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Abstract

:

To optimize and improve the impact performance of a hydraulic rock drill, it is helpful to test the stress waves of the drill and analyze the impact energy, impact frequency, and energy utilization rate. For this study, a stress wave test bench was designed and built, according to international standards, in order to study the impact process of a hydraulic rock drill under the working pressures of 18 MPa and 23 MPa. The impact energy, impact frequency, and energy utilization rate of two different hydraulic rock drill pistons in low, middle, and high gear were analyzed using a control variable method. The results demonstrate that the impact stress waves of the rock drill periodically occur in the drill rod, and then decay exponentially until they become close to zero. Moreover, the amplitude of the incident stress wave determines the rock-breaking ability of the drill. The impact energy of the short piston is greater than that of the long piston, with a maximum average value of 346.1 J; the impact frequency of the long piston is higher than that of the short piston, with a maximum average value of 62 Hz; and the energy utilization rate of the short piston is higher than that of the long piston, with a maximum average value of 56.92%, which is close to the theoretical ideal efficiency. Therefore, it can be concluded that the impact performance of a hydraulic rock drill can be effectively tested using the proposed horizontal bench, and that piston characteristics and the working pressure are the main factors affecting impact performance. Accordingly, when developing a hydraulic rock drill, it is advisable to select a shorter piston and a higher working pressure, thus allowing the drill to provide good impact performance.






Keywords:


hydraulic rock drill; impact performance; stress wave












1. Introduction


The hydraulic rock drill is the external working mechanism of a rock drill jumbo and is the most important component for rock drilling [1]. It is widely used in mining, tunnel excavation, urban construction, and other engineering operations [2]. A hydraulic rock drill uses oil as its working medium, converting the pressure energy of the oil into the impact energy of the piston, and then transmits this energy through the drill rod into the rock in the form of a stress wave [3]. Previous research has generally focused on improving the impact performance and energy utilization of hydraulic rock drills.



Through experimentation, Jaho Seo et al. [4] established a hydraulic rock drill simulated calculation model. They analyzed the effect of working pressure on the impact performance of the rock drill, and concluded that the pressure was the main factor affecting the impact frequency and impact energy, which verified the reliability of the analysis model. Giuffrida et al. [5] carried out simulated calculations on the working process of a hydraulic rock drill and found that the impact frequency of the rock drill increased with an increase in working pressure, while the impact efficiency was affected by the comprehensive effects of pressure, flow, and so on. Chang-heon Song et al. [6,7] used the Taguchi method to determine the main design parameters affecting the impact performance of rock drills. They concluded that the main factors affecting the impact force were the supply pressure in the impact system and the diameter of the impact piston rod. Hu et al. [8] established a dynamic simulation model of a hydraulic rock drill and tested two hydraulic rock drills: YYG138 and YYG150. The simulated results were consistent with their test results. Yang et al. [9] established a dynamic simulation model of a hydraulic impact system; analyzed the dynamic characteristics of the impact mechanism; obtained the piston chamber pressure, flow characteristic curve, and its impact on the impact performance; and optimized the working parameters of the impact system on the basis of an orthogonal test to improve the system’s efficiency. Ji Hong et al. [10,11] established a dynamic model for the impact system of a hydraulic rock drill. Using state-space description theory and a linear system method, they deduced the existing range of piston vibrations in one impact period and analyzed the influence of the design parameters on impact performance. Laforgia et al. [12] established a detailed parametric simulation model to simulate the physical phenomena occurring during rock drill operation. The simulated results for pressure and frequency were consistent with the test. It was concluded that, when the actual input flow was used to replace its average value, the results of the simulation model did not change.



Research on the modeling and simulation of hydraulic rock drills has generally focused on the interactions between mechanisms of the hydraulic rock drill, the working process of the hydraulic impact system, and the influence of the component’s design parameters on piston motion; however, detailed analyses of stress wave transmission during piston impact are not typically conducted.



Dutta et al. [13] established a basic equation describing the generation, transmission, and reflection of stress waves and compiled a calculation program. Using the finite difference method and the transmission–reflection relationship of stress waves, they calculated the stress wave generated by the impact hammer and drill rod. Wu [14] established a stress wave propagation and impact energy transmission analysis model for a hydraulic rock drill that accounted for the local deformation of the impact end of the piston rod joint. The results indicated that, when the local deformation was within the normal range, it had little impact on the energy transmission efficiency of the hydraulic rock drill. Nygrena et al. [15,16] studied the energy transmission of the incident wave through the elastic joint of a uniform rod, which maximized the energy transmission efficiency of the input and output rods under given, continuous incident wave conditions. They obtained the optimal junction point for different types of incident waves in order to determine the impedance characteristics and energy transmission efficiency of the optimal joint. Lundberg et al. [17] established the force–drilling relationship of the non-linear rock breaking process, using a three-dimensional elastic–plastic finite element model to simulate the impact hammer and rock. Under good drilling conditions, the rock’s elastic response had a significant impact on the drilling efficiency and determined the pattern of drilling efficiency change. Chiang et al. [18] established a non-linear elastic rock–point interaction model for a down-the-hole drill. They corrected the calculation model using the error between the variable parameters obtained using a quasi-static tunneling test method and model analysis. Analyzing the stress–strain model, Kahraman et al. [19,20] found that the uniaxial compressive strength of rock properties, the Brazilian tensile strength, the point load strength, and the Schmidt value were the main parameters affecting the impact penetration rate. Assuming that driving speed depends on many factors (e.g., rock hardness, in-situ stress, and so on), Zhang et al. [21] analyzed the influence of impact force and torque on rock-drilling performance accounting for rocks with different properties. They proposed a drillability index evaluation model and rock classification rules suitable for the working parameters of the rock drill. Arffman et al. [22] studied the efficiency of a low-pressure impactor using a numerical simulation method. They investigated the effect of turbulence velocity fluctuations on impactor performance by comparing the ratios between the simulated and experimental impactor efficiencies. Joo Young et al. [23,24] studied the hydraulic circuit and impact processes of a hydraulic rock drill, as well as the dynamic effect of rock hardness on impact performance. They found that the energy utilization rate of the rock drill decreased with an increase in hardness.



Studies on the working processes of hydraulic rock drills usually consider the rock drill as a whole power output unit, analyzing the stress wave propagation, energy transmission, and rock-breaking effect during rock drilling. Such research has not considered the effects of the characteristics of the piston performing the work, nor has it compared the applicability of multiple pistons with respect to one model. Research on the impact performance of hydraulic rock drills remains limited, as well as research on improving the energy utilization of rock drills.



For this study, a test method for the impact machines and tools specified in international standards [25,26] was used to determine a suitable piston for drilling, as well as to improve the impact performance of the hydraulic rock drill. A stress wave test bench was designed and built in order to test and analyze the transmission characteristics of the stress spectrum during the impact process of the hydraulic rock drill. Using the control variable method, the impact energy, impact frequency, and energy utilization rate of rock drills operating in three gears (i.e., low, middle, and high) were analyzed. This was achieved under the condition that the body size of the hydraulic rock drill had already been determined; that is, the stroke of the three gears was fixed, and two pistons of different sizes under working pressures of 18 MPa and 23 MPa were used.




2. Rock-Drilling Process


A hydraulic rock drill is usually composed of an impact system, a shank adapter rebound absorption system, a rotary system, and a head. When the rock drill is installed on the trolley in preparation for rock drilling, it also needs to be equipped with an auxiliary water supply, dust prevention, propulsion systems, and so on [2]. The operational process of the hydraulic rock drill comprises four functions: propulsion, impact, rotation, and flushing (see Figure 1).



During the impact drilling process of a hydraulic rock drill, the hydraulic cylinder exerts a continuous pushing force on the rock drill: the drill rod bit is always in contact with the rock wall, ready to transmit the incident energy of the drill rod to the rock at any time to seamlessly drill the next blast hole. The impact system is the core component of the hydraulic rock drill. When the hydraulic pump supplies pressured oil to the rock drill, the pressure energy of the liquid is converted into the impact energy of the impact piston. The impact energy is then transmitted to the rock through the drill rod in the form of a stress wave, causing the rock to break. In the slewing function, the hydraulic motor outputs torque through the transmission gear to cause the drill bit to rotate to a new position after each impact, peeling off the cracked rock surface while waiting for the next impact. During drilling, the pressured water from the auxiliary water pump reaches the drill bit through the cleaning head and is sprayed out, thereby washing the rock debris out of the drill hole; washing is an essential function to improve drilling efficiency.



Hydraulic rock drills are often used in harsh construction environments, such as in mining and tunnelling operations. For this reason, testing and analysis of the impact process, impact energy, and impact frequency cannot be completed in an on-site manner.




3. Construction of Experimental Platform


3.1. Introduction to the Test Bench


Due to the harsh working environment in which the hydraulic rock drill operates, the piston is enclosed within the body. Therefore, to measure the displacement and speed of the piston, some parts must be disassembled and may be damaged. For this reason, measurements cannot take place in real-time under actual working conditions, and performance testing can only be carried out under laboratory conditions. According to the provisions of international standards ISO/TS 17104-2006 and ISO2787-1984 [25,26], the impact performance of a rock drill should be tested using the stress wave method, which is a test method used for impact machinery and other products. The so-called ‘stress wave method’ refers to the method of directly testing the stress in the measuring rod to determine the impact energy. The advantages of this method include speed, accuracy, and a wide testing range.



An impact performance test system for a hydraulic rock drill was designed, according to the abovementioned international standards, by our research institute. The system is shown in Figure 2. The rock drill, drill rod, and energy absorption device to be tested were installed on the horizontal bench. Pressure sensors and flow meters were installed on the oil circuit of the hydraulic rock drill transmission system in order to measure the pressure and flow of the rock drill during operation. One end of the drill rod was connected to the shank adapter, while the other end was placed in the energy absorption device. Strain gauges were pasted on both sides of the drill rod, forming a measuring bridge to detect the stress wave signal in the drill rod; as such, the drill rod must be of a sufficient length to accurately capture the incident stress wave. The propulsion hydraulic cylinder was supplied by an independent hydraulic system. The propulsion cylinder exerts thrust on the mobile base, such that the shank adapter/drill rod is always in contact with the energy absorption device.



The energy absorption device featured a circular tube structure constructed from 45 steel, possessing an elastic modulus of 2.06 × 1011 Pa, a density of 7850 kg/m3, and a Poisson’s ratio of μ = 0.3. The tail of the energy-absorbing circular tube was equipped with multiple layers of rubber pads, employing IIR rubber with an elastic modulus of 7.8 × 106 Pa, a density of 920 kg/m3, and a Poisson’s ratio of μ = 0.47. One end of the drill rod was affixed to the rock drill, while the other end was inserted into the energy absorption device and linked to a series of disc-shaped friction plates. These friction plates were set at a specific inclination angle, with the spaces between them filled by an asphalt mixture characterized by an elastic modulus ranging from 1.2 to 1.4 × 109 Pa, a density of 1250 kg/m3, and a Poisson’s ratio of μ = 0.35. The structural configuration is shown in Figure 3.



For the experiment, we adopted a hydraulic rock drill with a working pressure of 18–25 MPa and working flow of 60–120 L/min developed by the author’s team, as shown in Figure 4. The gear regulator is a cylindrical and rotatable component found on a hydraulic rock drill, featuring three grooves of varying lengths. As shown in Figure 5, there were four oil ports located below the gear regulator. The oil inlet, situated on the right side, connected to the hydraulic pump, while the remaining three outlets were linked to the piston chamber of the rock drill. The rotary gear regulator can open different oil passages, and the positioning of the oil port dictates the stroke of the rock drill piston. Consequently, the corresponding piston strokes were categorized into three gears: high (52 mm), medium (56 mm), and low (60 mm).



Once the size of the hydraulic rock drill body had been determined—that is, once the low, middle, and high gear strokes were fixed—two pistons of different sizes were designed for this model. As shown in Figure 6, the diameter, material, and production process of the two pistons were the same. Their stress spectrum, impact energy, impact frequency, and energy utilization ratio were tested and analyzed, and the change in impact performance of the hydraulic rock drills when the piston mass and piston driving conditions were changed was studied.




3.2. Impact Energy Transfer Process


The performance of drilling operations is influenced not only by the inherent characteristics of the rock drill but also by various factors, such as the properties of the rock material [27], the diameter of the drilling hole, the flushing of rock debris, the material properties of the drill, and structural parameters [21,28]. In this study, the drill rod and drill bit are considered to be an integrated system which is fully engaged in rock chiseling. The main focus is on the impact of the piston on the performance of the rock drill. Additionally, an energy absorption device was devised to investigate the impact performance of the rock drill. When the rock drill piston impacts the drill rod, the mass of the piston can be expressed as:


    M p  = ρ  A h  L =  E   c 2    ⋅    A R   R  L =    m R   c  ⋅  L R    



(1)




where ρ is the piston density, Ah is the piston cross-section, L is the piston length, E is the elastic modulus, c is the wave velocity, R is the fluctuation inertia ratio of drill rod to piston, AR is the drill rod cross-section, and mR is the drill rod fluctuation inertia.



With the cross-sectional area and wave inertia of both the piston and the drill rod being equal, the stress wave exhibits an infinitely proportional decreasing order with a wavelength of 2L/c [29]. Consequently, the incident energy of the drill rod is:


      E i  =    A R  c  E     ∫ 0  2 L / c     σ R 2     d t =    A R  c  E  ⋅  1 4  ⋅    E 2     c 2     V P 2  ⋅   2 L  c        =  m R  ⋅  1 4  ⋅  V P 2  ⋅   2  M P  R    m R    =  1 2   M P   V P 2      



(2)







This suggests that the incident energy equals the piston impact energy, resulting in the full energy being incident upon the drill rod.



Once the stress wave traverses through the energy absorption device, a significant portion of the energy is converted into frictional losses, with a smaller portion being reflected as energy. In accordance with international standards, an energy absorption exceeding 90% signifies the rationality and feasibility of the energy absorption device [25,26]. The combination of friction plates and the asphalt mixture within the energy absorption device creates a series of lower friction coefficient points (f1, f2 …fn), which collectively fulfills the energy absorption requirements.



The energy absorption device takes the form of a multi-point series combination based on the principles of impact dynamics [30]. To further ascertain the optimal distribution of fn across multiple friction points, we assume the transmission energy coefficient    T  E n    = K  ( const )  , then    f =  1 −  K  2 n    ,    R  E n   =  1 n    ( 1 −  K  )  2   . As the number of points increases, it becomes evident that the total reflected energy coefficient (REn) rapidly diminishes. This phenomenon elucidates why the energy absorption device adopts an elongated tube structure, featuring multiple internal friction points arranged in series.



The conservation of energy can be expressed as,    T E  +  R E  +  F E  = 1  , where TE is the transmission energy coefficient, RE is the reflection energy coefficient, and FE is the friction energy coefficient. When the values are set to K = 0.01, n = 10, f10 = 0.205, and REn = 0.081, the total reflected energy falls below 10% of the total energy, thereby complying with international standards [26]. Consequently, the energy absorption device is suitable for assessing the impact performance of rock drills. It is important to note that the total energy mentioned here refers to the incident energy, representing the impact energy imparted by the piston.




3.3. Experimental Calibration


As the signal data in a test system can be affected by many factors, in order to ensure the accuracy of the test results it was first necessary to calibrate the equipment. The calibration work was carried out on a vertical test bench; in particular, the free-falling weight calibration method specified in the international standard [25] was used to calibrate the impact stress and impact energy of the test system, as shown in Figure 7. In the calibration system, the calibration tube was a seamless steel pipe which guided the falling of the drop hammer, where the areas of the end face of the drop hammer and the end face of the measuring rod were equal. A hammer-hanging mechanism was set on the calibration pipe rack, the drop hammer was lifted to a height of 2 m, and the equipment was then calibrated.



At the start of calibration, the drop hammer was released, causing the drop hammer to fall freely along the wall of the calibration pipe and hit the drill rod, thus enabling calculation of the maximum stress produced by the measuring rod, σmax:


   σ  max   = φ  E C   V p  = φ  E C    2 g h    



(3)




where E is the elastic modulus of the drill rod, C is the wave velocity, g is the acceleration due to gravity, h is the height of the falling hammer, and φ is the stress coefficient.



Indeed, the stress wave signal is of an analog nature, whereby analog signals exhibit continuous changes in both time and amplitude; whereas digital signals manifest as discrete entities in both time and amplitude. To convert analog signals into digital ones, the process of amplitude quantization is indispensable. Quantization is an integral component of the analog-to-digital (A/D) conversion process.



From the quantized value nmax of the wave peak point in the stress sampling, the stress calibration coefficient can be obtained as follows:


   B s  =    σ  max      n  max      



(4)







According to the calibration coefficient, the maximum stress of the drill rod is σmax = Bs·nmax.



The impact energy of the drop hammer can be determined by integrating the quantized value of each sampling point of the stress wave, as follows:


   E p  =   A C  E    ∫   σ 2      d t =    A C  E   B s 2   ∑   n 2  Δ t      = C   s  S  



(5)




where A is the area of the drill-rod end face, n is the quantized value of each sampling point in the stress wave,    C S  =   A C  E   B s 2    is the calibration coefficient of the impact energy, and   S =  ∑   n 2  Δ t     is the integral of the square of the quantized value in the stress wave.



Simultaneously, the same calibration method was used to calibrate the energy. From   m g h =   A C  E   B E 2  S  , the stress calibration coefficient is


   B E  =     m g h × E   A × C × S      



(6)







The calibration coefficient of energy can be obtained, by further derivation, as


   C E  =   m g h  S   



(7)







Thus, the impact energy of the drop hammer can be determined as


   E P  =  C E  ⋅ S  



(8)







Under the same conditions, the results obtained by the two calibration methods detailed above were consistent. The stress wave curve obtained through calibration is shown in Figure 8. We determined the characteristic indices of the instrument and the measuring system, and eliminated system error as much as possible, thereby improving the accuracy of the measurement. The calibrated energy absorption device and measuring rod were lifted out of the calibration bench and installed on the horizontal bench. The impact performance of the hydraulic rock drill was then tested, and the stress, impact energy, and impact frequency of the drill rod were measured.





4. Data Collection


4.1. Stress Spectrum


During the hydraulic rock drill test, one end of the drill rod abutted the head of the hydraulic rock drill, while the other end was placed in the tubular energy absorption device. As such, the drill rod could not accurately obtain the incident stress spectrum of the piston, as shown in Figure 9. When the high-speed rock drill piston impacts the shank adapter, the impact energy of the piston is transmitted to the drill rod by the shank adapter and the extension sleeve through the impact, in the form of a stress wave. The stress wave generated in the drill rod causes the resistance of the resistance strain gauge to change. The consequent electrical signal is then amplified and sent to the waveform recorder to record the impact waveform data.



In Figure 10, the propagation process for a group of stress waveforms in the drill rod is depicted. Figure 10a shows the stress spectrum in the drill rod when the long piston is in the low gear under 18 MPa. The average impact frequency of the piston was 47.6 Hz and the average incident maximum stress was 216.4 J. As shown in Figure 10b, when the stress wave of the drill rod was transmitted to the energy absorption device—that is, when it was actually chiseled into the rock—the stress immediately and suddenly decreased. Each string of stress waves presented one or two reflections in the high-amplitude region, forming a low-amplitude region that attenuates exponentially. The high-amplitude stress determines the rock-breaking ability. As shown in Figure 10c, the incident stress gradually increased to the point where the attenuation was close to zero. The front part of the waveform had a limited period in which it increased, resulting in a certain slope, while the fall of the waveform also took a certain amount of time. The most desirable effect of percussive drilling is that as much energy is concentrated in the high-amplitude area as possible to break the rock, while less energy is required in the low-amplitude area. Each time the piston impacts the drill rod, the first incident stress waveform in the stress spectrum is the most important stress element in the rock-drilling process, and the single-impact energy can be obtained by integrating over this period of time. Therefore, the magnitude and duration of the incident stress peak determine the magnitude of the single-impact energy.




4.2. Impact Results


The impact energy and impact frequency are key impact performance indicators of a hydraulic rock drill. For the hydraulic rock drill shown in Figure 4, two pistons with different characteristics (i.e., one long and the other short) were designed, as shown in Figure 6. The stress waves, impact energy, and impact frequencies of the hydraulic rock drill at three strokes—namely, high (52 mm), middle (56 mm), and low (60 mm) gear—were measured under the working pressures of 18 MPa and 23 MPa. Each sampled data point intercepted 25 consecutive impact cycles.



The output stress, impact energy, and impact frequency for the long piston under working pressures of 18 MPa and 23 MPa are shown in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16.



The output stress, impact energy, and impact frequencies of the short piston under the working pressures of 18 MPa and 23 MPa were also measured, as shown in Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22.



Comparing the measurement results for the different rock drills in Figure 11, Figure 12, Figure 13, Figure 14, Figure 15 and Figure 16 and Figure 17, Figure 18, Figure 19, Figure 20, Figure 21 and Figure 22, for the same piston in the same gear, when the working pressure of the hydraulic rock drill increased, the impact energy and impact frequency of the piston also increased. In the same gear and at the same working pressure, the impact frequency decreased when the piston mass increased; however, the impact energy increased gradually and then decreased. In order to facilitate analysis of the main factors affecting the impact performance of the hydraulic rock drill, this performance was further analyzed according to the change in piston mass and driving conditions.





5. Impact Performance Analysis


5.1. Impact Performance When Piston Mass Changes


As shown in Figure 23, for the long piston at 23 MPa and in the low gear, the impact energy was maintained at a high level (with an average of 346.11 J and a maximum of 358.95 J). At 18 MPa and in the high gear, the impact energy was maintained at a low level (at an average value of 177.98 J and a minimum value of 143.22 J). In particular, the output impact energy fluctuated greatly. The impact frequency is shown in Figure 24. At 23 MPa and in the high gear, the impact frequency was maintained at a high state (with an average of 61.99 Hz and a maximum of 62.30 Hz). At 18 MPa and in the low gear, the impact frequency was maintained at a low state (at an average value of 47.56 Hz and a minimum value of 46.95 Hz).



For the short piston, as shown in Figure 25, at 23 MPa and in the low gear, the impact energy was maintained at a high level (with an average of 334.97 J and a maximum of 351.19 J). At 18 MPa and in the high gear, the impact energy remained at a low state (at an average value of 176.38 J and a minimum value of 160.01 J). Again, the output impact energy fluctuated greatly. The impact frequency is shown in Figure 26. At 23 MPa and in the high gear, the impact frequency was maintained at a high state (with an average of 58.86 Hz and a maximum of 59.85 Hz). At 18 MPa and in the low gear, the impact frequency was maintained at a low state (at an average value of 41.39 Hz and a minimum value of 40.35 Hz).



Therefore, in terms of impact frequency, that of the long piston was higher than that of the short piston when in the same gear. With an increase in piston mass, the reduction in piston stroke is greater than the reduction in acceleration [10,11], such that the time required for one piston cycle becomes smaller and the impact frequency increases. The impact energy of both pistons in the low gear was greater than that in the high gear; this is because the piston stroke in the low gear is long and the impact speed is high, which causes the impact energy to be high.



Comparing the two pistons of different mass, the impact energy of the long piston in the low gear was greater than that of the short piston in the low gear. This is due to the higher mass of the long piston, as piston mass was the main influencing factor. However, the impact energy of the short piston was greater than that of the long piston when in the high gear, as the piston speed was the main influencing factor in this case. Once the design parameters of the rock drill were fixed, the driving condition of the piston—namely, the working pressure—determined the impact speed.




5.2. Impact Performance When Working Pressure Changes


Figure 27 shows the impact energy in the three gears for both the long and short pistons when the working pressure was 18 MPa. When the long piston was in the low gear, the impact energy always remained high (with an average value of 289.14 J and a maximum value of 300.13 J). When the short piston was in the high gear, the impact energy remained low (at an average value of 176.38 J), while the minimum value occurred when the long piston was in the high gear (with a minimum value of 143.22 J). The output impact energy fluctuated greatly. The impact frequency is shown in Figure 28: when the long piston was in the high gear, the impact frequency was maintained at a high state (with an average of 56.55 Hz and a maximum of 57.09 Hz). When the short piston was in the low gear, the impact frequency was maintained at a low state (at an average value of 41.39 Hz and a minimum value of 40.35 Hz).



Figure 29 shows the impact energy in the three gears, for both the long and short pistons, when the working pressure was 23 MPa. When the long piston was in the low gear, the impact energy always remained high (with an average of 346.11 J and a maximum value of 358.95 J). When the long piston was in the high gear, the impact energy remained at a low state (at an average value of 209.94 J and a minimum value of 196.83 J). Overall, the output impact energy presented a certain fluctuation. The impact frequency is shown in Figure 30. When the long piston was in the high gear, the impact frequency was maintained at a high state (with an average of 61.99 Hz and a maximum of 62.3 Hz). When the short piston was in the low gear, the impact frequency was maintained at a low state (at an average value of 48.21 Hz and a minimum value of 47.91 Hz).



Therefore, considering impact frequency and impact energy, when both pistons work in any gear, the impact frequency and impact energy at a working pressure of 23 MPa were greater than those at 18 MPa. As such, increasing the working pressure can improve the impact frequency and impact energy of a rock drill.



Comparing the working pressures of 18 MPa and 23 MPa, when the working pressure was 18 MPa, the impact energy of the long piston in the low and middle gears was greater than that of the short piston. In this case, the piston mass was the main factor affecting the impact energy. When the working pressure was 23 MPa, the impact energy of the short piston was greater than that of the long piston. In this case, the main factor affecting the impact energy was the working pressure of the driving piston. Therefore, when the working pressure of the liquid medium in the hydraulic rock drill is adjustable, it is advisable to select a piston with a smaller mass and a higher working pressure. The hydraulic rock drill can then achieve a high impact energy and frequency.




5.3. Energy Utilization Rate


Analysis of the energy utilization rate is of great significance for the development of rock drills with good impact performance. The energy utilization rate of the hydraulic rock drill was obtained by combining the impact energy and impact frequency results for the drill. The impact power and energy utilization rates of the hydraulic rock drill are calculated as follows [31,32,33]:


   P i  =   10   − 3   · E · f  



(9)






  η ( % ) =   60  P i    Δ p Q   × 100  



(10)




where Pi is the impact power, E is the impact energy, f is the impact frequency,   Δ p   is the difference between the inlet and outlet oil pressures, and Q is the inlet oil flow. Table 1 provides a comparison of the obtained results.



Table 1 displays the energy utilization rates for the long and short pistons for the considered hydraulic rock drill at different working pressures. Different travel gears were analyzed, and it can be seen that the energy utilization rates in the short piston tests were above 53%, with the maximum value being 56.92%. According to the comparative literature, the hydraulic rock drill designed by Joo Young [23,24], with high pressure (210 bar) and large flow (120 L/min) parameters, obtained a sufficient drilling efficiency and impact force. Nygrena [15,16] concluded that the ideal energy utilization efficiency is close to 60% under very good drilling conditions, but could fall to less than 40% under poor drilling conditions. Our model rock drill, therefore, provides good impact performance. Although the impact power of the long piston was greater than that of the short piston, the energy utilization rate of the short piston was higher than that of the long piston. Therefore, when developing a hydraulic rock drill, a smaller-sized piston should be selected for a higher working pressure. Our hydraulic rock drill obtained good results, in terms of impact energy, impact frequency, and energy utilization rate.





6. Conclusions


The stress wave test bench detailed in this paper can effectively test the impact process of a hydraulic rock drill. Our measurements showed that the stress wave is periodically incident in the drill rod and decays exponentially until it is close to zero; moreover, the amplitude of the incident stress wave determines the rock-breaking ability of the drill. In order to improve the impact performance of hydraulic rock drills, the impact energy, impact frequency, and energy utilization rates of two different pistons in the hydraulic rock drill at working pressures of 18 MPa and 23 MPa were analyzed using a control variable method. It was concluded that the piston characteristics and driving conditions are the main factors affecting the impact performance. In order to obtain a desirable impact performance, once the body size of the hydraulic rock drill has been determined and cannot be changed, it is advisable to develop a smaller-sized piston—taking into consideration the appropriate working pressure and gear for drilling—which will allow the final hydraulic rock drill to provide an optimal impact performance.
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Figure 1. Working process of a hydraulic rock drill. 
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Figure 2. Impact performance test system for the rock drill. 
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Figure 3. Energy absorption device. 
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Figure 4. Hydraulic rock drill. 
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Figure 5. Gear regulator. 
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Figure 6. Hydraulic rock drill long and short pistons. 
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Figure 7. Calibration of rock drill test system. 
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Figure 8. Calibrated stress wave curve. 
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Figure 9. Test bench for hydraulic rock drill. 
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Figure 10. Stress wave of drill rod under 18 MPa long piston, low gear. (a) Impact stress spectrum; (b) transmitted stress wave; and (c) incident stress wave. 
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Figure 11. Long piston, high gear, 18 MPa. 
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Figure 12. Long piston, high gear, 23 MPa. 
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Figure 13. Long piston, middle gear, 18 MPa. 
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Figure 14. Long piston, middle gear, 23 MPa. 
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Figure 15. Long piston, low gear, 18 MPa. 
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Figure 16. Long piston, low gear, 23 MPa. 
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Figure 17. Short piston, low gear, 18 MPa. 
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Figure 18. Short piston, low gear, 23 MPa. 
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Figure 19. Short piston, middle gear, 18 MPa. 
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Figure 20. Short piston, middle gear, 23 MPa. 
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Figure 21. Short piston, high gear, 18 MPa. 
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Figure 22. Short piston, high gear, 23 MPa. 
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Figure 23. Impact energy of long piston. 
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Figure 24. Impact frequency of long piston. 
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Figure 25. Impact energy of short piston. 
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Figure 26. Impact frequency of short piston. 
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Figure 27. Impact energy at 18 MPa. 
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Figure 28. Impact frequency at 18 MPa. 
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Figure 29. Impact energy at 23 MPa. 
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Figure 30. Impact frequency at 23 MPa. 
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Table 1. Comparison of results.
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Piston

	
Gear

	
Pressure

(MPa)

	
Flow

(L/min)

	
Average Stress

(MPa)

	
Average Impact Energy

(J)

	
Average Frequency

(Hz)

	
Power

(Kw)

	
Efficiency

(%)






	
Long piston

	
low

	
18

	
87.4

	
216.7

	
289.1

	
47.6

	
13.76

	
51.62




	
23

	
92.0

	
239.1

	
334.9

	
51.2

	
17.72

	
50.25




	
middle

	
18

	
74.4

	
198.5

	
241.0

	
52.6

	
12.68

	
53.82




	
23

	
80.1

	
216.4

	
286.4

	
57.2

	
16.38

	
53.35




	
high

	
18

	
66.2

	
172.1

	
178.0

	
56.6

	
9.90

	
49.85




	
23

	
70.8

	
188.1

	
209.9

	
62.0

	
13.01

	
47.94




	
Short piston

	
low

	
18

	
67.5

	
218.8

	
273.1

	
41.4

	
11.31

	
55.85




	
23

	
78.6

	
243.9

	
346.1

	
48.2

	
16.15

	
53.60




	
middle

	
18

	
64.6

	
199.7

	
226.0

	
48.0

	
10.85

	
55.99




	
23

	
73.6

	
229.4

	
302.4

	
53.1

	
16.06

	
56.92




	
high

	
18

	
55.7

	
177.9

	
176.4

	
53.4

	
9.44

	
56.49




	
23

	
61.6

	
201.2

	
223.4

	
58.9

	
13.16

	
55.73
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