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Abstract

This paper presents an experimental and numerical investigation of a spark-ignited (SI)
cooperative fuel research (CFR) engine fueled with different liquefied petroleum gas (LPG)
fuels and exhaust gas recirculation (EGR). The effects of LPG fuel composition on engine
combustion characteristics are initially evaluated at two different compression ratios (CR).
Results show normal combustion at CR 7 and heavy knocking combustion at CR 10 for all
the tested fuels, with a more substantial impact for the LPG fuel with high proportions of n-
butane species. The Livengood-Wu (LW) integral method is then used to analyze the knock
occurrence risk of individual fuels based on the reactivity of the tested fuels. The introduction
of EGR then demonstrates the potential of knock intensity reduction below the borderline
knock limit. A zonal-based kinetic interactions study is also performed to understand the
knock mitigation effectiveness of EGR over the pressure-temperature domain relevant to SI
engine operation. Finally, a multidimensional, computational fluid dynamics (CFD)
simulation model is shown to predict the LPG combustion characteristics and presents the
evolution of in-cylinder temperature and chemical species to demonstrate the development of

end-gas autoignition events without and with EGR.
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1 Introduction

Over the past decade, research on lower carbon intensity alternative fuels has made
significant progress as the demand for efficient and cleaner internal combustion engine
operation intensifies [1]. There are several works involving spark-ignited (SI) engines using
alternative fuels, which include compressed natural gas [2], liquefied petroleum gas [3],
hydrogen [4], and alcohol fuels (methanol and ethanol) [5]. Liquefied petroleum gas (LPG)
has emerged as one promising alternative fuel for SI engines, particularly for heavy-duty
vehicle applications, due to its high knock resistance [6], easy liquefication capability at
relatively low pressure, and lower fuel cost [3]. The composition of LPG fuel primarily
consists of propane, n-butane, isobutane, ethane, propene, and butene, with small amounts of
methane and other C4-C5 hydrocarbons. LPG is generally extracted from streams of natural
gas from oil and gas fields, or obtained as a co-product of refining of crude oil at refineries
(which is primarily responsible for the presence of olefins in the LPG fuel) [7]. The
proportion of species in LPG fuels varies significantly depending on the extraction region,
season, processing method, etc. Its composition also differs considerably from one country to
another when used as an automotive fuel, with propane concentration from virtually 100% to
as low as 50% [8-11].

Several experimental works [12—-14] reported a comparable engine performance and
substantial emission benefits with LPG fueling than gasoline. The previous study by the
authors [9] demonstrated the impact of LPG composition on the performance and emission

behavior of a spark-ignited CFR engine and found similar engine performance with the tested
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LPG blends. Ravi et al. [15] demonstrated an improvement in LPG-fueled lean burn SI
engine performance and combustion characteristics with higher piston squish area using 3D
CFD simulations. Chiriac et al. [16] found higher torque and equal fuel conversion efficiency
(at full load) with an optimized LPG-fueled engine compared to the original diesel version of
the engine. Campbell et al. [17] showed that the principal LPG fuel constituents (i.e.,
propane, n-butane, and iso-butane) have similar burn rates when used as SI engine fuels.
Furthermore, compared to gasoline, propane fueling requires more spark advance at low
engine speed while less advancement at high speed [18].

The performance of an LPG-fueled SI engine is shown to be improved with the increase of
compression ratio [8,19], but the onset of knock may restrict the upper limit of CR. Knock is
generally defined as the mechanical response of the engine to non-uniform pressure
distribution in the combustion chamber. This occurs as a result of the abnormally high rate of
heat release due to autoignition of the end-gas ahead of the propagating flame front [20]. For
hydrocarbons, the pre-flame chemical oxidation reactions being exothermic in nature heat up
the end-gas, which may lead to autoignition and thereby engine knock. The knock resistance
of a conventional SI engine fuel is generally characterized by two octane numbers - the
Research Octane Number (RON) [21] and the Motor Octane Number (MON) [22]. Smith et
al. [23] found that the end-gas autoignition of major LPG fuel species (i.e., propane, butane)
is dominated by the intermediate and high-temperature reactions and by the amount of time
the end gas spends at temperatures above approximately 900 K. Ramalingam et al. [24]
studied the oxidation behavior of four different LPG blends (as per the mixture requirement
of EN 589) at stoichiometric 20 bar conditions and found changes in the reactivities of the
fuels in the low-to-intermediate temperature regimes. A knock limit study in a gas-fueled SI
engine by Badr et al. [25] showed a much lower knocking limit of LPG than that with

propane due to the higher reactivity of LPG. For pure propane and commercial LPG fuels, the
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end gas also requires a higher compression pressure compared to that for gasoline fuel to
achieve the threshold condition for autoignition [26,27]. Boronat et al. [28] performed a
multidimensional CFD study of the mixing process for LPG fueling. They suggested an
improvement in knock resistance via faster combustion due to a higher peak tumble ratio and
kinetic energy with a large stroke engine design.

Exhaust gas recirculation (EGR) offers the potential to improve thermal efficiency in SI
engines while maintaining the functional compatibility of a three-way catalyst (TWC) after-
treatment system. The efficiency benefit of EGR generally results from the reduced heat
transfer, low pumping losses, and higher ratio of specific heats (y) of working fluid [29-31].
However, combustion difficulties are common for about 20% or higher EGR levels in
gasoline-fueled SI engines [31,32]. According to Splitter et al. [19], LPG enabled an
increased EGR rate compared to gasoline (20-50% relative increase depending on load). The
results were attributed to fundamental flame dynamics and combustion properties, such as
flame stretch differences between the fuels with EGR. Analysis of CFD simulations by
Chuahy et al. [33] showed that propane flames compared to gasoline ones are likely less
sensitive to influences from the flow field due to less thickening of the flame and higher
effective flame speeds. Various studies [34-36] also investigated the role of EGR as a knock
suppression strategy in SI engines as it helps to improve the engine efficiency either by
enabling a higher compression ratio or by allowing advanced combustion phasing. Alger et
al. [35] demonstrated the advancement of 15 crank angle degrees (CAD) in the combustion
phasing with the use of 20% EGR at 8 bar brake mean effective pressure (BMEP). However,
Szybist et al. [37] found no combustion phasing advancement benefits with EGR addition at
higher loads above 15 bar indicated mean effective pressure (IMEP) for gasoline-fueled
operation. The knock suppression benefits of EGR are more visible in low power density

(LPD) engines, and there is a substantial kinetic effect of EGR related to the pressure-
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temperature trajectory of the fuel-air mixture [38]. However, the same magnitude of knock
suppression achieved in LPD engines with EGR is not possible in high power density (HPD)
engines with gasoline fueling due to potential kinetic limitations of EGR at boosted operating
conditions [39,40].

To ensure the desired performance of LPG-fueled SI engines with the expected variations in
fuel composition, the combustion behavior of the most commonly used LPG blends needs to
be characterized. Additionally, utilization of EGR as a knock mitigator for LPG-fueled
operation is necessary to investigate considering its kinetic effect related to the in-cylinder
thermodynamic states. Therefore, this study first performs an experimental investigation in a
spark-ignited cooperative fuel research (CFR) engine with different LPG fuels without and
with EGR and evaluates the effects of fuel composition and EGR rate on engine combustion,
particularly on end-gas autoignition. For different LPG fuels, mixture autoignition assessment
through Livengood-Wu (LW) integral method is then performed to demonstrate the impact of
fuel’s reactivity on knock occurrence probability. The effectiveness of EGR to mitigate
knock with LPG fueling is assessed over the in-cylinder pressure-temperature domain using
chemical kinetics modeling. Finally, a numerical three-dimensional (3D) computational fluid
dynamics (CFD) model of the test engine is developed for the fundamental understanding of

in-cylinder LPG combustion processes with different EGR rates.

2 Experimental Activity

2.1 Test set up

A single-cylinder, spark-ignited cooperative fuel research (CFR) engine with the variable
compression ratio technology was used to conduct experimental investigations. The
specifications of the test engine are presented in Table 1. The previous work by the authors

[9,41] provides complete details of the test engine setup and its instrumentation and control.
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In this work, three different LPG fuels, i.e., Pure propane, EU rep, and US rep, were used for
experimental investigations, and their compositions are presented in Table 2. Note that the
tested fuels, particularly US rep and EU rep, are chosen because they represent average
compositions of different LPG blends used as automotive fuels across the continent [9].

Table 1: Test engine specifications.

Type CFR F1/F2
No of Cylinder 1
Bore and Stroke 82.55 mm & 114.3 mm

Compression Ratio | Adjustable, 4:1 to 187:1

Number of Valves 2

Valve Overlap 5 crank angle degrees

Mixing System Air-fuel premixed

Table 2: Composition of the tested LPG fuels.

Volume (%) of LPG composition
Pure Propane US rep EU rep
Methane (CHy) - 0.05 -
Ethane (C,Hg) - 6.54 -
Propane (CsHs) 100 92.65 81.95
Propene (C3Hs) - 0.23 -
N-butane (n-CsHo) - 0.08 18.05
Isobutane (i-CsHo) - 0.45 -

A cooled, external exhaust gas recirculation (EGR) system was integrated with the test engine
to reintroduce the exhaust gas to the intake system [42]. The EGR rate is calculated based on

the measured mass flow rates as follow:

MEGR

Migtal

EGR (%) = %100 1)
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where mggR is the EGR mass flow rate and my,y is the total mass flow rate combining fresh

air, test fuel, and recirculated exhaust gas.

High-speed, crank angle resolved in-cylinder pressure data was acquired using a water-cooled
piezoelectric transducer (Kistler 6061B). Intake and exhaust absolute pressures were also
measured using two dynamic sensors, Kistler 4007D and 4049B, respectively. A rotary
encoder with 0.1 crank angle degrees (CAD) resolution was used to record 1000 full engine
cycles. These high number of cycles are required to capture the knocking events with a high
level of statistical accuracy. A large engine control module (LECM) from Woodward Inc.
and a customized LabView firmware were incorporated to control and monitor engine

operation.

2.2 Test methodology

In this study, a premixed air-fuel (gaseous) mixture was supplied to the intake manifold to
run the test engine at different compression ratios. For all engine operating conditions,
ignition timing was varied to maintain the location of 50% mass fraction burned (i.e., CA50)
in between 9 to 10 deg aTDC. An overview of the test plans, including engine operating
conditions, is presented in Table 3.

Table 3: Experimental test matrix.

Test Fuel Compression| IMEP Inta[l)(e Manifold Speed A EGR rate Oth
est type ue Ratio (kPa) ressure (RPM) ) ers
(kPa)
c H . . 0
3 Pure Propane, EU rep, N 1012 Intake mixture Temp: 60 "C
Fuel composition effect] 7,10 Varied B

US rep (fixed) 0

: 95

900 1 Coolant Temp: 95°C

EGR effect Pure Pr EU r 8 1000 Varied 0-30 i 0

effec ure Propane, EU rep (fixed) arie - Oil Temp: 57°C

An in-house built LabView code was used to perform the power spectrum analysis of the
bandpass filtered pressure signal based on the FFT technique and to report a summation value

of the maximum amplitude of power spectrum for 200 consecutive engine cycles in real-time
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during engine testing for each operating condition [42,43]. This reported value was called
knock integral (KL), which quantifies the knocking intensity. The authors found that the
value of KL ~ 5 kPa® indicates the borderline or trace knock condition based on the
judgement of audible sounds from the CFR engine. A Butterworth type bandpass filter with
lower and upper cut-off frequencies equal to 3 and 20 kHz, respectively, was used to capture
all significant high-frequency spectral components of the pressure signal [44]. Various other
metrics of knocking combustion, such as the maximum amplitude of high-frequency pressure
oscillation (MAPO), knock point (KP), and knock point pressure (KPP), were also evaluated.
MAPO was calculated based on the maximum absolute amplitude of the bandpass filtered in-
cylinder pressure related to knock. KP is the crank angle location where a sharp inflection
occurs in the cylinder pressure trace before the onset of high-frequency pressure oscillations.
The KP of each engine cycle was estimated as the crank angle corresponding to the peak of

the second derivative of in-cylinder pressure [41,45].

In this work, a single, representative in-cylinder pressure trace for the non-knocking condition
was selected from all recorded 1000 cycles by minimizing the COSTnk function [46], as

defined in Equation 2.

avg

avg

(IMEP IMEPavg l [PP PPan l

where IMEP is the indicated mean effective pressure, PP is the peak in-cylinder pressure, and
the subscripts i and avg denote the i cycle and the average quantity (evaluated from all 1000
cycles), respectively.

For the knocking condition, the top four measured, in-cylinder pressure traces with minimum
COSTk were initially identified based on Equation 3. The power spectral density (PSD) of

each of the four traces was then compared with the average PSD of all recorded 1000 cycles
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[47]. The candidate cycle with PSD similar to the average spectrum was chosen as the final

knocking representative pressure trace that is to be used for comparison with CFD results.

dp i B dp avg .
|( /dt)max ( /dt)max N |Eles —Ere?|  |MAPO; — MAPO,,,|
(dp/ )‘“’g EX9 MAPO 4

dt max

COST (i) = 3)

res

where (dP/dt) max is the maximum pressure rise rate used to characterize the uniform in-
cylinder pressure rise. MAPO is the maximum amplitude of pressure oscillations of the
bandpass filtered pressure [48,49], and E.es is the energy of resonance associated with a high-

frequency pressure signal [50]. Both MAPO and E..s describe the unsteady pressure field.

3 Numerical Methodology

3.1 Chemical kinetic model

ANSYS Chemkin-Pro software package [51] was used as a reaction kinetic solver to perform
different kinetic evaluations, such as ignition delay and laminar flame speed. A closed,
constant volume homogeneous 0-D batch reactor with adiabatic and chemically inert walls
was used to calculate ignition delay time (IDT) of the air-fuel mixture representing the in-
cylinder trapped charge for the pressure and temperature conditions found in the engine
cycles. IDT is defined as the time corresponding to maximum OH species concentration
generation in the reactor [23,51]. An adiabatic, freely propagating flame model was used to
calculate laminar flame speeds corresponding to different state conditions found in the CFR
engine. Note that the in-cylinder pressure measured during engine experiments and the
unburned gas temperature determined by the GT-Power three pressure analysis (TPA) model
were used as input pressure and temperature in the kinetic model. Measured fuel and exhaust
gas composition volumes were also used as simulation inputs. A reduced chemical kinetic
mechanism including NO chemistry (consisting of 153 species and 1227 elementary

reactions) developed from the detailed NUIGMechl1.1 mechanism based on the ignition delay
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and laminar flame speed studies by Slunecka et al. [52,53] was used in the chemical kinetic

model.

In this study, the Livengood and Wu (LW) method [54-56] was used to study the end-gas
autoignition probability of a trapped charge via calculated ignition delay using the in-cylinder
pressure-temperature trajectory of a given engine operating condition. The LW integral
describes the evolution of a specific mixture towards ignition, considering the information
related to the kinetics of oxidation reactions under specific pressure-temperature conditions
for a given mixture composition. As postulated by Livengood and Wu [54], the amplitude of
the considered ignition carriers would only increase towards its critical value at ignition

according to a specific time delay (1), and LW integral can be expressed as :

1 Tign 1 p
= — dat
[ @

where 7,4y, is the time delay until ignition and 7 is the instantaneous ignition delay time. If the
LW integral of Equation 4 reaches or comes close to 1, the air-fuel mixture will be subject to
autoignition under those conditions of temperature and pressure due to the high concentration
of ignition carriers [56].

3.2 CFR engine model

In this study, a 0D/1D simulation model of the CFR test engine was developed based on the
three-pressure analysis (TPA) method using Gamma Technologies’ GT-Power software
platform [41,57,58], as shown in Figure 1. The TPA model, which incorporates the two-zone
combustion concept and Woschni’s heat transfer correlation, performs the non-predictive
combustion simulations (based on chemical equilibrium calculation) using the measured,
crank angle resolved intake, exhaust, and in-cylinder pressure (cycle-averaged) as well as
other experimental data, including exhaust compositions, time-averaged temperatures of

intake, exhaust, and cooling systems. The model validation was performed by comparing the
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simulated inducted charge mass and in-cylinder pressure with those obtained from
experiments. Figure 2 shows a comparison of in-cylinder pressure from experiments and non-
predictive simulations for propane fueling without and with EGR at CR 8, and a close
agreement between the results confirms the accuracy of the TPA model. The residual gas
fraction and wall temperatures obtained from this O0D/1D model were then used as initial and

boundary conditions for the subsequent 3D CFD simulations.

fmult-low-in fmult-low-ex
> - fmult-high- fmult-high-
Y _\ 1 X ex _\
frictign-in- — lift-Th-1 — frictign-ex

switch-01 switch-02

vo.—bo—bij

E: =
ExhaustValve ExPor TPA_Exhaust

O
TPA_Intake IntakePort  IntakeValve

Cylinder

EngineCrankTrain '

Figure 1: Three pressure analysis (TPA) 0D/1D model of the CFR engine in GT-Power.

60
| Exp (0% EGR)
R — — TPA sim (0% EGR)
E 50+ Exp (25% EGR)
e 1+ — TPA sim (25% EGR)
£ 40
% il
a. 30+
5 i
el
£ 20+
> i
Q
S 10+
0 " T " T " T " T "
-40 -20 0 20 40 60

Crank angle (deg)

Figure 2: Comparison of cycle averaged in-cylinder pressure with propane fueling without and with

EGR at CR 8 obtained from non-predictive TPA simulations and experiments.
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A three-dimensional (3D) computational fluid dynamics (CFD) simulation model of the CFR
test engine was developed using CONVERGE software platform (version 3.0.18)
[41,47,59,60]. For combustion modeling, the SAGE detailed chemistry solver [61] was
implemented in the unburned zone to capture end-gas autoignition. The G-equation based
chemical equilibrium (CEQ) model was incorporated on flame, and the model tracks the
turbulent flame front in a Eulerian manner by solving the transport equation for the Favre-
averaged mean of the non-reacting passive scalar G [62] based on the flamelet theory of
turbulent premixed combustion [63]. The incipient spark kernel was modeled by adding a

volumetric source for a passive scalar G. Furthermore, the turbulent flame speed is calculated

1/2
} (5)

where u is the turbulent velocity fluctuation, Si is the laminar flame speed, Da is the

based on Equation 5 in the RANS context [63].

a,b3? a,b3 2
S, =5+ u’{— '3 Da+ [( 13 Da) + a,b% Da

2b, 2b,

Damkohler number, and a; and by are modeling constants. The value of by = 2.5 was used in

this work for model calibration.

In-cylinder turbulence was modeled using the Reynolds-averaged Navier-Stokes (RANS)
based renormalized group (RNG) k-€ model [64]. Wall heat transfer was captured using the
model proposed by O'Rourke and Amsden [65]. The grid control strategy of the current
computational domain was adopted as per our previous work [41]. The model incorporates
the 153 species reduced chemical kinetic mechanism, including the NO chemistry for LPG
combustion [52]. This reduced mechanism was also used to generate a lookup table of
laminar flame speeds as a function of pressure, temperature, and equivalence ratio using the
CONVERGE 1D laminar flame speed solver [59]. A comparison of the percentage difference
in the calculated laminar flame speed (Si) by Converge and Chemkin solvers using the

reduced chemical mechanism is presented in Figure 3 for pure propane, EU rep, and US rep
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at the different temperature, pressure, and EGR conditions. As shown, apart from low
pressure and high EGR conditions, flame speeds calculated by Converge are within 3% of
those obtained from Chemkin, indicating a reliable accuracy of the Converge 1D flame speed
calculation solver. Therefore, the laminar flame speed lookup table created by the Converge

solver was implemented in the G-equation model.
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268 pure propane (top), EU rep (middle), and US rep (bottom) at different operating conditions.

269 It is now necessary to verify initial CFD model results before performing detailed simulation
270  calculations for different engine operating conditions. A comparison of in-cylinder motoring

271  and firing pressure obtained from experiments and CFD simulations are presented in Figure 4
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and Figure 5, respectively. At CR 7 and 10, in-cylinder motoring pressure traces are
reasonably predicted by the simulations, which confirms a reasonable accuracy of the
compression ratio setup used in the CFR engine model. It is essential as the CFR engine has
variable compression ratio technology. Furthermore, as shown in Figure 5, the predicted in-
cylinder firing pressure traces are well within the span of measurement limits. This suggests
that the 3D CFD model can further be used to simulate LPG combustion processes,

particularly end-gas autoignition.

~ 24

g - - - ExpCR 10

o | ——CFDCR 10
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Figure 4: Comparison of in-cylinder pressure (motoring) obtained from experiments and CFD

simulations at CR 7 and 10.
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Figure 5: Comparison of in-cylinder pressure (firing) obtained from experiments and CFD simulations

for EU rep fueling at CR 7.

4 Results and discussion

4.1 Effect of fuel composition

In this section, the effects of LPG fuel composition on various combustion characteristics are
analyzed at CR 7 and 10 for a constant engine speed and intake manifold pressure condition
(i.e., 900 RPM and 101.2 kPa).

4.1.1 In-cylinder pressure and knock propensity

Figure 6 presents a comparison of measured, representative in-cylinder pressure traces
obtained with pure propane, US rep, and EU rep fueling at CR 7 and 10. As expected, with
the increase of compression ratio, in-cylinder pressure increases, and the location of peak
pressure moves closer to TDC for all fuels. Unlike CR 7, a sharp inflection point in the slope

of pressure trace,
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Figure 6: Comparison of measured, representative in-cylinder pressure with propane, US rep, and EU
rep fuelling for CR 7:1 (top) and CR 10:1 (bottom) at 900 RPM, A=1.

i.e., an increase in the rate of pressure rise, is observed for all fuels at CR 10, indicating a
likelihood of end-gas autoignition.

The variations of knock propensity at different compression ratios for pure propane, US rep,
and EU rep are presented in Figure 7. The occurrence and level of knocking are determined
using the knock integral (KL) parameter by analyzing the maximum amplitude of power
spectrum over the recorded cycles based on the FFT analysis of bandpass filtered pressure
trace, as described in Section 2.2. The maximum amplitude of power spectrum variations is
minimal at a low compression ratio, i.e., CR 7. All the LPG fuels exhibit KL lower than the
borderline knock limit (i.e., KLknock timit ~ 5 kPa?), indicating a normal combustion state
without knocking. At CR 10 (high compression ratio case), the power spectrum amplitude

significantly
17
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Figure 7: Maximum amplitude of power spectrum and knock integral (KL) with propane, US rep, EU

rep fuelling for CR 7:1 (top) and CR 10:1 (bottom) at 900 RPM, A=1.
increases and KL >> KLknock 1imit for all tested fuels, implying highly knocking conditions. A
higher compression ratio increases the in-cylinder pressure and temperature that may lead to
autoignition of the unburned-fuel air mixture and, therefore, knocking combustion. Among
the tested fuels, the knock integral follows the trend as KLgu rep > KLus rep > KLpure propane and

EU rep fuel exhibits the highest knock intensity likely due to a high percentage of reactive C4

alkane (i.e., n-butane) in the mixture.

Additionally, Figure 8 shows the distribution of the maximum amplitude of bandpass filtered
high-frequency pressure oscillation (MAPO) for all the tested fuels at CR 10 over the

recorded engine cycles. Consistent with KL observations, EU rep demonstrates the largest
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Figure 8: MAPO for pure propane, US rep, and EU rep fuels at CR 10.

The observed knocking behavior is now correlated with the knock resistance property of the
tested fuels in terms of methane number, as shown in Figure 9. Methane number (MN) is
defined as the percentage by volume of methane blended with hydrogen that exactly matches
the knock intensity of the unknown gas mixture under specified operating conditions. The
MN of gaseous LPG fuels is calculated using the MWM MN calculation program by
EUROMOT [66]. Note that the calculated MN of US rep fuel is similar to that of pure
propane despite containing a lower volume percentage of propane (~92.65%), which is likely
due to the calculation assumption of iso-butane having the same knock resistance as n-butane
with an MN of 10 [8] and the presence of ethane with higher MN. As shown, EU rep fuel has
methane no of 30, which is less resistant to end-gas autoignition than pure propane with
methane no of 34. This supports the experimental observations of EU rep having the
maximum knock tendency (KLgu rep ~162.4 kPa®) and pure propane with minimum

propensity (KLpure propane ~ 81.6 kPaz).
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Figure 9: Knock integral at CR 10 vs. calculated methane number for all the tested fuels.

4.1.2 Reactivity of the tested fuels

In this section, the reactivity of the tested fuels is evaluated to understand their impact on
combustion processes, particularly on end-gas autoignition. Most of the previous reactivity
studies [24,52,67] related to LPG blends are evaluated with conditions different from the
actual thermodynamic conditions found in SI engines. Therefore, it is an important
consideration to study the fuel reactivity for actual in-cylinder thermodynamic conditions.
Figure 10 presents the pressure-temperature (P-T) trajectories based on measured, cycle-
averaged in-cylinder pressures and unburned zone gas temperatures estimated by the non-
predictive TPA model for all the tested fuels at CR 10. Note that the highlighted RON and
MON regimes are for conventional gasoline fuel [38] and represent a wide range of engine
operating conditions in the pressure-temperature space. The in-cylinder P-T trajectories of
LPG fuels are placed on the ‘Beyond MON’ region, which indicates higher temperatures than
the RON trajectory for the same pressure condition. A portion of the P-T trajectory ranging
from the location of spark to the knock point is primarily used for ignition delay time

evaluations.
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Figure 10: Pressure - temperature trajectory in the unburned zone for each tested fuel at CR 10:1, 900

RPM, and A=1. Standard RON and MON regions of conventional fuel were taken from [38].

Figure 11 presents the results from the constant volume, homogeneous reactor simulations for
individual species found in the tested fuels corresponding to the pressure-temperature
trajectory of EU rep fuel at CR 10. The results highlight the effect of each species’ molecular
structure on ignition delay time (IDT) in the engine-relevant high temperature and pressure
regime. As expected, methane and ethane have higher IDT, i.e., lower reactivity than propane
due to their compact structure. On the other hand, butane's reactivity is more substantial than
that of propane at relatively low temperatures, which can be attributed to butane’s significant
low-temperature oxidation chemistry due to longer carbon-chain length [23,24]. However,
the difference in the reactivity between propane and butane is less at high temperatures.
Propene also exhibits a significant reactivity at this high-temperature zone due to the
presence of a secondary hydrogen atom associated with the weak C-H bond [68]. This
understanding of individual species reactivity is necessary to explain the specific trends in the

overall reactivity of the tested fuels.
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Figure 11: Ignition delay time (IDT) of different species present in the tested fuels corresponding to

the pressure-temperature trajectory of EU rep fuel at CR 10.

Figure 12(a) presents the reactivity of the tested fuels in terms of the calculated ignition delay
time for the pressure-temperature trajectory of EU rep fuel at CR 10. This single P-T
trajectory is initially employed for all fuels to investigate only the effect of fuel composition
variation on the fuel reactivity by isolating the in-cylinder thermodynamic condition effects.
As shown, EU rep fuel is the most reactive among all the tested fuels due to the presence of a
high percentage of reactive C4 alkane (i.e., n-butane) in the mixture. The reactivity of US rep
fuel is similar to that of pure propane despite the presence of reactive C4 alkanes and propene
in its mixture. This could be attributed to the presence of a significant amount of less reactive
ethane (~ 6.54 % by volume) in the US rep blend. However, global fuel characteristics are
controlled by the major components in the LPG blends. For example, Morganti et al. [69]
observed that the octane number for a specific LPG fuel blend is associated with the main
components of the fuel, which is also consistent with the findings of similar methane number
(MN) for both Propane and US rep fuel (Figure 9). Furthermore, considering both the effect
of fuel composition and in-cylinder thermodynamic conditions of the respective fuel, it has
been observed that the reactivity of the tested fuels at CR 10 case follows the trend as EU rep

> US rep > Pure propane, as shown in Figure 12(b).
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Figure 12: Ignition delay time of the tested fuels for the pressure-temperature trajectory of (a)

EU rep fuel and (b) individual fuel at CR 10.

As mentioned in Section 3.1, the Livengood-Wu (LW) integral is a widely accepted approach
for evaluating the knock-occurrence probability in the unburned zone of internal combustion
engines [55,56]. Figure 13 presents the LW integral for each tested fuel based on the
calculated ignition delays, considering their respective pressure-temperature trajectory at two
different compression ratios. According to this method, when the value of LW integral equals
to one, it marks the start of end-gas autoignition during the SI engine combustion process. At
CR 10, the integral value of all the fuels has reached to 1. This indicates that the
concentration of ignition carriers in the mixture arrives at their critical values, resulting in
obvious end-gas autoignition. On a fuel basis, EU rep being the most reactive fuel reaches

early to the critical LW integral value of 1, demonstrating its high propensity towards the
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end-gas autoignition among the tested fuels. At CR 7 (Figure 13-b), the final values of the
LW integral are well below the critical mark of 1, suggesting that the in-cylinder
thermodynamic conditions are not conducive enough to initiate any end-gas autoignition
process in the unburned zone. This knock occurrence probability prediction for the tested
fuels by the LW approach is in accordance with the experimental observations, as shown in
Figure 7 for CR 7 and 10. Furthermore, as shown in Figure 14, the predicted knock point
(KP) locations by the LW method (i.e., the crank angle corresponding to LW integral equal to
one) are within 2 CAD of those calculated from measured, in-cylinder pressure traces using

the 2" order derivative method at CR 10 for all the tested fuels.
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Figure 13: LW integral for all tested fuels corresponding to their respective pressure-temperature

boundary conditions at (a) CR 10 and (b) CR 7.
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4.1.3 CFD model prediction of knock characteristics

In this work, 3D CFD simulations were performed for four consecutive full engine cycles, out
of which the first cycle was discarded for the analysis to remove any effect of initial
conditions. Figure 15 (a) shows in-cylinder pressure traces for simulated engine cycles along
with all the 1000 recorded cycles during experiments at CR10 with EU rep fueling. The
representative cycle selected from those recorded cycles based on Eq. 3 for the knocking
conditions is also presented. As shown, in-cylinder pressure traces predicted by the
simulations are well within the spread of measured pressure traces. Furthermore, the
simulated cycles exhibit sudden changes in the slope of the in-cylinder pressure traces before
the onset of high-frequency pressure oscillations similar to those observed with experimental
cycles. A quantitative comparison of the location of the knock point presented in Figure 15(b)
demonstrates that the knock points predicted by the simulations are in good agreement with

the experimental results with an error of less than 1 crank angle degree (CAD).
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Figure 15: (a) In-cylinder pressure and (b) knock points from experiments and CFD simulations at CR
10 with EU rep fueling. For representation purposes, random cycles are chosen to highlight KP from
CFD simulations.

Finally, the evolution of in-cylinder intermediate species, radicals, and thermodynamic
properties are analyzed for the fundamental understanding of the end-gas autoignition process
in detail. It is found in the previous studies [47,70] that formaldehyde (CH2O) species is a
good indicator of intermediate-temperature chemistry, and hydroxyl (OH) radical marks the
regions governed by high-temperature chemistry. Figure 16 presents the evolution of in-
cylinder temperature and CH20 and OH species mass fraction on a horizontal cut plane
passing through the spark plug for CR 10 case with EU rep fueling over different crank angle
instances. These parameters are obtained from the second simulation cycle. At 10.5 deg
aTDC, a considerable amount of CH>O species is built up towards the exhaust valve side,
implying an enhanced reactivity of the end-gas. In quick succession, CH20 is rapidly
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consumed and a significant amount of OH species is formed in the end-gas, indicating the
start of high-temperature chemistry domination as evidenced by the in-cylinder temperature
rise ahead of the propagating flame front due to autoignition. This results in knocking
combustion events and subsequent pressure fluctuations, as shown in Figure 6 for CR 10. The
results of CH20 consumption and OH formation when end-gas autoignition occurs are

consistent with the observations by [23] for LPG fuels.
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Figure 16: Evolution of CH,O and OH mass fraction and in-cylinder temperature on a horizontal cut
plane passing through the spark plug (obtained from the second simulation cycle). Intake and exhaust

are located on the left and right sides, respectively.

4.2 Effect of external exhaust gas recirculation
In this section, the effects of external exhaust gas recirculation (EGR) rate on various
combustion characteristics are analyzed for pure propane and EU rep fueling for a constant

engine speed and load condition (i.e., 900 RPM and 10 bar IMEP) at CR 8.
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4.2.1 In-cylinder pressure and heat release rate

Figure 17(a) presents measured, representative in-cylinder pressure traces for both fuels at
CR 8 with 0% and 25% EGR rates. Note that the 25% EGR rate was chosen here as it
produced the optimal engine efficiency among the tested EGR rates, and the maximum of
30% EGR rate operation was achieved for both fuels within the accepted combustion stability
limit. At the 0% EGR rate, EU rep fuel exhibits the maximum peak in-cylinder pressure, and
the sharp inflection points in the slope of pressure traces are observed for both fuels,
indicating a likelihood of end-gas autoignition. With EGR, the peak in-cylinder pressure
decreases, and the corresponding crank angle location is retarded for both fuels. This is likely
due to the prolonged combustion duration as the introduction of EGR decreases the in-
cylinder oxygen concentration and, therefore, chemical reaction rate [71]. Note that the

required ignition timings are observed in a very similar range for both fuels.

Figure 17(b) presents the apparent heat release rate (AHRR) for propane and EU rep fueling
without and with EGR at CR 8. The AHRR is calculated based on the first law of
thermodynamics and does not include the heat losses to walls and crevices [20]. As shown, a
sharp rise in HRR is observed for both fuels at 0% EGR, with EU rep fuel demonstrating the
maximum heat release. Rapid release of energy contained in the end gas due to autoignition
ahead of the propagating turbulent flame is likely contributing to the rise in heat release rate.
With the increase of EGR rate, the sharp rise in HRR corresponding to the end-gas
autoignition diminishes and the overall peak heat release rate also drops for both fuels. As the
EGR rate increased, the combustion rate decreased due to lower in-cylinder temperature and
reduced oxygen concentration, resulting in a lower heat release rate [6,71]. At the 25% EGR
rate, both fuels demonstrate a similar heat release rate despite EU rep being the most reactive

among the tested fuels, as found in Figure 12(a).
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Figure 17: Effect of fuel composition with different EGR rates on (a) representative in-cylinder

pressure and (b) averaged apparent heat release rate at CR 8:1, 900 RPM, 10 bar IMEP, and A=1.

4.2.2 Knock propensity

The influence of EGR rate on the occurrence and intensity of knocking is analyzed by
studying the knock integral (KL) and maximum amplitude of pressure oscillations (MAPO),
as shown in Figure 18. Both fuels demonstrate higher KL than the KLxnock imit (~5 kPa?) for
borderline knock criterion at the 0% EGR rate, confirming knocking conditions. Also, the
knock integral of EU rep (i.e., KLgu rep ~ 54.3 kPa?) is higher than that with pure propane
(i.e., KLpropane ~ 30 kPa?), which indicates a higher knock propensity of EU rep fuel and is
consistent with the previous observations. This knocking tendency can be reduced using the

appropriate EGR rate. As shown, KL for both fuels are similar and below the borderline
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KLknock 1imit at 25% EGR rate, indicating normal combustion operation. Additionally, Figure
18 (b) shows the maximum amplitude of bandpass filtered high-frequency pressure
oscillation (MAPO) for pure propane and EU rep. With the 25% EGR rate, MAPO drops
significantly over the recorded cycles for both fuels than those without EGR, with a more
substantial impact with EU rep fueling. This can be attributed to lower combustion and end-
gas temperatures resulting from the slower chemical heat release and flame propagation of
the charged mixture with EGR [72,73]. Therefore, the results demonstrate the potential of

EGR as an important knock suppression technology for LPG SI engines.
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Figure 18: Effect of fuel composition with different EGR rates on (a) knock integral (KL) and (b)

maximum amplitude of pressure oscillations (MAPO) at CR 8:1, 900 RPM, 10 bar IMEP, and A=1.
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4.2.3 Knock mitigation effectiveness of EGR over the pressure-temperature domain

It is now important to understand how the knock mitigation effectiveness of EGR is related to
the in-cylinder thermodynamic states and chemical kinetics of fuel. Figure 19 shows the
pressure-unburned gas temperature (P-T) trajectories of the propane-air stoichiometric
mixture without and with EGR at CR 8. With the 0% EGR rate, the P-T trajectory is in the
MON region. With the increase of EGR rate (i.e., 25% EGR), the P-T trajectory moves
towards the RON regime as the intake manifold pressure is increased to maintain a constant
engine load similar to those with baseline without EGR operation for a given inlet mixture
temperature. Additionally, an increase in the ratio of specific heats (y) of the mixture due to
higher EGR rate results in a rise in temperature during the compression stroke, as shown in
Figure 20. The combined effect of higher manifold pressure and increased y with EGR raises
the in-cylinder pressure and temperature during the compression stroke. Despite this
conducive environment, the 25% EGR rate case is able to suppress the end-gas autoignition
(Figure 18), which is likely due to a counter effect of slower kinetic rates with EGR [39,74].
Therefore, a further understanding of LPG fuel chemical kinetic interactions with engine

operation is necessary.
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Figure 19: Pressure-temperature (P-T) trajectories for the stoichiometric propane-air mixture without

and with EGR at CR 8. Highlighted regimes correspond to standard RON and MON trajectories of

conventional fuel [38].
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Figure 21 presents the reactivity of propane without and with EGR in terms of the calculated
ignition delay time for the pressure-temperature trajectory at CR 8. The knock onset is related
to the ignition delay time of the end-gas [6]. As shown, ignition delay times increase with the
increase of EGR rate compared to those with no EGR case, resulting in delayed or suppressed
end-gas autoignition reaction (Figure 18). The introduction of EGR causes a decrease in the
reactivity of the mixture due to the drop in oxygen concentration and the increase in the heat-
sink effect via higher A, which slows down the chemical reaction rate and, therefore, longer

ignition delay time [75].
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Figure 21: Ignition delay time for the pressure-temperature trajectory of stoichiometric pure propane

combustion without and with EGR at CR 8.
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Finally, the knock mitigation effectiveness of EGR for LPG fueling is evaluated using RON
and MON regimes over different pressure-temperature trajectories. This is useful to design
the EGR strategy for LPG fueling over the operating map as those regimes represent engine
operating conditions spanning from naturally aspirated or lightly boosted engines (i.e.,
‘Beyond MON’ space with high temperature and low pressure) to highly boosted, power-

dense engines (i.e., ‘Beyond RON’ space with high pressure and low temperature) [38,76].

For a general understanding of fuel chemical kinetics interaction with engine operation, an
example of ignition delay time (IDT) profile of conventional SI engine fuel is presented in
Figure 22, highlighting the possible ignition zones over the pressure-temperature domain.
Zone 1 represents the high pressure and low-temperature region, and the nearly vertical
ignition delay contours signify its high dependency on temperature. In Zone 2, the ignition
delay contours become almost horizontal, indicating the region’s high sensitivity to pressure
compared to temperature. Zone 3 is characterized by a sensitivity to both temperature and

pressure.
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Figure 22: A general example of ignition delay time profile in the pressure-temperature space
highlighting the different ignition zones. IDT data was taken from Szybist et al. [38].
In the present study, these zonal-based kinetic interactions on end-gas autoignition are
examined for propane combustion without and with EGR using RON and MON regimes, as

shown in Figure 23. Here, IDT contours are initially calculated over temperatures ranging
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from 600 to 1000 K and pressures of 1 to 50 bar for stoichiometric propane-air mixtures, and
an arbitrarily chosen IDT contour corresponding to 10 ms is overlaid on the P-T domain for
analysis. Note that a similar study is also possible with a different constant IDT contour. The
actual IDT leading to end-gas autoignition is likely to be much shorter as the pressure and
temperature of the unburned gas continue to increase. The experimental P-T trajectories for
0% and 25% EGR from Figure 19 are also presented here, where the pressure and unburned
gas temperature of both conditions are taken up to the crank angle location of knock point

corresponding to the 0% EGR case.
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Figure 23: Experimental pressure-temperature trajectories for 0 and 20% EGR for pure propane fuel

overlaid on 10 ms ignition delay contours.

As shown in Figure 23, the temperature-sensitive Zone 1 is in the ‘Beyond RON’ regime of
the P-T domain. In this zone, the 10 ms IDT contour needs around 20K higher unburned gas
temperature when 25% EGR is added compared to the baseline no EGR condition, indicating
an expected knock mitigation effect with EGR in this high pressure and low temperature
region (e.g., boosted high load conditions). Next, the pressure-sensitive Zone 2 resides in
between RON and MON trajectories. Here, the 25% EGR case exhibits at least a 5 bar higher
pressure requirement for end-gas auto ignition to happen corresponding to the 10 ms IDT
contour. Thus, EGR is also expected to suppress the knock under these conditions in Zone 2.

Finally, the low pressure and high temperature region represented by Zone 3 is in the
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‘Beyond MON’ regime of the P-T domain. Unlike Zone 1 and Zone 2, the knock mitigation
benefit of EGR diminishes in Zone 3 as can be seen there is no distinct difference in the 10
ms IDT contour for both 0% and 25% EGR cases in this low pressure and high temperature
region (e.g., light load conditions). Therefore, this zonal-based ignition delay analysis over
the P-T domain suggests that EGR is expected to effectively mitigate the end-gas autoignition
for operating conditions spanning from the naturally-aspirated engine to highly-boosted,
power-dense engine with LPG fueling. Note that this study presents only a specific speed and
load condition to assess EGR’s knock mitigation utility over the P-T domain, but it is an
important first step for LPG fueled engine design with EGR. Further studies over the
complete operating map of the engine are required for the final assessment of EGR’s knock
suppression utility with LPG fueling in the P-T domain.

4.2.4 CFD model prediction with EGR

Figure 24 (a) and (b) present the local evolution of in-cylinder temperature and chemical
species (i.e., CH>O and OH), respectively, for propane fueling without and with EGR at CR
8. These CFD results are obtained from the pressure transducer location in the model for the
second simulation cycle. At the 0% EGR rate, a sudden consumption of CH>O and an
immediate formation of significant OH species along with the temperature rise in the end-gas
indicates the autoignition event for propane fueling, similar to the results shown in Figure 16.
However, at the 25% EGR rate, CH>O consumption is gradual and there is no substantial OH
formation in the end-gas. Also, the predicted peak in-cylinder temperature is lower with EGR
than that with no EGR condition. These simulation results suggest that the introduction of
EGR attenuates the activity related to the onset of end-gas autoignition, which is consistent
with the EGR experimental results shown in Figure 18. All of these simulation results (shown

in Figure 15, Figure 16, and Figure 24) confirm that the current CFR engine CFD model is
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capable to predict both non-knocking and knocking combustion characteristics reasonably

well for LPG fuels without and with EGR.
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Figure 24: Local evolution of (a) in-cylinder temperature and (b) CH,O and OH species for propane
fueling without and with EGR at CR 8. CFD results corresponds to the pressure transducer location

for the second simulated cycle.

5 Conclusion

This paper presented both the experimental and numerical study of a spark-ignited CFR
engine fueled with different LPG blends and EGR rates. The effect of LPG fuel composition
and EGR rate on combustion characteristics, particularly on end-gas autoignition, were
examined for different engine operating conditions. The main conclusions can be summarized
as follows.
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1.

The effect of LPG fuel composition on engine combustion characteristics are initially
evaluated at two different compression ratios. Unlike CR 7, a sharp inflection point in
the slope of the pressure traces was observed for all fuels at CR 10.

Based on the knock integral and MAPO analysis of the tested fuels, CR 7 indicated a
normal combustion case, while heavy knocking was observed at CR 10 with EU rep
exhibiting the maximum autoignition intensity. This trend was consistent with the

knock resistance of fuels in terms of the calculated methane number.

. Chemical kinetics study considering the effects of fuel composition and in-cylinder

thermodynamic conditions demonstrated the reactivity trend of the tested fuels as EU
rep > US rep > Pure propane. Based on these, Livengood-Wu (LW) integral method
predicted the risk of knock occurrence of individual LPG fuels, which was in line
with the experimental observations.

With the introduction of EGR at constant IMEP condition, the sharp rise in pressure
and heat release rate corresponding to no EGR cases diminishes, and the overall peak
of those characteristics drops for both fuels. Also, both KL and MAPO fall below the
borderline knock limit for the tested fuels with EGR, with a more substantial impact
with EU rep fueling.

The knock mitigation effectiveness of EGR was evaluated using the zonal-based
kinetic interactions study, which indicated that EGR is expected to effectively
mitigate the end-gas autoignition for LPG fueling over the pressure-temperature
domain relevant to the current SI engine operation.

Finally, the multidimensional CFR engine CFD model was shown to predict the
combustion characteristics and demonstrated the evolution of in-cylinder temperature
and chemical species. During autoignition of the end-gas, a sudden consumption of

CH>O and an immediate formation of significant OH species along with the
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temperature rise were observed for LPG fuel. EGR simulation results showed a
substantial drop in such activity, supporting the knock attenuating potential of EGR

observed during experiments.
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Abbreviations

CFR Cooperative fuel research

LPG Liquefied petroleum gas

CR Compression ratio

CFD Computational fluid dynamics

SI Spark-ignited

CAD Crank angle degree

IMEP Indicated mean effective pressure
LW Livengood-Wu

3D Three dimensional

FFT Fast Fourier Transform

KL Knock integral

MAPO Maximum amplitude of pressure oscillation
PP Peak pressure

PSD Power spectral density

IDT Ignition delay time

TPA Three pressure analysis

RANS Reynolds-averaged Navier-Stoke
aTDC After top dead center

MN Methane number

P-T Pressure-temperature

RON Research octane number

MON Motor octane number
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AHRR

Apparent heat release rate

Symbols

Y Ratio of specific heats

Tign Time delay until ignition

T Instantaneous ignition delay time

St Turbulent flame sped

Si Laminar flame speed

u Turbulent velocity fluctuation
MEgGR EGR mass flow rate
Myotal Total mass flow rate
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