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a b s t r a c t 

Recent years have seen increased interest in dedicated exhaust gas recirculation (D-EGR) systems inte- 

grated with reciprocating engines. By dedicating one cylinder to operate at fuel rich conditions, hydrogen 

is generated for use in the remaining cylinders to optimize combustion and mitigate pollutant emissions. 

In this study, experiments were performed using a rapid compression machine (RCM) to investigate the 

effects of hydrogen and carbon monoxide on methane ignition and flame propagation at fuel rich and 

stoichiometric conditions relevant to D-EGR engines. The experiments were conducted over a range of 

temperatures ( T = 860–1080 K) and equivalence ratios ( φ = 1.0–1.5) and at a pressure of P = 20 atm. The 

results showed hydrogen addition had little effect on ignition delay time at lower temperatures ( T < 

950 K), but hydrogen significantly promoted ignition at higher temperatures ( T > 950 K). Carbon monox- 

ide had little effect on ignition delay times at all conditions studied. Combustion products were acquired 

using a fast sampling system and analyzed using gas chromatography. The results showed at φ = 1.4 the 

hydrogen mole fraction was a maximum of 8.0% of the products of rich combustion which was consistent 

with predictions based on chemical equilibrium calculations and model simulation results. High speed 

images were taken to quantify the impact of equivalence ratio on flame speed for spark-ignited mixtures 

in RCM experiments using mixtures similar to those expected in the D-EGR and stoichiometric cylinders. 

The results indicated the H 2 in the D-EGR promoted the combustion process in the stoichiometric cylin- 

der, increasing flame speed and decreasing combustion duration. Specifically, when the equivalence ratio 

in the D-EGR cylinder was φ = 1.3, the flame speed increased by about 40% compared with φ = 1.0. How- 

ever, higher equivalence ratios reduced the flame speed and thus adversely affected combustion in the 

D-EGR cylinder. The results indicate stability and effectiveness of the combustion in the D-EGR cylinder 

could be a major concern for D-EGR natural gas engines, and optimizing the equivalence ratio of the 

D-EGR cylinder is critical for D-EGR to enhance combustion performance in the engine overall. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Natural gas is a promising fuel for reciprocating internal com-

bustion (IC) engines because of its low cost, high H/C ratio, and

lower criteria pollutant emissions [1–3] . To meet stringent EPA and

Euro VI emissions regulations, most state-of-the-art natural gas en-

gines are designed to operate at stoichiometric conditions so the
∗ Corresponding authors. 
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hree-way catalyst (TWC) can be used to reduce tail-pipe pollutant

missions. Spark ignited natural gas engines can be designed with

igher compression ratios (CR ∼12) than conventional gasoline en-

ines due to the higher octane rating of natural gas. However, nat-

ral gas occupies a larger volume in the cylinder as a gaseous fuel

hich causes lower volumetric efficiency, reducing engine power

ensity [4] . 

For spark-ignition, natural gas engines, engine knock and high

hermal load are the two major constraints limiting engine com-

ression ratio. Exhaust gas recirculation (EGR) is an effective way

o reduce combustion temperatures so simultaneous reduction in
. 

https://doi.org/10.1016/j.combustflame.2017.09.031
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Fig. 1. Schematic of a spark ignited D-EGR natural gas IC engine. 
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Fig. 2. Comparison of ignition delay times of CH 4 and a simulated natural gas mix- 

ture using the ARAMCOMECH 2.0 mechanism [52] for P = 20 atm. 
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O x emissions and thermal load can be achieved. However, EGR

ecreases flame speed, which deteriorates combustion stability and

ngine efficiency [5] . When natural gas is used in real IC engines,

ore and more studies are focusing on hydrogen enriched natural

as combustion as a means to increase flame speeds and improve

olumetric efficiency [6–8] . Many studies have been conducted to

easure the laminar flame speed of methane (the primary compo-

ent of natural gas) at various temperatures and pressures [9–13] .

tudies have found hydrogen can exponentially increase the flame

peed of stoichiometric methane/air mixtures with increasing hy-

rogen fraction [14–20] . For IC engines, hydrogen addition has two

dditional significant benefits: reducing cycle-to-cycle variations

t fuel lean operating conditions and increasing EGR tolerance

21–24] . 

Considering the difficulties of incorporating a hydrogen fueling

ystem in addition to the main fueling system in real engines, a

oncept of dedicated EGR (D-EGR) has been proposed for onboard

ydrogen generation [25] . Taking a four-cylinder IC engine as an

xample, one of the four cylinders operates at fuel rich condi-

ions to produce hydrogen and carbon monoxide. All the exhaust

ases from the D-EGR cylinder are circulated back into the in-

ake manifold where the gases are inducted into the other three

ylinders which operate at stoichiometric or fuel lean conditions.

igure 1 shows a schematic of a spark ignited D-EGR natural gas

ngine. Southwest Research Institute (SwRI) has studied D-EGR

erformance in gasoline and diesel engines. The results show D-

GR improved gasoline engine thermal efficiency by at least 10%

25,26] . Recently, Lee et al . [27] studied the potential of D-EGR

n SI engines fueled by natural gas using computational fluid dy-

amics (CFD) simulations. The simulations predicted D-EGR is able

o achieve thermal efficiencies similar to conventional SI engines

hile simultaneously reducing NO x emissions. 

In order to better understand natural gas and hydrogen com-

ustion in real engines, the autoignition characteristics of methane

nd hydrogen mixtures, which control end-gas knock, should be

ell understood. Numerous studies, including experiments and

umerical simulations, have been conducted to develop methane

xidation mechanisms. Ignition delay times of methane have

een measured in many studies for a large range of mixtures

nd state conditions using rapid compression machines (RCMs)

28–37] (pressures and temperatures in the ranges of 16–40 atm

nd 920–1040 K) and shock tubes [29,34,36,38,39] (pressures and

emperatures in the ranges of 10–260 atm and 10 0 0–1550 K).

etersen et al. [29] studied methane ignition at conditions rel-

vant to D-EGR. They measured ignition delay in low-dilution

ethane/air mixtures at high pressures (40–260 atm) and high

emperatures (1040–1500 K) and developed a kinetic model based
n the GRI-MECH 1.2 mechanism [40] . Goy et al. [28] studied

he autoignition characteristics of methane at conditions relevant

o gas turbines using an RCM. They concluded GRI-MECH over-

redicted the ignition delay time for methane in the low tem-

erature region ( T < 1250 K). In the intermediate and low tem-

erature regions ( T = 950 K–1200 K), discrepancies were ob-

erved between experimental results and mechanism predictions

or methane, especially at conditions relevant to spark-ignition en-

ines (900 K, 20 atm). Recently, significant progress has been made

n predicting methane ignition delay times with revised reaction

echanisms. More experimental data of methane/hydrogen/carbon

onoxide/air mixtures, particularly rich fuel/air mixtures at high

ressure and in the intermediate and low temperature region are

aluable to quantify the effects of fuel rich conditions of hydrogen

n methane ignition and to validate our predictive understanding

f the methane/hydrogen/carbon monoxide/air combustion mecha- 

ism. This work focuses on low temperature ( T < 1100 K), stoichio-

etric and fuel rich mixtures of methane, methane/hydrogen and

ethane/hydrogen/carbon monoxide fuel mixtures at moderate to

igh pressures ( P > 15 atm). 

The composition of natural gas varies depending on the source

nd the processing; however, methane is typically 95% (mole frac-

ion basis) of the natural gas mixture. Generally, natural gas also

ncludes small fractions of ethane, propane, nitrogen and carbon

ioxide. Methane is often used as a surrogate for natural gas, par-

icularly for ignition studies, as methane ignition is very consistent

ith natural gas ignition. For example, Fig. 2 compares predicted

gnition delay times for methane and for a mixture of gases rep-

esentative of typical natural gas composition [41] . The predictions

ere made using the ARAMCO [42] reaction mechanism for stoi-

hiometric fuel/air mixtures for a pressure of 20 atm at air levels

f dilution. At temperatures below 950 K, there is negligible differ-

nce between the model predictions. In the current study, to sim-

lify the experimental process, pure methane was chosen as the

urrogate of natural gas. 

The presence of hydrogen in methane/air mixtures has a sig-

ificant effect on the ignition process. Gersen et al. [31] stud-

ed combustion behavior of methane/hydrogen mixtures un-

er stoichiometric conditions at temperatures between 950 and

060 K, and pressures between 15 and 70 atm using an

CM. Hydrogen/methane mixtures, 5%H 2 /95%CH 4 , 10%H 2 /90%CH 4 ,

0%H 2 /80%CH 4 , and 50%H 2 /50%CH 4 , were tested, and the ratio

f total inert gases to oxidizer was close to that of nitrogen to
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Fig. 3. Typical pressure data of methane autoignition, including an illustration of 

the method used to determine the effective pressure and the ignition delay time 

for each experiment. (For interpretation of the references to color in this figure, the 

reader is referred to the web version of this article). 
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oxygen in air. They found hydrogen decreased the ignition delay

time of methane at all conditions studied. They developed the fol-

lowing correlation to predict the ignition delay time of methane

and hydrogen mixtures: 

τ = A 

β
H 2 

· A 

( 1 −β) 
C H 4 

(
P c 

T c 

)n 
β
H 2 

+ n ( 1 −β) 
C H 4 

exp 

(
E H 2 β + E C H 4 ( 1 − β) 

RT 

)
(1)

where P c and T c are pressure and temperature at the end of com-

pression, R is the gas constant, β is the mole fraction of hydrogen

in the fuel, and A, E, n are the fit coefficients for pure methane and

pure hydrogen; their values can be found in [31] . The correlation

shows the strong sensitivity of ignition delay time to the amount

of H 2 in the fuel mixture. Similarly, Huang et al. [38,43] , Zhang

et al. [44,45] , and Donohoe et al. [46] also studied the combustion

characteristics and reaction kinetics of methane/hydrogen mixtures

at intermediate and low temperatures ( T = 850–1800 K). 

In D-EGR combustion, carbon monoxide is also a main compo-

nent of the exhaust gas of the rich cylinder. Gersen et al. [32] stud-

ied the effects of carbon monoxide addition on the autoignition of

CH 4 and CH 4 /H 2 fuels at high pressure in an RCM, and found CO

had little effect on ignition delay times of CH 4 and CH 4 /H 2 fuels

at pressures ranging from 20 to 80 atm and in the temperature

range 90 0–110 0 K. Yu et al . [33] also found CO had no discernible

effect on the ignition delay times of natural gas when CO pro-

portions ranged from 10% to 30% in the reactant mixture and the

equivalence ratio was held constant at φ = 1.0. In summary, sev-

eral experimental and numerical investigations have demonstrated

hydrogen addition promotes methane ignition. However, discrep-

ancies between experimental data and model predictions still exist

at low temperatures ( T < 1100 K). 

Many experiments to understand and improve combustion

characteristics of hydrogen, methane, and air have been performed

using IC engines. Since fuel lean combustion is an effective way

to increase efficiency and reduce NO x emissions, some studies fo-

cused on extending the lean limit of natural gas fueled engines

by adding hydrogen. Mariani et al. [47] compared natural gas and

hydrogen-natural gas blends using a spark ignition engine. They

found 30% (volume basis) hydrogen blended with 70% compressed

natural gas decreased the combustion duration by 16%, reduced

CO 2 emissions by 7%, and improved cycle-to-cycle variation partic-

ularly at low loads. Ma et al . [48] , Bysveen [49] , and Huang and

coworkers [50] confirmed hydrogen addition extended the lean

limit and increased engine power density. Saanum et al. [51] com-

pared engine performance operating at lean and stoichiometric

conditions with EGR and a TWC. The results showed with 25% hy-

drogen addition, lean conditions exhibited much higher NO x emis-

sions than stoichiometric conditions with EGR and TWC. 

In real engine applications, on-board hydrogen generation is

preferred to minimize system costs. In-cylinder methane reform-

ing could be an effective way to produce hydrogen on-demand in

an engine. Thus, the objective of this study was to quantify the au-

toignition, spark ignition and flame propagation characteristics of

stoichiometric and fuel rich hydrogen, methane, carbon monoxide

and air mixtures in the context of developing D-EGR natural gas

engines. The approach was to measure the ignition delay time and

product species of hydrogen, methane and air mixtures at condi-

tions important to D-EGR natural gas fueled engines using an RCM.

The results were used to determine realistic concentrations of hy-

drogen and other exhaust gases that can be produced in a D-EGR

cylinder. The RCM was then equipped with a spark ignition system

to study ignition and flame propagation of mixtures representative

of engine cylinders using the D-EGR product gases. The results are

discussed in terms of optimizing D-EGR for natural gas engines. 
. Experimental and computational methods 

.1. The rapid compression machine 

All experiments were conducted using an RCM at Tsinghua Uni-

ersity (TU). A detailed description of the TU RCM with fast sam-

ling and optical diagnostics can be found in Di et al . [52] and

ang et al. [53] . Briefly, the RCM consists of five major compo-

ents: the high pressure air tank, the driver section, the hydraulic

ection, the driven section and the test section. The components

re aligned and connected by two rods. The air tank supplies the

riving power to push the pistons forward. The driven section

as a length of 0.5 m and 50.8 mm inner diameter. In order to

chieve different temperatures, the test section consists of compo-

ents that permit control of the overall length of the test section,

hich can be varied from 13 mm to 80 mm. Changing the length

f the test section changes the compression ratio of the RCM, and

hereby makes changing the end-of-compression temperature and

ressure straightforward. The compression process of the TU RCM

akes about 25–30 ms, which elevates the mixture to the desired

igh pressure and high temperature condition. A creviced piston

esign was used to reduce the effects of cooler gases in the bound-

ry layer entering the test section during the compression process.

he pressure traces were obtained using a piezoelectric transducer

Kistler 6125C) in the test section. For the current study, the exper-

ments were conducted at an end of compression (EOC) pressure of

bout 20 atm and EOC temperatures in the range of 860 to 1080 K.

Figure 3 presents typical pressure data of a methane TU RCM

gnition experiment. The black line is the pressure in the test sec-

ion, while the blue dotted line is the first derivative of the pres-

ure data. Time t = 0 s corresponds to the first local peak pressure

ue to compression. For each experiment, the state condition was

efined using the same method presented in [50] . First, an effec-

ive pressure ( P eff) was defined as 

 e f f = 

1 

( t 2 − t 1 ) 

∫ t 2 

t 1 

P dt (2)

here t 1 was the time of peak pressure due to compression, and

 2 was the time of local minimum pressure (due to cooling) after

ompression, but before ignition. The effective temperature ( T eff)



C. Liu et al. / Combustion and Flame 188 (2018) 150–161 153 

Fig. 4. Schematic of the fast gas sampling system. 
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as calculated using P eff and the initial pressure P 0 : 

 T e f f 

T 0 

γ

γ − 1 

d ln T = ln 

(
P e f f 

P 0 

)
(3) 

here γ was the temperature dependent ratio of the specific heats

f the test mixture. The ignition delay time, τ ign , for each experi-

ent was defined as the time from the end of compression to time

f maximum dP/dt due to ignition, τign = t d P/d t,max − t 0 , as shown

n Fig. 3 . 

For some experiments, a spark ignition system was used to ini-

iate a flame after the EOC. The EOC conditions were used to de-

ne the state conditions for the spark ignition experiments. For

he spark ignition experiments, the RCM was equipped with a

uartz window at the end wall, which allowed visualization of the

est section along the axial direction. Using a high-speed camera

Photron Fastcam SAX2, model 10 0 0 K) with a Nikon 50 mm lens,

olor images were recorded at 20,0 0 0 frames per second with a

MOS array resolution of 512 × 512 pixels. The location of the

ame front was determined from the images, and image process-

ng was used to determine the flame propagation rates as a func-

ion of time for each imaging experiment. 

.2. Gas sampling and gas chromatography 

A fast sampling system was used to acquire gas samples of the

ombustion products. A detailed description of the fast sampling

ystem can be found in [54] . Briefly, the fast sampling system con-

isted of a sampling probe, a fast-acting solenoid valve, a vacuum

ump, and a sample tank, with a volume of approximately 5.4 mL.

igure 4 is a schematic of the fast sampling system. The sam-

le tank was equipped with a piezoresistive pressure transducer

Kistler 4045A5) and amplifier (Kistler 4618A0) and a septum port

or gas extraction. The sampling probe (1 mm in inner diameter)

as installed on the RCM end wall. The open end of the probe

as located at the center of the test section, 5 mm from the end

all. 

The sampled gases were removed by syringe from the sam-

ling volume and were injected into a gas chromatograph (Agilent

890B) for analysis. Gas chromatography (GC) was used to quantify

he concentrations of the stable species in the combustion prod-

cts. A flame ionization detector was used to measure CH 4 and

 2 concentrations and a thermal conductivity detector was used to

easure CO and CO 2 concentrations. The detailed GC configuration,

easured species and corresponding retention times are provided

n the Supplementary Material. Ultra-high purity helium (Beijing

ua Yuan Gas, Purity Plus, 99.999%) was used as the carrier gas

or all experiments. Standard calibration mixtures of CH 4 , H 2 , CO,

O 2 and N 2 (Beijing Hua Yuan Gas) were prepared using the RCM

ixing tank and gas manifold and the mixtures were used for the
C calibration. Signals from the GC detectors were recorded and

nalyzed using Agilent Open LAB software. The ratio of peak area

o mole fraction was used to determine the calibration factors. Gas

ampling and GC analysis were not used with the spark ignition

tudy. 

The primary sources of uncertainty in the fast sampling mea-

urements were due to the dilution of the unreacted gases trapped

n the ‘dead’ volume, which was defined as the total volume in the

ampling probe and the fast sampling valve exposed to the reac-

ant gases, estimated as 0.017 mL. The species mole fractions in

he core region, χ core , were corrected using the following equation

54] . 

core = 

χsampling 

1 − ξ
(4) 

here χ sampling is the species mole fraction in the sample tank de-

ermined using the GC measurement, and ξ is the dilution ratio,

hich was calculated using the following relation. 

= 

P chamber · V dead 

T dead 

T sampling 

P sampling · V sampling 

(5) 

In Eq. (5) , P chamber is the average combustion chamber pres-

ure during the sampling time, T dead is the average temperature in

he dead volume, P sampling is the final pressure in the sample tank,

 sampling is the total volume of the sample tank, and T sampling is the

nal gas temperature in the sample tank, which was room temper-

ture in the current study. The gas temperature in the dead volume

 T dead ) was not directly measured and was the major source of the

ncertainty in determining the dilution ratio. The lower and up-

er limits of T dead were the initial gas temperature ( ∼25 °C) and

he core gas temperature in the combustion chamber during sam-

ling. Based on the experimental conditions of the sampling ex-

eriments, the dilution ratio was 0.8–3.15%. Another source of un-

ertainty was from the GC calibration, which was estimated as 4%

f the species concentration. All sampling experiments were re-

eated at least three times. The total measurement uncertainty in

he current study was calculated by assuming independent con-

ributions from the GC calibration uncertainty, the “dead volume”

ncertainty, and the standard deviation of the experiments. 

.3. Test mixtures 

Test mixtures were prepared in a stainless steel mixing tank.

he mixture composition was determined using the partial pres-

ures of the mixture components, which were measured using a

ressure transducer (Omega DPG40 0 0-15C-DC). Ultra-high purity

rade argon ( > 99.999%), oxygen ( > 99.995%), methane ( > 99.999%),

ydrogen ( > 99.999%), carbon dioxide ( > 99.999%) and carbon

onoxide ( > 99.999%) were used. In this study, argon was used

s dilution gas to achieve the desired EOC temperatures. Carbon

ioxide was used as a constituent of the simulated d -EGR gases.

ydrogen, methane and carbon monoxide were used as the simu-

ated D-EGR fuels for the study. 

All experiments were conducted using either stoichiometric

quivalence ratios ( φ = 1.0) or fuel rich conditions ( φ > 1.0). As

oted earlier, the EOC pressure was kept constant at about 20 atm,

hich was controlled by adjusting the initial pressure of the test

as mixture. A range of effective temperatures was tested by

hanging the test section length. 

.4. Computational methods 

Computational simulations were conducted using the CHEMKIN

uite of software (CHEMKIN-PRO x32) [55] and assuming a closed

-D homogenous batch reactor. The ARAMCOMECH 2.0 [42] reac-

ion mechanism was used with the CHEMKIN simulations. For the
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Fig. 5. Comparison of the effects of H 2 and CO addition on measured and predicted 

CH 4 ignition delay times. Gray symbols are CH 4 ignition delay data from previous 

studies, which have been normalized to P = 20 atm. The conditions of the sim- 

ulation were P eff = 20 atm, 100% CH 4 and 80% CH 4 and 20% H 2 (CO) and φ = 1. 

The error bars are the uncertainties in the experimental measurements which are 

primarily due to the pressure and temperature measurements [52,54] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Comparison of the effects of fuel-to-air equivalence ratio on measured and 

predicted CH 4 ignition delay times for P = 20 atm. Gray symbols are CH 4 ignition 

delay data ( φ> 1.0) from previous studies. 
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ignition delay time simulations, a variable volume model was used

which included the compression and heat loss processes. The vol-

ume time history is provided in the Supplementary material and

was obtained in the same manner as described in [56] . Sensitivity

analysis at two temperatures (880 K and 1080 K) was performed to

identify and compare the most important reactions to autoignition

delay time between pure methane and methane/hydrogen blends. 

The program BOOST (AVL) was used to simulate and calculate

the concentrations of hydrogen and carbon monoxide in the intake

manifold while running an engine model using a D-EGR mode of

operation. The simulation model, which consisted of a series of el-

ements that represented engine components, and the engine spec-

ifications used in the BOOST simulation are provided in the Sup-

plementary Material. Each element of the model used basic equa-

tions to calculate values of various thermodynamic variables. Gas

properties in the elements were calculated at each time step with

instantaneous composition using solutions of gas dynamic equa-

tions [57] . For the BOOST simulations, the equivalence ratio in the

D-cylinder was changed from 1.0 to 1.5 in increments of 0.1, while

the equivalence ratios in the stoichiometric cylinders were kept at

a constant value of φ = 1.0. The intake composition data of the sto-

ichiometric cylinders and the D-cylinder were recorded for each

condition in the D-cylinder. Based on the results of the BOOST sim-

ulations, further RCM experiments were conducted to investigate

the stoichiometric and D-cylinder combustion in the D-EGR mode. 

3. Results and discussion 

3.1. Ignition delay times 

Ignition delay times of stoichiometric CH 4 /air, CH 4 /H 2 /air, and

CH 4 /CO/air mixtures were measured to investigate the effects of

H 2 and CO addition on CH 4 ignition. A table of the results is

provided in the Supplementary Material. Figure 5 compares the

experimental data with predictions using the ARAMCOMECH 2.0

[42] reaction mechanism. The experimental results show carbon

monoxide (when included at 20% mole fraction of fuel) did not
ignificantly affect the methane ignition delay time at any of the

emperatures studied. At low temperatures ( T < 950 K), hydro-

en (when included at 20% mole fraction of fuel) did not signifi-

antly affect the methane ignition delay time either. However, hy-

rogen significantly promoted ignition at temperatures higher than

50 K, and the enhancement was more pronounced as tempera-

ure increased. The ARAMCOMECH 2.0 mechanism showed excep-

ional performance at reproducing the ignition delay time at all

onditions and for all mixtures. The results of the current work are

lso compared with previous studies of CH 4 /air ignition in Fig. 5 .

he data from the previous studies included in Fig. 5 were all ob-

ained at stoichiometric conditions (without H 2 addition), and the

nert:O 2 level was the same as the current experiments, specifi-

ally a molar ratio of 3.76:1. Since the previous studies span a

ange of pressures (15–40 atm), the data were normalized to the

onditions of the current work ( P = 20 atm) using the ARAMCO

echanism predictions for pressure dependence. Specifically, the

RAMCO mechanism predicts ignition delay time should scale as

∝ P −1.36 . The results of the current work are in excellent agree-

ent with the previous experimental ignition studies. 

Figure 6 compares the measured and predicted ignition delay

imes at different equivalence ratios ( φ = 1.0 and φ = 1.5). No sig-

ificant difference in ignition delay was observed in the experi-

ental data between stoichiometric and fuel rich mixtures. The

RAMCO mechanism, however, predicted slightly faster (by ∼20%)

gnition delay times at fuel rich conditions, which is likely within

he uncertainty of the model predictions. The experimental results

f the current work are also compared with the results of the ig-

ition study by Burke et al. [34] were scaled to the conditions

f P = 20 atm and φ = 1.5 using the ARAMCO mechanism predic-

ions for dependence on pressure and equivalence ratio, where τ ∝
 

−1.36 φ−0.25 . The results of the current work are in excellent agree-

ent with the previous experimental studies. 

.2. Fast sampling results 

Gas chromatography was used to quantify the combustion

roducts for the fuel rich ignition experiments as a function of

quivalence ratio. Samples of the gases in the test section were

cquired by opening a fast-acting solenoid valve between the test
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Fig. 7. Test section pressure and sampling pressure during the sampling process 

of a typical fuel rich ignition experiment. The conditions of the experiment were 

T eff = 950 K, P eff = 20 atm, CH 4 = 100%, and φ = 1.3. 

Fig. 8. Experimental results of the measurements of H 2 and CO in the combustion 

products of the fuel rich CH 4 ignition experiments. 
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Table 1 

Mixture compositions before combustion for different D-EGR equivalence ratios. 

D-EGR 

cylinder φ

Mole fraction % 

CH 4 H 2 CO O 2 CO 2 N 2 

1.0 6.74 0 0 13.5 8.1 71.6 

Stoichiometric 

cylinders 

1.1 6.55 0.28 0.32 13.33 8.11 71.4 

1.2 6.05 0.63 0.69 13.21 8.09 71.3 

1.3 5.81 1.08 1.09 13.08 7.94 71.0 

1.4 5.73 1.56 1.41 13.17 7.3 70.6 

1.5 5.65 2.14 1.78 13.18 7.04 70.2 

1.0 6.74 0 0 13.5 8.1 71.6 

D-EGR 

cylinder 

1.1 7.30 0.31 0.38 13.19 8.06 70.8 

1.2 7.66 0.69 0.77 13.0 7.91 70.0 

1.3 8.12 1.17 1.20 12.77 7.61 69.1 

1.4 9.09 1.72 1.56 12.71 7.0 67.9 

1.5 9.66 2.33 2.10 12.52 6.64 66.9 

Table 2 

RCM experimental conditions. 

Parameter Value 

Effective com pression ratio 10.6 

Equivalence ratio 1.0–1.5 

EOC temperature ∼690 K 

EOC pressure ∼20 atm 

Diameter of optical window 50.8 mm 

Spark plug location Center of the test section 
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ection and an evacuated sampling chamber. In this study, a small

mount (about 0.003%, volume basis) of the test gas mixture was

ithdrawn from the center of the test section after ignition, and

he samples were used to determine the mole fractions of hydro-

en and carbon monoxide in the combustion product of the exper-

ments with φ = 1.1 to φ = 1.5. 

Typical pressure time histories from the test section and the

ampling chamber are shown in Fig. 7 . After combustion, the high

ressure in the test section pushed the piston away from the end
Fig. 9. Comparison of H 2 and CO measurements and calculations in 
all, which caused a rapid decrease in pressure in the test sec-

ion. (Note the piston movement after ignition had no effect on the

easurement of the ignition delay time and combustion products

ecause combustion completed before the piston movement.) The

uration of the opening of the fast sampling valve, indicated by the

ed line in Fig. 7 , was about 20 ms after ignition, to allow an ad-

quate amount of the gas sample to be acquired. The pressure in

he sampling chamber increased linearly during the sampling pro-

ess and decreased slightly after valve closing due to cooling of the

ample gas in the sampling chamber. 

The results of the GC measurements are presented in Fig. 8 . H 2 

nd CO increased with increasing equivalence ratio, and the molar

atio of H 2 to CO was close to 1.0 throughout the range of condi-

ions studied. Approximately 8% mole fraction of H 2 was produced

or φ = 1.4, which translated to approximately 2% mole fraction of

 2 in the intake manifold for a four cylinder D-EGR engine, assum-

ng the exhaust gases were well mixed with fresh air. The error

ars are the experimental uncertainties described in Section 2.2 . 

The RCM results were compared with predictions for the prod-

ct gas composition using AVL BOOST simulations, in order to ver-

fy the accuracy of the AVL BOOST model at predicting the com-

ustion products. The experimental results were also compared

ith chemical equilibrium calculations assuming major products of
the combustion products as a function of fuel rich conditions. 
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Fig. 10. Spark ignition results for test-section pressure (left panel) for the different D-EGR cylinder mixtures listed in Table 1 . The right panel is the combustion duration 

corresponding to the pressure data. 

Fig. 11. Spark ignition results for the test section pressure (left panel) for the different stoichiometric cylinder mixtures listed in Table 1 , where φ is the equivalence ratio in 

the D-EGR cylinder. The right panel is the combustion duration corresponding to the pressure data. 
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complete combustion. The global reaction for fuel rich combustion

of methane can be written per mole of O 2 as [58] : 

εφC + 2(1 − ε) φH 2 + O 2 + δN 2 = n C O 2 C O 2 + n H 2 O H 2 O + n CO CO 

+ n H 2 H 2 + n O 2 O 2 + n N 2 N 2 

where δ is the molar N 2 /O 2 ratio (3.773 for air), ε = 4 / ( 4 + y ) , y

is the molar H/C ratio of the fuel, φ is fuel/air equivalence ratio,

and n i is number of moles of species i (where i = CO 2 , H 2 O, CO,

H 2 , O 2 or N 2 ) per mole of O 2 reactant. Because the focus was on

fuel rich combustion, O 2 was neglected as a product of combus-

tion. In addition to the element balance equations, the water–gas

shift reaction CO 2 + H 2 = CO + H 2 O was used to provide closure for

the equilibrium calculations, with the equilibrium constant K ( T ):

K ( T ) = 

n H 2 O n CO 

n C O 2 n H 2 

(7)

K ( T ) can be assumed constant over the normal engine operat-

ing range. 

Figure 9 compares the H 2 and CO mole fractions measured in

the fuel rich experiments with the results of the AVL BOOST sim-

ulations and the equilibrium calculations. The AVL BOOST results

agreed well with the experimental data and the equilibrium cal-

culations, where the modeling results for H 2 were within 8.0% of

the experimental data, and the CO modeling results were within

13% of the experimental data. For the CO, the experimental data

were systematically higher than the model predictions with higher

differences at higher equivalence ratio. The comparison built
onfidence for using the AVL BOOST simulations to accurately pre-

ict the product compositions of natural gas D-EGR engines. 

.3. Dedicated EGR combustion 

In the D-EGR mode, one cylinder operates at fuel rich condi-

ions, and the other cylinders operate at stoichiometric or fuel lean

onditions. Since the D-EGR cylinder can operate using a range

f equivalence ratios with φ > 1.0, it is important to understand

hat the effects are of the range of product gas compositions on

he rest of the cylinders. In this part of the study, the AVL BOOST

odel (shown in the Supplementary Material) was used to calcu-

ate the in-cylinder mixture compositions, before combustion, of

n I-4 methane-fueled D-EGR engine. The cylinder 4 is the D-EGR

ylinder, operating at φ > 1.0, and the other three cylinders op-

rate at stoichiometric conditions. The concentrations of CH 4 , H 2 ,

O, CO 2 , O 2 , N 2 and H 2 O reported here were determined after the

imulations had reached steady state conditions (after more than

00 simulation cycles). 

Table 1 shows the predicted concentrations of the species CH 4 ,

 2 , CO, CO 2 , O 2 , N 2 and H 2 O, for the two categories of cylinders,

.e. the cylinders operated at φ = 1.0 and the D-EGR cylinder oper-

ted at φ ≥ 1.0. 

Based on the results, mixtures of CH 4 /H 2 /CO/O 2 /CO 2 /N 2 were

repared for further RCM experiments to understand the impact

f the D-EGR equivalence ratio on the combustion processes in

oth D-EGR and stoichiometric cylinders. In the experiments, H 2 O

as replaced by CO to eliminate potential condensation. At the
2 



C. Liu et al. / Combustion and Flame 188 (2018) 150–161 157 

Fig. 12. Images from the digital video recordings of spark ignition experiments of CH 4 (top panels) and CH 4 /H 2 /CO (bottom panels), both without EGR at φ = 1.0, 

P eff = 20 atm and T EOC = 690 K. 

Fig. 13. Equivalent radius of flame front in directions unaffected by the spark elec- 

trodes. 
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emperature, pressure and mixtures studied, H 2 O was not expected

o have a significant chemical effect on the ignition process as

as observed in the study by Donohoe et al . [30] on the effects

f water addition to syngas and natural gas ignition delay times.

able 2 shows the experimental conditions of these spark ignited

ixtures. All experiments were conducted using the same effec-

ive compression ratio of approximately 10.6 (similar to real spark

gnition engines). A custom spark plug with electrodes located in

he center of the test section was used to initiate combustion. The

park timing was controlled to 0.2 ms ± 0.05 ms after compres-

ion. All experiments targeted the same P eff and EOC temperature,

ith small variations in state conditions based on the different

eat capacities of the different test gas mixtures. 
Figure 10 shows the results for the pressure time histories and

he corresponding combustion durations at different equivalence

atios for the mixtures associated with the D-EGR cylinder. Time

 = 0 ms represents the start of spark firing. The heat release rate,
dQ 
dt 

, for each experiment was calculated based on the pressure data

nd then used to quantify combustion duration: 

dQ 

dt 
= 

(
1 

γ − 1 

∗ V ∗ dP 

dt 

)
(8) 

here V is the volume of test section and γ is the isentropic ex-

onent and γ = 1.35. D05, D50, and D95 are the time intervals be-

ween the start of spark firing and 5%, 50%, and 95% of total heat

elease, respectively. 

As seen in Fig. 10 , the peak combustion pressure decreased and

he combustion duration increased with increasing equivalence ra-

io. The results indicate the combustion process deteriorated as φ
ncreased even with H 2 in the fuel/air mixture. D05, a key param-

ter representing the resistance to ignition of the mixture, also in-

reased with increasing equivalence ratio. The results indicate H 2 

ddition in the D-EGR cylinder did not offset the negative impact

f CH 4 enrichment. 

Figure 11 shows the results for the pressure time histories

nd the corresponding combustion durations at different equiva-

ence ratios for the mixtures associated with the stoichiometric

ylinders (see Table 1 for the mixture compositions). With higher

quivalence ratio in the D-EGR cylinder, more H 2 was produced,

hich promoted combustion in the stoichiometric cylinder mix-

ures. Compared with φ = 1.0, the combustion duration decreased

y about 35% when the equivalence ratio in the D-EGR cylinder

as φ = 1.4. The combined results of Figs. 10 and 11 demonstrate

he challenge of optimizing the equivalence ratio in the D-EGR

ylinder to maintain robust combustion while still enhancing com-

ustion in the stoichiometric cylinder. 

.4. Flame speed 

By replacing the end wall with a quartz optical window, the

gnition and combustion processes were visualized in the axial di-

ection using a high-speed camera. Based on the images, an effec-

ive flame speed was quantified. Figure 12 presents images from
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Fig. 14. Equivalent flame radius determined from the high speed imaging and corresponding flame speed of CH 4 and CH 4 /H 2 /CO (2% H 2 /CO) at φ = 1.0. 

Fig. 15. Experimental results for the apparent flame speed as a function of flame radius and D-EGR equivalence ratio for (a) stoichiometric cylinder mixtures and (b) D-EGR 

cylinder mixtures. All experiments were conducted at P eff = 20 atm and T EOC 
∼= 

690 K. 
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RCM experiments of CH 4 and a CH 4 /H 2 /CO mixture (2% H 2 /CO,

H 2 /CH 4 = 1/4) at φ = 1.0. 

The images in Fig. 12 show the spark electrodes had apparent

impact on the flame propagation, as the flame appeared to propa-

gate faster along the electrodes. In this study, the apparent flame

speed was calculated using 

V = 

R t+1 − R t 


t 
(9)

where 
t is the time interval between two images, R is the equiv-

alent radius of the flame in the direction apparently unaffected by

the spark electrodes, as shown in Fig. 13 . The apparent flame speed

data were not corrected for stretch, density changes, or the effects

of the proximity of ignition energy of the spark charge. The propa-

gation rate data describe the apparent or observed expansion rate

of the flame surface. At the beginning of the flame propagation,

the flame speed was significantly influenced by the spark elec-

trodes and thus only images with flame radius larger than 4 mm

were analyzed. Note, although the RCM was designed to minimize

gas motion after compression, the flames were affected by chang-

ing density and heat losses. Thus, the flame speeds presented in

this study are not fundamental laminar flame speeds. As with the

D-EGR combustion duration experiments, the imaging experiments

were all conducted with the same RCM configuration and operat-

ing conditions; the only difference between experiments was the

mixture composition. Thus, the results approximately isolated the

effects of mixture composition on flame propagation. 

Figure 14 shows the evolution of the equivalent radius and ap-

parent flame speed for a CH 4 and a CH 4 /H 2 /CO mixture. The ap-

parent flame speed decreased as the radius increased for both fuel
ompositions. This was attributed to the increasing pressure of the

nburned mixture and heat losses as the flame approached the

old cylinder walls. Since the radius of the combustion chamber

as 25.4 mm, the analysis focused on flame speeds derived when

he flame radius was between 4 and 12.5 mm. When the flame

adius reached 12.5 mm, the total pressure had increased by less

han 2.0%. The mean flame propagation speeds of the two cases

ere 2.7 m/s for CH 4 and 3.3 m/s for CH 4 /H 2 /CO. 

Figure 15 presents the effects of the D-EGR equivalence ratio on

he apparent flame speed of the mixtures representative of the sto-

chiometric cylinder in the left panel and of the D-EGR cylinder in

he right panel. The error bars are the experimental uncertainties.

wo measurement uncertainties were considered: the uncertainty

n processing the images (capturing the flame front positions) and

he standard deviation of repeated experiments. The uncertainty in

easuring the flame radius was the distance represented by one

ixel, which was 0.12 mm. This translated to ± 0.12 m/s in appar-

nt flame speed. The maximum standard deviation of repeated ex-

eriments was 0.08 m/s. Treating these as independent sources of

rror (i.e., taking the square root of the sum of the squares of the

wo uncertainties), the maximum measurement uncertainty was

0.14 m/s. The mixture compositions and experimental condi-

ions were the same as presented in Tables 1 and 2 . Increasing the

-EGR equivalence ratio promoted the combustion process in the

toichiometric cylinder mixtures, which was consistent with the

bservations based on the combustion duration calculated from

he pressure data. The apparent flame speed was over a factor of

wo higher for the φ = 1.4 and 1.5 cases compared with the φ = 1.0

ase case for the stoichiometric cylinder mixtures. As φ increased

n the EGR mixture, the higher levels of hydrogen increased the
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Fig. 16. Comparison of experimentally determined apparent flame speeds with simulation results for one-dimensional laminar flame speeds as a function of D-EGR equiva- 

lence ratio for (a) stoichiometric cylinder mixtures and (b) D-EGR cylinder mixtures. Experimental data were collected at R = 8.0 mm. 
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ame speeds for all the stoichiometric cylinder mixtures. The con-

erse was true of the flames speeds observed in the D-EGR mix-

ures. As seen in Fig. 15 , the richer mixtures exhibited slower flame

peeds, decreased by about 20% when the equivalence ratio in-

reased from 1.0 to 1.3. Although higher equivalence ratios gen-

rated more hydrogen, the results indicated the combustion pro-

ess was predominately influenced by the equivalence ratio. Ex-

ess CH 4 suppressed flame propagation, resulting in lower flame

peeds. Note for experiments with φ > 1.4, the chemiluminescence

ntensities were too weak to clearly identify the flame front posi-

ion and thus flame speed data could not be determined. 

Figure 16 shows the chemical kinetic influence of D-EGR on CH 4 

aminar flame speed, in comparison with the experimental results.

he laminar flame speed was calculated using the CHEMKIN pre-

ixed laminar flame speed model. The simulation results for lam-

nar flame speed exhibited the same trend as the measured appar-

nt flame speeds. As the equivalence ratio in the D-EGR cylinder

ncreased, more hydrogen in the mixture accelerated the laminar

ame speed. For the D-EGR cylinder mixtures, the opposite behav-

or was observed due to the suppression of the flame speed due

o the excess CH 4 . The apparent flame speeds measured using the

CM were about 6–8 times faster than the simulation results for

aminar flame speed, which is not surprising due to the differences

etween the RCM experiments and the simplified one-dimensional

ame model, including turbulence, heat losses, and wall quenching

ffects. 

. Conclusions 

The results of this study are the first combustion kinetic experi-

ents to focus on conditions and mixtures important to the appli-

ation of EGR to natural-gas fueled reciprocating engines. Although

ethane was used as a simple surrogate for natural gas and hydro-

en and carbon monoxide mixtures were used as simple surrogates

or EGR, the results provide insight into the benefits and challenges

f using a cylinder for dedicated EGR while fueling the remaining

ylinders at stoichiometric conditions. The major conclusions of the

tudy are: 

1. Ignition delay times of stoichiometric mixtures of CH 4 , CH 4 

and H 2 , and CH 4 and CO were measured at temperatures

ranging from 860 to 1080 K and a pressure at 20 atm. Hy-

drogen promoted CH 4 ignition at temperatures higher than

950 K, and the effects were more pronounced as tempera-

ture increased. Hydrogen addition had little effect on CH 4 

ignition at lower temperatures ( T < 950 K). Carbon monox-

ide had little impact on methane ignition delay at any of the

conditions studied. 
2. A fast sampling system and GC analysis were used to quan-

tify the products of CH4 rich combustion. The results in-

dicated a molar ratio of hydrogen to carbon monoxide of

∼1.0, was produced which agreed well with predictions us-

ing AVL-Boost and equilibrium calculations. The yields of H 2 

and CO mole fractions were approximately linear with in-

creasing equivalence ratio, ranging from ∼2% at φ = 1.1 to

∼10% at φ = 1.5. 

3. A D-EGR engine model was developed using

AVL_BOOST software. Based on the simulation results,

CH 4 /H 2 /CO/CO 2 /N 2 mixtures were identified to represent

the compositions of the stoichiometric and D-EGR cylinders.

For the stoichiometric cylinder mixtures, the combustion

duration decreased as equivalence ratio increased compared

with φ= 1.0 mixtures. For φ = 1.4, the combustion duration

decreased by about 25%. Conversely, combustion duration in

the D-EGR cylinder increased with increasing equivalence

ratio. 

4. Apparent flame speeds were measured based on the com-

bustion images acquired using high-speed imaging. Faster

flame speeds were consistently observed for the stoichio-

metric cylinder mixtures as the equivalence ratio of the D-

EGR cylinder increased, indicating H2 generated in the D-

EGR enhanced combustion. However, although higher equiv-

alence ratios in the D-EGR cylinder generated more H2, the

flame speed in the D-EGR cylinder decreased with increasing

equivalence ratio. 

The results of the study show the trade-off between enhancing

he combustion in the stoichiometric cylinders via the products of

he D-EGR cylinder, with weaker combustion as the equivalence ra-

io is increased in the D-EGR cylinder. Since the RCM is designed

o suppress mixing and turbulence, the results do not include the

ffects of the high turbulence intensities found in engines. Higher

urbulence intensity can enhance flame propagation in the D-EGR

ylinder, and can be a mechanism to improve combustion perfor-

ance at fuel rich conditions. The results of the current study pro-

ide a quantitative basis for designing initial D-EGR fueling strate-

ies for natural gas. The experimental data also provide expecta-

ion of the sensitivity of system response to a range of mixture

ompositions at well-defined state conditions. 
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