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a b s t r a c t 

The role of turbulence-chemistry interaction in autoignition and flame stabilization is investigated 

for spray flames at low temperature combustion (LTC) conditions by performing high-fidelity three- 

dimensional computational fluid dynamics (CFD) simulations. A recently developed Tabulated Flamelet 

Model (TFM) is coupled with a large eddy simulation (LES) framework and validated across a range of 

Engine Combustion Network (ECN) ambient temperature conditions for n-dodecane fuel. High resolution 

grids with 0.0625 mm minimum cell size and 25 million total cell count are implemented using adaptive 

mesh refinement over the spray and combustion regions. Simulations with these grids and multiple LES 

realizations, with a 103 species n-dodecane mechanism show good agreement with experimental data for 

all the ambient conditions investigated. This modeling approach with the computational cost advantage 

of tabulated chemistry is then extended towards understanding the auto-ignition and flame stabilization 

at an ambient temperature of 750 K. These low temperature conditions lead to substantially higher igni- 

tion delays and flame liftoff lengths, and significantly leaner combustion compared to conventional high 

temperature diesel combustion. These conditions also require the simulations to span significantly larger 

temporal and spatial dimensions thereby increasing the computational cost. The TFM approach is able 

to capture autoignition and flame liftoff length at the low temperature conditions. Significant differences 

with respect to mixing, species formation and flame stabilization are observed under low temperature 

compared to conventional diesel combustion. At higher ambient temperatures, formation of formaldehyde 

is observed in the rich region (phi > 1) followed by the formation of OH in the stoichiometric regions. Un- 

der low temperature conditions, formaldehyde is observed to form at leaner regions followed by the onset 

of OH formation in significantly lean regions of the flame. Qualitative differences between species forma- 

tion and transient flame development for the high and low temperature conditions are presented. The 

two stage ignition process is further investigated by studying the species formation in mixture fraction 

space by solving 1D flamelet equations for different scalar dissipation rates and homogeneous reactor as- 

sumption. Results show that scalar dissipation causes these radicals to diffuse within the mixture fraction 

space. This significantly enhances ignition and plays a dominant role at such low temperature conditions 

which cannot be captured by the homogeneous reaction assumption based model. 

© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Compression ignition engines will continue to play a domi-

ant role in heavy duty applications due to their higher effi-

iency and power density. Considerable research effort has been

irected towards improving their efficiency and reducing emis-

ions. The traditional diesel engine strategy is characterized by

ixing-controlled combustion and relatively high in-cylinder tem-

eratures leading to a NOx-soot tradeoff. Reducing the overall tem-

erature of combustion by employing lean mixtures has been the
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ain strategy towards developing future engine concepts like Ho-

ogeneous Charge Compression Ignition, Premixed Charge Com-

ression Ignition, Gasoline Compression Ignition and Lean Lifted

lame Combustion (LLFC) [1] . Autoignition at such conditions is a

trong function of the chemical kinetics and turbulence-chemistry

nteractions. As a result, combustion phasing has proved to be a

ajor challenge towards the development and application of these

echnologies. Numerical studies can be used as a tool to under-

tand the mechanisms controlling the autoignition and flame stabi-

ization processes resulting in an improved implementation of low

emperature combustion strategies (LTC) in engines. 

While a number of studies have been carried out in the recent

ast to understand the fundamentals of autoignition and flame sta-

ilization at engine relevant temperature conditions, few studies
. 

http://dx.doi.org/10.1016/j.combustflame.2017.05.025
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have also focused on low temperature conditions that may be rele-

vant towards future low-temperature engine concepts. Bansal et al.

[2] studied auto-ignition of hydrogen-air premixed mixtures using

two dimensional Direct Numerical Simulation (DNS) over a tem-

perature range of 1033–1116 K. The mixtures were subjected to dif-

ferent levels of thermal and equivalence ratio stratification. The re-

sults show that ignition delay and heat release rate pattern have a

strong dependency on the stratification. Mukhopadhyay and Abra-

ham [3] modeled an n-heptane mixing layer at 40 bar pressure and

10 0 0 K ambient temperature using two-dimensional DNS. Higher

scalar dissipation rates in presence of higher compositional strati-

fication led to an increase of ignition delay. In case of lower com-

positional gradients, higher scalar dissipation rates led to reduction

in ignition delays. In a later study [4] , the effect of heat release

on evolution of scalar dissipation rate was studied. Borghesi et al.

[5] carried out DNS of an igniting n-heptane spray at 24 bar pres-

sure and 10 0 0 K ambient temperature. Ignition kernels were ob-

served in regions of lower scalar dissipation rate and mixture frac-

tions corresponding to the most reactive mixture fraction from ho-

mogeneous reactor simulations. Krisman et al. [6] studied the two

stage ignition process of a mixing layer with Dimethyl Ether (DME)

and air at 40 atm and 900 K using 2D DNS. The study identified a

cool flame propagation and its impact on high temperature igni-

tion. It was observed that the high temperature ignition spots do

not correspond to the most reactive mixture fraction obtained from

the homogeneous reactor assumption. The first stage ignition was

observed to be shorter, and, the cool flame propagates much faster

into the rich regions as compared to the homogeneous reactor pre-

dictions. This is followed by the shortening of main ignition and

formation of high temperature kernels. Thus, the scalar dissipation

causes a reduction in the main, i.e., high temperature ignition de-

lay for these conditions that are characterized by a two stage ig-

nition, negative temperature coefficient (NTC) chemistry and low

temperature chemistry. Dahms et al. [7] carried out similar studies

in 1D flamelets and showed the influence of the first stage ignition

on the main ignition. The analysis also showed the applicability of

the flamelet concept for the entire ignition process for the Spray A

conditions. 

Three-dimensional DNS of a turbulent lifted DME jet flame at

5 atm ambient pressure by Minamoto and Chen [8] showed the

influence of two stage ignition, NTC chemistry and turbulence-

chemistry interactions on flame propagation and highlighted the

need to account for turbulence-chemistry interaction (TCI) in

Reynolds-Averaged Navier–Stokes (RANS) simulations and large-

eddy simulations (LES). Borghesi et al. [9] extended this study

to 3D DNS of n-dodecane mixing layers at an ambient pressure

of 25 bar. Stratification of mixture fraction was shown to have a

strong influence on low temperature reactions. For the parame-

ters and thermodynamic conditions considered in their study, the

scalar dissipation did not cause a reduction of the main igni-

tion delay. This observation with respect to the main ignition was

not same as that observed by Krisman et al. [6] . Dahms et al.

[10] solved the 1D flamelet equations coupled with a detailed 2755

species n-dodecane mechanism [11] at the standard Spray A con-

dition of the Engine Combustion Network (ECN) characterized by

60 bar and 900 K ambient pressure and temperature, respectively.

Comparative 1D studies with homogeneous reactor ignition delays

showed that increase in scalar dissipation rate reduces the ignition

delay and shifts the ignition location to richer regions. 

The fundamental studies using DNS illustrate the coupled ef-

fect of chemistry and turbulence on auto ignition and flame stabi-

lization. The chemistry mechanisms also need to capture the two

stage ignition process and predict the low temperature species. The

diffusion and transport of these low temperature species have a

significant influence on the main ignition process. However, such

high fidelity studies cannot span the time scales, length scales and
eynolds numbers encountered in an actual engine due to their

igh computational costs. This motivates the use of LES to get an

nderstanding of these processes in engines. LES of igniting n-

odecane sprays that mimic diesel engine conditions (ECN spray

) have been reported in some studies. Pei et al. [12–14] imple-

ented a homogeneous reactor combustion model and a multi-

one framework along with a 103 species n-dodecane mechanism

15] within a LES framework over a range of ambient temper-

tures and oxygen concentrations [12] . A minimum grid size of

.0625 mm with approximately 22 million cells was found to be

ufficient for these conditions. A similarity index analysis was used

o find out the minimum number of LES realizations that are re-

uired to obtain statistically converged predictions. Quantitative

nd qualitative data from the simulations matched the experimen-

al measurements over the range of investigated conditions. Ameen

t al. [16] showed that a combination of azimuthal and ensem-

le averaging can be used to reduce the total number of LES re-

lizations. Wehrfritz et al. [17] implemented the Flamelet Gener-

ted Manifold (FGM) combustion modeling approach to model the

CN spray A over a range of oxygen concentrations with multiple

ealizations for the 15% oxygen condition and a single realization

or the other conditions. A 0.0625 mm minimum cell size mesh

ear the nozzle with 11 million cells was used in this study. Two

ifferent n-dodecane chemistry mechanisms were compared with

espect to autoignition, flame stabilization and species formation.

ualitative results showed good agreement between simulation

nd experiments with respect to formation of CH 2 O. Flame liftoff

ength from simulations was over predicted for the higher oxygen

oncentration. Ameen et al. [18] recently implemented the Tabu-

ated Flamelet Model (TFM) within the LES framework and vali-

ated it against different ambient temperature conditions for a sin-

le LES realization and compared the results against the homoge-

eous reactor combustion model for an ambient temperature range

f 800 to 1100 K. The model was able to predict the autoignition

nd flame liftoff length trends accurately. Qualitative data showed

he formation of ignition kernels and transient flame development

nd stabilization under engine conditions. The high fidelity LES

imulations have been limited to the range of 800 to 1100 K ambi-

nt temperature conditions with single injection. The one notable

xception is the recent study by Blomberg et al. [19] who carried

ut simulations of split injection at 900 and 750 K ambient tem-

eratures using the CMC combustion model coupled with LES with

 relatively coarse mesh and minimum cell size of 0.125 mm. The

otal simulation duration was 1.5 ms with each injection spanning

.5 ms separated by a dwell time of 0.5 ms. The model was able

o capture the soot formation, intermediate species and combus-

ion recession accurately. The availability of spray flame diagnostics

ata under diesel-engine relevant conditions, courtesy of the ECN,

as led to several LES studies of the ECN sprays [20–23] . These

tudies have greatly increased our understanding of the autoigni-

ion, flame development and flame stabilization mechanisms under

hese conditions. Although these LES studies provide slightly con-

icting explanations regarding the flame stabilization mechanism

or these spray flames, most of these studies are able to predict the

ame lift-off lengths accurately despite using different TCI models.

t could be hypothesized that if the LES setup is able to predict the

ow and mixing field correctly, and the grid is sufficiently resolved,

CI only plays a minor role in determining the flame lift-off length.

owever, these observations may only not hold true for LTC con-

itions, where the ignition delays are long, and the turbulent dif-

usion of intermediary species can strongly affect the autoignition

ehavior. 

Over the past years, a number of RANS simulations encompass-

ng a variety of combustion models and chemistry mechanisms

ave been carried out to model igniting spray flames at diesel en-

ine conditions. Pei et al. carried out RANS simulations using the
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ransported PDF method [24–27] . The Conditional Moment Closure

odel was used to model igniting n-heptane sprays [28–30] . The

abulated FGM method was implemented in a number of spray

ame studies [20,31–33] as well as single phase jet flames [34] .

he unsteady flamelet progress variable method has also been used

n some studies [35–37] . The FGM and UFPV approach use the

rogress variable concept to account for the unsteady chemistry

ithin a manifold. Within the flamelet modeling framework, apart

rom tabulated methods, in-situ flamelet solvers, i.e., the Represen-

ative Interactive Flamelet (RIF) model was implemented to model

gniting sprays over a range of conditions [38–48] . Pal et al. car-

ied out engine simulations in a RANS framework with the RIF

nd homogeneous reactor model and reported a decrease in igni-

ion delay due to the diffusion in mixture fraction space for the

IF model [49] . In a recent study the authors presented a model

ormulation for tabulated flamelets without using a progress vari-

ble method, based on the structure of the RIF model [50] . The

omputational costs were significantly lower compared to the RIF

odel. These studies were carried out for RANS simulations. An-

ther version of the model without history effects i.e., the Tabu-

ated Flamelet Model (TFM) was validated in RANS and LES simu-

ations with a single realization at engine conditions [18,51] . Most

f the non-premixed flame studies have been carried out for the

00 to 1100 K range. To the best of the authors’ knowledge, de-

ailed simulation studies on spray flames at 750 K have not been

eported. This case is characterized by substantially longer ignition

elay and injection durations which also implies a substantially

igher computational cost compared to the higher temperature

ases. The 80 0–110 0 K conditions are more representative of the

ypical mixing controlled diesel combustion. The lower ambient

emperature (750 K) needs to be investigated with regard to mix-

ng, autoignition, intermediate species and flame stabilization pro-

ess with low-temperature combustion concepts in mind. The role

f turbulence and low temperature chemistry needs to be investi-

ated at such engine relevant low temperature conditions. Previous

NS studies have already shown that the diffusion of radicals for

 two stage ignition process can lead to an enhancement of the

igh temperature ignition. However, for spray-flames the time and

ength scales cannot be accommodated in a DNS study. For such

ong injection duration cases characterized by large liftoff lengths,

he mixing field at the time of ignition cannot be approximated a

riori or represented by a mixing layer problem. As a result, LES

oupled with extensively validated spray and combustion models

eed to be implemented to shed some light on the coupled effects

f low temperature chemistry, two stage ignition process and tur-

ulence. This forms the primary motivation for the current study.

he objective is to develop and validate a robust LES approach with

ur previously published TFM using multiple realization method-

logy together with azimuthal averaging. This validated approach

s then used to probe spray flames at LTC conditions which is

he primary objective of the current study. The literature search

emonstrates that this LTC condition has not been simulated with

ES. 

The first part of this study describes the model formulation and

omputational setup for the LES cases ( Section 2 ). This is followed

y the results from the TFM approach with multiple realizations

nd validation against experimental data for the 80 0–110 0 K am-

ient temperature range ( Section 3.1 ). The model is then validated

or the LTC case of 750 K with respect to jet penetration, autoigni-

ion and flame stabilization. Quantitative and qualitative data is

resented in Section. 3.2 . This is followed by a comparative study

nd differences between the 900 K baseline Spray A case and the

50 K ambient temperature condition ( Section 3.3 ). Finally, the role

f TCI in autoignition is investigated at low temperature conditions

or n-dodecane ( Section 3.4 ) followed by the summary and conclu-

ion in Section 4 . 
t  
. Model formulation 

The flamelet approach consists of decoupling chemistry calcula-

ions from fluid flow. The 1D laminar counter flow diffusion flame

hows that the species composition space can be expressed as a

unction of the mixing which is quantified using mixture fraction

 Z ) with most of the reactive zone in thin regions called laminar

amelets. The turbulent flame can be considered as an ensemble

f laminar flamelets, which get wrinkled due to turbulence. Instead

f solving chemistry in the physical space, it can be solved in the

ixture fraction space thereby eliminating the need to solve for

ransport equation for each species. This reduces the overall stiff-

ess of the system thereby increasing the computational efficiency.

he Tabulated Flamelet Model (TFM) is based on the structure of

he Representative Interactive Flamelet model coupled with tabu-

ated chemistry. This framework has been discussed in detail and

alidated in Refs. [18,50] . Ameen et al. [18] validated the imple-

entation of TFM within LES with a single realization and also

ompared the results with homogeneous reactor model. A brief de-

cription of the model is provided here. 

.1. Flamelet equations 

The flamelet equations can be derived from the species trans-

ort and energy conservation equations by applying a coordinate

ransformation from physical space to mixture fraction [52] . These

quations are shown in Eqs. (1) and (2) . 

∂ Y i 
∂t 

= ρ
χ

2 

∂ 2 Y i 
∂ Z 2 

+ ˙ ω i (1) 

∂T 

∂t 
− ρ

χ

2 

∂ 2 T 

∂ Z 2 
− ρ

χ

2 

[ ∑ 

i 

(
C pi 

L e i 

∂ Y i 
∂Z 

+ 

∂ C p,i 

∂Z 

)] 

∂T 

∂Z 

= 

1 

C p 

( 

∂P 

∂t 
−

∑ 

i 

˙ ω i h i 

) 

(2) 

In these equations Y i is the mass fraction of species i, T is

he temperature, ρ is the density, Z is the mixture fraction, χ is

he scalar dissipation rate, and ˙ ω i is the chemical source term of

pecies i. C p is the specific heat and Le i is the Lewis number which

s assumed to be unity in this study. 

The functional dependence of χ on Z is parametrized in terms

f its stoichiometric value based on the following profile recom-

ended by Peters [52] . 

( Z ) = χst 

exp 

[ 
−2 

(
er f c −1 ( 2 Z ) 

)2 
] 

exp 

[ 
−2 

(
er f c −1 ( 2 Z st ) 

)2 
] (3) 

In Eq. (3) , st refers to the stoichiometric condition and χ st refers

o the scalar dissipation rate at the stoichiometric condition. The

amelet equations (1) and (2) are solved using the scalar dissipa-

ion rate profile described in Eq. (3) . In Eq. (1) , the term on the left

and side represents the unsteady species evolution. The ambient

emperature of the combustion chamber is specified as the temper-

ture of oxidizer in the flamelet equations. The ambient pressure is

sed as the pressure for the flamelet equations. The oxidizer com-

osition for the flamelet equations Y i (Z = 0) are specified based on

he initial oxidizer composition of the combustion chamber. The

rst term on the right hand side ( ρ χ
2 

∂ 2 Y i 
∂ Z 2 

) accounts for species

iffusion within the mixture fraction space and ˙ ω i is the species

ource term. In the absence of diffusion, i.e., χ = 0, the equations

epresent a homogeneous reactor. The solution of flamelet equa-

ions for a given χ st gives species as a function of mixture fraction



286 P. Kundu et al. / Combustion and Flame 183 (2017) 283–298 
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at each time step Y i ( t, ̃
 Z) . In order to consider the turbulent fluc-

tuations, a presumed PDF approach is used in this study. A beta

PDF is constructed based on mean mixture fraction ( ̃  Z ) and mix-

ture fraction variance ( ̃
 

Z ′′ 2 ) [53,54] . The species mass fraction for a

given time, mixture fraction and mixture fraction variance can thus

be calculated as: ̃  Y i = ̃

 Y i ( t, ̃  Z , ̃
 

Z ′′ 2 ) . For a constant pressure case, this

process can be repeated for different scalar dissipation rates and

the chemistry in a turbulent flow can thus be expressed as a lower

dimensional manifold with 4 dimensions as shown in Eq. (4) . In

case of varying pressures, the manifold needs to be extended with

pressure as an additional dimension [20,32,51] . 

 

 i = ̃

 Y i 

(
t, ̃  Z , ̃

 

Z ′′ 2 , χst 

)
(4)

2.2. Flamelet library generation 

The flamelet equations were solved a priori for a range of the

independent variables of the manifold. In this setup, sub-manifolds

can be generated in parallel with no communication with the other

processes. As a result, large chemistry mechanisms can be tabu-

lated in relatively short wall clock times. A reduced skeletal mech-

anism with 103 species and 370 reactions for n-dodecane fuel was

used to generate the 4 dimensional libraries for a given pressure

[15,55] . Table resolution studies for these conditions have been car-

ried out by the authors and reported in [51] . The libraries were

constructed using 28 points in χ st , 21 points in t , 120 points in Z̃

and 21 points in 

˜ 

Z ′′ 2 . In this work, the flamelet equations are based

on the classical mixture fraction formulation based on the con-

cept of gaseous counter-flow diffusion flames. A more detailed ap-

proach would be to model the effect of vaporization source terms

by modifying the flamelet equations [56] . However, in these lifted

flames this effect is not considered as the liquid lengths are sig-

nificantly smaller than the liftoff height and its impact is assumed

to be small on the overall results. The ideal gas equation of state

was used to solve the flamelet equations for the results presented

in this work. However, some more analysis were carried out by

implementing the Peng–Robinson equation of state in the flamelet

solver. The differences with respect to ideal gas were minimal. The

implementation and results are described in detail in Appendix A . 

2.3. Tabulated Flamelet Model (TFM) 

The TFM model was coupled with the Converge [57] computa-

tional fluid dynamics (CFD) code [18,50,51] . The CFD code solves

for the continuity, momentum, energy, mixture fraction and mix-

ture fraction variance equations. The species mass fraction at each

cell is calculated based on t, ̃  Z , ̃
 

Z ′′ 2 and χ st at each cell. The scalar

dissipation rate is modeled as [23] : 

˜ χ = 

˜ χSGS + 

˜ χres = 

D t 

�2 ̃

 

Z ′′ 2 + 2 D 

∣∣∇ ̃

 Z 
∣∣2 

(5)

˜ χres and 

˜ χSGS are the resolved and sub grid scalar dissipation

rates respectively and D t is the turbulent diffusivity. In order to

account for the spatial variation of χ st , the approach of multiple

flamelets suggested by Barths et al. [41] is implemented. Multi-

ple flamelets are injected along with the fuel which are tracked in

the domain by a marker equation for each flamelet ( l ) as shown in

Eq. (6) . 

∂ 
(
ρ̄˜ Z l 

)
∂t 

+ 

∂ 
(
ρ̄˜ u l ̃

 Z l 
)

∂ x l 
= −

∂ 
(
ρ̄ ˜ u 

′′ 
l Z 

′′ 
l 

)
∂ x l 

+ S̄ (6)

where 

˜ u 

′′ 
l Z 

′′ 
l = −D t 

∂ ̃  Z 

∂ x 
i i
nd S̄ is the mixture fraction source term which is obtained from

he evaporation of liquid fuel from the spray model. 

The markers must also satisfy the following condition: 

˜ 
 = 

n ∑ 

l=1 ̃

 Z l , (7)

here n is the number of flamelets. Each flamelet that has been in-

ected into the computational domain has its own residence time,

 l and scalar dissipation rate, ̂ χst (l) . The residence time of each

amelet is the time elapsed since its injection into the domain.

he scalar dissipation rate for each flamelet is determined from

q. (8) [44] . 

̂ st ( l ) = 

∫ ˜ Z l 
˜ Z 
ρ̄ ˜ χst 

3 
2 ˜ P ( Z st ) dv 

∫ ˜ Z l 
˜ Z 
ρ̄ ˜ χst 

1 
2 ˜ P ( Z st ) dv 

, (8)

here ˜ χst = ˜ χ
f ( Z st ) 

∫ 1 0 f ( Z ) P ( Z ) dZ 
(9)

nd f ( Z ) = exp 

[ 
−2 

(
er f c −1 ( 2 Z ) 

)2 
] 

(10)

Eq. (9) calculates the stoichiometric scalar dissipation rate at

ach cell of the CFD domain which has a mean mixture frac-

ion and variance. Eq. (8) calculates the conditional scalar dissi-

ation rate at Z st for each flamelet. The domain averaged value is

eighted with the area of stoichiometric mixture present per unit

olume in the cell. ̂ χst (l) is the spatially averaged stoichiometric

calar dissipation rate for each flamelet. P() is the presumed beta

DF used in Eqs. (8) and (9) . 

P ( Z; x, t ) = 

˜ Z α−1 
(
1 − ˜ Z 

)β−1 

	( α) 	( β) 
	( α + β) 

here α = 

˜ Z γ and β = (1 − ˜ Z ) γ and γ = 

( ̃  Z (1 − ˜ Z ) ˜ 

Z ′′ 2 
− 1 (11)

As shown in Eq. (11) , the PDF depends on the mean as well

s the variance. P(Z st ) is the PDF evaluated at the stoichiometric

ixture fraction and the variance at a particular CFD cell. 

The species mass fraction at each cell from flamelet l is calcu-

ated using Eq. (12) 

 

 l,i ( x, t ) = 

∫ 1 

0 

Y l,i ( Z, t ) P ( Z; x, t ) dZ (12)

The contribution of flamelet l is obtained using the table lookup

iven by a 4 dimensional linear interpolation: 

˜ 
 l,i = 

˜ Y l,i 
(˜ Z l , Z v , ̂  χst ( l ) , t l 

)
, (13)

Species mass fraction at each cell is calculated as the weighted

verage of contributions from all n flamelets. 

˜ 
 i = 

n ∑ 

l=1 

Z l 
Z 

˜ Y l,i (14)

The schematic of the model’s coupling with the CFD code is

hown in Fig. 1 . At the end of each time-step the scalar dissipa-

ion rate of each flamelet and residence time along with mixture

raction and mixture fraction variance at each cell are passed to

he multidimensional look-up table. The species mass fraction is

hen interpolated from the library for each flamelet. This is carried

ut iteratively for each flamelet and the final species mass fraction

s calculated using Eq. (14) . The temperature at each cell is then

alculated from the species mass fraction and enthalpy. The tab-

lated model in this work assumes the species mass fractions to

e represented by a 4 dimensional manifold of scalar dissipation,

ime, mixture fraction and mixture fraction variance at each time

nstant. The underlying assumption is that the history effects are

egligible. Some more analysis on this aspect and using time as an

ndependent variable is discussed in Appendix B . 
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Fig. 1. Schematic of TFM coupling with the CFD code. 

Table 1 

ECN experimental initial and boundary conditions. 

Parameter Quantity 

Fuel n-dodecane 

Nozzle outlet diameter 0.09 mm 

Discharge coefficient 0.86 

Fuel injection pressure 150 MPa 

Fuel temperature 363 K 

Injection duration 1.5 ms 

Ambient temperature 80 0-110 0 K 

Ambient gas density 22.8 kg/m 

3 

Ambient O 2 concentration 15% 
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Table 2 

Computational setup. 

Modeling Tool CONVERGE v2.1 

Dimensionality and type of grid 3D, with Adaptive Mesh Refinement 

Spatial discretization approach 2nd order finite volume 

Smallest and largest characteristic 

grid sizes 

Base grid size: 1 mm 

Finest grid size: 0.0625 mm 

Gradient based AMR on velocity and 

temperature fields 

Fixed embedding in the near nozzle 

region: 0.0625 mm 

Total grid number 22 million at 1 ms 

Turbulence and scalar transport 

models 

Dynamic structure LES model 

Spray models Breakup: KH-RT 

Drag-law: Dynamic model 

Evaporation model: Frossling 

correlation 

Time step Variable time step 

Combustion models TFM 

Number of flamelets 20 

Time discretization scheme PISO (Pressure Implicit with Splitting 

of Operators) 
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.4. Computational setup 

The TFM combustion approach was initially validated in a LES

ramework for igniting n-dodecane sprays from the ECN dataset

18] and the condition are shown in Table 1 . The experiments con-

ist of an n-dodecane spray injected into a constant volume com-

ustion chamber. The conditions within the chamber can be varied

o mimic different operating conditions of diesel engines. In this

tudy, a range of ambient temperatures are considered. The condi-

ions are summarized in Table 1 . The baseline condition at 150 MPa

njection pressure, 15% Oxygen concentration and 900 K ambient

emperature is known as the Spray A condition. 

The spray is modeled using a Lagrangian framework and the

as phase is solved using an Eulerian approach. Some experimen-

al and numerical studies [ [58] , [59] ] have focused on the behav-

or of sprays under engine relevant conditions. In this work the

pray breakup and evaporation is modeled as an interfacial system

ithout supercritical behavior. Adaptive mesh refinement is used

o refine the grid in regions of high scalar gradients such that the

pray and combusting region has a high grid resolution. The spray

odel has been extensively validated against the ECN dataset for

-dodecane and n-heptane fuels within the LES framework in pre-

ious studies by Xue et al. [60] . Grid convergence studies with the

ynamic structure LES model [61] suggested a minimum cell size

f 0.0625 mm to capture the liquid length and vapor penetration

or the n-dodecane sprays. Grid resolution studies for combusting

ases with TFM were carried out in the previous study by Ameen

t al. [18] and a resolution of 0.0625 mm was shown to capture
he relevant physics and was a good compromise between accuracy

nd wall-clock time. Our previous studies [ [38] , [39] ] also investi-

ated the number the criterion for selecting the total number of

amelets under Spray A conditions. 20 flamelets have been found

o be sufficient for the Spray A conditions with injection duration

f 1.5 ms. For higher injection durations, the number of flamelets

eed to be increased proportionately. The chemistry mechanism

sed to generate the tabulation was derived from the LLNL de-

ailed mechanism with 2755 species and 11,173 reactions [62] . The

etailed mechanism was reduced using DRGX (direct relational

raphs with expert knowledge) and sensitivity analysis by Luo et

l. [63] followed by validation in 0D, 1D and CFD simulations. The

etails of the spray model and computational setup are summa-

ized in Table 2 . Further details and validation studies can be found

n our previous publications [12,14,16,18,50] and hence not shown

ere for brevity. 

. Results and discussion 

Following the detailed description of the modeling approach,

his section will focus on the results and discussion. The validation

f the TFM approach within the LES framework will be presented

rst. 

.1. Ambient temperature sweep 

Validation of the TFM in an LES framework is shown for differ-

nt ambient temperature conditions from the ECN. Since the LES

pray set-up has already been validated against experimental data

or mixture fraction, vapor penetration and liquid length in our

revious studies [60] , it is not shown here for the sake of brevity.

hree LES realizations were carried out for each ambient tempera-

ure condition based on previous work from our group [16] . More

etails about the multiple LES realizations will be discussed in the

ollowing paragraphs. The injection pressure, ambient density and

xygen concentration were kept constant across all the cases. Ig-

ition delay is defined as the time required to reach 14% of maxi-

um OH in the computational domain at quasi steady state of the

ame. The liftoff length is defined as the distance from the noz-

le tip where the OH mass fraction reaches 14% of maximum OH

t steady state. These definitions are based on ECN recommenda-

ions [64] and consistent with previous studies [14,18] . The ignition

elay and liftoff predictions from TFM are compared to experimen-

al measurements in Fig. 2 . Each realization is represented with a
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Fig. 2. Ignition delay and liftoff length predicts from TFM for different ambient temperatures. Dotted lines represent each realization and the solid line represents average 

of the 3 different realizations. Experimental data is obtained from the ECN [64] . 
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dotted line and the solid line represents the average ignition delay

from the different realizations. Increase in ambient temperature re-

sults in lowering of ignition delay and flame liftoff length, which is

expected. This trend is captured well by the simulations. The igni-

tion delays are predicted accurately between 90 0 to 110 0 K range,

while 11% over prediction is observed at 800 K. After ignition, the

flames reach a quasi-steady state and the liftoff length stabilizes by

∼1 ms for 900 K to 1100 K conditions. The 800 K case ignites at the

later stage and reaches a quasi-steady state at 1.3 ms. Variations

in ignition delay among the 3 different realizations are minimal.

The model is also observed to capture the trends in liftoff length

accurately with slight over predictions for 90 0 K and 10 0 0 K con-

dition, and 12% under prediction at 800 K. The variations from one

realization to another are more prominent in the liftoff length pre-

dictions. A difference of 2 mm is observed at the baseline 900 K

case. Each of the realizations are carried out with the 0.0625 mm

mesh resolution as mentioned in Table 2 . Different flamelet li-

braries were generated for each ambient temperature condition

with the same table resolution that is mentioned in Section 2.2 .

The table needs to be generated once for each realization. One of

the advantages of using a tabulated model is the ability to reuse

the library for multiple realizations thus reducing the computa-

tional overhead. Each realization was run with 200 processors in

parallel at an approximate cost of 20,0 0 0 CPU hours per simula-

tion at the 900 K condition. The computation cost varied with the

ambient temperature condition. 

The different LES realizations were obtained by perturbing a

random number seed that influences the droplet initialization

and turbulence-spray interaction. During the droplet initialization,

the injected parcels are given velocities with a random direction

within the spray cone. In the turbulent dispersion model, the ve-

locity of the spray parcels are modified by adding a turbulent ve-

locity based on the turbulence intensity in the computational cell.

The random numbers used in both these processes are governed

by the random seed prescribed at the start of the simulation. The

validity of this method of perturbing the LES solution was investi-

gated by Ameen et al. [16] . Xue et al. [60] previously showed that

a single realization is sufficient to capture the global spray param-

eters. However, capturing local mixing and velocity fields require

multiple realizations. Recently, Van Dam et al. [65] have shown

that the random number seed is a reasonable approach to per-

turb the initial conditions of spray injection in the absence of un-

certainty measurements from experiments. Pei et al. [14] showed

that 5 realizations are required to capture the global combustion

trends accurately. Ameen et al. [16] showed that a combination of
zimuthal and ensemble averaging can lead to reduced computa-

ional costs with lesser number of realizations. Azimuthal averag-

ng for temperature and OH mass fraction fields are performed on

28 planes for each realization, followed by ensemble averaging of

he three different realizations. The statistically averaged tempera-

ure and OH mass fraction contours are shown in Fig. 3 for differ-

nt ambient temperatures. The black line represents the iso-line of

he stoichiometric mixture fraction. The averaging process is car-

ied out for the time step where the flame reaches a quasi-steady

tate. At 1 ms for the 90 0, 10 0 0 and 1100 K cases, higher tem-

eratures show higher jet penetration and narrower spreading an-

les owing to the early ignition. The formation of OH corresponds

ith the high temperature flame region. High concentration OH re-

ions are observed at the lateral edges of the jet near stoichiomet-

ic regions, away from the spray axis with lower concentration at

eading edge for the 1100 K case. This can be attributed to recir-

ulation zones at the edge leading to higher residence time and

lso lower scalar dissipation rates in these regions. Lower ambi-

nt temperatures of 10 0 0 K and 90 0 K led to more spreading of

he jet along with higher liftoff lengths and lower OH concentra-

ions at the leading edge. With further decrease in ambient tem-

eratures and consequently higher ignition delays at 800 K, OH is

bserved to form away from the stoichiometric region compared to

he high temperature cases. Longer ignition delays lead to substan-

ially higher mixing prior to ignition. By the time the low tempera-

ure reactions transition to the main ignition, the mixture is much

eaner and results in lower peak temperatures and OH concentra-

ions. Overall, the TFM approach is able to capture autoignition and

ame liftoff over a range of ECN conditions effectively. Our previ-

us studies [18] also show that the TFM approach is computation-

lly more efficient than the homogeneous reactor model with finite

ate chemistry by being at least 50% faster for a given operating

ondition. Hence, the TFM approach is used to further explore the

TC conditions in the subsequent sections. 

.2. Intermediate species formation 

Figure 4 shows a qualitative comparison between the experi-

ents and CFD prediction of CH 2 O for a single realization. The

H 2 O PLIF images at the baseline Spray A conditions were obtained

y Skeen et al. [66] for a single injection. Initial CH 2 O formation

as observed at the periphery of the penetrating jet followed by

onvection to the core. This corresponds to the first stage ignition

nd heat release. In the CFD simulations, the initial formation of

H O is observed near the periphery of the jet at approximately
2 
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Fig. 3. Temperature and OH mass fraction contours are shown for different ambient temperature conditions at 1 ms for 90 0 K–110 0 K conditions and 1.4 ms for 800 K. 

Azimuthal averaging is carried out over 128 cut-planes through the spray axis followed by ensemble averaging over 3 LES realizations. (For interpretation of the references 

to color in this figure legend, the reader is referred to the web version of this article.) 
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he same location. This is followed by the penetration of the jet

ith high concentration CH 2 O regions forming due to convection

long the centerline of the nozzle. The subsequent consumption of

H 2 O corresponds to the main ignition event and the high CH 2 O

oncentration region stabilizes at a certain distance from the noz-

le. The CFD model is able to predict the same trend. The high

oncentration region in simulations is predicted a few millimeters

ownstream as compared to the experiments. This is due to the

act that the model is slightly over-predicting the liftoff lengths at

his condition and are also subject to variations in multiple real-

zations. It must be noted that the experiments were carried out

or a single injection event. The resolution in the CFD grid is much

igher than the imaging. In order to have a more consistent com-

arison between experiments and simulations, an ensemble aver-

ge over multiple injection is preferable. Due to the unavailability

f image resolution, the spatial filtering of the LES CH 2 O contours

as not carried out in this study. Overall, the model is able to cap-

ure the qualitative trends gives reasonable predictions for the in-

ermediate species associated with the first stage of ignition. 

.3. Low temperature combustion 

Autoignition and flame stabilization of spray flames is a highly

oupled problem involving mixing and chemical kinetics. Reduc-

ion in ambient temperature can lead to significant changes in

he overall process leading to species formation and heat release

n a different regime. Modern internal combustion engine design

oncepts are trying to achieve low temperature combustion in or-

er to reduce pollutant formation. In this part of the study, the

alidated computational setup shown above is used to investigate

nd highlight species formation and flame stabilization at an am-
ient temperature of 750 K. Comparative studies are carried out

gainst the baseline Spray A case at 900 K to understand the fun-

amental differences at LTC conditions. The duration of injection

t this condition is 6 ms compared to the 1.5 ms injection dura-

ion for the baseline condition. Ignition is observed at approxi-

ately 1.8 ms in the experiments at 750 K. At temperatures above

00 K the spray reaches a quasi-steady state by 1 ms. This clearly

hows a significant difference in the time and length scales in-

olved under LTC conditions. Longer injection durations and sim-

lation times imply larger jet and flame penetrations, thus requir-

ng a much larger computational domain and number of cells. This

ncreases the computational cost and memory requirements non-

inearly. A single LES realization was carried out using the TFM ap-

roach for the LTC condition. The same chemistry mechanism with

03 species and 370 reactions was used to generate the flamelet

ibraries. The injection pressure was set at 150 MPa with an am-

ient chamber density of 22.8 kg/m 

3 , 15% O2 and 750 K ambient

emperature. The simulation was run up to 3.56 ms of injection,

y this time the species profiles and flame liftoff are observed to

each a quasi-steady state. The computational cost was approxi-

ately 55,0 0 0 CPU hours with this setup. 

Previous DNS studies by Chan et al. [67] investigated the effect

f the terms in the flamelet equation tangential to the stoichio-

etric surface. These terms were lumped together and found to

e negligible for diffusion flame configurations. Such DNS studies

re not feasible at this point for the current LTC case owing to the

igher Reynolds numbers, injection durations and pressures. How-

ver, the terms are heavily dominated by spatial gradients in mix-

ure fraction ( ∇Z ) and species mass fraction ( ∇Y i ). For these LTC

ases at 750 K, during ignition, the mixture is significantly homo-

eneous compared to the high temperature cases. These terms will



290 P. Kundu et al. / Combustion and Flame 183 (2017) 283–298 

Fig. 4. False color images of formaldehyde PLIF for a single injection at Spray A 

conditions [66] (bottom) are compared with the CFD predictions (top) from a single 

realization. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Jet penetration at 750 K ambient temperature compared with experimental 

measurements from ECN [64] . 

Fig. 6. Predicted formaldehyde (line) and OH (dots) formation at 750 K vs. time. 
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tend to 0 and hence the contribution will be very low. Moreover,

the unsteady flamelet model with multiple flamelets for a small

χ reduces to 
∂ Y i 
∂t 

= ˙ ω i ; which makes the model similar to a multi-

zone model where chemistry is discretized over a range of mixture

fractions. This was also pointed out by Hergart et al. [68] . As a re-

sult, the unsteady flamelet model has been used in many previous

studies to model non-premixed flames characterized by ignition at

homogeneous and partially premixed conditions. A list of valida-

tion and previous work is listed in Refs. [47–4 9,6 8–70] . Recently,

Dahms et al. [7] employed chemical explosive mode analysis and

showed that the flamelet assumption is valid during the entire ig-

nition event for ECN Spray A. As a result, the current formulation

can be used to model the LTC regime. 

3.3.1. Jet penetration 

Since the 750 K condition has not been simulated with LES in

the past, spray validation is presented first. The jet penetration is

calculated from the mixture fraction fields and compared with the

experimental data available from the Schlieren imaging in Fig. 5 .

It is defined as the maximum axial distance of the 0.1% mixture

fraction contour from the injector for the CFD simulations as per

the recommendation from ECN [64] . The single LES realization is

able to capture the jet penetration accurately. Some over predic-

tion is observed in the initial part of the injection, i.e., from 0.2 ms

to 0.5 ms. Mixing predictions are important as they determine the

equivalence ratio of the combusting mixture and the resulting tem-

peratures and species formation. 

3.3.2. Ignition delay and flame liftoff

Spray flames established with higher hydrocarbons (C7 and

above) are typically characterized by two stage ignition. The low

temperature formation reactions lead to an initial heat release fol-

lowed by the main ignition event. Experimental studies [66] have

shown that formaldehyde (CH 2 O) is an important intermediate

species and its formation corresponds to the first stage ignition.

The maximum CH 2 O and OH in the domain are plotted vs. time

in Fig. 6 . For the 750 K case, formaldehyde formation is observed
o begin at 1.5 ms which also corresponds to the first stage ig-

ition. The concentration of formaldehyde increases sharply and

hen reaches a quasi-steady state. The consumption of CH 2 O is fol-

owed by the formation of OH at 2.1 ms which corresponds to the

ain ignition. The flame reaches a statistically steady behavior by

.3 ms. 

CH 2 O, OH and temperature contour plots at a plane passing

hrough the spray axis for different times are shown in Fig. 7 .

H 2 O formation is first observed approximately 30 mm from the

ozzle at 1.5 ms followed by a high concentration region develop-

ng along the centerline corresponding to the formation of a cool

ame at 2 ms. This is followed by the consumption of CH 2 O and

hese regions correspond to high OH concentration and high tem-

erature flame spots at 3 ms. The high temperature regions are ob-

erved to form in the outer periphery of the jet where the resi-

ence times are highest. The flame is observed to stabilize near the

xperimentally measured liftoff location represented by the verti-

al line. 

The temporal evolution of liftoff length compared to experi-

ents is shown in Fig. 8 . The ignition delay is predicted from the

imulations is 2.3 ms. The experimental data set from Sandia for

his condition consists of two experiments with two different in-

ectors with the same nominal diameters. The experimental igni-

ion delay for Injector 1 is reported as 1.79 ms and 2.5 ms for In-
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Fig. 7. Temporal evolution of CH 2 O, OH mass fraction and temperature contours at 750 K predicted by TFM. The vertical solid line represents the measured liftoff length 

from experiments using Injector1 and the dashed line represents the measured liftoff length from Injector 2. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 8. Liftoff length vs. time at 750 K from simulation compared with the experi- 

mental data from ECN. 

j  

i  

e  

m  

m  

i  

t  

u

3

 

t  

T  

d  

i  

a  

F  

9  

i  

i  

f  

s  

9  

a  

c  
ector 2 at this condition. The simulation is able to capture the

gnition delay and flame liftoff close to the predictions from the

xperiments. Under these low temperature conditions, the experi-
ental uncertainty is relatively high [71] . Higher fidelity chemistry

echanisms (perhaps a detailed mechanism) can capture the LTC

gnition and flame liftoff length more accurately. This motivates us

o perform future simulations with detailed mechanism and TFM

nder the LTC condition. 

.4. Differences between low and high temperature combustion 

The ignition delays and flame liftoff lengths increase substan-

ially as the ambient temperature is reduced from 900 K to 750 K.

his part of the study investigates the differences at these two con-

itions using qualitative and quantitative results. Translucent OH

so-volumes are rendered for the two conditions at a time instant

fter ignition; 0.6 ms for 900 K and 3 ms for 750 K and shown in

ig. 9 . It is important to note that ignition happens at 0.44 ms for

00 K and 2.1 ms for 750 K from simulations. The OH iso-volume

s colored by temperature and is superimposed with opaque CH 2 O

so-volumes (blue) which span a range of 10 −3 to maximum mass

raction in the domain. The sequential formation of CH 2 O, OH and

patial distribution can be observed for both the conditions. At

00 K, CH 2 O formation is observed at an axial distance of 15 mm

long the circumference of the spray. This region extends into the

ore of the flame. OH formation is observed surrounding these iso-
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Fig. 9. Flame structure after ignition for 750 K and 900 K ambient temperature con- 

ditions. Spatial distribution of CH 2 O is represented using opaque blue iso-volumes. 

OH iso-volumes are colored by temperature. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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surfaces corresponding to the consumption of CH 2 O. The high tem-

perature regions are observed after the complete consumption of

CH 2 O. At 750 K, CH 2 O formation is significantly downstream of the

injector with a much wider distribution in the radial direction. This

leads to significantly leaner mixture formation and lower temper-

atures. 

In order to get an overview of the species formation, the react-

ing field is analyzed in the mixture fraction space. Figure 10 shows

the scatter plot of temperature (blue dots) on primary Y-axis and

CH 2 O on secondary (red dots) Y-axis against mixture fraction for

both the temperature conditions at different times. The physical

time is normalized ( t ∗) based on the ignition delay. The verti-

cal line shows the stoichiometric mixture fraction demarcating the

lean and rich regions. At 900 K condition (top image in Fig. 9 ),

CH 2 O formation and initial temperature rise is observed in the rich

region at 0.3 ms i.e., t ∗= 0.68. The high temperature regions are
Fig. 10. CH 2 O mass fraction (red dots) and temperature (blue dots) evolution in mixture

The time (t ∗) has been normalized based on the ignition delay for the 900 K and 750 K

legend, the reader is referred to the web version of this article.) 
hen observed to move towards the stoichiometric region as they

gnite while the CH 2 O formation is still in the rich region of the

ame. This is in tune with the previous findings from DNS stud-

es. The CH 2 O formation peaks at a mixture fraction of 0.15 which

orresponds to an equivalence ratio of 3.74. As the fuel is injected

nto the domain it evaporates and mixes with the ambient oxi-

izer as time progresses. CH 2 O is formed early when the mixture

s rich. This is followed by the consumption of intermediate species

nd formation of high temperature spots in the stoichiometric re-

ion. At 1 ms ( t ∗ = 2.27), the high temperature region peak stabi-

izes near the stoichiometric region as observed for a typical diffu-

ion flame. 

At the 750 K condition (bottom image in Fig. 9 ), CH 2 O forma-

ion is observed primarily in the lean region (Z < Z st ). The initial

emperature rise is also observed in the very lean region followed

y the peak moving slightly towards the stoichiometric regions. As

he ignition delay at 750 K is very high, the time required for the

ormation of intermediate species is also very high. Higher resi-

ence times lead to a significantly leaner mixture. As a result, most

f the reactions are in the lean region leading to lower mass frac-

ion and significantly lower temperatures. This is a key difference

etween the low and high temperature conditions as predicted by

he simulations. 

Figure 11 compares the equivalence ratio – temperature plots

or the 750 K and 900 K conditions. It can be observed that the

50 K condition has significantly lower temperatures and equiva-

ence ratios. The LTC conditions show the possibility of soot free

ombustion as the peak equivalence ratios in the high temper-

ture region are less than 1. This mode of combustion where

quivalence ratios are less than 2, has been referred to as Lean

ifted Flame Combustion and has the potential to eliminate soot

1,72] . At 900 K, low temperature heat release is observed to be-

in at equivalence ratios of 4 whereas at 750 K the heat release

s observed when the mixture reaches an equivalence ratio of

pproximately 1. 

.5. Role of turbulence chemistry interaction 

Scalar dissipation at the sub grid scale is known to play an

mportant role in autoignition and flame stabilization mechanism
 fraction space at 900 K (top) and 750 K (bottom) ambient temperature conditions. 

 ambient temperature. (For interpretation of the references to color in this figure 
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Fig. 11. Equivalence ratio-temperature scatter plots for 900 K at 1 ms (red) and 

750 K at 3.5 ms (blue) conditions. (For interpretation of the references to color in 

this figure, the reader is referred to the web version of this article.). 
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Fig. 12. Temporal evolution of scalar dissipation rate at 900 K and 750 K for first 

flamelet. 
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4–6] . Higher values of scalar dissipation lead to lower tempera-

ures and ignition delays. At sufficiently higher values of χ st the

ame extinguishes. It was observed that the simulations with a ho-

ogeneous reactor assumption fail to predict ignition at the 750 K

ondition. It must be noted that most of the flame stabilization

egion for these LTC conditions are significantly downstream of

he liquid spray. As a result, the scalar dissipation experienced at

he autoignition and flame stabilization locations are significantly

ower compared to the high temperature cases. The stoichiomet-

ic scalar dissipation rate for the 1st flamelet is plotted vs. time

or the two temperature conditions in Fig. 12 . The scalar dissipa-

ion rate increases sharply at start of injection and then decays as

he stoichiometric regions move away from the liquid spray. The

gnition at 750 K case is characterized by significantly lower and
Fig. 13. Ignition of flamelets at 750 K for 2 conditions: (i) Stoichiometric scalar dissi
teady scalar dissipation rates compared to the 900 K case. Previ-

us work by the authors [50] showed that as d χst 
dt 

approaches 0,

he unsteady effects are small. 

This part of the study investigates the role of scalar dissipation

n the ignition process. 1D flamelet equations are solved with the

ame set of boundary conditions (as in the CFD simulations), i.e.,

2.8 kg/m 

3 ambient density, 750 K oxidizer temperature and 15%

 2 oxidizer composition with the 103 species n-dodecane mech-

nism. In the first case, the stoichiometric scalar dissipation rate

 χ st ) is set equal to 0. This represents a homogeneous reactor. In

he second case, a very small value of scalar dissipation (2 s −1 ) is

dded. Note that χ st = 2 s −1 corresponds to the scalar dissipation

ate at ignition for the 750 K case (refer to Fig. 11 ). Temperature

s plotted vs. mixture fraction in the lean region (clipped up to
pation rate = 2 s −1 (solid line) (ii) homogeneous reactor assupmtion (dashed). 
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Fig. 14. CH 2 O formation in mixture fraction space plotted for (i) homogeneous reactor case on left (i.e., 0 s −1 ) and (ii) flamelet with stoichiometric scalar dissipation rate of 

2 s −1 . The species profiles with scalar dissipation get broadened in the Z space due to diffusion leading to higher concentration of radicals and intermediate products in the 

near stoichiometric regions. 
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Z = Z st ) in Fig. 13 . The first stage of ignition and temperature rise

is observed at 2 ms and both models capture this event. The scalar

dissipation rate term in the flamelet equation (1) represents the

diffusion of radicals in the mixture fraction space. This enhances

the ignition at such low temperature conditions. This term is ab-

sent for the homogeneous reactor case. The homogeneous reac-

tor case shows significantly delayed ignition in the lean regions

as seen from the 2.5 to 3.5 ms duration. The first term on the

right hand side of the flamelet equation (1) is the diffusion term

and the second term is the species source term. The net species

change over a time step is a result of competition between these

two terms. Very high scalar dissipation rates lead to an increase in

diffusion in the Z space and can lead to extinction of the flamelet.

However, at low temperature and low dissipation rates, it is ob-

served that this diffusion can lead to enhancement of the ignition

process. 

Figure 14 shows the temporal evolution of CH 2 O as a function

of mixture fraction in the lean region for homogeneous reactor

(left) and 2 s −1 scalar dissipation rate (right) cases. In both cases,

formation of CH 2 O is observed at mixture fractions lower than 0.01

and this peak then moves towards the stoichiometric mixture frac-

tion as time progresses. The homogeneous reactor case is charac-

terized by higher CH 2 O concentrations. At the corresponding time

step with a scalar dissipation rate ( Fig. 14 right) shows a diffused

profile with lower peak values. As a result of diffusion, the radicals

and intermediate species near the stoichiometric regions reach a

higher value compared to the homogeneous reactor case. This en-

hances the ignition process and leads to the main ignition event

which then propagates into the lean regions. It is observed that

in absence of this diffusion i.e., the homogeneous reactor case, the

main ignition does not take place in the lean regions. As a result,

the homogeneous reactor case cannot predict any ignition for the

spray flame at the 750 K condition. Scalar dissipation plays an im-

portant role in enhancing the ignition process and computational

models need to account for such TCI effects. 

4. Summary and conclusions 

A recently developed Tabulated Flamelet Model was imple-

mented for performing multiple LES realizations of spray flames.

The ECN spray conditions for n-dodecane fuel were initially sim-

ulated for the temperature range of 80 0 K to 110 0 K. A mesh of

0.0625 mm minimum cell size and approximately 22 million cell

count was used for each LES realization. The ignition delays did

not differ significantly between the realizations, however, varia-
ions in flame liftoff length were observed between these realiza-

ions. Azimuthal and ensemble averaging between different real-

zations were carried out for temperature and OH mass fraction.

hese results were used to study the structure of the flame for dif-

erent temperature conditions. Overall, the tabulation approach is

ble to capture the igniting spray conditions over a range of tem-

eratures when compared with ECN data. This model setup was

sed to study the autoignition and flame stabilization at 750 K

mbient temperature condition. This condition is characterized by

arger injection duration and ignition delay compared to the base-

ine 900 K condition, which increased the computational cost dras-

ically. LES performed at this condition was used to understand au-

oignition and flame stabilization mechanisms and how they differ

rom tradition high temperature mixing controlled combustion. At

he 750 K condition, the jet penetration is captured accurately up

o the simulated time of 3.5 ms. CH 2 O formation was observed to

egin at 1.5 ms followed by ignition at 2.3 ms in the simulations.

he flame liftoff length and ignition delay were over predicted by

he TFM approach while the homogenous reactor model could not

redict ignition under these conditions. Qualitative results were

resented to show the spatial and temporal distribution of inter-

ediate and high temperature species under 750 K and 900 K con-

ition. Some of the major differences with respect to the baseline

00 K case can be summarized as follows: 

1. Formaldehyde formation is observed in lean regions (phi < 1)

for the 750 K case compared to rich regions at 900 K. 

2. At ambient temperatures of 900 K, CH 2 O formation is observed

in the rich regions followed by OH and high temperature in the

stoichiometric regions. Higher ignition delay at 750 K leads to

significantly leaner mixture formation, leading to significantly

lower mass fractions of CH 2 O, OH and flame temperatures. The

phi-T plots show a leaner combustion with equivalence ratios

below 1 for the 750 K case. This could possibly lead to soot free

combustion. 

3. The ignition at 900 K occurs at relatively higher scalar dissipa-

tion rates compared to 750 K. 

Scalar dissipation is observed to play an important role in en-

ancing ignition at these low temperature conditions characterized

y two stage ignition. Comparative studies with homogeneous re-

ctor simulations were presented. The first stage ignition and tem-

erature rise is not influenced by turbulence. However, scalar dis-

ipation causes these low temperature radicals and intermediate

pecies to diffuse towards the relatively richer regions. Under these

onditions, it is observed that the diffusion process plays a pivotal
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Fig. A1. Evolution of the stoichiometric temperature of the flamelet with time for 

χ st = 1 s −1 using the ideal gas and Peng–Robinson EOS. 
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ole in the main ignition. It not only accelerates the main ignition

rocess, but the flame fails to ignite in absence of this diffusion

rocess at the 750 K condition. Similar reduction of the main igni-

ion delay due to dissipation was also reported by Krisman et al.

6] in their 2D DNS studies under lower pressure and richer con-

itions. The results show that the TFM model coupled with LES is

ble to capture the ignition delay and liftoff across a wide range of

emperature conditions and provide new insights into the combus-

ion process, especially under LTC conditions. 
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ppendix A. Real gas effects on the flame development 

In the current study, the ideal gas equation of state (EOS) was

sed to solve the flamelet equations and generate the tabulated

rofiles used in the TFM model. Using the ideal gas assumption

mplies that the compressibility factor, Z ( = pv/RT ) is assumed to

e unity. While conditions of the combustion products are suffi-

iently far separated from the critical point, these flow-conditions

xhibit appreciable compressibility so that Z = 1 can predict incor-

ect density and with this the overall rate of fuel conversion. In

his section, the validity of using the ideal gas assumption is eval-

ated by incorporating the more accurate Peng–Robinson EOS to

he flamelet equation, and comparing the solutions of these equa-

ions to those using the ideal gas EOS. The Peng–Robinson EOS is

iven by 

p = 

RT 

v − b m 

− a m 

v 2 + 2 b m 

v − b 2 m 

(A1) 

Here, p is the pressure, T is the temperature, v is the molar vol-

me, R is the universal gas constant, and a m 

and b m 

are parame-

ers which depend on the critical temperature, critical pressure and

he acentric factor of the mixture. Using this equation leads to a

ubic equation for the compressibility factor ( Z = pv /( RT )) and thus

eng–Robinson EOS is called as a cubic equation of state. Miller

t al. (Miller, R., Harstad, K., & Bellan, J. (2001), “Direct numerical

imulations of supercritical fluid mixing layers applied to heptane–

itrogen”, Journal of Fluid Mechanics , 436, 1-39) discusses methods

f evaluating these parameters for a multi-component gas mixture.

he value of the binary interaction parameter is available only for

 limited pairs of species, and hence it is assumed here that the

inary interaction parameter between any two species is assumed

o be 0. With this assumption, the parameters a m 

and b m 

are given

y: 

 m 

= 0 . 457236 

( R T cm 

) 
2 

P cm 

[ 

1 + c m 

( 

1 −
√ 

T 

T cm 

) ] 2 

(A2) 
 m 

= 0 . 077796 

R T cm 

P cm 

(A3) 

here, c m 

is given by 

 m 

= 0 . 37464 + 1 . 54226 ω m 

− 0 . 26992 ω 

2 
m 

(A4)

In Eqs. (A2 )–( A4 ), T cm 

, P cm 

, and ω m 

are the pseudo-critical tem-

erature, pressure, and acentric factor, respectively, which depend

n the molar composition of the mixture. These pseudo-critical pa-

ameters are obtained as: 

 cm 

≈

[ ∑ 

i x i 
T ci √ 

P ci 

] 2 
∑ 

i x i 
T ci 

P ci 

(A5) 

 cm 

= 

T cm ∑ 

i x i 
T ci 

P ci 

(A6) 

 m 

= 

∑ 

i 

x i ω i (A7) 

Here, x i is the mole fraction of species i , and T ci , P ci , and ω i are

he critical temperature, pressure and acentric factor of species i

espectively. The critical temperature, pressure and acentric factors

re available only for the major species. So, in this section, only 5

pecies – nC12H26, O2, N2, H2O and CO2 – are used to determine

he critical parameters in Eqs. (A5 )–( A7 ). 

To ensure self-consistency, all the thermodynamic properties of

he mixture are also evaluated using the Peng–Robinson EOS. The

olar enthalpy, h , and the molar heat capacity at constant pres-

ure, c p , are given by 

 = h 

0 + pv − RT + K 1 

(
a m 

− T 
∂ a m 

∂T 

)
(A8)

 p = c 0 p − T 

(
∂ p 
∂T 

)2 

v ,X (
∂ p 
∂v 

)
T,X 

− R − T 
∂ 2 a m 

∂ T 2 
K 1 (A9)

Here, h 0 and c 0 p are the reference molar enthalpy and the ref-

rence molar heat capacity respectively, which are obtained from

hemkin libraries (which make the ideal gas EOS assumption).

he additional parameters in Eqs. (A8 ) and ( A9 ) are related to the

seudo-critical parameters as shown in Eqs. (A10) –(A14) . 

 1 = 

1 

2 

√ 

2 b m 

ln 

[ 

v + 

(
1 − √ 

2 

)
b m 

v + 

(
1 + 

√ 

2 

)
b m 

] 

(A10) 
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Fig. A2. Profiles of (left) Temperature and (right) CO mass fraction in the mixture fraction space at a time of 0.4 ms. The profiles are obtained by solving the flamelet 

equation with χ st = 1 s −1 . 

Fig. A3. Profiles of (left) Temperature and (right) CO mass fraction in the mixture fraction space at a time of 1.0 ms. The profiles are obtained by solving the flamelet 

equation with χ st = 1 s −1 . 
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∂ a m 

∂T 
= −

a m 

c m 

√ 

T 
T cm 

T 

(
1 + c m 

(
1 −

√ 

T 
T cm 

)) (A11)

∂ 2 a m 

∂ T 2 
= 

0 . 457236 R 

2 

2 T 
c m 

( 1 + c m 

) 
T cm 

P cm 

√ 

T cm 

T 
(A12)

(
∂ p 

∂T 

)
v ,X 

= 

R 

v − b m 

−
(

∂ a m 
∂T 

)
v 2 + 2 v b m 

− b 2 m 

(A13)

(
∂ p 

∂v 

)
T,X 

= 

−RT 

( v − b m 

) 
2 

×

⎡ ⎣ 1 − 2 a m 

{ 

RT ( v + b m 

) 

(
v 

v − b m 

+ 

b m 

v + b m 

)2 
} −1 

⎤ ⎦ (A14)

The flamelet equations (1) and (2) are solved for a stoichio-

metric scalar dissipation rate, χ st =1 s −1 , using both the ideal gas

and Peng–Robinson EOS. The boundary conditions correspond to

the Spray A baseline case in which the temperature of the oxidizer

is 900 K. Figure A1 compares the transient evolution of the stoi-

chiometric temperature for these two cases. It is seen that there is

an excellent agreement between the two equations of state. The
eng–Robinson EOS leads to sub-unity compressibility factor es-

imations, leading to larger density than the ideal gas EOS. This

eads to a slightly earlier ignition using the Peng–Robinson EOS as

ompared to the ideal gas EOS. 

Figures A2 and A3 compares the profile of temperature and

O mass fraction in the mixture fraction space using the two ap-

roaches. Figure A2 shows that there are marked differences in the

ame structure between the two approaches at earlier times. How-

ver, Fig. A3 shows that, at steady state, there are negligible differ-

nces between the flame structure predictions. The flamelet solu-

ion employing the ideal gas EOS ignites slightly later, and thus

ags behind the solution employing the PR EOS. Overall, it can be

oncluded that employing the ideal gas EOS leads to a slightly de-

ayed ignition, but the steady-state flame structure is accurately

redicted. 

ppendix B 

In this work the 4-D flamelet libraries are generated with time

s an independent variable. This method leads to some assump-

ions. This modeling aspect has been discussed in depth previously

n the earlier publication [50] . A set of 1D unsteady calculations

ere performed by imposing a temporally changing scalar dissi-

ation rate over the flamelet. Three scenarios are compared. The

rst solution was obtained using the traditional unsteady flamelet
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Fig. B1. Maximum temperature vs. time for a flamelet with (i) steady χ st (ii) unsteady χ st with small gradient (iii) unsteady χ st with large gradient. 
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olver i.e., RIF approach. The same 1D problem is then solved with

he TFM approach i.e., the solution Y i at each point is a function of

ime, scalar dissipation and mixture fraction. The results are shown

n Fig. B1 where the maximum temperature of the flamelet is plot-

ed against time. For case (1), χ st remains steady, case (2) χ st de-

reases with a small gradient and in case (3) it reduces with a

uch steeper gradient. As also observed in the previous publica-

ion, there are certain differences that are incurred by the use of

ime as an independent variable as it neglects the history effect.

here are no differences for the steady case. As the gradient in-

reases, the history effects become more important. We observe

hat below a certain gradient (case 2) this difference is small. For

he low temperature conditions, which is the main focus of this

aper. Figure 11 shows the scalar dissipation rate and it reaches a

uasi-steady state with very low gradients. Hence, the impact of

his assumption will be small. 
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