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1 Introduction

The engine super knock limits the application of higher compression ratios on modern engines with high
thermal efficiency [1]. It is therefore necessary to understand the knock characteristics for the
applications in advanced engines with high compression ratios. The previous research [2, 3] reported
that the super knock with high knock intensity in engine conditions is highly likely caused by developing
detonation as the reaction wave coupling with the shock wave. In order to investigate the mechanism of
engine knock and its influencing factors, numerous experimental works have been conducted on the
engines [1] and Rapid Compression Machine (RCM) [2-5]. In present study, the Leeds optical RCM
with high-speed camera system was implemented to record the pressure traces and corresponding
combustion images of two different fuels, i-octane (RON=100) and coal-based naphtha (RON=54), to
investigate the mechanism of super knock and developing detonation. The coal-based naphtha with low
RON is a promising alternative fuel for engines operating under advanced combustion modes, e.g.
Homogeneous Charge Compression Ignition (HCCI), simultaneously improving the thermal efficiency,
and reducing the carbon emissions [6]. The detailed technical specifications of coal-based naphtha were
reported in [7].

Besides the experimental works, a theoretical approach based on the Zeldovich hot spot theory [8] has
been developed by Bradley et al. [9, 10]. This approach uses two dimensionless parameters & and ¢ to
characterize the combustion modes including deflagration, subsonic autoignition and detonation. This
approach is adopted in present study to quantify the combustion modes of both i-octane and naphtha.

2 Experimental Setup

All experiments discussed in the present work were conducted by Leeds optical RCM. The configuration
of Leeds RCM rig shown in Fig. 1 consists of combustion chamber, hydraulic damped chamber,
pneumatic driving reservoir, displacement laser system and the mixing chamber. It employs a creviced
piston to reduce the effects of aerodynamic mixing during the compression process, and is configured
for a wide range of pressures, Peo, (1-3 MPa) and temperatures, Teo, (600-1000 K) at the End of
Compression (EOC). The fuel, oxygen, and dilution gases (Ar, N, and CO,) were homogeneously mixed
through the partial pressure method and heated in a 1.8 L stainless steel mixing chamber. The
combustion chamber is evacuated to a maximum absolute pressure of 20 mbar and the mixtures inside
the mixing chamber is filled into the combustion chamber due to the pressure difference and the volume
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of inlet mixtures is based on the partial pressure method. Thereafter, the 1.35 MPa cylinder air in the
pneumatic driving reservoir drives the creviced piston moving forward to reach the target Pe, and Teoc.
The end of the combustion chamber is fitted with an optically flat, fused silica window (69 mm diameter
x 40 mm thick). A dynamic pressure transducer (Kistler 6045A) was flush-mounted on the cylinder wall
to record the in-cylinder pressure signal with a sampling rate of 100 kHz.

A monochrome high-speed CMOS camera (Photron Fastcam SA1.1) with a Tokina AT-X PRO lens
with 2.8 aperture positioned immediately in front of the quartz window to record the radiations from the
evolving reactions with resolution setup of 256 x 256 pixels. The framing rate was 67,500 frame per
second (fps) with pixel size of 0.176 mm/pixel. The shutter speed maintained at 14.81 us. The focal plan
is focused on the piston front which located at the EOC position. The calibration work is performed by
matching the pixel size and focal plan.
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Figure 1: The overall layout of Leeds optical RCM rig and high-speed camera system.

3 Results and Discussions
3.1 Detonation Images and Pressure Records

The pressure trace and the monochrome images showing the super knock and developing detonation for
stoichiometric naphtha at e, = 770 K with two different values of P, at 1 and 2 MPa, are presented in
Fig. 2 and 3, respectively. Shown in Fig. 2 (d) and (e), as the reaction wave approached the cylinder
wall, it bounced back towards the center of cylinder, generating the super knock (indicated by the peak
pressure). The super knock is caused by the reflection of reaction wave, and this finding is consistent
with the study of i-octane explosion experiment in [2].

At the higher P.,. with 2 MPa in Fig. 3, the autoignition (Al) point initiated at the left-top side of cylinder
wall and propagated toward the center of cylinder. At 0.09 ms, as shown in image (g), two bright
detonation pulses ahead of reaction wave were observed, and point (g) on the pressure trace indicates
that the onset of super knock is caused by the initiation of detonation pulses. Shown in Fig. 4, the Al of
i-octane explosions initiated at the bottom of cylinder and propagation into the top of cylinder. The onset
of detonation pulse is caused by the new Al spot ahead of reaction wave captured by the high-speed
camera, see Fig. 4 (f). The new Al spot is induced due to the compression effect of reaction wave on the
unburned gas located at the corner of cylinder wall, which leads to strong autoignition. This strong
autoignition hot spot eventually developed into detonation pulse shown in Fig.4 (h) accompanied by
super knock. Wang et al. [2] has conduct detonation experiments in RCM, and observed the initial
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autoignition reaction wave does not self-accelerate to the detonation. Instead, the detonation pulse is
triggered by the new “hot spot”. which referred to “hot spot induced detonation”. This detonation
initiation mechanism is consistent with the present work, see Fig. 3 (g) and Fig. 4 (h). This mechanism
is applicable to both i-octane and coal-based naphtha, suggesting that the hot spot induced detonation
mechanism might be general for the transition to detonation in all liquid fuels under engine conditions.
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Figure 2: Pressure trace and monochrome images of coal-based naphtha at 770 K, 1 MPa and ¢ = 1.
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Figure 3: Pressure trace and monochrome images of coal-based naphtha at 770 K, 2 MPa and ¢ = 1.
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Figure 4: Pressure trace and monochrome images of i-octane at 810 K, 2 MPa and ¢ = 1.
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3.2 Detonation Peninsulas

The detonation peninsula is a good tool to access the relative severities of different autoignitions. It is
necessary to introduce the two dimensionless parameters ¢ and ¢ here to quantitatively predict the
combustion modes to confirm whether the transition to detonation occur. The first parameter £ is defined
as the ratio of local acoustic velocity, a, over the autoignitive velocity, u,, and its unity value indicates
the autoignitive wave coupling with the acoustic wave representing the transition to detonation. The
acoustic velocity is calculated from the GasEq code [11]. The autoignitive velocity is based on the
Zeldovich hot spot temperature gradient theory [8] expressed as:

s = == GD/GDH. (1)

Following the work of [10, 12], the assumption of constant gradient Z—: = -2 K/mm is implemented in

this study. The i-octane oxidation kinetics embedded in the detailed Lawrence Livermore National
Laboratory (LLNL) gasoline chemical kinetics [ 14] was employed here to calculate the thermo-chemical
parameters, e.g. ignition delay time, 7;, and excitation time, 7,. For the naphtha, a three-components
surrogate model (n-hexane, n-CsH4: iso-octane, i-CgH;s: iso-heptane, i-C7His 62.4: 32.5: 5.1 by mol%)
developed by Xie et al. [7] was adopted in this study to match the RON and H/C ratio. The oxidation
kinetics of naphtha components are also embedded in LLNL gasoline kinetics [14]. To validate those
combustion kinetics, the ignition delay time calculation have been performed using the CHEMKIN's
closed homogeneous batch reactor [13].
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Figure 5: a) Comparison of measured and calculated t; for i-octane and naphtha, b) calculated t; for i-
octane at higher pressure and c) naphtha, d) calculated 7, for i-octane and naphtha. Solid triangle
symbols represent measured data, while dashed lines correspond to LLNL kinetics data.

The measured ignition delay times (solid triangles) of stoichiometric i-octane and coal-based naphtha at
1-2 MPa are compared with those predicted value (dashed lines) using LLNL gasoline kinetics, see Fig.
5(a). For the i-octane at 2 MPa, the predicted 7; shows a good fitting with the measurement. Such a
good fitting is also observed for naphtha at 1 MPa. As the initial pressure rises to 2 MPa, the kinetics
over-predicted 7;. This over-estimation becomes notable under medium- and high- temperature (770 K
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— 900 K) ranges. This kinetics have been employed for predicting the 7; of i-octane (Fig. 5(b)) and
naphtha (Fig. 5(c)) under higher pressure conditions (2-10 MPa) since this pressure range occurs in
aTi
T

RCM. The local slope of t; plot represents the gradient o which is the key term in Eq.1. To obtain the

%, a correlation of 7; as a function of 7 and P proposed by Kalghatgi et al. [12] is
employed here. The second parameter, ¢, is relevant to the energy fed rate from a reactive hot spot with

radius, 1y, into an autoignitive flow and expressed as:

expression of

_To

at,’

2

The chemical excitation time, 7, is defined as the duration from 5% of the maximum heat release rate
to its maximum value [15]. The predicted heat release rate from afore-mentioned ignition delay time
calculation is used here to determine the 7,. The predicted 7, as a function of temperature and pressure
are presented in Fig. 5(d) for both i-octane and naphtha. Following the work of [10, 12], the assumption
of ry = 5 mm is selected in this study to calculate €.
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Figure 6: & - ¢ diagram for stoichiometric coal-based naphtha and i-octane.

As shown in Fig 6, the & - ¢ diagram is constructed with the boundaries of three different regimes
including Deflagration, Subsonic-Autoignition and Developing Detonation, based on the numerical
analysis in [9] and engine experiments in [10]. Fig. 6 shows & - & plots for 7., values of 770 K for
stoichiometric coal-based naphtha, 810 K for stoichiometric i-octane with all P.,. at 2 MPa. For each
Teoc, five points of autoignition pressure, P, and their corresponding temperature, 7., based on the
isentropic compression law, were selected from the onset of Al to the peak pressure. These points
provide the full history of combustion modes as the reaction proceeds. The triangle symbol represents
non-oscillation pressure record, and the size of the circular symbol indicates the magnitude of the
pressure oscillation amplitude. The number on the right of a symbol is the P, in MPa during the
compression of reaction wave. For the naphtha explosion with T.,. = 770 K, it starts in the regime of
subsonic autoigintion with P,; at 2.1 MPa and as the reaction proceeding, decrease ¢ and increase e.
Finally, as the P, reaches 7.7 MPa (corresponding image (h) in Fig. 3), this point located inside the
developing detonation peninsula indicating the transition to detonation. For the explosions of i-octane
with T, = 810 K, initially the subsonic autoignition predominate the onset of ignition and eventually
move inside the detonation peninsula with 7,,. = 810 K at 7.3 MPa (corresponding image (h) in Fig. 4)
indicating the transition to detonation. Overall, this peninsula indicates that the explosions in the current
study are initiated by subsonic autoignition, which eventually transitions from autoignition to detonation.
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4 Conclusion

In the current study, the propagation of reaction wave, formation of detonation pulse and corresponding
pressure trace of stoichiometric coal-based naphtha and i-octane were recorded using an optical RCM.
The pressure traces and evolution of explosion images in Figs. 2-4 demonstrate that the onsets of super
knock are caused by the formation of detonation pulses, which developed by new “hot spot” ahead of
reaction wave. Two explosions are located on the ¢-¢ diagram, with ignition onsets initiating in the
subsonic autoignition regime, characterized by smooth pressure traces. As the reaction proceeds, the
system enters the detonation peninsula, exhibiting increasing pressure oscillation amplitude. The super
knock pressure traces, detonation pulse images and &-¢ parameters all support the conclusion that the
super knock in RCM is caused by the transition to detonation.
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