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Abstract

The overall goal of the present project is to enable advanced modeling and simulations for
the design and optimization of fuel-flexible turbine combustors. For this purpose we use a
high-fidelity, extensively-tested large-eddy simulation (LES) code and state-of-the-art mod-
els for premixed/partially-premixed turbulent combustion developed in the PI'’s group. In
the frame of the present project, these techniques are applied, assessed, and improved for
hydrogen enriched premixed and partially premixed gas-turbine combustion. Our innova-
tive approaches include a completely consistent description of flame propagation, a coupled
progress variable/level set method to resolve the detailed flame structure, and incorporation
of thermal-diffusion (non-unity Lewis number) effects. In addition, we have developed a
general flamelet-type transformation holding in the limits of both non-premixed and pre-
mixed burning. As a result, a model for partially premixed combustion has been derived.
The coupled progress variable/level method and the general flamelet tranformation were
validated by LES of a lean-premixed low-swirl burner that has been studied experimentally
at Lawrence Berkeley National Laboratory. The model is extended to include the non-unity
Lewis number effects, which play a critical role in fuel-flexible combustor with high hydrogen
content fuel. More specifically, a two-scalar model for lean hydrogen and hydrogen-enriched
combustion is developed and validated against experimental and direct numerical simulation
(DNS) data. Results are presented to emphasize the importance of non-unity Lewis number
effects in the lean-premixed low-swirl burner of interest in this project. The proposed model
gives improved results, which shows that the inclusion of the non-unity Lewis number effects
is essential for accurate prediction of the lean-premixed low-swirl flame.
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1 Executive Summary

Gas turbines are known as the main source of electrical energy in the modern world. Per-
manent increase in the oil and gas price, diminishing resources and global climate change
demand clean and efficient usage of coal as well as the utilization of renewable resources and
opportunity feed-stocks such as petroleum coke and biomass. These needs call for the de-
velopment of advanced next-generation turbine technologies. Such a goal can be met by the
assistance of advanced simulations that are validated by reliable comprehensive experimental
data.

The overall goal of the present project is to enable advanced modeling and simulations
for the design and optimization of fuel-flexible turbine combustors. For this purpose we
use a high-fidelity, extensively-tested large-eddy simulation (LES) code and state-of-the-
art models for partially premixed turbulent combustion. The LES code solves for the fil-
tered Navier-Stokes equations in the low Mach number limit using the semi-implicit finite-
difference method, and it can have any high order of numerical accuracy in space discretiza-
tion, with high computational efficiency [1]. The solver has been extensively used to simulate
combustion processes in several applications, for example, in combustors and industrial fur-
naces. Numerous physico-chemical and numerical models describing turbulent combustion
have been proposed in previous work. In the recent past, we have developed several new
modeling techniques related to combustion LES. In the frame of the present project, these
techniques are applied, assessed, and improved for hydrogen enriched premixed and partially
premixed gas-turbine combustion.

Our innovative approaches include a completely consistent description of flame propaga-
tion, a coupled progress variable/level set method to resolve the detailed flame structure, and
incorporation of thermal-diffusion (non-unity Lewis number) effects. In addition, we have
developed a general flamelet-type transformation holding in the limits of both non-premixed
and premixed burning [2,3]. As a result, a model for partially premixed combustion has
been derived. The coupled progress variable/level method and the general flamelet tranfor-
mation were validated by LES of a lean-premixed low-swirl burner that has been studied
experimentally at Lawrence Berkeley National Laboratory.

In this report, we summarize the accomplishments of the project. The activity in the
frame of the project includes three main phases. At Phase I, we perform LES of a cold flow,
study inlet boundary conditions and test the LES solver by available experimental data and
DNS results. At Phase II, we investigate reacting flows. First, we generate an appropriate
chemical table containing a set of flamelet parameters and used by the solver. The LES
solver is validated by combustion available experiments/simulations. Then we perform LES
of a modeled combustor and test the simulations by turbine combustors from NETL, Sandia
CRF, and Berkeley Lab. Flame blowout and flashback are also considered. The model
is validated and the area of further improvement is identified. At Phase III, the model is
extended to include the non-unity Lewis number effects, which play a critical role in fuel-
flexible combustor with high hydrogen content fuel. A two-scalar model for lean hydrogen and
hydrogen-enriched combustion is developed and validated. The main physical phenomena



of interest are the effects of non-unity Lewis numbers and diffusive-thermal instability on
turbulent flame propagation. Results are presented to emphasize the importance of these
effects in the lean-premixed low-swirl burner of interest in this project. First, the two-scalar
model is validated using direct numerical simulation (DNS) data for a freely propagating lean
hydrogen premixed flame. The two-scalar model is shown to capture the dependence of the
flame speed on the flame curvature reasonably well. Second, the two-scalar model has been
applied to a lean hydrogen premixed low-swirl injector, for which existing combustion models
fail. The hydrogen content and progess-variable (or mixture fraction and progress variable)
are chosen as flamelet parameters to describe the local flame structure. The results show
that the inclusion of the non-unity Lewis number effects is essential for accurate prediction
of the lean-premixed low-swirl lame. However, both of LES and DNS studies suggest that
further improvement of the model is warranted.

2 Turbulent Combustion Model

As we stressed in Sec. 1, the general objective of the present project is to enable advanced
simulations and modeling for the design and optimization of fuel-flexible turbine combustors.
This goal is being achieved by using high-fidelity extensively-tested LES and state-of-the-art
models for turbulent combustion.

In LES, turbulence is properly resolved and directly computed on large-scales, while
small-scale turbulent structures are left unresolved and are modeled [4]. Various methods
have been suggested in the literature regarding the problem of subgrid transition. Two of
the most widely used are the flame thickening [5] and the level set (or G-equation) approach
[6,7]. The thickened flame model is based on an artificial increase in molecular diffusivities,
with modified reaction source terms in order to keep the planar flame speed Sy, constant. As
a result, the local reaction zones become boarded and can be resolved on LES meshes. In
level set methods, a flame front is treated as an isocontour of a field variable that is explicitly
tracked. At the relevant isocontours, the variables are governed by equations describing how
the fronts propagate. Far away from the isocontours, smooth gradients are prescribed for
the field variables to ensure numerical resolution of the flame front dynamics.

There is a great variety of LES codes of different levels of sophistication. In the present
project, we are using our in-house semi-implicit finite-difference LES solver [1]. As we note
above, the code has been extensively used to simulate combustion processes in various ap-
plications. Here we will start with a description of premixed flamelets; then non-premixed
turbulent burning will be considered.

2.1 LES of Premixed Turbulent Combustion: Flame Surface Fil-
tering and Dynamic Flame Speed Model

A premixed flame front can be defined as an isocontour of a generic progress variable ¢, which
might be, say, a non-dimensionalized temperature, enthalpy, etc. The governing equation



for the progress variable is
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where u; is the local flow velocity in the jth direction, p is the fluid density, D is the diffusivity

of the variable ¢ and wp is a source term that describes the effects of chemical reactions. For
an arbitrary isosurface ¢ = ¢y, Eq. (1) may be rewritten as
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where k is the front curvature, n; is the front normal vector and H represents a Heaviside
function, or equivalently an error function of small but finite width, that is centered on
isocontour ¢ = co; see [2] for the details. When the chosen progress variable isocontour is
associated with a location in the flame front, Eq. (2) can be treated as the equation governing
the behavior of a Heaviside function that tracks the flame front. For notational convenience,
we introduce a level set variable G

G (zj,t) = H (c(x),1) = co) - (3)
Then Eq. (2) takes the form
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describes the propagation velocity of isosurface ¢ = ¢q. In the absence of curvature and strain
effects, it is reduced to the unstretched laminar flame speed Sy. Equation (4) is meaningfully
defined in the whole of physical space and could therefore be filtered in line with standard
LES filtering techniques as [2]
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where Sz, and (ZD_I{)T are the filtered burning velocity and the filtered curvature, respec-
tively. They are determined as

§T,co ‘Vm = S1 VG|, (m)T |V§‘ = Dk|VG|. (7)

Equation (6) describes properly dynamics of a turbulent flame propagation speed. However,
the unclosed convective term in Eq. (6) cannot be dealt with in LES. For this reason, an
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additional model is introduced to separate the resolved and unresolved components. As
described in [2], the unresolved components are actually negligible. In addition, the effect of
the density change through the flame was removed from the propagation speed term. Then
the level set equation takes the final form

0G 99 _p
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Now let us consider a dynamic procedure for computing the coefficient that appears in
models for S7,. This procedure requires an LES test filter denoted hereafter by the “hat”
operator. The “hat” operator represents the same kind of filtering process as the “overline”
one does, but uses a larger filter length scale. Equation (8) can be filtered either in a serial
process (where these filters are applied simultaneously), or in a sequential process (where
these filters are applied in different steps). These two options yield the equations
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respectively. Assume that the filters commute with temporal derivatives. Then the subtrac-
tion of Equations (9) and (10) gives
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Equation (11) does not contain temporal derivatives; it holds at all times.

This model is not yet applicable in an LES because the G variable is never actually
solved for. It is in fact computationally intractable, since jumps in G occur over single filter
widths. Instead, the terms in which this variable appears must be modeled using the level
set representation of the flame front. The developed model, which holds in both the fully
resolved and fully unresolved limits, is

VG| ~ Ap/Va, (12)

where A /Va represents the area density of the filtered flame front, as described by the
level set evaluated at the LES filter level. It follows from this that the convective terms in
Eq. (11) can be modeled as
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Then the dynamics equation takes the final form
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Equation (14) is a dynamic identity that can be solved to locally calculate a flame speed
model parameter. To apply Eq. (14) to the determination of an unknown constant, the actual
burning velocity and diffusive propagation models must be selected. The filtered burning
velocity may be described by Peters’ propagation speed model [7, 8]

w = —yDa + \/(vDa)2 + ~vaDa, (15)
where v and v are model constants, and «’ and Da are the velocity fluctuation and Damkohler
number evaluated at the filter level A. When the curvature models and Eq. (15) for the flame
speed are substituted into Eq. (14), all the terms in the result except a are known. Solving
for av and then returning that value to the flame speed model gives filter independent front
locations.

As a result, a surface-filtering procedure consistent with standard LES-filtering has been
derived [2]. The method has been extensively tested in the context of DNS and applied in
the context of LES [2]. The approach uses only information that comes directly from the
flame front location. This is important for two reasons: (i) it guarantees that the model can
be consistently applied when level set methods (where arbitrary constraints can be imposed
on field variables away from fronts) are used to track the flame; (ii) it forces the model to
recognize that the physics governing flame propagation of a flame are valid only locally at
the front.

2.2 A General Flamelet Transformation for Premixed and Non-
Premixed Combustion: Combustion Regime Index

The technique presented in the previous subsection describes fully premixed combustion.
However, one often deals with non-premixed or partially premixed burning in laboratory
and industrial setups. Thus a general model that distinguishes between these regimes is
required. For this purpose, a general flamelet transformation that holds in the limits of both
premixed and non-premixed combustion has been recently developed [3]. The basic idea of
the method is to use two statistically independent parameters such as the reaction progress
variable and the mixture fraction.

Assume that a set of scalar transport equations is written in a standard “physical”
space (x,t). The steady flamelet equations describing the asymptotic limit of non-premixed
combustion are typically derived by reorienting the coordinate system (x,?) into a basis
in which one direction is parallel to the local gradient of mixture fraction, VZ. Then we
assume that changes in the scalar field along directions, not parallel to the gradient of the



mixture fraction, are negligible in comparison with the changes that occur in the direction
of the gradient [8]. In a similar way, another set of equations can be derived to describe
the asymptotic limit of premixed combustion. An indicator of the regime of burning can be
developed by combining these ideas into a more general transformation that concurrently
demonstrates how the chemical source term is balanced in both the premixed and non-
premixed limits. Any of such transformations needs to retain the coordinate direction of
the mixture fraction Z, since it describes the non-premixed limit. From the first point of
view, the progress variable ¢ might be a second coordinate direction describing the premixed
limit. However, Z and ¢ (as they are typically defined) are not statistically independent,
while statistical independence is manifested most clearly in a non-premixed flamelet. If the
eventually developed transformation is to reduce to the steady flamelet equations in the
non-premixed limit, then the second transformation coordinate has to disappear in that
limit. The progress variable, however, changes with Z in a non-premixed flamelet, and
this condition is not satisfied. This implies that partial derivatives of a scalar cannot be
consistently taken with respect to (Z, ¢) space.

To indicate the regime of burning, non-premixed flamelets are indexed, and the value of
the index of each flamelet is treated as a variable. Basically, there is a variety of choices for
the flamelet index. As an option, one can choose [9]

A= c(Zy, T}), (16)

which is the value of the progress variable that occurs on a given flamelet (77, = T ) and
at a given mixture fraction (Z = Zg). Obviously, the dependence versus A disappears in the
limit of non-premixed combustion, since there is a unique value of A associated with each
flamelet. In addition, taking partial derivatives of a scalar with respect to space (Z,A) is
consistent, since A and Z are statistically independent.

The transformation technique used to develop the flamelet equations can be also used to
transform a scalar equation from space (x,t) into space (Z(x,t), A(x,t),e(x,t),7). This is
accomplished through usage of the rules

8, — 0, + (8,2) 87 + (9:A) O, V — (VZ)ds + (VA) Oy + € (Ve) 8., (17)

where 0;7 = 1 and ;e = 0. The parameter € is introduced in order to describe the assumption
that variations in the scalar along the third direction, e, are small. Applying these rules and
neglecting the unsteady effects and the terms of order €, we find (see [3] for the details)

(O [puStu [VA| = V - (pDVA)]), + (—p%ag(;) = & (18)
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Here the groups in brackets labeled “p” and “np” describe the premixed and non-premixed
limits, respectively. To distinguish between the regimes, we simply evaluate the expressions
in both groups. If the sum of the terms in group “p” is larger, then the premixed mode of
combustion more appropriately describes the local process. In contrast, if the sum of the
terms in group “np” is dominant, then the process is appropriately described by the mode

of non-premixed burning.



In the majority of situations, this model will require the use of tabulated chemistry. For
example, the dzc, S, and 9%c terms may all need to be evaluated using pre-computed tables.
The functional form of the tabulated chemistry is not particularly relevant to the model, as
long as it can be shown to be consistent with the parameterizations ¢; = ¢; (Z,A). The
flamelet progress variable would, for example, offer an appropriate context for tabulating
chemistry when the functional dependency A = G (Z,¢) is well defined. Evaluating the
relative importance of terms in “p” and “np” can in general be determined by evaluating a
time scale ratio

_ aAC [puSL,u |VA‘ -V (pDVA)]
—p05c

S)

. (19)

The parameter © describes local combustion regimes. It plays the role of a combustion
regime index. We stress this is different from the more traditional local flame index, defined
through fuel and oxidizer mass fractions as

- VYo - VYp ‘ (20)

VYol [VYr|

The present model, based on Eq. (19), serves basically the same purpose as the concept
of a flame index, Eq. (20), does. Meanwhile, it selects amongst combustion regimes by
considering how chemical source terms are balanced rather than by considering whether
gradients of fuel and oxidizer align. The model has been properly validated by simulations
of a triple flame [3], and is actively used in an LES of a premixed swirl burner, see below.

2.3 Partially Premixed Combustion

Based on the combustion regime index presented above, a consistent model for partially
premixed combustion has been developed and validated in simulation of a low swirl burner [2,
3]. The specific burner/mixture simulated in [3] are duplicates of that studied in [10]. The
LES was performed using our in-house solver [1]. The LES sub-filter stress tensor and
sub-filter scalar flux are described using a dynamic Smagorinsky model that employs a
Lagrangian-type statistical averaging procedure [11].

The chemical reactions in the flow were treated using a combined flamelet progress vari-
able [9,12] and level set [2,3,6,13] models. This combined model is an example of a presumed-
PDF (probability density function) approach to turbulent combustion. In the model, the
joint sub-filter scale PDF (P(Z, ¢)), that describe sub-filter distributions of the mixture frac-
tion and progress variable, is presumed to depend on the ﬁlﬁgr/ed mixture fraction Z , the
filtered progress variable ¢, and the mixture fraction variance Z”2. With ﬁ(Z ,¢) known, any
arbitrary filtered reactive variable can be evaluated as

gﬂb;- = /Z/cgbZ (Z,c) P (Z, c; 2’27,57,5> dZdec. (21)

Prior to running the LES, the values Q~SZ are be pre-computed and stored in a table as functions
of Z, ¢, and Z"?. Then, they can be accessed as required within the simulation.
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The quantities ¢; (Z,c) are treated as combustion regime-dependent. Therefore, two
separate chemistry tables, each of the form ggz = q~52 (Z , Z”2,E>, are created to be used in
the LES. The non-premixed table is created by solving the steady flamelet equations for
¢; (Z,c). The premixed table is created by solving the 1D steady premixed flame equations
for ¢; (Z,c). Once the values ¢; (Z, c) are known, they are applied in Eq. (35), and the tables
are created. At all times and for each mesh points in the LES, one of these two tables is

selected based on the combustion regime index (©) defined in the previous section.
Then, in the LES, the scalar transport equations for the filtered mixture fraction and the

filtered progress variable are solved for
~ 07
(mD +D)5 ) , (22)

Lupsy (7) = 5,

opc 0 .. 0 [_ ~ oc —

where the filtered source term for the progress variable (w,) is evaluated using Eq. 21.

3 Governing Equations and Numerical Method

The various laminar and turbulent flames are simulated with the NGA code [1]. The numeri-
cal methods characterized by high order conservative finite difference schemes were developed
for the simulation of variable density low Mach number turbulent flows. In the framework
of LES, the filtered Navier-Stokes and scalar transport equations are

B
opi o _

W%—V-(puu):—Vp—i-V-T (25)
8?5 —~7\ _ -
W—l—v-(pu(b)—Vg—l—wd) (26)

where the turbulent stress tensor and scalar flux terms are expressed using a standard
Smagorinsky model
T=p("+un) (Vu+Vu') , (27)

g=7p <5¢, n D;;,) Vo. (28)

The turbulent eddy viscosity (1) and diffusivities (D) are evaluated using the Lagrangian
dynamic sub-grid scale model by Meneveau et al. [14] and extended for variable density and
to include the modeling of the turbulent eddy diffusivity by Reveillon and Vervisch [15].

11



4 Validation: Premixed Swirl Flames and Partially
Premixed Combustion

4.1 Turbulent Swirling Flames

In the present project we are studying fuel-flexible combustors including that of advanced
next-generation gas turbines. Frequently, the modern gas turbine combustors use swirling
lean-premixed flames that offer a possibility of controlled flame temperature and thus reduce
NO, emissions. One more problem are greenhouse gases lading to global climate change.
As we stressed above, a way to reduce the emissions of greenhouse gases from coal power
plants is to organize an integrated gasification combined cycle. The basic idea of IGCC is
to extract syngas from coal. When CO is shifted to CO; in the gasifier and separated for
sequestration, the gas turbine operates on practically pure Hy. For this reason, studies of
hydrogen swirling flames is of primary importance.

Turbulent swirling flames (especially hydrogen ones) are inherently unstable. This may
lead to noise, flame pulsations and even structural damage. For this reason, flame dynamics
in a swirl burner is an important engineering problem, and is a subject of detailed investiga-
tions - experimental, theoretical and numerical. In particular, premixed swirl burners have
been studied experimentally in [16-19] and numerically in [10]. These burners are particu-
larly notable because they generate lean premixed flames that are quite stable. Thus, when
considered in conjunction with the characteristically low levels of NO,, that are produced by
lean premixed burning, this inherent stability makes these burners an attractive option in
various industrial setups.

Both LES approaches discussed in the previous subsections were validated and applied
to simulation of a low swirl burner [2,3]. The specific burner/mixture simulated in [3] are
duplicates of that studied in [10]. The LES was performed using our in-house solver [1];
see above. The LES sub-filter stress tensor and sub-filter scalar flux are described using
a dynamic Smagorinsky model that employs a Lagrangian-type statistical averaging proce-
dure [11]. The chemical reactions in the flow were treated using a combined flamelet progress
variable [9,12] and level set [2,3,6,13] models. Such a combined model is an example of a
presumed-PDF (probability density function) approach to turbulent burning. In the model,
the progress variable and the PDF's ﬁ(Z ,¢) that describe sub-filter distributions of the mix-
ture fraction are presumed to depend on the filtered mixture fraction Z , the filtered progress
variable ¢, and the mixture fraction variance Z”2. With P (Z,c¢) known, an arbitrary filtered
reactive variable can be evaluated as in Eq. (21). Prior to the start of the swirl burner LES,
the values (Ez can be pre-computed and stored in a table as functions of Z , ¢, and Z"2. They
can then be accessed as required within the simulation.

In premixed regimes, where the gradients of the progress variable become poorly re-
solved, the filtered chemical source is additionally modified using the solution of a level
set equation that describes the location of the flame front [2,13]. The quantity ¢; (Z,c¢) is
treated as regime-dependent. Therefore, two separate chemistry tables, each of the form

12



Figure 1: A typical level-set representation of a low-swirl premixed flame [3].

gg,» = ggl (Z , Z’E, E), are created for usage in the LES. The non-premixed table is created by

solving the steady flamelet equations for ¢; (Z, c). The premixed table is created by solving
the 1D steady premixed flame equations for ¢; (Z,¢). Once the values ¢; (Z, ¢) are known,
they are applied in Eq. (21) and the tables are created. At all times and at all mesh points
in the LES, one of these two tables has to be selected using the following two criteria.

The first criterion involves the lammability limits of the local mixture. The steady 1D
premixed flame equations only produce realizable burning solutions within a certain range
of equivalence ratios. Outside of these limits, valid burning ¢; (Z, ¢) solutions to the 1D
premixed flame equations do not exist. As a result, no useful information is gained by
calling a premixed table outside of these bounds. Thus the non-premixed table is called
by default when the local value of Z is outside of the flammability limits. This criterion
is consistent with the combustion regime index (in the sense that it recognizes that the
burning velocity appears in the premixed terms). As the flammability limits are reached,
the burning velocity approaches zero and the proposed index defaults to predicting non-
premixed combustion. The non-premixed table contains all the non-burning solutions that
the premixed table does, but it also contains burning solutions that could account for the fact
that heat can diffuse into regions beyond the flammability limits. If the diffused heat were
to induce any further combustion beyond these limits, the current approach would predict
that the combustion occurs in the non-premixed regime.

The second criterion involves the expression for the proposed combustion regime index.
Within the flammability limits, both the premixed and the non-premixed tables provide
physically meaningful information. The proposed index can be used to determine which of
these tables should be called. Because only filtered quantities are available in LES, the terms
that appear in the index must be filtered if the index itself is to be used. Filtering Eq. (18)
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and again neglecting the unsteady terms and the diffusion in A space gives

(0 [ [VA| - v (pDVR)]) + (-2050) ~G-Zus (29)
p o
where the last term
Bsrs = [~0ne [puSpa | VA|| + Onc oS [VA] + {592—25?0 ~ ﬁXQ—Za%C} (30)
p

pn

describes the sub-filter scale contributions to the chemical source term budget. Most of the
terms in the filtered model, Eq. (29), can be computed using the well established presumed-
PDF formula (35). The exceptions are Xz and the sub-filter terms. In the LES, Yz is
calculated using a sub-filter turbulent diffusivity and the filtered mixture fraction gradient
VZ, Xz = 2D,NVZ - NZ [20]. The sub-filter terms in Eq. (30) are neglected for now.
The present LES implementation can therefore be treated as a check on the budget of an
artificially strengthened source term. The strengthening occurs because the term wgrg in
Eq. (29) is not appropriately removed from w..

The method discussed above has been extensively validated in [3]. In particular, the
experiments [19] have been reproduced by usage of LES. A characteristic instantaneous
level-set representation of a low swirl premixed flame from LES [3], colored by the mixture
fraction Z, is shown in Fig. 1. Figure 2 shows time averaged mean (top) and rms (bottom)
velocity profiles as a function of the burner radial coordinate. Markers show the experimental
results [19]; two experimental data sets shown in each graph represent information from the
two sides of the burner centerline (so, the flow field is not completely homogeneous in the
azimuthal direction). LES [3] is presented in Fig. 2 by the solid lines. The plane is taken at
the distance 0.7D from the nozzle in all plots. One can see that LES statistics agree very
well with experimentally measured ones thus justifying the approach.

4.2 Lean-Premixed Low-Swirl Hydrogen Flames

We have applied the present approach to lean-premixed low-swirl hydrogen combustion. The
basic idea was to reproduce with LES the results of extensive DNS from LBNL. A low swirl
burner with nozzle diameter D = 5cm, average axial flow velocity |Uy| = 6.34m/s and
uniform axial co-flow 0.35m/s is used both in DNS and LES. The mean axial, radial and
azimuthal initial velocity profiles are shown in Fig. 3. Such a flow has been perturbed by
a certain field of velocity fluctuations. A transition from DNS to LES inflow conditions is
given by [21]

Urms,DNS

Ures (t) = Upns (1) + [Ups (t) — (Ups (1))] U o (31)
Vs () = Vowvs () + [Von (1) = (Vs ()] 222225, (32)
Wiss () = Wows () + Wps (1) = (Won ()] 5725, (33)

14



0 02 04 06 08 0 02 04 06 0.8 0 02 04 06 0.8
r/D r/D r/D

Figure 2: Time averaged swirl burner velocity (top) and rms-velocity (bottom) profiles for
methane-air burning. Left-to right: axial, radial, and azimuthal profiles. Solid lines are
related to the LES [3]; the experimental results [19] are shown by markers. The planes are
taken at the distance 0.7D form the nozzle.

where U, V', W denote axial, radial and azimuthal velocity components, respectively. The
label "DB” in Egs. (31) - (33) means the velocity profile taken from a certain turbulent
database; we are using that of [3].

4.2.1 LES of a Cold Swirling Flow

First, we perform LES of a cold (non-reactive) flow in such a configuration. An instantaneous
total velocity field in that case is shown in Fig. 4. Snapshots (a) - (c¢) present radial planes
taken at the nozzle, and at 5cm and 15 cm from the nozzle; r-z plane is shown in snapshot
(d). The quantity of the total flow velocity is shown by the color: from 0.35m/s (blue)
to 12m/s (red). Figure 5 presents a characteristic 3D isosurface of the flow velocity field,
|U| = Uy = 6.34m/s. Both figures 4, 5 demonstrate that moving far from the nozzle we get
weaker but wider flow. Figure 6 shows time averaged mean (left) and rms (right) velocity
profiles as a function of the burner radial coordinate. The averaging radial plane is taken
at the distance 0.5D from the nozzle. Axial, radial and azimuthal profiles are shown top-to-
bottom. Similar to Fig. 2, all values in Fig. 6 are scaled by the average axial flow velocity,
which is Uy = 6.34m/s in the present case. The mean axial velocity definitely dominates
over the mean radial and azimuthal profiles. At the same time, the roles of U,,,.s, Vims, and
W,ms are comparable. Sharp peaks and cusps in the plots for rms-velocities may claim that
the simulation time was relatively short to determine the mean rms profiles (i.e. we did
not get/keep statistically-stationary turbulence). At present, we are going to take averaging
over longer time in order to determine the profiles in Fig. 6 better. Besides, we would like
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Figure 3: Mean inflow velocity profiles (axial, radial and azimuthal): DNS (dashed) and
LES (solid).

(a) nozzle

Figure 4: Total velocity field in hydrogen burning: from 0.35m/s (blue) to 12m/s (red).
Snapshots (a) - (c) show three radial planes taken at 0, 5, 15cm from the nozzle; snapshot
(d) presents r-z plane.
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Figure 5: Characteristic flow velocity isosurface; |U| = 6.34 m/s.

to compare our "cold” statistics with that of DNS performed at LBNL. This work is now in
progress.

4.2.2 Reacting Flow

Similar to LBNL’s DNS, we also perform LES of lean premixed hydrogen burning with
¢ = 0.37. Figure 7 shows two characteristic 3D flame isotherms taken at 7" = 900K (a)
and T'= 1200K (b). In both cases we observe strongly corrugated (turbulent) flame shape
resulted from swirling. A typical flame evolution in r-z plane is shown in Fig. 8. The
temperature distribution is presented by the color: from 300K (white) to 1310K (red).
Again, we observe strongly corrugated flames in all four snapshots. Figure 9 demonstrates
the same result. Actually, the snapshot of HyO mass fraction shown in Fig. 9 resembles
snapshots of Fig. 8 quite well.  Figure 10 is a counterpart of Fig. 4 for a reacting flow.
Total velocity field in a lean-premixed low-swirl hydrogen burning with ¢ = 0.37 is shown
by the color: from 0.35m/s (white) to 12m/s (red). Again, snapshots (a) - (c¢) show three
radial planes taken at 0, 5, 15cm from the nozzle, while snapshot (d) presents r-z plane.
We would like to stress that plots of Fig. 10 resemble that of Fig. 4 quite well. Comparing
Figs. 6 and 11, where reacting flow statistics is shown, we may come to the same conclusion.
Indeed, Fig. 11 presents time-averaged velocity and temperature profiles. The mean values
are shown in the left column; rms parameters are presented in the right column. Axial, radial
and azimuthal velocities, and temperature are shown top-to bottom. Again the averaging
is performed in the radial plane taken at the distance 0.5D form the nozzle. Of course,
Figs. 10, 11 differs quantitatively from Figs. 4, 6, respectively. However, qualitative difference
between the ”cold” and "reacting” cases is hardly seen. Furthermore, the mean values of
velocities and rms-velocities are quite close in both cases. It means that the effect of lean-
premixed hydrogen burning on the velocity and vorticity is much less than the role of swirling.
This result is different from that of methane-air burning [3,19], and may may be explained
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Figure 6: Time averaged swirl burner velocity (left) and rms-velocity (right) profiles in a
non-reactive flow. Axial, radial and azimuthal velocities are shown top-to-bottom; D = 5cm
is the nozzle diameter, Uy = 6.34m/s is the average axial flow velocity.
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(a) T = 900K (b) T = 1200K

Figure 7: Characteristic flame shape shown by isotherms T=900K (a) and T=1200K (b).

Figure 8: Evolution of a swirling premixed hydrogen flame with ¢ = 0.37. The temperature
field is shown by the color: from 300K (white) to 1310K (red).
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Figure 9: Characteristic snapshot of H,O mass fraction.

as follows. The upstretched laminar flame speed for lean hydrogen burning with ¢ = 0.37
is low, S, = 0.104m/s. The thermal expansion in burning is also rather small in that case,
© =T,/Ty =~ 4.4. As aresult, the characteristic local flow generated by the flame propagation
is Sp.(© — 1) ~ 0.353 m/s, which is much less than the characteristic rms velocity 0.5-2m/s,
and the mean velocity 2-13m/s. Thus swirling dominates over the flame-generated flow.

5 Simulation of a Low Swirl Combustor

A low-swirl combustor of NETL and LBNL is a main test case in the present project. In this
configuration, experimental measurements of several flames with various fuel composition
are performed so that the effects of hydrogen content in methane/hydrogen/air combustion
can be investigated systematically.

5.1 Cold Flow Simulation

In the present section, we present the numerical results of the simulation of the cold flow
in a low-swirl injector. Full details about the experimental configuration can be found in
Ref. [22].

Figure 12 shows the instantaneous velocity and vorticity profiles in this configuration.
In this experimental setup, the air flow is injected through a central unswirled channel and
a swirl annulus. Then, the air enters the chamber where it forms a recirculation region.
This recirculation region is one of the mechanisms which ensures the stability of the burner
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(a) nozzle (b) 5cm (c¢) 15cm

(d) r-z plane

Figure 10: Total velocity field in hydrogen burning: from 0.35m/s (white) to 12m/s (red).
Snapshots (a) - (¢) show three radial planes taken at 0, 5, 15 cm from the nozzle; (d) presents
r-z plane.
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Figure 11: Time averaged swirl burner velocity and temperature profiles for lean-premixes
hydrogen burning with ¢ = 0.37 (left). The right column shows rms-parameters. Axial,
radial and azimuthal velocities, and temperature are shown top-to-bottom in both columns.
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Figure 12: Results of the cold flow simulation of the low swirl burner and comparison with
experimental data [22].

configuration. Figure 12 also shows a comparison of the mean axial and radial velocity
with experimental measurements at a station inside the combustion chamber. As it can
be observed, the present numerical simulation performs reasonably well in capturing the
recirculation region.

During the numerical simulation of the cold flow, the results were found to be very
sensitive to the inlet boundary conditions. Similar senstivities were also found in our previous
investigation of a lean methane premixed flame [3]. As a result, a different burner with well
defined boundary conditions was recently chosen for the numerical simulations of the reacting
flows.

5.2 Methane Flame

In order to validate the numerical procedure and modeling approach, the case of a lean
premixed methane/air flame (¢ = 0.59) is considered first. Methane is taken here as an
example of unity Lewis number fuel. The goal is to validate the treatment of the boundary
conditions and to ensure that the simulation of turbulent premixed flame with unity Lewis
number is fuel is described accurately before investigating the combustion of non-unity Lewis
number fuels in turbulent premixed flames.

As mentioned previously, the reacting flow simulations were performed using a different
burner geometry than the cold flow. Cheng et al. [23] reported the combustion characteristics
of various lean premixed low-swirl injectors with different fuels including pure methane and
pure hydrogen. As the combustion chamber is closed, this experimental setup corresponds to
fully premixed combustion. In this section, the case of the purely premixed methane flame
(¢ = 0.59) has been investigated, and the results are presented.

In order to properly characterize the flow entering the combustion chamber, it was found
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Figure 13: Full details of the injector geometry (left) and instantaneous profiles of velocity
(right) for the simulation of the lean methane premixed low-swirl injector.

necessary to resolve the flow through the injector. As a result, the numerical investigation
of the lean premixed methane burner was decomposed into two distinct simulations.

The first simulation corresponds to the investigation of the flow through the injector. In
order to properly describe the complex details of the injector, the geometry was represented
with Immersed Boundaries (IB). Figure 13 shows the injector composed of a swirled annulus
composed of sixteen vanes and an unswirled central pipe through a perforated plate. Fig-
ure 13 also shows an instantaneous velocity profile. As a result of the complex details of the
geometry, the flow exhibits strong non-uniformity and unsteadiness. This simulation was
performed with 8 millions grid points on a cylindrical mesh.

The second simulation corresponds to the flow inside the combustion chamber. The inlet
boundary conditions for this simulation were extracted from the numerical simulation of
the full injector presented previously. Figure 14 shows the instantaneous profiles of density,
temperature, and velocity in the combustion chamber. As expected, a strong recirculation
region forms early on in the chamber and stabilizes the flame front. The flame exhibits a
common “M” shape characteristic of attached premixed flames.

The first step to performing the reacting flow simulations consists in building a premixed
chemical table. A single 1D freely propagating laminar flame with the same equivalence ratio
was simulated with detailed chemistry [24], and the various chemical properties mapped as
a function of the progress variable. For methane, the progress variable was defined as the
sum of CO,, CO, H,0, and H, mass fractions. The computed laminar burning velocity is
S, = 10.8cm/s. The simulation of the combustion chamber was performed on a cylindrical
mesh of N, X N, x Ng =192 x 160 x 64 grid points with 48 cpus.

Figure 15 shows the temperature and velocity fields of the methane flame. Under high
velocity and high swirl, the flow at the edge of the inner pipe opens up (at an angle close to
45°) and creates a recirculation region slightly downstream of the inlet. This recirculation
region is the key element responsible for the stabilization of the flame front. The flame
exhibit an “M” shape and is anchored at the edges of the inlet pipe. In an enclosed domain,
hot gases are entrained in the recirculation regions in the corners and make their way to the
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Figure 14: Details of the full geometry including the injector and the combustion chamber
(left) and instantaneous profiles of temperature (right) for the simulation of the lean methane
premixed low-swirl injector.

.

shear layers of the jets.

In order to assess the ability of the approach to predict turbulent premixed flames with
unity number Lewis fuel, we evaluate time averaged statistics and compare the results with
experimental measurements. Figure 16 shows the mean and rms velocity along the cen-
terline. The decay of the mean axial velocity as the jet opens is well reproduced by the
numerical simulation. More importantly, the location and magnitude of the recirculation is
captured accurately. Similarly, the 2D velocity fluctuations (¢ = /u/2 4+ u/?) along the axis
exhibits the same flat shape as observed experimentally. While no temperature or species
measurements are available to validate the combustion processes themselves, the quality of
the velocity predictions is an evidence that the turbulent field and the effects of combustion
are modeled properly.

Similar conclusions can be drawn from radial profiles of velocity. Figure 17 shows the
mean and rms velocity at three different locations: just before the recirculation region
(30 mm), inside the recirculation region (50 mm), and further downstream (80 mm). For
the three stations, the comparison with the measurements is favorable. The spreading rate
of the swirling jet is captured reasonably well as seen on the profiles of axial and radial
velocities. More importantly, second order moments such as the turbulent velocity fluctua-
tions are predicted well by the current approach. Though, some discrepancies in the mean
quantities and fluctuations exist. However, the experimental measurements suffer from some
uncertainties. For instance, they are not perfectly symmetric and optical access to part of
the domain was difficult (for 7 < —30mm at = 50 mm and z = 80 mm).

As a result, the present comparison between numerical simulation and experimental mea-
surements is a strong evidence of the ability of the model to model the combustion of close
to unity Lewis number fuel such as methane.
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Figure 15: Instantaneous fields of velocity magnitude (top) and temperature (bottom) for the
simulation of the turbulent flame of methane/air. An isocontour G' = 0 shows the location
of the flame front (black line). Grey lines indicate locations where statistics are gathered
(30 mm, 50 mm, and 80 mm).

5.3 Hydrogen Flame

With confidence in the treatment of the boundary conditions and favorable predictions for
methane combustion, it is now possible to investigate the effects of differential diffusion in
a turbulent hydrogen flame. The experimental setup is the same as previously used for
methane. The only differences reside in the fuel used (Hy) and the global equivalence ratio
(¢ = 0.40).

Similarly to methane combustion, a premixed chemical table is created first. This table
is build upon a series of 1D laminar premixed flat flames with varying equivalence ratios.
The flames considered are shown in Fig. 25. Once again, these flames were computed with
detailed chemistry [25] and assuming that the Lewis number of all species is unity with the
exception of hydrogen (Leg, = 0.3). The theoretical laminar burning velocity for ¢ = 0.4 is
S, =20.1cm/s, and the lean flammability limit is predicted around ¢ = 0.27.

Figure 18 shows some results of the numerical simulation of the lean hydrogen injector.
This simulation was performed without the model for non-unity Lewis number combustion
in order to assess the ability of the original model to reproduce the large scale features of the
flow field. This enclosed low-swirl injector exhibits a typical “M” flame in perfect agreement
with experimental observation. The flame is attached to burner surface at the edge and is
stabilized by the recirculation region.

Figure 19 and 20 show a comparison of the experimental measurements with the nu-
merical simulations with unity Lewis number assumption. The model with the unity Lewis
number does not capture the major characteristics observed in the experiment.
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Figure 16: Comparison of mean axial velocity (top) and 2D velocity fluctuations (¢ =
Vu2 +u? - bottom) for the methane/air flame with experiments (symbols) along the cen-
terline.

5.4 Flash-Back and Blow-Out

As a first step toward the prediction of flash-back and blow-out in hydrogen-enriched flames,
we consider the experiments in Cheng et al. [26] and present LES results with the unity Le
assumption. In Cheng et al. [26], the equivalence ratio at the flash-back is presented for
pure hydrogen and hydrogen/methane flames at elevated pressures and temperatures. Here,
a pure hydrogen flame at 0.202 MPa and 530K is considered. When the inlet bulk velocity
is 20m/s, the measured equivalence ratio at flash-back is 0.5.

Figure 21 shows the instantaneous fields of the progress variable and the velocity fields.
The global equivalence ratio is 0.5. As discussed above, the unity Lewis number assumption is
used in LES. As in Fig. 21, the flash-back is not correctly predicted. In Fig. 22, LES results
for the equivalence ratio of 0.6 are shown. For the equivalence ratio of 0.5, the laminar
burning velocity is 156 cm/s, while it is 265 cm/s for the equivalence ratio of 0.6. Although
the flame length becomes shorter, the flash-back is not observed even for the equivalence
ratio of 0.6. This suggests that for the prediction of flash-back in hydrogen and hydrogen-
enriched flames, non-unity Lewis number effects should be considered, for example, using
the hydrogen/progress variable or the mixture fraction/progress variable approach.

6 Model Extension for Hydrogen Combustion

As shown in the previous section, the state-of-the-art combustion model presented in Sec. 2
does not perform well for lean premixed hydrogen flames. In this section, the extension of
the model for lean hydrogen combustion is presented.

The model for premixed combustion relies on a combined flamelet progress variable [9,12]
and level set [2,3,6,13] apporach. In this model, the filtered flame front is tracked using the
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Figure 17: Comparison of mean axial velocity (top), mean radial velocity (center), and 2D
velocity fluctuations (¢ = /w2 + w2 - bottom) for the methane/air flame with experiments
(symbols) at three locations downstream of the injection.

level set equation: X

%—f+ﬁ-vé=%sm-vé, (34)
where the level set function (& is used to describe the location of the filtered flame front, U
is the (density-weighted) filtered velocity, p is the filtered density, p, is the density of the
unburned mixture, sa is the sub-filter burning velocity representing the propagation speed
of the iso-surface with G = Gy, and n is the normal vector of the Gy surface. The local
flame structure is approximated by a laminar flamelet. The density, chemical reaction rates
and other thermo-chemical quantities are represented by a small number of parameters that
characterize the laminar flamelets. The filtered density and chemical reaction rates that are
required for LES are then obtained by

3 = / 6:(S) P (S) dS, (35)

where S is the parameters used in the laminar flamelet library. When the Lewis number
of the deficient reactant is close to unity, premixed combustion is characterized only by
the reaction progress variable, ', which is typically defined as normalized temperature or
mass fractions of major products. Otherwise, more parameters are needed to capture the
non-unity Lewis number effects and variations in the equivalence ratio. The joint sub-filter
scale PDF, P(S), which describes sub-filter distributions of the progress variable and other
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Figure 18: Instantaneous profiles of temperature (left) and vorticity (right) for the simulation
of the lean hydrogen premixed low-swirl injector.
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Figure 19: Comparison of mean axial velocity (top) and 2D velocity fluctuations (¢ =
w? + w2 - bottom) for the hydrogen/air flame with experiments (symbols) along the cen-
terline. LES results with unity Lewis number assumption are shown.

flamelet parameters, is presumed to depend on the corresponding filtered quantity and sub-
filter variances.

In LES, the scalar transport equations for the filtered progress variable and other flamelet
parameters are solved to obtained the PDF, P (S). The equation for the progress variable
is given as

%5 * aii (1.C) = aa

i

<p<5 D) aC) T, (36)
al’i

where the filtered source term for the progress variable (w¢) is evaluated using Eq. 35. The
source term for progress variable is coupled with the filtered level set function, G , in a manner
similar to the coupled approach introduced by Moureau et al. [13].

For methane combustion, most of the major chemical species are characterized by a very
similar diffusion coefficient, and the assumption of unity Lewis number for all species is
typically justified. Following this assumption, the steady flamelet equations are derived, and
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Figure 20: Comparison of mean axial velocity (top), mean radial velocity (center), and 2D
velocity fluctuations (¢ = \/u/2 + u/? - bottom) for the hydrogen/air flame with experiments
(symbols) at three locations downstream of the injection. LES results with unity Lewis
number assumption are shown.

the various mixture properties and source terms are expressed as a function of a unique
scalar.

In the case of hydrogen combustion, the Lewis number of the fuel (Hy) is much smaller
than unity, typically around 0.3. In premixed flames, hydrogen molecules diffuse faster
than temperature and the other species, ultimately leading to strong local mixture inhomo-
geneities. These regions of leaner or richer mixtures will then affect the laminar burning
velocities, which is key to modeling of turbulent premixed flames in LES.

6.1 Mixture Fraction/Progress Variable Approach for Lean Hy-
drogen Premixed Combustion

In this work, a new combustion model based on two independent transported scalars is
developed to accurately account for differential diffusion effects of hydrogen molecules. This
model is a direct extension of the methodology presented in the previous sections and relies
on the mixture fraction (Z) and the progress variable (c¢) to describe the mixture composition.
To account for the very different Lewis number of the fuel, the equation for mixture fraction
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Figure 21: Instantaneous fields of the progress variable (left) and velocity (right) for the
simulation of the flash-back in the lean hydrogen premixed low-swirl injector (¢ = 0.5). LES
results with the unity Lewis number assumption are shown.
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Figure 22: Instantaneous fields of the progress variable (left) and velocity (right) for the
simulation of the flash-back in the lean hydrogen premixed low-swirl injector (¢ = 0.6). LES
results with the unity Lewis number assumption are shown.
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is transformed. In a simulation, two scalar transport equations have to be solved,

opZ 0 0 07 )
vTE + oz, (pu; Z) = o <’0D8xi> +wgz, (37)
dpc 0 0 oc )

The only difference between the present model and the model presented in the previous
section resides in the additional source term for mixture fraction, mixture fraction is not
anymore a conserved scalar. The full expression of the source term will be presented in the
following subsection.

Then, any arbitrary reactive variable, including the source terms w. and wg, can be
evaluated as a function of these two independent variables. As presented in the previous
section, two tables (¢;(Z,c)) are used in order to accurately describe partially premixed
combustion. In addition, a level set equation is solved to correctly predict the source term
(we) in the limit of premixed combustion

0 0
_g + Uj—g = DK'Vgl + SL,u
ai[)j

vgl, (39)

where & is the local flame curvature, and St ,, the laminar burning velocity.

For the limit of premixed combustion, a series of laminar premixed flames are simu-
lated with a detailed chemical model. Laminar flat flames are considered as examples of
unstretched flames. Then, the solutions of these flames are used to create a premixed ta-
ble (¢;(Z,¢)) of all relevant properties, including the sources terms (w. and wy). Finally, a
third table is created to describe the dependence of the laminar burning velocity (Sr..,) upon
variations in mixture fraction (7).

6.1.1 Modeling Assumptions

In the case of non-unity Lewis number combustion, the mixture fraction is not anymore a
conserved scalar and an additional source term (wz) appears in the transport equation. To
derive this term, we consider the following assumptions:

e one-step irreversible chemical reaction

veF +vp09 — vpP

o fuel has a Lewis number different than unity (Le # 1)
e all other species have a unity Lewis number

Figure 23 shows the fields of mixture fraction (its exact definition will be given later) and
progress variable across a lean hydrogen premixed flame (¢ = 0.3). This flame was simulated
with the FlameMaster program [27] with detailed chemistry [25] and the Lewis number of all
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Figure 23: Mixture fraction fluctuations and progress variable across a lean hydrogen pre-
mixed flame (¢ = 0.4).

species but hydrogen set to unity (Ley, = 0.3). As expected, the progress variable defined
as the mass fraction of water (H2O) increases in the flame. On the other hand, as a result
of preferential diffusion of hydrogen, mixture fraction is not constant. It decreases near the
flame front as hydrogen is transported towards the burnt side of the flame.

6.1.2 Diffusion Flux

As the local fluctuations in mixture fraction are due to differential diffusion, we start the
analysis from the diffusion fluxes

Y;

where the velocity correction V. is introduced to ensure that the net sum of all diffusion
fluxes is null (3> j;, = 0). Following the assumptions made about the Lewis numbers of the
different species, we can express the velocity correction as

=) (a1)

1
V.,=D|—-1 Y, D|1-Y, — ,
<L )V F+ < r+ W

e Le
where D is the diffusivity of all species but the fuel, and W is the molecular weight. Similarly,
we can express the diffusion fluxes for the fuel and the oxidizer as

1Y,
ir =D (L0 ve) Vi
1\ VIV (42)
Yol — Vio)oD [1— — ) 2%
+ F( F)p ( Le) w
and
1
jo, = — pDVYo, + pDYo, (L—e—1) VY
4
oy (L) T “”
F102 Le w
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For a one-step irreversible chemical reaction, it is convenient to define the mixture fraction
(Z) as
vYp — Y02 =+ Y0272
v+Yo,2

where Y, o is the mass fraction of oxidizer in air. Following this definition, the transport
equation for this mixture fraction is free of chemical source terms. However, contrarily
to combustion with unity Lewis number fuel, the diffusion term is not only a function of
mixture fraction. Combining Eqs. 42, 43, and 44, we can evaluate the diffusion flux for
mixture fraction as

7 =

: (44)

i, =—pDVZ
1
—pD (E_1> (1-Z)VYp (45)
1 \A1%4

The first term corresponds to the standard molecular diffusion of mixture fraction. The
second term corresponds to differential diffusion due to non unity Lewis number fuel. Finally,
the third term corresponds to diffusion due to differences in molecular weight. In the case of
unity Lewis number fuel, the second and third terms disappear, and we recover the standard
molecular diffusion.

Figure 24 shows the relative importance of the different terms for the mixture fraction
flux for the same lean hydrogen premixed flame as shown in Fig. 23. As expected, due to
local fluctuations in mixture fraction, the molecular diffusion term is not zero and alternates
in sign. On the other hand, the second term corresponding to the effects of differential
diffusion remains large and positive indicating a transport of mixture fraction towards larger
progress variable. This result is consistent with the observations made on Fig. 23. Finally,
the third term corresponding to the effects of varying molecular weight remains small and
thus will be neglected in the rest of the work.

The model for hydrogen combustion is not complete as the hydrogen mass fraction ap-
pears in Eq. 45 and should be expressed as a function of mixture fraction and progress
variable. When considering a one-step irreversible chemical reaction, the fuel mass fraction
can be expressed easily as

Ye=2-C L. (46)

where W is the molecular weight of the products. In deriving the above expression, dilution
effects due to an increase in the total number of moles was neglected.

6.1.3 Premixed Chemical Table

As in the case of partially premixed combustion, all relevant chemical properties such as
temperature, density, burning velocity, and source terms are mapped onto mixture fraction
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Figure 24: Relative magnitude of the different terms in the mixture fraction diffusion flux
(Eq. 45) for a lean hydrogen premixed flame (¢ = 0.4).

and progress variable as ¢ = ¢(Z, C'). The success of the modeling approach resides strongly
on the ability of the mapping to describe properly all chemical phase state. Figure 25 shows
the fluctuations of progress variable and mixture fraction in several 1D laminar premixed
hydrogen flames with different overall equivalence ratios. As expected, for larger equivalence
ratios, the average mixture fraction and maximum progress variable are larger. More impor-
tant, no point in the Z-C space is described by two different flamelets. This unique mapping
is a critical requirement for the definition of a chemical table.

6.1.4 Validation in Laminar Hydrogen Flames

As a first step towards non-unity Lewis number fuels, we validate the mixture fraction/progress
variable approach in the simulation of 1D freely propagating flames of methane and hydro-

gen. Here, we show only the results for the hydrogen flame with an equivalence ratio of

¢ = 0.4. The simulations were performed on a 1D grid of length 10 mm with 100 grid

points. The convective CFL condition was around 0.35. The Lewis number of all species

but hydrogen was fixed at unity (Ley, = 0.3) as was done for Figs. 23 and 24.

Figure 26 shows a comparison of the results for the simulation of the hydrogen flame with
the Z-C model presented before and detailed chemistry. As expected, the flame position
increases linearly with time characteristic of a constant flame speed. The evaluation of
the flame speed at each location shows significant fluctuations around the theoretical value
(Sp = 20.14cm/s). Similar fluctuations can be observed for the evaluation of the flame
thickness. However, these fluctuations are only a result of the numerical discretization of
the temperature profile on the coarse grid.
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Figure 25: Progress variable and mixture fraction fluctuations along several hydrogen/air
flamelets with different overall equivalence ratios.

6.2 Hydrogen/Progress Variable Approach for Lean Hydrogen Pre-
mixed Combustion

In lean hydrogen premixed flames, the diffusion of the deficient fuel, i.e. hydrogen, is much
faster than thermal conduction. The diffusive-thermal instability can therefore play an
important role in flame propagation. Because the rate of hydrogen diffusion is very different
from that of thermal conduction, the local flame structure is not uniquely described by
using the reaction progress variable only. In the hydrogen/progress variable approach, the
chemical states are approximated using the progress variable and hydrogen: S = (C, Yy,).
The flamelet library is generated by varying the equivalence ratio of unstretched laminar
flames.

7 Validation Using Direct Numerical Simulation Data
for Lean Hydrogen Combustion

DNS of a freely propagating lean hydrogen premixed flame is performed to investigate the
diffusive-thermal instability under conditions relevant to low swirl flames investigated in
Cheng et al. [26]. The ultimate objective is to answer the question if the models discussed
in Sec. 6 can capture the salient features caused by the diffusive-thermal instability in lean
hydrogen flames.

As a first step, 2-D DNS with uniform inflow velocity is performed. The NGA code is
used to solve low Mach number equations and the stiffness in a detailed chemical mechanism
is dealt with a stiff ODE solver, DASSL. At the left boundary, premixed fuel/air mixture
is injected at an uniform velocity. The periodic boundary condition is applied for upper
and lower boundaries. The computational domain is 10cmx10cm, which is discretized
into 1024x1024 grid points. A detailed chemical mechanism consisting of 9 species and 19
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Figure 26: Flame position (center), flame thickness (top left), and flame speed (bottom right)
for a 1D freely propagating premixed hydrogen flame (¢ = 0.4) with detailed chemistry (red)
and the Z-C model (blue).

reactions is employed. During the computation, inflow velocity is adjusted to maintain flame
fronts at the center of the computational domain. The initial flame location x ¢ is specified

according to
2T
() = 3 Aveos (52, (47)

where A; and \; are the amplitude and the wavelength of the i-th perturbation. A solution
of the unstretched laminar flame is used to define initial fields of species mass fractions
and temperature. This configuration has been studied by Kodowaki et al. [28] and Yuan et
al. [29], but with a single-step chemistry.

Figures 27-29 show instantaneous fields of temperature and mass fractions of H, OH, and
Hy at different times. Initially, perturbations with a short wave length grow fast. When the
flame front is concave toward the unburned mixture, radical concentrations are negligible
and local extinction of the flame is observed. At a later time, the cells merge and form bigger
cells. Small cells are then recreated along the surfaces of large cells. This nonlinear stage of
the cell evolution is similar to that observed in [28] and [29].

Figure 30 shows instantaneous fields of HoO at different times. Initial conditions are
different from those for Figs. 27-29. The same flame as in Fig. 30 is simulated using the
two-scalar (hydrogen /progress-variable) model, and results for different resolutions are shown
in Figs. 31-33. The hydrogen and progress variable are used as flamelet parameters. For
1024 x1024 grid points, overall flame shapes are similar to those in DNS, while details are
different. The flame shapes remain similar for a coarse mesh, 512x512. A significant change
in flame characteristics is, however, observed for 256256 grid points. This suggests that
the prediction of the diffusive-thermal instability can be sensitive to the resolution of the
scalar fields and that a more elaborate approach, such as coupling with the level-set method,
should be employed for LES. In future, we will investigate this issue in detail.

Figure 34 shows the consumption speed of reaction fronts as a function of the flame
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Figure 27: Instantaneous fields of H (upper left), OH (upper right) , Hy (lower left) and
temperature (lower right) for a freely propagating lean hydrogen premixed flame at ¢ = 0.06s.
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Figure 28: Instantaneous fields of H (upper left), OH (upper right) (lower left) and

temperature (lower right) for a freely propagating lean hydrogen premlxed ﬂame att =0.11s.
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Figure 29: Instantaneous fields of H (upper left), OH (upper right) , Hy (lower left) and
temperature (lower right) for a freely propagating lean hydrogen premixed flame at ¢ = 0.16s.

curvature. A key question regarding the modeling of the diffusive-thermal instability in
lean hydrogen premixed flames is if a model captures the dependence of the propagation
speed of reaction fronts on the curvature of the fronts. In order to answer that question,
the consumption speed of reaction fronts in DNS data is evaluated and compared with
the propagation speed predicted using the two-scalar (hydrogen/progress-variable) model in
Fig. 35. The consumption speed of a flame element is obtained integrating the reaction rate
in a flame normal direction:

1 +
S, = / wi,dn, 48

pYH%in . 2 ( )
where S, is the consumption speed, Y, in is the hydrogen mass fraction at the inlet, and n
is the flame normal direction. The flame normal n is defined by

VY0

_ V¥io 49
Vol (49)

n—

In general, the flame is curved and a weighting factor (or the Jacobian of the generalized
flame coordinate) is used in the integration [30]. However, the flame location used in defining
the propagation speed is not well defined, and it is acceptable to set the weighting fact to
be unity. The results in Fig. 35 show that the two-scalar model captures the curvature-
dependence of the local flame speed reasonably well.
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Figure 30: Instantaneous fields of HoO at t = 0.01s (upper left), ¢ = 0.06s (upper right)
, t = 0.1s (lower left) and ¢ = 0.18s (lower right) for DNS of a freely propagating lean
hydrogen premixed flame.
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Figure 31: Instantaneous fields of HoO at ¢ = 0.01s (upper left), ¢ = 0.06s (upper right) ,
t = 0.1s (lower left) and ¢ = 0.18s (lower right) for the two-scalar model with 1024 x1024

grid points.
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Figure 32: Instantaneous fields of HoO at ¢ = 0.01s (upper left), ¢ = 0.06s (upper right) ,
t =0.1s (lower left) and ¢ = 0.18s (lower right) for the two-scalar model with 512x512 grid
points.

42



PROG

5.105¢-02
2.552¢-02

1.0216-01
7.657¢02 E
0.000e+00

PROG

5.105¢-02
2.552¢-02

1.0216-01
7.657¢-02 E
0.000e+00

PROG

1.021e-01
7.657¢-02
5.105¢-02

2.552e-02
0.000¢+00

PROG

1.021e-01
7.657¢-02
5.105¢-02

2.552¢-02
0.000e+00

Figure 33: Instantaneous fields of HoO at ¢ = 0.01s (upper left), ¢ = 0.06s (upper right) ,
t =0.1s (lower left) and ¢ = 0.18 s (lower right) for the two-scalar model with 256 x256 grid

points.

consumption speed

curvature

Figure 34: Correlation of the consumption speed with the flame curvature in DNS of a
freely propagating lean hydrogen premixed flame. The consumption speed and the curvature
are normalized by the propagation speed and thickness of the unstretched laminar flame,

respectively.
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Figure 35: Comparison of the consumption speed from DNS of a freely propagating lean
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8 Application to a Low-Swirl Hydrogen Flame

The new model for describing non-unity Lewis number effects in LES is applied to a low
swirl burner operated with an Hy /air mixture (¢= 0.4). With confidence in the treatment
of the boundary conditions and favorable predictions for methane combustion presented in
Sec. 5, here, we focus on the effects of differential diffusion in a turbulent hydrogen flame.
The experimental setup is the same as previously used for methane. The only differences
reside in the fuel used (Hy) and the global equivalence ratio (¢ = 0.40).

8.1 Large Eddy Simulation Using the Mixture-Fraction/Progress-
Variable Approach

Figure 36 shows a comparison of the mean axial velocity from the simulation and from the
experiment. The experimental measurements of velocity away from the centerline suffer
from large uncertainties. However, the comparison remains qualitatively good. According
to Fig. 36, the downstream location of the U = 0 iso-contour is predicted quite accurately
by the simulation. A comparison of the hydrogen and methane LES results can be used
to help understand the importance of the non-unity Lewis number model. Figures 15 and
36 demonstrate that some important differences exist between the methane and hydrogen
flames. For instance, the mean hydrogen flame front (Fig. 36) is located much closer to
the injection plane than the corresponding methane flame front (Fig. 15). Furthermore,
the hydrogen simulation predicts an acceleration of the flow behind the flame front that is
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Figure 36: Comparison of mean axial velocity for the hydrogen flame from the simulation
(top) and from the experiment (bottom). The recirculation regions are shown in white
(U, = 0 iso-contours). The mean flame location is shown in black (C' = 0.055 iso-contour).
The simulation was performed with the rescaled burning velocities.

consistent with the experiments. This strong acceleration was not present in the methane
flame.

Figures 37 and 38 show a comparison of the experimental and the simulated mean and
rms velocities. Three independent simulations were performed to analyze the effects of
differential diffusion. The first simulation was performed assuming unity Lewis number (red
dotted lines), the second simulation was performed with the model proposed in the previous
section (blue dashed lines), and the third simulation was performed with the proposed model
and with the source terms rescaled to match the experimental laminar burning velocities
(green solid lines).

The experimental measurements suggest that the recirculation region is strongly affected
by the use of a fuel with non-unity Lewis number. Relative to the simulation with unity
Lewis number, the hydrogen simulations recirculation region is pushed farther downstream
from x &~ 50 mm to z ~ 120 mm. However, running the simulation with the same approach
as for methane, i.e. without explicitly accounting for differential diffusion effects, predicts a
strong and early recirculation region very similar to that found in the methane case. On the
other hand, Figs. 37 and 38 demonstrates that the proposed treatment of non-unity Lewis
numbers leads to a strong acceleration of the flow behind the flame front that is consistent
with the experimental observations. This acceleration is visible in the mean and uctuating
radial velocity plots around = 30 mm. The changing mixture fraction (Z) values are the
avenue through which the model for non-unity Lewis number acts. To illustrate these effects,
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Figure 37: Comparison of mean axial velocity (U,) and 2D velocity fluctuations (¢ =

Vul2 + u'?) for the hydrogen/air flame with experiments (symbols).

Fig. 39 shows an instantaneous profile of mixture fraction. When Lewis number effects are
neglected, mixture fraction is expected to remain constant around Z = 0.011. However, as
a result of the additional source term due to differential diffusion, mixture fraction is not
constant and fluctuates near the flame front. In regions of positive curvature (light color in
Fig. 39), mixture fraction increases; in regions of negative curvature (dark colors), mixture
fraction decreases. The chemistry tabulation associates higher (resp. lower) values of burning
velocity and chemical source term for rich (resp. lean) mixtures. The difference of burning
speed along the wrinkled flame front ultimately leads to the thermo-diffusive instabilities.
From the numerical simulations, the effective burning speed of the mean flame front appears
to be larger than without instabilities. This result is consistent with results from previous
DNS of LBNL.

8.2 Large Eddy Simulation Using the Hydrogen /Progress-Variable
Approach

To consider non-unity Lewis number effects, the lean hydrogen premixed flame is simulated
using the hydrogen/progress variable approach. Figures 40 and 41 show the instantaneous
fields of the progress variable and the velocity. In Fig. 41, the laminar flame speed is
increased by a factor of three in order to investigate the effects of the laminar flame speed.
The laminar flame speed predicted using a detailed chemical mechanism is typically smaller
than the experimental data for very lean cases and the correction is made in order to match
experimentally measured values. For ¢ = 0.4, the laminar flame speed is 0.15m/s, while
experimentally measured values are about 0.35m/s. Note that the flame fronts in the low
velocity region near the centerline are much more wrinkled that those in the high-velocity
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Figure 38: Comparison of mean axial velocity (U, ), mean radial velocity (U,.), and 2D velocity
fluctuations (¢ = \/u/2 4+ u/?) for the hydrogen/air flame with experiments (symbols) at three
locations downstream of the injection.

region. The high degree of wrinkling is perhaps due to the diffusive-thermal instability,
which is captured by the two-scalar model. Behind the flame fronts near the centerline, the
increase of the velocity is observed, which is consistent with the experimental data. This
increase in velocity is much more evident in the simulation with the increased laminar flame
speed. Figure 42 shows the axial distribution of the mean axial velocity. Compared with the
unity Lewis number solution in Figs. 44, the two-scalar model gives improved results. The
improvement is more significant when the increased laminar flame speed is used. However,
the increase in the axial velocity at 30mm < x < 50mm is overpredicted by LES with
the increased laminar flame speed. This may be partly because the artificial increase of
the flame speed by a factor of three gives the laminar flame speed slightly higher than the
experimentally measure value. The axial distribution of 2D velocity fluctuations is shown in
Fig. 43. The two-scalar model with the increased laminar flame speed reproduces the increase
of the turbulent intensity at 50 mm < z < 100 mm, while the predicted turbulent production
is not as significant as in experiments. The radial distribution of velocity statistics are shown
in Figs. 45-47. For these statistics, the two-scalar model does not perform very well.
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Figure 39: Comparison of mean axial velocity for the hydrogen flame from the simulation
(top) and from the experiment (bottom). The recirculation regions are shown in white
(U, = 0 iso-contours). The mean flame location is shown in black (C' = 0.055 iso-contour).
The simulation was performed with the rescaled burning velocities.

Figure 40: Instantaneous fields of the progress variable (left) and velocity (right) for the

simulation of the lean hydrogen premixed low-swirl injector. LES is performed using the
two-scalar model.
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Figure 41: Instantaneous fields of the progress variable (left) and velocity (right) for the
simulation of the lean hydrogen premixed low-swirl injector. LES is performed using the
two-scalar model. The laminar flame speed is increased by a factor of three in order to
compensate an error in calculation of the laminar flame speed for lean hydrogen premixed
flames.
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Figure 42: Comparison of mean axial velocity for the hydrogen/air flame with experiments
(symbols) along the centerline. For the plot at the bottom the laminar flame speed and the
reaction rates for hydrogen and progress variable are increased by a factor of three in order
to compensate an error in calculation of the laminar flame speed for lean hydrogen premixed
flames.
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Figure 44: Comparison of mean axial velocity (top) and 2D velocity fluctuations (¢ =
VuZ + u? - bottom) for the hydrogen/air flame with experiments (symbols) along the cen-
terline. LES results with unity Lewis number assumption are shown.
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9 Project Management Plan. Schedule and Key Mile-
stones.

The time schedule of the plan with milestones are presented in Table 48. The key milestones
dented by A) - L) are the following.

Tasks Mile- Project Year I Project Year II Planned Planned Actual Actual
stones | Q1 | Q2 ‘ Q3 ‘ Q4 Q5 ‘ Q6 | Q7 ‘ Q8 Start Date | End Date | Start Date | End Date
PHASE I
Cold Flow Simulations and A, B, 03/15/08 | 06/30/08 | 03/15/08 | 09/15/08
Inlet Boundary Conditions C,D
PHASE 11

06/15/08 | 12/15/08 | 03/15/08 | 12/15/08

Laminar Flame Speed Table E,F [
Modeled Combustors G, H, 09/15/08 | 12/15/09 | 09/15/08 | 05/30/10
Simulations (blowout I,J

& flashback, Le<l, etc.)

Thermal Radiation Effects K 06/15/09 | 03/13/10 | Task Task
replaced | replaced
by K.2 by K.2

DNS study of Le number K.2 06/15/09 | 03/13/10 | 06/15/09 05/30/10

effects

PHASE 1V (additional)
Simulation of Siemens ‘ L We are going to start this work at the very end and after ‘ _
Combustor the project period.

Figure 48: Time Schedule.

A). Couple progress variable / Level set approach implemented and validated.

B). LES code validated by simulating cold flows of modeled combustors.

C). Effect of changing geometry and nozzle configuration captured.

D). Inlet boundary conditions generated with variations in equivalence ratio and temper-

E). Dynamic turbulent flame speed model completed and validated.

F). Laminar flame speed table approach implemented and validated.

G). Wall heat transfer model implemented and validated.

H). Study of flame blowout. Capability of predicting blowout evaluated and models
improved.

I). Study of flashback mechanisms. Capability of predicting flashback evaluated and
models improved.

J). Study of non-unity Lewis number effects. Non-unity Lewis number effects studied
and models improved.

K). Implementation of a thermal radiation model. Thermal radiation effects studied.

K.2). DNS study of Le number effects.

L). Simulation of a real combustor started.

During the present project, we have identified that the non-unity Lewis number effects
are profoundly important in fuel-flexible combustion. On the other hand, the effects of heat
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transfer are expected to be relatively minor. We therefore decided in Q6 of the project to
focus on the modeling of non-unity Lewis number effects, and not to consider the effect of the
thermal radiation effects any further. This change was discussed in the Q7 project report.
As a result, we replaced task K with a new task K.2.
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10 Cost Status Report

The cost status report for the project is provided in the following table. The remaining
funds amount to $8,564.12. These will be returned to the sponsor. In the project, we had a
change of the post-doc working on the project. Because of this, the spending rate departed
slightly from the original projection, and ultimately to the request for a no-cost extension
which was granted. The no-cost extension was requested for only two months, because the

post-doc was supposed to leave after this to take the position of an Assistant Professor at
Michigan Tech.
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