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Abstract

Three-dimensional direct numerical simulation (DNS) afbtent combustion under
moderate and intense low-oxygen dilution (MILD) conditomas been carried out in-
side a cuboid with inflow and outflow boundaries on the upstraad downstream faces
respectively. The initial and inflowing mixture and turbute fields are constructed care-
fully to be representative of MILD combustion conditionsaiving partially mixed pock-
ets of unburnt and burnt gases. The combustion kinetics defteal using a skeletal
mechanism for methane-air combustion, including nonyunéwis numbers for species
and temperature dependent transport properties. The DNSslanalysed to study the
MILD reaction zone structure and its behaviour. The resshtsw that the instantaneous
reaction zones are convoluted and the degree of convolitgreases with dilution and
turbulence levels. Interactions of reaction zones ocaquently and are spread out in a
large portion of the computational domain due to the mixtue-uniformity and high tur-
bulence level. These interactions lead to distributed amtbn yielding a non-flamelet
like appearance despite the presence of thin reaction 2ooaly. A canonical MILD
flame element, called as MIFE, is proposed which represkataveraged mass fraction
variation for major species reasonably well, although by fldpresentative canonical ele-

ment needs to include the effect of reaction zone intemastiom the mean reaction rate.

Keywords: MILD combustion, flameless combustion, Direct numericahdation

(DNS), Reaction zones



1 INTRODUCTION

There is still a need to design combustion systems with ingat@fficiency and reduced
emissions, and thus alternative combustion technologesyplored constantly to meet
this requirement. Fuel lean premixed combustion is knowbedaa potential method
to meet the above two demands simultaneously, but it is ighsceptible to thermo-
acoustic instability. One method to avoid the instabil#yo preheat the reactant mixture
by using recovered exhaust heat. This would also improveveeall system efficiency
while improving the combustion stability. However, pretieg increases the flame tem-
perature in conventional premixed combustion, leadingrtonarease in thermal NO
formation. This adverse effect of preheating limits thegpaial for efficiency improve-
ment in a system employing conventional premixed combogé&ohniques.

The combustion of reactant mixture diluted with burnt pratdus a viable technology
to achieve high combustion efficiency with low levels of bottemical and noise pollu-
tion (Wunning & Winning, 1997; Katsuki & Hasegawa, 199&\@aliere & de Joannon,
2004). This technology is used mainly in furnaces predontigaemploying internal
recirculation of hot products to maintain combustion digband to achieve low oxy-
gen level to suppress NGormation (Wiunning, 1991; Woelk & Wunning, 1993). This
type of combustion is commonly known as “flameless” or MILDddérate and Intense
Low-oxygen Dilution) combustion, which is characterisgdhighly preheated reactant
mixtures and low temperature rise across the reaction zZoygcally, (1) the reactants
are preheated to a temperatdie which is larger than the autoignition temperatiig,
of a given fuel, and (2) the maximum temperature ri8&;, = 7, — 7, is smaller than
Tien, WhereT), is the product temperature (Cavaliere & de Joannon, 2004)s dmall
temperature rise results from intense dilution with praddeading to the low oxygen
level available for combustion. The products also contdiancgically active radicals,

which help to achieve stable combustion. Combustion undémDMonditions can be
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Figure 1. A diagram showing combustion types and combustmalitions considered in
the present study (Cavaliere & de Joannon, 2004).

distinguished from piloted and high temperature air (HiJAGmbustion using a simple
diagram involvingAT', T, andTi,, (Cavaliere & de Joannon, 2004), and this diagram is
shown in Figure 1. The four cases, Cases Al, A2, B1 and C, rdankilis diagram are
DNS cases investigated in this study, which are explainsgation 2.4.2.

The combustion efficiency is enhanced under MILD conditidas to high preheat-
ing temperature using recovered exhaust heat (Wunninguamig, 1997; Katsuki &
Hasegawa, 1998; Cavaliere & de Joannon, 2004). The ther@alfdrmation is sup-
pressed significantly due to low combustion temperatuesanigl intense dilution (Wunning
& Wunning, 1997; Katsuki & Hasegawa, 1998; Cavaliere & dantwn, 2004; Mohamed
et al,, 2009; Krishnamurthet al., 2009; Li & Mi, 2011). Typically, it takes a few seconds
to produce a substantial amount of thermal N& around 1900 K and this reduces to
few milliseconds when the temperature is about 2300 K (Viign& Wiinning, 1997).
The maximum temperature is, however, typically much lowsmt 1900 K in MILD
combustion with a methane and air mixture (Winning & Wingpil997; Cavaliere &
de Joannon, 2004), and thus the rate of,N@mation is usually very low under MILD
conditions. Also, the interaction of combustion and acoass suppressed because of the

small temperature rise occurring more or less in a homogene@nner over a broad re-



gion. This suppression occurs even when the exhaust gasuiation rate exceeds 30%,
which is an upper limit for combustion systems with ambien{\&/tnning & Winning,
1997; Katsuki & Hasegawa, 1998). High preheating tempegatonditions also allow
combustion to be maintained even in a high-velocity jet figithout a need for internal
recirculation zones (Wunning & Wunning, 1997; Cavali&ee Joannon, 2004; Med-
well, 2007). Thus, MILD combustor design is not constraitgdthe requirements of
recirculation zones or flame holders, which is advantagémusigh-speed combustion.
Furthermore, MILD conditions are achieved quite straigivfardly in practical devices
using exhaust or flue gas recirculation (EGR or FGR) techlesqu staged fuel injec-
tion (Winning & Winning, 1997; Hayashi & Mizobuchi, 201These advantages have
renewed the interest on MILD combustion as one of the “gréectinologies for thermal
power generation. However, the science of MILD combustioturbulent flows is not
well understood.

The scientific questions for this study are as follows. (1¢ Atense reaction rates
confined to thin reaction zones or distributed? (2) What esgtructure of these reac-
tion zones? These two questions arise from the followingpestives. Experimental
results have shown that thin reaction zones cannot be disddérom direct photographs
of MILD combustion (de Joannoet al., 2000;Ozdemir & Peters, 2001; Krishnamurthy
et al., 2009) unlike conventional premixed combustion. Alsoy¢hare conflicting views
from laser thermometry suggesting distributed reactiomezoand PLIF (Planar Laser
Induced Fluorescence) images suggesting the presencenaggttion zones in MILD
combustion (Plessingt al., 1998; Ozdemir & Peters, 2001; Duwigt al, 2012; Dally
et al, 2004). These views call into question the common use of fleinbased turbulent
combustion models for MILD combustion (Coelho & Peters, Z0Dally et al,, 2004;
Duwig et al., 2008). These models assume that the combustion lengéssaa typically
smaller than the turbulence length scales.

The aim of this study is to find answers to the above two questiyy conducting



detailed interrogation of direct numerical simulation (B)\data of turbulent MILD and
conventional premixed combustion. The DNS methodology @ntstruction of EGR-
mixtures containing unburnt and burnt gases for MILD contilbnsare explained in detail
in the next section. The governing equations solved and flmvcambustion conditions
considered in this study are also discussed in section 2presentative flamelet, called
as MILD Flame Element (MIFE), for MILD combustion is introded in section 2.4.1.
The results on the MILD reaction zones and their structueedecussed in section 3. The

conclusions are summarised in the final section.

2 DIRECT NUMERICAL SIMULATION

Direct numerical simulations of canonical combustion neosléch as premixed and non-
premixed combustion in turbulent flows are able to providewited information for
hypothesis testing and model verification. Such simulatisth multi-step chemical
kinetics in three dimensional turbulence have been rewdeweChen (2011). The use
of multi-step chemistry is important for MILD combustiondagise of the role played
by radicals and intermediate species present in the diluEot example, a chemical
mechanism involving 84 reversible reactions and 21 spdwssbeen used in previous
two-dimensional direct simulation of MILD combustion inwter flowing streams of
oxidiser and fuel with fuel mixtures containing methane hgpdrogen (van Oijen, 2013).
A three-dimensional direct numerical simulation of MILDrobustion of a methane-air
mixture in inflow-outflow configuration has been conducteglaing 16 species and 36
elementary reactions by Minamagbal. (2013) which forms the basis for the calculations

considered in this study.



2.1 Numerical Method

The numerical code used in this study is called SENGA2 (Cz012), which has been
used in previous studies of turbulent premixed (Dunstai, 2011, 2012) and MILD (Mi-
namotoet al., 2013) combustion. This code solves fully compressibleseoration equa-

tions on a uniform mesh for mass:
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and for the mass fraction,, of speciesy:
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where all symbols have their usual meaning and Fick’s lavesuimed for the diffusive
species mass flux. The conservation equations for massofrast solved forN — 1
species and the mass fraction’éf* species is obtained &5, = 1—>__ Y,,. The viscous

stress tensory;, and the heat flux vectog;, are respectively given by:
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wherey andh,, are respectively the dynamic viscosity of the mixture areléhthalpy

of speciesy. The temperature dependence of the transport coefficieriggproximated
using fifth-order polynomials. The diffusion coefficient gfpecies, D,,, is based on
non-unity Lewis numbers for th& species involved in the chemical kinetic mechanism
used in the simulation. A skeletal mechanism involving 1écégs and 36 elementary re-
actions (Smooke & Giovangigli, 1991) is used in this studgnimic combustion kinetics.

The thermal equation of state for the mixture is:
N
Y,
=pR'TY = 7

whereRY is the universal gas constant aid, is molar mass of species

The spatial derivatives in the above equations are appaieithusing a tenth order
central difference scheme which gradually reduces to dlarder scheme near compu-
tational boundaries. The integration in time is achievadgia third order Runge-Kutta
scheme, although a fourth order scheme can be used in SENG#&2above equations
are to be specified with initial and boundary conditions befaumerical solutions can be
started. These conditions depends on the flow configuratidritaus the choice of the
flow configuration is described next, followed by a descoptof initial and boundary

conditions used in this study.

2.2 Flow Configuration

In practice, MILD combustion is achieved typically by injexy fuel and air into either
a recirculating flow or a stream containing hot products. hese configurations, the
conditions for MILD combustion are achieved despite thatkehtime available for the
fuel to mix with oxidiser because of the high momentum of #te {Katsuki & Hasegawa,
1998; Dallyet al, 2002; Cavaliere & de Joannon, 2004; Da#lyyal., 2004; Awosope
et al, 2006; Galletiet al, 2007; Li & Mi, 2011). Also, there is a possibility to find
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Figure 2. Schematic illustration of the two-stage approaciployed for the present
MILD combustion DNS. Left box: mixing DNS domain. Right bogombustion DNS
domain.

inhomogeneous mixture containing pockets of unburnt andthgases. The unburnt
pockets can be made of either pure fuel or oxidiser or reanotatiure, depending on the
arrangement of the fuel and air jets. The reactant mixtureisuniform in space and
time, and the sizes of these pockets determined by the ambaiconditions are expected
to be random. The inhomogeneous mixture can either auteigmiestablish a flame
depending on local turbulence and thermochemical comdititt is reasonable to expect
mixing of fuel and oxidiser leading to formation of unburwigkets containing flammable
mixture before a flame or an autoignition front is establishe

Direct numerical simulation of a complete MILD combustoratving EGR or FGR
or staged fuel injection techniques is not feasible at thie because of the heavy compu-
tational cost involved. A two-stage approach is followetete mimic the essential phys-
ical processes noted above in a DNS of MILD combustion insidgemple cuboid with

inflow and outflow boundaryT his approachs illustratedin Figure2. Thefirst stage o

bedescribedn detailin section2.3,involvesa carefulconstructiorof theinhomogeneous

mixturefor theinitial/inflowing mixturefield whichis representativef MILD conditions.

The stageis denotedin left box in Figure2. The secondstageis the DNS of turbulent

MILD combustiorusingtheinhomogeneoumixture constructedn thefirst stageasthe




initial/inflowing conditions. The flow configuration used in this study is a cuboid with

inflow and outflow conditions in the streamwise direction;These boundary conditions
are specified using the Navier-Stokes characteristic banyrmbnditions (Poinsot & Lele,
1992). The other two directiong,andz, of the computational domain are specified to be
periodic.

In the combustion DNS (the second stage), the inflowing méxhas pockets of ex-
haust and fresh gases, and flows at an average velocify, dfom the inflow boundary
located atr = 0 of the computational domain. The construction of this inflogvand
initial fields follows four steps described in the next sudtigm. The turbulence velocity,

mass fractions, and temperature fields at the inflow bouratargpecified respectively as

u(x:07y7z7t) = ﬁ[z(t),y,Z], (8)

Yi(x =0,y,2,t) = Yilz(t),y, 2], (9)
and

T(x:07y7z7t) - T[g(t%y?Z]? (10)

where the quantities with a hat denote the preprocessed feldiz(¢) denotes the: lo-
cation of a scanning plane at timenoving at a velocity ol/;,, through the preprocessed
fields. In order to contrast the behaviour of reaction zonédliLD combustion, a stan-
dard turbulent premixed flame inside the cubic domain is alswlated in this study.
This simulation has the same setup except for the inflowingsnfi@ction and temper-
ature fields, which are made of homogeneous and uniform ahigases of the same

equivalence ratio as for the MILD cases.
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2.3 Construction of Initial and Inflow Fields

The steps involved in the first stage of MILD combustion DN8aacted in this study is

described in this subsection.

Step (i)

Step (ii)

Step (iii)

A turbulent velocity field is generated in a preliauip DNS of freely decay-
ing homogeneous isotropic turbulence inside a periodi®iclb This flow
field is first initialised using a turbulent kinetic energyesfrum (Batchelor &
Townsend, 1948) as described by Rogallo (1981). After thiglisation, the
simulation is continued until the velocity derivative skexgs reaches an ap-
proximately a constant value of -0.5 representing a fullyettgped turbulence

field.

One-dimensional laminar flames freely propaggiitio reactant mixtures of
a desired MILD condition are calculated using the skeletathanism of
Smooke & Giovangigli (1991). The reactants for these lamfteames are
diluted with products of fully burnt mixtureXy,o : Xco, = 2 : 1), and the
mole fraction ofO, in the reactant mixtureXo, . is matched to the desired

dilution level.

An initial homogeneous scalar field is obtainedspgcifying a scalar-energy
spectrum function as in Eswaran & Pope (1987). This scaldrifiéaken as an
initial field of a reaction progress variable, defined-as= 1 —Y;/Y;, taking
values between 0 to 1. The same initigl field is used to initialise all the
MILD combustion simulations conducted in this study. Thelfmass fraction

is Y and the subscript;, denotes reactant mixture. The flame solution from
Step (ii) is then mapped to this- field to obtain the spatial variation af,,
and the temperature is set to a constant valug,pfo be specified later. The
fluctuations in the scalar field obtained as above do not yet &iay correlation

with the turbulence field obtained in Step (i).
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Step (iv) These scalar and turbulence fields are then allawedolve in the periodic
domain to mimic the EGR-mixing without any chemical reacti®his mixing
DNS is run for one large eddy timéy/v’, which is much shorter than the
autoignition delay time for the chosen mixture. This allave correlation
between the turbulence and scalar fields to develop. Themean-square
(RMS) of the turbulent fluctuations obtained in Step (iyisand its integral
length scale i€,. The internal energy equation, Eq. (3), is also solved is thi
step to mimic the evolution of temperature during the mixangcess, which
results in a maximum temperature fluctuation of about 2% einiean value,

T,,. Also, dueto the mixing processgquivalenceaatio and mixture fraction

fluctuate andtheir RMS arerespectivelyaround0.01and0.001.

The spatial variation of thé, field obtained in Step (iii) is shown in Figure 3a and
its probability density function (PDF) is shown in Figure @bing a grey dashed line.
The PDF values are multiplied by 0.1 to fit in the scale showthis figure. This PDF
is bimodal because the mixture composition constructedtep 8ii) uses the laminar
flame structure calculated in Step (ii). This field is usedastruct the initial and inflow-
ing fields for the three MILD cases investigated in this stady the difference comes
only from Step (iv). As noted above, this step mimics the EGRimg before chemical
reactions begin. This mixing process is bound to create kmmwath ¢y in the range
0 < ¢y < 1, which is signified by the PDFs shown in Figure 3b for the thrases,
Case Al, Case A2 and Case B1, which are described in sectioAl20, there are pock-
ets of unburnt and burnt gases because of the partial pregnad noted earlier based on
physical reasoning.

Typical spatial variations of the mass fraction fields atedl at the end of Step (iv) are
shown in Figure 4. These fields are showndor Yo,, Yii,0, andYoy for Case B1. Due
to the intense dilutiony, is smaller thar¥i;,o. As noted earlier, the species fields com-

puted in Step (iv) have evolved with the turbulence resgliima mixture field where both

12



« x0.1

X

(@) (b)

Figure 3. (a) Typical spatial variation of field obtained in Step (iii), the field is shown
for mid z-y plane. (b) Typical PDF ofy in the field obtained during the preprocessing.
Grey dashed line: initial field obtained in Step (iii), blastilid line: preprocessed field
obtained in Step (iv) to be used for Case Al, black dashed foreCase A2, and black
dash-dotted line: for Case B1.

well-mixed and partially-mixed mixtures of exhaust andsfrgases exist in the domain.
Radicals and intermediate species also exist in the donsagi@wn in Figure 4d. This
mixture flows through the inflowing boundary of the computasl domain for MILD
combustion as in equations 8 to 10.

The mean and variance of the field obtained at the end of Step (iv) are respectively
(éy) =~ 0.50 and (¢2) ~ 0.09 for all MILD cases considered in this study. The variation
of Bilger's mixture fraction (Bilgeret al, 1990) in the preprocessed field is abétit%
of the mean valug(¢). The equivalence ratio obtained using= (1 — &)&/(1 — £)&q,
where¢, is the stoichiometric mixture fraction value, gives a meatug of (¢) = 0.8
for all the cases considered in this study. The calculatiofiis based on the pure fuel
stream and an oxidiser stream of air diluted with productsdesired level of oxygen.

Using the preprocessed initial/inflowing mixture field, 812 DNS of MILD combus-

tion is carried out based on the method explained in sectibn 2
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2.4 Turbulent Combustion Conditions
2.4.1 Introduction of MILD Flame Element

The one-dimensional unstrained laminar flames used in Sidegetcribed above for
the initial field construction are named as Flames A and B lier MILD cases. The
one-dimensional laminar flame used for initial field constian of the premixed case is
Flame C.Typical species mass fraction variations are shown in fi§arr Flame A. The
product mass fractions are non-zero in the reactants dinetditution. The temperature
variations in these laminar flames are shown in Figure 5blagid thermochemical prop-
erties are summarised in Table 1. The values of reactant fraaiions, X ,., indicate the
level of dilution in the reactant mixture of these laminanfts. The laminar flame speed,
Sy, Is a few metres per second because of the high reactant tatuge 7., resulting
from preheating. The thermal thickness is calculated,as= (7, — T.)/|VT |max- The
autoignition delay times,,,,, of these diluted mixtures are also given in the table.

Flame C is a classical premixed flame, which is indicated byadhge temperature rise
seen in Figure 5b and the reactant mole fractions listed lueTh

The temperature rise across the laminar flames with theedilannd preheated mixtures
is observed to be relatively small, about 370 K for Flame A @80 K for Flame B.
This is typical of MILD combustion. Spatial variations ofespes mass fraction in the
inflowing mixture fields are inevitable, as seen in Figure Aewthe MILD combustion
occurs in three dimensions and it is not possible to reptasenspatial variation in a
representative 1D laminar flame. Indeed, the effect of auwit dilution resulting from
spatial variation reduces the burnt mixture temperaturdénturbulent cases by about
150 K compared to the respective laminar flames (Minanedtal., 2013). To account
for the dilution effect even for laminar flames, the masstfoars of major species in
the reactant mixture are computed based on the volume avefdlje respective species

in the preprocessed DNS initial field obtained in Step (iv3atied in section 2.3. A
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Figure 5. (a) Mass fraction variations of species,,C6,, H,O, CO,, OH and CO for
Flame A. (b) Temperature variation in one-dimensional leanflames used for the MILD
and premixed combustion cases.

Table 1. Summary of laminar flame properties. Units are Kykg) metre and second.

XCH4,T‘ XOQ,T’ XHzO,r XCOQ,T’ TT’ Tp SL 1035th 1037_ign
Flame A|| 0.019 0.048 0.121 0.061 1500 1865 3.20 0.69 5.0
FlameB| 0.014 0.035 0.132 0.066 1500 1775 2.15 0.94 6.7
Flame C| 0.078 0.194 0.0 0.0 600 2179 1.18 0.37 -
MIFE A || 0.0095 0.0349 0.136 0.064 1500 1692 2.62 1.00 5.4
MIFE B | 0.0060 0.0248 0.143 0.068 1500 1624 1.66 1.29 7.0

laminar flame having this reactant mixture is named as MIL&ntd Element (MIFE) in
this study. As one would expect, this averaging yields s$icgntly smaller mole fraction
values as noted in Table 1 for MIFEs A and B compared to the &afnand B. Also, the
burnt mixture temperaturé,,, is only about 27 K higher than the DNS values (this is the
maximum difference observed). For these reasons, MIFE&kea to be representative
canonical candidates for the MILD combustion cases ingattd in this study and their
thermochemical attributes listed in Table 1 are used to abse the respective DNS
results. For example, length, gradient of reaction pragvesiable and reaction rate are

respectively normalised using,, 1/d,, and p,.S;. /0. The normalised quantities are

denoted using a superscript “+”.
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2.4.2 Conditions for turbulent MILD combustion

Three MILD cases and one classical premixed combustion asssimulated directly
using the initial and incoming fields generated as descrédaetier in section 2.3. The
turbulence and thermochemical conditions of these fouexase given in Table 2. The
thermochemical conditions for the Cases Al and A2 are basddame A. Thus, they
have the same dilution level, but their turbulence condgiare different as shown in
Table 2. Case Al has the same turbulence field as in Case Bdsésithe same thermo-
chemical conditions as Case A2. All of the four cases havejaivalence ratio of = 0.8
and the autoignition temperature for this lean methaneaaiture is 1100 K. The tem-
perature of the initial and inflowing mixture is set to bg ~ 1500 K for the MILD
combustion cases, and 600 K for the premixed combustion Cagke high value of,,
for the MILD combustion is comparable to that used by Suzwkeial. (1997) in their
experiments. This inlet temperature together with the logéeniraction of Q suggests
that the combustion conditions are strictly in the MILD megias shown in Figure 1.

The maximumXg:*x and averagedXo, ) mole fractions of oxygen in the reactant
mixture for the MILD cases are significantly smaller than €@ase C because of the
high dilution levels (see Table 2). These dilution levels aomparable with previous
studies (Katsuki & Hasegawa, 1998; de Joanabal., 2000; Cavaliere & de Joannon,
2004).

The values of meari¢) and stoichiometric,, mixture fractions are also given in
Table 2. The RMS of velocity fluctuations and the integralgiénscale of the initial
turbulence field are denoted respectively.aand/, in Table 2. The Zeldovich thickness
isdr = (Apc,)/SL, where) andc, are respectively the mixture thermal conductivity and
specific heat capacity at constant pressure. The ReynoldbenRe,, = u'ly/v,, with
v, as the kinematic viscosity of reactant mixture, is variespeetively from 67 to 96 for
the MILD cases.The Reynolds number based on the Taylor microsgagealso shown.

An estimate of the Reynolds number for MILD combustion inimas studies (Oldenhof

17



Table 2. Conditions of turbulent combustion consideredhis $tudy

Xglj); <X0277«> <£> fst Um/SL UI/SL 10/5F lo/(sth Relo()\) Da Ka

Case Al| 0.048 0.035 0.011 0.014 9.6 6.26 108 148 982 1.72 4.78
Case A2|| 0.048 0.035 0.011 0.014 9.6 3.80 123 170 6z2® 3.25 211
Case B1| 0.035 0.025 0.008 0.010 15.1 9.88 6.8 115 983 0.69 11.9
CaseC| 0.194 0.194 0.044 0.055 3.0 219 123 211 38% 564 0.92

et al, 2011; Duwiget al, 2012; Medwell, 2007) using the information for reacting je
flows (Buschmanet al,, 1996; Cheret al., 1996; Duwiget al, 2007; Pfadleet al., 2008)
suggests that the values BE;, in Table 2 are comparable to those for previous MILD
combustion experiments. The turbulence level for Caseéptémixed combustion case,
is deliberately set to be a small value to help to contrasb#teviour of reaction zones
and their structure in MILD conditions and in premixed corsiiion with large Damkohler
number. The Damkohler and Karlovitz numbers are defineDsas= (ly/dr)/(u'/SL)
andKa ~ (u'/S1)*?(ly/6r)~ /2. The three MILD cases are in the thin-reaction zones
regime, and Case C is near the border between the thingaamtnes and corrugated

flamelets regimes in a turbulent combustion regime diagPRetefs, 2000).

2.4.3 Computational detail

The computational domain is of siZg x L, x L, = 10.0 x 10.0 x 10.0mm? for the three
MILD cases and_, x L, x L, = 10.0 x 5.0 x 5.0 mm? for the premixed flame, Case C. If
the computational domain is normalised usipgof the respective laminar flames (MIFEs
for MILD and Flame C for premixed cased); x L x LT = 10° for Cases Al and A2,

(7.75)3 for Case B1, an@6.7 x 13.4 x 13.4 for Case CThesedomainsarediscretised

using512 x 512 x 512 meshpointsfor CasesAl andA2, 384 x 384 x 384 meshpoints

for CaseB1, and512 x 256 x 256 meshpointsfor CaseC. These meshes ensure that

there are at least 15 mesh points inside the respective #héniokness),,.

The simulations of the MILD cases were run for 1.5 flow-throtighes to ensure that

18



the initial transients had left the domain before collegtiata for statistical analysis. The
flow-through time is defined as, = L, /U;,, which is the mean convection time from the
inflow to the outflow boundary. The simulations were then cwred for one additional
flow-through time and 80 data sets were collected. For Ca88 Gata sets were collected
over a time of).567, after allowing one flow-through time for initial transienitsexit the
computational domain. These simulations have been runayn X6 systems using 4096
cores with a wall-clock time of about 120 hours for Case A1@ade A2, which have the
largest number of mesh points, and using 16384 cores witho86stof wall-clock time

for Case C.

3 Results and Discussion

3.1 Temperature Field in MILD Combustion

Volume rendered images of temperature field for MILD (Casgdid premixed combus-
tion (Case C) cases are shown in Figure 6. These snapshtakaneat = 1.57, looking
through thez-direction and the colour map used is the same for both cétsce, these
figures can be compared directly as is often done in expetswsing direct photographs
of flames. There are no visible flames or high gradient framtthé MILD combustion
case shown in Figure 6b unlike the premixed case in Figure l&aevflame fronts are
apparent. These results show that the MILD combustion densdl in the present study
indeed has a relatively uniform temperature field comparéke premixed case, and such
an observation is similar to those observed in the previgpsrmental studies (de Joan-
nonet al, 2000;0zdemir & Peters, 2001; Krishnamurtayal, 2009).

The PDF of a reaction progress variable= (1'—-1,.)/(1,—1,) is shown in Figure 7
for the same cases as in Figure 6. The results are shown flereghit streamwise locations
across the computational domain. These PDFs are construsieg samples from the

entire sampling period. The PDFs for Case C in Figure 7a slypwal behaviour of
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Figure 6. Comparison of typical volume rendered tempeedietd in (a) premixed case
and (b) MILD combustion, Case B1.

the progress variable in premixed combustion. The location= 7.48, 17.5 and 25.9
correspond respectively to upstream, inside and dowmstpesitions of the flame brush.
These PDFs have sharp peaksat~ 0 and close ta:; ~ 1, and the probability of
finding intermediate values is very small for all the locaishown in this figure, which
results from combustion in thin reaction zones with a strecajar gradient as observed
in Figure 6a. Specifically, the PDF at™ = 17.5 shows a bimodal distribution afr,
which peaks at = 0 and 0.92. The PDF peak does not occut;at= 1 because of the
use of multi-step chemistry (finite rate chemistry) and thedisize of the computational
domain. A much longer domain is needed to observe the equilibtemperature of the
product,T,,.

The PDFs ot for the MILD case, however, show neither sharp peaks nor tatiiky
for the locations depicted in Figure 7b. The PDF for a locatiear the inlet boundary,
xt = 0.30, has a relatively sharp peak at abowt= 0.05, showing that unburnt gases
are predominant at this location. This peak shifts towards= 1 as one moves in the
downstream direction, after reaching a plateau coveriagdahge).2 < ¢y < 0.7 for the

locationz™ = 2.9. This plateau suggests distributed combustion, althohigtcould also

20



20|
25.9

+_
15 X =7.48

PDF

10

5 L
0
0 0.2 0.4 0.6 0.8 1

Cr

(@)

Figure 7. Typical PDF of reaction progress variable baseteoperature at various"
locations for (a) Case C and (b) Case B1.

be due to thickening of the reaction zones despite the dwenalbustion conditions being
in the thin reaction zones regime. The physics behind tiegeming is different from that
for classical thin reaction zones regime combustion whezesinall scale turbulent eddies
enter the preheat zone and broaden this zone. The phystzagses responsible for the
thickening of the reaction zones in the MILD combustion asedssed in the following

section.

3.2 Reaction zone behaviour

The iso-surfaces of normalised reaction rate;ofalculated as} = wq/(p,Srome, (T, —
T,)) using the heat release ratg are shown in Figure 8 for the same cases as in Figures 6
and 7. The regions with intense reaction rate are boundedisb-surfaces ab, =1
for the premixed case as in Figure 8a. This is typical of tlabupremixed combustion
in the thin reaction zones regime involving high Da and lowrienbers. Such reaction
zone behaviour makes it possible to use flamelet type madgReters, 2000).

The reaction rate iso-surface shown in Figure 8b for the Bassuggests that chemi-

cal reactions occur over a larger region in MILD combustiatike in the premixed case.
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Figure 8. Typical iso-surface of reaction rate at 1.57p. (a)w. = 1.0 for the premixed
case and (b, = 2.0 for Case B1. Note that only.3 < 2+ < 22.2 of the computational
domain is shown for Case C in (a).

The reaction rate is not uniform and homogeneous in spaceeamnay expect to see based
on the volume rendered image shown in Figure 6b, which idaira a direct photograph
from MILD combustion experiments. These reaction zonesaylely convoluted with a
strong possibility for interaction between them. The highrsurface density near the in-
flow boundary observed in Figure 8b suggests that the MILDuméreacts as soon as it
enters the domain due to its elevated temperature. Thaurdaess become more sparse
towards the outflow boundary because of non-availabilitiuef for further reaction.

To develop further understanding of the reaction zone iehain MILD combustion,
2D slices ofw;_in a midz-y plane are plotted in Figure 9 using DNS data at 1.57p.
The premixed case is shown in Figure 9a and Cases Al, A2 anfltBé& BILD combus-
tion are shown respectively in Figures 9b, 9c and 9d. For temxed case, the reaction
zone is thin having a typical thickness of aboutj,;, as in Figure 9a, suggesting typical
flamelet-like thin reaction zones. Also, the intense resxticcurs along an iso-surface of
¢ = 0.6 which is also bounded well by thg: = 0.2 and 0.8 iso-surfaces as in Figure 9a.

This behaviour is well known for turbulent combustion in then reaction zones regime.
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Interactions between the reaction zones are observed i2Dhsdices shown for the
MILD cases in Figures 9b to 9d. The reaction zone thickneskearinteracting regions
have a typical thickness of abowd,;, to 3d;,, while it is aboutd;;, for non-interacting
regions. The reaction rate contours shown in Figure 9 swdbasregions of intense
reactions occupy a substantial volume in upstream regiens (0.5L,) for the MILD
cases. The volume occupied by intense chemical activitmsee decrease with stream-
wise distance for Cases Al and A2. However, Figure 9d shoatghk highly convoluted
reaction zones in Case B1 reach the outflow boundary, ancatiens occur more often
(see Figure 10) for Case B1 compared to the other MILD cases.

A comparison of Case C and Case A2, shown respectively in€sg@a and 9c, sug-

gests that the MILD reaction zones are highly convoluedpitethe similar valuesof

u'/Sp, lo/ér, andDa andKa numbersfor thesetwo caseqseeTable2). This suggests

that the reaction zone convolutions observed for the MILBesaare not caused solely
by turbulence-chemistry interactions. The effects of mmgtdilution leading to spatially
non-uniform combustion play a predominant role and thiobees clearer if one com-
pares Cases Al and A2 shown in Figures 9b and 9c respectiMedse two cases have
the same dilution level but different turbulence conditi@s noted in Table 2, and the
degree of convolution of their reaction zones observedguife 9 are similar. It is worth
noting that the value of’/S;, is about 65% larger and the valuelgfér is about 12%
smaller for Case Al compared to Case A2.

The dilution level does not only affect the thermo-chemimahdition but also the
turbulence-chemistry interaction because of a changeeiretative time and length scales
between turbulence and chemisftpmpareDa andKa of Case Al with those of Case B1)
Thus, there are compounding effects leading to dramatiogd®in reaction zone be-
haviour when the dilution level is changed. This is seenrbleédone compares Fig-
ures 9b and 9d in relation to the above observation for Catend A2. Cases B and Al

use the same turbulence field as noted in section 2.4.2, dulilttion level for Case B1
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Figure 9. Variations ab} _(colour) and:; (lines) in the midz-y planes for (a) Case C, (b)
Case A1, (c) Case A2, and (d) Case B1. Dash-dotteddine: 0.2, solid line:cr = 0.6,
and dashed line: = 0.8. Note that only5.3 < " < 22.2 of the computational domain
is shown for Case C in (a). Snapshots are taken=at.57p.
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Figure 10. Spatial variation af;_ in the midz-y plane for Case B1 at (&)= 1.757p, (b)
2.07p and (€)2.257p.

is larger than that of Case A1, resulting in ti@S;, value being 58% larger and thg'd »
value being 37% smaller for Case B1 compared to Case Al. Tdieseges alter the Da
and Ka number significantly by an order of magnitude althoBg}j is the same, and
thus the turbulence-chemistry interaction is expectecetquate different (Peters, 2000;
Swaminathan & Bray, 2005). For these reasons, one obserrgghdevel of reaction
zone convolution in Case B1 as shown in Figure 9d.

The contours of; are also shown in Figure 9 to convey another important observ
for MILD combustion. Unlike classical premixed combustidhe peak reaction rate
does not occur always for a particulaf value and the contours af- are not always
parallel to one anothemhis behaviour observed in the present MILD cases is suiygest
of non-flamelet type combustion, where reaction zones dpoe& over a large portion
of the volume.However, the presence of thin reaction zones is clearlyrebddocally.
The non-flamelet behaviour of the iso-contours results from the interaction of reaction
zones as has been observed in an earlier study (Minagtoah, 2013; Minamoto &
Swaminathan, 2013).

Figure 10 shows the reaction rate contours for Case B1 in ttie:m plane for three
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different times,(¢/7p) = 1.75, 2.0 and 2.25, to investigate the temporal variation of
reaction zone behaviour. The behaviour seen in this figurerissimilar to that observed
in Figure 9d.Thus, the interaction of reaction zones must be includedefuses flamelet
type models to simulate turbulent MILD combustiohhis becomes more important at
high dilution levels, which are of practical interest.

To shed more light on the different behaviour between teatpez and OH fields re-
ported in previous experiments (Plessigigal., 1998; Ozdemir & Peters, 2001; Duwig
et al, 2012; Dallyet al., 2004) as described in the introduction, the spatial viarnat
of normalised temperaturd* = (T — Tiin)/(Twax — Tmin), @and OH mass fraction
Yiu = You — Yonmin)/(Yor,max — Yo min) @re shown in Figure 11 as contours. The
subscripts “max” and “min” denote respectively the maximand minimum values in
the respective 2D slices and thiisandc; are almost identical, but not exactly the same.
Similar comparisons using laser thermometry and OH-PLI&ges have been reported
in previous experimental studies (Plessetgal, 1998;Ozdemir & Peters, 2001; Dally
et al, 2004; Duwiget al,, 2012).

The temperature increase is relatively gradual suggedisigbuted reaction zones,
while the OH field exhibits thin reaction zones with a stromgdient (compare the dis-
tance between dash-dotted and dashed lines in Figure luipgtamtial regions. A sim-
ilar comparison are observed in previous experiments §Rigst al, 1998;0zdemir &
Peters, 2001; Duwigt al, 2012; Dallyet al, 2004). Also, the DNS results suggest a
patchy appearance of reaction zones, which was also rejdoytBally et al. (2004). The
difference of these two fields is due to the effects of noriyuneéwis numbers and com-
plex chemical kinetics. These features cannot be repratifisengle step chemistry was
used for the DNS. To gain further understanding of the behaof the reaction zones,
their spatial structures are studied in the next subsebgonvestigating the variations of

species mass fractions and reaction rate with temperature.
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Figure 11. Typical spatial variations of the normalisedpenature, /™, (shown in a and
c¢) andYy (b and d) for Case B1. The contours are shown for theawygplane (a and b),
andy-z plane atz = L, /3 (c and d) at = 1.57p. The contour levels are 0.2 (dash-dotted

line), 0.4 (continuous lines), and 0.6 (dashed lines).
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3.3 Reaction zone structure in MILD combustion

Typical variations of species mass fractions with tempgeain the MILD Cases Al and
B1 are shown in Figure 12 as scatter plots. The conditiorexime mass fractiony;|7")
constructed using the samples collected over the entirplgagperiod are also shown in
Figure 12. Furthermore, the results of the laminar Flamesd\By, and MIFEs are also
included for comparison purposéihese plots can easily be converted¥dcr).

There is a large scatter irj for lower temperature because of inhomogeneity in the
inflowing mixture containing pockets of exhaust and fresktores. This large scatter
Is consistent with the field shown in Figure 4 for Case B1. Ttetter inY; reduces
as the temperature increases, because of the combinets effesombustion, molecular
diffusion and turbulent mixing. This mixing process redsitiee inhomogeneity in the
mixture leading to reduced scatterAsncreases.

As noted in section 2.3, the reactant mixtures for FlamesdBudo not include the
effect of additional dilution due to exhaust gas pocketsl, e oxygen mole fraction is
larger than the average value in the respective DNS casepg@re Tables 1 and 2). Thus,
the product temperature in these laminar flames is largerttiat in the respective DNS
as noted in section 2.4.1. Also, a comparison between Fléanaesl B solutions and the
conditional averagéY;|T") shows that the variations of mass fractions Witin Flames A
and B are not representative of the variations in the MILD bostion DNS. In contrast,
MIFEs seem to be representative of the MILD reaction zonegtstre at least for major
species (not all of them are shown here). The poor agreeraentfer the minor species
such as OH is because the reactant mixture for the MIFEs dudaalude intermediate
species which are present in the initial inhomogeneousurexor the DNS. However, the
agreement for minor species in Figure 12 is improved for MiEEmpared to Flames A
and B, because the additional dilution effect is includedh reactant mixture in the
MIFEs as explained in section 2.4.1.

Figure 13 shows the variation oij with ¢ for the three MILD cases considered
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Figure 12. Variation of species mass fractions,,G#, d), HO (b, €), and OH (c, f)
with temperature in the MILD combustion DNS (scatter), CA%€a—c) and Case B1 (d—
f). Continuous line: the conditional averagg|T") of the DNS results, dashed line: the
respective laminar Flames in table 1, and dash-dottedtheaespective MIFE in table 1.
The data for scatter plot is takentat 1.57, and conditional average is calculated using
data from the entire sampling period.
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in this study. The results for the classical premixed casseCC, are also included for
comparison. The data for the scatter plots is takeh-at1.57p, and the conditionally
averaged values are constructed using samples collecegdh®sentire sampling period
as has been done for Figure 12. The maximum value_/ofobserved over the entire
sampling period for a giveny is also shown in Figure 13. The scatterdury. for the
premixed case is smaller compared to the MILD cases and haalagtcr ~ 0.6. The
conditionally averaged reaction rate suggests that thie igeetion rate occurs at smaller
cr in the MILD cases compared to the premixed case. This bebawab(w; |cr) is
because the temperature rise in MILD combustion is gradueltd heat conduction to
non-burning regions containing relatively cooler product

The solution for the respective MIFE is also shown using d&dahsted line in Fig-
ure 13 and the results of Flame A and B are not shown, sinced&egte significantly
from the DNS and MIFE results as discussed in Figure 12. Algiothe trends in the
variations ofw/ with ¢y are similar to the DNS results, the quantitative agreement i
not as good as that for the major species mass fractions simoiigure 12. The peak
value of (w; |cr) in the MILD case is higher than the respective MIFE valud$e

differencebetweerthepeak(w. |cr) valuesin theDNS andtherespectiveMIFE solution

increasewvith increasingdilution andturbulencdevelsasshownin Figurel13; 0.54 for

Case Al, 0.41 for Case A2 and 1.66 for Case B1 as shown in Fidirdlso, there

is substantial reaction rate in the DNS fgr = 0 as indicated by the conditional re-
action rate, and this is not captured in the MIFE result. Téwuced reaction rate in
the MIFE is because its solution does not fully account far éffects of exhaust gas

pockets present in the initial/inflowing mixture§pecifically, the presenceof radicals

is not captured. Also, a MIFE hasa thin propagatingreactionzoneasin a classical

laminar premixedflame. As the dilution level increases in the MILD combustitime

presence of individual reaction zones influenced only bigulence-chemistry interaction

becomes less clear due to the interaction of reaction zaeetad in section 3.2Thus,
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Figure 13. Variation otu/ with ¢y in (a) Case Al, (b) Case A2, and (c) Case B1.
The scatter with light grey points is for MILD combustion atiet dark grey points are
for premixed case. The points are takent at 1.57p, and the thin dashed line is the
maximum value observed in the DNS from the entire samplirrgpde Solid line: the
conditional averagéwv, |cr), and dash-dotted line: the respective MIFE.

afully representativeanonicalreactorfor turbulentMILD combustiomeeddo include

effectsof locally homogeneousombustiorresultingfrom interactionsand collisionsof

reactionzonesand inhomogeneousombustion creatingspatialgradients, resultingin

thin reactionzones.

4 Summary and conclusions

Three-dimensional DNS of turbulent MILD and premixed costian has been con-
ducted to investigate the behaviour of reaction zones agid structure in MILD com-
bustion. The results of the premixed case are used for catiparanalyses. A fully
compressible formulation with temperature dependensprart properties is used for the
DNS and the combustion kinetics are simulated using a sketetchanism for methane-
air combustion. The DNS configuration includes inflow, nefiecting outflow and pe-
riodic boundaries, and the inflow mixture contains pockétsntournt and burnt gases to
be representative of MILD combustion with exhaust gas cetation. A methodology to

construct a consistent turbulence and non-uniform mixXietd is described in detail.
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Often, MILD combustion is called “flameless” combustion iyipg that it does not
involve flames or thin reaction zones. The analysis of DN& d&tarly showed that
there are regions with strong chemical activity and thegeors are distributed over a
good portion of the computational domain, unlike in the pread flame having reaction
zones confined to a small portion of the computational domailso, interactions of
reaction zones are observed in MILD combustion. The frequeamd spatial extent of
this interaction increase with dilution and turbulenceelsv Such interactions yield an
appearance of distributed reaction zones and result inaéivelly uniform temperature
distribution, which is also observed in the volume rendeesdperature field. This effect
produces mono-modal PDFs for the reaction progress variad/IILD combustion as
opposed to a standard bi-modal PDF for turbulent premixetbtstion.

Scatter plots of instantaneous species mass fraction autioe rate show a wide
scatter due to mixture inhomogeneity for MILD combustioheTconditionally averaged
mass fractions are also analysed to see whether a cancemcaldr flame can be used
to represent the MILD reaction zones. The canonical flamedcMIFE (MILD Flame
Element), is introduced for this purpose, and it has dilugttants made of unburnt
and burnt mixtures, containing only major species. A consparof averaged species
mass fractions conditioned on temperature between the MiuBDbustion DNS and the
MIFE values suggests that the MIFE is a reasonable candidiateajor species. How-
ever, similar comparisons for minor species and reactit@srare less satisfactory. Thus,
an alternative canonical combustion model, which can oheleffects of distributed-type
combustion resulting from interaction of reaction zoned siill cater for flamelet com-

bustion, needs to be developed for MILD combustion.
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