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a b s t r a c t

This paper provides detailed comparisons of chemical reaction mechanisms of H2 appli-

cable at high preheat temperatures and pressures relevant to gas turbine and particularly

Alstom’s reheat gas turbine conditions. It is shown that the available reaction mechanisms

exhibit large differences in several important elementary reaction coefficients. The reac-

tion mechanisms are assessed by comparing ignition delay and laminar flame speed

results obtained from CHEMKIN with available data, however, the amount of data at these

conditions is scarce and a recommended candidate among the mechanisms can presently

not be selected. Generally, the results with the GRI-Mech and Leeds mechanisms deviate

from the Davis, Li, Ó Conaire, Konnov and San Diego mechanisms, but there are also

significant deviations between the latter five mechanisms that altogether are better

adapted to hydrogen. The differences in ignition delay times between the dedicated

hydrogen mechanisms (Ó Conaire, Li and Konnov) range from approximately a maximum

factor of 2 for the H2-air cases, to more than a factor 5 for the H2/O2/AR cases. The appli-

cation of the computed ignition delay time to reheat burner development is briefly

discussed.

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
1. Introduction Hydrogen is a particular molecule with high diffusivity and
Among the technologies for fossil fuel power production with

CO2 capture, “pre-combustion” removal of CO2 is one of the

strong candidates. Pre-combustion technology for stationary

power production implies burning hydrogen or hydrogen rich

mixtures in a gas turbine. Utilizing hydrogen in non-premixed

burners without dilution (steam or nitrogen) causes unac-

ceptable levels of NOx emissions due to the high flame

temperature [1]. To avoid the higher cost and maintenance

that comes with dilution, there is an increasing interest in

developing non-diluted premixed or partially premixed

hydrogen burners.
o (T. Weydahl).
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reactivity and there are challenges to safe and stable opera-

tion of burners utilizing non-diluted premixed hydrogen. One

combustion technology where premix combustion of

hydrogen has a potential is the reheat or sequential gas

turbine technology. Other related applications are ramjet,

scramjet and afterburner technologies. The reheat gas turbine

technology was first commercialized in 1948 by Brown Boveri

Co., and is marketed today by Alstom. These turbines had the

sequential combustor design, which is used to increase effi-

ciency and provide operational flexibility while managing low

emissions. The combustion system uses an EnVironmental

(EV) burner in the first combustion stage followed by
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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Table 1 e Overview of the chemical kinetic mechanisms
and their most recent references considered in the
present work. Ns is the total number of species in the
mechanism (including Argon). NR is the total number of
reactions in the mechanism while N0

R is the number of
reactions in the H2/O2 subset (duplicate reactions and
separately formulated third-body reactions are counted).

Mechanism Ns NR N0
R Reference

Li 10 23 23 [6]

Ó Conaire 10 21 21 [8]/[17]

Konnov 10 33 33 [5]

Davis 14 38 25 [9]/[18]

San Diego 46 235 21 [10]/[12]

Leeds 37 175 23 [14]/[19]

GRI-Mech 53 325 28 [15]
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a Sequential EV (SEV) burner, illustrated in Fig. 1, in the second

stage [2,3]. Since the reheat combustor is fed by high-

temperature expanded exhaust gas of the first combustor,

the operating conditions allow auto-ignition (spontaneous

ignition) of the fuel air mixture without additional energy

being supplied to the mixture. To prevent ignition of the fuel

air mixture in the mixing region, an appropriate distribution

of the fuel across the burner exit area must be obtained and

the residence time in the mixing region must not exceed

the auto-ignition delay time. As of today with conventional

fuels, this is solved by using delta wing shaped vortex

generators to mix the fuel, which is injected in a centrally

positioned lance [4].

The chemical mechanism is an important element in

several tools for gas turbine calculations. Computational Fluid

Dynamics (CFD) has evolved to become one of the main

tools in design of gas turbine combustors, especially in the

developing stage where experiments are relatively resource

intensive and expensive. Accurate CFD predictions of

hydrogen combustion rely on high precision in the chemical

mechanisms.

A number of detailed mechanisms for hydrogen, often

known as the core of any detailed hydrocarbon combustion

reaction mechanism [5], have been developed during the last

two to three decades. Some of these are sub-mechanisms of

larger hydrocarbon mechanisms such as methane or ethane.

A brief overview of themechanisms considered in the present

work is given in the following and summarized in Table 1. The

H2/O2 mechanism of Li et al. [6] is based on the mechanism

that originally was developed by F.L. Dryer at Princeton

University and further developed by Mueller et al. [7]. This

mechanism has been compared against a wide range of

experimental conditions with temperatures between 298 and

3000 K, pressures from 0.3 to 87 atm and equivalence ratios

from 0.25 to 5. Themechanism of Mueller was also used as the

basis for the mechanism developed by Ó Conarie et al. [8] at

University of Ireland in Galway. The series of experiments

numerically investigated ranged from 298 to 2700 K, pressures

between 0.05 and 87 atm and equivalence ratios from 0.2 to 6.

Konnov [5] has derived a H2/O2 mechanism from a methane

mechanism with a recent review and update of the elemen-

tary reactions. This mechanism is validated with ignition

experiments (950e2700 K, sub-atmospheric to 87 atm) and

flame speeds at pressures from 0.35 to 4 atm. Davis et al. [9]

developed a H2/CO/O2 mechanism based on an extensive

validation against ignition delay and flame speed data in

the range from 0.05 to 64 atm and 298e1754 K (for hydrogen).
Fig. 1 e Operation principle of Sequential EnVironmental

(SEV) combustor. Illustration from Ciani et al. [2].
The San Diego mechanism developed by Forman Williams

and co-workers at the University of California, San Diego

[10,11] is also studied here. The full mechanism includes

hydrocarbons up to C3 [12]. The H2/O2 part has been validated

against hydrogen ignition delay data up to 33 bar [13]. These

five mechanisms have been selected for consideration based

on thoroughness in validation against hydrogen ignition and

flame speed data. In addition we consider two of the most

widely used hydrocarbon mechanism that includes a H2/O2

subset. The Leedsmethanemechanismhas been developed at

Leeds University by Hughes et al. [14], while the GRI mecha-

nism origins from the Gas Research Institute [15]. More

comprehensive summaries of the various mechanisms for

hydrogen combustion are for example given by del Alamo

et al. [13] and Ströhle and Myhrvold [16].

The number of available mechanisms and validation

studies are significant, and still there are uncertainties related

to the elementary reactions involved [5]. Very recently, Burke

et al. [20] investigated the mass burning rate (the product of

laminar flame speed and unburnt gas density) and found that

there is a negative pressure dependence at high pressures and

low temperatures. According to their results, this dependence

is not captured by the available mechanisms due to uncertain

and even missing third-body reactions.

The aim of the present study is to investigate the perfor-

mance of the selected detailed chemical mechanisms at the

high temperature and pressure conditions relevant to gas

turbine and particularly reheat engine conditions. As a start-

ing point in reheat burner design, the burner residence time is

chosen by considering the ignition times. This is based on the

assumption that the flame position is controlled by pure auto-

ignition. The effect of pressure on ignition delay time and

laminar flame speed is investigated in order to illustrate the

effect of variable engine load. For the universality of this

study, pressures also higher than the baseload operating

pressure of the Alstom SEV burner are considered.

The data of Herzler and Naumann [21] and Petersen et al.

[22] are applied for comparison. There is generally little data

available for auto-ignition in the pressure range from 15 to

30 bar particularly at high temperatures. Consequently the

mechanisms are also compared at conditions where they

have not been validated against experiments. Nevertheless,

for predictions of ignition delay under reheat gas turbine

conditions, their performance at these conditions is of

http://dx.doi.org/10.1016/j.ijhydene.2011.06.063
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interest. Only a few laminar flame speed experiments have

been performed at high temperature and pressure (see e.g.

Natarajan et al. [23]), but no studies exists at the even higher

temperature conditions relevant to the reheat gas turbine.

Achieving experimental results of laminar flame speed at

these conditions will be extremely challenging. The present

flame speed computations may be considered more of

academic than practical interest. Despite of this the laminar

flame speeds have been included in this work because

generally in evaluation of chemical mechanisms both ignition

delay and flame speed are considered.
1 When solving the freely propagating flame problem, an addi-
tional boundary condition is required. This condition is the
temperature TFIx of the flame at a given position [28].
2. Overview of important elementary
reactions

In Table 2 the most important H2/O2 reactions for ignition,

extinction and flame propagation identified by Ströhle and

Myhrvold [24] are listed. We have also verified that for the

results in the present work this 11-step reduced Li mechanism

closely reproduces the results with the full Li mechanism.

This has, however, not been verified for the other selected

mechanisms. The reactions coefficients marked with (*) are

for the reverse reaction and can not be directly compared.

Among the selected reactions, the reverse reaction (10) is the

main initiating step which creates H-radicals. The chain

branching/propagating steps (1e3) are important for the auto-

ignition, but competes with the chain terminating steps (9aef)

that suppress the formation of the highly reactive H-radical

[10,13]. The chain terminating steps are pressure dependent

and become increasingly important at higher pressures.

In the following, a brief overview of the differences

between the reaction coefficients listed in Tables 2 and 3 are

given. More comprehensive and in-dept discussions of these

coefficients are found elsewhere in the literature [5,25,26]. The

chain-branching reaction (1) is recognized as one of the most

sensitive and important reactions to hydrogen combustion,

and the differences between the reaction coefficients are also

significant. For reference, Konnov [5] applies the latest

expression recommended by Baulch et al. [26]. The coeffi-

cients in the reaction (2e3) show little deviation for all

mechanisms. Li et al. [6] modified the pre-exponential factor

of reaction (8a) to improve flame speed predictions. Apart

from this, the mechanisms deviate mainly in the third-body

collision efficiencies. It should for instance be noted that the

third-body effect of H2O in Davis is about half the quantity in

the Li, Ó Conarie and San Diego mechanisms. Konnov applies

a separate equation (8b) listed in Table 3 when the collision

partner is H2O. This is effectively to take temperature-

dependent third-body effects into account [13]. For the chain

terminating reaction (9a), the GRI-Mech and Leeds mecha-

nisms do not include low-pressure limits. In addition, GRI-

Mech and Leeds have separate expressions for the collision

partners H2/H2O and H2O, respectively. Also Konnov applies

separate fall-off expressions for individual collision partners.

Among the other mechanisms, the differences in the low-

pressure limit coefficients and in collision efficiencies espe-

cially for H2 and H2O are themost apparent differences. The Li

mechanism has an alternative reaction (9a) when the main

bath is AR where the low pressure limit coefficients are [9.0
1019,�1.5, 492], the broadening factor is Fc ¼ 0.5, and the third-

body efficiencies are O2¼ 1.1, H2O¼ 16 and H2 ¼ 3. The reverse

reaction (10) is the most important initiating step in the

mechanisms [10]. The differences between Konnov, which

uses the coefficients recommended by Baulch et al. [26], and

Li, Ó Conarie and San Diego should be noted. Konnov [5]

reports large uncertainty of the HO2 reaction (13). The differ-

ence between the mechanisms is evident in that additional

duplicate reactions are introduced in the GRI-Mech, Davis and

Konnov mechanisms. However, the coefficients in the

respective other mechanisms are close to equal for this reac-

tion. For reference, Li uses the expression recommended by

Baulch et al. [25,26] for reaction (14). All mechanisms except

Davis use duplicate reactions with similar coefficients for

reaction (14) and (14dup). Considering reaction (17) the

mechanisms exhibit large variations. Again, Li, Ó Conarie and

San Diego have the closest agreement, while Konnov, which

adopts the Baulch et al. [26] recommendations, has lower pre-

exponential factor and activation energy. The expressions

applied in GRI-Mech and Davis involve temperature depen-

dences of the pre-exponential factor.
3. Method

Ignition delay time is computed by solving the perfectly stir-

red closed reactor equations

dYi

dt
¼ ui;

dh
dt

¼ 0;
dp
dt

¼ 0; (1)

where Yi and ui are mass fraction and chemical reaction rate

of species i, respectively. The initial value problem is solved at

constant enthalpy h (adiabatic) and pressure p conditions

using an in-house code where the CHEMKIN library [27] is

used for the property and source term calculations. For the

ignition delay computation where no data is present, the

ignition delay time is defined by the time when the tempera-

ture has reached 200 K above the initial value.

The freely propagating one-dimensional laminar pre-

mixed flame calculations were performed using the PREMIX

code [28]. The effect of species transport by temperature

gradients, the Soret effect, and multicomponent diffusion is

included in the computations since these phenomena are of

particular importance in hydrogen combustion. The first-

order upwind discretization scheme was used with suffi-

cient grid refinement so that a grid-independent solution

was achieved for all cases. Since the premixed reactant

mixture is above its auto-ignition temperature it is impor-

tant to ensure that the flame is positioned close enough to

the inlet boundary so that the results are not affected by

auto-ignition. On the other hand the flame must not be

positioned too close, since the flame speed calculations are

assuming zero gradient on the inlet boundary. Due to these

high-temperature related restrictions, the flame speed

results were not completely independent of the model input

fixed temperature TFIx
1. A variation in TFIx with �50 K,
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Table 2 e Overview and comparison of reaction rate coefficients for the most important H2/O2 reactions. For each mechanism and reaction the pre-factor, temperature
exponent and activation energy are listed in respective order. The low-pressure limits of the reactions are given within brackets [ ]. The unit of activation energy is cal/
mole. The broadening factor of reaction (15a) is $F_c [ 0.2654\exp(LT/1756) D 0.7346\exp(LT/5182)$ for GRI-Mech, Davis and San Diego and $F_c [ \exp(LT/1040)$ for
Leeds. Numbering of the reactions is in accordance with Li et al. [6]. Reactions marked with (*) are reverse reaction coefficients.

Reaction GRI-Mech Davis Konnov Li Ó Conaire San Diego Leeds

(1) H þ O2 ¼ OH þ O 2.65$1016, �0.7, 17041 2.64$1016, �0.7, 17041 2.06$1014, �0.1, 15022 3.55$1015, �0.4, 16599 1.91$1014, 0.0, 16440 3.52$1016, �0.7, 17070 9.76$1013, 0.0, 14821

(2) O þ H2 ¼ OH þ H 3.87$104, 2.7, 6260 4.59$104, 2.7, 6260 5.06$104, 2.7, 6290 5.08$104, 2.7, 6290 5.08$104, 2.7, 6292 5.06$104, 2.7, 6291 5.12$104, 2.7, 6277

(3) H2 þ OH ¼ H2O þ H 2.16$108, 1.5, 3430 1.73$108, 1.5, 3430 2.14$108, 1.5, 3450 2.16$108, 1.5, 3430 2.16$108, 1.5, 3430 1.17$109, 1.3, 3635 4.52$108 (*), 1.6, 18401

(8a) H þ OH þ M ¼ H2O þ M 2.20$1022, �2.0 0.0

H2O ¼ 3.65

H2 ¼ 0.73

AR ¼ 0.38

4.40$1022, �2.0, 0.0

H2O ¼ 6.3

H2 ¼ 2.0

AR ¼ 0.38

6.06$1022, (*) �3.3, 120770

H2O ¼ 0

H2 ¼ 3.0

N2 ¼ 2.0

O2 ¼ 1.5

3.80$1022, �2.0, 0.0

H2O ¼ 12

H2 ¼ 2.5

AR ¼ 0.38

4.50$1022, �2.0, 0.0

H2O ¼ 12

H2 ¼ 0.73

AR ¼ 0.38

4.00$1022, �2.0, 0.0

H2O ¼ 12

H2 ¼ 2.5

AR ¼ 0.38

5.53$1022, �2.0, 0.0

H2O ¼ 2.55

N2 ¼ 0.4

O2 ¼ 0.4

AR ¼ 0.15

(9a) H þ O2(þM) ¼ HO2(þM) 2.80$1018, �0.9, 0.0

O2 ¼ 0

H2O ¼ 0

N2 ¼ 0

AR ¼ 0

5.12$1012, 0.4, 0.0

[6.3$1019 �1.4 0.0]

Fc ¼ 0.5

O2 ¼ 0.85

H2O ¼ 12

H2 ¼ 0.75

AR ¼ 0.4

4.66$1012, 0.4, 0.0

[5.7$1019 �1.4 0.0]

Fc ¼ 0.5

O2 ¼ 0

H2O ¼ 0

H2 ¼ 1.5

AR ¼ 0

1.48$1012, 0.6, 0.0

[6.4$1020, �0.17, 5248]

Fc ¼ 0.8

O2 ¼ 0.78

H2O ¼ 11

H2 ¼ 2

1.48$1012, 0.6, 0.0

[3.5$1012, �0.4, �1120]

Fc ¼ 0.5

O2 ¼ 0.78

H2O ¼ 14

H2 ¼ 1.3

4.65$1012, 0.4, 0.0

[5.7$1019, �1.4, 0.0]

Fc ¼ 0.5

H20 ¼ 16

H2 ¼ 2.5

AR ¼ 0.7

2.10$1018, �0.8, 0.0

O2 ¼ 0.4

H20 ¼ 0

H2 ¼ 0.75

N2 ¼ 0.67

AR ¼ 0.29

(10) HO2 þ H ¼ H2 þ O2 4.48$1013, 0.0, 1068 5.92$105, (*) 2.4, 53502 1.05$1014, 0.0, 2047 1.66$1013, 0.0, 823 1.66$1013 0.0, 820 1.66$1013, 0.0, 823 4.28$1013, 0.0, 1408

(11) HO2 þ H ¼ OH þ OH 8.40$1013, 0.0, 635.0 7.48$1013, 0.0, 295.0 1.90$1014, 0.0, 875.0 7.08$1013, 0.0, 295.0 7.08$1013, 0.0, 300.0 7.08$1013, 0.0, 295.0 1.69$1014, 0.0, 883.0

(13) HO2 þ OH ¼ H2O þ O2 1.45$1013, 0.0, e500 2.38$1013, 0.0, e500 2.89$1013, 0.0, e500 2.89$1013, 0.0, e497 2.89$1013, 0.0, e500 2.89$1013, 0.0, e497 2.89$1013, 0.0, e500

(13dup) HO2 þ OH ¼ H2O þ O2 5.00$1015, 0.0, 17330 1.00$1016, 0.0, 17330 9.27$1015, 0.0, 17500

(14) HO2 þ HO2 ¼ H2O2 þ O2 4.20$1014, 0.0, 12000 3.66$1014, 0.0, 12000 1.03$1014, 0.0, 11040 4.20$1014, 0.0, 11982 4.20$1014, 0.0, 11980 3.02$1012, 0.0, 1386.2 4.22$1014, 0.0, 11957

(14dup) HO2 þ HO2 ¼ H2O2 þO2 1.30$1011, 0.0, �1630 1.30$1011, 0.0, e1630 1.94$1011, 0.0, e1409 1.30$1011, 0.0, e1629 1.30$1011, 0.0, e1629 1.32$1011, 0.0, e1623

(15a) OH þ OH(þM) ¼ H2O2(þM) 7.40$1013, �0.4, 0.0

[2.3$1018 �0.9 �1700]

H2O ¼ 6

H2 ¼ 2

AR ¼ 0.7

1.11$1014, �0.4, 0.0

[2.0$1017 �0.58 �2293]

H2O ¼ 6

H2 ¼ 2

AR ¼ 0.7

1.00$1014, �0.4, 0.0

[2.4$1019, �0.8, 0.0]

Fc ¼ 0.5

H2O ¼ 0

2.95$1014 (*), 0.0, 48430

[1.2$1015, 0.0, 45500]

Fc ¼ 0.5

H2O ¼ 12

H2 ¼ 2.5

AR ¼ 0.64

2.95$1014 (*), 0.0, 48400

[1.3$1017, 0.0, 45500]

Fc ¼ 0.5

H2O ¼ 12

H2 ¼ 2.5

AR ¼ 0.64

7.40$1013, �0.4, 0.0

[2.3$1018, �0.9, �1700]

H2O ¼ 6

H2 ¼ 2

AR ¼ 0.4

7.23$1013, �0.4, 0.0

[5.6$1019, �0.76, 0.0]

H2O ¼ 6.5

N2 ¼ 0.4

O2 ¼ 0.4

AR ¼ 0.35

(17) H2O2 þ H ¼ HO2 þ H2 1.21$107, 2.0, 5200 6.05$106, 2.0, 5200 1.70$1012, 0.0, 3755 4.82$1013, 0.0, 7950 6.03$1013, 0.0, 7950 4.79$1013, 0.0, 7959 1.69$1012, 0.0, 3747
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Table 3 e Overview and comparison of reaction rates specific to the GRI-Mech, Konnov and Leeds mechanisms. See the
caption of Table 2 for explanation.

Reaction GRI-Mech Konnov Leeds

(8b) H þ OH þ H2O ¼ H2O þ H2O 1.0$1026 (*), �2.4, 120160

(9b) H þ O2(þO2) ¼ HO2(þO2) 4.7$1012, 0.4, 0.0

[5.7$1018, �1.1, 0.0]

Fc ¼ 0.5

(9c) H þ O2(þH2O) ¼ HO2(þH2O) 9.1$1012, 0.2, 0.0

[3.7$1019, �1.0, 0.0]

Fc ¼ 0.8

(9d) H þ O2(þAR) ¼ HO2(þAR) 4.6$1012, 0.4, 0.0

[7.4$1018, �1.2, 0.0]

Fc ¼ 0.5

(9e) H þ O2þH2O ¼ HO2þH2O 1.13$1019, �0.8, 0.0 6.89$1015, 0.0, e2076

(9f) H þ O2þN2 ¼ HO2þN2 2.6$1019, �1.2, 0.0

(15b) OH þ OH(þH2O) ¼ H2O2 (þH2O) 1.0$1014, �0.37, 0.0

[1.45$1018, 0.0, 0.0]

Fc ¼ 0.5

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 6 ( 2 0 1 1 ) 1 2 0 2 5e1 2 0 3 4 12029
which generally was chosen close to the inlet temperature

value, resulted in a variation in flame speed with 4e5%.
4. Results and discussion

4.1. Ignition delay results

Petersen et al. [22] measured the ignition delay times of stoi-

chiometric H2/O2 mixtures using a high-pressure shock tube

[22]. The measurement data considered in the present work

were performed at 33 bar between approximately 1175 K and

1300 K with 2% H2, 1% O2 and 97% dilution with Argon. The

criteria for determining the ignition time in the computations

is set to when the excited OH* concentration is at its

maximum. Since OH* is not included in any of the chemical

mechanisms, the product of the O and H-radical concentra-

tions, which are the main precursors for OH*, is used (see e.g.

Hall et al. [29]). According to the experiments, the maximum

OH* concentration gradient is used to define the ignition delay

time. Fig. 2 show that the GRI-Mech and the Leedsmechanism

largely overpredict the ignition delay data of Petersen. The

latest Li mechanism involves a compromise on the equation

(9a) where the low pressure limit and third-body efficiencies

are different depending on whether the main bath is N2/He or
Fig. 2 e Ignition delay results with 2% H2, 1% O2, 97% Ar at

33atm.ComparisonwithshocktubedataofPetersenetal. [22].
Ar. This is done in order to take into account differences in

broadening factors and temperature-dependences of collision

efficiencies for different bath gases [6]. When the “wrong”

option is used, the Limechanismend up on approximately the

GRI-Mech and Leeds level. The Li, Ó Conaire and San Diego

mechanisms give satisfactory agreement with the experi-

ments in the lower temperature range and these three

mechanisms also follow each other very well. At higher

temperatures Konnov and Davis provide a slightly closer

match with the experiments than the respective other

mechanisms. The overprediction of the experiments at the

highest temperatures ranges from approximately a factor two

for Konnov and Davis to more than a factor 6 for GRI-mech.

Recently, Herzler and Naumann [21] investigated the igni-

tion of methane/ethane/hydrogen mixtures with H2 content

from 0% to 100% at 1, 4 and 16 bar. Only themeasurement data

with 100% H2 are considered in the present work. The H2/O2

mixture is diluted by 93.0% and 91.1% Argon on mole basis at

F ¼ 0.5 and F ¼ 1, respectively. The maximum OH* concen-

tration is used to define the ignition delay time according to

the experiments. The data at 16 bar are compared with igni-

tion delay computations at F ¼ 0.5 in Fig. 3 and at F ¼ 1 in

Fig. 4. The GRI-Mech and Leeds mechanisms seem to give the
Fig. 3 e Ignition delay time results with H2/O2 diluted by

93.0% AR at 16 bar and F [ 0.5. Comparison with shock

tube data of Herzler and Naumann [21].
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Fig. 4 e Ignition delay time results with H2/O2 diluted by

91.1% AR at 16 bar and F [ 1. Comparison with shock tube

data of Herzler and Naumann [21]. See Fig. 3 for legend.

Fig. 5 e Ignition delay time results showing the pressure

effect for the composition given in Fig. 4 at T [ 1060 K.

Comparison with shock tube data of Herzler and Naumann

[21] at 1, 4 and 16 bar. See Fig. 3 for legend.
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highest overprediction of ignition delay at all temperatures.

The best agreement at low temperatures are found for the

Davis and Konnov mechanisms, while Li, Ó Conaire and to

some extend San Diego provide a closer match with the

experiments at higher temperatures.

Data from Herzler and Naumann are also selected to

illustrate and compare the pressure effect on ignition delay

time. The data are selected at approximately 1060 K and

1160 K2 and compared to computations in Fig. 5 and Fig. 6. All

mechanisms capture the trend of decreasing followed by

increasing ignition delay time with increasing pressure. The

shift of the minimum ignition delay time to higher pressures

for higher temperatures is observed for all mechanisms. This

effect is explained for the H2-air cases in the following para-

graph. The limited amount of data points is insufficient in

order to draw any conclusions on the performance of the

different reaction mechanisms. The Konnov and Davis

mechanisms seem to predict the pressure effect best at

1060 K, while the Li and Ó Conaire mechanisms are closer to

the experiments at 1160 K. It is worth noticing that the

difference between the dedicated H2 mechanisms (Ó Conaire,

Li and Konnov) is close to a factor 5 (around 8 bar) for the

T ¼ 1060 K case and approximately a factor 2.5 (around 16 bar)

for T ¼ 1160 K.

The remaining investigation of ignition delay time is per-

formed with H2-air at pressures and temperatures relevant to

gas turbine and reheat engine conditions. No experimental

work is available in the literature at these conditions so this

part is limited solely to a comparison between the individual

mechanisms. The Figs. 9 and 10 show the ignition delay

plotted against pressure for an initial H2-air mixture at a fuel-

air ratio of F ¼ 0.2 and 1173 K and 1273 K, respectively. The

following 4 figures cover the same temperature range at

F ¼ 0.75 and F ¼ 105. The pressure trend, which is similar to

the trend in the Figs. 5 and 6, is captured by all mechanisms.

The ignition delay time drops going from 2 bar to a minimum
2 The data are selected at 1061 K, 1064 K, and 1059 K at 1, 4, and
16 bar in Fig. 5 and at 1153 K, 1159 K and 1160 K at 1, 4, and 16 bar
in Fig. 6.
which lays in the range 5e20 bar and then rises again in the

interval 10e30 bar. A sensitivity study performed for the Li

mechanism at F ¼ 0.75 and 1273 K showed that the chain

branching reaction (1) dominates at low pressures. At higher

pressures the main chain terminating reaction (9) becomes

increasingly important and the ignition delay time decreases.

Similar sensitivity is expected for the othermechanisms.With

increasing temperature, the minimum inflection point of the

ignition delay is predominantly shifted to higher pressures.

According to e.g. Herzler and Naumann [21], this effect is due

to the activation energy of reaction (1) which increases the

rate of reaction (1) relative to reaction (9) with increasing

temperatures.

The discrepancies between the mechanisms are generally

largest at higher pressures. This is expected since the mech-

anisms are better validated at lower pressures. The GRI-Mech

and Leeds mechanisms predict higher ignition delay times

than the othermechanisms at all temperatures, pressures and

fuel-air ratios considered. The overprediction of the ignition

delay time with Leeds and GRI-Mech may be attributed to the
Fig. 6 e Ignition delay time results showing the pressure

effect for the composition given in Fig. 4 at T [ 1160 K.

Comparison with shock tube data of Herzler and Naumann

[21] at 1, 4 and 16 bar. See Fig. 3 for legend.
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Fig. 7 e Ignition delay results with H2-air at F [ 0.2 and

T [ 1173 K.

Fig. 9 e Ignition delay results with H2-air at F [ 0.75 and

T [ 1173 K.
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differences in the chain terminating reaction (9a). GRI-Mech

and Leeds have no distinction between the high and low

pressure limits, and in addition the pre-factor is significantly

higher. An attempt was made where reaction (9a) of the Li

mechanismwas replaced by reaction (9a), (9d) and (9e) of GRI-

mech for the case in Fig. 9. This gave an increase in ignition

delay time approaching and almost coinciding with the GRI-

Mech results at higher pressures.

For F ¼ 0.2 (see Figs. 7 and 8) the behavior of the mecha-

nisms are largely divided in three groups. GRI-Mech and Leeds

are significantly overpredicting the main group consisting of

Davis, Li, Ó Conaire and San Diego, while Konnov predicts

somewhat shorter ignition delay times than the main group.

When F ¼ 0.75 (see Figs. 9 and 10) the three groups are GRI-

Mech and Leeds with the longest ignition delay times, Kon-

nov, Ó Conaire and Davis with the shortest, while Li and San

Diego follow each other closely somewhat above the second

group. Generally, the deviation between the mechanisms

increases with increasing equivalence ratio, and for F ¼ 1.5

and temperatures 1273 K (see Figs. 11 and 12), the ignition

delay times are broadly distributed. It is interesting to note

that, disregarding GRI-Mech and Leeds, the Davis mechanism

predicts the longest ignition delay times at lean conditions,
Fig. 8 e Ignition delay results with H2-air at F [ 0.2 and

T [ 1273 K. See Fig. 7 for legend.
while it predicts the fastest ignition at rich conditions. This

may be attributed to differences in third-body efficiencies as

seen in Table 2. Another interesting observation is that the Li

and Ó Conaire mechanisms, which share the same inheri-

tance in the Mueller mechanism [7], exhibit significant

differences except at F ¼ 0.2. The Li and San Diego mecha-

nisms are very close in behavior at all conditions considered,

even though the coefficients of for instance the important

reactions (1) and (9a) are significantly different. The difference

in ignition delay times between the dedicated hydrogen

mechanisms (Ó Conaire, Li and Konnov) ranges from

approximately a maximum factor of 1.7 at F ¼ 0.2 to more

than a factor 2 at F ¼ 1.5. As a starting point in reheat burner

design, the burner residence time is estimated from the igni-

tion delay time. If the design of the reheat combustor is based

on these computations, it implies that there is at least a factor

2 uncertainty margin in the size of the equipment. Taking the

differences of the H2/O2/AR case shown in Figs. 5 and 6 into

account, the uncertainty factor may even be closer to 5.
4.2. Laminar flame speed results

The laminar flame speed SL computed with the PREMIX code3

are given in Figs. 13e16 for fuel air ratios of F ¼ 0.2 and

F ¼ 0.75, and temperatures of T ¼ 1173 K and 1223 K. At these

conditions, the H2-air mixture is above the auto-ignition

temperature. The shortest ignition delay time for F ¼ 0.75

and T¼ 1223 K is approximately 6 ms. When the flame speed at

the same conditions is about 3800 cm/s, the distance from the

upstream inlet at where auto-ignition occurs is 0.023 cm.

Considering the temperature profile in the corresponding

flame speed calculations (not shown), the preheat-zone of the

flame is located about 0.008 cm from the upstream inlet. This

should indicate that the flame propagation is “ahead” of the

auto-ignition, and the results should not be significantly

disturbed by this. However, the highest temperature and

equivalence ratios considered in the ignition delay studies
3 For laminar flame calculations with the Davis mechanism an
adjusted version of the CHEMKIN transport code must be used.
The code was obtained from the developers [18].
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Fig. 10 e Ignition delay results with H2-air at F [ 0.75 and

T [ 1273 K. See Fig. 9 for legend.

Fig. 11 e Ignition delay results with H2-air at F [ 1.5 and

T [ 1173 K.

Fig. 13 e Laminar flame speed results with H2-air at

F [ 0.2 and T [ 1173 K. See e.g. Fig. 16 for legend.
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were omitted here due to problemswith convergence.We also

refer to the discussion about the TFIX parameter in Section 3.

Between approximately 5 atm and 30 atm the flame speed

decreaseswith increasing pressure for allmechanisms. This is

in accordance with flame speed theory, where the relative
Fig. 12 e Ignition delay results with H2-air at F [ 1.5 and

T [ 1273 K. See Fig. 11 for legend.
importance of the third order chain terminating reactions

(9aef) increases with increasing pressure.

The flame speed predicted by the GRI-Mech and Leeds

mechanisms are generally significantly lower than the

respective other mechanisms. The exception is the Davis

mechanism which underpredicts the Leeds mechanism at

high pressures for F ¼ 0.75. At T ¼ 1223 K and for both F ¼ 0.2

and F ¼ 0.75 the flame speed slightly increases from 2 bar

before it decreases again. This behavior is predicted by all

mechanisms except the GRI-Mech and the Leeds mecha-

nisms. A modified Li mechanism was constructed where

reaction (9a) was replaced by reaction (9a), (9d) and (9e) of GRI-

Mech. This modified Li mechanism did not predict the

increase in flame speed at lower pressures, and approached

the GRI-Mech results at higher pressures. Hence, some of the

differences between the flame speed predictionswith the GRI-

Mech/Leeds and the other mechanisms are attributed to the

differences in the chain-terminating reactions (9aef). Here the

differences between the dedicated hydrogen mechanisms (Ò

Conaire, Li and Konnov) are less pronounced than for the

ignition delay calculations. The largest deviation of about 30%

is found between S Conaire and Konnov at high pressures

and F ¼ 0.2.
Fig. 14 e Laminar flame speed results with H2-air at

F [ 0.2 and T [ 1223 K. See e.g. Fig. 16 for legend.
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Fig. 15 e Laminar flame speed results with H2-air at

F [ 0.75 and T [ 1173 K. See e.g. Fig. 16 for legend.

Fig. 16 e Laminar flame speed results with H2-air at

F [ 0.75 and T [ 1223 K.
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5. Summary and conclusions

Accurate predictions of hydrogen combustion rely on high

precision in the chemical mechanisms. In the present work,

the performance of selected detailed hydrogen chemical

mechanisms at the high temperatures and pressures relevant

to gas turbine, and particularly reheat engine conditions, are

investigated. For the universality of this study, pressures also

higher than the baseload operating pressure of the Alstom

SEV burner are considered. The effect of pressure on ignition

delay time and laminar flame speed is investigated in order to

illustrate the effect of variable engine load. Very little experi-

mental data are available at these conditions so a recom-

mended candidate among the mechanisms can presently not

be selected. The GRI-Mech and Leeds mechanisms seem to

give the highest overprediction of the ignition delay data at all

temperatures. The best agreement at low temperatures are

found for the Davis and Konnov mechanisms, while Li, Ó

Conaire and to some extend San Diego provide a closer match

with the experiments at higher temperatures.

Generally, the results with the GRI-Mech and Leeds

mechanisms deviate strongly from the Davis, Li, Ó Conaire,

Konnov and San Diego mechanisms, but there are also

significant deviations between the latter fivemechanisms that
altogether are better adapted to hydrogen. The differences in

ignition delay times between the dedicated hydrogen mech-

anisms (Ó Conaire, Li and Konnov) range from approximately

a maximum factor of 2 for the H2-air cases, to more than

a factor 5 for the H2/O2/AR cases. For laminar flame speed the

differences between the dedicated hydrogen mechanisms are

less pronounced, with the largest deviation of about 30%

found between Ó Conaire and Konnov for H2-air at high

pressure. It is shown through comparison in Tables 2 and 3

that the mechanisms exhibit large differences in several

important elementary reaction coefficients.

As a starting point in design, the burner residence time is

chosen based on the ignition delay times. If the predicted

differences in ignition time are related to the design of actual

combustion equipment, as for instance the SEV burner by

Alstom, the impact on cost is significant. Hence, to reduce the

uncertainties in predictions with hydrogen mechanisms at

these high temperature and pressure conditions more exper-

iments, particularly for ignition delay time, are needed.

Generally in burner design, ignition delay and flame speed

together are needed to define the characteristics. This moti-

vates including the laminar flame speed results even at the

high temperatures considered in the present work. Future

work should address the role of ignition time and flame speed

toward SEV flame stabilization. Finally, basic knowledge of the

turbulent flame speed at such conditions is crucial for the

development of hydrogen combustion engines.
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