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h i g h l i g h t s

� The Sou and Lb of diluted H2/air flames are examined at 1e2 bar, 373e473 K, and 4 ¼ 0.7.

� The Sou increases with T due to boosted dissociation reactions and greater expansion ratios.

� The Sou decreases with P primarily because of reduced active radicals.

� The Sou drops almost linearly with dilution due to the low chemical reactivity of the diluent.

� H þ O2þM4HO2þM and H þ OH þ M4H2O þ M are mainly responsible for the chemical effect of the diluent.
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a b s t r a c t

Fundamental combustion characteristics of H2/air flames with the addition of actual H2/air

combustion residuals (a mixture of 65% N2 þ 35% H2O by mole) are examined experi-

mentally and numerically at 1e2 bar, 373e473 K, equivalence ratio of 0.7, and dilution

ratios of 0e40%. Spherically expanding flame measurements at constant pressure show

that flame speed and adiabatic flame temperature drop almost linearly with increasing

diluent level. Detailed numerical simulations and analyses of sensitivity coefficients reveal

that this is because of the low chemical reactivity of the dilution mixture. On the other

hand, the change in burned gas Markstein length with the dilution mixture addition is

found more complex and cannot be represented with a linear trend. Experimental flame

speed data are compared with results of chemical kinetic analyses obtained by several

chemical mechanisms in order to assess the accuracy of these models.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Strict NOx and CO emission standards have led gas turbine

engine manufacturers to concentrate on constant pressure

sequential combustion systems [1], or axial stage combustion

concepts [2], as axial fuel staging provides significant emis-

sions, fuel, and operational flexibilities [1e4]. Therefore, in

addition to their air quality benefits, staged combustion sys-

tems facilitate overcoming the grid stability problems due to

the intermittent nature of increasing solar and wind power

productions and contribute to fuel diversity and energy se-

curity [5,6].

The essential feature of sequential two-stage combustors

is that combustion takes place in two successive stages in

series at nearly the same pressure, namely a primary burner
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system (first stage) and a secondary burner system (second

stage) [1]. The primary burner flame is a conventional (usually

swirled) lean turbulent premixed flame [7]. In the secondary

stage, combustion occurs at high temperatures and reduced

oxygen concentrations because of hot gases produced by the

lean flame of the first stage, which enables low NOx operation

and combined cycle efficiency improvements [4,6,7]. More-

over, injection of a portion of the fuel or fuel/air mixture into

the secondary stage reduces the residence time for the overall

flow, which lowers emissions [2]. In fact, staged combustion

systemswere demonstrated to have the potential of a 10e40%

reduction in NOx emissions [8]. Similarly, with a perfect mix-

ing assumption, Goh et al. [9] showed that sequential two-

stage combustors can decrease NOx emissions to one-fiftieth

of the NOx emission level of conventional dry low NOx-type

combustors. However, hot (mostly inert) combustion re-

siduals passing onto the secondary stage from the primary

stage change the flame reactivity, flame stability, and com-

bustion stability in the secondary burner system [10].

Driven by global warming, gas turbine engine manufac-

turers have started to focus on carbon-free thermal power

cycles. Hydrogen (H2) has become a promising alternative to

conventional ground-based power gas turbine fuels, such as

natural gas, due to its high calorific value [11]. Using exces-

sive renewable energy to produce it, i.e. Power-to-Gas, H2 has

the potential to store energy for medium to long storage cy-

cles [12]. Therefore, the gas turbine industry committed to

achieve 100% H2 firing, i.e. a carbon neutral energy system,

by 2030 [13].

The axial (sequential) stage combustion systems play an

important role in 100% H2 firing because conventional com-

bustors fail to handle this operation in premixed mode

without compromising performance [12]. However, H2 is very

reactive compared to natural gas, which results in high flame

speeds/burning velocities and very fast chemical times [11].

There is a risk of the flame moving upstream and causing

static instabilities, such as flashback within the burner [3,12].

Consequently, it is imperative to investigate the flame reac-

tivity, flame stability, and combustion stability for H2/air

flames and changes in these combustion characteristics in the

secondary burner system with the introduction of post com-

bustion products coming from the primary burner system.

The reactivity, exothermicity, and essential flame/com-

bustion stability characteristics, such as blowoff, blowout,

flashback, and liftoff, of a combustible mixture are associated

with the unstretched unburned flame speed (So
u) and burned

gas Markstein length (Lb) [14e16]. Additionally, the So
u is

frequently used to develop, optimize, and validate chemical

mechanisms [17] and to predict the turbulent flame speed

within a gas turbine as several combustionmodels are built on

the So
u [15]. Therefore, the So

u and Lb are critical burner design

parameters and extensive effort has been made to experi-

mentally investigate the So
u and Lb of diluted H2/oxidizer

flames over the years.

Replacement of nitrogen (N2) in the air with helium (He)

and/or argon (Ar), i.e. the He/Ar dilution, is a common tech-

nique to sustain a stable H2 flame for flame speed measure-

ments, for instance Refs. [18e20]. One of the earliest studies

investigating the dilution effect of one of the main exhaust

gases of H2/air combustion, i.e. N2 and water vapor (H2O), was

published by Liu and MacFarlane [21] who measured burning

velocities of H2/air mixtures diluted with steam by up to 15%

by volume at 1 bar and 296e523 K. Koroll and Mulpuru [22]

employed the cone angle method in a nozzle burner to

compare the effects of various diluents, namely He, Ar, N2,

and H2O, on the burning velocity of H2/O2 mixtures at 1 bar

and 298e373 K.

Aung et al. [23] examined effects of positive flame stretch

on the laminar burning velocities of H2/O2/N2 mixtures at

0.35e4.00 atm and 298 K with volumetric N2 concentrations of

79.0e87.5% within the oxidizer. Kwon and Faeth [24] studied

freely (outwardly) propagating spherical laminar premixed

H2/O2 flames to observe the dilution effect of He, Ar, and N2 on

the So
u at 0.3e3.0 atm and 298 K, with volumetric oxygen

concentrations in the nonfuel gases of 21%e36%. Lamoureux

et al. [25] presented experimental flame speed data for H2/air

mixtures diluted with mixtures containing up to 40% He and

carbon dioxide (CO2) at 1 bar and 298 K. Qiao et al. [26] inves-

tigated the suppression effects of He, Ar, N2, and CO2 diluents

on laminar premixed H2/air flames at 0.5e1.0 atm, 300 K, and

0e40% dilution ratios.

Hu et al. [27] utilized the constant pressure method for

spherically expanding H2/air flames diluted with N2, CO2, and

a mixture of 15% CO2 þ 85% N2 at 1 bar, 303 K, and dilution

ratios of 0e15% in order to obtain the So
u and Lb. Hermanns

et al. [28] measured adiabatic burning velocities for H2/O2/N2

mixtures at 1 bar and 298 K with oxygen content of 7e10% in

the oxidizer using a heat flux burner. At 1 bar and 350e600 K,

Paidi et al. [29] experimentally analyzed the So
u of H2/air mix-

tures diluted with N2 or CO2 with 60e80% diluent concentra-

tion in the fuel. Santner et al. [30] examined the kinetic effects

of water vapor addition on the burning rates of H2/O2/He

mixtures at 1e10 atm and flame temperatures between 1600 K

and 1800 K. Li et al. [31] determined laminar combustion

characteristics of H2/air mixtures diluted with N2 or CO2 from

spherically expanding flames at 1 bar and 298 K for 0e60%

diluent levels within the fuel.

In an optically accessible constant volume combustion

chamber, Yang et al. [32] measured the So
u for H2/O2 mixtures

diluted with He and CO2 at 0.25e20 atm of initial pressures,

1300e2200 K of flame temperatures, and 15e75% of diluent

concentrations within the reactants. Lyu et al. [33] studied

Bunsen burner H2/air flameswith steam dilution (up to 33% by

volume) at 1e5 atm and 373e440 K. Using spherically

expanding flame approach, Lu et al. [34] obtained the So
u of H2/

O2 flameswith various diluents, namely He, Ar, N2, and CO2, at

1e4 bar, 298 K, and 80.0e90.9% dilutionwithin the oxidizer. To

the best of the authors’ knowledge, the only experimental H2

laminar flame speed study investigating the dilution effect of

actual main residuals of H2/air combustion (N2 þ H2O) was

conducted by Duan and Liu [35] at 1 bar, 393 K, and 0e40%

dilution ratios.

As summarized above, in spite of the abundance of

experimental studies on the So
u and Lb of diluted H2/oxidizer

mixtures, studies investigating the dilution effect of actual

main combustion residuals of H2/air mixtures (N2 þ H2O) are

very scarce. However, Duva et al. [36] and Galmiche et al. [37]

demonstrated that combustion products used as a diluent
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cannot be interchanged with different exhaust and/or inert

gases as each flue gas has distinct thermodynamic, transport,

and chemical properties, which also vary substantially with

pressure and temperature. For instance, CO2 and H2O are

chemically more active than He, Ar, and N2 since CO2 and H2O

actively participate in elementary chemical reactions and

have higher relative third-body efficiencies [36]. CO2 also

causes the largest reduction in the So
u and the greatest change

in the flame stability with its higher specific heat capacity and

lower thermal diffusivity [36]. As a result, critical errors may

occur in the So
u and Lb due to the replication of actual main

combustion residuals with different exhaust and/or inert

gases.

The present study examines the dilution effect of actual

main residuals of H2/air combustion on the So
u and Lb of H2/air

mixtures at 1 and 2 bar, 373, 423, and 473 K, and equivalence

ratio (4) of 0.7. The 4 is selected as 0.7 because the equivalence

ratio of lean burn combustion within a gas turbine is typically

around 0.3e1.0 [11,38e41] and the preferential cellular for-

mation on the H2 flame surface is suppressed with increasing

4, which enables the laminar flame speedmeasurements. Due

to concerns about the diluents listed above, a mixture of 65%

N2 þ 35% H2O by mole, which represents the primary com-

ponents of H2/air combustion residuals, is used for dilution.

0e50% diluent levels are tested experimentally and numeri-

cally with 10% increments, but the results at the 50% diluent

level are not presented due to the buoyant instability on the

flame front. The dilution ratio is defined as the percentile

concentration of the diluent within the reactants. Experi-

mental results are compared with numerical data obtained by

several chemical mechanisms in order to assess the accuracy

of these mechanisms. Numerical findings and sensitivity an-

alyses are used to investigate impacts of the diluent on the So
u,

adiabatic flame temperature (Tadb), and flame stability.

Specifications of experimental approach and
simulation model

Experimental methodology

In the present study, the So
u and Lb values are deduced from

spherically expanding H2/air/diluent flames in an optically

accessible constant volume combustion chamber. The details

of the experimental set-up are discussed extensively in the

authors’ previous publications [42,43] and the combustion

chamber has been validated with methane/air flames at 1 bar

and 298 K [44], propane/air flames at 1 bar and 298 K [45], and

iso-octane/air flames at 1 bar and 373 K [46]. Thus, the

experimental apparatus is only briefly mentioned here.

Initial combustible mixtures are prepared inside the 22.24-

L preheated cylindrical combustion vessel starting with the

reactant which has the smallest concentration. Post com-

bustion gases are evacuated with a vacuum pump after each

test, then the chamber is purged with air and the system is

vacuumed again before starting a new test. H2, air, and N2 are

supplied to the system with a heated gas manifold which is

connected to the main body of the chamber with a high

pressure shutoff and regulating valve. H2O is directly injected

into the vessel with a high pressure fuel injection system. The

4 and dilution ratio are adjusted with the ideal gas law and

partial pressures of the reactants which aremeasuredwith an

absolute pressure transducer on the heated gas manifold.

Maximum deviation in the 4 from the desired value of 0.7 is

0.0028 while the highest random uncertainty in the dilution

ratio is 0.13%. Before firing, the reactants are mixed with a

stirrer, which is turned off prior to ignition.

The constant pressuremethod is employed for flame speed

calculations and, therefore, measurements are limited to the

early stage of combustion where the pressure is constant.

According to this method, the flame speed of the stretched

burned gases (Sb) is equal to the time derivative of the cold

spherical flame front radius (Rf), i.e. Sb ¼ dRf/dt. The Rf is

calculated with an in-house image processing code [47] from

schlieren images, which are recorded with a z-type schlieren

set-up [48] at 12,000 Hz after the initiation of the combustion

in the middle of the vessel with an inductive ignition system.

Then, a third-order polynomial is fitted to the radius-time

history and differentiated to obtain the Sb.

The linear stretch model between the flame curvature and

the flame speed, i.e. Eq. (1), which was first proposed by

Markstein [49] and recently revisited by Chen [50], and the

nonlinear stretch model of Kelley and Law [51], i.e. Eq. (2),

which was obtained from the asymptotic analysis of Ronney

and Sivashinsky [52] for adiabatic spherical flames, are used to

calculate the flame speed of the unstretched burned gases (So
b)

and Lb. With detailed numerical simulations and theoretical

analysis, it was shown that Eq. (1) better represents the actual

behaviour between the flame speed and flame stretch for

mixtureswith a positive Lbwhereas Eq. (2) ismore appropriate

for mixtures with a negative Lb [50,53,54]. Therefore,

depending on the Lb of the tested mixture, Eq. (1) or Eq. (2) is

least-squares fitted to the experimental data on the plot of Sb

vs. 2
�

Rf
for Eq. (1) and on the plot of lnðSbÞ vs. 2

�

ðSbRfÞ
for Eq. (2)

and extrapolated to lim
Rf/∞

 

2
Rf

!

for Eq. (1) and to lim
Rf/∞

"

2�

ðSbRfÞ

#

for Eq. (2), as shown in Fig. 1. While the slopes of these plots

provide ð� So
bLbÞ, the y-intercept of lnðSbÞ vs. 2

�

ðSbRfÞ
equals

lnðSo
bÞ and the y-intercept of Sb vs. 2

�

Rf
is So

b. Lastly, the So
u,

which is also called the laminar flame speed, is calculated

from the mass flow balance at an infinitely thin flame front,

i.e. Eq. (3), in which rb and ru correspond to burned and un-

burned gas densities and are computed with numerical

simulations.

Sb ¼ So
b � So

bLb
2

Rf
(1)

Sb

So
b

ln

�

Sb

So
b

�

¼ �
2Lb
Rf

(2)

So
u ¼

rb

ru

So
b (3)

Since the So
u values reported in the present study are

greater than or equal to 26 cm/s, the reduction in the So
u due to

the radiation induced cooling effect is estimated as less than

2% [55]. To minimize radiation and confinement induced flow
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effects, the So
u calculations are limited to the schlieren images

where the total spherical flame volume is smaller than 25% of

the vessel inner volume, which suggests that the reduction in

So
u due to radiation and confinement induced flow effects is

within 2e3% [56,57]. Nevertheless, whenever preferential and/

or hydrodynamic cellularity is detected prior to the upper

measurement limit, the So
u calculations are stopped with the

commencement of cellular formation. In order to prevent the

So
u calculations from being affected by the spark/ignition en-

ergy during the propagation of the early flame kernel, H2/air/

diluent mixtures at the desired test points are ignited with

different discharge energies close to the minimum ignition

energy of the mixture at that particular initial condition.

Subsequently, all experimental results at the same test point

are plotted on the Rf versus Sb graph and the So
u calculations

are started at the Rf, where the Sb curves from all experiments

at the same test point first converge.

Numerical methods

Chemical kinetic simulations are performed using the H2

chemical mechanisms of NUI Galway-H2 [58], San Diego [59],

HP-Mech [60], Princeton-H2 [61], Vrije-H2 [62], and USC-H2 [63]

incorporated into CHEMKIN-PRO [64]. To model the flame

speed measurements, a premixed laminar flame simulator

with an external inlet gas source and an outlet flow from the

reactor is used together with specifications of the initial con-

ditions (temperature, pressure, equivalence ratio, diluent

level etc.) and the thermodynamic and transport properties of

the species. The first solution is attained for a large compu-

tational region with a fixed flame coordinate system so that

the computational domain is unconstrained by the bound-

aries and the mass and heat diffusions can be neglected. Af-

terwards, mesh independency is achieved by increasing the

number of grid points and refining the adaptive grid controls.

The NUI Galway-H2 chemical mechanism [58], comprising

of 21 reactions and 10 species, was developed to simulate H2/

O2 flame structure and propagation, and ignition phenomena

at 298e2700 K, 0.05e87 atm, and 4¼ 0.2e6.0. It is based on the

kinetic mechanism of Mueller et al. [65] and has good overall

performance in predicting ignition delay time and laminar

flame speed of H2/oxidizer mixtures [66,67]. The San Diego

kinetic scheme [59] consists of 311 reactions and 68 species

with sub-mechanism for N2 chemistry and is capable of the

reproduction of H2 flame velocity measurements especially

at high temperatures [66,67]. The HP-Mech [60], comprising

of 615 reactions and 89 species, is a high pressure mecha-

nism for H2, CO, CH2O, CH4, CH3OH, C2H2, C2H4, and C2H6

with a particular focus on CO2 and H2O dilution effects and

has been tested against various validation targets for diluted

H2 flames [68].

The Princeton-H2 kinetic model [61], comprising of 25 re-

actions and 13 species, is also based on the chemical mecha-

nismofMueller et al. [65] and validated against awide range of

experimental conditions (298e3000 K, 0.3e87 atm, and

4 ¼ 0.25e5.0) for H2/O2 mixtures. The Vrije-H2 kinetic mech-

anism [62], comprising of 75 reactions and 15 species, was

developed for H2 combustion and has good overall perfor-

mance in predicting ignition delay time and laminar flame

speed of H2/oxidizer/diluent mixtures especially at low tem-

peratures [66,67]. The USC-H2 [63] mechanism, comprising of

38 reactions and 14 species, is a chemical model for high

temperature H2 and CO oxidation, which was developed by

optimizing the H2/CO sub-mechanism of GRI-Mech 3.0 [69]

against various H2-CO combustion data (shock tube ignition

delay time, laminar flame speed, and extinction strain rate).

Themodel has good agreement with experimental data at low

temperatures [66]. For clarity, all H2 chemical mechanisms

explained above are summarized in Table 1.

An analysis of sensitivity coefficients with respect to the So
u

is carried out in order to identify the essential reactions for the

flame speed prediction. The first-order sensitivity coefficient

of the flow rate to the pre-exponential A-factor in the Arrhe-

nius reaction-rate expressions of each reaction rate coefficient

is computed and normalized in the CHEMKIN-PRO [64]. The

Fig. 1 e Extrapolation of stretch models - Eqs. (1) and (2) - for H2/air flames at 1 bar, 473 K, 0% diluent level, and 4 ¼ 0.7 (Left)

and 1 bar, 373 K, 20% diluent level, and 4 ¼ 0.7 (Right).
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positive sensitivity coefficient value indicates that the reac-

tion increases the So
u [70,71].

Results and discussion

This section begins with the validation of the present experi-

mental approach with non-diluted H2/air mixtures at 1 bar

and 298 K. Subsequently, effects of pressure, temperature, and

dilution ratio changes on the So
u and Lb of H2/air flames are

examined with measurement results at 1e2 bar, 373e473 K,

0e40% dilution ratios, and 4 ¼ 0.7. At least three successful

experiments were performed for each test point. The standard

deviation of themeasurement results at the same test point is

specified as the overall uncertainty in the So
u and Lb and shown

as error bars in the following figures.

Numerical So
u data obtained by several chemical mecha-

nisms are compared against experimental findings to evaluate

their accuracy in predicting the So
u for diluted H2/air mixtures.

The kinetic model, which had the best agreement with the

present measurement results, is then used for a series of

additional numerical simulations, sensitivity analysis, and

Tadb calculations in order to quantify the impacts of the

diluent on the So
u. All experimental and numerical results with

their corresponding uncertainties are provided in the sup-

plementary material.

Validation of the experimental method

Due to the abundance of experimental H2 flame speed results

at/around standard ambient temperature and pressure, the So
u

of non-diluted H2/air mixtures at 1 bar, 298 K, and 4 ¼ 0.7e4.0

is chosen as a validation target. Four experimental So
u data sets

obtained by different research groups after 2010, namely State

Key Laboratory of Multiphase Flow in Power Engineering at

Xi'an Jiaotong University, Institute for Energy and Nuclear

Energy at Karlsruhe Institute of Technology, Peterson

Research Group at Texas A&M University, and Institute for

Combustion Technology at RWTH Aachen University, are

used for comparison to the present measurements. Experi-

mental results at 4 ¼ 0.7, 0.8, 1.3, 2.0, 3.5, and 4.0, which are

presented in one of the authors' previous publication [45], are

utilized for the validation of the experimental method. In

addition to these results, extra measurements are performed

at 4 ¼ 0.9, 1.0, 1.1, 1.7, 2.2, 2.4, 2.6, and 3.0 in the current study.

So
u values of H2/air mixtures at 1 bar and 298 K from the

present study are plotted against experimental results of Dong

et al. [72], Kuznetsov et al. [73], Krejci et al. [74], and Beeck-

mann and Pitsch [75] in Fig. 2. Similar to the current work,

Kuznetsov et al. [73], Krejci et al. [74], and Beeckmann and

Pitsch [75] deduced the So
u from spherically expanding flames

at constant pressure whereas Dong et al. [72] used a Bunsen

burner to measure hydrogen flame speeds. The present So
u

data show good agreement with the burner results of Dong

et al. [72] at 4 < 1.7. At higher equivalence ratios, Dong et al.

[72] provided slightly faster flame speeds (up to 4%) than the

current findings. Kuznetsov et al. [73] measured considerably

slower flame speeds than other researchers in Fig. 2 at 4 < 1.3

and their flame speeds are somewhat faster than the ones

obtained by the current authors and Krejci et al. [74] at higher

equivalence ratios.

Excellent agreement is observed between the present So
u

data for H2/air mixtures at 1 bar and 298 K and results of Krejci

et al. [74] except at 4 ¼ 0.7. The So
u value of Krejci et al. [74] at

4 ¼ 0.7 is significantly slower than other results in Fig. 2. The

findings of Beeckmann and Pitsch [75] are very similar to other

flame speed results in Fig. 2 for 4 � 1.5. At 4 ¼ 2.0, Beeckmann

and Pitsch [75] measured slightly slower flame speed

compared to Dong et al. [72], Kuznetsov et al. [73], Krejci et al.

[74], and the current work. In brief, results presented in Fig. 2

are generally consistent with each other although previously

published So
u data are slightly dispersed.

Experimental So
u data

As shown in Fig. 3, the So
u increases from 186 cm/s to 228 cm/s

and from 228 cm/s to 287 cm/s with an initial temperature

Table 1 e Overview of the chemical kinetic mechanisms considered in the present study.

NUI Galway-H2 [58] San Diego [59] HP-Mech [60] Princeton-H2 [61] Vrije-H2 [62] USC-H2 [63]

Number of species 10 68 89 13 15 14

Number of reactions 21 311 615 25 75 38

Fig. 2 e Comparison of present So

u
data for H2/air mixtures

at 1 bar and 298 K with previously published experimental

results (black squares e current findings, red diamonds -

Dong et al. [72], orange triangles - Kuznetsov et al. [73],

green circles - Krejci et al. [74], and blue squares -

Beeckmann and Pitsch [75]). (For interpretation of the

references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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change from 373 K to 423 K and from 423 K to 473 K,

respectively, for non-diluted H2/air mixtures at 1 bar pri-

marily because of boosted dissociation reactions and greater

burned to unburned gas density ratios [76]. The increase in

the So
u because of the initial temperature variation from 423 K

to 473 K is larger than the one from 373 K to 423 K, which also

holds true for all dilution ratios (0e40%), though increases in

the Tadb for both unburned gas temperature rises are almost

identical (37e42 K) and the expansion ratio increases more

between 373 K and 423 K. This suggests that enhanced

dissociation reaction rates have a greater importance in the

So
u increase due to increased unburned gas temperature.

Although increases in the Tadb due to the initial temperature

rise are similar for all diluent levels, the increase in the So
u

with the unburned gas temperature gets smaller at high

dilution ratios. However, the percentile changes in the So
u

because of the initial temperature rise are still greater at

higher diluent levels.

The initial pressure change from 1 bar to 2 bar at 473 K

decreases the So
u from 287 cm/s to 259 cm/s, from 232 cm/s to

197 cm/s, from 163 cm/s to 127 cm/s, from 101 cm/s to 83 cm/s,

and from 53 cm/s to 40 cm/s at 0%, 10%, 20%, 30%, and 40%

dilution ratios, respectively, primarily because of deteriorated

dissociation reactions and reduced active radicals [76]. At

elevated pressures, H radical consumption of H þ O2 þ M 4

HO2 þ M increases, diminished H radicals inhibit H þ O2 4

O þ OH, and therefore the flame speed decreases [76]. On the

other hand, the Tadb values of H2/air mixtures at 1 and 2 bar

are almost identical.

As shown in Fig. 3, the addition of the dilution mixture (a

mixture of 65% N2 þ 35% H2O by mole) to H2/air mixtures at

1e2 bar and 373e473 K lowers the So
u almost linearly (espe-

cially for the diluent levels less than 40%) primarily because

of the reduced H2/air concentration and active radicals. The

slopes of these imaginary descending flame speed vs. dilu-

tion ratio lines increasewith increasing temperature because

more pronounced decreases in the So
u are observed at

elevated temperatures with increasing diluent level. The

nearly linear correlation between the So
u and dilution ratio is

attributable to the high concentration of chemically almost

inactive N2 within the dilution mixture. However, there is

still a fair amount of H2O in the dilution mixture with a

generally high third-body collision efficiency, which pre-

vents the relation between the So
u and dilution ratio from

being thoroughly linear.

An empirical flame speed correlation in the form of Met-

ghalchi and Keck's power law [77] is fitted to the present

experimental So
u results. A linear expression is used in the

nonlinear regression model for the dilution effect on the So
u.

The model coefficients are optimized with the generalized

reduced gradient method [78] in order to minimize the

standard deviation of discrepancies between experimental

findings and correlation predictions, i.e. the root mean

square error (RMSE). As a result of the nonlinear optimization

of the correlation coefficients, a completely empirical So
u

correlation with an RMSE of 6.78 cm/s is developed as Eq. (4)

where T is the unburned gas temperature in K, P is the

pressure in bar, and X is the dimensionless dilution ratio (e.g.

0.30 - not 30%). Note that higher degrees of polynomials are

Fig. 3 e Experimental So

u
results at 1 bar, 373e473 K, 0e40% diluent levels, and 4 ¼ 0.7 (Left) and 1e2 bar, 473 K, 0e40%

diluent levels, and 4 ¼ 0.7 (Right).

Fig. 4 e Comparison of correlation predictions with

measured S
o

u
data at 1e2 bar, 373e473 K, 0e40% diluent

levels, and 4 ¼ 0.7.
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also examined for the dilution effect, but a noteworthy

enhancement in the correlation results is not observed.

Lastly, the So
u predictions of Eq. (4) are compared against the

current experimental data in Fig. 4.

So
u ¼ 186 *

�

T

298

�2:030

*

�

P

1

��0:205

*ð0:606�1:305 *XÞ (4)

Experimental Lb data

Hydrodynamic (Darrieus-Landau) and thermal diffusive

(preferential-diffusion) effects are crucial for lean laminar

hydrogen flame stability. These effects wrinkle the smooth

spherical flame front and induce cellularity due to a small flow

perturbation, such as a solid body, pressure pulses, or acoustic

oscillations [79], and therefore, increase the flame surface area

and the flame propagation speed [80]. The hydrodynamic

cellularity arises from wrinkles on the flame surface which is

a result of small hydrodynamic flow disturbances [81]. The

hydrodynamic cellularity is governed by the flame thickness

and expansion ratio. The preferential cellularity is a result of

the preferential diffusion ofmass compared to heat within the

flame, which causes a change in local equivalence ratio and

flame speed, and is observable when the mass diffusivity of

the deficient reactant is adequately greater than the thermal

diffusivity of the mixture [82]. The preferential cellularity is

governed by Lewis number and therefore Lb.

Fig. 5 illustrates the Lb variation with unburned gas tem-

perature, initial pressure, and dilution ratio changes. The Lb
values of H2/air mixtures in Fig. 5 are negative except for very

low diluent levels (�10%) at 1 bar. This suggests that the

preferential cellular formation is inevitable for the majority of

test points. In other words, the lean H2/air flames tested in the

present study are mostly subject to the thermal diffusive in-

stabilities. At low dilution ratios (�20%), there is little influ-

ence of temperature on Lb, which was also observed by Duva

et al. [83] for slightly diluted methane/air flames (�15%).

However, at higher diluent levels (>20%), the Lb increases with

increasing initial temperature, which implies that highly

diluted lean H2/air flames at lower temperatures are more

stretched than the ones at elevated temperatures. Moreover,

intensified reaction rates at high temperatures lessen the

laminar flame thickness, which promotes the Darrieus-

Landau instabilities.

Fig. 5 demonstrates that lean H2/air flames at 2 bar and

473 K are thermal diffusively less stable than the ones at 1 bar

and 473 K for low dilution ratios (�20%). However, at higher

diluent levels (�30%), the initial pressure effect on the Lb is

generally inappreciable. Additionally, an increase in the

combustion pressure leads to thinner H2 laminar flame

thickness and therefore results in earlier inception of hydro-

dynamic cellular formation on the flame surface.

The Lb values of H2/air mixtures generally decrease with

increasing dilution ratio. Addition of dilution mixture into the

Fig. 5 e Experimental Lb results at 1 bar, 373e473 K, 0e40% diluent levels, and 4 ¼ 0.7 (Left) and 1e2 bar, 473 K, 0e40%

diluent levels, and 4 ¼ 0.7 (Right).

Fig. 6 e Schlieren images showing the flame front instabilities.
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reactants alters the thermal/heat andmass diffusivities of the

initial air/fuel mixture. Consequently, the Lewis number of

the combustible mixture decreases, which makes the highly

diluted H2/air flames more stretched. On the contrary to the

change in the So
u, the Lb decline due to the increasing dilution

ratio is not linear. Generally, larger decreases are observed in

the Lb with high diluent levels because the dilution mixture

has greater influence on the mixture Lewis number at high

dilution ratios due to its larger concentration within the re-

actants. Furthermore, addition of the dilution mixture to the

reactants increases the H2 laminar flame thickness and

therefore lowers the Darrieus-Landau instability effects. Fig. 6

depicts the H2 flame stability change with diluent addition.

Similar to the data fitting that is discussed previously for

the experimental So
u data, an empirical burned gas Markstein

length correlation in the form of Metghalchi and Keck's power

law [77] is adopted for the present experimental Lb results. A

quadratic expression is utilized in the nonlinear regression

model for the dilution effect on the Lb. Higher degrees of

polynomials are also examined for the dilution effect, but a

noteworthy enhancement in the correlation results is not

observed. The model coefficients are optimized with the

Fig. 7 e Comparison of correlation predictions with

measured Lb data at 1e2 bar, 373e473 K, 0e40% diluent

levels, and 4 ¼ 0.7.

Fig. 8 e Comparison of numerical So

u
predictions with experimental measurement results at 1e2 bar, 373e473 K, 0e40%

diluent levels, and 4 ¼ 0.7 (markers - experimental data and lines - numerical data).
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generalized reduced gradient method [78] in order to mini-

mize the standard deviation of discrepancies between the

experimental findings and the correlation predictions, i.e. the

root mean square error (RMSE). As a result of the nonlinear

optimization of the correlation coefficients, a completely

empirical Lb correlationwith an RMSE of 0.24mm is developed

as Eq. (5) where T is the unburned gas temperature in K, P is

the pressure in bar, and X is the dimensionless dilution ratio

(e.g. 0.30 - not 30%). Lastly, the Lb predictions of Eq. (5) are

compared against the current experimental data in Fig. 7.

Lb ¼

�

T

298

��3:231

*

�

P

1

��0:283

*
�

� 0:319þ 9:271 *X�64:052 *X2
�

(5)

Chemical kinetic analysis

Detailed chemicalmechanisms for H2 combustion are vital for

chemical kinetic analysis since they serve as the core of any

detailed hydrocarbon kinetic model. Gas turbine engine

manufacturers mainly rely on numerical analysis (computa-

tional fluid dynamics) in the early design stage where exper-

iments are rather costly [66]. Accuracy of numerical

predictions for H2 combustion (and for any hydrocarbon

combustion in general) depends on high precision in H2

chemical mechanisms, which should be verified/optimized

against experimental data for H2/oxidizer mixtures. There-

fore, the chemical kinetic simulations in this study are per-

formed by incorporating several H2 chemical mechanisms in

CHEMKIN-PRO [64], namely NUI Galway-H2 [58], San Diego

[59], HP-Mech [60], Princeton-H2 [61], Vrije-H2 [62], and USC-H2

[63]. The numerical So
u results are then compared with

experimental findings to assess the accuracy of the

mechanisms.

The results of the numerical and experimental data com-

parison are illustrated in Fig. 8 and summarized in Table 2.

Note that the numerical So
u values can be successfully calcu-

lated up to a 30% dilution ratio at 1 bar and 373 K. Therefore,

measurements at 1 bar, 373 K, and 40% diluent level are not

included in Fig. 8. The RMSE values in Table 2 correspond to

standard deviations of differences between experimental So
u

findings and numerical So
u predictions. All investigated

chemicalmechanisms capture the general/overall trend of the

experimental results adequately, but they over-predict flame

speeds for non-diluted H2/air mixtures (by up to 21%), which

occurs more profoundly at higher pressures and tempera-

tures. These over-predictions are greater for the San Diego [59]

and HP-Mech [60] kinetic models. On the other hand, the NUI

Galway-H2 [58] and USC-H2 [63] provide the closest So
u to

experimental findings at low dilution ratios (�20%).

The accuracies of the tested chemical mechanisms are

generally superior at 20e30% dilution ratios. At higher diluent

levels (�30%), they slightly underestimate flame speed, but

their predictions are still more consistent with the experi-

mental results than they are at low dilution ratios (�10%). As

shown in Fig. 8, these underestimations are larger at higher

pressures and lower temperatures. The NUI Galway-H2 [58]

and USC-H2 [63] models predict very similar So
u data, but the

USC-H2 [63] is slightly more accurate than the NUI Galway-H2

[58]. In fact, among the tested kinetic mechanisms, the USC-

H2 [63] shows the best agreement with experimental results

whereas the San Diego [59] has the poorest agreement with

measurements. The Princeton-H2 [61] and Vrije-H2 [62] also

predict almost identical So
u values, which are more consistent

with experimental data at high dilution ratios (�20%).

Diluent impacts

There are three primary impacts of the dilutionmixture on the

So
u of H2/air flames, namely the dilution effect, thermal-

diffusion effect, and chemical/kinetic effect [84]. The addi-

tion of amixture of 65%N2 þ 35%H2O bymole to the reactants

decreases the non-inert gas concentration within the

combustible mixture, which yields a decreased net reaction

rate, Tadb, and So
u. This phenomenon is called the dilution ef-

fect [85]. The dilution mixture also alters the thermodynamic

and transport properties of the reactants, which initially

(before dilution) consist only of H2 and air. This alteration is

known as the thermal-diffusion effect [84] and has an influ-

ence on both flame speed and stability. For example, the un-

burned gas density, mixture specific heat capacity, and

Table 2 e Summary of the numerical and experimental So

u
data comparison.

Mechanism RMSE Comments

NUI Galway-H2 [58] 14 cm/s � Closest So
u to experimental findings at low dilution ratios

� Slightly poorer accuracy than San Diego [59], HP-Mech [60],

Princeton-H2 [61], and Vrije-H2 [62] at high dilution ratios (�30%)

San Diego [59] 20 cm/s � Poorest agreement with experimental results

� Large over-prediction for non-diluted mixtures

� Consistently increasing accuracy with increasing dilution ratios

HP-Mech [60] 18 cm/s � Large over-prediction for non-diluted mixtures

� Generally increasing accuracy with increasing dilution ratios

Princeton-H2 [61] 16 cm/s � Very similar So
u predictions with Vrije-H2 [62]

� Generally increasing accuracy with increasing dilution ratios

Vrije-H2 [62] 15 cm/s � Very similar So
u predictions with Princeton-H2 [61]

� Generally increasing accuracy with increasing dilution ratios

USC-H2 [63] 12 cm/s � Best agreement with experimental results

� Closest So
u to experimental findings at low dilution ratios

� Slightly poorer accuracy than San Diego [59], HP-Mech [60],

Princeton-H2 [61], and Vrije-H2 [62] at high dilution ratios (�30%)
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thermal and mass diffusivities are changed due to the

thermal-diffusion effect of the dilutionmixture, which results

in a variation in the So
u, Lb, and Tadb. Lastly, the components of

the dilution mixture participate in elementary kinetic re-

actions and lower the So
u and Tadb by varying reaction kinetics,

i.e. the chemical effect [84]. Two factors are primarily

responsible for the chemical effect, (1) the direct participation

of the dilution mixture components in elementary reactions

and (2) the participation of the dilution mixture components

in third-body reactions.

In order to determine the strength of these two chemical

effect factors separately, two additional sets of CHEMKIN-PRO

[64] flame speed simulations are performed in addition to the

original chemical kinetic analyses presented in the previous

section (first set of numerical data). The USC-H2 chemical

mechanism [63] is used for the additional analyses since it

shows the best agreement with experimental results. Initially,

the flame speed simulations are repeated with the H2/air

mixtures (this time) diluted with chemically inactive N2 and

H2O, which have the same third-body collision efficiencies as

the original N2 and H2O and are added to the chemical

mechanism and transport and thermodynamic data files.

Therefore, this second set of numerical data contains all of the

impacts of the dilutionmixture except the chemical effect due

to the direct participation of the dilutionmixture components

in elementary reactions. Similarly, the third set of numerical

data is deduced from flame speed simulations of H2/air mix-

tures (again) diluted with chemically inactive N2 and H2O,

which (this time) have zero third-body collision efficiencies.

As a result, this third set of numerical data does not include

the chemical effects of the dilution mixture at all. A compar-

ison of the flame speed results from these three numerical

data sets enables the determination of the separate impacts of

the two chemical effect factors on the So
u, with results shown

in Fig. 9.

As can be seen in Fig. 9, for the initial conditions tested in

the present work, the dilution and thermal-diffusion effects

(combined) are primarily responsible for the decrease in the So
u

with the diluent addition. At 1 bar, the total contribution of the

dilution and thermal-diffusion effects on the reduction in the

So
u ranges from 87% to 91%. In other words, the combined ef-

fect of dilution and thermal-diffusion is not significantly

affected by the temperature and dilution ratio changes. The

remaining reduction in the So
u can be attributed to the chem-

ical effect, themajority of which comes from the participation

of the dilution mixture components in third-body reactions.

The chemical effect due to the direct participation of the

dilution mixture components in elementary reactions has a

very minor impact on the decrease in the So
u and it gets even

less notable at higher dilution ratios due to the decreased Tadb

at these conditions.

At 2 bar, the dilution and thermal-diffusion effects (com-

bined) drop to 83e91%, while the contribution of the chemical

effect due to the participation of the dilution mixture com-

ponents in third-body reactions increases by up to 13%. The

reason behind this change is that the H radical consumption

Fig. 9 e Breakdown of the dilution mixture effects on the S
o

u
.
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from the H þ O2 þ M 4 HO2 þ M reaction accelerates at

elevated pressures, which reduces the H radical pool and

therefore inhibits the H þ O2 4 O þ OH reaction [76]. The

overall characteristics of the chemical effect due to the direct

participation of the dilution mixture components in elemen-

tary reactions are unchanged from 1 bar to 2 bar.

In the Experimental So
u Data section, it is shown that there

is almost a linear relation between the So
u and dilution ratio.

Fig. 9 justifies this statement by demonstrating that the total

chemical effect on the So
u reduction is not more than 17%.

Similarly, the Tadb drops linearly with increasing diluent

level, as shown in Fig. 10, because the dilution and thermal-

diffusion effects (combined) are responsible for 98e100% of

the decrease in the Tadb due to the diluent addition. The very

small remaining percentages of the decrease in the Tadb can

be almost completely attributed to the chemical effect due to

the direct participation of the dilution mixture components

in elementary reactions, which disappear at high diluent

levels (30e40%).

Detailed sensitivity analysis is performed in order to

identify the essential reactions for the So
u prediction and point

out the possible optimization targets for better So
u predictions.

Normalized sensitivity coefficients presented in Fig. 11 for the

eight most significant elementary reactions for H2/air com-

bustion suggests that the bimolecular reactions of H þ O2 4

OþOH, OHþH2 4HþH2O, and HO2 þH4 2OH promote the

So
u most with their large positive sensitivity coefficients. On

the other hand, chain terminating reactions of H þ O2 þ M 4

HO2 þ M and H þ OH þ M 4 H2O þ M inhibit the H2/air

combustion and hinder the So
u most with their large negative

sensitivity coefficients by competing for H and OH radicals

with the above-mentioned bimolecular reactions, which are

primarily responsible for active radical production. Therefore,

third-body reactions are very important in H2/oxidizer

chemistry and can become more important than bimolecular

reactions at high pressures and dilution ratios, as shown in

Fig. 11, which justifies the results presented in Fig. 9.

Among the eight most significant elementary reactions

shown in Fig. 11, the dilution mixture components (N2 and

H2O) can participate in third-body reactions of H þ O2 þ M 4

HO2 þMand HþOHþM4H2OþM. The third-body collision

efficiency of N2 is very lowwhile H2Ohas very high third-body

collision efficiencies for these reactions. Therefore, it can be

concluded that H2O is mainly responsible for the chemical

effect of the dilution mixture. Furthermore, tested chemical

mechanisms have quite different third-body collision effi-

ciencies for H2O for these third-body reactions. This together

with their different rates for the elementary reactions in

Fig. 11 may be some of the sources for the different pre-

dictions of So
u between mechanisms, particularly at high

dilution ratios.

Fig. 11 e Results of detailed sensitivity analyses with

respect to the S
o

u
.

Fig. 10 e Numerical Tadb results at 1e2 bar, 373e473 K,

0e40% diluent levels, and 4 ¼ 0.7.
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Conclusions

With increased interest in carbon-free energy production, H2-

fired sequential stage combustors are getting more attention

for ground-based power gas turbine engines. Although axial

fuel staging provides significant emissions, fuel, and opera-

tional flexibilities [1e4], hot (mostly inert) combustion re-

siduals passing onto the secondary stage from the primary

stage change the flame reactivity, flame stability, and com-

bustion stability in the secondary burner system [10]. There-

fore, it is essential to examine these changes in order to

achieve safe (stable), carbon free, and efficient gas turbine

engine operation, yet studies investigating the dilution effect

of actual main combustion residuals of H2/air mixtures on

fundamental combustion characteristics of H2/air flames are

very scarce.

The overall goal of this study is to advance understanding

of combustion and flame characteristics of a secondary burner

system for a H2-fired sequential two-stage combustor. In order

to achieve this goal, the effects of actual main residuals of H2/

air combustion (a mixture of 65% N2 þ 35% H2O by mole) on

the So
u and Lb of H2/air mixtures are investigated because the

So
u and Lb are often associated with the reactivity, exother-

micity, and essential flame/combustion stability characteris-

tics of a combustible mixture [14e16]. The So
u and Lb of H2/air

mixtures are examined through spherically expanding flame

experiments at constant pressure and chemical kinetic ana-

lyses at 1e2 bar, 373e473 K, 4 ¼ 0.7, and dilution ratios of

0e40%.

Results of experimental measurements and computational

simulations show that the So
u increases with increasing un-

burned gas temperature mainly due to boosted dissociation

reactions and greater expansion ratios at elevated tempera-

tures, among which the former effect is more dominant. The

So
u decreases with increasing initial pressure primarily

because of reduced active radicals, which is a result of the

increased reaction rate of H þ O2 þ M 4 HO2 þ M at elevated

pressures. The So
u and Tadb drop with increasing dilution ratio

because of lowered H2/air concentration within the reactants,

altered thermodynamic properties of the reactants due to

diluent addition, and participation of the dilution mixture

components in elementary chemical reactions. The decreases

in the So
u and Tadb due to increasing dilution ratio are almost

linear because the dilution and thermal-diffusion effects of

the diluent mixture (combined) are responsible for 87e91% of

the decrease in the So
u and 98e100% of the decrease in the Tadb.

Detailed sensitivity analyses highlight the significance of

third-body reactions especially at high pressures and dilution

ratios because some of them vigorously compete for H and OH

radicals with the bimolecular reactions H þ O2 4 O þ OH,

OH þ H2 4 H þ H2O, and HO2 þ H 4 2OH, which promote the

So
u most. Special attention should be paid to the chain termi-

nating reactions H þ O2 þ M 4 HO2 þ M and H þ OH þ M 4

H2OþMdue to their large negative sensitivity coefficients and

the very high third-body collision efficiencies of H2O in these

reactions.

The measured Lb values are negative except for very low

diluent levels (�10%) at 1 bar, which implies that the lean H2/

air flames tested in the present study aremostly subject to the

thermal diffusive instabilities. While the Lb increases with

increasing initial temperature at high diluent levels (>20%),

the temperature effect on the Lb at low dilution ratios (�20%)

is generally inappreciable. Furthermore, the hydrodynamic

instabilities are promoted at high temperatures as intensified

reaction rates lessen the laminar flame thickness. At low

dilution ratios (�20%), the Lb decreases with increasing initial

pressure, but there is little influence of pressure on the Lb at

higher diluent levels (�30%). An increase in the combustion

pressure leads to a reduction in the flame thickness and

therefore intensifies the hydrodynamic instabilities, which is

the primary reason for the cellular formation on the H2 flame

surface at 2 bar.

The Lb values of H2/air mixtures generally decrease with

increasing dilution ratio. The dilution effect on the Lb is more

complex than the one on the So
u because the So

u is mainly

affected by the Tadb change, which is linear, whereas the

changes in the Lb are mostly governed by the variation in the

thermal/heat andmass diffusivities, i.e. the thermal-diffusion

effect. Addition of the dilution mixture into H2/air mixtures

alters their thermal/heat andmass diffusivities and therefore,

the Lewis number of the H2/air mixtures decreases, as does Lb
because the Lewis number can be related to the flame

response to stretch, i.e. Lb. Addition of the dilution mixture to

the reactants increases the H2 laminar flame thickness and

lowers the Darrieus-Landau instability effects.

Lastly, the comparison of experimental measurement re-

sults with numerical So
u predictions obtained with the NUI

Galway-H2 [58], San Diego [59], HP-Mech [60], Princeton-H2

[61], Vrije-H2 [62], and USC-H2 [63] chemical mechanisms

shows that all investigated kinetic models capture the gen-

eral/overall trend of the experimental results adequately.

However, the San Diego [59] and HP-Mech [60] mechanisms

suffer from over-predictions (up to 21%) at low/non dilution

ratios. Among the tested kinetic mechanisms, the USC-H2 [63]

shows the best agreement with the experimental results

whereas the San Diego [59] has the poorest agreement with

measurements. The NUI Galway-H2 [58] predictions are very

close to the ones from the USC-H2 [63]. Similarly, the Prince-

ton-H2 [61] and Vrije-H2 [62] predict almost identical So
u values,

which are more consistent with experimental data at high

dilution ratios (�20%).
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