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1 Introduction

Combustion systems are constantly improved to achieve éifitiency and low emissions simulta-
neously. Moderate and intense low-oxygen dilution (MILD)“thameless” combustion is a potential
technology to achieve these requirements. In MILD condgi@l+3], the reactant temperatuf®, is
higher than the autoignition temperature of a given mixtarel the temperature rise during combustion,
AT =T, —1T,, is smaller than the autoignition temperature. In ordetlfersecond condition to be met,
the reactant mixture is highly diluted with the exhaust gdss gives a typical oxygen molar fraction in
reactant mixture oXo, , ~ 0.02 — 0.05. There are number of benefits from MILD combustion. First
the combustion efficiency is enhanced due to the high pristluegmperature [12-3]. Second, the pollu-
tant emissions or thermal NO formation is suppressed siginifiy because of the low flame temperature
and the low oxygen levels available for combustioH [1-3]JsdAlcombustion noise and instabilities are
significantly suppressed because of the small temperasareMILD combustion is represented using a
combustion type diagram as shown in [fig. 1a. The conditidtisree cases considered in this study are
also shown. All of these cases have the same equivalenoeprati0.8, but the reactants for Flame A
and Flame B are diluted to have respectiv&ly, , = 0.048 and 0.035 with HO and CQ, while Flame

C has undiluted mixtureXo,, = 0.194. These three cases clearly represent respectively MILD and
conventional premixed combustion conditions in the diagrahe temperature profile shown in Hig] 1b
for the one-dimensional MILD and conventional premixed #&nshows that the MILD case has very
small temperature gradients compared to the conventicaralkefl

Recent studies using laser diagnostids [4, 5]@df and temperature fields suggest that rection zones
are distributed in MILD combustion. This questions the usiamnelet based modelling approaches for
RANS or LES simulations of MILD combustion. Generally, aetit measurement of spatial variation
of heat release or reaction rate is not easy using laserabtige. However, it is a common practice to
infer heat release rate variation using representativespadific species concentrations detected using
laser diagnostics [6+8] for species molar concentratioch :s|CH], [CHO], [CH2O] and [OH]. In

the past, PLIF signals such &8sy, Scro, and the product of PLIF signalSon x Scr,o are used for
conventional flames [6+8]. For MILD combustion, howev&#; andScpo may not be suitable choices
since their SN ratio is generally low. The simultaneous PiblRging of Soi and Sc,o is possible
because of high SN ratio and it has been done quite commotdgén diagnostics studies of turbulent

flames|[[6, 9].

The objectives of this study are (i) to show ti%fi; x Sc,0 has a reasonable correlation with the heat
release rate field even for MILD combustion conditions, andd investigate the scalar gradient prob-
ability density function (PDF) obtained using PLIF imagesiet are deduced from three-dimensional
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Figure 1. A diagram showing combustion types [3] (a) and emafure variations in laminar MILD and
conventional flamesi(= 0 is the location of the peak heat release rate) (b).

diret numerical simulation (DNS) results. The numericatmd used for the DNS results is discussed
briefly along with a summary of conditions in S&¢. 2. The DN&utes are presented in Sé¢. 3. The
scalar gradient PDF is studied in Sek. 4.

2 Numerical method and combustion conditions

In this study, MILD and planar turbulent premixed methaireeambustion conditions with diluted
and undiluted reactants are considered using DNS methggo@ompressible transport equations are
solved on uniform mesh for mass, momentum, internal enargy,mass fractions. The transport prop-
erties are temperature dependent, and combustion kingtasdelled using a skeletal mechanism in-
volving 16 species with non-unity Lewis numbers. A tenthesrdentral difference scheme for spatial
and a third order Runge-Kutta scheme for temporal derieatare used. The computational domain is
cubic with non-reflecting in- and out-flow boundariescirand periodic boundaries jnandz directions.
The construction of initial and inlet mixture field for MILDombustion simulation is important, since
it has to account for mixing phenomena observed in MILD caostibn devices employing technologies
such as EGR, FGR and staged fuel injection. Thus, a parfiadiynixed mixture of burnt and unburnt
gases preheated using recovered exhaust heat are caoefindifructed following the steps reported in
Minamotoet al. [L0O]. The initial and inlet mixture field consists of all thpexies including radicals.
These inlet species mass fractions are varied temporargatahlly. This mixture has a small mixture
fraction fluctuation of about-5% of its mean value of 0.01 (Case A) and 0.008 (Case B). Thenag

of a reaction progress variable field based on the fuel mass$idn is about 0.09 with a mean value
of 0.5. Temperature also fluctuates withitb% of the mean temperature, 1500 K due to the mixing
process. For the premixed case, the preheat temperaturédaeuand is 600 K. The inlet mixture field
for the MILD and premixed cases is fed into the DNS domain atrtiean velocity of/;,,. Table[1
shows combustion and turbulence conditions of variousscesesidered in this study. The dilution lev-
els are shown as the maximum and spatial averag® oholar fraction denoted respectively B§"
and (Xo, ). The laminar flame speed;,, Zeldovich thickness§r, and thermal thickness,,,, are
obtained from the planar laminar flame calculations. Please that the mixture composition of the
canonical laminar flames for the MILD cases is based on thiadlgaaveraged mass fraction for major
species in the DNS initial field. Such canonical flame is fotmdell represents the burnt temperature
in the 3D DNS field. Also, since the diluted reactant mixtuiéhis canonical flame contains only GH
0,2, H,O and CQ unlike the DNS initial field, the reaction rate at inlet boangdduring 1D flame cal-
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Table 1. Thermochemical and turbulence conditions.

Case Xgl;); <X027T> SL(m/s) 5F(mm) Um/SL u'/SL lO/6F lO/éth Relo Da
MILDA | 0.048 0.035 2.62 0.138 9.6 3.80 123 1.70 67.0 3.25
MILD B | 0.035 0.025 1.66 0.217 15.1 9.88 6.8 1.15 96.1 0.69
Premixed| 0.194 0.194 2.57 0.064 3.0 2.19 123 2.11 385 5.64

culation is sufficiently small to carry out one-dimensiofiame calculation, even with high preheating
temperature conditions. The root mean square of turbulelocity fluctuationsy/, its integral length
scale,|y, and Reynolds number based igrare for the preprocessed inflowing mixture. The Damkohler
number, Da, is defined d3a = (ly/dr)/(u'/SL). The computational domain has a dimension of
Ly x Ly x L, =10 x 10 x 10 mm? for the MILD cases, and0 x 5 x 5 mm? for the premixed case.
The domains are discretised usifitR? and 384 mesh points for the MILD cases, respectively Cases
A and B, and12 x 256 x 256 mesh points for the premixed case. These numerical regplatisures
that there are at least 15 mesh points ingigle In order to minimise the effect of initial transients, the
simulation was first run for 1.5 flow through time), which is the mean convention time from the inlet
to outlet boundaries, for the MILD cases and apefor the premixed case. After these periods, the data
is sampled over onep and 0.567p to collect 80 and 93 data sets for the MILD and premixed cases
respectively.

3 Reaction zone structure

The z—y slice of normalised reaction rate of progress variable dasetemperaturey;, , is shown for
the MILD B and the premixed cases in Figk. 2 (a) and (b). Hegestiperscript “*” denotes an normal-
isation using the global maximum value in the respective-divoensional slice, and the surperscript
“+” denotes an appropriate normalisation using the lamiflzame quantitiesp,., S;, andd;y, wherep,.

is the density of reactants. Contours of the progress Marizdsed on temperaturey, are also shown
for e = 0.4, 0.6 and 0.8. These snapshots are taken=atl.57p andz = 0.5L, for both cases. The
spatial variation ofv  shows the nature of the heat release rate in the MILD B cas@a@d to the
premixed case. Because of the non-uniformity in the mixame relatively high turbulence level, the
reaction zones look more convoluted and distributed in thieDMcase compared to the premixed case.
The degree of convolution in the MILD A (not shown) seems $en&han in MILD B, although reaction
zone interactions are observed occasionally. The typézadtion zone thickness (coloured area) in the
premixed case is abodyf,. The typical thickness of non-interacting reaction zorseal$o aboub,;, in
the MILD case, and the reaction zones seem to be thickenetbdioieraction events.

The reaction progress variable variation overlaid in AB(8) and (b) shows non-flamelet features in
the MILD case. In the premixed case, the local peak of heatsel rate is always located at around
cr = 0.6. The two iso-contours af; = 0.4 and 0.8 are always parallel and follow 0.6 contour closely,
suggesting a thin-sheet like structure for the reactioregamith strong scalar gradients. On the other
hand, the iso-contours efr in the MILD case do not always show such a relation betwegnand
cr. The intense reaction regions do not always locate at ecpéatic and there seems no preferential
regions in the domain for the intense reaction. Contours;0f= 0.4 and 0.8 are not parallel and the
distance between them suggests a very smatjradient compared to the premixed flame. However,
there are regions where- and intense reaction rate are aligned as in the premixed tapd/ing
flamelet like combustion. Such co-existence of flamelet amtftamelet like reaction zones is due to
the inhomogeneous and diluted mixture field.

Figured2(c) and (d) show the product fielgf,, = (Son x Scu,0)* for both cases considered. Here,
the PLIF signals are deduced 8gn,0 = [CH,O]T'~® and Soy = [OH]T'~#, wherea = 2.6 and
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Figure 2. Spatial variations of;;. (colour) andcr (lines) in the midz-y plane att = 1.57p for the
MILD B (a) and the premixed (b) cases. Dashed ling:= 0.4, solid line: 0.6, and dash-dotted line:
0.8. Spatial variation ab;_, is also shown for the MILD B (c) and the premixed (d) cases.

B = 0 are used, considering temperature dependence of thes[@haHowever, the parameters,and

3, are found not to unduly change the conclusions in this stédthough there are local differences
compared to Figél2(a) and (b), the overall reaction zonpeshare reasonably captured for both cases.
The typical thickness of non-interacting reaction zonesaso well represented by the product field.
Therefore the conventional method to estimate the heagelmte using.., is also applicable for the
MILD combustion.

4 Conditional PDF of scalar gradient using PLIF images dedued from DNS

The scalar gradient PDF conditioned on the reaction ratevisstigated to further insights into the
flamelet or non-flamelet behaviour of the MILD combustion.r Elassical turbulent combustion with
thin reaction zones, the flame normal component of a scadaligt is very large compared to the tan-
gential component. Hence statistically the relation betwthe normal component of the scalar gradient
and the reaction rate in the turbulent premixed combustionldvbe close to that of the respective lam-
inar flame. However, since three-dimensional scalar measemts are not generally easy to carry out,
two-dimensional scalar gradients are considered for thidys The normal and tangential directions,
and the scalar gradient are calculated here based on tHedaction ratesw.s;, and a progress vari-
able, c.st = Somn/Somn max, respectively. Althougle..; distribution cannot be fully representative of
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Figure 3. The PDF of); (thick green line) and), (thin red line) conditioned on estimated reaction
rate,w?.,, for MILD B (a) and the premixed case (b). The grey thick lin¢he respective laminar flame

est?

solution, (¢}, w?,,). The PDF shown in the right subseti§;" |w},, = 0.50).

the actual progress variable field sin€eH| behaviour is non-monotonic with respectdp, the local
direction ofc.4 gradient obtained at the deduced reaction zones is founel ¢tobe to that of the actual
progress variable gradient.

The conditional scalar gradient PDF is constructed asvialloThe reaction surface is identified using
the local minimum value oVw},, subject tow},, > wes,1, Wherew,s 1 = 0.5. This surface is then
expressed asf.(s), f,(s)) for a particular 2D plane, wherg is a local coordinate on the surface.
The normal vectorp, of the surface is first calculated as = (—df,/ds, df,/ds) for the 2D plane.
The similar procedures are followed for the tangential ®eat,. The samples required to construct
the gradient PDFs are collected along either in normal ggeatial directions for-24,,. The scalar
gradients are transformed into logarithmic scalezpas = In(Vc/, - n;), due to the log-normality

est

of the scalar gradient, and the conditional PDF is obtaimethfthe joint PDF using? (v} [w?y,) =
P(w;r’w:st)/P(w:st)'

Figure[3 shows the conditional PDF for the normal and tangeobmponents. A comparison of the
laminar flame solution and the conditional PDF for the presdixase shows that the most probable
normal scalar gradient agrees with the laminar flame solgimgesting the flamelet combustion. How-
ever, for the MILD case, such an agreement in the normal isgadalient is not observed. Moreover,
the PDF is relatively broad compared to the premixed caselogecstudy of the subset PDF, where
PDF of the scalar gradient is shown fof,, = 0.5, the difference in the PDF peak locations for the
normal and tangential components is much smaller in the MtBBe than in the premixed case. This
signifies weaker directional features of the scalar gradiethe MILD B case. The conditional PDF in
Fig.[3a suggests that reaction zone behaviour is less flalikelén the MILD case in a statistical sense,
although the gradient somehow increases with the reaci@n suggesting flamelet like behaviour for
MILD combustion. Similar scalar gradient behaviour is oled in the other MILD case as well (not
shown). Similar conditional PDF using 3D scalar gradiemtdated from the actual progress variable
and the actual heat release rate is also constructed fa dases (not shown in this paper, but will be
discussed in the presentation). A comparison of the camditiPDFs from the 3D field to those obtained
from the deduced PLIF images, shown in [Elg. 3, suggestshbdater PDFs can capture the scalar gra-
dient behaviour of both cases as much as the former full 3D &ddFdo. The PDF constructed here
would be also useful in both numerical and experimentalistuid investigate flamelet and non-flamelet
behaviour of turbulent flames in general.
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5 Summary

Scalar gradient behaviour in diluted (MILD) and undilutedoulent premixed combustion is studied us-
ing DNS. A skeletal mechanism is employed for methane-airtmgstion with non-unity Lewis numbers.
The reaction zones are distributed for the MILD case, anutsheet like for the premixed case. The
instantaneous heat release rate is compared with the mgeelly measurable field o x Sc, o0,

and a close resemblance of these two fields is observed forchses. The scalar gradient PDFs condi-
tioned on the heat release rate are constructed using theliRelimages deduced from the DNS data.
These PDFs show that the flamelet behaviour appears less MIttD case compared to the premixed
case. It seems that these PDFs can provide a robust sttistthod to assess flamelet and non-flamelet
turbulent combustion using laser diagnostics.
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