 
the greatest pressure oscillation peak and the range of effective 
standoff distance cannot be achieved; while at pump pressures 
of 20 MPa and 25 MPa, feeding pipe with a diameter of 

 
 

 
 

 
 

 
 
Fig. 7. Axial pressure oscillation peak as a function of standoff dis-
tance at different pump pressures. 
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13 mm is the most appropriate one. 

 
4.3 Pressure oscillation amplitude against standoff distance 

Fig. 8 illustrates the pressure oscillation amplitudes at vari-
ous standoff distances and pump pressures. It is obvious from 
the figure that feeding pipe diameter has significant effects on 
the pressure oscillation amplitudes of SOPWs, and these ef-

fects also greatly depend on the pump pressure. 
As depicted in Fig. 8, the pressure oscillation amplitudes are 

larger at higher pump pressures, meaning the oscillations are 
stronger and the jets are more unstable. And this seems to be a 
common feature of SOPWs, which is independent of feeding 
pipe diameter. Moreover, the blue and red curves have almost 
the same trend with an increase at first and a decrease fol-
lowed under all the four pump pressures, indicating that feed-
ing pipes of diameters of 6 mm and 13 mm affect the pressure 
oscillation amplitude in the same way. The crests of these two 
curves under each pump pressure are the same, which are 
about 40 mm, 35 mm, 30 mm and 25 mm, respectively, corre-
sponding to pump pressures of 10 MPa, 15 MPa, 20 MPa and 
25 MPa. Compared with the optimal standoff distances in Fig. 
7, these four standoff distances for achieving the largest pres-
sure oscillation amplitudes are 5 mm smaller than the corre-
sponding ones. In other words, the standoff distances where 
the maximum pressure oscillation peak and amplitude appear 
are kind of inconsistent. This could be attributed to the wave 
and acoustic interactions between feeding pipe and the Helm-
holtz oscillator; however, current related literature is far from 
enough to clarify this phenomenon. 

It should be evident from Fig. 8 that the pressure oscillation 
amplitude affected by feeding pipe of diameter of 25 mm is 
dramatically different from that influenced by the other two 
feeding pipes. In more specific terms, the pressure oscillation 
amplitude fluctuates with increasing standoff distance rather 
than simply goes up and down. Furthermore, the intensity of 
fluctuation reduces with the increase of pump pressure, espe-
cially at larger standoff distances. And at pump pressure of 25 
MPa and standoff distances exceeding 50 mm, the pressure 
oscillation amplitude affected by feeding pipe diameter of 25 
mm decreases very gradually and nearly keeps stable with a 
value of about 5 MPa. 

It is of great interest to notice that feeding pipe, which max-
imally raises the pressure oscillation peak around the optimal 
standoff distance, is the one that results in the smallest ampli-
tude around the corresponding standoff distance, and vice 
versa. For example, at pump pressures of 10 MPa and 15 MPa, 
feeding pipe diameter of 6 mm can cause the largest pressure 
oscillation peak, while it leads to the smallest pressure oscilla-
tion amplitude. Further investigations should be conducted to 
give a good explanation on these phenomena. 

 
5. Conclusions 

(1) Feeding pipe diameter directly affects the linear pressure 
loss in the pipeline, which is negligible when compared with 
the effects on the axial pressure oscillations of SOPWs. These 
effects are probably resulted from the wave and acoustic inter-
actions of feeding pipe and the Helmholtz oscillator. 

(2) The optimum chamber length decreases with increasing 
pump pressure regardless of feeding pipe diameter. But feed-
ing pipe diameter greatly can affect the value of the axial pres-
sure oscillation peak, especially at chamber lengths near the 

 
 

 
 

 
 

 
 
Fig. 8. Axial pressure oscillation amplitude as a function of standoff
distance at different pump pressures. 
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optimum. 
(3) The effects of feeding pipe diameter on the pressure os-

cillation peak against chamber length and standoff distance are 
almost the same, but the reasons of these two phenomena are 
different. 

(4) In terms of the pressure oscillation amplitude, feeding 
pipe of diameter of 25 mm makes it fluctuate against standoff 
distance especially at lower pump pressures, which is dramati-
cally different from that caused by the other two feeding pipes. 

(5) Further experimental and theoretical research should be 
performed to better explain the effects of feeding pipe diame-
ter, aiming at improving the performance of the jet-driven 
Helmholtz oscillator. 
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