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ABSTRACT

Engines have been a crucial element in powering our
world since their invention. New decarbonization technologies
are needed and hydrogen fuel, often referred to as the fuel of
the future, has gained significant interest in this regard. The
relatively high flame temperature of hydrogen fuel is associated
with higher NOx emissions, and exhaust gas recirculation
(EGR) can be used to address this. However, exhaust gas
recirculation changes the reactivity and the laminar burning
velocity of the mixture, which plays a significant role in flame
stability and fuel burning rates. Hence, investigating the effect
of EGR on laminar burning velocity is crucial for efficient
hydrogen engines. Laminar burning velocity measurements
were performed by observing the outwardly propagating flames
in a constant volume combustion vessel. Measurements were
taken at 2 bar, 373 K, equivalence ratios of 0.7 and 1.0 and
dilution ratios of 0% to 50%. Chemical kinetic simulations were
combined with the experimental measurements to quantify the
effects of EGR (35% H»0+65%N>) on the laminar burning
velocity and Markstein length. Results regarding Lewis
number, flame thickness, and expansion ratio across the flame
showed that adding higher EGR dilution can change flame
stability and reduce cellularity of the hydrogen flames.

Keywords: hydrogen fuel, laminar burning velocity, EGR,
flame instability, Markstein length.

NOMENCLATURE
a thermal diffusivity
B number of H,O moles in the reactants
Y specific heat ratio
é flame thickness
g mixture strength
K stretch rate
Pu unburned gas density
Pb burned gas density
o density ratio through the flame surface
¢ equivalence ratio

A flame surface area

Cp specific heat at constant pressure
CPM constant pressure method

CVvM constant volume method

E activation energy

K thermal conductivity

Ly Markstein length

Leg excess-reactant Lewis number

Lep deficient-reactant Lewis number
Leegs effective Lewis number

Le* critical Lewis number

p pressure

R¢ flame radius

Ry universal gas constant

Sp burned gas flame speed

T, inner layer temperature

S, unstretched burned gas flame speed
t time

S, laminar burning velocity

Stoic stoichiometric mixture condition
Xdilution dilution ratio, by volume

Ze Zeldovish number

Z number of N> moles in the reactants
(A/ F)stoic stoichiometric air to fuel ratio

EGR exhaust gas recirculation

H2-ICE hydrogen internal combustion engine
ICE internal combustion engine

LC linear stretch model based on curvature
MW molecular weight

NOx nitrogen oxides

Ppmvd parts per million per volume dry

1. INTRODUCTION

For decades, the internal combustion engine (ICE) has
been a reliable source of power for the world. Its compactness
and flexibility have significantly increased its versatility across
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applications that include transportation, aviation, and power
generation. The growing reliance on internal combustion
engines has led to increased energy demand, resulting in a
dramatic rise in fossil fuel consumption and emissions in recent
years. For example, in 2022, the transportation sector was
responsible for 67% of the total petroleum consumption in the
United States and gasoline accounts for the largest share, with
approximately 369 million gallons of motor gasoline consumed
per day [1]. Emissions from this petroleum fuel usage continue
to serve as strong motivations for the development of cleaner
and more efficient combustion systems. Therefore, carbon-
natural fuels are desirable to mitigate the carbon footprint and
emissions of ICEs.

In addition to its carbon-free combustion emissions,
hydrogen also has the potential to be generated through
electrolysis, powered by renewable wind/solar systems, and
then be stored to serve as a backup system to solve the system
intermittency issues [2]. Thermal efficiency of the H2-ICE is
usually higher than their fossil-fueled counterparts due to the
higher flame speeds and the more concentrated heat release near
top dead center [3]. Since hydrogen has an extended
flammability limit and low ignition energy, it is well suited for
internal combustion engine applications, especially with the
currently-sought ultra-lean burn techniques.

Other applications of hydrogen include mixing it with other
renewable fuels, like ammonia [4]. Ammonia has a very high
ignition energy [5,6] and is hindered by its slow flame speed,
which can be addressed by mixing it with hydrogen to maintain
carbon-free operation while achieving engine-required
combustion characteristics. Several studies were conducted to
investigate the performance of hydrogen fuel blends internal
combustion engines [4,7-10] Although hydrogen addition
improved the combustion process, mixing and storage of
multiple fuels increased the system complexity [11].

H2-ICEs are associated with higher NOx emissions due to
the elevated combustion temperatures [12]. Exhaust Gas
Recirculation (EGR) has proven a reliable technique to reduce
NOx emissions by lowering the combustion temperature [12—
14]. However, the presence of EGR changes the
thermodiffusive properties, the kinetics and the reactivity of the
mixture and these effects can be investigated by measuring the
laminar burning velocity (S,") of the diluted mixtures. Laminar
burning velocity is a fundamental parameter in premixed
combustion and a characteristic of the fuel performance. The
laminar burning velocity affects ICEs emissions, burning rates,
flame stability, misfire, knock, and engine performance. Suodata
can also be used in the development of safety standards for
production, transportation, and storage of hydrogen. Turbulent
combustion simulations and the development and validation of
chemical kinetics models also rely on the measured S, data.

Rrustemi et al. [15] used one dimensional (1-D) Chemical
kinetics to derive correlations of laminar burning velocity of
hydrogen flames diluted with water at 10 to 70 bar, 400 to 800
K and equivalence ratios of 0.3 to 1.0. Their correlations were
derived for water dilution ratios up to 20% and they captured

the temperature and pressure dependence in their correlations at
engine conditions, while the 1-D simulation did not account for
the flame cellularity associated with these conditions. Verhelst
et al. [16] studied the effect of EGR on the laminar burning
velocity of hydrogen fuel at pressures up to 10 bar and
equivalence ratios of 0.3 to 1.0. Laminar burning velocity was
extracted only during smooth flame propagation at 1 bar and an
unstable flame speed was calculated at a fixed flame radius of
10 mm, which was used as an indication of the burning rate at
higher pressures and leaner mixtures. Kwon and Faeth [17]
measured the laminar burning velocity and Markstein length of
diluted hydrogen/oxygen mixtures at pressures of 0.3 to 3.0 bar
and equivalence ratios up to 4.5 at normal temperature. Helium,
argon, and nitrogen were used to change the reactant thermo-
diffusive properties and combustion temperature to study the of
positive stretch effect, due to flame curvature and flow strain,
on the flame speed. In addition, chemical kinetic modeling was
performed and flame instabilities were investigated.

Duva and Toulson [14] investigated the dilution effect of
actual EGR on the flame speed of hydrogen/air mixtures at 1
bar for temperatures of 373 K to 473 K, and at 2 bar at 473 K at
an equivalence ratio of 0.7. A reduction of flame speed and
Markstein length was observed with increasing dilution ratios.
Furthermore, correlations of flame speed and Markstein length
were derived for the measured pressure and temperature ranges.
Similar results were obtained by Barain and Toulson [18] for
stoichiometric hydrogen-air mixtures at 1 bar and EGR ratios
up to 50 %. Lamoureux et al. [19] also measured the flame
speed of hydrogen-air mixture diluted with a mixture of (40%
helium+60 % carbon dioxide) at different dilution ratios.

In the majority of the previous studies, diluents other than
the actual exhaust products of hydrogen/air combustion were
used, so further studies of the effects of actual EGR on flame
stability are needed. Diluents like helium and argon are inert
and they do not reflect the real EGR properties and this will
change the thermal properties, particularly thermal conductivity
and specific heat of the mixture [20]. In addition, inert gases
have different molar mass than actual EGR and this affects the
flame propagation [21]. Components of EGR can participate
and interact in combustion pathways and this will affect the
flame reactivity and kinetics [14,18]. Hence, diluting the
mixture with EGR that is composed of gases that exist in the
exhaust of the H2-ICE is more applicable for practical engine
operation.

The focus of the current study is the effect of dilution on
hydrogen-air flames using EGR with a composition similar to
the actual composition of the exhaust gas of stoichiometric
hydrogen combustion, 35% H,O + 65% N, by volume. This
paper presents the experimental and simulation results of the
effect of EGR dilution on hydrogen/air laminar burning
velocity. The measurements were conducted using a cylindrical
constant volume vessel at an initial pressure of 2 bar, initial
temperature of 373 K, equivalence ratios (¢p) of 0.7 and 1.0, and
up to 50%, by volume, EGR. The changes in the laminar
burning velocity and the flame response to stretch with dilution
were investigated and the Markstein length was calculated for
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the tested mixtures, as a measure of the flame-stretch
interaction. The flame thickness, expansion ratio and effective
Lewis number were calculated at different dilution ratios to
further investigate the effect of EGR on flame instabilities.
Experimental measurements were compared against chemical
kinetic modeling results, and NOx formation was predicted
from the chemical kinetic mechanism [22].

2. MATERIALS AND METHODS

2.1 Experimental system

The high flammability limits of hydrogen fuel enable ultra-
lean premixed combustion for NOx control [7]. However, the
slower flame speeds of the diluted mixture can affect the engine
performance, in terms of combustion stability and emissions.
Hence, understanding the dilution effect on hydrogen flame
propagation speeds and flame stability is essential for the
development of efficient H2-ICE. A constant volume
combustion vessel has been shown to be a reliable technique for
measuring the laminar burning velocity [5,18,23,24]. Here, the
rate of propagation of spherically expanding premixed flames,
based on the direct detection of the flame edge by high- speed
imaging, is used to derive the laminar burning velocity, S,, . The
ability to control initial pressure, initial temperature as well as
the well-defined and uniform flame stretch have favored the
constant volume combustion chamber over other measurement
techniques [25]. Moreover, the flame propagation inside the
constant volume chamber, where the premixed mixture is
ignited by two electrodes, is similar to real-engine
homogeneous mixture ignition. Laminar burning velocity data
can be extracted either during the early flame propagation,
when the flame propagation is nearly isobaric, the constant
pressure method (CPM) [5,6,18,25], or during increasing vessel
pressure, the constant volume method (CVM) [26,27]. The
CPM has the advantage of detecting flame instabilities, rather
than solely depending on the pressure measurement as in the
case of the CVM. Hence, the CPM was adopted in the current
study, due to the propensity of hydrogen flames towards
instabilities.

Two tungsten electrodes were used to ignite the premixed
hydrogen/air/EGR mixtures and three ignition energies were
applied at the same test condition to determine the minimum
spark energy requirement. A Photron-SAS camera was used to
record the flame through two 6 in. quartz windows. A 150 W
halogen light source, provided the light for the Z-Schlieren set
up equipped with two parabolic mirrors. The frame rate of the
camera was adjusted based on the expected flame speed,
between 20,000 fps and 75,000 fps with 0.273 mm/pixel
resolution. A Kistler 6125C pressure sensor recorded the
instantaneous pressure during flame propagation inside the 22.4
liters cylindrical combustion vessel (12 in. both diameter and
height). The heated vessel was vacuumed to a pressure less than
1.5 kPa before each test and then washed with dry air twice after
the test. The water portion of EGR was injected inside the vessel
directly using a high-pressure water injection system. Figure 1
shows a schematic of the current experimental system. More
details regarding the instrumentation utilized and the
corresponding uncertainty quantification can be found in

[14,18]. The correct mixture composition was achieved by
controlling the partial pressure of each of the reactants
individually, assuming ideal gas behavior. Based on the
stoichiometric global combustion, Equation 1, the partial
pressure of the fuel (Pr,e;) and air (P,;.) can be calculated based

on the air to fuel ratio (A/ P the initial pressure (Pipjtia) and the
dilution ratio (Xgiiution), Using Equations 2 and 3.

1 79
H2 +_ (OZ +_N2) + BH20+ ZNZ d
2 21
A+BHO0+(G+2+Z)N, (1)

Pinitial (1-Xdilution)
Prel = 1&l\t/\llal 2
1+ () 5 (Y e)seoe
MW,
Palr - pfuel ( fuel) (A/F)stoic (3)

The EGR was synthesized from a H,O and N, mixture to
simulate the engine combustion residuals. The partial pressure
Of the EGR (pEGR)’ EGR HZO (szo), and EGR N2 (PNZ) in the

mixture can be obtained by using Equations 4 to 6.

Pegr = Pinitial Xdilution “4)
B

PHZO = B+Z Pegr = 0.35 Pggr (%)

Py, = B+Z — Pggr = 0.65 Pggr (6)

The stoichiometric EGR composition was selected (65% N, +
35% H»0, by volume) and the dilution ratio, by volume, can be
determined using Equation 7.

(B+2)
Xadilution = EGR% = W% (7)
2.2 Laminar burning velocity calculation

An in-house imaging processing code was used to detect and
calculate the flame radius, R¢ (t), using the MATLAB canny
edge-detection technique. The flame’s edge displacement
speed, Sy, is then calculated based on the time derivative of the
radius, Equation 8, and it represents the burned gas flame speed.
The early flame propagation is affected by the spark energy and
the radius data in this region was not used to calculate Sy, so a
lower radius limit of 6-10 mm was used. The maximum radius
(Rmax) used to extract the burned gas flame speed, Sy, is
constrained by the radiation and conduction effects, with less
effect when the flame volume is less than 25 % of the vessel’s
volume [14]. Other limitations on R, include when the flame
begins to experience cellularity, or when buoyancy force affects
the flame or pressure builds inside the vessel (>5% Piyjtial)-
Figure 2 shows examples of hydrogen flames affected by
buoyancy and cellularity. The propagation speed of the flame
edge, calculated in Equation 8, is affected by flame surface
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FIGURE 1: A schematic of the experimental system [18].

deformation due to flame curvature and strain. Both effects are
embodied in the flame stretch (k) [28], which is defined for
spherical flames in Equation 9. The burned gas flame speed, Sy,
of the measured flames differs significantly from the laminar
burning velocity definition due to flame stretch. For expanding
spherical flames, the value of stretch is always positive and it
decreases with flame development as larger radii flames
experience lower stretch levels [28].

_ dRy

Sb =, ®
—1da_ 25
K_Adt_Rf ©)

The k — Sy, data can be fitted using different correlations and
then extrapolated to determine the stretch-free speed [29,30]
(Rf = o and k — 0) and the y-intercept of the fitted data curve
can be used to define the unstretched value of the burned gas
propagation speed, Sy, The curvature-based linear relationship
(LC), developed by Markstein [31], was adopted in the
S, calculations, Equation 10. The Markstein length (Ly)
includes the effect of curvature, later extended to stretch, on the
flame propagation speed.

o o2l
Sp =3Sp —Sp (R—fb

(10)

It has been reported that the LC method was more accurate for
highly stretched flames and mixtures with non-unity Lewis
numbers [32,33]. The laminar burning velocity, S, , can be
calculated after applying mass continuity through the
unstretched flame surface, Equation 11.

o

S, =5, &
Pu

(11)

Where, p is the density, and the unburned and burned gases are
distinguished by u and b throughout the article.

FIGURE 2: Hydrogen flame affected by; buoyancy force
(left) and hydrodynamic instability (right) at 373 K and 2 bar.

2.3 Flame Stability
Lean hydrogen flames tend to be cellular and unstable, during
propagation [34] and the severity of wrinkling on the flame
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surface is higher at elevated pressures, typical of engine
operating conditions [35]. Therefore, prediction of flame
cellularity is significant in H2-ICE applications, as the flame
can transit from smooth to cellular propagation that eventually
can lead to detonation inside the engine [34,36]. The existence
of cells on the flame’s surface allows for increased reaction
zones and this is reflected on the flame propagation speed. The
smooth flame propagation can be perturbed by
hydrodynamic/body forces and by the unbalanced heat and
mass diffusions through the flame’s surface. The high mass
diffusivity of hydrogen and the misalignment of the diffusive
and convective fluxes through the spherical flame surface
increase the likelihood of cellularity caused by transport
properties across the flame (usually called thermo-diffusive
instabilities). On the other hand, the thermal expansion, due to
the density jump across the flame, can perturb the surface
leading to hydrodynamic instabilities.

The change in the flame propagation speed caused by
stretch is affected by preferential diffusion, which changes with
fuel Lewis number. The balance between heat and mass
diffusion away from and into the flame determines the flame
response to perturbation and stability at early propagation
stages, hence affecting the mixture quenching and ignitability.
For flames with positive area deformation (positive stretch), the
flame speed will increase with more stretch for mixtures with
Le greater than a critical value (Le*) and vice versa for mixtures
with Le <Le*. Effective Lewis number, Le., is calculated
based on weighted-average fuel and oxidizer Lewis numbers
[37], Equation 12. Leg represents Lewis number of the excess
reactant, air for lean mixture, while Lep represents Lewis
number of the deficient reactant, fuel for lean mixtures,
respectively.

(Leg—1)+(Lep—1)¢
Leer =1+ % (12)

Where, § represents the mixture strength and is positive for rich
and lean mixtures (f =1+7Ze(p— 1)), and @ = i for lean

mixtures and ¢ = ¢ for rich mixtures. Ze is the Zeldovich
number and can be calculated using Equation 13 [37].

_ (Tad_Tu)
Ze = B (13)

Where E is the global activation energy, R, is the universal gas
constant, T, is the unburned gas temperature and T,q is the
adiabatic flame temperature, calculated from kinetic modelling.
On the other hand, the onset and the severity of hydrodynamic
instability are affected by the expansion of the burned gases
through the flame, which can be quantified by the density

jump/ratio across the surface, o = 2—“, and by the flame
b

thickness, 6. Thinner flames and flames with higher density
ratios are more vulnerable to perturbation, and intrinsic
hydrodynamic instabilities can be observed at relatively smaller
flame radii. Generally, the flame is always affected by

hydrodynamic instabilities, however, this effect is not
significant during early flame propagation due to the higher
stabilizing stretch effect. The decreasing diffusion transport and
stabilizing stretch during flame propagation enhances the
hydrodynamic instability and at a critical radius, the sudden
appearance of cells dominates the flame surface and a jump in
the flame speed is observed. The thermo-diffusive instability
for mixtures with Le <Le" cause large cracks to form on the
surface and this effect is mitigated at larger radii due to the
reduced diffusion transport effect.

Flame thickness can be calculated using several
expressions [38]. Xie et al. [39] compared three correlations to
calculate the flame thickness and recommended considering
both the hydrogen diffusion effect and the non-inert preheat
zone in the calculation of flame thickness. The modified flame
thickness can be calculated using Equation 14, and it was
observed that the flame thickness increased after considering
the H-atom diffusion into the preheat zone [39].

(c5)

— _PTo
B (Pu Suo) (14)
Where, the ratio of thermal conductivity (K) to specific heat
(Cp) was calculated at an inner-layer temperature derived
from [40] for hydrogen fuel.

2.4 Modeling Details
Kinetic modeling was used to further investigate the effect of
dilution on the laminar burning velocity. The XJTUNO-2021
mechanism [22], which was based on the mechanism developed
by [41] , was adopted. The mechanism contains 44 species and
266 elementary reactions with updated NOx chemistry.
Chemkin-Pro [42] 1-D simulations of the planar flame
propagation were performed and the results were validated with
the experimental data.
3 RESULTS AND DISCUSSIONS

3.1 Laminar burning velocity results
Mixtures of Hy/air were ignited at a pressure of 2 bar and
different EGR dilution ratios, up to 50% by volume. All the
tests were conducted at initial temperature of 373 K.
Furthermore, the equivalence ratio was changed from
stoichiometric (¢ = 1.0) to (¢ =0.7) to study mixture strength
effect. The properties of the tested mixtures were calculated
using Chemkin-Pro [42] and are listed in Table 1, where y, o
and o are the specific heat ratio, the density ratio and the
mixture thermal diffusivity, respectively. Figure 3 shows the
burned gas flame speed, S,, vs. flame radius for both
experimental and the LC model results at 2 bar, 373 K and 40
% EGR. The effect of the spark energy on the early flame
propagation can be observed at small flame radii. This spark-
affected data deviates from the stable flame propagation data
and therefore it was excluded from the data-fitting for better
estimation of S, . The experimental data also deviated from the
model at the onset of the flame instabilities when the flame
began to accelerate, indicated by a rise in Sy, due to the increase
of surface area. The graph highlights the significance of the
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selection of the stable-flame data for the Sy, — x fitting and the
calculation of S,’. Figure 4 shows the stretched burned gas
flame speeds of the hydrogen flames vs. the flame radius at
different dilution ratios at 2 bar, 373 K, and stoichiometric
conditions. Generally, a reduction in Sy, values with dilution can
be observed from the graph. For all dilution ratios, the flame
speed was affected by the ignition event at small radii. The
radius at which this effect is minimal was determined
independently for each test condition.

Table 1: Properties and test conditions of the experiments.

P T ¢ EGR vy c Ta @ Less
[bar] K [-] [%] [ [ ®  [10°m¥s] [
2 37307 0 1.3957 493 2074 2.968 0.56
10 1.3928 459 1908 2.821 0.54
20 1.3899 424 1738 2.677 0.51
30 1.3870 3.87 1569 2.536 0.49
40 1.3842 350 1400 2.396 0.45
2 373 1.0 0 13959 5.63 2441 3.386 1.10
10 1.3929 533 2280 3.192 1.06
20 1.3900 497 2098 3.002 1.01
30 1.3871 456 1897 2.816 0.97
40 1.3843  4.12 1687 2.633 0.92
50 1.3815 3.66 1474 2454 0.88

The flame propagated in a stable or smooth mode, bounded by
the ignition affected propagation and the cellularity onset point.
However, the stretch effect on the burned gas flame speeds of
those smooth flames varied with dilution. Positive slopes for the
Sp — R¢ curves were observed for dilution < 20%, indicating a
negative stretch-speed effect, as shown in Figure 5. On the other
hand, negative slopes of S, — R¢ curves, indicating positive
stretch-speed dependence, were observed at 30%, 40%, and
50% EGR. For all dilution ratios, the linear dependence of S}, —
Kk was not maintained when the cellularity began to disturb the
flame surface and that cellular modulation altered the S, — k
interaction.

Figure 6 illustrates the flame speed versus stretch for leaner
hydrogen/air mixtures at (¢ =0.7), 2 bar and 373 K. For all EGR
ratios, positive S, response to stretch was observed and the
flame speed decreased during the smooth non-cellular flame
propagation with increasing flame radius and decreasing
stretch. In all cases, increasing the dilution ratio increased the
slope of the Sy, — x curve and the effect of stretch on the flame
speed was increased. The laminar burning velocity, Suo, was
calculated using Equation 11 for all test conditions. Three tests
were repeated at each condition and the average Suo values were
calculated. A comparison of the laminar burning velocities of
hydrogen/air flames at different dilution ratios at ¢p= 1.0 and ¢
= 0.7 is shown in Figure 7. It can be seen in Figure 7 that the
laminar burning velocity decreases with increasing dilution. For
stoichiometric mixtures at 2 bar and 373 K, adding 10% EGR
to the mixture decreased Su° from to 309 cm/s to 238 cm/s, a

900

—LC

800 o Exp

Sb (cmis)

700

600

500

[ Ignition effect

400
Cellular flame

—_—
200

o

I

100 '
1

|

0 5 10 15 20 25 30

300

FIGURE 3: Comparison between the LC model and the
experimental data, showing ignition, smooth and unstable
regions at 373K, 2 bar, 40% EGR and stoichiometric Hy/air
mixture.
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FIGURE 4: Stretched flame speed versus flame radius at
different EGR ratios at 2 bar, 373K, and ¢ =1.0.

reduction of 23%. Further increasing the dilution from 10% to
20%, 30%, 40% and 50% changed Su° to 185 cm/s, 103 cm/s,
48 cm/s and 17 cm/s, respectively. The reduction percentages
of Suc with dilution, relative to the non-diluted value (Suoz 309
cm/s @ 0% EGR) are 45%, 67%, 85% and 94% at 20%, 30%,
40% and 50% EGR, respectively. Figure 7 also illustrates the
results for lean hydrogen/air mixtures at ¢ = 0.7. A similar trend
can be seen with EGR addition. Su° measured values at 0%,
10%, 20%, 30% and 40% EGR, were 173.1 cm/s, 121.7 cm/s,
77.3 cm/s, 42.1 cm/s and 16.1 cm/s, respectively at ¢ =0.7. The
percentage decreased of S, at each EGR ratio, relative to S,
at 0% EGR (173 cm/s) was 30%, 55%, 76% and 91% when the
EGR was increased by 10%, 20%, 30% and 40%, respectively.
Measurements of Suoat 50% EGR and ¢ = 0.7 were not possible
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due the buoyancy effect on the flame. The leaner mixtures
experienced lower flame burning velocities compared to the
stoichiometric mixtures. The percentage decrease in S, from ¢
=1to ¢ =0.7 was 44%, 48.9%, 56.3% and 58.9% at 10%, 20%,
30% and 40% EGR, respectively. Numerical results of Sy
calculated with Chemkin-Pro were compared with the
experimental results, refer to Figure 7. The mechanism agreed
well with the experimental results with a RMSE of 2.8 cm/s and
3.7 cm/s at ¢ = 0.7 and ¢ = 1.0, respectively. The decrease in
S, with additional EGR indicates a reduction in the mixture
reactivity and exothermicity, as the adiabatic flame temperature
decreased with EGR dilution, as listed in Table 1.

Z 2500
g —
=
= Cellularity onset
2000 - 1
1
¥
0% EGR
0000000 o d
1500 ,
S/
/ %
00000000 0 0 O
] i
1000 20 % ]
@O00000000 O !
[e] I
30% 00 !
500 L "
0% 002 Yo
[ o T~~~ Ignition effect
0 1000 2000 3000 4000 5000
Flame Stretch Rate (1/s)

FIGURE 5: Flame speed-stretch curves at 2 bar, 373 K and
$=1.0. and 0% to 50% dilution.
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FIGURE 6: Flame speed-stretch curves at 2 bar, 373 K,
$=0.7. and 0% to 50% dilution.

The reduction of the flame temperature suppressed the chain
branching reactions, temperature sensitive, and reduced the O,
H and OH pool [43]. The mixture reactivity can be correlated

with the hydroxyl (OH) radical pool in the reaction zone, as OH
participates in the chain branching reactions which accelerates
the flame. The OH radical also participates in the formation of
NOx and affects the flame structure. Figure 8 shows the peak
OH mole fraction for each of the diluted flames, calculated from
kinetic modeling of 1-D freely propagating flames at the
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FIGURE 7: Laminar burning velocity at different levels of
EGR dilution at 373 K and 2 bar.
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FIGURE 8: Peak OH mole fraction versus EGR at 2 bar.

corresponding conditions. The OH concentration decreased
dramatically with increasing EGR and decreasing equivalence
ratio, indicating lower reactivity. The trend of OH reduction,
shown in Figure 8, can be correlated to the reduction in
S, presented in Figure 7, similar observations were made by
[17,43,44]. Figure 9 shows the maximum parts per million per
volume dry (Ppmvd) of NOx versus dilution ratios at 2 bar, 373
K and ¢ = 1.0 and ¢ = 0.7, extracted from kinetic modelling.
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The suppression of thermal NOx formation by reducing the
combustion temperature is confirmed from the plot in Figure 9.
Diluting the stoichiometric mixture by 10 % EGR reduced NOx
max Ppmvd by 80% compared to its value at 0% EGR. A
reduction of 87%, 86%, 72%, 72 % was obtained at 20%, 30,
40% and 50% EGR, respectively. At ¢ =0.7, Max NOx Ppmvd
decreased by 89% by at 10% EGR compared to non-diluted
mixture max NOx. This reduction of max Ppmvd NOx can be
attributed to reduced OH mole fraction with dilution, Figure 8§,
and the lower adiabatic flame temperature of diluted mixtures
at higher EGR concentrations, Table 1.
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FIGURE 9: Maximum Ppmvd of NOx versus EGR
dilution at 2 bar and 373 K.

3.2 Flame Morphology and stability
Many modern premixed combustion systems rely on lean burn
and/or EGR dilution to improve the efficiency and meet NOx
standards [3]. The effect of the diluents on the flame stability
and morphology impacts combustion and, consequently, the
engine operating range. The experimental results indicate that
the early flame propagation was smooth, even for highly diluted
flames. From Figure 10, it can be seen that following the initial
smooth flame, large wrinkles begin to form until a point where
the entire flame surface becomes cellular and the surface can be
characterized by small cells and wrinkles. Flame destabilization
is increased by three mechanisms: thermo-diffusive,
hydrodynamic, and body forces. In this section, the flame
instabilities and surface morphology are investigated at
different EGR ratios. In Figure 10, Schlieren images of the
detected flames at different dilution ratios at 373 K and 2 bar
are shown at different times and radii. It was observed that the
curvature and stretch are a stabilizing mechanism of the
stretched flames and that this effect is significant at smaller
flame radii as curvature weakens with the increases in the flame
size. The thermo-diffusive instability is only significant for
mixtures of wunbalanced heat and mass diffusivities,
characterized by a Lewis number less than Le*, near unity.
Hydrodynamic instability is caused by thermal expansion

through the flame surface due to the transition from cold to hot
gases (sometimes called Darrius-Luanda (DL) instability). This
always affects the flame due to the intrinsic density-
discontinuity at the flame surface all the time. Lastly, the
buoyancy or body force is important for relatively slow flames.
The combined effect of  the aforementioned
stabilization/destabilization mechanisms determines the point
(critical radius) when the surface is fully wrinkled and a cellular
flame can be distinguished. To quantitively identify each
mechanism separately, the Lewis number, density ratio and
flame thickness were calculated using kinetic modeling. The
thermodiffusive instability can be predicted by calculating the
Lewis number for each diluted mixture. The Lewis number
values, listed in Table 1, are also plotted in Figure 11 versus
EGR ratio. Mixtures at 373 K, 2 bar, ¢p = 1.0, and 0%, 10% and
20% EGR ratios exhibited Le.g > 1.0. In these cases, thermal
diffusion was balanced with mass diffusion into the flame and
hence a stable flame in terms of themodiffusional instabilities
was obtained. Increasing the dilution above 30% decreases the
Leesr and therefore the flame tendency toward thermo-diffusive
instability increases. For lean mixtures, ¢ = 0.7 at 337 K and 2
bar, a Leg < 0.6 was observed and the Le.g decreased with
EGR, indicating that there was a greater effect from thermo-
diffusive instabilities on these flames. However, the stabilizing
effect of curvature at small radii overrides the thermo-diffusive
instability and it smooths the flame surface at small radii, as
shown in Figure 10 (a), (b), and (c¢) at R < 2.0 cm.
Hydrodynamic instability is enhanced by reducing the flame
thickness and increasing the density ratio across the flame. In
this regard, Figures 12 and 13 show the calculated flame
thickness and density ratios, respectively, for different levels of
EGR dilution. Flame thickness increases with dilution due to
lower mixture reactivity and slower flame speeds. Greater
flame thickness can inhibit disturbances on the flame surface.
Moreover, the jump in the density across the flame surface
decreases with increasing EGR. The combined effect of the
higher flame thickness and the smaller density jump decreases
the thermal expansion across the flame and dampens low
wavelength disturbances by gas motion that can destabilize the
flame hydrodynamically.

Hence, the flame resistance to hydrodynamic instability
increases with dilution. This effect is enhanced further for the
lean mixture, ¢= 0.7, due to the excess air, as shown in Figures
12 and 13. A competing effect of the decreased Lewis number
(increased thermodiffusive instabilities) and the decreased
thermal expansion (mitigated hydrodynamic instabilities)
determines the onset of cellularity of the flame with EGR.
Figure 14 shows the critical radius related to the onset of
cellularity at different conditions. For stoichiometric mixtures,
increasing EGR up to 20% decreases the critical radius and the
increased thermodiffusive instabilities surpass the reduced DL
instabilities. At EGR > 30%, the critical radius increases with
dilution due to the mitigating effect of hydrodynamic instability
associated with reduced thermal expansion through the flame.
Leaner mixtures (¢ = 0.7) start to become cellular at smaller
radii, relative to stoichiometric mixtures. The inflection-point
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FIGURE 10: Schlieren images of the flame morphology versus time at 2 bar and 373 K.
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of the Rer — EGR curve of ¢ = 0.7 is at 20% EGR, which is
earlier than the 30% point for stoichiometric mixtures. This can
be attributed to the reduction of thermal expansion in leaner
mixtures. While higher EGR ratios dampen flame
hydrodynamic instabilities, they can lead to other combustion
instabilities, such as misfire and flame quenching. It is worth
mentioning that the calculated values of the flame thickness,

based on Equation 14 and (%) calculated at an inner layer

temperature Ty, is relatively larger than the values predicted in
[39]. Nevertheless, § shown in Figure 12 is still following the
same increasing trend with EGR. Burned gas Markstein length
(Lp) is used to quantify the sensitivity of the flame speed to the
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FIGURE 13: Density ratio across the flame versus
EGR dilution at 2 bar and 373 K.
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FIGURE 14: Critical radius versus EGR dilution at 2 bar
and 373 K.

local curvature and strain. Ly, is derived from the slope of the
speed-stretch curve, based on Equation 10 and is shown in
Figure 15. Positive L, at EGR <20 % at 373 K, 2 bar and ¢ =

1.0, indicates a negative or decreased stretched flame speed,
indicated by the negative slope in Figures 4 and 5. The
reduction in flame speed with stretch tends to stabilize the
flame, as cell formation stretches the flame and the decreased
speed helps to dampen any surface disturbance. For all other
mixtures, negative values of L, were observed. For L,< 0, the
stretch has a positive effect and stretched flame speeds
accelerate while propagating in the smooth-surface regime. The
flame response to stretch is significant in practical premixed
systems as the flame is highly stretched and turbulent and
stretch can accelerate or decelerate the flame. The buoyancy
force affected the stoichiometric flame at 50% EGR and larger
radii, and this effect was enhanced at ¢ =0.7.
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FIGURE 15: Markstein length versus EGR dilution at 2
bar and 373 K.

The slower flame associated with the 50% dilution ratio
allowed the buoyancy force to disturb the flame surface and the
flame was lifted up with time, as shown in Figure 10 (c) and
(d), where the flame geometrical center can be seen to move
upward relative to the ignition point. It is worth mentioning that
at engine relevant conditions (higher pressures and
temperatures), the effect of the increased flame speed due to the
higher temperatures is counteracted by the decreased flame
speed at higher pressures, which gives significance to the
current data conducted at relatively lower pressure.
4 CONCLUSIONS

Diluted hydrogen/air mixtures were ignited inside a
constant volume vessel at 2 bar and 373 K at mixture strengths
of = 1.0 and ¢ = 0.7, and varying levels of EGR dilution.
Actual composition of EGR (35% H>O0+65%N,, by volume)
was used at ratios of 0% to 50%, by volume. Kinetic modeling
was performed using ANSYS Chemkin-Pro software at the
corresponding conditions. The primary objective was to
investigate the impact of EGR on laminar burning velocity and
flame stability as significant parameters in the context of
hydrogen internal combustion engines (H2-ICE). Simulation
results of the laminar burning velocity were validated with the

10 © 2024 by ASME



experimental measurements and showed a good agreement.
Increasing dilution ratio decreased the laminar burning velocity
in all cases and more reduction was observed at higher EGR
ratios (> 20%). This observation was confirmed by the
reduction in the maximum OH mole fraction in the reaction
zone.

Flame stability response to EGR showed a decrease in the
critical radius, representing the onset of cellularity, with EGR
up to a specific threshold (20% to 30% EGR). Beyond this
value, further increase in EGR increased the critical radius and
stabilized the flame. The flame thickness and density jump were
confirmed with the schlieren images and OH mole fractions
indicating the lower reactivity of the diluted flames. Lastly, the
addition of EGR, above a threshold, increased the
hydrodynamic stability margin of the flames.
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