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Abstract

Three-dimensional Direct Numerical Simulation (DNS) datanethane-air MILD com-
bustion is analysed to study the behaviour of MILD reactiones and to identify a suit-
able modelling paradigm for MILD combustion. The combustionetics in the DNS
was modelled using a skeletal mechanism including nonylenvis number effects. The
reaction zones under MILD conditions are highly convoluded contorted resulting in
their frequent interactions. This leads to combustion ooog over a large portion of
the computational volume and giving an appearance of biggd combustion. Three
paradigms, standard flamelets, mild flame elements (MIFE®)PSR, along with a pre-
sumed PDF model are explored to estimate the mean and filteaetlon rate in MILD
combustion. A beta function is used to estimate the presuPdeshape. The variations
of species mass fractions and reaction rate with temperaamputed using these models
are compared to the DNS results. The PSR-based model is four@appropriate, since
the conditional averages obtained from the DNS agree wéll those obtained using the
PSR model. The flamelets model with MIFEs gives only a qualgaagreement because

it does not include the effects of reaction zone interastion

Keywords: MILD combustion, Flameless combustion, Direct numericiamhudation

(DNS), Perfectly stirred reactor (PSR), presumed PDF, IHZG\S, Modelling



1 Introduction

Moderate or Intense Low-oxygen Dilution (MILD) combustiooncept has potentials to
improve combustion efficiency and reduce pollutants emissimultaneously (Winning

& Winning, 1997; Katsuki & Hasegawa, 1998; Cavaliere & danlwn, 2004). The stan-
dard definition of MILD combustion condition is that (1) thechl reactant temperature
T. is higher than the autoignition temperature of a given fygl and (2) the temperature
increase during combustiohT' = T, — T, is lower than the autoignition temperature.
The product temperatuf®, is very low compared to that in conventional combustion even
with the elevated reactant temperature, because the néagteure is diluted with a large
amount of exhaust gas, giving a typical oxygen mole fractiothe local reactant mix-
tures of about 2 to 5%, ieXo,, = 0.02 — 0.05 (Cavaliere & de Joannon, 2004). These
unique conditions given above can be summarised in a coiohuspe diagram to be
shown later in section 2.2, and these conditions are keyhiofdllowing advantages of
MILD combustion.

Firstly, the combustion efficiency is enhanced due to thevexy of exhaust heat
which is used to preheated reactants. Secondly, the maxifianme temperature under
MILD conditions is typically less than 1900 K (Winning & Wiing, 1997; Cavaliere
& de Joannon, 2004). This low flame temperature together Mthoxygen concentra-
tion resulting from dilution helps to reduce thermal NO fation. Thirdly, a combustion
condition of largel;, and smallAT" helps to suppress combustion noise and instabilities
which are caused especially when the exhaust gas recyaeliegdefined as the mass ratio
between exhaust gas to fresh reactants, exceeds 30% foalnammbient air (Wunning
& Wunning, 1997; Katsuki & Hasegawa, 1998). Also combustoan be sustained in
a high-velocity jet field without internal recirculationzes because of highly preheated
mixture (Winning & Wunning, 1997; Cavaliere & de Joann@004; Medwellet al.,

2007). Thus, the design of MILD combustor is no longer cais#d by the requirements



of recirculation zones or a flame holder. Furthermore, theeti and preheated combus-
tion conditions are achieved relatively in a straightfordvenanner in practical devices
by using conventional techniques such as exhaust (EGR)g#lsieecirculation (FGR) or
staged fuel ignition (Winning & Wiinning, 1997; Cavali&ee Joannon, 2004; Hayashi
& Mizobuchi, 2011). Given these advantages, the MILD contibastechnology might
be useful as one of the “green” technologies for thermal p@eeeration.

One distinctive feature of MILD combustion phenomena ig flsenes are not visible
to the naked eyes (Wunning & Wunning, 1997). Direct phoapds of MILD combus-
tion obtained in the previous studies clearly show this @naonet al., 2000;0zdemir
& Peters, 2001; Krishnamurthgt al., 2009) and these observations were interpreted as
distributed combustion without intense chemical acegtor thin reaction zones. Temper-
ature fields suggesting distributed combustion have besareéd using laser thermome-
try in previous studies (Plessimgal., 1998:0zdemir & Peters, 2001) although OH PLIF
images reported in the same studies exhibit presence ofglation zones.

Modelling of MILD combustion has been carried out in the extiof RANS (Reynolds
Averaged Navier-Stokes) either by using an Eddy Dissipa@ioncept (EDC) model (We-
beret al,, 2000; Orsincet al., 2001; Christo & Dally, 2005; Galletgt al., 2007; Aminian
et al, 2011; Parentet al,, 2011; Li & Mi, 2011) or a flamelet type model (Coelho & Pe-
ters, 2001; Dallyet al,, 2004), and LES (Large Eddy Simulation) using a presumee sub
grid probability density function (Duwigt al., 2008; Inme & See, 2012). In most RANS
studies, the mean velocity and temperature fields show stems$itrends with the experi-
mental results. However, quantitative agreement of theutated and measured tempera-
ture values becomes unsatisfactory as the dilution lecetases (Christo & Dally, 2005).

It is also reported that the prediction of minor species agcH and CO is sensitive to
the temperature fluctuation (Aminiat al., 2011). Thus, predictions of temperature and
mean reaction rate in MILD combustion are challenging. Basdct Numerical Simu-

lation (DNS) studies (Minamotet al., 2013; Minamoto & Swaminathan, 2013) showed



that the direct relation between a progress variable gnadigd reaction rate observed for
flamelets combustion is valid for the Reynolds averagedimacates in MILD combus-
tion. However, these studies also showed that a convehtioieadimensional flamelet is
not fully representative and a suitable model is yet to beeldged to estimate the mean
reaction rate in MILD combustion.

The main objective of this study is to propose a suitable rhimd@&1ILD combustion.
For this purpose, (1) the MILD reaction zone behaviour asdtitucture are investigated
in detail using DNS data and (2) potential canonical model€aplored and assessed us-
ing the DNS results for RANS and LES studies. These invetstigaiare performed using
the data obtained from three-dimensional DNS of methan®HiD combustion. The
DNS methodology, construction of initial mixture field, andmbustion conditions are
described briefly in the next section. The structure of Mlldaction zones is discussed
in Section 3.4 after discussing general features of MILD loostion from the DNS re-
sults. Canonical models are proposed and assessed inrS8diioThe conclusions are

summarised in the final section.

2 DNS of MILD Combustion

The numerical code SENGA2 (Cant, 2012), an updated verdi@EBIGA (Jenkins &
Cant, 1999), is employed for this study. This code solvely tdmpressible governing
equations for instantaneous mass, momentum, internageaed scalar mass fractions
on a uniform mesh, along with temperature dependent tranppaperties. The spatial
derivatives are obtained using a tenth order central @iffee scheme which gradually re-
duces to a fourth order scheme near boundaries. The intagmnatime is achieved using
a third order Runge-Kutta scheme. Methane-air combussisimulated using a skeletal
mechanism involving 16 species and 36 elementary reac{®m®oke & Giovangigli,

1991). The computational domain is cubic, having non-réfigan- and out-flow bound-



aries (Poinsot & Lele, 1992) in the stream wisedirection, and periodic boundaries in
they andz-directions.

An inflowing mixture flows at an average velocity of, through the inflow bound-
ary located atr = 0 of the computational domain. On the inflow boundary, theascal
mass fractionsy;(z = 0,y, z,t), temperature]'(z = 0,y, z,t), and velocity,u(z =
0,y, z,t), are specified using preprocessed mixture figlds(t), v, z], T[z(t),y, 2] and
ulz(t),y, z], wherez(t) denotes the: location of a scanning plane at timenoving at
a velocity ofU;,, through the preprocessed fields. This inflowing mixture fisldrepro-
cessed as described in the next subsection, to mimic physixiag and dilution process

inherent for MILD mixtures. These computational steps Hustrated in Figure 1.

2.1 Flow configuration

The configurations such as EGR, flue gas recirculation (F@&¥staged fuel injection are
used to achieve MILD combustion in practice by injectind fured air into a stream of hot
products with a high momentum jet. It is unlikely that the tabes are perfectly mixed
before the reactions occur. In order to include these infgemeous mixture consisting
of fresh and exhaust gases, the inflowing mixture field is waoted carefully taking the
above physical processes into account through preprocestps. The details of these
steps explained by Minamoto & Swaminathan (2013) are bregfipmarised below.

First, a fully developed homogeneous isotropic turbulefreld is obtained by con-
ducting a DNS of freely decaying cold turbulence constrdiaising a specified initial
spectrum (Rogallo, 1981). Second, an inhomogeneous m®oygaziable field is obtained
based on a scalar energy spectrum (Eswaran & Pope, 1987, Tteemass fraction
of species obtained from a one-dimensional freely propagadaminar flame, namely
“Flame”, with desired MILD conditions are mapped on to thegress variable field. The
initial temperature is set to a constant valugpfto be specified later. These inhomoge-

neous species mass fraction and velocity fields are thewedl@o evolve for about one
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Figure 1. Schematic illustration of the DNS steps. Left bbewes the preprocessed
inflowing mixture field to be fed in a combustion DNS domainhe tight.

large eddy turnover time in a periodic domain without anymloal reaction to mimic the
EGR-mixing. This duration is sufficiently shorter than theagnition delay timer;,,, for
the chosen mixture conditions to avoid autoignition. Therinal energy equation is also
solved during this mixing process, which creates a maximemperature fluctuation of
about 2% of the mean valu#),. A sample temperature field in a midy plane at the
end of the mixing DNS is shown on the left in Figure 1. The meaa @ariance oty
field at the end of the mixing DNS are respectivély) ~ 0.50 and(c}?) ~ 0.09 for all
MILD cases considered for this study. These preprocessetd and fields are used as

the initial and inflowing mixture field for combustion DNS.

2.2 Turbulent combustion conditions

The velocity and scalar fields obtained as in Section 2.1sed as initial and inflow fields
for DNS of MILD combustion at atmospheric pressure. Two MIt&ses are considered
for this study. The mixture and turbulence conditions oftheases are given in Table 1,
which are obtained from the preprocessed mixture field. @abas a lower dilution

than Case B, but the turbulence field used in the preprogessaps are the same for



500

‘ Premixed Comb.‘ ‘ HiTAC‘

<
~ 0
)
T
: Pilot Assisted MILD Comb.
-500
Flame A
2
Flame B 800 Flame C
-1000 600
-600 -400 -200 0 200 400 600 ) 0 2 4
T-T ign (K) X (mm)

(@) (b)

Figure 2. A diagram showing combustion types (Cavaliere &agnnon, 2004) (a) and
temperature variations in laminar MILD and conventionainés ¢ = 0 is the peak
location of the heat release rate) (b).

both cases resulting in almost the same turbulent fluctositior these two cases. The
difference inu’/S;, values given in Table 1 is because of the difference&jinas one
shall note later. The equivalence ratiogis= 0.8 for both cases and the autoiginition
temperature of the given mixture is 1100 K. The inlet andahihixture temperatures are
set to ber;,, ~ 1500 K for the MILD combustion cases, which is comparable to thssdi
in Suzukawaet al.(1997). This inlet temperature and the intense dilutioelleged in this
study (see Table 1) yield the combustion condition thatristst in the MILD regime in
the combustion type diagram shown in Figure 2a. Here, thditions of the 1D laminar
Flames A and B are shown, which are used in the initial/inldtfconstruction steps
respectively for DNS of Cases A and B, as in Section 2.1.

The high dilution levels for the MILD combustion are indiedtby the maximum,
Xg, and averagedXo,.), mole fractions of oxygen in the reactant mixtures given
in Table 1. The values of unstrained laminar flame spé&gdthermal thicknessy,, =
(T, — T..)/|VT |max, @nd the Zeldovich thickness; = «/S;, are obtained based on
appropriate planar unstrained laminar flames to be disduag@e next subsection. The
mean,(¢), and stoichiometric{,;, mixture fraction values for the different cases are also

givenin Table 1. The normalised mean inflow velodify, /S, is 9.6 for Case Aand 15.1
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Table 1. Combustion conditions of the 3D DNS.

Xgl;); <X027T> <€> gst u’/SL 10/5F lo/éth Relo Da Ka
Case A| 0.048 0.035 .011 .014 6.26 108 148 96.2 1.72 4.78
Case B| 0.035 0.025 .008 .010 9.88 6.8 1.15 96.1 0.69 11.9

for Case B. Although the turbulence Reynolds numBey is relatively small, itis repre-
sentative of typical values observed in experiments (Borsginet al., 1996; Cheret al,,
1996; Pfadleet al,, 2008) and in furnaces (Medwadt al,, 2007; Oldenhott al., 2011,
Duwig et al, 2012) with MILD combustion conditions. The Damkohler akdrlovitz
numbers are calculated & = (Iy/0r)/(u'/S;) andKa = (u'/S1)*?(l/6r)~"/? re-
spectively. Cases A and B are in the thin-reaction zonesregif the classical turbulent
combustion regime diagram (Peters, 2000).

The computational domain has a dimensiof.pk L, x L, = 10.0x 10.0 x 10.0mm?®
for both cases. The domain is discretised usii®)x 512 x 512 mesh points for Case A
and 384 x 384 x 384 mesh points for Case B. These meshes ensure that there are at
least 30 mesh points inside the thermal thicknégs, The simulations were run for
1.5 flow-through times before collecting data for statetianalyses to ensure that the
initial transients had left the domain. The flow-throughdim, is defined as the mean
convection time/, /U;,, from the inflow to the outflow boundary. The simulations were
then continued for one additional flow-through time and 8tadsets, including all the

primitive variables, were collected.

2.2.1 MILD flame element

The Flames A and B, given in Table 2, are used in the construcif initial and inlet

fields described in section 2.1 for MILD combustion Cases A Brrespectively. How-
ever, the burnt side temperature for these laminar flamesichrhigher than that in the
respective turbulent MILD cases. This is because the axhditidilution effects due to the

presence of exhaust gas pockets in the inflowing mixture faldhe DNS is not taken
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Table 2. Thermochemical conditions of 1D canonical lamfteanes.

Flame Xcp,» Xo,r Xwor Xco,r Tr(K) T,(K) Sp(m/s) ér (mm)
Flame A 0.019 0.048 0.121 0.061 1500 1865 3.20 0.116
FlameB 0.014 0.035 0.132 0.066 1500 1775 2.15 0.168
Flame C 0.078 0.194 0.0 0.0 600 2179 1.18 0.064
MIFE A 0.0095 0.035 0.136 0.064 1500 1692 2.62 0.138
MIFEB 0.006 0.025 0.143 0.068 1500 1624 1.66 0.217

into account for the laminar flames. Thus, another canodibalaminar flame, named
MILD Flame Element (MIFE), is proposed in this study. Theataat mixture of MIFE
is constructed using volume averaged mass fractions ofrrspgries present in the in-
flowing mixture. Since the radicals and intermediates actuebed, the method of using
the volume averaged mass fractions includes the dilutitecesf only partly. However,
the burnt side temperatures for these laminar flames are tdoghose observed in the
respective turbulent cases.

The thermochemical conditions of these laminar flames amnsarised in Table 2.
Here, a typical conventional laminar flame without dilutisrlso included as Flame C to
compare with MILD cases. Figure 2b shows temperature wangiwith distance across
these laminar flames. Despite their elevated reactant tatyse Flames A and B have

lower burnt side temperature than in Flame C because ofahlwtith products.

3 Results and Discussion

3.1 Reaction rate and progress variable

The normalised reaction rate fielgt is shown for both cases in Fig. 3. Here, the re-
action rate is obtained as., = Q/c,(T, — T,), where(Q is the heat release rate aad
is the specific heat capacity of the mixture. A superscrigtifitthe rest of this paper

denotes appropriately normalised value usings; andd,;, obtained from the respective
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Figure 3. Contour oy} = 0.2,0.3,---,0.8 (thin solid lines) in the mid: — y plane for
(a) Case A and (b) Case B, wheusg, is the normalised reaction rate based on the global
maximum value. A Contour faf; = 0.6 (thick dashed line) is also shown.

MIFE, wherep, is the reactant mixture density. For example, length anclicearate are
respectively normalised usirg, andp,Sy/d,.

The reaction zones of the MILD combustion cases shown in Beyand 3b are highly
convoluted compared to the turbulent premixed flames haimgar Da simulated in an
earlier study (Trouvé & Poinsot, 1994). This suggeststtimatevel of reaction zone con-
volution is not solely because of turbulence-chemistrgriattion, but also because of the
non-uniformity of an inflowing mixture field. The increasednwolutions lead to inter-
actions of reaction zones as shown in the figures. Such ctiens eventually lead to
distributed reaction zones as in Figure 3, which is alsontepdn a previous study (Mi-
namotoet al,, 2013). The spatial extent of reaction zones (area withurelbcontours in
Fig. 3) is larger in Case B than Case A, due to increased dlilidor Case B. Although
thin reaction zones with a thickness of aboyt exist locally in both cases, distributed
reaction zones having a thickness of almost 2 tg,3re observed in substantial part of
the combustion domain. This observation suggests unifammbcistion inside a volume

of an average size ©f347,. This volume is typically made of pancake like structures fo
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Figure 4. Probability density function af- (thick grey line) for Cases A (a) and B (b).
The presumed PDF calculated using th&unction is also shown (thin dashed line).

the conditions of MILD combustion investigated in this stud

A contour of the reaction progress variable based on terypeta; = 0.6, is also
shown in Fig. 3 using a dashed line. The reaction rate peaks=at0.6 for the CH;-air
premixed flames when a multi-step chemical kinetics is uSeh(ninatharet al, 2001)
and this behaviour is not so strong in the MILD combustioresashown in Fig. 3. The
location ofc = 0.6 contour corresponds to intense reaction rate regions ire ggarts

and weak reaction rate regions in other parts as shown ir8Fig.

3.2 PDF of reaction progress variable

Figure 4 shows PDF af; for both cases. The data for the PDF is collected over thesenti
sampling period at particulart locations which are noted in the figure. The PDF shows
distinct features unlike of standard turbulent premixethbaostion in flamelets regime.
At ™ = 0.30, which is near the inlet boundary, the PDF has a relativetysipeak at
aroundcer = 0.05, suggesting that cool gases are relatively predominarttigrégion.

In the middle of the computational domain( = 2.2 to 5.9 for Case A, and™ = 1.6

12



to 4.2 for Case B), the PDF distribution is broad. As the samydbcation goes further
downstream, the probability of finding burnt gas becomes.higowever, the bimodal
behaviour is not observed, suggesting distributed cormdousimilar to those observed in
previous experimental studies (Plessaigl, 1998;0zdemir & Peters, 2001).

A comparison between Cases A and B shows that the maximum Bfi§enerally
larger in Case A than in Case B having a higher dilution. Thaar flame speed value,
Sy, is significantly reduced when the dilution level is increhsesulting in a substantial
change in Da for the same turbulence conditions as showrbile Ta The results in Fig. 4
show that the PDF of; becomes more uniform without sharper peaks as the dilution
level increases, which is suggestive of spatially unifowmbustion with smaller scalar
gradients compared to the classical turbulent premixedocstion.

The PDFs computed using titefunction model are also shown as dashed lines in

Fig. 4. Thep-function is based on the Favre megnand variance’? of the progress

variable calculated respectively as

Cr o P(CT - ET)Q

—, and df = —
p g p

A

(1)

cp =

Here, the Reynolds average, indicated by the over-bar, abatgy () is calculated as:

N, Ny, N,

Qo) = o 2o 2D Qe ). @

Y772 n=1 j=1 k=1

whereN, and N, are the number of mesh points in thexnd z-directions respectively,
and IV, is the number of data sets collected over the entire sampknigd. Although
there are small differences between the DNS and modellegsPDEir shapes are well

represented by the-function model for both MILD cases.
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Table 3. Thermochemical conditions for PSR models.

Xen,  Xo, Xmo Xco, T (K) T,(K) 74, (MS)
PSR A| 0.0093 0.0345 0.135 0.064 1500 1667 0.285
PSR B| 0.0059 0.0247 0.143 0.068 1500 1610 0.350

3.3 Modelling paradigms

In Sections 2.1 and 2.2, one-dimensional canonical lanfiaares, called as Flames and
MIFEs, are introduced for the present MILD combustion cas¢swever, as shown in
Fig. 3, the reaction zones spread over a large part of the idorasulting in their in-
teractions. Such reaction zones seem to have uniform cdiabuecally in a volume
proportional tos?,. These attributes including the interacting flames may eotepre-
sented adequately by the models based on one-dimensiamablaflames.

Another possible modelling concept is to treat these reaanes as perfectly stirred
reactors (PSR) having representative residence time. @aedal chemistry approach
based on a PSR model has been used in a previous study ([2tnalg 2008). In the
present study, the diluted reactant mixture compositiortfie PSR is based on volume
averaged initial species mass fraction fields includingcadd and intermediate species
used for the DNS. Other initial parameters for the PSR areasatd on the respective DNS
conditions. The thermochemical conditions used for the3® models are summarised
in Table 3; PSR Ais for DNS Case A, and PSR B is for Case B.

Based on the initial and inflowing conditions as in Table ¥ #ero-dimensional
unsteady PSR equations are solved for PSR A and PSR B usingumemwial soft-
ware COSILAB (2007). The simulation is continued until tbactor temperature reaches
a nearly steady value which is close to the burnt temperaibserved in the respec-
tive DNS. This PSR model is similar to the EDC approach (Magen, 1981; Ertesvag
& Magnussen, 199b) since it also assumes the local combustion zone to be a per-

fectly stirred reactor in the fine dissipative structure wbtlence having a volume of
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Figure 5. Reaction rate variation with temperature in anteady PSR for the mixture in
Case B with various residence times ranging from 0.1 to 0.4 ms

Vepc proportional to the cube of the Kolmogorov length scalgMagnussen, 1981,
Ertesvag & Magnussen, 1986). For the present modelling, the reactor volume is
Vesr ~ 05. The ratio of these volumes isr/Vepc =~ (0u/n)® =~ Ka®? since
Ka = (6r/n)? ~ (&m/n)?. The values of Ka for the MILD cases considered in this
study are greater than unity as given in Table 1 and thus #me#aevolume is substan-
tially larger thanVgpc. Thus, the residence time is set to be 0.4 ms which is sinolar t
7p for the DNS cases. It should be noted that this choice of thideace time allows one
to get the complete variation of the reaction rate withranging from 0 to 1, which is
obtained using the temperature at the exit of the PSR. Thatiar of the reaction rate
with temperature at the PSR exit is shown in Fig. 5 for 4 défervalues of the residence
time. Thus, local incomplete combustion can also be inadudehe estimate of mean or

filtered reaction rate using this model.

3.4 Assessment of reaction zone structure

The variation of conditional average of species mass fyacty;|7") with temperature, is
shown in Fig. 6 for CH, H,O, OH and CO for Cases A and B. This average is obtained

using the DNS data from the entire sampling period. Thesalteeshow that temper-
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ature increases with consumption of Chihd production of KO, and the radicals and
intermediates exist over the entire temperature rangeshothis figure. The variations
obtained using the three models are also compared alongh@tBNS results. Among
these models, Flames A and B yield poor agreements with th® @8ults since they do
not include dilution effects. This results in flame temperateing larger by about 150 K
compared to the respective DNS value.

The results of MIFEs show good agreement with the respelbiNg values foK Y4 |T)
and (Yuao|T') as well as for other major species (not shown). The burnturgxtem-
perature for the MIFE is very close to the respective DNS eallihis is because the
dilution effects are included as explained in section 2.Be Thaximum temperature for
MIFEs differs by 27 K and 15 K respectively from the valuesered in Cases A and
B. The agreement between the DNS and MIFE values¥gy|7') is good up to around
1600 K for Cases A and B as shown in Fig. 6. However, the agreebetomes poor
for T' > 1600 K, but the PSR model result is very good over the entire teatpes range
for all the species (see Fig. 6 for the variation of CO). Sugjoad agreement for the
PSR model is because this model includes the dilution eff@dtus, the MILD combus-
tion observed in the present cases is well represented lpatiaeligm involving the PSR
model.

The variation of the conditional average(afy|T") is shown in Fig. 7 for Cases A and
B, wherewg = Q/c¢,. The peak ofwg|T’) occurs afl” ~ 1600 K for Case A and 1550 K
for Case B. The regions with peak|7") are close ta:r = 0.6 contour shown in Fig. 3.
The conditional reaction rate peaks at temperatures g@onesng to about, = 0.6 as
shown in Fig. 7 and then drops with temperature because aifrtbeailability of CH,.
However, the conditional reaction rate does not reach zeeaalthe relatively slow post
combustion reactions. One needs a very much larger conmgmahtiomain than what is
used in the current DNS to capture the dropugfto zero.

The conditional average af; is compared with those obtained using the three models

16
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Figure 6. Variations of conditional mass fractions of JH, e), HO (b, f), OH (c, g), and
CO (d, h) for Case A (a—d) and Case B (e—h) with temperaturéckTime: DNS result
(Y;|T), red dashed line: Flames A and B, red dash-dotted line: Mi-Bed B, and thin
solid line: PSRs A and B.
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Figure 7. Variation ofv for (a) Case A and (b) Case B. Black thick line: DNS result

(wo|T), red dashed line: Flames A and B, red dash-dotted line: MA-&sd B, and thin
solid line: PSRs A and B.

in Fig. 7. The reaction rate variations for the Flames A andBidt show good agree-
ment with the respective DNS values. Although a qualitadiyeeement is seen for MIFE,
it underestimates the reaction rate because the dilutiectefare not included fully in
the reactant mixture (the absence of radicals and inteatesias noted in section 2.2.1).
Note that strained MIFEs are also considered; they do ndd ydequate improvement
than what is observed in Fig. 7 for the unstrained MIFEs and the results for strained
MIFEs are not shown here. The PSR model shows a reasonakelenagmt with the re-
spective DNS values dfug|T") although there is a small difference in the peak location.
The conditionally averaged reaction rate fbr= 1500 K is significantly large for the
PSR model and this arises from the nature of the inhomogemaodure used at the inlet
boundary of the DNS domain. The radicals and intermediageisp exist in a relatively
smaller parts of this inhomogeneous mixture yielding semaamples with large reaction
rate forT = 1500 K. This leads to a smaller conditionally averaged reactada for this
temperature as shown in Fig. 7. For the PSR model, the mixguremogeneous con-

taining major, minor and intermediate species resultinigqiger conditionally averaged
reaction rate.
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3.5 Assessment of averaged and filtered reaction rate

From the above discussion, it is clear that the MILD reactione structure is represented
well by the PSR model. It has also been shown in section 3t2tiea PDF is a reason-
able model to represent the PDF®f Thus, these two models can be combined together
to estimate the mean reaction for RANS or filtered reactioa far LES approaches. In
the following discussion, this presumed PDF closure fortieD combustion is as-

sessed.

3.5.1 Closure for averaged reaction rate

Using the presumed PDF, P3, the averaged reaction rate is written as

wcT :A w(cT) Pﬁ(CT) dCT, (3)

wherew(cr) is the reaction rate obtained from the MIFE or PSR model.

The variations of mean reaction rate in DNS with the streaawdistancert are
shown in Fig. 8 for Cases A and B. Only MIFE and PSR models asesa&d in this
figure. The mean reaction rate obtained from the DNS reshtws large values in the
upstream region suggesting that the reactions occur as aoome mixture enters the
domain. Also, the mean reaction rate is non-zero over thesetamputational domain.
The MIFE model captures the DNS variation qualitatively a@imel modelled variations
differ from the respective DNS result by about 2 to 3 timeslas\s in Fig. 8. The PSR
model yields a good agreement with the respective DNS valsiesie would expect from
the results discussed earlier. A similar level of agreernsealso observed for the various
species mass fractions for the PSR model. Thus, this RANSiamodel is a good for

MILD combustion, at least for the conditions considerechiis study.
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Figure 8. Comparison of mean and modelled reaction rataatiear with 2" for (a)
Case A and (b) Case B.

3.5.2 Closure for filtered reaction rate

The modelling approach in Eqg. (3) can be extended to devebtbpsare for filtered reac-

tion rate required in LES. This closure is written as

<wcT>m0d61(£B,t):/0 w(er) Pgler;x,t) der, 4)

whereP; is the subgrid PDF modelled using thefunction for a given value of filtered
progress variablécr) and subgrid variancé’?). The angle brackets denote the filtered
quantity. These values come from the solutiof@f) and(c/?) transport equations in a
LES calculation. For the model assessment conducted Ihexee values are obtained by
post-processing the DNS results. The instantaneous oeaetie values in the DNS are

filtered using a Gaussian filter having a filter widthf= 34,,, for this analysis using

(we, )PNS (2, t) = /wcT(:v’,t) Gz —x';A) da’, (5)
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where the filter kernel is given by

Gz — x';A) = (%)W exp (%‘2‘”’)2) . (6)

The modelled and filtered reaction rates, given by Egs. (d)(&hrespectively, are
unsteady field (3D) quantities. These quantities are aeeragthe periodic directions for
an easier comparison. This averaging is done, for examptééanodelled values, using

Ny Nz

= VN Z Z(wcT)mOdd(x,t;yj,zk). (7)

Y212 =1 k=1

A similar averaging is done for the instantaneous reactato obtainv,"°(z, t). These
averaged values, after normalised using; /d,,, are compared in Fig. 9a for two dif-
ferent timesy = 1.57p and2.07p. This result is shown for Case B and it is similar for
Case A. The variation ab/:"™°(z, ), filtered and modelled reaction rates are similar to
that shown in Fig. 8. The filtered values, )°N5(z, ¢), represent the instantaneous re-
action rates averaged in the periodic directions quite amdl this variation of the filtered
reaction rate is also captured quite well by the modelledeslw_ )™ (x, ¢), obtained
using Eq. (7) for the PSR model. Since the comparison in Rigs%hown for two in-
stances and averaged in the periodic directions, a joint 8k, )™ and (w;} )P

for the samples collected over the entire sampling perisdasvn in Fig. 9b. If the agree-
ment between the modelled and filtered reaction rates isumif good then the contours
of joint PDF is expected to lie along the diagonal shown in Big. Although there are
small deviations suggesting some overestimate for largetion rate, the agreement is

reasonable and acceptable.
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Figure 9. (a) Variation ofw!-PN5(z,¢) (thick solid lines), (w/ )PN*(x,t) (dashed
lines) (w; )™ (z,¢) (thin solid lines) withz". (b) Joint PDF of(w; )PN5(x,¢) and
(wi ymedel(x, ) from the samples collected over the entire sampling peribile PDF
contours are fo0.2,0.4, - - - , 1.8 values.

4 Summary and Conclusions

Direct numerical simulation data has been employed to ifyeartd verify a suitable mod-
elling paradigm for MILD combustion. The non-uniformity diluted reactant mixture
produces highly convoluted and contorted reaction zonggltreg in frequent interac-
tions. As a result of these interactions, MILD reaction zspread over a large portion
of the computational domain resulting in a relatively unifiocombustion. This gives an
appearance of distributed combustion under MILD condgiomhree different models,
standard flamelets, MIFEs and PSRs, are explored to vetifeistructure of the MILD
reaction zones can be represented adequately to find a eddsoeaction rate closure for
MILD combustion using presumed PDF approach. The perfoceafthese models are
verified using the DNS results. The standard flamelets, wthachot include the dilution
effects and flame interactions, seem to overestimate tlogegomass fraction and reaction
rate variations with temperature. The strategy to inclinbsé effects in a flamelets ap-
proach is an open question at this time. Although both MIRisRSRs show potentials

to represent reaction zones under MILD conditions, PSR® $e®&e more suited because
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of the bulk effects of dilution and reaction zones intem@ttiesulting in uniform combus-
tion over a volume proportional @, can be included effectively. The MIFEs and PSR
models are applied in conjunction with presumed PDF approaobtain a closure for
the mean reaction rate required in RANS calculations of Mddinbustion. This strategy
is also extended to obtain a closure model for the filteredti@arate required for LES
calculations. The comparisons of these closure resuliseedNS values suggests that

the PSR model is very good for both RANS and LES methodologies
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