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Abstract

The scalar mixing time scale, a key quantity in many turbutermbustion models, is inves-
tigated for reactive scalars in premixed combustion. DRireanerical simulations of three-
dimensional, turbulent Bunsen flames with reduced metlaanehemistry have been analyzed
in the thin reaction zones regime. Previous conclusions smgle step chemistry studies are
confirmed regarding the role of dilatation and turbulenkergistry interactions on the progress
variable dissipation rate. Compared to the progress Matidbe mixing rates of intermedi-
ate species can be several times greater. The variationeofespmixing rates are explained
with reference to the structure of one-dimensional flarsel@iccording to this analysis, mix-
ing rates are governed by the strong gradients which aresetpby flamelet structures at high
Damkohler numbers. This suggests a modeling approachitoas the mixing rate of indi-
vidual species which can be applied, for example, in trarteggorobability density function
simulations. Flame turbulence interactions which modiky lamelet based representation are
analyzed.

Introduction

Predictive models for turbulent premixed and partiallyppeed combustors are of increas-
ing practical interest. The trend towards more dilute costiba in gas turbines, reciprocating
engines and other burners limit the scope for high Damkahlenber approaches. Advanced
turbulent reactive flow models which may be necessary fortfwa applications typically re-
quire turbulent mixing frequencies or dissipation ratasthe transported probability density
function (PDF) approach [1, 2], for example, the chemicattin rate appears in closed form
and closure must be achieved by modeling the molecular gppincesses.

The scalar dissipation rate for species mass fractipand its turbulent mixing time scale
7! are given in Eq. 1 and Eq. 2,

pé = pD VY VY] (1)
nt=a VY, 2)

p is density, D is molecular diffusivity, and’¥is the fluctuation about the Favre average

At high Reynolds number, the rate of scalar variance decayrasigly dependent on the large
scales of the turbulence [3]. In addition, species gradiard affected by reaction and diffusion
processes. Where reaction-diffusion generated spe@esegts persist at high Reynolds num-
ber, such as in the flamelet combustion regime, a range ohmixeéquencies may be expected



among the different species. More generally, mixing modsiag a single turbulence parame-
ter are unable to capture effects of preferential diffusiodependence on the length scales of
the scalar fields [4, 5]. Despite the possibility of diffegimixing rates, PDF mixing models
commonly assume all scalars mix at the same rate [6, 7].

The customary closure of the scalar dissipation time s&ate scale it with the integral

turbulent timescale, o o
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wheree is the dissipation rate of turbulent kinetic enedgf8] and G, is an empirical constant.
Closures for the scalar dissipation rate also have beevedidnased on its transport equation, by
Zeman and Lumley [9], Jones and Musonge [10], and Mantel amdtB [11], among others.

The transport equation for the Favre averaged dissipafitmpresented by Swaminathan
and Bray [12] is written below for speciesEq. 4.
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In this equation u is velocityy is the chemical production rate; j and k are spatial cootdina
indices such that ¥, indicatesdY/0x;. e;; is the stress tensor [8]. Note that this equation
approximates ﬂuctuatlons of gradients by gradients of thetdhting quantityY )" = (Y”) .

This is inexact in variable density flow. The final tert(D;), which arises due to transport
of species diffusivities, is neglected in the subsequeatyars. These simplifications do not
lead to significant imbalance of Eq. 4 in the flames considerdtiis paper. The left hand
side terms represent the temporal and convective changesitsf transport, and its dissipation
due to molecular diffusion, respectively. SwaminathanBray consider the dissipation rate of
a premixed flame’s progress variable and conducted an ofdeagnitude analysis of Eq.4’s
terms using scaling based on laminar flame quantities [12]is @nalysis suggests that the
dissipation term, dilatation effects,;Tturbulence-scalar interactiorny;I and reaction T will
show first order scaling with Damkohler number,.B4S; .1,)/(6,,.U). S;, andd;, are the laminar
flame speed and thicknessahd u’ are the integral turbulent length scale and root mgaare
velocity fluctuations. This implies that the remaining termill become less important during
turbulent combustion in the flamelet regime. In the absericeaxtion, scalar gradients are
controlled predominantly by a balance of the dissipatiomtand the enhancement of scalar
gradients by compressive strain, TThe flamelet based order of magnitude analysis results in
similar Da scalings for the minor flame species with the cethed the Damkodhler numbers can
differ vastly among species. The species time scale ratjtDa=(w;/Y;)/(w./C) is presented
in Table 1. D&Da. was evaluated in an 800K, latw0.7, strained, planar laminar premixed
flame computing the numerator and denominator at the lataitd maximum reaction rates
w; andw,. The tangential strain rate ased was 15 ! where the characteristic flame time
7;=0.1Sr. These conditions are representative of the flames stualiedih this paper.



Table 1. Lewis numbers and Damkohler number ratios for selectedispe

Species| O, | CO | OH | H, H
Le; 1.08| 1.07| 0.70| 0.29| 0.17
Da/Dap, | 1.0 | 2.7 | 21 82 | 510

In constant density flowssIrepresents the increase of scalar gradients, and henggadiss
tion rate, by compressive strain aligned with the scaladigré. The modeling of this term
presented by Borghi and coworkers [11, 13], neglecting theraderms of Eq. 4 results in an
algebraic model similar to Eq. 3. For premixed turbulent bastion in the flamelet regime
thermal expansion in the flame can modify the strain field sbhahT; dissipates gradients of
progress variable [12, 14-17]. The relative magnitude efdHatation effect increases with
both the density ratio across the flame and the Damkohlebeufi5, 16].

By considering the reaction-diffusion balance in premifathe propagation, Mantel and
Borghi [11] showed that the reaction term dancels with part of J corresponding to dissipa-
tion in the direction normal to the flame. The remaining mortdf 73 is associated with flame
curvature. Borghi and coworkers [11, 13] provide modelimgthe flame curvature which intro-
duces a dependence of Gn u’/S;. Other studies [18—-20] have indicated that a scaling based
on the ratio the Kolmogorov velocity to flame propagationezpbetter represents the effects
of turbulent flame curvature. Assuming that all species l@®in the flame exhibit the same
characteristic radius of curvature, Mantel and Borghiguanent maintains that mixing of ev-
ery high Da species would have the same dependence on flapegpton. This assumption
needs to be examined for real flames subject to curvatureewgreferential diffusion acts to
focus species concentrations [21] or in the thin/brokentrea zone regimes in which turbulent
eddies penetrate and perturb the reaction-diffusion fayer

Swaminathan and Bray [12] find that Provides a source term for the progress variable
dissipation rate which is dependent on the dilatation thhaihe flame [22]. The role played by
term T, for intermediate species, whose concentrations do notlimagrly with temperature
does not appear to have been studied.

Models designed to account for the different dissipati®ésamong species have been con-
sidered in the context of non-premixed combustion. ChenGirahg [21] account for differen-
tial diffusion, effectively adjusting species mixing rataccording to their individual diffusion
rates in a hypothetical one-dimensional mixing layer. ™pproach has some success in dif-
fusion flames, but may be limited by its neglect of the effeftseaction on mixing. Cha and
Trouillet [23] use the mapping closure for non-premixed baostion (neglecting preferential
diffusion) to relate species mixing frequencies to that attare fraction. Use of the map-
ping closure works because, by computing a flamelet solutidghe mapping variable space,
gradients of mixture fraction can be transformed into geats of the reactive scalars. While
mapping the one-dimensional flame solution onto mixturetioa is promising, extensions of
the mapping closure for premixed combustion, or for difféia diffusion, do not appear to be
available.

The present work considers the scalar mixing time-scalesraag in premixed methane-
air combustion and how they might be modeled for use in traned PDF calculations. Three-
dimensional, reduced chemistry DNS data for turbulent prechBunsen flames in the thin
reaction zones regime [24, 25] have been analyzed to asemgeys findings regarding the
progress variable dissipation rate which were based ondim@nsional turbulence or single
step chemistry. In this work the mixing rates of intermeelispecies are also analyzed, leading



to a model which relates their dissipation rate to that oftugress variable.

Configuration

Three-dimensional turbulent, premixed Bunsen flames A afgbChave been analyzed in
this study. The configuration simulated by Sankaran et &, 27] comprises a planar jet of
unburned methane and air at 800K, latm and equivalencegrafi issuing into a coflowing
atmosphere composed of the products from adiabatic comohustthe $=0.7, 800K mixture.
The elevated temperature approximates that seen in sonteeeaqgplications, meanwhile it is
sufficiently low that flameless combustion does not occue pitoted jet configuration permits
high levels of mean shear while ensuring the flame can not bféwAt these conditions the
unstrained planar laminar flame speegd,i$1.8n1!, and thermal thickness;=0.3mm, give a
flame time scale,;=0.17ms. Flame specific parameters are given in Table 2.

Table 2. Simulation parameters. The Karlovitz, Ka#8; 1), and Damkohler numbers shown
were evaluated at x/I=0.25

Slot width | Jet velocity | Coflow velocity| Domain size L,,L,,L. | Ka | Da
Case A| H=1.2mm| u;=60ms™* 15ms™! 12Hx12Hx3H 2.3]/0.23
Case C| H=1.8mm| u;=100ms! 25mst 13Hx12Hx3H 5.2(0.15

Chemical reaction was modeled using a mechanism reduced tiie detailed GRI-1.2
scheme [28]. Details of the reduction methodology and wadilich of the reduced mechanism
can be found in Ref. [27]. The molecular viscosity is tempaeadependent [29] and constant
Lewis number transport [30] is employed. A selection of tlesvls numbers used are included
in Table 1.

The composition at the inlet plane was specified with refegdo a premixed laminar flame
solution using a progress variable look-up table. An hyplkchiangent function was used to
obtain a smooth variation of progress variable betweerettand the coflow. A turbulent veloc-
ity field was synthesized by specifying the length scale (2k§gnitude of velocity fluctuations
(u;/3) and spectral energy density [31]. The resultant vejdad was added to the mean in-
flow velocity profile of the jet, but not the coflow, and used las velocity inflow boundary
condition based on Taylor’s hypothesis.

Navier-Stokes characteristic boundary conditions [32jenesed to prescribe the boundary
conditions. The boundary conditions were periodic in thensyse direction (z), non-reflecting
inflow and outflow in the streamwise direction (x), and nofleing outflow in the transverse
direction (y). Further references regarding the numeiimgllementation are given in Refs.
[26, 27].

Based on the mean jet velocity and the domain height, akktbases have a jet flow through
time of 0.24ms. Only data from after the first flow through tiheee been analyzed to enable
artifacts from the initial condition to gracefully exit thbomain. Where averages have been
reported, they are evaluated using 61 equally spaced tigtants over the course of one flow
through time and by integrating over the homogeneosdsection.

Scalar mixing characteristics
The characteristics of flames A and C have been presenteidpséy[26, 27]. The progress
variable used in the subsequent analysis, with c=0 in thetaats and c=1 in the products, varies

linearly with Y, so thatrc—1:7521. In summary, wrinkling and flame-flame interactions inceeas



from flame A to flame C. Occurrences of flame pinch-off becorgricant beyond x/L,=0.5,
as seen for case C in Fig. 1. The majority of the flame area igesotowards the products,
with cusps orientated towards the reactants. This is contoaHuygens-type self-propagation,
providing evidence that flame topology is strongly influeshbg turbulent straining. The sim-
ulation Karlovitz numbers, Table 2, and previous analy2& P7] indicate that flame C is
characterized by the thin reaction zones regime [24, 25}yhith turbulent eddies penetrate
the flame’s preheat layer but are too large to disrupt thetimazone. Case A shows weaker
thickening of the preheat layer and appears to be closeetodirugated flamelet regime [27].
Figure 1 shows the Favre averaged progress variable field.nTféchanical turbulent mixing
frequencyr, ! and the progress variable mixing frequengy are compared at three axial lo-
cations through flame C in Fig. 1. As discussed above, assomptt proportionality between
momentum and species mixing rates is generally inaccunatghulent premixed combustion.
The strong discrepancy that arises towards the edges oéthelhere progress variable and
velocity variances become small, may be of limited prattielzvance.

¥/L,=0.75

5000 10000 15000

5000 10000 15000 O

Mixing rates, s *
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Figure 1. Instantaneous iso-surface of the progress variable (6¥0dpresenting the flame
surface (left), 2D x-y contours af with the ¢=0.65 iso-line drawn in black, c=1 (red) in the
coflow and c=0 (blue) at the jet nozzle (center), and cragsast profiles of the progress vari-
abler ! (solid lines) and mechanicaj ' (dashed) mixing frequencies at three axial positions
x/L,=0.25, 0.5, 0.75 (right). Data are for flame C.

The ratio of mixing frequencies;/,, 7., 7;;' andr;; to 75! are plotted in Fig. 2 for
flame C. The cross stream variation is shown at three axiatilmts. Except for OH the ratios
differ markedly from unity, exceeding ten in the case @f Hlhe most diffusive species H and
H, exhibit the greatest mixing rates, however Lewis numbeisdu# appear to be the only
consideration since the ratios vary considerably throinghftame with the less diffusive H
mixing faster than H in many regions.

The processes governing the reactive scalar dissipaties naay be investigated with ref-
erence to the balance of Eqg. 4. The terms contributing toateeaf change of the HOH, CO
and H scalar dissipation rates are plotted in Fig. 3 for flam@/Gile the absolute magnitudes
differ, the resulting balance for flame A is extremely sim@ad is not shown. The imbalance
of Eq. 4, which is due to limited statistical convergence apdroximations in the derivation,
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Figure 2. Intermediate species-progress variable time scale rstiosingr.5, 77, 7', and
7o divided by 75!, The variation in the cross stream direction is shown for éanat (a)
x/L,=0.25, (b) x/L,=0.5 , (c) x/L,=0.75.

is small compared to the dominant terms and is not shown.
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Figure 3. Balance of the scalar dissipation rate Eq. 4 fer OH, CO, and H. Data are plotted
at x/L,=0.5 for flame C.

In accordance with the order of magnitude analysis of Swathan and Bray [12], the
dominant processes governing the dissipation rate are the dilatation,Tturbulence-scalar
interaction Tk, and reaction T source terms balancing the dissipation of scalar gradidiis
fact that T;, acts as a source ofoY gradients indicates that at these conditions, the Danekohl
number and flame density ratio are sufficiently small thdtulent straining overrides thermal
expansion effects [16]. The dilatation term @nd reaction term jJ have a similar magni-
tude, approximately half that of;]. While validation or development of the existing models
[13, 15, 16, 33] is still required for realistic multi-spesichemistry, molecular transport and
shear generated turbulence extending into the thin reaztoes regime, it appears that they
do represent the dominant physics. The remainder of thitygticuses on the dissipation rate
of other species which do not vary monotonically with pregreariable, and for which the



existing models are not necessarily applicable.

In contrast with the progress variable dissipation rate,dissipation rate for intermediate
species OH, CO and H is governed by a predominant balancebetile reaction term,Tand
the dissipation of scalar gradients. The so-called ditataterm T, appears to be negligible
for these species which are weakly correlated with the tenShe scalar-turbulence interac-
tion term T3, acts to generate scalar gradients, as it did for the progeessble, however its
importance is reduced significantly. The dominance of tlesigation-reaction terms results
from the intrinsic reaction-diffusion balance presentha structure of premixed flames. The
species Damkohler numbers (Table 1) measure the reldtemical time scales, such that the
importance of T, is reduced most for the most reactive, highest Damkohlerbar species, H
atom.

Model development

The conclusion that intermediate species dissipatiorsrate controlled by the reaction-
diffusion balance in premixed flame structures suggestdltraelet based models for the in-
termediate species dissipation rates could be used undey@ate conditions. Assuming that
the progress variable mixing frequency can be modeledfaetiisily we propose a model that
relates it to the mixing frequency for some other reactiveasa. Using (- | ¢) to indicate
averages conditional on the sample space progress vatiable, and neglecting fluctuations
about the conditionally averaged density{34], the ratio of mixing frequencies is given by,
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If the model is to be used in computations with transportedbs@DFs the scalar varianog%,

Y/"?, the progress variable PDIK(), andp. are available without further modeling. Closure for
the conditional dissipation rate is achieved by expressgiegliffusivities and scalar gradients
as functions of progress variable,

€| ¢ () = DC(O|VC(O|2 (6)
€| ¢ e(¢) = Di(QIVYi(Q)]*.

D;(¢), D.(¢), Ve(¢) andVY;(¢) are then obtained from laminar premixed flame solutions. The
asterisk is used to denote estimates based directly onitiieda flame structure. Integrating
over progress variable space provides initial estimateshi® Favre average dissipation rates
&, & and mixing frequencies’', 7*~. The scalar gradients used up to this point are exactly
those obtained from the laminar flame, although it is knovat the gradients in the turbulent
flame are subject to turbulence-scalar interactions asisigd in the previous section.

Having obtained !, from either an appropriate algebraic model [12-14, 16t@mfsolu-
tion of a transport equation, the final modeling proposalfierminor species mixing frequen-
cies is,

()

Qo

e (7)

Implicit in Eg. 7 are neglect of any intermediate speciesigna components which are not
aligned with the directior,, of the progress variable gradient. Equation 8 indicatestbglect-
ing the possibility that the angle betweenx,, and VY; may be finite results in a systematic
underestimate gfVY,|. Scalar alignment characteristics are discussed below.
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Additionally it has been assumed in Eq. 7 that any turbulér@tching of the conditional
progress variable results in a proportionate change tanteemediate species gradients.

The premises of this modeling approach have been testeg tngrcurrent DNS data. The
laminar flame gradients required have been obtained fraamstl reactant-versus-product [35]
laminar flame calculations with tangential strain rattezc)a)SrJ:l, 1.57]71 and 3.(};1. The latter
strain rates correspond to the mean strain rate condition€eg0.65 in flames A and C, Table
2. The fluctuations of strain rate in these flames are, howmaary times greater than the mean
values.
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Figure 4. Conditionally averaged flame normal gradient of (a) ®) OH, (c) CO and (d) H,
plotted at x/L,=0.5 for flames A and C. Laminar flame values are shownfg=8.05, 1.5, 3.0.

A comparison of the conditional flame normal gradied®Y;.VY 0./|VYo,| | ) evalu-
ated from the DNS data, with the gradients observed in gtddimminar flames is given in Fig.
4. The Q flame gradients for both A and C show turbulent flame thickgmiompared to the
laminar solutions. Meanwhile the effect of applying the metain rates from flames A and C
to the laminar flame is to significantly steepen thegtadients. Conversely, strain reduces the
magnitude of gradients of intermediate species with peaktsmthe flame, acting in the same
sense as the turbulent flame thickening. The shape of theegtgmtofiles is best captured by the
least strained laminar solution. However, the magnitudiefgradients is not predicted accu-
rately. This indicates that direct use«f found by integrating Eqg. 6 over £(is unlikely to be
accurate since it does not account for the turbulent stireg@nd thickening in the flame. Figure
5 shows that the ratio of conditional flame normal gradiefW¥sY;.VY 02/VY 02.VY s | (), IS
modeled by the laminar flame profiles better than the indalidy and ¢ gradients. This ob-
servation supports the assumption that turbulence-flateeaictions modify both the progress
variable gradient and the minor species gradients appuieigin proportion to one another.
Again, the ar;=0.05 flame provides the best agreement.

The conditionally averaged alignmefabs(«;) | () between progress variable and the OH,
CO, H and H gradients is presented in Fig. 6, a magnitude of unity indEperfect alignment.
Each of these quantities peaks in the reaction zone leadiageversal of the flame alignment.
Statistically, the alignment is poor in the preheat laydrere eddies are thought to perturb the
flame structure. Focusing of preferentially diffusing speadn regions of flame curvature also
contribute to the imperfect alignment. The associatedigrasl parallel to the flame, however
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Figure 5. Conditionally averaged flame normal gradient ratidgY ;.Vc/|Vc| | ¢), shown for
() OH, (b) CO, (c) H and (d) ¥ plotted for x/L,=0.5. Laminar flame values are shown for
a7,=0.05, 1.5 and 3.0.

are typically much smaller than the peak magnitude of thedlaormal gradients for any given
species (not shown).
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Figure 6. Left: Conditional scalar-progress variable alignménits(«;) | ¢) for OH, CO, H

and H, in flames A (thin red lines) and C (thick black lines). Rightat®s of the conditional
dissipation of H and ©for flames A and C, and their approximation considering oné/ftame
normal gradients. Data for x/E0.5

The neglect of gradient components normal to the progresabla gradient results in the
following approximation for the ratio of conditional digsition rates,

(| Q) _ Les (VYLVYi| Q) Les (VYi.Ve/|Ve)* [ €)
(e.1C)  Le. (VeNe|C) — Le.  (VeVe|()

This ratio and its approximation are plotted in Fig 6 for Hymlthough similarly good agree-
ment is found for other species. The poor alignment, for gdarn the preheat layer, does
not appear to result in a large difference between the exatcapproximate evaluations of the
ratio of conditional dissipation rates. The reason may bhedhcurrences of poor alignment are
associated with very low gradients of either progress teiar the other scalar such that they
contribute little to the average.

Predictions for the ratios of scalar mixing rates given bys.E®p-7 evaluated with the
a,77,=0.05 laminar flame solution are compared to the measureevai Fig. 7. The model pre-

(9)




dicts the shape of the time scale ratio variation corredtlgvary position shown. At upstream
positions the intermediate species mixing rates are grea#lr predicted, while excellent agree-
ment is achieved further downstream at »#D.75 where the center line Damkohler number in
flame Cis 0.47.

[(a) X/L[X:O.ZS, Case C [ (b) X/L,=0.50, Case C (c) X/L,=0.75, Case C
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Figure 7. Intermediate species-progress variable time scale rstiowingr;/,, 71321, 75", and
75y divided by¢‘21, comparing predictions of Eqs. 5-7 (lines) with DNS measwe®ets (Sym-
bols). The variation in the cross stream direction is shomrrflame C at (a) x/1.=0.25, (b)

x/L,=0.5, (c) x/L,=0.75.

The over-prediction of the intermediate species mixingsas associated with the high
tangential strain (lower Damkodhler number) region claséhie nozzle. Increased tangential
strain has the effect of decreasing the raticeofe’, Fig. 4, suggesting that use of a more
highly strained laminar flamelet would improve predictiamghis region. In the low Damkohler
number limit passive scalar mixing is recovered and the lusssumption that all species mix
at the same rate; /7. = 1 becomes more acceptable. This suggests the use of Damkdhle
number as an indicator of when the present modeling is vakedhen alternative models should
be selected. Modeling of scalar mixing rates in the distadwcombustion regime is an area
requiring further attention.

Conclusions

The processes governing the progress variable dissipatterhave been analyzed using
three-dimensional turbulent Bunsen flame data with reducethane-air chemistry. The dis-
sipation rate is controlled by a balance between molecussightion and gradient generation
due to flame propagation, dilatation and compression ofsgahdients by turbulent strain.
This confirms previous findings from two-dimensional and@grchemistry analyses.

The mixing rates of intermediate species which do not varyabanically with progress
variable were up to a factor of ten greater than those of pssyvariable. They are not well
modeled by existing models for mixing rates of either thegpess variable or of passive scalars.
Effects of the so-called dilatation term appear to be ndgkgfor the intermediates. The ef-
fect of turbulent straining is also of reduced importanca;dming negligible for the highest
Damkohler number species, H atom. Instead, a reactisgipdison balance dominates the in-
termediate scalar gradients, driven by the premixed flanuetsire.

A new model for the ratio of intermediate species and pragvasiable mixing rates is pre-
sented. The model employs the species gradients obtaim@ddminar flames to estimate the
relative magnitude of the species dissipation rates inuhaeutent flame. The implied align-
ment of the species and progress variable provides a goodxapation since scalar gradients
parallel to the flame make only small contributions to thesighation rate. The use of laminar
flame data also provides a good approximation for the reatiagnitude of the species gradi-



ents, even in the thin reaction zones regime. The resultigrate prediction of the variation of
intermediate-progress variable mixing frequency ratmess the flame.
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