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Abstract: Rapid compression machine (RCM) is a widely-used experimental instrument for 

measuring ignition delay time (IDT) in the low-to-intermediate temperature range. In this 

work, to enhance the validity of the “adiabatic core” approximation in RCM, a piston crevice 

for suppressing the piston-driven vortex and therefore promoting the temperature 

homogeneity in the combustion chamber was firstly optimized by numerical simulation with 

a dynamic mesh strategy. Results show that crevice volume should be large enough to contain 

most of the boundary layer cold gas during the compression so as to assure the temperature 

homogeneity in the reaction chamber. While the shape of the crevice (with sufficiently large 

volume) only weakly affects the temperature homogeneity. An optimized piston was tested 

across wider ranges of pressure, the chamber length, and inert gas under experimental 

conditions. Based on the optimized piston crevice, a RCM was established and tested. Test 

results have confirmed that the crevice shape does not affect the IDT measurements, provided 

the crevice volume fixed. In addition, the present IDTs show consistency with those using 

other RCMs, as well as with the numerical predictions obtained by using the well-recognized 

and validated kinetic mechanisms, which support the validity of the present RCM facility for 

ignition delay measurement. 
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1. Introduction 

Ignition delay time (IDT) of a reactive gas mixture is a fundamental combustion parameter, 

which reflects the thermochemical and chemical kinetic characteristics of the mixture.  

Theoretically, the IDT is defined as the duration from the time instant when a perfectly-mixed 

fuel and oxidizer is brought to a thermodynamic state with a certain initial condition to the time 

instant when a thermal runaway (or/and radical runaway) occurs in the system. The thermal 

runaway (or radical runaway) is characterized by the rapid increase of the temperature (or the 

concentrations of radicals for chain reactions). IDT is typically measured by using the shock 

tube [1-3] and rapid compression machine (RCM) [4-8]. Shock tube generates a nearly 

constant-pressure environment behind the reflective shock wave, and the time zero for the 

auto-ignition of the gas mixture is well-defined as the instant when the incident shock wave 

arrives at the end wall. Due to the limitation of the effective testing time, shock tube is 

particularly suitable when the IDT is sufficiently short at high temperatures (>1000K) [9]. 

RCM mimics the compression stroke and the subsequent constant-volume combustion for a 

piston-cylinder assembly in internal combustion engines. At the end of compression (EOC), 

the piston of RCM is locked and provides a nearly constant-volume environment for the 

auto-ignition. Compared with shock tube, RCM can generate a long-lasting environment 

suitable for relatively long IDTs in the low-to-intermediate temperature range. Recently, 

RCMs have also been used for intermediate species measurements during auto-ignition 

[10-13].    

The conventional analysis of RCM experiments assumes the auto-ignition occurs in a 

homogeneous, adiabatic, constant-volume reaction chamber, in which there are no bulk flow 

and mass and heat transfer. The pressure signal in the reaction chamber can be obtained 

through pressure transducer with high sampling frequency, and temperature is calculated from 

the pressure profile. Considering that the practical compression process unavoidably induces 

heat loss through chamber walls, an “adiabatic core hypothesis” [14] is typically used in 

calculating the temperature (Tc ) at the EOC. The hypothesis states that the core region of the 
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reaction chamber is considered as adiabatic and it would be affected by the expansion due to 

the heat loss that affects the other parts of the test volume. Based on this hypothesis, Tc is 

calculated by 

                               
   

  
  

  
 
       

  
                                             (1) 

where T and P are the temperature and the pressure, the subscripts “0” and “c” indicate the 

initial and the EOC times, and γ is the temperature-dependent specific heat ratio. 

Previous studies[15-17] have shown that the motion of the flat piston during compression 

could create roll-up vortices in front of the piston head with enhanced mixing between the 

colder gases in the boundary layer and hotter gases in the core region, tending to deteriorate the 

validity of the “adiabatic core” hypothesis [18]. For chemical kinetic research, studies have 

highlighted the effect of creviced piston design in reducing the temperature inhomogeneity [15] 

by suppressing the formation of the vortices. Specifically, Würmel and Simmie [16] 

numerically simulated the temperature field in a twin-piston RCM to investigate the influences 

of piston crevice volume, location, channel size, and inert gases (oxygen, nitrogen, xenon and 

helium). Mittal and Sung [17] used a planar laser-induced fluorescence (PLIF) technique to 

investigate the effect of the piston with/without crevice and found that a creviced piston design 

drastically reduces the vortex formation and leads to increased temperature homogeneity. In 

addition, they compared the experimental results with the simulations based on different flow 

models and found that the simulation results using the laminar model agrees better with the 

experimentally resolved temperature field.  

Mittal et al. [18, 19] numerically simulated hydrogen ignition in a RCM to validate the 

“adiabatic core” hypothesis. They found that the homogeneity of the temperature field could be 

promoted for higher pressure, shorter stroke length and larger reaction chamber. Although a 

large piston crevice can suppress the vortices more effectively, it however brings in more 

complex influences to the experimental results in multi-stage ignition process [19-22]. When 

the first-stage ignition occurs, pressure increases in the core region and some hot gas will flow 

into the crevice. As a result, the pressure for the second-stage ignition is actually lower than 

that of the case with flat piston. To resolve such a pressure drop in the second-stage ignition, 
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Goldsborough and co-workers [20] developed a multi-zone model (MZM) to simulate the 

multi-stage ignition in RCM. Mittal et al. proposed a “crevice containment” design[21, 22], 

which is expected to suppress the roll-up vortices and to avoid the crevice effects during 

multi-stage ignition. In such a design, a seal ring between the piston and the chamber wall 

could block the channel between the reaction chamber and the crevice and therefore prevent 

the hot gas from flowing into the crevice. It should be noted that this is a quite challenging 

design because of the technical difficulty of the sealing and because the crevice containments 

need to be changed from time to time. Recently, Bourgeois et al. [23] developed a method to 

validate piston crevice design under various operating conditions by predicting a critical mass 

that needs to be tracked in the crevice volume and assessing whether a specific crevice 

volume can track this mass during the compression. This method could be able to ensure 

temperature homogeneity at EOC, however, it has not been tested across the typically time 

range that a RCM is operated. 

Regardless of the previous studies that advance the optimization of RCM piston design, 

the effects of the crevice geometry on promoting the “adiabatic core” approximation have not 

been fully explored yet and have not been experimentally validated. Distinct from the RCMs 

in above literature, this RCM has a long stroke length (332 mm) and reaction chamber length 

(30-100 mm), and therefore it is also interesting to recheck these parameter effect in the current 

configurations. In the present study, we first numerically investigated the crevice geometry 

(volume and shape) effects on the temperature inhomogeneity in the reaction chamber after 

EOC, with particular emphasis on conducting parametric study to obtain an optimal piston 

crevice design with minimal temperature inhomogeneity. We note that for the numerical 

simulation of the flow in the rapid compression machine, previous work typically adopts the 

dynamic mesh method[17, 19, 24]. However, there are only limited discussions on the 

dynamic mesh strategy used in the CFD simulation. This work, therefore, has included a 

detailed discussion on the dynamic mesh strategy especially on the moving boundary location. 

Secondly, the optimized crevice design is then validated against different compression 

pressure and chamber length. In addition, we note that Argon is a commonly used insert gas in 
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RCM experiment[16]. However, the temperature distribution of argon is missing in the 

previous study. We will additionally test the optimized crevice design against different inert 

gases by comparing the temperature distribution of argon with that of nitrogen under the 

same condition [16]. Finally, by use of a newly established RCM based on the design, we 

validated the IDT measurement of typical reactive mixtures against its modeling based the 

widely-accepted reaction mechanism and the IDT measurements of other RCMs. The study 

substantiates that auto-ignition of various fuels can be conducted in this facility, which will 

provide reliable data for modeling combustion chemistry in the low-to-intermediate 

temperature range in the future.   

2. CFD-assisted Design of Creviced Piston 

2.1 CFD Specifications 

2.1.1 Computational domain and model selection 

The geometry of the piston crevice to be optimized and the mesh at EOC are shown in Figure 

1. Piston crevice is characterized by lengths d and e, as shown in Table 1. Pistons #0 to #3 were 

compared to explore the crevice volume effect on the temperature homogeneity; piston #0 is a 

baseline flat piston. A dimensionless ratio (Vcr/R2S), proposed by Yousefian et al. [24], is used 

to measure the relative significance of the crevice volume Vcr compared with the piston swept 

volume, where R is the radius of the combustion chamber (25.4 mm), S is the piston stroke 330 

mm. Piston #3 and #4 have the same crevice volume but different shapes so that the crevice 

shape effect can be addressed.  

The mesh generation for the axis-symmetric computational domain was conducted by 

using the ICEM-CFD software [25] , and quadrilateral mesh with layering method was used in 

the dynamic mesh modeling [19, 24]. The computational domain is divided into two zones 

including one near the piston and one far away from it, which will be discussed in detail in 

Section 2.1.2. During the compression, the mesh in the near piston zone remains unchanged 
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while the mesh layers in the far away zone are merged so that the dynamic mesh is realized. In 

this work, the minimum (maximum) cell size is 0.02mm (0.3mm) in the axis direction and 

0.006mm (0.18mm) in the radial direction after EOC, while slightly larger cells (the maximum 

size in the axial direction is 0.5 mm) are used in the compressed mesh part (the far away mesh 

zone) to reduce the computational load. By using the FLUENT software package [26], the flow 

and temperature fields during the compression process was simulated to compare different 

crevice geometries. The simulation includes the entire process of compression and 150 ms 

after EOC, and this time scale covers typical reliable range of IDT measurement by using the 

rapid compression machine. The total number of grids varies from 100,000 to 700,000 during 

the compression. Grid independent study has been conducted to justify the present mesh, 

which is more refined than those used in the previous simulations [16-19, 21, 22, 24]. 

 
Figure 1 The geometry and mesh of the crevice and reaction chamber. R is radius of the reaction chamber (25.4 

mm), and L is the reaction chamber length after EOC (three test cases: 30, 50 and 100 mm) 

Table 1. Geometry parameters for pistons #0 to #4 

Crevice# a (mm) b (mm) c (mm) d (mm) e (mm) Vcr(mm3) Vcr/R2S

0 0.0 0.0 0.0 0.0 0.0 0.00 0.000 

1 4.0 1.0 0.4 2.0 14.5 3305.48 0.005 

2 4.0 1.0 0.4 4.6 14.5 7602.60 0.011 

3 4.0 1.0 0.4 8.0 14.5 13221.91 0.020 

4 4.0 1.0 0.4 19.0 4.8 13172.93 0.020 
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As discussed in the introduction, laminar flow simulation was found to be more suitable 

for the RCM flow after EOC [17-19, 21, 27]. A Reynolds number of the RCM flow can be 

defined by         , where the characteristic flow velocity should be smaller than the 

average piston moving velocity     
    

 =8.25 m/s, where the piston stroke S is 330 mm, 

and the compression time tEOC is 40 ms. Considering that the pressure remains nearly constant 

after EOC, we have             from the ideal gas law and         
  
 
 
      
     

 from the 

Sutherland’s law [28], and therefore have         
  
 
 
      
     

 , where TS is the Sutherland 

temperature (for air, Ts=110 K), T0 is the reference temperature 300 K, 0=15.69  10-6 m2/s is 

the kinematic viscosity of air at T0, and the typical temperature after EOC Tc is in the range 

between 700~ 1000 K. Applying all the values, the dynamic Reynolds number varies around 

2000~4000, which indicates that the flow pattern resides in the transition region. In addition, 

Yousefian et al [27] recently compared the 3D Large Eddy Simulation (LES) and the 2D 

laminar model and showed that the temperature inhomogeneity resolved by these two 

methods agrees satisfactorily under all conditions. As such, laminar flow simulation is used in 

this work to facilitate the present parametric study for optimization design. 

Nitrogen is selected as the testing gas for most of the cases using ideal gas model and 

polynomials for constant-pressure specific heat, thermal conductivity and dynamic viscosity 

coefficient. Fixed temperature (300 K) and no-slip boundary conditions are set to all solid 

surfaces. The piston moving profile as the function of time is deduced from the 

experimentally measured pressure trace (provided in the supplementary material).     

PISO (Pressure-Implicit Split-Operator) algorithm is used for the pressure-velocity 

coupling, PRESTO (Pressure Staggering Option) scheme for pressure, and the second-order 

upwind discretization for density, momentum, and energy. The residuals of continuity and 

energy are 10-4 and 10-6 respectively. The time step is set to be 20 s to better resolve the 

temperature and flow development in the reaction chamber.   
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2.1.2 Dynamic mesh strategy: discussion on the moving boundary location 

In order to simulate the compression process in the RCM, layering dynamic mesh 

method has been typically used to realise the mesh movement[17, 19, 24]. By using this 

method, a cell layer next to the moving boundary will be split or merged with the adjacent 

cell layer when the height of this layer has reached the split factor or collapse factor specified. 

This dynamic method will change the boundary layer cell height when it is moving. However, 

the near-wall cell is usually densified to better capture the fluid dynamics in this region, 

which requires that the first cell layer near the wall should be very small and the layer height 

far from the wall increases at a certain ratio. If the moving boundary is setting as the real 

boundary in the combustion chamber which is the piston surface, the densified cells near the 

piston surface will be destroyed during its movement. Because the fluid dynamic near walls 

is of great importance, the moving boundary is typically set outside the boundary layer. This 

method is adopted in this work, as also used in reference [24]. Therefore, locations of the 

moving boundary in the dynamic mesh strategy have been investigated. 

As shown in Figure 2, we have set different three different moving boundary layer 

locations, 25, 15 and 3 mm respectively above the piston surface. It is seen that disturbances 

of cold boundary gas are observed behind the moving boundary for cases 25mm and 15 mm, 

and this would lead to extra deterioration of temperature homogeneity in the main chamber 

zone. This is because the gas containing cells behind the moving boundary are moving with 

the piston and create a velocity gradient with the static gas within the viscous boundary layer, 

resulting in vortex diffusion shown in the figure When the moving boundary layer is close to 

the piston surface as shown in the third row, the cold gas disturbance is directly transported 

into the crevice and thus will not influence the temperature field in the main chamber zone. In 

addition, the location of the moving boundary is also affected by the cell height. If the cell 

height in the moving boundary is too small (close to the piston surface), negative volume cell 

error is more likely to occur during the mesh movement, or shorter time step should be 

adopted which will increase the computation cost. Therefore, in this study, the moving 
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boundaries are located in 3 mm from the piston surface where no extra disturbance will occur 

and the cell height has been fully developed (0.3 mm) for all the simulation in the following 

sections. 

 

 

Figure 2 The temperature distributions in the reaction chamber with different locations of the moving boundary 

(25, 15 and 3 mm between the piston surface) in the dynamic mesh strategy at -25 ms (25 ms before the end of 

compression); PC = 30 bar; N2; L = 30mm.) 

2.2 Effect of the piston crevice volume 

We have firstly performed non-reactive simulations for piston #0, #1, #2, and #3 with different 

lengths of d (see Figure 1) and hence different volumes, such that an approximately 

nearly-optimized crevice volume could be determined by the comparison. Figure 3 (a) shows 

the temperature distribution with increased piston crevice volume for the period between EOC 

and 150 ms after EOC. This period is long enough to cover the measured IDTs range of typical 

IDTs measured by RCMs [4, 5]. Pressure at EOC (Pc) is fixed around 15 bar for all the 

pistons, so that pressure variation effect on the temperature homogeneity could be eliminated. 

25 mm 

15 mm 

3 mm 
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It is seen that temperature in the reaction chamber is not complete uniformly distributed for 

any of the cases throughout this entire period and that the gas mixing between the core and 

boundary layer is more intense as time proceeds. However, more homogeneous temperature 

field and smaller vortex scale can be observed as the crevice volume increased. For piston #1 

and #2, a cold gas plug shows up and penetrates to the center region in a short interval after 

EOC and the hot gas becomes restricted to a toroidal region surrounding the cold core. A 

similar phenomenon was also experimentally observed by Griffiths et al [29] and Clarkson et 

al [30] , who suggested that the conventional homogeneous model still appears to be robust 

under such a temperature field. For piston #3, the temperature distribution is very 

homogeneous and only a small scale of disturbance was occurred on the piston head from 40 

ms to 150 ms. 

To further quantify the temperature inhomogeneity, a mass averaged temperature within 

the reaction chamber Tave(t) was calculated by  

             Tave =        
   

                                   (2) 

where i is the cell number in the mesh, Ti and i are the time-dependent temperature and 

density within the cell respectively. The mass-averaged temperature Tave(t) quantitatively 

represents the temperature in the reaction chamber subject to mixing and flow. The 

temperature in the piston crevice and a boundary layer of 3 mm are not included in the 

calculation because they do not influence the ignition process. We then define a temperature 

uniformity variable as 

                               
          

                                         (3) 

where Tmax(t) is the maximum temperature in the reaction chamber at a specific instant, and 

Tw is the wall temperature. Tmax(t) has been carefully compared with the temperature 

calculated from adiabatic compression theory (Tadiabatic(t)), and deviations between Tmax(t) and 

Tadiabatic(t) are within 0.5 K for all the cases studied (details of the comparison are provided in 

the supplementary material). If  is close to 1, Tave(t) is close to Tmax(t), indicating that the 

average temperature in the reaction chamber is close to the “adiabatic core hypothesis” 
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temperature Tadiabatic(t). Thus  is a physically meaningful variable in quantifying the 

temperature uniformity after EOC. Similar definitions have also been used by the previous 

studies [19, 24].   

However, definition of  does not distinguish the contributions of the thermal boundary 

layer growth and the cold gas vortex to the overall level of temperature homogeneity, as also 

stated in reference [23]. Therefore, another dimensionless definition of “core zone volume” 

was also used as an assistant criterion in comparing the adiabatic core for all the studied cases. 

Core zone volume is defined as the density weighted volume of the core zone gas (T > 

Tadiabcore - 5 K) to the total density weighted volume of main chamber zone (crevice and a 

boundary layer of 3 mm were not included). Thus, the dimensionless core zone volume can 

reflect the percentage of the gas that is unaffected by the cold disturbances in the main 

chamber zone.  

The time histories of ε for piston crevice #0 to #3 are shown in Figure 3 (b). For all the 

piston crevices, ε shows a decaying trend because of the progressively increased mixing 

between the boundary layer and the core region. Additionally, ε with increased crevice 

volume shows significantly slower rate of decaying, indicating an increased level of 

temperature uniformity for larger piston crevice volume. Similar trend has been observed in 

the core zone volume as a function of time, as shown in Figure 3 (c). For flat piston #0, only 

about 60% core zone volume is existed at EOC and it shrinks very fast that there was almost 

no core zone at 150 ms. On the contrary, core zone volume of piston #3 is 100% at EOC and 

still around 90% even at 150 ms. Piston #3 shows very slow rate of decline in both Figure 3 

(b) and (c), indicating that a well-defined adiabatic core is existed in the chamber for entire 

period.    
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Figure 3 (a) Temperature distributions for #0, #1, #2 and #3 piston at different times; (b) Temperature uniformity 

variable for #0, #1, #2 and #3 piston as a function of time; (c) Core zone volume for #0, #1, #2 and #3 piston as a 

function of time; PC = 15 bar; N2; L = 50mm. 

The results shown in Figures 3 can be further explained by investigating the flow field. 

As shown in the Figure 4, initially the roll-up vortexes are generated from the boundary layer 

of the reaction chamber wall or the piston surface due to the piston motion. As piston keeps 

moving, these vortexes tend to be transported into the core region of the reaction chamber or 

into the crevice through the channel. When the volume of the crevice is not large enough to 

accommodate the swept boundary layer gas, vortexes are generated from the chamber wall 

and the piston surface and further mix with the core region charge, which induce significant 

temperature inhomogeneity. With the increase of the piston crevice volume, the temperature 

distribution in the reaction chamber after EOC becomes increasingly uniform. We note that as 

the crevice volume is increased, more cool gas is trapped in the crevice and less is remained 
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in the reaction chamber during the compression process. Thus, there is less vortex mixing 

within the core region for larger crevice volume.  

 
Figure 4 Vortexes transport within the reaction chamber of piston #3, PC =15 bar, L = 50 mm 

2.3 Assessment of “adiabatic core” by temperature history 

The "adiabatic core" hypothesis, which is used to estimate the highest temperature in the 

reaction chamber, is more appropriate to validate chemical kinetic models when this core zone 

is large and homogeneous. However, the temperature field in the core zone is unnecessary to be 

absolute homogeneous to create an “adiabatic core”. Experimental and numerical studies [18, 

29, 30] were focused on the auto-ignition in a stratified temperature field and showed that the 

adiabatic compressed core gas dominates the rate development of reactions, which 

determines the IDT even when there is spatial inhomogeneity. While in a negative 

temperature dependent regime, the temperature inhomogeneities tends to be smoothed out 

during the auto-ignition. Thus, for the IDT study, it is more reasonable to validate the 

“adiabatic core” hypothesis against the temperature history in the hot core region.  

For the flat piston (#0), the hot core region exists for a short period of time after EOC. 

But as the time proceeds, the cold gas then mixes with the hot gas in the region due to the 

vortex so that the hot core region shrinks and eventually vanishes. For a larger piston crevice, 
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such as #3, the vortex in the chamber is very weak, and an obvious hot core region exists 

even at 150 ms after EOC. In order to quantitatively evaluate the discrepancy between the hot 

core temperature and the “adiabatic core” temperature, the temperature history profiles of 

three typical points (point 1, point 2 and point 3, as shown in Figure 1) are compared with the 

temperature histories derived from “adiabatic core” hypothesis, as shown in Figure 5. These 

three points are in the center of the reaction chamber over radial direction, which can 

represent most of the core region that is less likely to be disturbed by the cold boundary layer 

gas according to the temperature contours.   
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Figure 5 Temperature discrepancy with the adiabatic core hypothesis at different points for piston #0 (a), #1 (b), #2 

(c) and #3 (d); L = 50mm. PC=15 bar; N2; 

For the flat piston #0, point 1 and point 2 show discrepancies at the very beginning of the 

heat loss process, and the temperature continues to fluctuate, indicating that a stable hot core 

cannot be established. However, the temperature at point 3 is consistent with the adiabatic 

core temperature until the time of 28.8 ms (tc), and then the hot core is disturbed by mixing 
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with cold gas. As the crevice volume increases, the temperature histories of these points are 

consistent with the adiabatic core temperature for a longer time, and the extent of temperature 

fluctuation at point 2 and point 1 is decreased, indicating that the hot core region not only 

lasts longer but also becomes bigger. In actual RCMs, both spontaneous ignition and flame 

propagation exist [31-33], and the latter is more flavored to happen for a hotspot zone 

surrounded by large temperature gradient. Inhomogeneous temperature distribution in the 

reaction chamber will also lead to abnormal combustion behaviors such as strong knocking, in 

which the gas is first ignited in multiple hotspots and then followed by different mode of 

propagation[33, 34]. If more mixture is reacted through flame propagation, the steep pressure 

increase caused by ignition of the gas mixture will be postponed and thus increases the 

measured IDT. Consequently, a bigger hot core can lead to a more accurate IDT 

measurement. 

2.4 An optimized piston crevice  

2.4.1 Test against different crevice shape 

We showed in the previous section that if the piston volume is large, the temperature 

homogeneity in the reaction chamber will be better. For piston crevices with the same enough 

large volume, the crevice may still have different shapes. Some of them are “narrow and deep” 

structured while others are “wide and shallow” [16]. We then tried to see if the crevice shape 

may influence the vortex formation and therefore the flow uniformity in the chamber.  

For the pistons #3 and #4, the crevice volume is fixed, while the crevices of them are 

respectively “narrow and deep” and “wide and shallow”. Temperature distributions at EOC, 

80 and 150 ms are shown in Figure 6 (a). It is seen that the temperature distributions in the 

reaction chambers are very identical for the pistons #3 and #4 at different times. Also, a crevice 

with larger aspect ratio (e/d or d/e) is better at cooling the trapped gases. For utilizing the 

creviced piston, the crevice volume is the essential factor in design and should be large enough 

to contain most of the boundary layer gases. However, these mixtures in the crevice does not 

necessarily influence the temperature uniformity inside the main reaction chamber. As shown 
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in Figure 6 (b) and (c), the temperature uniformity parameter  and core zone volume of these 

two shaped crevices are very close. Because “narrow and deep” crevice (#3) can reduce the 

total length of the whole RCM system in the axial direction, we then proposed that #3 creviced 

piston should be an optimized one for our rapid compression machine facility. As such, we 

further tested the performance of #3 piston against different inert gases, pressures and 

chamber lengths.  
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Figure 6 (a) Temperature distributions at 0, 80 and 150 ms for pistons #3 and #4; (b) Temperature uniformity 

variable for piston #3 and #4 as a function of time; (c) Core zone volume for piston #3 and #4 as a function of 

time; Pc = 15 bar and L= 50 mm, N2 as the bulk gas. 

2.4.2 Test against different compression pressure  

It should be also noted that the boundary layer effect becomes more prominent at relatively 

low pressures [19] and may possibly result in the deterioration of the temperature 

homogeneity. Since different pressure can lead to different temperature homogeneity in the 

reaction chamber [18, 19], the temperature fields of piston #3 are further compared at the 

pressure of 10 and 30 bar, as shown in Figure 7 (a). 
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Figure 7 (a) Temperature distributions for piston #3 at different times; (b) Temperature uniformity variable for 

piston #3 as a function of time; (c) Core zone volume for piston #3 as a function of time; PC = 10, 15 and 30 bar; 

N2; L = 50mm. 

It can be seen that temperature distributions are less sensitive to pressure compared with 

the crevice volume. Increasing pressure has suppressed the development of vortex, leading to 

slight smaller scale of cold vortex and thus less mixing between the cold boundary layer gas 

and the hot core gas. Further comparisons of the  and core zone volume are respectively 

shown in Figure 7 (b) and (c). Both the  and core zone volume traces have shown that the 

discrepancies among different pressures are very small in a short period time after EOC. As 

time proceeds, cold gas disturbance gradually penetrates into the core zone and leads to the 

deterioration of the temperature homogeneity and shrink of core zone volume, and the 

discrepancies are increased. Another interesting result is that thermal boundary layer at 10 bar 
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is obviously thicker than that at 15 bar. Additionally, the penetration distance of the cold 

disturbance gas is shorter at 10 bar than 15 bar. Overall, increasing pressure has shown 

promoting effect on temperature homogeneity, which is consistent with the previous work 

[19]. Piston #3 has shown a good performance under the all the pressure range investigated.  

2.4.3 Test against different inert gases 

In RCM experiments, temperature after compression can also be regulated by adjusting the 

proportion of Ar and N2 and thus the Cp of the mixtures. The performance of the piston #3 is 

also tested against the different inert gases. The simulated temperature distributions in the 

reaction chamber are shown in Figure 8 (a). Due to the lower Cp of Ar, the maximum 

temperature in Ar is higher than 1000 K, and a good uniformity is achieved in the reaction 

chamber after EOC. Compared to that in N2, as shown in Figure 8 (b) and (c),  and core zone 

volume in Ar have smaller decreasing rate which is attributed to the lower thermal 

conductivity of Ar. Core zone volume in Ar is smaller than it in N2 at EOC because of the 

higher temperature difference between the hot core gas and the cold disturbed gas. We note 

that there is only a slight drop of  and core zone volume as a function of time, and they are 

still as high as 0.998 and 0.939 respectively at 150 ms, indicating that the buffer gas does not 

affect much of the temperature homogeneity, and piston #3 can perform even better for Ar 

dilution cases. 
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Figure 8 (a) Temperature distributions (K) of #3 piston at 0, 80 and 150 ms, N2 and Ar as the bulk gas. (b) 

temperature uniformity variable for Ar and N2 as a function of time; (c) core zone volume for Ar and N2 as a 

function of time; Pc= 15 bar and L= 50 mm. 

2.4.4 Test against different chamber length (compression ratio) 

The present RCM adjusts its compression ratio by changing the length of the reaction chamber 

(L) to create different thermodynamic conditions for IDT determination. Therefore, 

simulations are also conducted for different chamber lengths (L = 30, 50 and 100 mm) under 

the same pressure (30 bar). Figure 9 (a) compares the temperature distributions of piston #3 

for the case L = 30 mm, L = 50 mm and L = 100 mm. Due to increment of the compression 

ratio as L is decreased, the maximum temperature is increased in turn from the case L = 100 

mm to L = 30 mm. Also, it is seen that under all the chamber length cases, piston #3 still shows 

good temperature uniformity performance in the reaction chamber, and only limited 

disturbance was generated in front of the piston head in L = 100 and 50 mm, and most of the 

hot gas remain unaffected. The scale of disturbance is larger in longer L cases, however, there 

are also more unaffected gas in longer L cases which will improve the total temperature 

uniformity in the reaction chamber at the same time. The effect of chamber length on the 

temperature uniformity is presented in Figure 9 (b).  for longer L is slightly lower through the 

whole simulation process. However,  is still as high as 0.994 at 150 ms for L = 100 mm, 

indicating that the cold gas disturbance has weak influence on overall temperature 

homogeneity. The core zone volume histories of different chamber length cases are also very 

close through the entire period, as shown in Figure 9 (c). This result has confirmed the 
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recommendations of Park and Keck [35], but is contradictory to the conclusion of Mittal et al. 

[19]. The chamber length studied by Mittal et al. is ranged from 14 to 28 mm, which is shorter 

than the minimum L in this study. Except for the difference in length scale, the temperature 

distributions compared in reference [19] are all influenced by roll-up vortex, and smaller L will 

enhance the mixing between cold boundary layer and hot core region, and thus lead to the 

contradictory conclusion. The above discussion indicates that piston #3 will achieve good 

temperature uniformity performance and core zone volume for different compression ratio and 

yield good thermodynamic conditions in the RCM for IDT determination. 
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Figure 9 (a) Pc= 30 bar; temperature distributions (K) of piston #3 for reaction chamber length of 30, 50 and 

100 mm at different times. (b) ε of piston #3 for different reaction chamber lengths; (c) core zone volume of 

piston #3 for different reaction chamber lengths; N2 as the bulk gas. 
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The above numerical simulation provides some guidance for crevice piston optimization. 

Because the temperature homogeneity deteriorates with time as a result of the vortex 

transportation in the reaction chamber, the crevice volume should be large enough to contain 

most of the boundary layer gas during compression so as to ensure that no vortex is formed at 

EOC. Otherwise, this cold gas disturbance mixes with the hot core region charge and induces 

significant temperature inhomogeneity and even causes the failure of the adiabatic core 

hypothesis. Crevice volume ratio Vcr/R2S = 0.02 is used in this RCM, and more crevice 

volume ratio of other RCMs available are provided in supplementary materials for 

comparison. In addition, the different shapes of crevice with enough large crevice volume do 

not influence the temperature homogeneity in the reaction chamber, though it does affect the 

cold charge in the crevice volume. With a better design of the piston crevice geometry, it is 

supposed to reduce the gas mixing in the reaction chamber and thus lead to lower cooling rate 

after compression. However, using larger piston crevice especially that with high aspect ratio 

will also induce more heat loss and thus will increase the cooling rate of the entire charge.  

Piston #3 has exhibited high temperature homogeneity and core zone volume in wide 

ranges of pressure, insert gases and reaction chamber length, even though small disturbances 

are not totally removed under certain conditions. Further increasing the crevice volume will 

only show limited promotion and it will decrease the maximum compression ratio due to 

increased clearance volume at EOC and induce more complex influence on the multi-staged 

ignition process [19]. Therefore, an optimized creviced piston structure (# 3) is considered 

and proposed in our rapid compression machine facility. 

3. Validation of Rapid Compression Machine 

3.1 Specifications of experimental facility 

Based on the above consideration, a new RCM was built in our lab. The schematic of this RCM 

is shown in Figure 10. Six components comprise the apparatus: the high-pressure tank, the 

driving chamber, the hydraulic chamber with oil, the compression chamber, the combustion 
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chamber, and the control and data acquisition system. We note that because the numerical 

simulation in Sec. 2 indicates that crevice #3 is an optimized piston due to its minimized 

temperature non-uniformity, in our experiment, we used # 3 piston with different compression 

ratio to achieve different temperature condition for IDT measurements.  

 

 

Figure 10 Schematic of experimental facility of the present RCM 

The high-pressure tank is charged with air and maintained at a constant pressure before 

compression. The compressed surface area of piston in the compression chamber is 16 times to 

that in the compression chamber, so that much higher pressure in the combustion chamber can 

be achieved by using only a small driving pressure. After the compression, pneumatic force on 

the driving chamber will also hold the pistons in their position. By adjusting the driving 

pressure in the tank, compression speed can be changed. However, the maximum driving 

pressure is limited both by mechanical vibration and the hydraulic pressure. Before the 

compression, the hydraulic chamber is fully filled with high pressure oil to lock the pistons at 

their resting position while the pneumatic force is on. The compression is then triggered by 

releasing the oil through a solenoid valve and, in the meantime, the data acquisition system 

begins to record the raw pressure signal. The compression chamber of this RCM has a bore (D) 

of 50.8 mm and stroke length (S) of 332 mm. The creviced piston based on CFD optimization 
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is adopted to prevent the mixing of boundary and core region due to the roll up vortex, such that 

satisfactory thermal homogeneity is ensured. Details of the CFD optimization are discussed in 

section 2. The length of the combustion chamber can be changed from 20 to 100 mm at the step 

of 1 mm, so that different volume compression ratios and the resulting temperature can be 

achieved. The pressure inside the combustion chamber is monitored using a recess-mounted 

piezoelectric pressure transducer (Kistler 6125C) combined with a charge amplifier (Kistler 

5018A). Pressure is recorded by a National Instrument USB-6361 data collecting card running 

at a frequency of 100 kHz.  

Testing mixtures, the reactive mixture and the non-reactive mixture, are respectively 

prepared in two mixing-vessels according to their partial pressures and the partial pressures of 

the liquid components are kept blow at least 1/2 of its saturated vapor pressure to avoid 

condensation. An OMEGA DPG4000 with a pressure range of 3 bar is used to measure the 

pressure in mixing-vessel and the initial pressure in the combustion chamber. Ar and N2 are 

used as the dilution gas and Cp of the mixture is adjusted by adjusting the proportions of Ar 

and N2. The experiments are conducted at least an hour later to ensure the homogeneity of the 

mixtures. 

For typical mixtures with typical two stage ignition behavior, both the first-stage ignition 

delay (1st IDT) in case of two-stage ignition, and total ignition delay (total IDT) corresponding 

to the main ignition can be deduced from pressure traces and defined as the time intervals 

between EOC and the steepest pressure rise (dP/dt) of the 1st stage and the second stage 

pressure rise, as shown in Figure 11. EOC is chosen at the point where the pressure reaches to a 

peak (Pmax) before ignition. Although the piston may not actually stop there, the time difference 

could be ignored.  
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Figure 11 Typical measured pressure evolution history and the definition of 1st and total IDT. (mixture of toluene 

(64.0%), n-heptane (14.5%) and iso-octane (21.5%)，equivalence ratio =1.0., dilution ratio = 12.3) 

In the 0-dimentional reacting flow simulation, volume history profile [36, 37] is adopted 

to account for the facility effect. The volume history profile of a certain compression is 

deduced from the corresponding non-reactive pressure trace, which replaces O2 by N2 in the 

mixture. Based on “adiabatic core” assumption, heat loss is ignored in the volume history 

profile. The changing volume in each time point is calculated as Eq.5. With the input 

parameter of P0 and T0, the volume history profile can well depict the environment of the 

core zone in the reaction chamber. Therefore, accurate measurements of non-reactive 

pressure trace are also very crucial in validating a kinetic model.   

        
  
    

 
 
                                            (5) 

3.2 Ignition delay time measurement with the optimized piston design  

We first experimentally tested the effect of the crevice shape on the IDT measurements, as 

shown in Figure 12 (a). The “narrow and deep crevice” piston #3 and the “wide and shallow 

crevice” piston #4 show very consistent measured values of the ignition delay times for given 

mixture condition. In addition, we also compared the present measurements with the data 

from the Tsinghua University RCM because of the very similar structure of these two RCMs, 
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as shown in Figure 12 (b). Results show that the IDT data is very consistent for this mixture 

on these two RCMs.  
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Figure 12 IDTs of the stoichiometric furan/Ar/O2 mixture, PC = 16 bar, (a) using both piston #3 (circle) and #4 

(square); (b) IDTs measured using the present RCM and the Tsinghua RCM (Refer to [7] for details of Tsinghua 

RCM).  

3.3 Comparison of the present RCM data with kinetic model predictions and other 

RCMs  

3.3.1 Mixtures with the negative temperature coefficient (NTC) behavior  

The measured IDTs of mixtures (iso-octane and n-heptane) with typical NTC behaviors are 
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presented in Figure 13. Two iso-octane models were adopted in the IDTs simulation for 

iso-octane, including the Atef model [38] and the Mehl model [39]. The Mehl model has been 

validated by comparison to experiments in shock tubes and rapid compression machines. The 

Atef model has been updated based on the Mehl model and further compared against IDTs, 

jet-stirred reactor oxidation speciation data, premixed laminar flame speeds, counterflow 

diffusion flame ignition, and shock tube pyrolysis speciation data available in the literature. 

We note that the numerical simulation of the IDT has taken into account the facility effect by 

considering the volume history profiles.  

The model predictions have shown great similarity as those in the literature [38]. 

Generally, the Mehl model shows better agreement with the experimental data in the high 

temperature range, while the prediction of the Atef model is slightly lower. However, in lower 

temperature range, the Atef model shows better prediction, while the Mehl model slightly 

underestimates the reactivity.  

The IDTs of stoichiometric n-heptane/Ar/O2 mixture, at the dilution ratio of 17.09, were 

measured at 15 bar by using this RCM, as shown in Figure 13 (b). The IDTs predictions were 

simulated using volume history method and the recent n-heptane kinetic model of Zhang et al. 

[40] is adopted, which has been validated against IDTs, jet stirred reactor specifies profiles and 

laminar speed over a wide range of conditions. The model prediction generally shows good 

agreement with the 1st and total IDTs measurement and has well captured the NTC ignition 

behavior of the n-heptane mixtures.  

Recognizing that these two models have been extensively validated against experimental 

data, this level of agreement with of the present experimental measurements indicates that the 

IDTs measured in this RCM are reliable in validating the kinetic models of the mixtures with 

typical two stage ignition behavior.  
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Figure 13 Measured and predicted IDT of typical mixtures with two stage ignition behavior  

(a) stoichiometric iso-octane/N2/Ar/O2 mixture, dilution ratio 3.76; PC= 20 bar; 

(b) stoichiometric n-heptane/Ar/O2 mixture, dilution ratio 17.1; PC= 15 bar 

Direct comparison of IDT measurements from different RCMs is challenging because of 

the different facility effect,  such as the compression and heat loss characteristics. IDTs of 

iso-octane mixtures had been compared in 2nd international  RCM workshop[5] and 

therefore are also compared here with the measurement of this RCM just for reference, as 

shown by Figure 14 (a). It should be noted that, although the dilution ratio is fixed as 3.76, 

different insert gases, such as Ar, CO2 and N2, were used in the measurement and further 

information of the mixture components can be found in reference [5, 38]. Over all, the IDTs 

measured in this RCM have shown consistent NTC behavior and values with that in other 

RCMs especially NUIG in both low and high temperature range.  

Pressure traces of iso-octane mixture at different temperatures measured in this RCM are 

shown in Figure 14 (b). Pressure traces have shown consistent compression process and well 

captured the one or two staged ignition behaviors of iso-octane.  
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Figure 14 (a) Comparison of IDT measurement in this RCM with other RCMs available from the literature; 

IDTs of KAUST, NUIG and Uconn are from reference [38], IDTs of UAkron are from reference [5]; (b) 

Pressure traces of iso-octane mixture at different temperatures measured in this RCM; stoichiometric iso-octane 

mixtures, dilution ratio = 3.76 and PC = 20 bar 

 

3.3.2 Mixtures without NTC behaviors 

Ethanol has recently been suggested to be a candidate fuel for standard data collection in 

RCMs because it has simple chemistry and does not cause device specific issues due to 

multistage heat release [41]. As such we also select ethanol as the target fuel by using our 

new RCM facility. As shown in Fig. 15, the IDTs of stoichiometric ethanol mixture with 

dilution ratio of 7.62 under two pressures were measured in this RCM. It is seen that the 

measured IDT in logarithm of this mixture at two pressures show clearly linear dependence 

on the inverse temperature, and higher pressure reduces the ignition delay times significantly.  

Chemical kinetic model of ethanol in [42] was used in the simulation. This model has been 

validated against their measured auto-ignition characteristics of ethanol at low temperatures 

and elevated pressures. The model predictions also show good agreement with the present 

experimental data under both pressures and the model performance is also similar to that in 

reference [42].  
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Figure 15 IDTs of the stoichiometric ethanol mixture at Pc = 10 and 20 bar, scatters are the experimental data 

measured in this RCM, lines are model predictions of Mittal et al.[42].  

IDTs of ethanol mixtures are also compared with the measurements from other RCMs 

[43], as shown in Figure 16 (a). The IDTs of ethanol show large discrepancy among different 

RCMs and the reason of which has not been clarified in the combustion community. 

Generally, the IDTs measured in this RCM are very close to the measurements of Yncrea and 

Wayne state. Pressure traces of ethanol mixture at different temperatures measured in this 

RCM are also shown in Figure 16 (b)for reference.  
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Figure 16 (a) Comparison of IDT measurement in this RCM with other RCMs available from the literature; IDTs 

of other groups are from reference [43]; (b) Pressure traces of ethanol mixture at different temperatures 

measured in this RCM; stoichiometric ethanol mixtures, dilution ratio = 3.76 and PC = 20 bar 
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Details of the mixtures composition, IDTs measurement and the volume history profiles 

are provided in the supplementary material. 

3.3.3 Uncertainty analysis 

Uncertainty in the IDT measurement from an RCM includes the uncertainty in PC, TC 

and reactant composition [4, 5]. The uncertainty in pressure arises from in initial pressure 

measurement, pressure transducer, and charge amplifier. The uncertainty in temperature 

comes from the initial temperature measurement and pressure profile (P(t)) because the 

temperature history is deduced from P(t) based on “adiabatic core” hypothesis. The 

uncertainty in measuring the reactant composition will also contribute to the uncertainty in 

temperature by changing the thermodynamics of the mixture. When plotting the IDTs in a 

reported PC and TC, the uncertainties of TC are usually given for each data point. By using the 

independent parameters methodology as described in reference [44], the uncertainty in TC is 

estimated to be less than 8K for all the experimental data in this study. Details of the 

uncertainty in TC are provided in the supplementary material. 

4. Conclusion 

As a widely-used experimental facility for studying fuel autoignition in the 

low-to-intermediate temperatures, rapid compression machine (RCM) is designed to create a 

homogenous reaction system under a certain initial temperature and pressure, which can 

hence be modeled and analyzed as a 0-dimensional thermochemical system immune to the 

intervention of heat and mass transfer. In reality, the unavoidable flow motion and heat loss 

deviate the RCM system from being completely homogeneous. Consequently, the existence 

and the temporal and spatial characteristics of an “adiabatic core” are vital to a successful 

design and operation of RCM. The focus of the present work was to investigate, optimize, 

establish, and validate a crevice piston design for promoting the “adiabatic core” validity in 

RCM. We first computationally investigated the influences of the crevice volume and shape 

effect on the “adiabatic core” validity by examining the temperature distribution in the 

combustion chamber. Results show that the crevice volume should be large enough to contain 
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the boundary layer gas during the compression process and no vortex should be formed at 

EOC. Crevice shape has minimized influence on the reaction chamber temperature 

homogeneity according to both the simulation and experimental result. As such, an optimized 

piston structure was proposed and tested against wide range of pressure, insert gas and 

reaction chamber length. Larger scale of disturbance has been found using longer reaction 

chambers and using argon as insert gas will lead to more uniform temperature distribution. 

Further, this optimized piston was adopted in the newly build RCM system. Ignition delay 

time measurements using this new RCM were compared with the experimental data using 

other RCM and also with the numerical predictions obtained by using several well recognized 

and validated kinetic models for fuels with/without negative temperature coefficient behavior. 

The results have confirmed the validity of the present RCM for investigation of the 

auto-ignition characteristics of various mixtures in the low-to -intermediate temperature. 
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