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Madrid, 28040 Spain

Antonio L Sánchez, Forman A. Williams

Dept. Mechanical and Aerospace Engineering, University of California San Diego

La Jolla CA, USA

1 Introduction

The continued necessity of providing for large-scale on-demand power generation and propulsion, in the

face of mushrooming environmental needs for reducing emissions of carbon dioxide and dependence on

fossil fuels, focuses attention on gas turbines as essential components of any system [2]. Because of their

environmental and economic benefits, hydrogen-fueled gas turbines are bound to play an important role

in foreseeable carbon-free energy-production scenarios [3]. Manufactures are moving from systems

fueled by natural gas to new designs involving hydrogen addition to carbon-containing or carbon-free

fuels, such as ammonia, or simply using only hydrogen. Experimental and computational investigations

have shown, however, that hydrogen affects gas-turbine combustion processes substantially [4]. A criti-

cal need therefore exists for simple and efficient means for describing the chemical kinetics of hydrogen

combustion sufficiently accurately under gas-turbine conditions.

Different approaches have been pursued in deriving simplified kinetics for hydrogen combustion. A sin-

gle overall step having Arrhenius rate parameters that are tuned to target specific combustion conditions

has been shown to be useful in addressing particular problems, including deflagration-to-detonation tran-

sition [5] and supersonic combustion [6], but the accuracy of such ad hoc descriptions degrades rapidly

outside the narrow ranges of temperature, pressure, and composition for which they are developed, so

that their utility is limited. Reduced mechanisms that are systematically derived from first principles
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are more useful in that respect. Simplifications can be achieved through introduction of steady-state

approximations for chemical intermediates that exhibit negligibly small transport rates, resulting in re-

duced mechanisms involving a few overall steps with global reaction rates that are evaluated from those

of the elementary reactions [7]. For example, for hydrogen a two-step mechanism with H as the only

intermediate not following steady state has been shown to describe with sufficient accuracy flame prop-

agation under a wide range of conditions [8]. More complicated descriptions apply in autoignition

processes, for which either HO2 (at pressures below the third explosion limit) or H2O2 (at pressures

above the third explosion limit) are found to be out of steady state [9]. The steady-state assumption for

OH loses accuracy when autoignition takes place in nonpremixed environments, including laminar mix-

ing layers [10] and turbulent jets [11], for which a minimum of three global steps are needed. Following

these previous ideas, the current paper exploits steady-state simplifications applying for hydrogen-air

combustion at high pressure, under which conditions a one-step mechanism suffices to describe many

aspects of the combustion process, as explained below.

Typical gas-turbine combustion conditions include elevated pressures in the range 10atm < p < 50atm,

resulting in post-compression temperatures on the order of 700 K. To avoid large NO emissions, the

accompanying peak temperatures in the combustor must be limited—by means of dilution through

exhaust-gas recirculation or by use of extremely fuel-lean mixtures—to values not exceeding signifi-

cantly Tmax ∼ 2, 000 K. The existing high pressures promote radical recombination through three-body

recombination reactions in such a way that the rate of radical branching and that of radical recombina-

tion do not differ by a large amount in the thin hot reaction layers where the fuel is oxidized, so that the

key intermediates H, O, OH, and HO2 maintain steady states there, their transport rates playing minor

roles in determining the local heat-release rate. Under those conditions, hydrogen oxidation effectively

proceeds according to the global reaction

2H2 +O2 → 2H2O, (1)

with an overall rate that can be expressed in closed analytic form in terms of the local temperature and

the O2, H2, and H2O concentrations [13], thereby providing an attractive simple chemistry description.

The level of accuracy to be expected when using this one-step chemistry in gas-turbine combustion sim-

ulations is to be assessed below through flamelet computations involving three canonical configurations,

namely, steady planar deflagrations, counterflow diffusion flames, and two-dimensional triple flames.

2 Description of the one-step chemistry

Under gas-turbine combustion conditions, hydrogen oxidation is controlled by nine elementary steps [7],

namely, the reversible shuffle reactions H+O2
1
⇀↽ OH+O, H2+O

2
⇀↽ OH+H, and H2+OH

3
⇀↽ H2O+H, the

irreversible three-body reactions H+O2+M
4f
→ HO2+M, H+OH+M

8f
→ H2O+M and H+H+M

9f
→ H2+M,

and the irreversible hydroperoxyl-consumption reactions HO2+H
5f
→ OH+OH, HO2+H

6f
→ H2+O2, and

HO2+OH
7f
→ H2O+O2. Corresponding reaction-rate constants k can be found in [12], including separate

expressions for the rate parameters of the forward (f ) and backward (b) reactions.

As shown in [13], when all hydrogen-oxygen radicals obey a steady-state approximation, the combined

effect of all nine elementary reactions can be represented by the global reaction (1) whose rate ω (moles

per unit volume per unit time) is given by the sum of the elementary rates of reactions 4f , 8f , and 9f ,

thereby giving

ω = k4fCM4
CO2

CH + k8fCM8
COHCH + k9fCM9

C2
H
, (2)
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where Ci and CMj
denote the concentration of species i and the effective third-body concentration, the

latter evaluated for each reaction j = (4f, 8f, 9f) with account taken of its specific chaperon efficien-

cies. The rate (2) depends on the local values of the H and OH concentrations, which can be determined

by algebraic manipulation of the steady-state equations for H, OH, O, and HO2 to yield [13]

CH =
1

GH

k2fk3fC
2
H2

k1bk4fCM4
CO2

(

k1f
αk4fCM4

− 1

)

, (3)

and

COH =
1

H

k2fCH2

k1b

(

k1f
αk4fCM4

− 1

)

, (4)

involving the three dimensionless functions G, H , and

α =
k6ff/(k5f + k6f ) +G

f +G
, (5)

with

f =
k5f + k6f

k7f

k3f
k4fCM4

CH2

CO2

(6)

(expressions for the order-unity functions G and H are considerably more involved and can be found

in [13]). The resulting overall rate depends on the temperature and on the concentrations of H2, O2, and

H2O, the last dependence entering in the function G through the backward reaction H2O+H
3b
→ H2+OH

[13]. Although almost impossibly complex algebraically, it is exceedingly simple computationally to

evaluate ω directly from (2).

As can be seen from the formulas above, the radical concentrations (3) and (4) contain a cutoff factor

(k1f − αk4fCM4
) that becomes zero as the temperature T reaches the crossover value Tc at which the

rate of radical production matches the rate of radical recombination, as defined by the condition

k1f = αk4fCM4
. (7)

In the present approximation, all radical concentrations vanish for T < Tc and, correspondingly, the

reaction rate (2) must be set equal to zero. Because of its key role in hydrogen combustion, it is of

interest to review briefly the dependence of Tc on the combustion conditions. Besides the well-known

increase with increasing pressure p, resulting from the linear proportionality CM4
∝ p, the crossover

temperature determined from (7) exhibits a dependence on the mixture composition, partly because H2

and H2O have increased chaperon efficiencies (i.e. 16 for H2O and 2.5 for H2 in reaction 4f ) compared

with nitrogen and other species and partly through the factor α defined in (5).

To understand the latter dependence, which enters mainly through the function f defined in (6), it

is important to note that the three-body reaction H+O2+M
4f
→ HO2+M is chain-carrying, in that in

eliminating one hydrogen atom it creates one hydroperoxyl radical, so that the total number of radicals is

not altered. To determine the net recombination efficiency of reaction 4f one must therefore investigate

the subsequent consumption of HO2 through collisions with H and OH radicals. In very lean mixtures

the prevailing consumption route involves collisions with OH through reaction HO2+OH
7f
→ H2O+O2,

which is chain-terminating, resulting in a value of α = 1, as can be seen by taking the limit f ≪ 1
in (5). The associated overall rate takes in the case the simplified form

ω =

(

k1f
k4fCM4

− 1

)

k2fk3f/k1b

1 +
k3bCH2O

k4fCM4
CO2

C2
H2

(8)
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with the crossover temperature, determined with α = 1 from k1f = k4fCM4
, taking the values Tc ≃

1000 K at p = 1 atm and Tc ≃ 1800 K at p = 40 atm.

By way of contrast, in very rich mixtures, corresponding to the opposite limit f ≫ 1, the concen-

tration of H is much larger than that of OH, with the result that HO2 consumption occurs instead

through reactions HO2+H
5f
→ OH+OH (chain-carrying) and HO2+H

6f
→ H2+O2 (chain-terminating).

Since k6f/(k5f + k6f ) ≃ 1/6 regardless of the temperature, it turns out from (5) that only one sixth of

the collisions involving HO2 effectively removes radicals, a fact clearly reflected in the limiting value

α ≃ k6f/(k5f + k6f ) ≃ 1/6 of α for f ≫ 1. Since the effective rate of radical removal through

H+O2+M
4f
→ HO2+M is diminished, the resulting crossover temperature is significantly lower, as can be

seen by evaluating k1f = (1/6)k4fCM4
to give Tc ≃ 700 K at p = 1 atm and Tc ≃ 1300 K at p = 40

atm. It then can be seen by using (3) in the dominant leading term in (2) that in this limiting case the

overall rate takes the simplified form

ω =

(

k1f
k4fCM4

−
k6f

k5f + k6f

)

(k4fCM4
)2

k3bCH2O

k3fCH2

k8fCM8
+ k9fCM9

C2
O2
, (9)

which has been used to analyze pulsating deflagration propagation in fuel-rich hydrogen-air mixtures

[14].

It can be expected that the steady-state approximation holds under conditions such that the temperature

difference Tmax − Tc is limited to a few hundred kelvin, so that the resulting radical transport rate

(the difference between the production rate by radical branching and the consumption rate by radical

recombination) remains significantly smaller than the chemical rates. This condition is satisfied near the

lean flammability limit [15,16], as well as for sufficiently rich mixtures, with the mechanism describing

accurately the dynamics of pulsating flames [14]. In general, radical steady states are favored by low

values of the peak temperatures, as occurs when the mixture is diluted with combustion products, or

by high values of the crossover temperature, as occurs at high pressure. The computations of high-

pressure hydrogen-air flamelets shown below, including freely propagating deflagrations, counterflow

diffusion flames and triple flames propagating in strained mixing layers, suggest that the steady-state

approximation is sufficiently accurate under conditions of interest for gas-turbine combustion, for which

the simple one-step chemistry described above becomes applicable.

3 Comparisons of one-step and detailed-chemistry predictions

To test the accuracy of the one-step mechanism, results of different flamelet configurations involving

H2-O2-N2 mixtures are compared with detailed-chemistry computations using the 20-step San Diego

mechanism in Figs. 2-4. We begin by investigating steady planar deflagrations.

3 Steady planar deflagrations

Figure 1 shows the variation with pressure of the flame propagation velocity SL for a lean H2-air mixture

with equivalence ratio φ = 0.7 and initial temperature Tu = 300 K as obtained with detailed chemistry

(solid curve) and reduced chemistry (dashed curve). The accompanying upper panel shows the variation

of the corresponding adiabatic flame temperature Tb and crossover temperature Tc, the latter determined

from (7) using the equilibrium composition. The computations employ a multicomponent transport

description including thermal diffusion. To investigate the applicability of the steady-state assumption,

the figure includes insets showing the rates of H-atom production, consumption and transport across
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Figure 1: The variation with pressure of the burning rate SL corresponding to lean H2-air mixtures with

equivalence ratio φ = 0.7 and initial temperature Tu = 300 K as obtained with detailed chemistry (solid

curve) and with the one-step reduced mechanism (dashed curve), with the insets showing the variation of

the rates of production (dashed curves), consumption (dot-dashed curves), and transport (solid curves)

across the flame for three different pressures p = (1, 10, 50) atm. The upper plot represents the variation

of the adiabatic flame temperature Tb and of the crossover temperature Tc, the latter evaluated from (7).

the flame for three selected pressures, with the flame propagating leftward. For p = 1 atm, the H-

atom transport rate is seen to be comparable to its production and consumption rates at the onset of

reaction near the left boundary, indicating that a steady-state assumption for H atoms is inaccurate for

these conditions. The relative magnitude of the transport rate diminishes as the crossover temperature

approaches the adiabatic flame temperature for increasing pressure, as can be seen in the plots for p = 10
atm and p = 50 atm. The results indicate that the steady-state approximation becomes reasonably

accurate for all radicals at these intermediate high pressures 10 atm < p < 50 atm, typical of gas-

turbine combustion, with the consequence that the one-step reduced kinetics, which does not perform

well at ambient pressure, provides a good description of the resulting burning rate, as seen in the figure.

The flame velocity computed with the one-step mechanism vanishes as Tc approaches Tb for p ≃ 80

atm, as expected from (3) and (4). At these high pressures, above the third explosion limit, radical

regeneration by the hydrogen peroxide decomposition reaction H2O2+M → OH+OH+M opens up an

alternative chain-branching path that enables fuel oxidation to proceed at a very small rate, of limited

interest in practical combustion applications.

Figure 2 shows the variation with equivalence ratio φ of the corresponding flame propagation velocity

SL at two different pressures. The figure also displays the variation with φ of the adiabatic flame

temperature Tb, which is the peak temperature across the flame in the absence of heat losses, along with

an indication of the corresponding crossover temperature Tc determined from the condition (7) for α = 1
(lean limit) and α = 1/6 (rich limit), with the chaperon efficiencies computed with the composition at

equilibrium. Besides results corresponding to hydrogen-air mixtures with initial temperature Tu = 300
K, represented by red curves, consideration is given to preheated mixtures, with the initial temperature

computed from the isentropic compression relation Tu = 300p(γ−1)/γ using γ = 1.4 for the specific-

heat ratio, with Tu and p expressed in kelvin and atmospheres, respectively, yielding Tu = 706.1 K for

p = 20 atm and Tu = 860.7 K for p = 40 atm. To represent the effect of exhaust-gas recirculation,

needed to limit the peak temperature in these preheated cases, the mixture is diluted with nitrogen, with

the initial oxygen-to-nitrogen mole-fraction ratio XO2
/XN2

lowered from the value (XO2
/XN2

)AIR =
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Figure 2: The variation with equivalence ratio of the burning rate SL corresponding to H2-air mixtures

with initial temperature Tu = 300 K (red curves) and to preheated H2-O2-N2 mixtures (blue curves)

with oxygen-nitrogen mole-fraction ratio XO2
/XN2

= 0.120 (p = 20 atm) and XO2
/XN2

= 0.102
(p = 40 atm) as obtained with detailed chemistry (solid curve) and with the one-step reduced mechanism

(dashed curve). The plots also include the associated variation of the adiabatic flame temperature Tb,

with indication of the crossover temperature Tc corresponding to the lean and rich limits for each case.
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0.266 corresponding to air to give an adiabatic flame temperature Tb = 2000 K for φ = 1. The resulting

values, XO2
/XN2

= 0.120 for p = 20 atm and XO2
/XN2

= 0.102 for p = 40 atm, are then used

together with φ = 2XH2
/XO2

to determine the initial composition for the computations represented by

the blue curves in Fig. 2.

The results in Fig. 2 reveal that the one-step kinetics predicts with reasonable accuracy the burning

rate for all conditions explored in the figure, including mixtures where the peak temperature departs

significantly from Tc. The observed relative differences in flame-propagation velocities determined

with the reduced and detailed chemistries (SLRED
− SLDET

)/SLDET
are seen to remain below about

10% for Tmax − Tc
<
∼

500 K.

In the one-step approximation, the flame propagation velocity vanishes when the adiabatic flame tem-

perature Tb reaches Tc, because ω becomes zero all across the flame. Therefore, the condition Tb = Tc

effectively introduces lean and rich chemical-kinetic flammability limits φl and φr. Since heat losses

(e.g. by radiation) are not included in the computations, the curves representing detailed-chemistry re-

sults do not show these neatly defined flammability limits. Instead, at temperatures below crossover,

corresponding to equivalence ratios φ < φl and φ > φr , reactions involving H2O2, which are not

included in the one-step mechanism because they are largely unimportant for describing flame propaga-

tion at high temperature, enable a slow path of hydrogen oxidation [7] to be followed, although radiant

heat loss would soon extinguish that chemistry. The resulting nonzero values of SL are, in addition,

too small to be of practical interest, especially beyond the lean limit (i.e. φ < φl), where the predicted

velocity is just a few centimeters per second. The detailed chemistry predicts somewhat larger values of

SL in diluted mixtures with φ > φr ≃ 10. The description of flame propagation under these extremely

fuel-rich conditions must account, in particular, for hydroperoxyl recombination through H2 + HO2 →

H2O2 + H, but the associated analysis is not pursued here because this regime is of limited interest in

gas-turbine applications.
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Figure 3: The variation with pressure and dilution of the relative error (SLRED
− SLDET

)/SLDET
in

computations of stoichiometric laminar-flame propagation velocities for an initial temperature Tu = 700
K. Color contours are used to indicate the accompanying variation of the adiabatic flame temperature.

To further assess the accuracy of the one-step kinetics in combustion scenarios involving high-pressure

diluted flames, of interest in gas-turbine combustion, additional results of flame-propagation computa-

tions pertaining to stoichiometric H2-air mixtures diluted with nitrogen are addressed in the diagram
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shown in Fig. 3. The computations correspond to preheated mixtures with Tu = 700 K for pressures in

the range 10 atm < p < 40 atm. At each pressure, the mixture oxygen-to-nitrogen ratio XO2
/XN2

is var-

ied from the value (XO2
/XN2

)AIR = 0.266 corresponding to air down to the value that yields Tb = Tc,

beyond which the stoichiometric mixture is no longer flammable according to the one-step chemistry.

Isocontours of constant relative error (SLRED
−SLDET

)/SLDET
are plotted along with color contours of

peak temperature Tb. As can be seen, over the entire range of pressures considered in the figure, errors

between about 2 % and 10 % can be expected in gas turbines operating at peak temperatures in the range

1600 K <
∼

Tb
<
∼

2200 K, those being the conditions most often found in applications.

3 Counterflow flames

The performance of the mechanism in connection with strained flamelets was investigated in compu-

tations of one-dimensional premixed and nonpremixed flames in planar counterflow mixing layers at

p = 25 atm and p = 50 atm (see [17] for details of the formulation and associated simplifications).

Results of twin premixed flames generated in configurations with identical opposed streams at T = 300
K are shown in the upper plots of Fig. 3 for H2-O2-N2 mixtures with φ = 0.7 and three different levels

of dilution, including undiluted H2-air mixtures (i.e. XO2
/XN2

= 0.266). The plots represent the varia-

tion with strain rate A of the peak temperature over a wide range of strain rates A extending over about

two orders of magnitude up to extinction. The curves show the expected superadiabatic temperatures at

intermediate values of the strain rate, a result attributable to effects of preferential diffusion of hydro-

gen. For H2-air mixtures, the performance of the one-step mechanism is not satisfactory, especially near

extinction, because the resulting peak temperatures are far above the corresponding crossover values at

these pressures, shown in the upper panel of Fig. 1. Much better agreement is found for diluted condi-

tions that lower the peak temperature to values typically found in applications, for which the reduced

chemistry describes with sufficient accuracy the flame response to strain, including the critical valus of

the strain rate at extinction.

The intermediate and lower plots of Fig. 3 show results of diffusion flames involving a stream of air

counterflowing against a stream of hydrogen diluted with nitrogen, both feed streams at T = 300 K,

with XH2,0 denoting the fuel mole fraction in its feed stream. Besides curves representing the variation

with strain rate A of the peak temperature, given in the intermediate panels, the figure shows in the ac-

companying lower panels the associated burning rate per unit flame area ṁH2
(mols cm−2 s−1) obtained

by integrating the fuel consumption rate across the mixing layer. In the one-step computations, the fuel

consumption rate is simply 2ω, with ω given in (9), whereas in the detailed computations the evaluation

accounts for the separate contributions of the five elementary reactions of the 20-step mechanism that

involve H2 molecules, namely, H2+O
2
⇀↽ OH+H, H2+OH

3
⇀↽ H2O+H, HO2+H

6
⇀↽ H2+O2, H+H+M

9
⇀↽

H2+M, and H2 + HO2 ⇀↽ H2O2 + H.

It can be seen from the intermediate and lower plots that the one-step mechanism reproduces the ex-

pected decrease of peak temperature and associated increase of burning rate with increasing strain rate,

until a maximum value of the strain rate Aext is reached at which extinction is seen to occur. Since the

computations employ a time-marching scheme, which is advanced in time until a steady solution is at-

tained, only the upper branch of the S-shape curve of the peak temperature as a function of a Damkholer

number based on the strain rate can be described. The agreement between the one-step and the detailed-

chemistry computations is excellent for the largest dilution considered (XH2,0 = 0.25), especially for

p = 50 atm, for which the departures in the predicted peak temperatures are only about 10K and the error

in the critical strain rate at extinction is only about 10%. The agreement deteriorates with decreasing di-

lution, as the peak temperature in the reaction region departs farther from the crossover temperature, but

the general predictive capability remains satisfactory for most purposes, especially away from extinc-
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Results of twin premixed flames (upper plots) and diffusion flames (intermediate and lower plots) in a

planar counterflow mixing layer as obtained with detailed chemistry (solid curves) and one-step

reduced chemistry (dashed curves). The upper plots give the variation with strain rate of the peak

temperature in twin-premixed-flames configurations corresponding to H2-O2-N2 mixtures at T = 300
K for three different levels of dilution XO2

/XN2
. The intermediate and lower plots give the variation

with strain rate of the peak temperature and hydrogen burning rate for a diffusion flame formed

between counterflowing streams of air and hydrogen diluted with nitrogen, with XH2,0 representing the

hydrogen mole fraction in its feed stream. The color contours in the insets represent the local hydrogen

burning rate (mols per unit volume per unit time) of a diffusion flame in a low-strain mixing layer at

p = 25 atm (left plot) and of a diffusion flame in a high-strain mixing layer near extinction for p = 50
atm (right plot).
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tion, where transport rates of chemical intermediates are less pronounced, thereby favoring steady-state

approximations.

To gain further insight into the effects of strain on the reduced-chemistry performance, insets showing

the spatial distribution of fuel burning rate across the one-dimensional diffusion flame with XH2,0 =
0.25 are included in the lower panels. The left inset (p = 25 atm) depicts the structure of a weakly

strained flame, while the right inset (p = 50 atm) represents a nearly extinguished flame. The stagnation

plane, marked with a dashed line, separates the air stream, flowing from above, from the fuel stream,

with the distance from the stagnation plane scaled with the characteristic mixing-layer thickness DT /A,

where DT is the thermal diffusivity. For the robust flame depicted on the left inset the agreement

between the detailed-chemistry results and the reduced kinetics is remarkably good, indicating that at

these low strain rates effects of radical transport remain limited. Near extinction, however, the flame

thickness predicted by the one-step kinetics, assuming all radicals to be in steady state, is significantly

smaller than that of the detailed-chemistry results. It is interesting that this nonnegligible difference in

flame structure, which can be attributed to effects of preferential diffusion of H atoms in the presence of

high strain rate [4], does not affect significantly the resulting peak temperature or the burning rate per

unit flame area ṁH2
, so that for diluted flames the overall predictive capabilities of the reduced kinetics

remain largely satisfactory even as extinction is approached.

3 Partially premixed fronts

The one-dimensional canonical flows investigated above (i.e. steady planar deflagration and counter-

flow diffusion flame) are useful in characterizing premixed and nonpremixed combustion, but are not

suitable for addressing partially premixed conditions, which often prevail near injectors in gas-turbine

combustion chambers. In these region, combustion occurs in the form of triple and edge flames propa-

gating along strained mixing layers at velocities (relative to the local flow) that are comparable to those

of laminar premixed flames. These reactive fronts play a fundamental role in the stabilization of the

combustion process. There is interest, therefore, in assessing whether the one-step kinetics is able to de-

scribe sufficiently accurately the propagation of partially premixed fronts under varying levels of strain.

A simple problem that serves to investigate these effects is the reactive front propagating along a mixing

layer separating two opposed planar jets of fuel and oxidizer.

The variation with strain rate of the resulting propagation velocity U when the oxidizer is air and the

fuel is a mixture of H2 and N2 with XH2,0 = 1, 0.5, 0.25 is shown in Fig. 4 for p = 25 atm and p = 50
atm. The flow ahead of the front is chemically frozen, so that the air mixes with the fuel to generate

a mixing layer, across which the composition varies from fuel-rich to fuel-lean conditions, creating the

partially premixed conditions encountered by the triple flame, which leaves behind a diffusion flame that

eventually develops into the one-dimensional solution described earlier in Fig. 3. For weakly strained

configurations with small values of A the mixing layer is much thicker than the front thickness, and

a tribrachial structure emerges, including distinct lean and rich branches and a trailing diffusion flame

originating from the stoichiometric point. A representative flame is shown in the inset of the upper figure,

which shows contours of local fuel burning rate obtained with the detailed and reduced chemistry for

the conditions of strain considered earlier in the diffusion-flame computations shown in the left inset of

Fig. 3. As can be seen, although for these strain conditions reduced-chemistry fuel-consumption-rate

departures are found near the triple point, where the reduced-chemistry results exhibit peak burning

rates that are significantly higher than those predicted with the detailed chemistry, which spreads the

reactions over larger volumes through radical diffusion. These differences, which likely arise from the

high curvature of the front near the triple point, are consistent with previous numerical computations [4],

which have shown how flame curvature promotes preferential diffusion of H atoms into pockets of

29
th ICDERS – July 23–28, 2023 – SNU Siheung, Korea Work-In-Progress Abstract - 10



Li, A. Reduced-kinetics for hydrogen-fueled gas turbines

Figure 4: The variation with strain of the velocity U of a triple flame propagating along a two-

dimensional mixing layer separating counterflowing streams of air and hydrogen diluted with nitrogen,

with XH2,0 representing the hydrogen mole fraction in its feed stream. The velocity is scaled with

(DTAext)
1/2, where DT and Aext represent, the thermal diffusivity and the extinction strain rate, re-

spectively, the latter evaluated from the detailed-chemistry computations of Fig. 3. The color contours in

the insets represent the local hydrogen burning rate (mols per unit volume per unit time) of an advancing

front in a low-strain mixing layer at p = 25 atm (upper plot) and of a retreating front near extinction for

p = 50 atm (lower plot).
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reactants, thereby increasing overall consumption rates by spreading the chemistry over larger volumes

(although locally decreasing peak reaction rates).

The propagation speed decreases for increasing strain rates, as the front loses its tribrachial structure to

become an edge flame, eventually transitioning to a retreating front with negative U , which extinguishes

as the strain rate A reaches the critical value Aext predicted earlier in the computations of Fig. 3. The

inset in the lower plot of Fig. 4 shows the structure of one of these near-extinction retreating flames. It is

seen that the structure of the edge flame predicted with the one-step kinetics is quite different from that

computed with detailed chemistry, in that the latter exhibits a larger thickness resulting from curvature

and strain promoting preferential radical diffusion, which is necessarily absent in the reduced-chemistry

model, which assumes all radicals to maintain steady state. It is of interest in connection with the

predictive capability of the reduced kinetics that the local departures in flame structure illustrated in

the insets do not affect significantly the resulting propagation velocity, which for this dilution is almost

identical for the two chemistry models, as seen in the green curves.

In view of the curves depicted in Fig. 4, it can be concluded that the one-step kinetics provides a suf-

ficiently accurate description with regards to the propagation speed of partially premixed fronts. The

agreement is extremely good for XH2,0 = 0.25, especially at p = 50 atm, when the difference Tmax−Tc

takes values on the order of 500 K. Despite the observed reduced accuracy at lower pressure and larger

values of XH2,0, it is remarkable that, even for undiluted fuel feed at p = 25 atm, when the difference

Tmax − Tc is on the order of 1000 K, the one-step description still behaves reasonably well, thereby

giving additional confidence on the predictive capabilities of the reduced kinetics.

4 Concluding remarks

Replacing the available detailed mechanisms of twenty or more steps by a one-step mechanism can be

quite beneficial in computational investigations of hydrogen gas-turbine combustion, provided that the

one-step mechanism delivers sufficient accuracy for the chemical kinetics. It may be seen from the re-

sults reported herein that, by restricting attention to the combustor pressures, temperatures, and mixture

compositions commonly encountered in gas turbines, not only premixed laminar flame temperatures

and burning velocities, but also counterflow diffusion-flame peak temperatures, burning rates, and ex-

tinction conditions, and rates of advancement or retreat of partially premixed triple or edge flames, all

are predicted with errors at most of the order of ten percent, by the one-step mechanism derived in the

present work. This mechanism therefore is likely to be useful in future computational and theoretical

investigations.

In the one-step description, transport properties appear for the species O2, H2, and H2O. Effects of

preferential diffusion of H2, found to be important for gas turbines in a previous DNS investigation [4],

therefore can readily be accounted for when the present mechanism is employed. It was also found [4]

that preferential diffusion of H atoms into pockets of reactants at the trailing edges of turbulent premixed

hydrogen flames (a process not compatible with the present chemical-kinetic description since transport

properties of steady-state species do not appear) is important in accelerating their rate of final burnout.

This aspect of the turbulent combustion therefore is lost with the present chemistry, but that is not

likely to affect the predicted overall rate of turbulent flame propagation significantly. This observation is

illustrative of the fact the the utility of any reduced-chemistry description such as this is restricted in the

range of purposes for which it can be employed, and it cannot, for example, be used to address detailed

chemical-kinetic questions that depend on departures from the steady states employed. Such questions,

however, are not at the core of most practical investigations, whence the present results may find wide

utility.
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Future research along the present lines that would be relevant for gas-turbine applications would be to

extend the one-step hydrogen description to include effects of the chemistry of other fuel constituents

expected in the applications, such as methane and ammonia. Since the hydrogen chemistry is compara-

tively rapid, it should dominate unless the hydrogen content is very small, and other fuels are likely to

slow the chemistry, providing retarding mechanisms that may be described by adding a small number of

reduced-chemistry steps derived through appropriate additional steady-state approximations. Although

these classical asymptotic methods seem currently perhaps to be out of vogue, being supplanted by au-

tomatic programs devoid of physical or chemical insights, they appear to us to still have a great deal to

offer, not only in improving understanding but also in facilitating computation.
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