NO,-Abatement Potential of
Lean-Premixed GT Combustors

The influence of the structure of perfectly premixed flames on NO, formation is
investigated theoretically. Since a network of reaction kinetics modules and model
flames is used for this purpose, the results obtained are independent of specific
burner geometries. Calculations are presented for a mixture temperature of 630 K,
an adiabatic flame temperature of 1840 K, and 1 and 15 bars combustor pressure.
In particular, the following effects are studied separately from each other:

molecular diffusion of temperature and species

flame strain

local quench in highly strained flames and subsequent reignition
turbulent diffusion (no preferential diffusion)

small scale mixing (stirring) in the flame front
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Either no relevant influence or an increase in NO, production over that of the one-
dimensional laminar flame is found. As a consequence, besides the improvement of
mixing quality, a future target for the development of low-NO, burners is to avoid
excessive turbulent stirring in the flame front. Turbulent flames that exhibit locally and
instantaneously near laminar structures ( ‘flamelets’’ ) appear to be optimal. Using the
same methodology, the scope of the investigation is extended to lean—lean staging, since
a higher NO-abatement potential can be expected in principle. As long as the chemical
reactions of the second stage take place in the boundary between the fresh mixture of
the second stage and the combustion products from upstream, no advantage can be
expected from lean—lean staging. Only if the primary burner exhibits much poorer mixing
than the second stage can lean—lean staging be beneficial. In contrast, if full mixing
between the two stages prior to afterburning can be achieved (lean-mix-lean technique ),
the combustor outlet temperature can in principle be increased somewhat without NO
penalty. However, the complexity of such a system with a larger flame tube area to be
cooled will increase the reaction zone temperatures, so that the full advantage cannot
be realized in an engine. Of greater technical relevance is the potential of a lean-mix-
lean combustion system within an improved thermodynamic cycle. A reheat process with
sequential combustion is perfectly suited for this purpose, since, first, the required low
inlet temperature of the second stage is automatically generated after partial expansion
in the high pressure turbine, second, the efficiency of the thermodynamic cycle has its
maximum and, third, high exhaust temperatures are generated, which can drive a power-
Jful Rankine cycle. The higher thermodynamic efficiency of this technique leads to an
additional drop in NO, emissions per power produced.
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eling this interaction in sufficient depth would require a direct
numerical simulation with detailed chemistry in order to capture
the important influences on NO, formation. Such numerical
simulations up to now have been restricted to very simple flows
and low turbulent Reynolds numbers. The computation of flows
with a higher technical relevance, like combustor flows in our

Introduction

Due to its outstanding NO, abatement potential, lean-pre-
mixed combustion has become the prevailing combustion tech-
nique of gas-fired land-based gas turbines within the last decade.
Furthermore, progress has been made recently in the extension

of the fuel spectrum toward liquid fuels as well as syngas from
gasification processes. Since at high air pressures and tempera-
tures lean premixing exhibits inherent flashback problems, com-
promises in regard to mixing quality had to be made until now
in the design of reliable gas turbine burners, which result in
elevated NO, levels. However, improvements of the fuel—air
mixing technique will lead to gas turbine burners that are free
of these shortcomings in the near future. As a consequence, it
becomes increasingly important to investigate how far the NO,
production of lean, perfectly premixed turbulent flames can be
lowered.

The minimum attainable level for the unstaged process is
influenced by the interaction of turbulence with chemistry. Mod-
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case, requires turbulence modeling and other crude simplifica-
tions with respect to the chemical reaction, so that the generation
of a detailed understanding of the underlying phenomena cannot
be expected.

Fortunately, the influence of turbulence-chemistry interaction
on NO, formation can be studied in sufficient detail as long as
the minimum NO, level is of technical interest. Since the local
characteristics of premixed flames can be characterized by simi-
larity numbers, a phenomenological description of effects that
potentially may govern the NO, formation can be given and the
phenomena can be explored on the basis of model flames and
reactor models, which are accessible for a full numerical model-
ing without excessive difficulty. This approach not only pro-
vides information about the NO formation of a turbulent flame
front but, in addition, reveals the potential of lean and staged
combustion methods.

The nitrogen chemistry as such is well enough understood
for present purposes. As long as only clean fuels without fuel-
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bound nitrogen are considered, three NO,-formation paths, i.e.,
the so-called Zel’dovich, nitrous oxide (N,O), and prompt
mechanisms, contribute to the formation of NO in lean premixed
combustion. The prompt mechanism, based on available rate
data, exerts a negligible-to-weak effect in high pressure, lean
flames. For the flame zone of atmospheric, lean, premixed com-
bustors, the mechanism can be significant and has to be consid-
ered. As the excess air and/or the pressure increases, the ratio
of NO formed by the Zel’dovich mechanism to NO formed by
the nitrous oxide mechanism decreases. This is due to the high
activation energy of the Zel’dovich mechanism and the pressure
sensitivity of the N,O formation. Under the conditions of great-
est interest for gas turbine combustion, namely near lean extinc-
tion and at high pressures, the nitrous oxide mechanism is pre-
dominant and can account for essentially all of the NO formed
[1]. Since the NO formation through all three paths strongly
depends on the concentration of the radicals of the oxyhydrogen
pool, the NO is formed mainly in the flame zone, where super-
equilibrinm concentrations are observed. Farther downstream,
after the breakdown of the fuel and the consumption of the
intermediates is completed, the NO production drops to the rate
given by the Zel’dovich mechanism at O-equilibrium. As a
consequence, for primary zone temperatures below approxi-
mately 1750 K no significant dependence of the NO, emissions
on the combustor residence time is found.

Although some differences in the NO,-formation rates pre-
dicted from different reaction mechanisms are found in the
literature, only the results computed on the basis of the mecha-
nism for methane proposed by Miller and Bowman [2] will be
presented throughout the paper. It is important to note that the
findings presented subsequently were not altered qualitatively
when using different models. Combustion process parameters
are chosen to represent current development targets for utility
heavy-duty gas turbines.

Flame Structures of Gas Turbine Burners

Turbulent processes in flames are characterised by a broad
range of time and length scales. In swirling flows, the size of
the largest vortices with the turbulent macroscale L, is strongly
linked to the burner size. Perturbations with long wavelengths
generate large vortices, which subsequently interact with each
other and form a cascade of smaller and smaller vortices of
increasing frequency [3]. The turbulent kinetic energy, which
is mainly concentrated in the motion of the large vortices, is
finally dissipated at vortex sizes below the Kolmogorov scale.

In order to characterize the interaction between turbulence
and chemistry, similarity parameters can be defined. The gov-
erning parameters can be grouped within a set of essentially
five dimensionless numbers. The ratio «'/s, and the ratio L,/ 6,
relate properties of the large-scale turbulence to parameters that
characterize a one-dimensional laminar flame. In addition, the
turbulent Reynolds number Re, relates the transport by large
turbulent vortices (“‘turbulent diffusion’’) to molecular trans-
port (diffusion), whereas the Damkohler number Da compares
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Fig. 1 Turbulent combustion diagram

the mixing time due to the large-scale vortex motion to the
characteristic chemical time scale of a laminar one-dimensional
flame. The Karlovitz number Ka relates this chemical time scale
to the mixing time of the smallest vortices in the turbulent
energy cascade. Different definitions for Ka are found in the
literature based either on the Taylor scale A or on the Kolmo-
gorov microscale 1 and with a variety of constants proposed.
Interestingly, the Karlovitz number is also a measure for the
volumetric heat release, since it relates the chemical time scale
of the flame front to the generation of flame surface in the
turbulent case. Implicitly, in defining the Damkéhler number
and the Karlovitz number, it is assumed that the mixing time
within turbulent eddies correlates well with the time for eddy
rotation. This might not be fully justified at least for low turbu-
lent Reynolds numbers [4]. The five parameters mentioned are
not independent from each other but can be coupled via the
relationships of the turbulent cascade of isotropic turbulence.
(A summary of the most important relationships as well as the
aforementioned definitions are listed in Appendix A). When
the turbulent Reynolds number Re;, the Damkohler number Da,
and the Karlovitz number Ka are expressed as a function of
u'/s; and L,/ 6, turbulent flames can be characterized in the so
called Borghi diagram [5] (Fig. 1).

The two marked spots in the diagram represent the conditions
for typical premixed gas turbine burners in an engine and at
atmospheric test conditions, respectively. The highest Karlovitz
numbers appear at the maximum air preheat and represent op-
erating points near the lean blowout limit (the burner rating is
5~10 MW thermal output at 15 bar combustor pressure, turbu-
lent length scales were obtained by LDA measurements, and
the laminar flame speed and flame thickness were computed
with a one-dimensional premixed flame model).

Nomenclature

a = thermal diffusivity, m*/s
a = strain rate, s

D = diffusion coefficient (species),

k = turbulent kinetic energy, m*/s?
Ka = Karlovitz number
A = area, m* L, = turbulent macroscale, m
Le = Lewis number = a/D

.

t = time, s
foumon = burnout time (99.9 percent reac-
tion progress), s
t., = residence time, s

m?/s N\ = Taylor scale, m T = local temperature, K
Da = Damkdohler number A = thermal conductivity, W/m/K T, = adiabatic flame temperature, K
Day, = mixing Damkéhler number = v = kinematic viscosity, m?/s T, = reactant temperature at inlet, K
Tomix/ Tchem p = pressure, N/m? 7 = characteristic time scale, s
¢ = turbulent dissipation rate, m*/s*  Re, = turbulent Reynolds number ' u' = rms of turbulent fluctuations,

4, = laminar flame thickness, m
1 = Kolmogorov scale, m
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§; = laminar flame speed, m/s

m/s
X = mole fraction
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A set of borderlines can be defined, where turbulent flames
change their appearance due to changes in the interaction of
turbulence with chemistry. However, since the methodology
depends on the comparison of two phenomena competing with
each other with subsequent neglecting of the influences of the
weaker partner as well as on the validity of relationships of
isotropic turbulence, a sharp transition cannot be expected when
such a borderline is crossed. Turbulent premixed flames have
been a major research field for a long time and many detailed
investigations of particular effects present in turbulent flames
have been published. Subsequently, a brief overview of the
current knowledge will be given. In interpreting the results from
the review, an attempt is made to develop an understanding of
the phenomena governing the structure of turbulent flames with
respect to the properties of the underlying flow field. The fol-
lowing flame types can be defined.

“Psendo’’ Laminar Flames. In flows with local laminar
flame structure, the turbulent Reynolds number of all possible
vortex sizes must be less than unity. This condition is satisfied
if Re, < 1. Since the viscous dissipation is strong in comparison
with the turbulent transport, this leads to immediate dissipation,
so that the character of the flame is well represented by the
relationships of a one-dimensional laminar flame.

Wrinkled Flames. Reacting flows with low turbulence in-
tensity and turbulent length scales, which are considerably
greater than the thickness of the flame front, generate a wrin-
kling of the reactive layer with an increase in total flame area
and volumetric heat release. As long as #’ remains smaller than
the laminar flame speed s;, the flame front exhibits a connected
surface.

Wrinkled, Corrugated Flames With Pockets. Turbulent
structures with intensities #’ above the laminar flame speed s,
cause a disruption of the flame surface. Zones of high velocity
can, for example, bend the local flame zone so strongly that
locally Q-shaped bulges of products are generated and finally
separated from the main flame front (pockets) after the reaction
at the link to the main flame front has been quenched.

Flames of the three aforementioned types have been subject
to a large number of detailed investigations. Although the global
appearance of the flame front is strongly influenced by turbu-
lence, it is commonly understood that with respect to NO pro-
duction no major deviations from the mechanisms found in one-
dimensional flames can be expected. As long as the laminar
flame is faster than the turbulent velocity u’ and the flame is
much thinner than the size of all turbulent eddies, it can be
concluded that the combustion process is locally well repre-
sented by the laminar flame theory. In comparison to this so-
called (unstrained) flamelet regime, the current understanding
of premixed, highly turbulent flames is much less consistent.
Stirring of the flame front by turbulent eddies, the increase of
the diffusion due to turbulence as well as the local stretching
of flame fronts during flame—vortex interaction with subsequent
quenching and re-ignition may affect the NO production of
premixed flames.

Thickened, Wrinkled Flames. As soon as the Karlovitz
number exceeds unity, the dissipation of turbilent kinetic en-
ergy will require a drop in the turnover time of the smallest
eddies below the reaction time of the laminar flame front. It is
postulated in the literature [6] that the smallest eddies of the
turbulent flow field will produce stirring in the reacting layer
and will alter the appearance of the flame front. The turbulent
scales smaller than the flame thickness produce a thickening
of the reactive layer due to enhanced (turbulent) diffusion of
temperature and species, whereas the larger scales wrinkle the
thickened flame front. The increase in heat release is attributed
to the generation of flame area (wrinkling) as well as to an
increase of flame speed. It is important to keep in mind that
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the mixing process in the flame front, which finally leads to .
thickening, is generated by the rotational motion of vortices.
Since this kind of stirring produces continuously backward and
forward mixing, it leads to the mixing of media with different
levels of reaction progress during the combustion process. It has
to be expected that the relationship between the concentration
of radicals governing NO formation and the average reaction
progress is altered with respect to the laminar case. It is some-
what unclear presently how quickly flame thickening occurs
when the Karlovitz number is increased above unity.

Thickened (Thick) Flames. Increasing the Katlovitz num-
ber further shifts the critical vortex size, which separates the
regime of flame thickening from that of flame wrinkling, toward
the largest vortices of the turbulent flow field (Da = 1). Above
that limit (Da < 1) even the turnover time of the largest vortices
is shorter than the chemical time scale. As a consequence, the
wrinkled flame structure is lost entirely and the flame front
appears as a thick reacting layer, which progresses with high
turbulent flame speed. The reacting layer between reactants and
products can be interpreted as an ensemble of stirred spots
with a wide range of sizes, which promote the diffusion of
temperature and species. The continuous transition (time aver-
age) from reactants to products implies directly that the charac-
teristic size of the stirred spots does not exceed the thickness
of the reaction zone. A widely used classical model of a highly
stirred flame is the perfectly stirred reactor (PSR). However,
the PSR does not fulfill the constraint that the characteristic
size of the stirred spots does not exceed the thickness of the
reaction zone because the homogeneous reaction volume cannot
be subdivided in areas of different time-averaged reaction prog-
ress. Since the homogeneous reaction volume is obtained at the
expense of a discontinuity at the inlet of the reactor, fundamen-
tal differences between the reaction in highly turbulent flames
and stirred reactors exist.

Stretched Flames. Besides flame front stirring and en-
hanced diffusion due to turbulence, flame stretch might alter
the radical pool during reaction. As already mentioned, the
ensemble of turbulent vortices produces fluctuating strain to
which the flame front is exposed while it propagates against
the flow direction. A flame is locally stretched when in a frame
of reference moving with the flame the velocity normal to the
flame front undergoes deceleration toward the reaction zone.
At the same time, a velocity component parallel to the flame
front develops. In contrast to the unstrained one-dimensional
flame, which consumes all the reactants it has previously pre-
heated, the strained flame is characterized by a continuous con-
vective loss of reactants during preheat. Flame zones of high
strain are found, e.g., where a counterflow from opposite sides
toward a point of stagnation occurs [7]. The case of a coun-
terflow of reactants from one side and products from the second
side is of particular interest for strained premixed flames. At
very low strain rates the flame front is located far from the
stagnation point. The velocity gradient is low when compared
to the flame thickness and no fundamental difference is found
with respect to laminar flames. At high strain rates, however,
the reaction zone is remarkably influenced by the convective/
diffusive transport of products and temperature toward the
flame front from the side beyond the stagnation point. Strain
increases the gradients of species and temperature and, as a
consequence, diffusive fluxes. Near the point of stagnation itself
the transport is dominated by diffusion alone. The combined
diffusion and convection of products and temperature toward
the reactive layer leads to an enhanced heating and a dilution
of the reactants with products.

The NO concentration is composed of one contribution that
originates from the reaction and a second share that is trans-
ported with the counterflowing products toward the reactive
layer. This makes the comparison of the NO emissions from
strained and unstrained flames difficult. A special procedure
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described in Appendix B can be used to separate the NO gener-
ated in the flame from the amount that originates from the
product side.

The disturbance of the balance between the heat release and
the diffusion as well as the convection of temperature and spe-
cies alters the flame front characteristics considerably. The gen-
eration of strain can be accomplished by vortices of all sizes.
Since vortices at the lower end of the turbulent energy cascade
produce the highest strain (see Appendix A), a Karlovitz num-
ber on the order of unity, the so-called Klimov—Williams limit,
is of special interest. On the other hand, the interaction time of
the smallest vortices might be insufficient to influence the flame
strongly enough. A number of investigations [7-11], which
cover the more generic case of single vortices and assume that
a superposition of effects from different vortex sizes is permissi-
ble, consistently predict a limit for local quenching at Karlovitz
numbers above unity. An efficiency function can be calculated
that takes into account that the smallest vortices cannot maintain
flame stretch long enough. The interesting result that vortices
of a medium size in between the turbulent microscale and mac-
roscale are most effective is found (valid for flames with
L/6, > 5-10).

Re-ignition and Afterburning. In highly strained flames,
a certain share of the reactants cannot react immediately despite
the existence of an interface between reactants and products.
The understanding of this phenomenon, how complete combus-
tion is finally achieved, is not very well developed yet. Usually,
the description that subsequent reaction takes place in ‘‘distrib-
uted reaction zones’’ is found in the literature without detailed
definition.

The enhanced convective/diffusive fluxes in strained zones
lead to a velocity component parallel to the flame front and a
loss of matter sideways. Counterflows of reactants and products
with high strain rates are characterized by huge convective/
diffusive fluxes with respect to the heat release in the flame
front. Asymptotically, a pure mixing process is approached for
infinite strain rates. It is important to mention that, although the
temperature and species concentration change due to chemical
reaction might be negligible for excessive strain rates, a break-
down of the combustion process does not occur for a coun-
terflow of reactants and products. As the result of the mixing
process, a wide range of mixture ratios of reactants and products
are generated, which will undergo an afterburning process in
zones of lower local strain. As long as no temperature increase
due to diffusion takes place, zones of high reactant concentra-
tion will either assume temperatures below the self-ignition
limit, or temperatures that require long induction times for the
onset of chemical reaction. In contrast, zones of higher product
concentration will exhibit a higher temperature in the adiabatic
case. A massive drop of the local strain rate will directly lead
to a smaller ratio between convective/diffusive fluxes and heat
release. Thus, structures similar to those of an unstrained flame
will appear and *‘re-ignition’” will mainly progress via the diffu-
sion of temperature and species from the hotter zones toward
the zones of higher reactant content. Although it is somewhat
unclear whether the self-ignition of isolated pockets of mixtures
is of evidence in addition, a model that assumes ‘‘the distributed
reaction zones’’ to be a local sudden combustion without any
diffusive transport is certainly unrealistic. If one assumes that
the formation of flame fronts, which propagate diffusion-driven
into a mixture of reactants and products, represents the reality
more adequately, the (unstrained or weakly strained) combus-
tion of mixtures of reactants and products, a kind of local ex-
haust gas recirculation, can be defined as a simplified model
for the afterburning process. A model can be constructed that
depicts highly turbulent flames as an ensemble of highly
strained flame zones complemented by weakly strained zones of
combusting reactant/product mixtures. However, the transition
toward the highly stirred (thick) flame regime or the well-
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stirred reactor can not be described adequately as long as stirring
caused by the turbulent eddies is excluded.

In general it has to be mentioned that detailed investigations
on stretched flames reported in the literature were restricted to
the generic case of single vortices. Effects due to the coexistence
of vortices of different sizes were not covered. So, stirring
effects by smaller vortex sizes were beyond the scope of those
investigations. Furthermore, local flame quenching was not easy
to monitor experimentally or needed crude assumptions like
massive radiative heat loss in order to become visible in numeri-
cal investigations.

In summary, the current knowledge does not provide a full
understanding for Karlovitz numbers above unity. Besides
known effects like flame stretch and afterburning in distributed
reaction zones, turbulent mixing in the flame front has to be
considered in order to generate a consistent understanding of
the structure of turbulent flames over a wide range of turbulence
intensities and length scales.

Modeling the Effect of Turbulence on NO Generation.
Figure | reveals that the flame structure of gas turbine burners
cannot be universally characterized by one single turbulent
flame regime. Burners operated very close to lean extinction
(1650-1750 K) are represented by Karlovitz numbers between
10 and 100 and Damkohler numbers near unity, whereas an
increase of the flame temperature toward 1900-2000 K will
reduce the Karlovitz number remarkably. In terms of the turbu-
lent flame structure, it has to be expected that this will be
accompanied by a change from a highly stirred and stretched
flame toward flamelet structures. In order to assess whether
turbulence affects the NO emissions of perfectly premixed
flames from gas turbine combustors, a number of simplified
models will be defined.

The reference case is the one-dimensional laminar flame,
which represents not only the laminar but also the moderately
turbulent (unstrained flamelet) regime. The computations of the
freely propagating flames presented in this paper are accom-
plished by the widely used Sandia codes [12]. NO formation
in laminar flames is influenced by the diffusion of species.
Diffusion is complex, since each species has its own individual
diffusion coefficient, which depends on all other species and
on the temperature field.

A model that is widely used in NO studies is the combination
of a stirred reactor and a plug flow reactor. Although the flame
stabilization of turbulent flames due to the diffusion of tempera-
ture and species is not well represented by a PSR, the combina-
tion PSR-PFR is useful when the PSR volume is minimized.
The need for the PSR as an ‘‘artificial’’ ignition zone, which
compensates for the missing flame holding capability of the
PFR, does not constrain too severely the investigation of NO
formation, which happens mainly in the mid and high-tempera-
ture regime. Usually, only small amounts of NO are produced
at the exit of the PSR and the further formation can be studied
in the absence of diffusive transport.

Turbulent diffusion, which is in reality generated by vortex
motion, is often strongly simplified for the purpose of flow
modeling. The transport term is modeled largely similar to the
laminar case, with the major difference that the diffusion coef-
ficient depends on turbulent quantities of the flow field and is
no longer species or temperature dependent. Thickening of
flame fronts due to turbulence enhanced ditfusion can be studied
using the laminar flame code when the matrix of the diffusion
coefficients is replaced by one ‘‘turbulent’” value and the
strength of the transport of temperature with respect to the
transport of species is predetermined by the selection of the
Lewis number Le. In order to compute the one-dimensional
flame with turbulent diffusion coefficients, the laminar flame
code was modified accordingly. The benefit of this model is
threefold: First, the influence of turbulent diffusion, which is
usually at least an order of magnitude higher than in the laminar
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case, can be studied and, second, the impact of preferential
diffusion of species on NO formation can be quantified. Third,
the sensitivity of the NO production on the balance between
the diffusion of temperature and the diffusion of species can be
quantified, if the Lewis number is varied. It can be shown
analytically from the underlying equations that the propagation
velocity of the flame as well as the flame thickness § are both
proportional to the square root of the diffusivity of temperature
and species and, as a consequence, the reaction progress with
respect to time is not a function of the diffusivity. In other
words, the local turbulence level and the turbulent macroscale
will influence the flame propagation and the volumetric heat
release but not the time scale of the chemical reaction and not
the formation of NO. A particle that crosses the flame front will
not experience any difference when the diffusion coefficients a
and D are similarly scaled (i.e., to maintain a constant Lewis
number).

The representation of the turbulent interactions with the flame
by turbulent diffusion has the shortfall that the character of
stirring by vortex motion, namely to mix media of different
reaction progress continuously in the flame front, is not ac-
counted for. A number of advanced models have been proposed
in the past that account for stirring (e.g., ‘‘Interaction by Ex-
change with the Mean’’ model [13], ‘‘Coalescence-Disper-
sion”” model [14, 15]). Simply speaking, in these models the
flow volume under consideration is divided into a number of
subvolumes (‘‘particles’”) with homogeneous mixture in each
of them. The mixture in each subvolume reacts according to a
full kinetics scheme. The particles travel randomly from the
inlet of the apparatus to the exit and interact with each other
according to the assumptions of the particular model. The results
obtained generally deliver NO emissions below those computed
for a PSR as an upper limit. Flame stabilization in such models
without diffusive transport requires backmixing of ‘‘older’’ to
‘“‘younger’’ material when the incoming mixture is too cold
to undergo self-ignition. Although promising agreement with
reactor experiments has been obtained, it appears to be difficult
to specify the model constants and assumptions so that turbulent
flame fronts are well represented. Hence, for our purpose we
restrict the investigation to the classical PSR—PFR combination
mentioned above and vary the PSR volume in order to account
for stirring. It is worth mentioning that the PSR is an extreme
(asymptotic) assumption for the modeling of the turbulent stir-
ring in a flame front. The intense stirring, which is enabled by
the existence of the reactor confinement and high velocities, is
generally not achieved in propagating flames as long as the
burner pressure loss is, as usual, only a small fraction of the
system pressure. Therefore, the PSR will overpredict effects on
NO formation considerably.

A flame front that propagates in a turbulent flow field is
continuously exposed to fluctuating strain produced by turbulent
eddies. Using the code of Rogg [16, 17] for a counterflow
flame, the influence of flame stretch on NO formation is calcu-
lated. The study focuses on the counterflow of premixed re-
actants and products since this is more relevant for highly turbu-
lent flames than the counterflow of reactants on both sides.

In order to assess the importance of afterburning in zones
that have previously undergone mixing without significant heat
release due to locally high strain rates, the one-dimensional
unstrained laminar flame of mixtures of reactants and products
has been additionally investigated. At higher product concentra-
tion in the mixture, the self-ignition temperature is exceeded
and the well-known problem of defining the cold boundary
arises. This difficulty has been overcome in calculating a burner-
stabilized flame instead of a freely propagating one. In increas-
ing the flow rate toward the point of liftoff the heat loss to the
“‘burner’’ was almost fully suppressed and adiabatic conditions
were established. For the sake of simplicity, the products mixed
with the reactants were free of NO. As far as lean combustion
is concerned, it can easily be shown that the NO content of the
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primary mixture does not influence the NO generation of the
afterburning process and that no significant reburning of the
NO from the first combustion will happen during afterburning.
As a consequence, the NO production of the afterburning can be
separated from that of the primary process and a superposition is
allowed.

Results for the Unstaged Flame

Laminar flame propagation is governed by the diffusion of
temperature (heat conduction) from the hot products toward
the cold reactants. The boundary between the preheat zone,
which absorbs more heat than it generates, and the reaction
zone is located near the turning point of the temperature curve.
At 1 bar (Fig. 2) heat release starts at approximately 25 percent
temperature rise (900 K) and peaks at approximately 70 per-
cent. In addition to heat conduction, the diffusion of species
influences the appearance of the flame front considerably. For
example, the fuel concentration has dropped to approximately
50 percent of the initial value due to diffusion before the heat
release starts, and at the point of maximum heat release the fuel
has already been fully converted to intermediates. Diffusion
also widens the area where intermediates like CO are found
and transports products toward zones of low temperature. In-
creasing the pressure to gas turbine conditions leads to signifi-
cant changes. As the thermal conductivity N\ is independent
of pressure, the thermal diffusivity a = N (c,p) is inversely
proportional to the pressure p. Due to the higher thermal capac-
ity of the reactants with increasing pressure, the transport of
temperature is slowed down and the reaction rate is increased.
Both effects generate steeper gradients in the flame front and
the flame becomes thinner and slower. The heat release is
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Fig. 2 Pressure effects on laminar flame fronts
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shifted toward higher temperatures and peaks at 85 percent
temperature rise (15 bar).

In order to demonstrate the dependence of important species,
key radicals, the NO concentration, and the NO production rate
from temperature, a reaction progress variable (7,, — T)/
(T,; — T;,) is introduced (Fig. 3), which describes the tempera-
ture deficit with respect to the final state 7,, (1 = reactant
temperature T;,, O = adiabatic flame temperature 7,,). As long
as the prompt NO formation is of minor importance, an assess-
ment of the NO formation can be made solely on the basis
of the O, H, and OH radical concentrations with respect to
temperature (and a characteristic reaction time). Since it can
be shown for all cases under consideration that OH as well as
H concentrations are closely linked to the O radical, only the
latter will be presented in the graphs as a measure for the
generation of NO in the flame. With increasing pressure, the
recombination of radicals is enhanced and the O radical concen-
tration drops. The pressure sensitivity of the NO formation paths
as well as the altered diffusion lead to higher NO concentrations
at low temperatures. The comparison of the NO mole fraction
and the NO production rate reveals that the NO concentrations
seen at low temperatures are due to diffusion from downstream
(Fig. 3). At high pressure, the NO production rate is negative
below 40 percent reaction progress due to the shift of NO to
NO,. This high-pressure effect is responsible for the undesired
formation of yellow smoke from gas turbine combustors at low
load. Fortunately, the NO, is fully converted back to NO in the
high-temperature regime of adiabatic premixed flames.

At first, the missing pressure influence on the NO concentra-
tion appears surprising for the adiabatic flame temperature under
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Fig. 4 Pressure influence on reaction progress of laminar flame fronts

consideration (1840 K), which is beyond the threshold of the
pressure-sensitive thermal NO formation. At higher T,,, the NO
concentration at 99.9 percent reaction progress even drops when
the pressure is increased. As Fig. 4 shows, the reaction becomes
much shorter at high pressure. A comparison of the two cases
for the same residence time would reveal a considerably higher
NO level for the high-pressure case. If the burnout time at 1
bar is selected for the comparison (e.g., 99.9 percent reaction
progress), this corresponds to holding the high-pressure case
for a long time after burnout at 7,,. Even at the equilibrium
concentration of the O radical, the pressure-dependent thermal
NO formation route produces significant additional postflame
NO.

Diffusion influences the relationship between key radicals
and temperature, e.g., the diffusive radical transport into hotter
zones enhances the NO formation. The effects can be quantified,
if combustion is accomplished in the diffusion-free environment
of a plug flow reactor PFR, At 1 bar, the PSR at incipient
extinction provides 70 percent of reaction progress and heat
release (Fig. 5). It is easy to understand that radical concentra-
tions at the PSR exit are higher when compared to the laminar
flame, since a higher share of the chemically bound energy has
been released already. Although only 30 percent of the heat is
released in the PFR, the radical concentrations quickly progress
toward the values found in the laminar flame front. The lower
slope of the NO curve is due to the quicker reaction progress,
which reaches approximately twice the speed of the laminar
case. This acceleration is caused by the fact that the temperature
rise in the PFR is not damped by the diffusive heat loss toward
the preheat zones. The lower NO concentrations of the PSR~
PFR combination with respect to the laminar case were found
similarly for both pressures and the whole range of flame tem-
peratures investigated (7, < 2000 K). In summary, it can be
concluded that the somewhat unphysical absence of the diffu-
sive transport did not change the NO emissions more than a
change in adiabatic flame temperature of 20-60 K.

The transition from the laminar flame to a flame with *‘turbu-
lent’’” gradient diffusion leads to a relative reduction of the
diffusion of the lighter species with respect to those with a
higher molecular weight. As shown in Fig. 6 for a Lewis number
of unity, the peak concentration of the NO-generating O radical
is higher than in the laminar case. The same applies to the H
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Fig. 5 NO formation of a PSR-PFR combination

radical (not shown here). In spite of the higher radical concen-
tration, the final NO level is not considerably altered. This has
to be attributed to the drop in reaction time, which goes along
with the transition to the turbulent diffusion concept. It can be
concluded that the preferential diffusion of the species in a
laminar flame does not remarkably influence the NO generation.

A useful feature of the concept of turbulent diffusion is that
the strength of species diffusion with respect to the diffusion
of temperature can easily be altered. The case of high Lewis
numbers (low species diffusion) is of particular interest, since
the extent to which the propagation and reaction density of a
premixed flame front depend on the diffusion of species can be
studied. When the diffusion of fuel as well as of radicals is
impeded, no significant radical attack from the reaction zone
toward the preheat zone will take place. This results in a strong
preheating of the reactants before the reaction is initiated. For
Le = 5 and 1 bar, the heat release peaks at 1666 K (200 K
higher than in the laminar case). The higher effective preheat
temperature at the starting point of the reaction goes along with
a stronger heat loss from the reaction zone. Due to the impor-
tance of the Zel’dovich mechanism at 1 bar, the NO emission
is increased by approximately 30 percent. A similar effect is
not found at 15 bar, since the N,O mechanism, which dominates
at high pressures, does not respond to the shift of the reaction
toward higher temperatures in the same way. Increasing the
species diffusion (Le = 0.07) will enhance the transport of fuel
into the reaction zone strongly and all radical concentrations
are much lower than in the other cases, whereas no significant
effect on the NO levels was found. Figure 7 shows the heat
release pattern of four cases, namely the laminar flame and the
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flame with turbulent diffusion and three different Lewis num-
bers (Le = 0.07, 1, 5). The global increase of species diffusion
lowers the reaction progress considerably. Decreasing species
diffusion results in a very quick heat release and a steep temper-
ature rise. Effects of preferential diffusion of light species,
which are an essential characteristics of laminar flames, lead to
a less intense heat release than the Le = 1 case. The calculations
reveal that the NO emission of one-dimensional flames exhibits

heat release rate
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1.5
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Fig. 7 Lewis number effects on one-dimensional flame fronts
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Fig. 8 Effect of stirring on the NO emission

a remarkably low sensitivity to even crude and unphysical ma-
nipulations of the diffusive transport.

As already mentioned, the goal of modeling the influence of
turbulent eddies on the flame front realistically by a gradient
formulation cannot be achieved, since the effect of stirring is
not adequately represented. In order to obtain an estimate for
the strength of the effect of stirring on NO, Fig. 8 presents the
NO emissions (99.9 percent reaction progress) of the PSR-
PFR combination and a wide range of residence times (PSR
reactor volume ). The comparison with the characteristic chemi-
cal time scale #,,., which has been derived from the temperature
profiles of the laminar flame, is of particular interest, since it
allows one to assess in principle how strongly stirring can effect
the NO formation. At 1 bar, changing the residence time in
the PSR (below £, ) will not substantially influence the NO
emission, whereas the NO slope is steep at 15 bar. At 1 bar, as
a consequence, in order for a major impact of stirring on NO
formation to occur, a strongly overproportional thickening of
the flame front with respect to the propagation velocity would
be required, which cannot be seen in gas turbine burner investi-
gations [18]. At high pressures, however, a significant impact
of stirring on NO can be expected. Although it is difficult to
draw quantitative conclusions from Fig. 8, the statement might
be accepted for 15 bar, that the potential increase in the NO
emission due to stirring is on the order of the NO emission of
the unstirred flame.

An influence of strain on the NO emission of strained flames
can be expected when the strain rate is of the order of the
inverse of the reaction time. Computations were performed at
1 bar pressure and strain rates between 1000 1/s < a < 10,000

Journal of Engineering for Gas Turbines and Power

1/s as well as at 15 bar pressure and strain rates between 2000
and 20,000 1/s. In Fig. 9 the NO concentrations are plotted
over the reaction progress variable (T,, — T)/(T,y — T,). A
direct comparison of the NO generation in the strained case
with the unstrained case cannot be immediately made, since a
fixed value has to be set at the product inlet of the computational
domain [17], which then influences the NO value at the right
boundary (7,, — T)/ (T, — T,) = 0.001 of Fig. 9. In the
computations shown in Fig. 9 the NO concentrations of the
corresponding unstrained flames (99.9 percent reaction prog-
ress) were specified for the NO concentration in the product
stream.

The remarkable influence of the strain rate can only be seen
at low pressures. When compared to the unstrained flames,
higher NO concentrations are generally found at low tempera-
tures. By virtue of the data reduction technique described in
Appendix B, the mole fraction Xas Of the species, which
originate from the product side, are calculated. For the highest
strain rates a proportionality between Xju.es and the reaction
progress is approached (Fig. 10). Consequently, it can be con-
cluded that at high strain rates, mixing of cold reactants and
hot products have a strong impact on temperature changes due
to chemical reaction. Since it is not observed that the volumetric
heat release rate is influenced by strain (not shown here), the
effect is caused by the increase of the convective/diffusive
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Fig. 10 Mixing of products with reactants in strained flames

fluxes at high strain rates. Interestingly, a sudden extinguishing
of the flame (quench) is not observed, because the product side
represents an infinite source of heat. Due to the decrease of the
diffusivities @ and D with pressure, the regime, where consider-
able “‘product’’ concentrations X are found at low strain
rates, is restricted at 15 bar to (T, — T)/{(T,y — T,) < 0.1
(>90 percent reaction progress), whereas the influence is ex-
tended down to approximately 70 percent reaction progress at
atmospheric pressure. After the separation of the NO, which
originates from the product inlet, from the flame-generated NO
(Appendix B), Fig. 11 is obtained. High flame stretch has an
NO-reducing effect. The same results yields Fig. 12, where the
NO-production rate is shown for comparison.

The distribution of strain rates in turbulent flows can be ob-
tained on the basis of isotropic turbulence [3]. It can be shown
that very high strain rates occur relatively seldom and that the
global NO emission of a flame front is dominated by regimes
exposed to low to medium strain. Consequently, it cannot be
expected that the calculated effect of locally high strain on NO
generation will remarkably reduce the NO emissions from gas
turbine burners.

The flame zones with high local strain that generate unburned
mixtures of reactants and products will undergo an afterburning

56 / Vol. 120, JANUARY 1998

process after the strain strength has been released. In Fig. 13
the results for the mixture temperature of 1273 K, which corre-
sponds to a ratio of approximately unity of reactant mixture to
product mixture, are presented. Surprisingly, the radical concen-
trations recover the level scen in the case of the combustion of
pure reactants (Fig. 3) very quickly, despite the fact that the
fuel concentration is lowered by 50 percent. NO emissions at
1 bar are also almost identical due to the Zel’dovich mechanism,
which is characterized by the NO generation in the high-temper-
ature regime of the reactive layer. Per quantity fuel, almost
twice as much NO has been generated. In contrast, at high
pressure a start of the afterburning at higher temperature reac-
tion is beneficial due to the characteristics of the predominant
N,O path. With the assumption that the products, which are
mixed with the reactants upstream of the flame, contain NO
according to an unstrained flame (=NOyusuained) at (Tog — T)/
(T — Ty) = 0.001 (99.9 percent reaction progress ), the results
of a set of calculations with different ratios of reactants and
products are summarized in Fig. 14. At 1 bar afterburning stimu-
lates total NO formation clearly, whereas at 15 bar no net effect
can be detected. In addition, Fig. 14 shows that the same result
is found on the basis of a PSR-PFR/PFR model. It can be
concluded that high local flame strain, which leads to lower NO,
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Fig. 11 Flame-generated NO in strained flames
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Fig. 12 NO production rate in strained flames

is accompanied by an afterburning process of diluted reactants,
which has an adverse effect on NO as long as the pressure is
low.

Staging Effects

If the reactants of a second stage are fed into the exhaust of
a first stage, which has previously approached the adiabatic
flame temperature, no significant difference to the aforemen-
tioned effects in the unstaged flame is to be expected. The
reactive layer between the media of both stages exhibits a struc-
ture according to the corresponding turbulent combustion re-
gime. Of greater interest is the following scenario: In a first
very lean (or catalytic) stage nearly NO-free exhaust gas is
generated, which is diluted with air until the desired temperature
is achieved. This temperature is selected low enough to permit
enough mixing time for fuel injection in a second stage (or a
richer fuel-air mixture) before the second ignition takes place.
The final temperature (of 1840 K) is reached after the comple-
tion of the burnout of the secondary fuel. Figure 15 depicts the
NO emissions of such a lean-mix-lean process. The mixing
Damkdhler number Da,,;, has been derived from engine experi-
ence. Only in the region below unity can perfect fuel admixing
be reached (mixing element size realistic for gas turbine appli-
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Fig. 13 NO from the unstrained combustion of a NO free mixture of
products and reactants

cation) before the reaction is initiated in the second stage. It is
evident that at 1 bar even for NO free exhaust from a first stage
no considerable benefit exists, whereas at 15 bar a reduction of
NO by 50 percent seems to be the limit.

However, the assumption that no NO in the first stage is
generated is unrealistic: For perfectly premixed, aerodynami-
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Fig. 14 Influence of afterburning on NO
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cally stabilized flames, lean blowout temperatures below ap-
proximately 1700 K are difficult to achieve with sufficient blow-
out margin. Since this limits the NO concentration from the
first stage to approximately 2 ppm (one-dimensional laminar
flame results for 1700 K), the net effect of staging will be
considerably smaller. It is questionable whether any advantage
remains, when the larger liner surface of a staged system, which
has to be cooled and reduces the air available for combustion,
is taken into consideration. In contrast, the characteristics of
lean-mix-lean systems match very well the requirements of
modern gas turbine reheat cycles, which provide ideal inlet
temperatures in the second stage due to the partial expansion
in a high-pressure turbine after primary combustion. In these
cases a reduction of NO is achieved primarily due to the higher
thermodynamic efficiency. The ABB gas turbine family GT24/
26 comprises the first implementation of this ultralow NO,
reheat principle.

Conclusions

The study of model flames with full chemistry reveals that
the one-dimensional flame represents a good model for gas
turbine burners at moderate turbulence levels. The NO abate-
ment potential of a moderately turbulent combustor is shown
in Fig. 16 (Miller and Bowman mechanism). The importance of
residence time for high adiabatic flame temperatures is apparent.
Residence times below 10 ms are difficult to achieve with cur-
rent designs, since the mixing time exceeds by far the chemical
time. Burners with a high number of small-scale elements offer
a promising way to minimize residence time in the future.

Excessive stirring within the reactive layer of the flame en-
hances NO production and should be avoided in the design of
high-pressure gas turbine burners.

Flame strain locally lowers NO formation. However, a strong
influence on the emissions from burners cannot be expected
because of the strain distributions found in turbulent flow fields.

Afterburning of previously ‘‘quenched’’ flame zones leads
only at low pressures to higher NO formation.

The NO generation of premixed flames is remarkably insensi-
tive to changes in the diffusive transport of temperature and
species or the absence of diffusive transport.

Staged combustion will only have an influence on NO emis-
sions when mixing between the stages occurs before the second
reaction is initiated. The NO reduction potential is moderate and
might be lost due to the bigger volume and higher complexity of
a staged combustor.

Staged (sequential) lean—lean combustion is attractive for
reheat cycles, since higher thermodynamic efficiencies can be
achieved.
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APPENDIX A

Relationships of Isotropic Turbulence and Definitions
Inertial range (Kolmogorov):

2
- o const
14 vortex

3
o MVDI'[CX o«
lVOl‘lCX
Vortex characteristic velocity:
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Vortex turnover time:
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Turbulent Reynolds number:

A

Turbulent Damkohler number:

Da = T, ~ L/u'
Te 51/S1
Karlovitz number:
Ka = Te b,/ 8, w e o /s
T, nlu, T Mu'
Ka = _7; 5[/5'[
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APPENDIX B

Evaluation of NO From Strained Flames

In order to separate the NO generated in a strained coun-
terflow flame of reactants and products from that originating
from the product inflow, two computations are made for the
flame under consideration. In the first run products with a rea-
sonable NO content (e.g., that of an unstrained flame) are speci-
fied, whereas in the second run the products are free of NO. As

a result two curves
Tatl - T
NO,, = —
“ f<Tatl_Tin>

and

T~ T
N Omac ants — -
" f@@—ﬂ)

are obtained. The difference between the two curves is due to
the transport from the product inlet:

Nopmducls = NO[O[ - Noreactants

NOpoaues can serve as a ‘‘tracer’’ for the diffusion of products
toward the reactants, since the diffusivity of NO is similar to
the diffusivity of the products. As a consequence, the concentra-
tion of products from the product inlet diffusing toward the
reactants can be found:

NOproducls
Noproductsinlcl

Ko represents the thermal NO formation of the products on
their way from the inlet toward the reactants. If thermal NO

formation is neglected, Ko is set to unity.
Since the products from the combustion of the reactants are

Xproducls = KNO *

“diluted with products from the product inlet, the NO concentra-

tion is finally normalized:
Xreucumls = 1

- Xproducts

NOl‘eﬂClﬂlllS,C()l‘rCC!Cd = NOI’CaClﬂnlS/XrCi\C[ﬂnlS
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