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Abstract

Hydrogen internal combustion engines have been demonstrated to offer high power with zero carbon

emissions. However, knock pose a significant obstacle to enhancing hydrogen engine performance further.

Super knock commonly occurs in highly boosted engines with low-speed pre-ignition regimes while a critical

super-knock induced by backfire with a new mechanism is detected in hydrogen engines. Experiments and

multi-cycle numerical simulations are conducted on a 5.13 L port fuel injection turbocharged hydrogen

engine. The results indicate that backfire leads to a maximum pressure amplitude oscillation of 134.7 bar

super-knock in the next cycle, which is attributed by twice auto-ignition at -1.3/3.6 °CA. Backfire rises the

local temperature to 915 K at the bottom of the cylinder and scrambled hydrogen distribution, leading to

large locally rich regions of lambda=1.2, a lean mixture of lambda=2.9 near the spark plug, results in 5.4x10-

4/2x103 maximum mass fraction of HO2/H20:. The mechanism of super-knock induced by backfire and
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normal knock caused by advanced ignition are compared, the unburned region size is positively correlated

with the knock intensity. This study of super-knock induced by backfire mechanism is first proposed and it

reveals insights of avoiding super-knock, thereby achieving higher performance hydrogen engines.

Keywords: Hydrogen engine, Abnormal combustion, Knock, Backfire

Nomenclature:
PFI port fuel injected
DI direct-injected
H2ICE hydrogen internal combustion engine
A excess air ratio
BMEP brake mean effective pressure
BFSC brake specific fuel consumption
BTE brake thermal efficiency
IMEP indicated mean effective pressure
ITE indicated thermal efficiency
SOI start of Injection
KOCA knock onset crank angle
MAPO maximum amplitude of pressure oscillation
TKE turbulence kinetic energy

1. Introduction

With the development of society, environmental issues caused by the extensive application of fossil

fuels have gradually emerged[1]. For sustainable development and reducing carbon emissions, carbon-free

hydrogen energy has been widely popularized and applied in transportation and industry[2,3]. In addition,

the hydrogen internal combustion engine (H2ICE) has broad prospects in the field of hydrogen energy

applications because of its benefits such as low hydrogen quality requirements, low cost, and zero carbon

emissions[4,5].

To pursue higher thermal efficiency and greater power of hydrogen engines, a series of researchers have

studied performance improvement. Golisano et al.[6] optimized the power system in a State-of-the-Art V8§
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6.6 L port fuel injection (PFI) hydrogen engine, knock and backfire were avoided by reducing the

compression ratio and intake air temperature, and results indicated that maximum power could reach 277 kW

(~42 kW/L). Tsujimura et al.[7] conducted large-sized hydrogen engine development in a 1.3 L single-

cylinder direct injection (DI) hydrogen engine, they found that EGR can reduce the emissions of NOx and

the tendency to knock. Their engine achieved an indicated mean effective pressure (IMEP) of 1.64 MPa with

NOx emissions under 100 ppm and an indicated thermal efficiency (ITE) of over 50% by adopting the

Atkinson/Miller cycle, increasing intake boost pressure, and using exhaust gas recirculation (EGR). Fischer

et al.[8] investigated the operation of a 1 L 3-cylinder DI hydrogen engine; their results also showed that the

Atkinson cycle and EGR can reduce knock tendency and increase engine efficiency. Bao et al.[9] optimized

the performance of a 2.0 L turbocharged direct-injection hydrogen engine; their results indicated that a peak

power of 120 kW and a maximum torque of 340 Nm can be achieved with a well-matched turbocharger and

brake thermal efficiency (BTE) reaching 42.6% by lean combustion.

Abnormal combustion, especially knock at high loads, limited performance improvements in the above

studies. Research on knock is crucial for further enhancing the performance of H2ICE, as knock imposes

significant limitations. Knock occurs when conditions ahead of the flame front result in one or more

autoignition events in the end gas. High knock intensity will destroy the boundary layer of the cylinder wall,

resulting in worse combustion characteristics with ultra-high peak pressures, higher fuel consumption, and

even damage to the cylinder[10,11]. For hydrogen engines, the tendency to knock is even larger compared to

other fueled spark ignition engines[12], due to the characteristics of low ignition energy and large

flammability range of hydrogen[13,14]. Meanwhile, rich hydrogen combustion is demonstrated as more
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prone to knock[15] compared to gasoline. Therefore, it is worth investigating the mechanism of knock that

occurs in hydrogen engines.

In the literature, there are extensive surveys on the characteristics of hydrogen knock. Hu et al.[16]

researched the performance of a 1.48 L DI hydrogen engine, they found that knock is more sensitive to excess

air-fuel ratio (A) at higher load with a limited A of 2.3 at 11.6 bar BMEP. Ji et al.[17] studied the effect of

injection strategy on knock characteristics in a hydrogen rotary engine, they proposed that two-stage direct

injection can effectively reduce the tendency and intensity of knock. Wang et al.[18] investigated the knock

boundary of a turbocharged direct-injection hydrogen engine; the results indicated that A was limited by

knock to 1.40 at 2500 rpm but rises to 1.80 at 4500 rpm. Meanwhile, numerical simulation methods also play

an important role in explaining the experimental phenomena and knock mechanisms since they can directly

describe the combustion process. Li et al.[19] studied the effects of A on knock under different compression

ratios in DI H2ICE, and found that a high compression ratio can amplify the effect of A on knock. When the

compression ratio was 17.5, knock intensity (KI) increased from 0.4 to 7.2 MPa as A changed from 3.3 to 2.8.

Ye et al.[20] studied the effect of injection timing on knock in a DI H2ICE by simulation; the results showed

that knock intensity decreases first and then increases with injection timing retardation. Li et al.[21]

investigated knock formation mechanisms in DI H2ICE; the numerical results illustrated that H2O2 and HO2

radicals play a significant role in knock flame development, and H2ICE knock is caused by the mutual

promotion of both the flame and a pressure wave. A study of autoignition and knock combustion modes with

different initial temperatures and pressures of hydrogen-air mixture was illustrated by Chen et al.[22]; both

autoignition and knock tended to increase with the increase of initial temperature and pressure. Chen et al.

found that when the initial pressure is 10 atm, when the initial temperature increases from 900K to 1000K
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and 1100K, autoignition and knock occur respectively. Hong et al.[23] investigated the effects of miller cycle

and oxygen-enriched atmosphere on knock characteristics on a DI hydrogen engine, and found that the deep

miller cycle strategy can suppress knock intensity. However, the above research is more focused on knock

phenomenon, there has been limited focus on the relationships among abnormal combustion.

A PFI hydrogen engine offers the advantages of easy modification from an existing base engine, high

hydrogen flow, and is widely used in large-bore heavy-duty applications[24—26]. However, in addition to

knock, other abnormal combustion also constrained the development of PFI hydrogen engine such as

preignition and backfire. Preignition is a stochastic premature abnormal combustion by surface ignition[27],

which could increase mechanical load of engine and even cause irreversible damage[28,29]. Furthermore,

backfire is a common abnormal combustion phenomenon in PFI hydrogen engines and can cause damage

and destruction to the inlet system and injector, and has a great impact on the engine performance[30].

Backfire is influenced by engine operating parameters, such as intake temperature[31], mixture

concentration[32], SOI (Start of Injection)[33], valve overlap angle[34,35], amongst other things.

Researchers have also studied knock after backfire. Luo et al[36] studied the inducing factors of combustion

knock in a PFI hydrogen engine; their experimental results illustrated that backfire was an important factor

of knock occurrence, which increases the possibility of knock by increasing the initial temperature at ignition.

Dhyani et al.[37] carried out an experimental study analyzing the influence of backfire on knock in a

hydrogen spark ignition engine and found that knock can be linked with backfire, and that a high equivalence

ratio (0.82) could cause the low-intensity backfire which promotes knock occurrence. Marwaha et al.[38]

carried out an experimental and optimal study analyzing the occurrence, duration, and termination of backfire

in a hydrogen-fueled automotive spark ignition engine. Menaa et al.[34] optimized the injection system and
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valve lifting law by hydrogen engine simulation. However, the numerical investigation focused on the

optimization with less backfire phenomenon. Above all, previous studies on tempering have primarily been

experimental, with relatively few simulation-based investigations, the characteristics of backfire need to be

further elucidated through more simulation research.

In summary, most research has focused on the backfire phenomenon, and less emphasis is placed on the

study of subsequent cycles after a backfiring cycle. However, a critical super-knock induced by backfire with

a new mechanism is detected in large-bore PFI hydrogen engines. In addition, it is worth further investigating

the relationship between these two abnormal combustion phenomena. Therefore, combustion characteristics

of a 5.13 L PFI hydrogen engine are investigated in this paper. The difference between the normal knock

induced by advancing ignition timing and super-knock after backfire is illustrated. Mechanisms of knock are

revealed by mixture distribution, in- cylinder flow, and elementary reaction studies.

2. Method

2.1 Experimental setup

Experiments are conducted on a modified 5.13 L turbocharged four-cylinder PFI hydrogen engine based

on the Yuchai K05 engine. The engine specifications are shown in Table 1, showing a high compression ratio

of 12.5 and with a well-matched turbocharger. The camshaft is redesigned to reduce the valve overlap in

order to avoid backfire directly ignited by hot exhaust gases. Four Delphi PFI hydrogen injectors with an

injection pressure range from 15 to 30 bar are installed on the manifold toward the intake valves.

Table 1 Engine parameters.

Parameters Value



Bore (mm) 110
Stroke (mm) 135
Rod length (mm) 215
Compression ratio 12.5
Number of cylinders 4
Displacement (L) 5.132
Engine speed range(rpm) 800~2000
118
H2 Elowmeter ECU Data Acquisition
T, Controliing Signal |
: | »Spark Plug ‘
Pressure Injectors 1
Reducing ! :
Valve ‘ ; AVL
Throttle | Emission
‘| Analyzer
Intercooler \
i filter ~OTPT0r Turbine i
- (o~
Air flowmeter 1
119
120 Figure 1 Schematic diagram of the PFI hydrogen engine
121  Table 2 The measuring devices and data accuracy.
Parameters Devices Accuracy
Speed GW250 dynamometer +1rpm
Torque FC2000 Torque transducer +1Nm
Cylinder Pressure Kistler 6177B sensor +0.02MPa
Intake/Exhaust Pressure Kistler 4080B sensor +0.001MPa
Air mass flow MTR-500 Air flowmeters +2.5kg/h
Hydrogen mass flow CMF010 H2 flowmeters +0.01kg/h
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The schematic diagram of the test bench is shown in Figure 1, and the measuring devices and accuracy are

shown in Table 2. A CW250 eddy current dynamometer is included in the engine test system. An Emerson

CMFO010 Coriolis mass flow meter is used to determine the hydrogen mass flow. The Kibox combustion

analyzer is used in the data acquisition system. Kistler 6177B sensor and Kistler 4080B sensor are used to

record the cylinder pressure and transient intake and exhaust pressure, respectively. The engine is warmed

up before testing to ensure that the oil and cooling water reach temperatures of 90°C and 80°C, respectively.

Engine performance tests are carried out by modifying the ignition timing under different engine speed and

load conditions. After the hydrogen engine had stabilized at the operating point for 2 min, the average value

of the test data for 220 cycles is measured and recorded.
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Figure 2 Test results of BFSC working map of PFI hydrogen engine

The experimental results of our previous work[39] demonstrated that the engine’s characteristics showed

a peak torque of 662 Nm and a maximum power of 129 kW, and the BTE characteristics with BMEP of

experiments are shown in Figure 2. However, a series of consecutive abnormal cycles among 220 cycles are
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observed when operating in the high BTE and BMEP at an engine speed of 1400 rpm, including a backfire
cycle and a super-knock cycle induced by the previous backfire cycle. Therefore, the operating condition at

the maximum BTE point of 41.2% is selected as the working condition for this work.

2.2 Numerical setup and model validation

A 3D geometrical model is established based on the PFI engine’s specifications with the intake and
exhaust manifolds, cylinder, and piston, as shown in Figure 3. 8 monitoring points (MP) are set evenly around
the cylinder head to better detect knock pressure oscillation and end-gas condition, which are widely used in

engine knock simulation researches[40,41]

Hydrogen injector

MP6  MP5S
L2
MP7 ® * | «MP4

MPS °* MP3
[ ] [ ]
MPI MP2

Figure 3 3D geometrical model with monitoring points
Commercial 3D CFD software CONVERGE 3.0 is applied in this research. The base grid size is set as
4 mm, and the grid refinements such as fixed embedding and Adapted Mesh Refinement (AMR) are used to
control the magnitude of mesh to ensure simulation accuracy and shorten the calculation time. The refinement
regions and different scales of refinement are shown in Table 3.

Table 3 Region and scale of fix embedding and AMR

Refinement region Refine strategy/Scale

Combustion chamber Fixed embedding/3

Spark plug Fixed embedding/5
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Injector exit Fixed embedding/3

Intake/exhaust valve angle Fixed embedding/4
Cylinder region AMR/4
Inlet region (combustion) AMR/4

The two-equation model RNG k-¢ is used to simulate the mixing progress of hydrogen and air which

has the advantages of high precision and low resource utilization[42,43], and it was widely applied to the

engine knock research[20,44]. Han and Reitz's model is used to simulate heat transfer[45], which has more

prediction accuracy of knock intensity[46], and is the most suitable heat transfer model for hydrogen engine

simulation[47]. To accurately model the knock conditions, the detailed SAGE combustion model is selected

with a detailed hydrogen chemical reaction mechanism of 19 elementary reactions [19,48,49], which can

accurately simulate the combustion progress and flame propagation of hydrogen. The test conditions for

validating the Maximum BTE operating point are shown in Table 4.

Table 4 Experimental condition for model validation.

Engine specification Valve
Engine speed (rpm) 1400
Air fuel ratio (A) 2.21
Duration of injection (°CA) 365~423
Ignition angle (°CA) -8
Load (Brake mean effective pressure) (bar) 13
Intake valve open/close (°CA) 362/555
Exhaust valve open/close (°CA) 138/361

A negative crank angle denotes positions before top dead center (BTDC).

The result of the model validation is shown in Figure 4a. The simulation results match well with the

experimental results within 3% error. In addition, base grid independence checking results are shown in

Figure 4b. It can be seen that the results of the 3mm and 4mm base grid models are similar, however, there

is a big difference between the 7 mm grid and the 3 mm grid. Taking into account simulation time, 4 mm is

chosen as the magnitude of the base gird.
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Figure 4 (a) Model validation with experiment; (b) Base grid selection

2.3 Multi-Cycle simulations

In order to reveal the backfire-induced knock phenomenon, a multi-cycle simulation is investigated. The

multi-cycle simulation cycle orders are shown in Table 5. The first cycle is set as either a normal combustion

cycle, named N1 or a backfire cycle named B1. B1 is based on N1, but backfire is induced by setting a hotspot.

In a PFI hydrogen engine, a reasonable hypothesis about the backfire induced by a spark plug hotspot and

exhaust gas is proposed by Dhyani et al.[50]. First of all, spark plug usually is the major hotspot of the engine

at the high-load work condition because of the temperature, structure and space distribution, it is reasonable

to set the spark plug as hotspot[51]. Secondly, previous research has demonstrated that spark plug hotspot is

one of the most important causes of backfire, such as Khalid et al,[52], Gao et al.[53]. In addition, considering

the wide flammable range and short quenching distance of hydrogen, the spark plug gap can provide the

space for slow combustion of exhaust gas and lubricating oil particles, which is helpful for the occurrence of

hotspots[54-56]. Therefore, in this research, the spark plug is chosen as the location of the hotspot. As shown

in Table 5, following the N1 and B1 cycles, a second cycle is simulated, named the N2 and B2 cycles
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(respectively a normal or a backfiring cycle). In addition, a cycle where the ignition angle is advanced to -
13 °CA in order to compare the knock mechanism differences between backfire-induced knock and knock
due to advanced ignition the — called the A2 cycle is also simulated.

Table 5 Baseline cycle settings.

Cycle Name Previous Cycle Ignition Angle (°CA)
N1 - -8
Bl - -8
N2 N1 -8
A2 N1 -13
B2 Bl -8

3 Results and discussions

3.1 Experimental and numerical comparison of backfire and super-knock cycles

300
Experiment cycle 65
250 Experiment cycle 66
Experiment Normal
B o
k= B2
e
% 150}
& 9
100}
50
0 I 1 1
-150 -100 -50 0 50

Crank Angle (°CA)

Figure 5 Experimental and numerical comparison of backfire and super-knock cycles
An experimental and numerical comparison of backfire and super-knock cycles are shown in Figure 5.
In the intake stroke, the backfire phenomenon can be observed in both experimental cycle 65 and numerical
cycle B1. The pressure oscillation’s peak location and magnitude of cycle 65 and cycle N1 are similar, which

are -309 °CA and 5.2 bar, respectively. With the piston compression, only a peak of 50 bar is achieved at the
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TDC, no combustion pressure rise is detected due to backfire having consumed the hydrogen earlier in the

cycles. The super-knock phenomenon is observed in the next cycles, which are experimental cycle 66 and

numerical cycle B2, respectively. It is noticed that only the backfire phenomenon is induced by hotspot, the

super-knock phenomenon is caused by the previous backfire cycle. The simulation study results are consistent

with the experimental phenomena of backfire in the previous cycle and super-knock in the subsequent cycle.

3.2 Numerical investigation of abnormal combustion characteristics of backfire and super-knock
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-305°CA -300°CA
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Figure 6 Development of flame of the backfire cycle
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To explore the difference in the combustion process, the development of the flame front represented by

the 1750K temperature iso-surface of a backfire cycle is shown in Figure 6. For the B1 cycle, the injection

duration is -355~-297 °CA, and intake valve open/close events are -358°CA and -165°CA, respectively.

Combustion is triggered by a hot spot near the spark plug at -320 °CA. The flame diffuses to the region under
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the exhaust valve, following the flow-induced turbulence from -315 °CA to -310 °CA. It spreads into the
manifold, accelerated by the rich mixture, and causes severe backfire (-305 °CA to -295° CA).

Figure 7 illustrates that the backfire flame reaches the intake valves at -315 °CA. Subsequently, the
flame is divided into two flows, with the major one developing further in cylinder, mixing with the initial
burning gases from the hotspot. The second flow extends into the intake manifold with a fast propagation
velocity, causing intense combustion in the front of the manifold. Backfire continues till the end of hydrogen
injection, burning up almost all of the injected hydrogen, without any combustion observed in the combustion

cylinder after the compression stroke.

-320°CA -315°CA -310°CA

Y

-305°CA -300°CA -295°CA

Figure 7 Temperature distribution of the backfire

Cylinder pressure of the second cycle is shown in Figure 8, where the peak of the normal cycle (N2)

reaches 119 bar at 11.2 °CA. A slight amount of knock occurs in the advanced ignition cycle (A2), the cylinder

pressure rises rapidly to 131.4 bar at 4.4 °CA, then keeps oscillating and reaches a maximum of 151 bar at

5.8 °CA. Notably, super-knock is detected in the cycle after backfire (B2). For the super-knock cycle (B2),

there is a trend in the initial pressure increase similar to the A2 cycle. The pressure increases rapidly to 72.7



225  bar at -0.7 °CA (as in A2) and then a sharp pressure peak suddenly occurs at 4.6°CA, with a maximum

226  pressure of 288.6 bar reached and substantial oscillations until the combustion ends.
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228 Figure 8 Cylinder Pressure comparison of the second cycles showing a backfire cycle (B2), normal cycle
229 (N2), and a normal knocking cycle (A2)

230 Further exploring the knock characteristics of knock cycles, the knock pressure oscillation is illustrated

231 by Bandpass filtering (the frequency of Bandpass is 3k~25kHz) in Figure 9. In terms of the A2 cycle, the

232 knock onset crank angle (KOCA) is 2.4 °CA, and the Maximum Amplitude of Pressure Oscillation (MAPO)

233 is 19.6 bar. In contrast, the KOCA of the B2 cycle is advanced to -0.6 °CA and the MAPO reaches 134.7 bar.

234 From the difference of MAPO, the knock intensity of A2 and B2 cycles can be differentiated into normal

235  knock and super-knock.
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237 Figure 9 Cylinder Pressure Oscillation of two knock cycles normal knock (A2) and super-knock (B2)
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3.3 Comparison of the cylinder mixture distribution and in-flow before the knock occurs

In order to investigate the mechanisms of super-knock occurrence in the B2 cycle, excess air-fuel ratio

(A), temperature, and TKE distribution at -20 °CA before the knock occurs are compared between the B2 and

N2 cycles. A significant difference in the in-cylinder hydrogen distribution between the two cycles is shown

in Figure 10. The hydrogen distribution is uneven for the B2 cycle, with ultra-lean mixtures (A=2.9) near the

spark plug, and relatively rich mixtures (A=1.2) clustered in the bowl of the combustion chamber. In contrast,

a homogeneous distribution is observed in the N2 cycle, and the local A near the spark plug reaches 2.3,

which is very close to the global A of 2.21.

Y l\( |
’?\ T
Lambda() N | [ TR T

1 12 14 16 1.8 2 22 24 26 28 3

Figure 10 In cylinder A for the B2 and N2 cycles at -20 °CA

As shown in Figure 11, TKE approaches zero near the chamber wall, and high TKE regions of 20 m?%/s?

are located near the cylinder head and at the bottom of the piston bowl for the B2 cycle. In comparison, the

high TKE region of the N2 cycle is concentrated at the bottom of chamber, with considerable turbulence flow

near the cylinder wall. Consequently, low-flow near the walls reduces the wall heat transfer process and leads

to elevated temperatures during the B2 cycle.
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Figure 11 In cylinder TKE for the B2 and N2 cycles at -20 °CA
Figure 12, presents the in-cylinder temperature for the B2 and N2 cycles. It can be seen that the
temperature transition is smooth in the N2 cycle, with a lower temperature of 850 K near the cylinder head
and a higher temperature of 915 K at the bottom of the cylinder. Meanwhile, the B2 cycle shows a mostly

similar temperature distribution but with a higher temperature zone of 930 K corresponding to the rich region

in Figure 11.

B2 N2

Temperature (K) B T | [

850 860 870 880 890 900 910 920 930 940 950

Figure 12 In cylinder temperature for the B2 and N2 cycles at -20°CA

As shown in Figure 13, an analysis of the flow field during the mixing progress is conducted.

Streamlines represent the in-flow direction and distribution, where the color of the lines indicates A of passing

through regions. In addition, rich hydrogen regions are also represented by the iso-surfaces of A at A = 1.2 to

1.4. Relatively rich regions of A<1.4 at -60 °CA exist in both cycles, however this is limited in the N2 cycle.
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In contrast, rich mixtures of A=1.2 are distributed at the bottom of the chamber near the cylinder wall in the

B2 cycle which persist right up to -20 °CA.
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Figure 13 In-cylinder flow and A distribution for the B2 and N2 cycles

Figure 14 shows that the internal flow direction of the B2 cycle is counterclockwise and mainly clusters

in the center of the chamber, while no streamlines cross the rich regions at the bottom. In contrast, some

streamlines pass through the low A region in the N2 cycle, facilitating the mixing of hydrogen with the air

and leading to a homogeneous mixture before the combustion. For the B2 cycle, vortex flows still concentrate

in the center of the chamber at -20 °CA, resulting in a higher hydrogen accumulation in this region compared

to the N2 cycle, accelerating the occurrence of super-knock.

In summary, inadequate mixing within the cylinder increases the tendency for knocking combustion in

these cycles. Compared to the N2 cycle, a lower hydrogen concentration near the spark plug of the B2 cycle,

results in a slower flame propagation velocity, leaving sufficient time for the end-gas autoignition. Increasing

intake gas temperature and local temperature of cylinder walls also intensifies the tendency of knocking



280

281

282

283

284

285

286

287

288

289

290

291

292

293

combustion. This leads to backfire-induced super-knock, which is accelerated by these initial physical

conditions, and detailed mechanisms are studied in the following section.
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Figure 14 The relationship between rich regions and cylinder flow for the B2 and N2 cycles

3.4 Comparison of mechanism between the super-knock and the normal knock

The knock flame propagation process of super-knock in the B2 cycle is shown in Figure 15, where the

flame front is identified by the 1750 K temperature iso-surface. It is seen that the initial ignition flame

develops slowly around the spark plug at -1.5 °CA. Subsequently, autoignition occurs in the unburned region

near the cylinder wall, corresponding to the first cylinder pressure oscillation at -1.3 °CA in Figure 9.

Compared to the initial flame core, the autoignition flame spreads rapidly, causing the first cylinder pressure

oscillation. The first autoignition flame develops along the bottom edge of the chamber and merges with the

initial flame at 3.5 °CA. A second autoignition is detected in the unburned region at 3.6 °CA. Subsequently,

the unburned region burns rapidly due to the second autoignition, causing a sharp cylinder pressure increase.
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Therefore, super-knock is attributed to the two autoignitions occurring in the same cycle, and further studies

illustrate different effects of two autoignitions on the total combustion progress. To further illustrate the

mechanism of the differences, mass fractions of radicals with temperature change trace paths are discussed

next.

-1.5°CA -1.3°CA -1.0°CA

i \
e

First Auto-ignition

Figure 15 Knock flame propagation in the B2 cycle

@) (b)

Figure 16 Scheme of Paths in the B2 cycle: (a) Path A during -1.4 °CA to -1.2 °CA (the first

autoignition); (b) Path B during 3.5 °CA to 3.7 °CA (the second autoignition)

Figure 16 shows the location of a trace path on a slice where autoignition occurs. Path A and Path B are

set starting from the center of the upper combustion chamber surface and passing through the first and second

autoignition kernels, respectively. Here the distance represents the length of the path where the center of the
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combustion chamber is defined as 0 mm. Changes in mass fractions of radicals and temperature along the

paths are depicted in Figure 17 and Figure 18.

As illustrated in Figure 17, autoignition occurs at the point 32.7 mm along Path A at -1.3 °CA. Before

the autoignition happens, there is a significant increase in the mass fraction of HO2 and H202 along Path A,

with a maximum of 5.4x10** and 2x107 at -1.4 °CA. Meanwhile, the peak temperature increases to 1232.9

K. HO2 and H20:z radicals are consumed rapidly, and the mass fraction of the OH radical increases to 2.67x10-

3 with the temperature rising to 2357.6 K at -1.3 °CA when autoignition occurs. Subsequently, at -1.2 °CA,

the temperature rises to 2471 K with complete consumption of the HO2 and H20:. Meanwhile, the

autoignition kernel begins to spread.

1.9F—— YHO,(10%) —— yH,0,(10°%) -14°CA

YOH(10?) - - -

- Temperature

.. 30
Distance (mm)

Figure 17 Mass fraction distribution of species along the Path A during -1.4 to -1.2 °CA

As shown in Figure 18, another autoignition occurs at 3.6 °CA, 32.8mm along Path B. At 3.5 °CA, the

mass fractions of HO2 and H20:2 are 4x10* and 1.18x1073, respectively. The HO2 and H20: radicals are

completely consumed with the temperature rising from 1251 K to 2209 K, and the mass fraction of OH

radical increases to 4.1x10-3 at 3.6 °CA.
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323 Hence, the mechanism of autoignition can be explained by elementary reactions[12]. At the beginning,

324  initial excitation reaction (1) and low-temperature reaction (2) predominate. The mass fraction of the HO2

325  radical keeps rising, and since the temperature of the cylinder is insufficient, reactions (3) and (4) become

326  the main pathways for the H2O: radical formation.

327 H, + 0, = HO, + H €Y
328 H+0,+M =HO0, + M (2)
329 HO, + H, = H,0, + H 3)
330 HO, + HO, = H,0, + 0, (4)
331 As the temperature and mass fractions of radicals increase, the dominance of chain propagation reactions

332 (5), (6), and (7) initiates, and speed of these reactions leads to autoignition at the location of substantial

333 radical accumulation.

334 HO, + H = OH + OH (5)

335 HO, + 0 = OH + 0, (6)

336 H,0,+M=0H+ OH+ M (7
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The reasons for different combustion states caused by two instances of autoignition can be obtained by

variations in radicals’ mass fractions and temperature along two pathways. At the first autoignition, despite

the spontaneous flame kernel generated, only the surrounding locations exhibit higher temperatures. As a

result, these peripheral positions produce low mass fractions of radicals, causing the flame to propagate at a

slow speed. Consequently, it impedes the development of intense combustion and prevents the occurrence of

substantial knock. In terms of the second autoignition, it can be observed that the mass fractions of radicals

at unburned region are higher. For example, at 15mm along Path B, the mass fractions of HO2 and H20: are

1x104 and 5.3x104, respectively. This is because as heat diffuses, it subsequently raises the temperature in

the unburned regions, promoting the onset of low-temperature reactions. During the second autoignition, the

temperature inside the cylinder is higher, facilitating extensive low-temperature reactions in the unburned

areas. This leads to a substantial overall mass fractions of radicals in the cylinder. Meanwhile, the chain

propagation reactions are significantly accelerated by heightened mass fractions of radicals, resulting in a

rapid spread of combustion flame after autoignition occurs. Consequently, the swift development of the flame

induces a sharp increase in pressure in the unburned region, causing pressure wave fluctuations in the cylinder

- the super-knock phenomena.

The flame development of the normal knock A2 cycle is illustrated in Figure 19. At 3.6 °CA, the flame has

essentially diffused into most areas of the cylinder, with only the space near the combustion chamber wall

remaining unburned. Between 3.6 and 3.7 °CA, due to a reduction in hydrogen concentration, the flame

develops slowly. At 3.8 °CA, autoignition of end-gas occurs suddenly in the unburned region and the flame

propagates rapidly in the unburned area and extending upwards at 3.9 °CA.
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Figure 19 Flame development of knock in the A2 cycle

Path C of the flame autoignition zone is shown in Figure 20. Figure 21 presents the variation of radicals’

mass fractions and temperature along Path C during normal knock. At 3.6 °CA, the overall temperature along

Path C exceeds 1150K, and the radicals’ mass fractions are notably high. The mass fractions of HO2 and

H20: are primarily around 2.1x10 and 9.1x104, respectively with a slightly lower magnitude on the right-

hand side of the path. From 3.6 °CA to 3.7 °CA, the overall temperature shows an increasing trend influenced

by the propagation of flame temperature. At some points, such as 6.5 mm and 9 mm, the temperature rises

slightly more, reaching approximately 1250 K. Mass fractions of HOz and H202 radicals along the entire path

also increase to around 4x10 and 1.2x1073, respectively. Subsequently, at 3.8 °CA, autoignition occurs in

the regions where the temperature had increased eatlier, specifically at 6.5 mm and 9 mm. Combustion at 1.3

mm on the left side occurs due to the propagation of the initial flame.

Path C

Figure 20 The location of Path C during 3.6 to 3.8 °CA ATDC
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Figure 21 Mass fraction distribution of species along the Path C during 3.6 to 3.8 °CA

It is noteworthy that, at the autoignition location, patterns of the A2 cycle are similar to the B2 cycle,

such as rapid consumption of HO2 and H202 radicals and generating OH radicals. However, compared to the

flame temperature of 2209 K in the B2 cycle, it is apparent that flame temperature is lower at 2086 K. The

temperature, in turn, influences the rate of chain propagation reactions, resulting in an overall reaction rate

lower than that of the B2 cycle. The comparison between the two knock cycles reveals the reasons for the

difference in knock intensity and is explained as follows.

Firstly, through the comparison of the first and second autoignition events in the B2 cycle, it is evident

that the development of autoignition flames requires a significant accumulation of radicals along the flame

propagation path. If the overall mass fraction of radicals is low, it cannot support the rapid progression of

chain reactions. Therefore, separate autoignition provides sufficient radicals for the development of the

second autoignition.

Secondly, the size of the unburned region is found to play a crucial role when comparing the second

autoignition of the B2 cycle with the knock phenomenon of the A2 cycle. In both cycles, free radicals exist

sufficiently in the unburned region before knock occurs. However, the unburned region of the super-knock
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cycle is much larger compared to the normal knock cycle. It supports the rapid development of autoignition

flames due to higher remaining hydrogen concentration and provides space for the conduction of knock

pressure waves. In the A2 cycle, the smaller unburned region results in a lower effect on the magnitude of

radicals’ mass, impeding the faster development of the flame. Besides, part of the radicals intended for the

rapid spread of autoignition flames are consumed by the diffusion flame. These factors weaken the

development speed of the autoignition flame, consequently resulting in lower knock intensity.

Finally, corresponding methods to suppress knock can be proposed after the study of the mechanism.

Firstly, it is seen that mixture uniformity and local hydrogen concentration significantly impact the knock

occurrence of the large-bore PFI hydrogen engines. Secondly, the present study indicates that temperature

distribution plays a critical role in autoignition. Therefore, knock can be suppressed by adjusting intake

pressure, using EGR, and appropriately reducing intake temperature. Furthermore, since backfire can induce

super-knock, reducing hot spots by cooling spark plugs and reducing valve overlap can also reduce the super-

knock tendency.

4 Conclusion

In this paper, a knock investigation based on a 5.13 L PFI hydrogen engine is carried out. The phenomena

of backfire, backfire-induced super-knock, and normal knock induced by advanced ignition are discussed

and analyzed. The mechanism of super-knock induced by backfire in hydrogen engine is first been proposed

and this study contributes to hydrogen energy application by providing insights into avoiding super-knock,

thereby achieving stable combustion with higher engine performance in hydrogen engines. The main

conclusions are:
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2
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(4)
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(6)

Backfire is induced by setting a hotspot, and fresh hydrogen-air mixture is ignited by the hotspot which

is located at the spark plug. Most of the hydrogen is consumed by the backfire combustion, resulting in

no combustion phenomenon in the combustion cylinder at TDC during the rest of the cycle.

Inadequate mixing within the cylinder intensifies the tendency for backfire-induced knock combustion.

Both local rich regions of lambda=1.2, and high local temperature of 915K significantly heighten the

likelihood of autoignition formation and consequently, intensify the tendency of knock combustion.

HO2 and H20: radicals play important roles in the occurrence of autoignition. For low-temperature

reactions, radicals accumulate when the temperature reaches 970 K and autoignition takes place at the

critical temperature of 1250 K.

The quantity of accumulated radicals during autoignition influences the temperature of the autoignition

flame. The temperature of the first and second autoignitions in B2 cycle are 2357.6 K and 2209 K, with

corresponding mass fractions of HO2/H202 of 5.4x10-4/2x10-3 and 4x10-4/1.18x103, respectively.

The onset of knock is a consequence of the combined effects of radicals’ accumulation and the size of

the unburned region. For the first autoignition in the B2 cycle, despite the spontaneous flame kernel

generated, the surrounding locations exhibit higher temperature and much lower mass fraction of radicals.

In contrast, the mass fractions of HO2/H202 in the second autoignition’s unburned region are 1x10-

4/5.3x10. Both autoignition points meet the requirements of the unburned zone size, but the difference

in the content of radicals in the unburned zone leads to different knocking phenomena.

The unburned region size also determines the knock intensity. In the A2 cycle, the smaller unburned

region results in an overall lower magnitude of radicals’ mass compared with the B2 cycle, the mass

fraction of HO2/H202 are 4x10+ and 1.2x1073, respectively. In addition, because of the autoignition
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location close to the diffusion flame, some of the radicals which could be used in the rapid spread of

autoignition flames are consumed by the diffusion flame, consequently resulting in lower knock intensity.
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