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Abstract

:

In high altitude regions, affected by the low-pressure and low-temperature atmosphere, diesel knock is likely to be encountered in heavy-duty engines operating at low-speed and high-load conditions. Pressure oscillations during diesel knock are commonly captured by pressure transducers, while there is a lack of direct evidence and visualization images, such that its fundamental formation mechanism is still unclear. In this study, optical experiments on diesel knock with destructive pressure oscillations were investigated in an optical rapid compression machine. High-speed direct photography and simultaneous pressure acquisition were synchronically performed, and different injection pressures and ambient pressures were considered. The results show that for the given ambient temperature and pressure, diesel knock becomes prevalent at higher injection pressures where fuel spray impingement becomes enhanced. Higher ambient pressure can reduce the tendency to diesel knock under critical conditions. For the given injection pressure satisfying knocking combustion, knock intensity is decreased as ambient pressure is increased. Further analysis of visualization images shows diesel knock is closely associated with the prolonged ignition delay time due to diesel spray impingement. High-frequency pressure oscillation is caused by the propagation of supersonic reaction-front originating from the second-stage autoignition of mixture. In addition, the oscillation frequencies are obtained through the fast Fourier transform (FFT) analysis.
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1. Introduction


According to mega data statistics, more than six million automobiles are operated in high altitude regions around the world [1]. The atmospheric temperatures and pressures are relatively low at high altitude regions. Consequently, with the increase of altitude, ignition delay time is longer and burning rates become slower, resulting in an enhanced pressure rise rate in the premixed combustion stage [2,3]. Consequently, severe diesel knock with destructive pressure oscillation is likely to occur in heavy-duty diesel engines under low-speed and high-load conditions. When diesel knock occurs at high altitude regions, the amplitude of pressure oscillation can reach several dozens of atmosphere, which results in cylinder head erosion and piston crown breakdown [4]. However, the detailed mechanism for such an abnormal combustion still remains unclear.



Generally, diesel knock is characterized by excessive noise and vibration due to the over-quick pressure rise rate [5]. Several studies have been performed to quantify the characteristics of pressure oscillations through pressure measurements [6,7,8]. Compared with the common pressure measurements, optical diagnostics are extensively employed nowadays as effective tools to identify the underlying mechanism(s) for engine knock, Rusly et al. [9] performed high-speed imaging of soot luminosity combining with in-cylinder pressure measurement in an optical diesel engine, and they found that flames were observed to oscillate seriously when diesel knock occurred. Zhao et al. [10] conducted abnormal combustion experiments in an optical diesel engine, and they observed that diesel knock involved end-gas autoignition, fast subsonic flame propagation, and strong pressure waves (and even shock waves). However, most of the previous optical studies have addressed the scenarios of spark-ignition (SI) engines [11,12,13,14], while there is a lack of optical investigations addressing diesel knock. Optical visualizations or fundamental researches are still lack due to the destructive effect of diesel knock, which limits the clarification of diesel knock formation, especially for heavy-duty engines operating at high altitude regions.



Currently, high injection pressures are applied in high altitude diesel engines to pursue superior power efficiency and fuel economy [15]. However, the low ambient intake conditions and the increasing injection pressure will prolong spray penetration, which leads to a large possibility of spray impingement [16,17]. Spray impingement is considered as a potential cause of diesel knock because attached film combustion and strong pressure oscillations are measured in realistic heavy-duty diesel engines [18]. Du et al. [19] experimentally investigated the effects of fuel injection pressure (FIP) on combustion characteristics under spray impingement conditions in a constant-volume combustion chamber, and the results showed that impinging spray prolonged ignition delay time at high injection pressures. Amir Khalid and co-workers [20,21] carried out optical experiments within a wide range of ambient conditions and fuel injection pressures. The results showed that the FIP and ambient pressures showed significant influences on the fuel evaporation and fuel-air premixing before ignition. Jain et al. [22] investigated the effects of FIP on combustion characteristics in a partially premixed charge compression ignition (PCCI) engine, and they found that that appropriate FIPs promoted combustion due to improved spray atomization. However, further increasing FIP resulted in diesel knock. In conventional diesel engines, longer ignition delay time tends to lead to pressure oscillations owing to the rapid localized pressure rise rates in the premixed combustion stage [23]. However, fundamental investigations on the role of the FIP and the altitude in diesel knock remain scarce when spray impingement is encountered.



With the above considerations, the primary objectives of this study are to explore the combustion characteristics and the underlying reasons for high altitude heavy-duty engines. Optical experiments were reproduced in an optical RCM with well-controlled boundary conditions. The RCM setup can bear extreme conditions and simulate similar conditions of realistic engines. High-speed direct photography and simultaneous pressure acquisition were synchronically performed, and the role of injection pressure and ambient pressure conditions in diesel knock were considered. Visualized images were conducted to understand spray impingement, localized autoignition initiation, and reaction front propagation. The current observations from fundamental experiments can provide useful insights into knock mechanism and its regulations of heavy diesel engines at high altitude conditions.




2. Experimental Setup and Methodology


2.1. Experimental Setup


The current studies were conducted in a newly designed high-strength optical RCM in the State Key Laboratory of Engines (SKLE) at Tianjin University. The schematic of the RCM setup is presented in Figure 1. The RCM setup consisted of five major sub-systems, including a compression chamber, a combustion chamber, a pneumatically driven chamber, a hydraulically damped chamber, and a high-pressure air tank. The RCM beared a maximum pressure as high as 30 MPa and reached a target pressure as much as 6 MPa at the top dead center (TDC). By adjusting the compression stroke and clearance volume, the compression ratio could vary from 10 to 21 to achieve different ambient conditions encountered in realistic diesel engines. Meanwhile, a flat piston with crevice containment concept was deigned to guarantee the homogenous environment and avoid roll-up vortices [24]. A high-accuracy motional pickup transducer was equipped to measure the law of piston motion.



To understand the pressure characteristics of diesel knock, the dynamic pressure trajectories were measured by a piezoelectric pressure transducer (Kistler 6045A, Winterthur, Switzerland). Then the voltage signal was amplified by a charge amplifier (Kistler 5064C, Winterthur, Switzerland), and then was collected by data acquisition equipment (USB 6366, National Instruments, Shenzhen, China) at a frequency of 100 kHz and finally saved to the computer. To visualize the combustion evolution, the combustion chamber was equipped with a high-pressure resistance quartz glasses with a thickness of 40 mm in the axial direction. A high-speed direct camera (SA-Z, Photron, Tokyo, Japan) with a 105 mm lens (Nikkor 1: 2.8 D, AFMicro, Tokyo, Japan) was used to record the combustion images. The camera frame rate reached a frequency of up to 200,000 Hz (5 µs/frame) at the resolution of 320 × 128 pixels. The shutter speed was set to 8.39 µs and the lens aperture was maximized to improve definition and underexposure during combustion. At the same time, the camera was synchronously triggered by transient pressure signals with a defined threshold. In addition, a commercial fuel injector with a single hole was edge-installed in the combustion chamber. Figure 2 shows a schematic of the optical combustion chamber with a pressure transducer and a fuel injector.



In the experiments, a single-shot common-rail fuel injection system (Bosch, Stuttgart, Germany) was employed, which provided a maximum injection pressure up to 140 MPa. The diameter (d) of the single hole injector maintained at 0.32 mm to simulate the actual scenarios of heavy-duty diesel engines. The test fuel is straight diesel fuel with a cetane number of 42.3. More detailed properties are provided in Table 1. According to the SH/T0606-2005 method [25], the composition of diesel fuel was analyzed to understand the autoignition characteristics. To accurately control a solenoid force, the injector is controlled by an injector driver box and a LabView VI (National Instruments). Meanwhile, a Transistor-Transistor-Logic (TTL) pulse is employed to control injection timing and pulse width to quantify the injected mass in the experiment. Figure 3 shows the calibration of injection mass versus fuel injection pressure. Besides, the injector body is water-cooled to ensure the injector operates normally when the RCM is heated.




2.2. Test Operation Conditions


In the experiments, ultra-high purity air (>99.999%) consisting of 21% O2 and 79% N2 was firstly prepared in a 6.0 l mixing tank to adopt as background gases. The amounts of pure air and fuel mass was calculated at ambient conditions. Meanwhile, the mixing tank was equipped with a magnetic stirring apparatus and it was taken at least 2 h to improve the mixture homogeneity. An electric heating system involving PID control was used to heat all connection pipelines, and the target temperature was the same as the mixture inside the mixing tank to avoid fuel condensation. To mimic the realistic wall temperature in diesel engines, the wall temperature of RCM chamber (Tw) was maintained at 353 K [9].



Table 2 shows the experimental conditions of the current study. The fuel injection pressure was varied from 30 MPa to 60 MPa to investigate the influence of FIP. The start of injection (SOI) timing was triggered when the instantaneous in-cylinder pressure (   P  S O I    ) reached 1.0 MPa to simulate the engine scenarios under high altitude conditions. However, there is a slight difference in injection timing because fuel injector needs certain response time for the signals from microcontrollers. Two groups of injection pulse widths (  Δ  t   ) were adopted (i.e.   Δ t   = 1.5 ms and   Δ t   = 2.0 ms) to consider the effect of injection mass on diesel knock. The respected target pressures at the TDC (   P c     ) were    P c    ≈ 2.0 MPa and    P c    ≈ 4.0 MPa through adjusting intake pressure (   P i     ), comparable to the realistic engine scenarios at high altitude regions (e.g. 4000 m and 1500 m) [26]. The intake temperature (   T i     ) was controlled at 343 K, and the target temperature at the TDC (   T c   ) was calculated by an adiabatic core hypothesis relation [27]:


    ∫    T i     T c     γ   γ − 1      d T  T   = ln   (     P c     P i     )   



(1)




where  γ  is the specific heat ratio. It is noted that the specific heat ratio of different temperatures has been obtained based on a table checking method. Each experimental test was repeated at least three times at each operating point to improve the consistency of experimental results. Because spray impingement may result in soot production and deposition, the RCM chamber has to be cleaned after each operating condition to avoid the concerns accumulation of soot particles.



Figure 4 and Figure 5 show the operational stabilities of non-reactive and knocking conditions. It can be observed that for non-reactive cycles, the pressure trace at different tests shares almost the same trajectories during the whole process. Meanwhile, the pressure varies within 0.03 MPa at the TDC. For diesel knock scenarios, there are still some differences in autoignition onset and the peak of pressure trajectories under abnormal conditions due to the stochastic nature caused by in-cylinder temperature inhomogeneities. However, the pressure varies within 0.04 MPa at the TDC while the corresponding injection timing is around 0.04 ms. In spite of this, the current RCM setup still shows good repeatability in diesel knock. Besides, it is worth noting that diesel knock intensity (  Δ  P  m a x    ) is defined as the maximum amplitude of pressure oscillation obtained from in-cylinder transient pressure using 4–25 kHz bandpass filtering with a fast Fourier transformation. Based on previous knocking studies in SI engines [28], the combustion cycles with   Δ  P  m a x   >    2.0 MPa can be regarded as super-knock events. Herein, a similar method is also employed to distinguish the different modes of diesel knock.





3. Results and Discussion


3.1. Effects of Fuel Injection Pressure


The effects of fuel injection pressure on diesel knock are firstly investigated at two different compression pressures. As can be seen from Figure 6, the pressure and pressure oscillation curves show different characteristics with the variation of fuel injection pressure. Specifically, there is no obvious pressure rise at FIP = 30 MPa, until FIP is increased to 40 MPa where harness combustion is encountered under the conditions of    P c    = 2.14 MPa. However, the maximum pressure is only 6.44 MPa. It should be noted for the conditions of    P c    = 2.14 MPa and FIP = 40 MPa, normal combustion with slight pressure oscillation is observed. As fuel injection pressure is elevated to 50 MPa, in-cylinder pressure rises rapidly and abnormal combustion begins to happen. Further increasing FIP up to 60 MPa, knock intensity is enhanced under the both two scenarios. The peak of pressure oscillations reach   Δ  P  m a x    = 7.98    MPa   (   P c    = 2.14 MPa) and   Δ  P  m a x    = 5.85    MPa   (   P c    = 4.13 MPa), which are manifested super-knock level according to knock criteria aforementioned [4]. Therefore, for the given compressed pressure, diesel knock becomes prevalent with the increase of fuel injection pressure.



The elevated knock intensity may be attributed by the increases in diesel injection mass at higher FIP. More diesel fuel mass results in massive fuel-air mixture formation before premixed combustion, which enhances the energy release and enlarges the amplitude of pressure oscillation. To further illustrate the influence of diesel injection mass, Figure 7 shows the results of the injection pulse width at   Δ  t    = 2 ms. It can be observed that compared with   Δ t      = 1.5 ms scenarios, knock intensity becomes more violent with the increase of FIP from 40 MPa to 60 MPa. To be more specific, the strongest knock intensity occurs at FIP = 60 MPa, with the peaks of pressure oscillation of   Δ  P  m a x    = 9.49    MPa   at    P c       = 2.14 MPa and   Δ  P  m a x    = 6.43    MPa   at    P c    = 4.13 MPa, respectively.



To further clarify the effects of FIP, Figure 8 provides the spray characteristics and combustion evolution at    T c       = 930.8 K,    P c    = 2.14 MPa, and   Δ  t    = 1.5 ms. It is observed that a small amount of combustible mixture starts to ignite near the injector due to the limited momentum and penetration rate at low injection pressures (i.e. FIP = 30 MPa). Meanwhile, it is comparatively difficult to form flame kernel and propagate forward owing to the poor atomization process. When elevating injection pressure, the liquid spray begins to impinge the chamber wall with a higher penetration rate. However, the impinging fuel cannot be ignited immediately due to the low temperature of wall surface (   T w       = 353 K), which may facilitate the fuel-air mixing process [19]. As can be seen from Figure 8b−d, an area with blue luminosity occurs at the near-wall region adjacent to the location of spray-wall impingement, and the blue luminosity represents the auto-ignition of vaporized fuel-air mixtures. The liquid spray impinges against the chamber wall in advance due to the larger momentum at higher FIPs [29], which causes the occurrence of auto-ignition earlier. Higher FIPs also provide a higher upward gas velocity [30], pushing the auto-ignition location farther from the spray-wall impingement region. Based on the radius of autoignition region, the blue reaction wave speeds can be quantified. It shows that the propagation speeds are increased significantly with varying FIP from 30 MPa to 60 MPa, which shortens combustion duration and enhances knock intensity.




3.2. Effects of Ambient Pressure


In the previous section, there are obviously different pressure characteristics under different compressed pressures with FIP variations. The effects of ambient pressure are further discussed to investigate the combustion performance for a high-altitude diesel engine. As shown in Figure 7 and Figure 8, knock intensity is higher with increasing FIP from 30 MPa to 60 MPa under low ambient pressure (   P c    = 2.14 MPa). Meanwhile, the impacts of ambient pressure are divided into two regions, including critical conditions (FIP = 40 MPa) and knocking conditions (FIP = 50–60 MPa).



3.2.1. Critical Conditions


Figure 9a firstly shows in-cylinder pressure curves under the conditions of FIP = 40 MPa. The results show that diesel knock is only encountered under the conditions of    P c    = 2.14 MPa. Although the cylinder pressure at the start of injection is set at    P  S O I     = 1.0 MPa under two scenarios, the ambient pressure at    P c    = 4.13 MPa is higher during injection duration. Besides, it can be clearly seen that higher ambient pressure leads to a shorter ignition delay period and earlier rise of pressure. Generally, the evaporation process of spray droplets needs to absorb heat, resulting in a decrease of ambient temperature at spray boundary. However, the higher heat capacity caused by higher ambient pressure seems to mitigate the decrease of ambient temperature and increase evaporation rate and fuel-air mixing rate [31]. Therefore, the spray characteristics and mixture formation process may affect this kind of pressure history, which will be discussed later.



The visualization images displayed in Figure 9b further show the combustion revolution under two ambient pressure conditions. As seen from the first row, for    P c    = 2.14 MPa, auto-ignition kernel with blue luminosity firstly occurs at the upper corner of the combustion chamber when the time comes to t = 1.080 ms after the TDC. At    P c     = 4.13 MPa, a small area of yellow flame appears within the beam of spray at earlier time. This result indicates that the longer ignition delay is a kind of signal that more liquid spray may impinge on the wall under low ambient pressure conditions. From the second column of the images, liquid spray is observed with the help of the higher natural luminescence intensity. This indicates that liquid spray is continuously impinging against the wall even after auto-ignition under the conditions of    P c   = 2.14    MPa  . However, the spray droplets have been evaporated completely before impinging on the wall when ambient pressure exceeds 4 MPa [32]. A more combustible mixture is formed locally, and the bright yellow flame is observed near the spray centerline. Then, the flame reaches the wall and ignites the attached fuel film. From the above phenomenon observed under critical conditions, higher ambient pressure weakens liquid spray impingement by accelerating spray evaporation and thereby decreases ignition delay, which shifts diesel knock into normal combustion.




3.2.2. Knocking Conditions


As shown in Figure 7 and Figure 8, diesel knock is inevitable when FIP exceeds 40 MPa under two scenarios. However, knock intensity under low ambient pressure conditions is still higher. Figure 10 shows combustion evolution at FIP = 50 MPa and   Δ  t    = 2.0 ms, while the combustion evolution at FIP = 60 MPa and   Δ t   = 2.0 ms can be seen in Supplementary Materials. Near-wall autoignition is both observed under two scenarios. However, lots of spray droplets lack sufficient time to form mixture due to higher ambient pressure, which indicates that diffusion flame is prior to the autoignition onset. Then, the induced autoignition reaction waves propagate toward the bottom of the combustion chamber with a similar propagation path. Compared with high ambient pressure condition, the reaction wave at    P c   = 2.14    MPa   emits much brighter chemiluminescence with a higher propagation speed. Subsequently, this reaction wave reaches the chamber wall, resulting in stronger pressure oscillation.





3.3. Analysis of Pressure Oscillation


The effects of fuel injection pressure and ambient pressure on diesel knock have been discussed; however, the underlying reasons for the formation of pressure oscillation are not clarified. Figure 11 presents the pressure trace, combustion images and filtered pressure rise rate (PRR) of a typical diesel knock experiment at FIP = 50 MPa,    P c     = 2.14 MPa and   Δ  t    = 2.0 ms. The injector starts to inject fuel into the chamber at t = 1.09 ms before the TDC. The in-cylinder pressure begins to rise and the PRR reaches the first peak at t = 0.45 ms after the TDC, or the time of Figure 11a. This peak is considered to be related to the first stage ignition of the fuel-air mixture, since diesel fuel has a two-stage ignition characteristic [25]. However, the first-stage ignition is difficult to be recorded by the camera due to its low natural luminescence intensity. Generally, the ignition delay time is defined as the time between the start of injection and the start of combustion (SOC) [33]. And the ignition delay period is about 1.54 ms due to the early injection and spray impingement, which is relatively long for conventional diesel engine. A large proportion of fuel-air mixture is prepared within the long ignition delay, which enhances the premixed combustion. Subsequently, a second PRR peak occurs at t = 0.74 ms, in Figure 11b. At this moment, a brighter autoignition kernel appears upper corner of the combustion chamber, which indicates second-stage ignition of mixture. Then, an induced reaction-front propagates into the other unburnt region with brighter chemiluminescence. Just 0.02 ms later, i.e. at the time of Figure 11c, the speed of reaction front is approximately 2055 m/s. Such a speed is higher than C-J detonation speed, which indicates that the second-stage autoignition has developed into a detonation wave [34]. Subsequently, this reaction-front reaches the chamber wall, resulting in a pressure peak in the combustion chamber. When the propagating reaction front collides at the cylinder wall, there is forming an incandescent zone, as shown in Figure 11d. The reaction-front propagates back and forth in the combustion chamber, which is consistent with the recorded pressure oscillation depicted in pressure traces.



It is well known that the pressure oscillation induced by diesel knock is closely related to chamber resonance phenomena. Using fast Fourier transform analysis for pressure traces, Figure 12 shows the unfiltered pressure spectrum to further clarify frequency characteristics of pressure oscillation. It can be seen that there are three strong peaks, located at 7.2 kHz, 14.1 kHz and 16.9 kHz, and several weaker peaks at other frequencies. The 7.2 kHz frequency is the first-order circumferential vibration mode, and the second circumferential vibration mode is at approximately 14.1 kHz. In addition, it should be noted that the oscillation peak for the first-order circumferential vibration mode is highest for this condition which always produces heavy knock [35]. The pressure oscillation frequency depends on the propagation speed of pressure waves [36], which indicates that the formation of pressure oscillation is mainly due to the propagation of the detonation wave stemming from the second-stage autoignition, and the pressure oscillation fluctuates back and forth in the confined combustion chamber.





4. Conclusions


In this study, diesel knock with destructive pressure oscillation for high altitude heavy-duty engines was reproduced in a high-strength optical rapid compression machine. High-speed direct photography and simultaneous pressure acquisition were synchronically performed to comparatively investigate the effect of fuel injection pressure and ambient pressure. Meanwhile, typical visualization images and the pressure traces were analysed to understand the underlying reasons for the formation of pressure oscillation.



For the given ambient temperatures and pressures, diesel knock becomes prevalent with the increase of fuel injection pressure. Possible reasons are that high fuel injection pressure can increase injected fuel mass and accelerates the atomization process, which elevates the burning rate and shortens the combustion duration.



Higher ambient pressure reduces the tendency to diesel knock under critical conditions. For the given injection pressure satisfying knocking combustion, knock intensity is decreased as ambient pressure is increased. This is mainly because higher ambient pressures weaken liquid spray impingement by accelerating spray evaporation and thereby decrease ignition delay, which suppresses the autoignition occurrence and decreases the propagation speed of the reaction-front.



Further analysis on visualization images shows that the diesel spray-wall impingement leads to longer ignition delay time, by which diesel knock is induced. The autoignition of mixture exhibited a two-stage ignition characteristic, and the supersonic reaction-front induced by second-stage autoignition propagates back and forth in the combustion chamber, which results in high-frequency pressure oscillation. In addition, the dominant oscillation frequencies are obtained through the FFT analysis, located at 7.2, 14.1 and 16.9 kHz.








Supplementary Materials


The following are available online at https://www.mdpi.com/1996-1073/13/12/3080/s1, Figure S1: Selected images of combustion evolution under the conditions of FIP = 60 MPa and   Δ t   = 2.0 ms.
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Figure 1. Schematic of high-strength optical rapid compression machine setup. 
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Figure 2. Schematic of optical combustion chamber and fuel injector and pressure transducer layout. 
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Figure 3. Calibration results of injection mass versus fuel injection pressure. 
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Figure 4. The stability of RCM experiments for pure air compression. 
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Figure 5. The capability of RCMs in studying diesel knock. 
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Figure 6. In-cylinder pressure and pressure oscillations at: (a)    T c    = 930.8 K,    P c    = 2.14 MPa,   Δ  t    = 1.5 ms; (b)    T c    = 921.4 K,    P c    = 4.13 MPa,   Δ t   = 1.5 ms. 
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Figure 7. In-cylinder pressure and pressure oscillations for: (a)    T c    = 930.8 K,    P c    = 2.14 MPa,   Δ  t    = 2.0 ms; (b)    T c    = 921.4 K,    P c    = 4.13 MPa,   Δ t   = 2.0 ms. 
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Figure 8. Selected images of combustion evolution under the conditions of    T c    = 930.8 K,    P c    = 2.14 MPa,   Δ  t    = 1.5 ms: (a) FIP = 30 MPa, ΔPmax = 0.053 MPa; (b) FIP = 40 MPa, ΔPmax = 1.87 MPa; (c) FIP = 50 MPa, ΔPmax = 3.44 MPa; (d) FIP = 60 MPa, ΔPmax = 7.98 MPa. 
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Figure 9. In-cylinder pressure and selected images of combustion evolution at FIP = 40 MPa: (a) In-cylinder pressure at FIP = 40 MPa; (b) Selected images of combustion evolution under the conditions of FIP = 40 MPa and   Δ t   = 2.0 ms. 
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Figure 10. Selected images of combustion evolution under the conditions of FIP = 50 MPa and   Δ  t    = 2.0 ms. 
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Figure 11. Pressure trace with synchronous images under the conditions of    P c   = 2.14    MPa  , FIP = 50 MPa,   Δ  t    = 2.0 ms. 
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Figure 12. FFT analysis of in-cylinder pressure at    P c   = 2.14    MPa  , FIP = 50 MPa,   Δ t   = 2.0 ms. 
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Table 1. Fuel properties of the diesel fuel in the experiment.
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	Diesel Fuel
	Straight-Run Diesel





	Viscosity (mm2/s) at 293 K
	2.344



	Cetane number
	42.3



	Density (kg/m3) at 293 K
	817.0



	Flash point (K)
	335.0



	Low heating value (MJ/kg)
	42.84



	Distillation of 50% (K)
	518.5



	Distillation of 90% (K)
	601.4










[image: Table] 





Table 2. Test conditions for RCM experiments.






Table 2. Test conditions for RCM experiments.





	D (mm)
	     P i    ( MPa )    
	     T i    ( K )    
	     P c    ( MPa )    
	     T c    ( K )    
	     P  S O I     ( MPa )    
	FIP (MPa)
	    Δ t   ( ms )    





	70
	0.065
	343
	2.14
	930.8 ± 5
	1.0
	30–60
	1.5, 2.0



	70
	0.130
	343
	4.13
	921.4 ± 5
	1.0
	30–60
	1.5, 2.0
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