SAND2010- 5077P

Chapter 10
The Linear-Eddy Model

Suresh Menon and Alan R. Kerstein

Abstract Regime-independent modeling is important for accuratelkition of the
complex combustor designs needed to meet increasinghgstit performance re-
quirements. One strategy for achieving robust yet affded@bedictive capability
is to resolve, in space and time, the relevant advectidosidn-reaction couplings
using a low-dimensional representation of turbulent atleacIn the linear-eddy
model (LEM), this is accomplished in one spatial dimensignrroducing an in-
stantaneous map, the ‘triplet map,’ that emulates the teffiean eddy turnover on
property profiles along a notional line of sight. The map eress the continuity
of these profiles and obeys applicable conservation lawsiBand representative
applications of the model are presented for passive andiveacalar mixing, with
emphasis on its use as a mixing-reaction closure for ladgly-simulation (LES)
based on the embedding of an LEM domain in each LES contrahvel

10.1 Motivation

Regime-independent modeling is a widely recognized godldfulent combus-
tion modeling. This goal is driven by the need to model comfigians involving
various combinations of regimes such as partial premix@xgnction, re-ignition,
recirculation, stratified premixed combustion, compm@ssgnition, multi-stage ig-
nition, and transition to detonation. Techniques invajvaoarse-graining, ensem-
ble averaging, or state-space modeling face difficultighisregard due to the lack
of detailed representation of regime-specific advectiffeisive-reactive couplings.
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Although progress in addressing these difficulties can hieipated, the challenge
of regime-independent modeling suggests the concurrasujiof an alternative
approach, namely, the development of a conceptually angbatationally minimal
model that resolves, in space and time, some plausibleseptation of the coupled
advancement of advection, diffusion, and reaction in tlenbiureacting flow. The
potential advantages of this strategy motivated the foatian, two decades ago, of
the linear-eddy model (LEM) [29].

A useful starting point for introducing LEM is the numericdvancement of
equations governing a 1D unsteady opposed-flow flame. Thisulation can cap-
ture some but not all of the salient features of turbulentlmastion. One important
feature that it does not capture is the effect of rotation&difg of the flame by
turbulent eddy motions. Successive folding and compregsiotions can cause an
initially monotonic profile of, say, mixture fraction to delep multiple extrema with
stoichiometric points in between, each corresponding taradllocation. At high
turbulence intensity, the time scale of folding, compressiand diffusive mixing
might become short enough relative to chemical time scaleékat broad reaction
zones, stirred internally by small eddies, are formed.

The impossibility of representing these effects in 1D byttarous-in-time mo-
tions while obeying the applicable conservation laws natéd the introduction, in
LEM, of instantaneous maps. Each map can be conceptualizaezpeesenting the
outcome of an individual eddy motion, although such a liteceanection between
maps and eddies is not required.

An LEM simulation time advances the 1D unsteady diffusieaetion equations,
including associated dilatations along the 1D domain. &higancement is punctu-
ated by instantaneous rearrangements of property profilesapping operations of
a specified form (see Sec. 10.2). In effect, the outcome df e@ap constitutes a
new initial condition for further time advancement.

A numerical consequence of this procedure is that a time qf owurrence
cannot be contained within a time step for advancement ajolierning equations.
This limits the potential advantage of implicit diffusiosp in LEM, diffusion is
typically implemented explicitly, possibly with implicthemistry depending on the
stiffness of the kinetics.

Implementation of LEM as a subgrid model for large-eddy sation (LES) has
also been accomplished with the goal of applying it to moragex high Reynolds
number flows. In this approach the LEM is coupled with a lasgale scalar trans-
port method to capture both large-scale flame structuresalbgrid wrinkling ef-
fects.

10.2 Triplet Map

It is convenient to define a map symbolically using the notati

s(y) — s(M(y)), (10.1)
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wheres(y) is any property profiley is the 1D spatial coordinate, ailis the inverse
of the map, i.e., the property valueMiy) is mapped to locatiog. The map used
in LEM, termed the triplet map, has the form

3(y—Yo) if yo<y<yo+3l,
20-3(y—yo) ifyo+3l<y<yo+3l,
3y—yo)—2 ifyo+5l <y<vyo+l,
Y—Yo otherwise

M(y) = Yo+ (10.2)

This map shrinks property profiles within an interygj, yo + |] to a third of their
original extent, and then fills the interval with three cosgsed copies of the pro-
files. The middle copy is reversed, which maintains the cwityy of mapped prop-
erties and introduces the rotational folding effect of tiemt eddy motion (see
Sec. 10.1). Property fields outside the dizeterval are unaffected.

On an unstructured adaptive 1D mesh, this spatial contindefimition of the
triplet map can be implemented numerically as stated, as @RT adaptive-mesh
implementation described in Chapter 11. Published LEMistit date use a fixed
uniform mesh, on which the triplet map is approximated asrenpgation of mesh
cells. It is convenient to focus on this implementation husesaits consistency with
property conservation laws is self-evident.

Spatially discrete implementation of the triplet map isistrated in Fig. 10.1,
involving a permutation of cell indicegthroughj -+ 1 — 1. Taking the map rande
to be a multiple of 3 cells, the triplet map permutes the oeliges into the new order
B J4+3, 046, ..., j+H1 =3, j+1 =2, j+1 -5 j+1-8 ..., j+4 j+1 j+
2, j+5, j+8, ..., j+1—4, j+1—1. This operation reduces the separation of any
pair of cells by no more than a factor of three, consistent Wit scale locality of
length-scale reduction by eddy motions in the turbulentads (see Chapter 11).

It is interesting to note that the triplet map and its usesddoulence simulation
were discussed in a recent paper by authors who developeddhtcept without
knowledge of prior work on LEM [28]. This is perhaps indieatiof the degree
to which map-based advection using the triplet map is a whjgadvantageous
approach for economical turbulent-mixing simulation.

10.3 Map Sizes and Frequency of Occurrence

As explained in Sec. 10.1, LEM is intended to be an altereativmodels involving
coarse-grained constructs such as eddy diffusibbity Although eddy diffusivity

is not the modality of turbulent transport implementationLEM, it is central to
LEM formulation. Eddy diffusivity parameterizes the agggée turbulent transport
induced by an ensemble of turbulent eddies. Accordingly,ehsemble of triplet
maps during an LEM simulation induce aggregate transpatistguantifiable as an
eddy diffusivity, here denoteD+. Based on the triplet-map property that it induces
a mean-square displacemejat2 within the mapped interval, random-walk theory



224 Suresh Menon and Alan R. Kerstein

[efeololololololololololololola)
[eoleolojolojololololololololo) N
[eojeolololojolololololololo) Jolol
[eojeololololololololololo) Jolole)
[ecleolololololol Jololololololole
[efeololololol Jeleololololololole
[eojeolololojolololololo) Jolololo)
[eofeolololojololol Jeolololololole]
[eoleolololo) Jolololololololololo
[efeololololololololol Jolololole
[eJeolololololololol Jololololole
[eoleololol Jeolololololololololole]
[eoeoleo) Jdeoleoleleoleololololololole)
(ool Jeolojolololololololololole
el leoleolololololeolololololololel
RPOOOOOOO0OO0OO0OO0OOO0OO0O0OO0O

©

1

©

Fig. 10.1: Application of a triplet map with= 9, formulated as a permutation matrix
multiplying a vector representing a flow state. Here, the mapplied to a column
vector with vertically increasing cell indices. For clgritinity matrix elements are
boldface and cells are shifted horizontally in proportiorttieir index values. The
shifts are intended to suggest the 1D profile of a mappedhlaria

Y “ (b) < ()

Fig. 10.2: Scalar field evolution with LEM. (a) initial fiel¢h) after triplet map and
(c) after diffusion-reaction equation

where f(l) is the probability density function (PDF) of map sizes (a elddput)
andA is the frequency of map occurrences per unit domain lengtthaA times
the domain size is the rate of map occurrence on a notionéhfipdnomogeneous
domain [33]. (In previous model descriptions, the notafiarather thatA was used
in Eg. 10.3. Here, the notation is changed for consistently @hapter 11.) Equa-
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tion 10.3 is used to solve fok given aDy value and a size distributiof(l) that
correspond to the turbulent flow that is being simulated.

The functional form off (1) is based on the following familiar consequence of
internal-range turbulence scaling. The eddy diffusiiity(l ) associated with turbu-
lent motions of size or less scales ds(l), where the eddy velocity(l) scales as
11/3, soDt (1) ~ 1*/3. The LEM analog oD (1) is obtained by takingto be the up-
per bound of the integral in Eg. 10.3 (to be distinguishediftbe dummy variable
| in the integrand). The map-size PDF that yields this scatirfgl) ~ | ~8/3,

The inertial range extends from the Kolmogorov microscaldo the inte-
gral scalel, which obey the scaling/n ~ Re¥4, whereReis the integral-scale
Reynolds numbefRe= U'L/v , andU is the turbulence intensity. Therefore, the
stated scaling of extends fromn to L, and f = O outside this range. This deter-
mines the prefactor of by the requirement that its integral oJes unity.

Here,n andL do not have precisely the same meanings in LEM as in turbulent
flow, so strictly speaking these LEM quantities are relateitheir physical counter-
parts by empirical coefficients. Likewise, turbulent dfivity values inferred from
flow data typically do not precisely conform to the mathewgetdefinition of a dif-
fusivity, so an empirical coefficient may be needed to reladse values to the LEM
parametebD+, which has a precise definition within the model.

10.4 Application to Passive Mixing

For passive mixing involving a single scalar propestyith constant molecular
diffusivity k, time advancement between map occurrences is governec ettt
equation,

ds 9%

— = K—

ot ay?
The equation set for combustion is shown in Sec. 10.5.

For passive mixing, the family of scalar power spectra patenzed by the
Schmidt number Sc is a useful comparison data set for LEMusecthe spectra
exhibit universal behaviors with a sufficient number of éeaes to overdetermine
the model and test its performance. Spectrum comparisaestieen used to set the
free parameters in LEM and to demonstrate that LEM captinesalient features
of turbulent mixing [6, 33]. Figure 10.2 shows a typical implentation and com-
petition between molecular diffusion and turbulent stigrby the triplet mapping.
Turbulent stirring on an initial scalar gradient mimics foiling effect of an eddy
of sizel with the subsequent molecular diffusion smoothing the igrad These
processes interact over a range of eddy sizes in aRé&flow resulting in statisti-
cal features of scalar mixing in excellent agreement wigtssical scaling laws and
experimental observations.
For example, LEM as described above has been applied to gnirigrid tur-

bulence (including three-stream mixing) [29, 34], in plamaxing layers (focusing
on Sc dependence) [30], and in multi-scalar jet and homageniows that exhibit

(10.4)
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differential molecular diffusion effects [6, 31, 36]. Ang@ljzation to mixing in ho-
mogeneous turbulence [38] revealed unexpected large-sualng behaviors that
were subsequently verified by a pipe-flow experiment mativdty the LEM results
[22—24]. Other homogeneous-turbulence studies compaaddr<luctuation decay
in LEM and direct numerical simulations (DNS) [7,44] and dideEM to study
fractal scaling properties [32] and other intermittencgparties [27, 33] of scalar
fields mixed by turbulence.

The mixing of dry and moist air in clouds has been simulatedgusEM in
order to study temperature changes induced by cloud drepégtoration and con-
densation and associated dynamical consequences [4ZH&3e studies, which
were extended to simulate the evolution of droplet-sizéridigions [76], did not
incorporate buoyancy effects but provided indicationsaogér-scale consequences
of buoyancy changes during the simulations. It has beenshoathematically that
triplet maps, in conjunction with a simple represention @flginduced motion of
inertial particles, capture clustering effects thoughbéocrucial to the process of
cloud-droplet coagulation to form raindrops [37].

10.5 Application to Reacting Flows

For reacting flows, the LEM employs more general equationghfe species and
temperature within the 1D context. An extension of the LEMrtolti-component
reacting flows can be written as [53,54,72,75,79] :

0Yk .
Por = —dfy(PYka) + o
oT oT ( Ns o ( oT :
pcpmixﬁ = _p&Ty (kzlcp,kYka> + ay (K ﬁy) +wr (10.5)

Here,Y, is thek—th species mass fractioay is the reaction rate, and is thek—th
species diffusion velocity.

Any type of kinetics (global or multi-step) can be includeithin this approach.
Heat release related effects such as thermal expansion as&ltransport to main-
tain global conservation have to be included but their $fpdaoiplementation issues
depend on the problem of interest [1,48, 72, 79]. An exampte@advantages of
LEM reactive-flow simulation relative to other approachgsn application [14]
to two simple reaction mechanisms that are widely used as#ses for closure
models. LEM was shown to be in agreement with DNS of thesdimeecin a non-
premixed configuration. LEM was then used to investigate emwider parameter
range than DNS can access affordability, yielding a datasiéhble for stringent
tests of proposed closures. None of the tested closuresdeped LEM product-
selectivity results.
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LEM has likewise been used to evaluate proposed nonprersiedbustion clo-
sures [8, 9]A priori analysis of the LEM-predicted PDF of the scalar propertaes h
been shown to agree very well with experimental PDFs forifaigion flames [20].

It has also been used to explore regimes that closure moalat®tyet address ade-
quately, such as soot-radiation-turbulence coupling,[80§l in applied studies such
as NOx prediction in dual-stage combustion [52], jet flanigg 8], aerosol mixing
in engine exhaust [53, 79], and transient behaviors durinmeération [66].

More recent studies include the study of extinction/ratign for a non-premixed
syngas flame [68—71] for a test case simulated earlier by 26S2p] using the
same 21-step, 11-species skeletal syngas mechanismtasaved the LEM can
capture both the extinction and re-ignition process at@fprately the same turbu-
lent Reynolds number with the scalar dissipation rate astbrehiometric surface
predicted to be 2394 1/s, which is very close to the DNS vafigd 60 1/s.

Many canonical premixed flames have also been investigatied) the LEM.
Freely propagating turbulent premixed flames in the flamelgime [49, 72, 73]
and in the thin-reaction-zone regime [61] have demongtridiat the changes in the
flame structure can be captured without any change to the [Heldent stand-alone
premixed LEM studies have focused on premixed combustiofiden the flamelet
regime. LEM has been applied to regimes of hydrogen [56] aulidtarbon com-
bustion relevant to homogeneous-charge compressiotieigiHCCI) combustion.
An application to astrophysical flames [78] validated LENhgsDNS of the well-
stirred-reactor regime, then explored the more challenggtirred-flame’ regime
[35] to identify possible mechanisms for transition to dettion resulting in super-
nova explosions. Additionally, this study showed that tieM_turbulent burning
velocity in the flamelet regime is L& /L for high Re, a result that is useful for
detecting departures from flamelet or high-Re scaling.

Recent studies employed the LEM to investigate flame-teriméd interactions
for a range of conditions and fuel mixture with relativelytaited reduced kinet-
ics [70, 71]. We use some results from this study to highlighyt features of the
LEM when implemented for reacting flows. For this study, tHeM._scalar fields
are initialized by the steady, laminar, 1D flame solutionagted for a CH/Air
mixture at an equivalence ratio of 0.6, and a 12-step, 16ispeeduced methane/air
mechanism is used for the calculations. Thermally perfastwith detailed multi-
component transport properties is employed for these sitiouls.

Figure 10.3 compares a typicapfhass fraction profile that has evolved from the
initial laminar profile with stirring alone (Fig. 10.3, topft), with profiles evolved
by stirring and diffusion (Fig. 10.3, top right) togethendawith stirring, diffusion
and reactions interacting (Fig. 10.3, bottom), which isftieLEM. It can be seen
that the profile is wrinkled and exhibits high level of scajeadients as a result of the
turbulent stirring (Fig. 10.3, top left) but once the diffus is included the gradients
created by the triplet-maps are smoothed out (Fig. 10.3ri¢hy). The peak value
for the H, intermediate species decreases as well, which indicaa¢shth flame is
extinguishing, since reaction rates are not computed anddmbined action of the
turbulent stirring and diffusion pushes the flame towardmetion. However, when
kinetics is also included (Fig. 10.3, bottom) the flame naiing its peak value while
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Fig. 10.3: Evolution of a scalar field gyl by simulating the effect of stirring (top
left), stirring and diffusion (top right), and stirring,ftlision and reaction (bottom).

also showing the effect of stirring and diffusion. Thusptlent stirring, molecular
diffusion and reaction kinetics can interact at their resipe time scales in the LEM
in a consistent manner. This is the unique nature of the LEM.

10.6 Application to Reacting Flows as a Subgrid Model

Extension of the LEM as a subgrid model requires some reitgnéf the turbu-
lent stirring approach described above. In the classic8l irfethodology large scale
structures are fully resolved whereas small scale strestigub-grid-scale) are mod-
eled by using appropriate sub-grid momentum and combustiaagels. Thus, clo-
sures for momentum, energy and scalar transport at thevessstales are required.
This requirement is no different from the closure requiretier RANS modeling,
and an earlier effort [18, 19] demonstrated a LEM based amprdor RANS ap-
plication. In the following, we focus primarily on the LES jolementation of LEM
(called LEMLES hereafter).
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For LES of reacting flows, both low-Mach number [2, 3] andyiudbmpressible
approach have been used in the past. Closure for the momeantlisnergy equation
is achieved using a localized dynamic subgrid kinetic ep&r§® model (LDKM)
[17,39-41,50, 54, 55] in most of the studies discussed teraddition to allow-
ing for non-equilibrium between production and dissipatad the subgrid scales,
the LDKM offers two unique advantages for LEMLES that is atisa the classi-
cal Smagorinsky type algebraic eddy viscosity mode: (a)kt&distribution can
be used to provide an estimate of the subgrid turbulencesityeu’ ~ /2ks95/3,
which can then be used for estimating turbulent stirringetsoale and frequency in
the subgrid LEM, and (b) for two-phase modeling of spray costibn, a stochastic
component to the particle motion can be included to accaurhg effect of subgrid
turbulence on particle transport [46, 54, 58] The goverhiB® equations for mass,
momentum and energy are obtained by using density-weidraere-filtering and
the following discussion, although restricted to compideslows is equally appli-
cable in low-Mach number flows [3, 5].

The LEM-based subgrid closure for mixing and chemistry wagetbped [45,
51] for both premixed and non-premixed applications, arsllteen used for LES
closure in many subsequent studies, e.g., scalar mixirfy[6non-premixed com-
bustion [11, 47, 68, 70], premixed combustion [3, 5, 61, @377], two-phase com-
bustion [54,57, 58], soot formation [12, 13] and supersaniging and combus-
tion [62]. This closure introduces an LEM domain in each oantolume of the
3D mesh. The LEM domain size is of the order of the resoluticalesof the 3D
mesh, and evolves a 1D profile of the thermochemical statestraes as a repre-
sentative sample of evolution within the control volumettbantains it. Special-
izing to LES closure, the LES time-advancement cycle begiitls an update of
the coarse-grained LES flow state, consisting of velocitpgonents and density.
(All thermochemical information resides solely within th&EM domains.) Next,
diffusive transport, chemistry, and triplet maps représgnsubgrid advection are
implemented within each subgrid LEM domain for a time intémqual to the LES
time step. Then the LEM domains communicate with each otlgembans of a
‘splicing’ procedure (see Fig. 10.6). The mass transfepseach LES mesh face
during the LES time step is computed based on the LES-redokiecity and den-
sity. The prescribed transfer is applied to the affected Ldvhains by excising a
piece of the domain that is upwind of the LES face and insgitimto the LEM do-
main that is downwind of the LES face. These processes aesratitally shown in
Fig. 10.4 and indicate that the LEM subgrid model can be impleted within any
flow solver without any major revision to the original struet of the fluid dynamics
solver.

To describe this model mathematically, we split the velofigtld as:u; = G; +
(U)R+ (u)S. Here, i is the LES-resolved velocity fieldu!)R is the LES-resolved
subgrid fluctuation (obtained froik?99) and (u/)S is the unresolved subgrid fluc-
tuation. Then, consider thexactspecies equation (i.e., without any explicit LES
filtering) for the k-th scalay written in a slightly different form as:
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Here,V, « are thek—th species diffusion velocity arﬁk is a source term if there
is phase change as in vaporization of liquid fuel. In LEMLEf®, above equation is
rewritten in a two-step process as:

. tAtes 1 oy 2 i ¢
Y =Y :/t —B[P(Ui/)ST)I;+7Xi(PYkVi.,k)n—W'|2—$,k]dt/ (10.7)
Ykn+1_Yk* B N R aYkn
T Ates —[Gi + () }Txi (10.8)

Here, At gsis the LES time-step. Equation 10.7 describes the subgrid hiodel,
as viewed at the LES space and time scales. The integranalascfour processes
that occur within each LES grid cell, and represent, resgalygt (i) subgrid molec-
ular diffusion, (ii) reaction kinetics, (iii) subgrid sting, and (iv) phase change of
the liquid fuel. These processes are modeled on a 1D domdirdghad inside each
LES grid where the integrand is rewritten in terms of the sithgime and space
scales. Equation 10.8 describes the large-scale 3D LEB+egsconvection of the
scalar field, and is implemented by a Lagrangian transferafanacross the finite-
volume cell surfaces [3, 47]. Descriptions for the subgriztpsses (in Eqg. 10.7) and
the 3D advection process (in Eq. 10.8) are presented elseiig but are repeated
here for completeness.

As shown in Egs. 10.7 and 10.8, and in Fig. 10.4, there are iffi@yeht elements
to the LEMLES. We will consider the subgrid LEM (the integdain Eq. 10.7) and
the resolved-scale transport (Eq. 10.8) separately.
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Fig. 10.5: Schematic representation of the LEM domain aadléme for (a) stand-
alone LEM, (b) LEMLES.

10.6.1 The LEM Subgrid Model

The LEM is implemented within the LES cells as a subgrid maahel Eqs. 10.5 are
solved within each LES cell. In stand-alone LEM simulatitims one-dimensional
domain extends across the flame, whereas in the LEMLES agiptbay are embed-
ded within each LES cell. This is schematically shown in Fifs5a-b. The LEM
domains are independent from each other and the 1D lineismadly aligned in the
flame normal or the maximum scalar gradient direction and,tlaes not represent
any physical Cartesian direction.

Since all the turbulent scales below the grid are resolvetiimapproach, both
molecular diffusion and chemical kinetics are closed inxacemanner. As a result,
scalar “subgrid” terms do not have to be closed or modeled.sTi-grid pressure,
p-EM is assumed constant over the LEM domain, and equal to the i \p,
which is a valid assumption in the absence of strong pregpadients. Hence, the
sub-grid density is computed from the equation of stateastib-grid level :

Nspecies Ru
pLEM:pLEMTLEM Z YLEMi (109)

k
& Wk

Here W is thek —th species molecular weight.

Conservation of mass, momentum and energy (at the LES kewvélgonservation
of mass, energy and species (at the LEM level) are fully ;aipChemical reaction
at the LEM level determines heat release and thermal expaiasithe LEM level,
which at the LES level generates flow motion that, in turnpgports the species
field at the LEM level. Full coupling is maintained in the LEME to ensure local
mass conservation.

The reaction-diffusion equation on the LEM domain is solwéthin each LES
with an explicit scheme. The time integration is achievedibing an operator split-
ting technique to account for four distinct physical prae=sand time scales in
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the LEM (molecular diffusion, chemistry, turbulent stivgiand thermal expansion).
The diffusion time step is calculated @y = Cyif #SZDW' The maximum oDy

is used forAtgi¢¢ in order to maintain the stability of the diffusion of the higst
species. Th€yi¢¢ in the equation is a model constant, set here.&% @or numer-
ical stability [64]. The chemical time step size is deteretrby the stiffness of the
reaction mechanism. The stiffness increases as the nurhbadioal species in a
chemical kinetics mechanism increases. The chemistrytégjiated for the given
diffusion time step sizeAtqif¢). A stiff ODE solver which uses adaptive time step
size is employed for the integration process so that the e mprocesses are re-
solved in their respective time scales. This approach,rifesess, is very time con-
suming, and therefore, novel methods such as in-situ adatiulation [12, 13] and
artificial neural network [68, 70, 71] have been implememétin LEM to achieve
speed-up.

The thermal expansion time scale is associated with themetiic expansion
induced by the increase in temperature through chemicarékease. In the current
implementatioMtexpansion~ Atgif, and turbulent stirring is implemented as dis-
crete time events during the reaction-diffusion time ind¢ign. The time interval
between each stirring event iggir(X) = 1/AA, whereA is the stirring frequency
described earlier, and is the LES grid filter size. Overall, for the given LES time
step, the number of stirrings events is equalligr ~ At gs/Atstir.

In different implementations of this closure strategy, LEldmains can have
either periodic [51] or Neumann boundary conditions [54]the former method
the spliced pieces can be excised and inserted at arbitreaidns or a type of first-
in-first-out criterion can be applied. In the latter appto#ite LEM domain has an
input side and an output side. A common characteristic cfafimplementations is
that the LEM domains are Lagrangian objects that have nauersgatial location
or orientation within the LES control volume that contaihern.

10.6.2 Large-Scale Advection of the Subgrid Field

The large scale advection is implemented in LEMLES to actéomnthe advec-
tion of the scalar field on the resolved level between the L&IB according to Eq.
10.8. This process accounts for species transport in the 3D itotho@ to both the
resolved LES velocity fieldi and the resolved subgrid kinetic enenigis. Since
the scalar structure is inherent in the subgrid LEM cellgythre transported across
the LES fields by a Lagrangian transport process. This is itrast to a conven-
tional finite-volume or finite-difference approximation thfe filtered scalar gradi-
ents across LES cells. Thus, the right hand side of Eq. 1h8tidiscretized using
a conventional difference operator but rather, the comwedaif the subgrid scalar
field (and hence the subgrid scalar gradietyi/ds) is explicitly carried out by the
Lagrangian splicing approach.

The advection process is implemented once the subgrid temolaf the scalar
field as a result of the turbulent stirring, diffusion, reantand thermal expansion
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Fig. 10.6: lllustration of the splicing strategy, in whidiermochemical information
resides solely within LEM domains (tilted line segmentshtained with control
volumes of the 3D solver, but flow evolves on the coarse 3D mfeslid lines with
arrows are flow velocities, evolved on the coarse mesh, #tatihine volume trans-
fers between 1D subgrid domains. The splicing mechanisiinifdements these
transfers is illustrated. Each LEM domain has an input emdlé) and an output
end (square). Open and filled symbols demarcate the LEM dwnhaifore and after
splicing. Portions transferred during splicing are sefeardy tick marks. Dashed
curves with arrows indicate transfers between 1D domaitfi@rent control vol-
umes. An alternative to specified input and output locatists use periodic LEM
domains. Then there are no preferred locations at whichrtmve and insert do-
main segments unless a first-in-first-out type of critermmtroduced.

are completed at their respective time steps. The large schlection is a result of
both the resolved large scala)and the modeled subgrid scale velocitiég;(R).
In the current implementation, based on the assumptiontiieavelocity field is

isotropic on the small scale@/;)R is estimated(u;)R = , /%ksgs. However, ifksgs
is not available this additional flux cannot be included. &dgess, this contribution

is very small and in most cases can be neglected.
Equation 10.8 can be written in a finite volume discrete fostodows,

\ n+1AV — (oY) *AV \' ) )
2% AtLES(p Sy > pj (Gi+(U)%) YA (10.10)
=

whereAV is the volume of a finite volume cels is the number of cell face, arf
is the cell face area. The large-scale advection of the sigbsgalarstructure Y is
based on the mass flux across each cell face. Therefore, Bf). d@n be rewritten
by definingm= pAV and rearranging,
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N¢
(MY)™ = (MY)" — Aties 5 (SMY0); (10.11)
=1

wheredm = p (G + (u))R) Aj, which is the mass flux that crosses a cell fakg,
The last term in (10.11) is further decomposed into influx antllux components.
Therefore, Eq. 10.11 becomes,

(MY = (MY)* — Aties l g(ém\@)m + Nz (6m\f<)out] (10.12)

whereN;, andNg; are the number of influx and outflux faces surrounding a finite
volume cell. Here(dmY;)in is computed by taking portions of the mass contained
in LEM cells in the neighboring finite volume cells. The mas®ipjice LEM cells

is collected based on the net in-flux and added to the LEM getlse current finite
volume cell. At the same timédmY;)ou is computed from the mass contained in
LEM cells in the current finite volume cell and distributedtib@ neighboring LES
cells based on the out-flux. With proper care to advect tha toass based on con-
vective flux, proper mass conservation can be strictly eefdiduring this process.
Since this process is also in full 3D, the advection ofghbgridscalar gradients by
this Lagrangian process allows transport of both co-gradi@d counter-gradient
subgrid structure across LES cell faces. This is a unigength of this advection
process when compared to conventional gradient diffusiodeted at the LES level
by a standard finite-difference or finite-volume method.

Due to compressibility, volumetric expansion and grigthing,Nspjice may be
different tharN_gm (the number of LEM cells in each LES grid volume) and this is
included in the formulation. Furthermorssjice Need not be an integer and the cur-
rent algorithm allows for fractions of individual subgridlumes to be transported,
whereas the predetermindligy is an integer multiple of 3, and greater than 9 to
accommodate the triplet mapping procedure.

Once all the mass is transferred between the LES cells, the Bd/ field can
have more or less cells than that it had before the spliciagest, as shown in Fig.
10.7. Also, the volume of the cells can be different from eattier based on the
transferred mass. Re-gridding is applied to uniformly dévall the mass between
LEM cells. This process is schematically shown in Fig. 18&-gridding is strictly
not needed if a variable subgrid domain is employed and ig gwimarily for nu-
merical expediency. As in any simplification resulting esrbave to be considered.
For example, if re-gridding changes the composition in tB&/lLcells then it is con-
sidered artificial diffusion. This artificial diffusion cése minimized by increasing
the number of LEM cells or by splicing smaller amounts of m&gkile the former
is essentially a grid refinement strategy, the latter is tamed by the time-step
of the flow solver and cannot be arbitrarily changed. In casgible explicit flow
solvers, due to the small LES time-step, the numerical siiffin effect is indeed very
small. Nevertheless, this artifact of the LEM implemermtatshould be eliminated
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for overall accuracy, and therefore, a more general impteation of the LEM (with
variable subgrid resolution) is being pursued.

L T 4 T
) ([TTTT] ) (1T
j*1 j*1
am, 1
&m, 3m,
) ~1 =7 )
os- | N N N (| occ- ) | I | (N | D -
dm,
i1 (I i anmnan
i-1 ‘ i i+1 i-1 ‘ i i+1
OD 05 1 0 05 1
(a) Before splicing (b) After splicing

Fig. 10.7: Species field before and after the splicing of &#le(c, j).

The Lagrangian advection process can track interfacesaety For example,
Fig. 10.9 shows advection of an annular box without losssdhitegrity in a uniform
flow oriented along the diagonal of the simulation domaine Thass-flux based
transport process allows counter-gradient transport afsg (since subgrid scalar
structures are transported by splicing), enabling the intodavoid the pit-falls of
those based on the gradient-diffusion hypothesis. FigQr&éOlshows the propaga-
tion of a circular burning flame, which includes both subdrigning and thermal
expansion effects. The circular flame is resolved on a Gartegid with reasonable
accuracy [3].

Implementation of splicing is relatively straightforweaadd visually summarized
in Fig. 10.7. Splicing is composed of the following step9:ddlculate the LES flux,
p(G+(U'i)R) on each of the six faces of the volume, (2) determine the atnoiun
mass to send as well as the amount of mass to receive from itjieboeing LES
cells, (3) arrange the LES fluxes with the largest out-fluxiedrout first in accor-
dance with the premise that the 1D scalar fields are alwagsediin the direction
of the maximum scalar gradient, and (4) after the receipt asrfrom each face
commensurate with step 2, rearrange the scalar field in edtharordingly. Re-
gridding then follows, if there are heat release effectsnéted earlier, re-gridding
is a numerical artifact intended for simplicity and can benaglated with a more
general formulation.

The ability of the Lagrangian advection to capture the flatngcture is summa-
rized in Fig. 10.11, which compares a 3D simulation of a tiebupremixed flame
conducted using DNS and LEMDNS [63]. The latter approacHigsghat the LES
grid is as fine as the DNS grid but the LEM was included withanghbgrid. Thus, in
the DNS limit the splicing process occurs only due to thelkegbvelocity field and
the LEM subgrid processes are reduced to only diffusion ametiks (i.e., stirring
is turned off). The excellent agreement between a DNS andEMDNS shows
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Before splicing

Thermal expansion After splicing
after reaction/diffusion =il e Tiae Tingyim

_ ufulb |ulut
AV, =B arn After regridding

Fig. 10.8: Schematic representation of the subgrid scaht &fter thermal expan-
sion and re-gridding. Here andb indicate an unburned and a burned LEM cell,
respectively.

O
O

Fig. 10.9: Propagation of an annular box in a velocity fieldre#d along the diago-
nal.

that the physically consistent and correct implementaticthe scalar evolution by
the two-step procedure (Egs. 10.7 and 10.8).

A recently developed alternative LEM-based subgrid clesatled LEM3D [65]
has a well-defined spatial structure. In fact, its structsitbe same as in ODTLES
[67], a method for 3D flow advancement involving an array afged 1D domains,
using the one-dimensional turbulence (ODT) model (see tehdg).

An advantage of LEM3D relative to the splicing strategy @ttih avoids the im-
position of Neumann boundary conditions on LEM within eaEhc®ntrol volume,
which is the currently preferred splicing formulation. Aated advantage is that
a triplet map need not be contained within one 3D control wa&unor need it be
limited in size relative to the control volume. An advantagé¢he splicing strategy
is that it is readily implemented within an arbitrary stured or unstructured mesh.
LEM3D is most easily implemented on a Cartesian mesh, withespossibility of
generalization to generalized curvilinear coordinatesing to the novelty and lim-
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Fig. 10.10: Propagation of a circular flame front [3].

ited evaluation of LEM3D to date, further discussion of LEldsed subgrid closure
focuses on the splicing strategy.

Fig. 10.11: DNS and LEMDNS of premixed flame-turbulenceriat&on. Reprinted
from [63] with permission from Elsevier.

10.7 LEMLES Applications to Reacting Flows

As cited above, the LEMLES has been used quite extensivelg fange of prob-
lems from simple canonical flame-turbulence interactiensamplex flows in gas
turbine combustors. In the following we touch upon some lesults primarily to
highlight the predictive ability of the LEMLES approach. Anderlying theme in
all these comparisons is that the basic LEMLES approacteistichl for all cases.
The only changes occurring are the changes in the LES gegntest conditions
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Fig. 10.12: Flame structure predicted behind a triangulaff body. (a) LEMLES
and (b) EBULES. Reprinted from [60].

and appropriate boundary conditions. In the following, wmmarize some key re-
sults primarily to highlight the capability of the approadited references have
more detailed analysis and interpretations.

We begin with application to premixed combustion behindeangular bluff body
[60] that has been extensively studied in the past by vali# s methods and clo-
sures. Here, we compare a simple subgrid EBU closure withEMLES to high-
light some features. EBULES is a very simple closure for #aetion kinetics and
therefore is used extensively in the literature. It streagind limitations are well
known and it is not the intent here to focus on these issueghé&umore, other
flame closure methods [15, 16] have also proven quite aectdioatthis test case
and therefore, the current comparison is primarily to pte\a reference. As shown
in Fig. 10.12 and Fig. 10.13 show some key differences beatwiee two predic-
tive methods. The LEMLES flame structure is more wrinkled asdpreading is
increased due to its increase burning rate. This is refldotéde mean tempera-
ture radial profile and the better agreement with the Reymsiicess measurements.
Other premixed studies [4, 5,10, 61, 63] have demonstrétadlfEMLES has the
ability to not only capture the flame propagation speed andire, it also enables
better prediction of the flame-turbulence interactions.

A more recent study focused on the ability of the LEMLES appfoto cap-
ture complex flame structures in both premixed and non-premnéombustion in a
special combustor. The Stagnation Point Reverse Flow ($RRFow NOx com-
bustor [77] that employs exhaust gas recirculation to aeh#able combustion in
lean conditions while minimizing NOx and CO emissions. lis tombustor, flame
stabilization is achieved via a high-temperature dowastretagnation region. The
schematic of the device shown in Fig. 10.14 consists of argenan combustor
with the inlet and the exhaust on the same end of the combudi design en-
ables the EGR-preheated air to provide a high temperatutestafle combustion
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Fig. 10.13: The time-averaged radial profiles behind théf blody. (a) Reynolds
stress, and (b) mean temperature at three axial locatiomsdéhe bluff body.
Reprinted from [60].

environment. Modeling the flow and flame structure in thisickevs complicated
by the interaction between various features of flow confingpstagnation, jet en-
trainment and product preheating and dilution throughradton of the incoming
mixture with reverse co-flow. Experimentally, this comlmistvas shown to oper-
ate in both premixed and non-premixed combustion mode withdmissions but
with very different flame structures, and therefore, it ishaleenge for numerical
prediction.

The recent study [77] simulated both premixed and non-pratecombustion
using LEMLES and compared with other subgrid models suchasubgrid eddy
break-up, artificially thickened flame and steady flameldése, only representative
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Fig. 10.14: Schematic and typical dimensions of the SPRFocstor.

results of the EBULES and LEMLES are discussed, althoughpeoison with other
models were reported earlier. Figure 10.15 compares thtkgpiens with the aver-
aged chemiluminescence field (note that although not ckxa; the data does show
that this flame is attached [21]). The EBULES flame structsimeoit clearly defined
whereas the LEMLES predicts roughly the same flame lengthrewrehls a flame
anchored to the injector with heat release along the shgar End in the down-
stream region of the combustor in agreement with the datenpgadison with data
is reported elsewhere [77] and shows excellent agreemesetally all locations.

When the combustor is operated in the non-premixed mode (étfuel injected
through the inner tube) the flame is lifted (Fig. 10.16). THeMLES prediction is
also a lifted flame whereas the EBULES did not capture thisceffThe LEM-
LES flame structure and shape is somewhat different from #gssorements but it
is attributed to the reduced 1-step kinetics employed [Répardless, the overall
agreement with data is encouraging considering that the saodel is employed
for both premixed and non-premixed combustion without athip@c adjustments.

Finally, an application in spray combustion is discussedflyralthough more
details are given elsewhere [54, 57, 58]. The LDI combustosists of a 60-degree,
six helical swirl-vaned inlet that leads to a venturi, feled by a short divergent
diffuser section that ends at the dump plane of a square cstiohichamber. The
swirler has outer diameter of Z2mm with the inner diameter of.8 mm. The
calculated swirl number is 1.0 and Fig. 10.17(a) shows thematic of the swirl
generating blades in this combustor. The entire combustclu@ling the swirler as-
sembly) is simulated with and without break-up modelinghaf kerosene-air com-
bustion system [57, 58]. Figure 10.17(b) shows the spralyervicinity of the injec-
tor showing the breakup process. Details are in these oiiedences but here we
focus on the nature of flame holding and the typical charesties of the flame to
highlight the ability of the LEMLES approach.

Centerline mean streamwise velocity is shown in Fig. 1&L& prominent cen-
tral re-circulation zone (CRZ) along the axis is observattifie non-reacting [57]
(not shown) and reacting cases. This CRZ is created by thdirsyvinflow due to
a radial pressure gradient caused by the centrifugal effddth in turn gives rise
to axial (and adverse) pressure gradient. For high swirlbers) a strong coupling
between axial and tangential velocity occurs and the adverassure gradient is
strong enough to overcome the axial motion of fluid. Thisldi&hes a recircula-
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Fig. 10.15: Heat release in the premixed SPRF configura@rExperiments, (b)
LEMLES and (c) EBULES. Reprinted from [77] with permissionrh Elsevier.

tion zone, a form of vortex breakdown in the central regiohisTis the primary
aerodynamic flame holding and stabilizing mechanism in gdsrie combustors.
Instantaneous flame structure is analyzed using the flanss,ifd=0Ye.OYo,.

To determine the flame regime, an indexed reaction rate isatbfhased on the
flame index asty = \Q:h,i—h, and is shown in Fig. 10.18(b). Herex: is the fuel
destruction rate. The stoichiometric equivalence ratghiswn as a thin line in the
same figure. The flame is premixed when the FI (and consegquhjlis positive
and diffusion when the Fl is negative. In the central regmaesence of fuel vapor in
proximity of recirculating hot gases devoid of oxidizer geattes a diffusion flame,
as seen by light colored “V” shaped flame surface. This is omefil by the coinci-
dence between the flame and the stoichiometric line. Fudihisvards in the radial
direction, significant dark colored contours are seencatitig a premixed flame.
Along the outer edges there is sufficient time for fuel-aiximg to complete before
ignition, and thus, both non-premixed and premixed flamesiioadjacently near
the top half of the combustor with diffusion burning of fuelpor evaporated from
the particles that have gone through the primary flame witcompletely losing
their identity. Since the LEMLES approach does not make apyiori assump-
tions regarding the nature of the flame it is able to captueenhlti-faceted flame
structure in these combustors.
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Fig. 10.16: Heat release in the non-premixed SPRF configutéh) Experiments,
(b) LEMLES and (c) EBULES. Reprinted from [77] with permissifrom Elsevier.

10.8 Summary and Future Prospects

As summarized here the LEM has been used both as a standratmted and as
a subgrid model for LES. Application of LEM as a RANS subgriddel has also
been reported in some earlier and recent studies. Theyadiilthis modeling strat-
egy to study a wide range of reacting flows without any modg@isithents (when
combined with the LDKM closure for momentum there are no adlddjustable pa-
rameters in the method) is one of the key strengths of thisafiragiapproach. The
robustness for a wide range of applications comes with aea&se in cost. Efficient
parallel implementation (the LEM subgrid model is highlyrgdéel in its nature)
can reduce the cost significantly but it is still expensivewlkompared to a steady
flamelet or EBULES approach. On the other hand, the LEM-bak®lire can be
used to go from one simulation regime to another without ghanthe model and
this is a critical strength essential to study complex flayradhics as in combus-
tion instability, LBO and extinction-re-ignition processs More recent successes in
parametrizing the LEM in a neural network [68, 69, 71] offareew potential for
incorporating this model’s ability in a cost effective LE®asegy.
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Fig. 10.17: The LDI swirler assembly and an instantaneoew af the droplets in
the near -vicinity of the injector showing breakup. Repgthfrom [58] with permis-
sion from Elsevier.
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Fig. 10.18: Centerline velocity decay and flame structutbéi DI combustion. (a)
Centerline axial velocity, (b) Flame index contours, witle black lines indicating
the stoichiometric mixture fraction contour. Reprintednfr [57] with permission
from Elsevier.
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