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a b s t r a c t 

In this work, an extension of the Flamelet Generated Manifold (FGM) method is developed suitable for 

igniting turbulent flames. To create the FGM, the strongly stretched flamelet equations (SSFE) are solved. 

Whereas in the standard basic method a single representative flamelet strain rate is used, in the new 

method a range of strain rates is taken into account. This allows including the effect of a varying tur- 

bulent scalar dissipation rate (SDR) during ignition. The new approach is validated by applying it in an 

Large Eddy Simulation (LES) of the Engine Combustion Network (ECN) Spray A turbulent flame for which 

detailed experimental data are available. First, in a priori validation step, the performance of the new 

extended FGM, the multi-strainrate FGM (mFGM), is validated by the simulation of ignition and species 

profiles in laminar flames along the so-called S-curve diagram and comparing with full chemistry calcu- 

lations. The sub-grid scale (SGS) spray dispersion model is validated against the inert spray experiments 

in terms of vapor and liquid penetration as well as the spatial distribution of mixture fraction and its 

root mean square. Finally, the performance of the extended FGM is evaluated by comparison with the 

ECN Spray A flame. It is found that compared to the single-strain-rate FGM, the prediction of the igni- 

tion delay is improved considerably. This is related to the effect of the inclusion of the effect of the SDR, 

which is mainly on the second-stage ignition, i.e. the high-temperature chemistry. The low-temperature 

combustion is also affected as it occurs in richer mixtures than observed for the single-strain-rate FGM. 

Especially the formaldehyde, associated with low-temperature combustion, occurs in wider distribution. 

Finally, also predictions of soot evolution are studied. To improve the soot prediction capabilities, a new 

correction to the retrieved source term of the important pre-cursor, acetylene, is introduced. The above 

modeling developments have been made using a customized OpenFOAM solver developed by the authors. 

This work demonstrates the importance of including the SSFE SDR as independent parameter in an FGM 

based on igniting flamelets. 

© 2023 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Internal combustion engines consume 70% of the world’s fossil 

il production [1] and continue to play a dominant role in the en- 

rgy sector due to their high power density and robustness. The 

resent paper pays attention to non-premixed diesel spray com- 

ustion due to its wide application in engines. Although many pro- 

osed innovations for Heavy-Duty and Marine applications investi- 

ate premixed combustion modes, most engines still involve non- 

remixed combustion. Its mixing-controlled flame development in- 

ludes multiple time and length scales, and is a combination of jet 
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reakup, evaporation, mixing and complex chemistry. This moti- 

ates investigations towards a deeper understanding of spray com- 

ustion fundamentals. 

The combustion chamber is widely adopted to understand spray 

ormation and combustion in engines. It applies an injection of 

igh-pressure diesel-like fuel into well-defined ambient conditions. 

he ambient is created to mimic typical conditions for engines in- 

luding fuel and oxidizer temperature, oxygen level, background 

ressure, etc. The desired ambient thermodynamic conditions can 

e realized in a constant-volume vessel [2] by applying a pre- 

urn approach or in a constant-pressure flow rig [3] using pre- 

onditioned gas mixtures. To create the most reliable experimental 

esults, the Engine Combustion Network (ECN) [4] was established 

o collaboratively investigate combustion in representative engine 

onditions. The aim was to reduce the experimental uncertainties 
stitute. This is an open access article under the CC BY license 
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n various experiments and between different set-ups [5] . As has 

een pointed out by Reitz [6] , currently Computational Fluid Dy- 

amics (CFD) is accurate enough to overcome limitations of ex- 

eriments, but only when closely coordinated with experiments. 

eynolds-averaged Navier-Stokes (RANS) is widely used in engine 

esearch due to its relatively affordable computational cost. A vari- 

ty of excellent numerical studies regarding ECN cases within the 

ANS context have been carried out [7–10] . On the other hand, 

arge Eddy Simulation (LES) has been shown to be more suitable 

or modeling turbulent combustion due to its ability to reproduce 

ransient large scale vortical and scalar structures [11] . An excellent 

eview of atomization and spray combustion in a LES-framework 

as given by Jiang et al. [12] . More details about LES based ap-

roaches particularly concerning engine applications can be found 

n the review paper by Rutland [13] . 

Different combustion models have been used in LES, in combi- 

ation with a variety of chemical mechanisms. The most straight- 

orward of them is to directly express the filtered reaction rate 

n terms of the filtered thermodynamic variables (the homoge- 

eous reactor model), neglecting the turbulence-chemistry inter- 

ctions (TCI). Although possible important subgrid mixing effects 

re neglected in this “well-mixed” model, it was quite successful 

n predicting the ECN cases [14–16] . However, the high computa- 

ional cost makes its application in LES a challenge. Alternatively, 

he flamelet concept [17] , considering the turbulent combustion as 

n ensemble of local laminar flames (flamelets), drastically reduces 

he number of transport equations solved while detailed informa- 

ion is provided. Both in-situ [18] and tabulated flamelet models 

19–21] have been successfully applied to the ECN cases and their 

apacity of predicting an igniting spray is extensively validated. 

he latter describe combustion with several independent control- 

ing variables, generally chosen to be a mixture fraction Z and a 

eaction progress variable, and retrieves information from a pre- 

ared database. 

Traditionally, the flamelet equations are derived using a trans- 

ormation onto a local co-ordinate along the gradient of Z lead- 

ng to a formulation defined in mixture fraction space [17] . For 

revity, this flamelet approach is indicated by the classical flamelet 

odel (CFM). The scalar dissipation rate (SDR) χ , which needs to 

e modeled in this case, appears as a flamelet parameter that char- 

cterizes the effect of local flow straining on the flamelet and di- 

ectly determines the flamelet solution. A higher SDR corresponds 

o steeper scalar gradients and more rapid mixing. The flamelet 

atabase with SDR as parameter is used in the simulation of the 

ore-dimensional (turbulent) system. Typically, the SDR is de- 

cribed by an analytical expression, e.g. an inverse error function 

f Z and proportional to the strain rate a of the stagnation-point 

t the oxidizer side of a laminar 1-D counterflow diffusion (CD) 

ame [17] . This analytic profile is function of mixture fraction and 

he applied strain rate: χ = χAnal (Z, a ) . Even though this formula- 

ion of the SDR corresponds to a non-reacting stagnation flow, it 

s widely adopted in the igniting flamelet approach and gives good 

esults with respect to ignition [18,22] and species formation [23] . 

he tabulated approaches applying this SDR model have been ex- 

ensively applied to ECN cases [7,19,21,24–26] . 

FGM, on the other hand, is based on a set of flamelet gov- 

rning equations derived from the full set of in-stationary three- 

imensional conservation equations [27] . Unlike CFM, the flamelet 

quations, in this case, are solved in physical space and their 

erivation does not depend on whether the configuration is pre- 

ixed or non-premixed. This set of strongly stretched flamelet 

quations (SSFE) depend on a mass burning rate, the arc-length 

erpendicular to the flame surfaces, acting as the eigenvalue of 

he system to characterize turbulent flow behavior. The change 

n mass burning rate can be included by stretch terms. All dis- 

ortions from a local one-dimensional flame, including contribu- 
2 
ions due to stationary flow straining, curvature, density and ve- 

ocity variations along the flame isocontours, are combined in a 

ass-based stretch rate K [28] . The leading idea of FGM is that 

he most important aspects of the dynamics inside the internal 

tructure of the flame front should be taken into account [29] . 

etails regarding the related set of flamelet equations are briefly 

escribed in Section 2.1 . Here, the stretch rate K(x, τ ) , as func-

ion of flamelet physical and time coordinates (represented by x 

nd τ ) respectively, follows from a transport equation that is de- 

ived from the momentum equation in transverse direction and de- 

ends on an imposed strain rate at the boundary of a counterflow 

onfiguration [27] . As the flamelet equations are solved in physi- 

al space, the SDR is not prescribed as function of Z like in CFM 

ut is part of the solution. In fact, also the local value of Z is part

f the solution. It is determined algebraically using Bilger’s defi- 

ition [30] . Consequently, in SSFE, SDR varies in time during igni- 

ion (indicated by χ = χSSFE (Z, a, τ ) , this is shown in Section 2.3.2 )

nd is not a parameter that determines the flamelet solution. In 

 recent investigation, Sun et al. applied the SSFE SDR (physical 

olved solution) in a CFM solver when simulating igniting flamelets 

31] . Although the SDR applied during ignition was approximated 

y only the inert mixing solution and assumed to be fixed in 

ime ( χ = χSSFE (Z, a, τ0 ) ), still non-negligible differences were ob- 

erved in temperature evolution compared to the solution based 

n χ = χAnal (Z, a ) . It was found that an SSFE SDR is required for

n accurate prediction of ignition, especially under more strained 

onditions, which is the case for engine-like sprays. Similarly, Gök- 

olga et al. [32] addressed the limitation of applying the prescribed 

nalytical SDR in a CFM solver when investigating the curvature ef- 

ects. To apply the SSFE formulation in FGM, an explicit coupling of 

he local flow conditions to the applied strain rate in the flamelet 

s needed. An often adopted approach is to create a table that uses 

ne specific strain rate which represents the influence of diffusion 

ffects. The chosen strain rate needs to be justified by an additional 

rgument in accordance with the intended application. Hence, for 

he basic FGM approach, the local strain rate or SDR is not used 

n the retrieval [33,34] . Notwithstanding that, both studies have 

hown that the basic FGM is a promising model in predicting the 

gnition of diesel-like spray. However, as is pointed out in the lit- 

rature [21] , the choice of the strain rate applied is somewhat ar- 

itrary and the prediction of species information can be inaccurate 

hile the IDT is well captured. The question arises whether better 

esults can be obtained if the time-varying SDR obtained in an ig- 

iting SSFE calculation is used in the retrieval. The present work 

hows how this can be implemented and determines the improve- 

ents in predictions. The details of how the SDR can be added as 

n extra controlling variable are described in Section 2.3 . 

The following questions will be addressed in the case of solv- 

ng the igniting flamelet in physical space: (1) What is the effect 

f the applied strain rate on an igniting flamelet? (2) How can the 

xplicit χSSFE (Z, a, τ ) be included in the FGM as an extra control- 

ing parameter? The proposed method is implemented in a newly 

eveloped solver in OpenFOAM [35] and validated with turbulent 

ame calculations. The expected benefit of the new approach is 

igher accuracy in ignition modeling and emission modeling. The 

train rate effect on different stages of combustion within diesel- 

ike spray has been studied earlier in a few investigations [36,37] . 

he influence of strain rate on soot evolution is different in the dif- 

erent soot formation stages (precursor formation, particle growth). 

he complex issue of soot prediction is still not solved yet [36] and 

lso addressed in this work. 

This study incorporates the SDR in the FGM method and evalu- 

tes its performance in predicting igniting spray via the ECN Spray 

 flame [38] . The paper is structured as follows: In Section 2 , the

onstruction and lookup algorithm of the extended FGM that in- 

ludes the SDR effect is explained. The method is validated a pri- 
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ri on the laminar counterflow flame. Followed by an introduction 

o the spray modeling approach in Section 3 , the LES framework 

et-up is presented in Section 4 . After a validation of the tur- 

ulence modeling approach for the inert spray, the reacting sim- 

lations are presented where the extended FGM is applied. The 

etailed results are analyzed before a summary of conclusions is 

iven in Section 5 . 

. Flamelet analysis 

.1. Key ingredients of FGM 

FGM can be applied to both laminar and turbulent flames. In 

oth cases, transport equations for all controlling variables are 

olved together with the momentum and continuity equations. All 

ther thermochemical properties, including temperature, can be 

irectly retrieved from the tabulated manifolds according to the 

alues of the local controlling variables [29] . 

.1.1. SSFE 

A representative laminar flame (flamelet) is needed for the tab- 

lation, which is a CD flame for the case of diesel spray. In this 

ay, the internal flame structure is decoupled from the computa- 

ion of flow field. In the SSFE approach, employed here, the ignit- 

ng flamelet equations are solved in physical space using detailed 

hemistry. The governing unsteady conservation equations of mass, 

pecies, and enthalpy within flamelet time coordinate τ read: 

∂ρ

∂τ
+ 

∂ρu 

∂x 
= −ρK, (1) 

∂ρY k 
∂τ

+ 

∂ρuY k 
∂x 

= 

∂ 

∂x 

(
λ

C p 

∂Y k 
∂x 

)
+ ˙ ω k − ρKY k , (2) 

∂ρh 

∂τ
+ 

∂ρuh 

∂x 
= 

∂ 

∂x 

(
λ

C p 

∂h 

∂x 

)
− ρKh. (3) 

ressure is assumed a constant. In this work, preferential diffusion 

ffects are ignored by the assumption of unity Lewis number. The 

ocal flame stretch rate K = 

∂v 
∂y 

is used to describe the change of 

ass flux perpendicular to the axis flow, the flame structure is 

hus disturbed by the “external” flow field via K [28] . Its conser- 

ation equation is given by: 

∂ρK 

∂τ
+ 

∂ρuK 

∂x 
= 

∂ 

∂x 

(
μ

∂K 

∂x 

)
+ ρox a 

2 − ρK 

2 , (4) 

here ρox and a are density and the prescribed strain rate in the 

xidizer stream respectively. K is actually the local strain rate and 

ocates the mass burning rate. It is a function of spatial coordi- 

ate x and time τ , and is highly dependent on the strain rate a

pplied. In fact, the specified strain rate ( a = − ∂u 
∂x 

| ox = 

∂v 
∂y 

| ox ) is the

oundary condition that is applied to Eq. (4) , following the refer- 

nce [39,40] . On the fuel boundary, K f u = a 
√ 

ρox /ρ f u . Discussion 

n this applied strain rate effect on ignition can be found in ref- 

rence [41] and will be discussed in detail in Section 2.2 . Its ef-

ect on species formation is also addressed Section 2.2 . The equa- 

ions are solved using the code CHEM1D [42] . The details regarding 

he mathematical modeling in CHEM1D can be found in [43] . 

.1.2. Parameterization of the manifold 

The Flamelet Generated Manifold approach [44] maps the con- 

idered set of SSFE flamelet solutions on a low-dimensional mani- 

old by using a reduced number of controlling variables. The most 

mportant processes varying significantly in space and time in an 

gniting non-premixed flame are reaction and mixing. These phe- 

omena can be appropriately included by a standard FGM param- 

terization using the mixture fraction Z and a progress variable Y c . 
3 
he mixture fraction is retrieved algebraically from the SSFE calcu- 

ated mass fractions based on element conservation using weight 

actors as defined by Bilger. Y c in general is a linear combination of 

 few representative species such that its value is monotonically 

ncreasing during the reaction progress from the unburnt mix- 

ng state until the chemical equilibrium. Then any thermochemical 

uantity can be tabulated as a function of Z and Y c . The progress 

ariable indicates the state of a reaction during ignition progress. 

or storage and retrieval at a certain mixture fraction, a normalized 

rogress variable c s is defined: 

 s = 

Y c − Y u c (Z) 

Y b c (Z) − Y u c (Z) 
, (5) 

here the superscripts u and b represent values obtained at a pure 

ixing and chemical equilibrium state, respectively. 

It is the purpose of this study to consider SDR as an addi- 

ional controlling variable in addition to progress variable. This is 

otivated by the sensitivity of ignition phenomena to strain rate. 

he relation between SDR and strain rate has been widely used 

n flamelet modeling. In the case of CFM approach, as mentioned, 

n analytic model expression for SDR χAnal (Z, a ) is needed before 

he flamelet equations can be solved and a link between SDR val- 

es in turbulent flow and laminar flow is available. In the case of 

SFE flamelets, however, SDR is part of the solution of the flamelet 

quations. For every time-dependent solution calculated with a 

xed strain rate at the oxidizer boundary, a time-dependent spa- 

ial distribution of scalar dissipation rate χ is obtained from the 

olution as: 

SSF E = 2 D 

∣∣∣∣∂Z 

∂x 

∣∣∣∣
2 

. (6) 

DR is thus a function of Z, a , and τ . It is not a parameter that

irectly determines flamelet solutions. But, evolution of its values 

s indeed a consequence of the flamelet input a . For igniting FGM, 

ypically only flamelet solution at a prescribed a is adopted accord- 

ng to the case studied. In order to consider SDR as an additional 

ontrolling variable that links the turbulence to different igniting 

amelets, it is necessary to include information for a range of χ in 

he FGM table. 

In the following subsections first the effect of strain rate on 

amelets is demonstrated and next it is explored in detail which 

amelets have to be taken into account in the FGM construction to 

epresent the states in an igniting turbulent spray flame and how 

ata from the FGM-table are retrieved in the application. 

.2. The effect of strain rate on flamelets 

Here the sensitivity of ignition and soot precursor formation 

o strain rate in a counterflow configuration, corresponding to the 

CN Spray A case of which a summary is given in Table 1 , is an-

lyzed. Detailed chemistry is modeled using the Yao et al. mecha- 

ism (54 species and 269 reactions) [45] . 

Full transient simulations of the CD-configuration with detailed 

hemistry will be compared to the transient simulations using 

GM. Both are initialized by pure mixing and computed within 

HEM1D. Here and in the following ‘strain rate’ refers to the 

oundary condition imposed at the oxidiser side of the counter- 

ow equations in physical space (SSFE). The strain rate values 

over a wide range from very low strain rate until the ignition lim- 

ting strain rate ( a IL , around 3250 s −1 ). For each strain rate, the

gnition delay time, denoted by IDT, is defined as the time when 

H mass fraction for the first time reaches 2% of its maximum 

alue following recommendation by ECN [4] . The flamelet solver 

nly solves gas phase equations. To account for the heat-loss due 

o vaporization in the spray, the temperature at the fuel side of 
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Fig. 1. Effect of strain rate on ignition. The strain rate here and in the following figures refers to the applied strain rate at the boundary of the computational CD-configuration 

[39,40] . 

Table 1 

Common specifications for ECN Spray A case. 

Parameter Specification 

Injection conditions 

Fuel n-dodecane 

Nominal nozzle diameter 90 μm 

Fuel temperature 363 K 

Injection pressure 150 MPa 

Ambient conditions 

Ambient temperature 900 K 

Ambient pressure 6 MPa 

Density 22.8 kg / m 

3 

Composition (molar) reacting case: 

15.00% O 2 ,75.15% N 2 ,6.22 % CO 2 ,3.62 % H 2 O 

(stoichiometric mixture fraction 0.0456) 

inert case: 

0.00% O 2 ,89.71% N 2 ,6.52 % CO 2 ,3.77 % H 2 O 
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he flamelet is reduced to capture this effect as explained in refer- 

nce [46] . To avoid the problem that thermal database is not de- 

ned for fuel temperature below 250 K, the fuel side boundary is 

et at a mixture fraction of Z = 0 . 75 , i.e. a mixture of fuel and air.

he states at Z > 0 . 75 are not encountered in the turbulent spray

ame. 

Figure 1 shows the effect of strain rate on ignition. As ex- 

ected, it is seen in Fig. 1 (a) that the IDT increases as the strain

ate increases and finally approaches the so-called “ignition limit- 

ng strain rate”. Reports on previous investigations [33,34] declared 

hat the IDT is insensitive to the strain rate when it is smaller 

han 10 0 0 s −1 , however, this is highly dependent on the chem-

stry mechanism applied. For the Yao mechanism, the difference is 

ignificantly higher than that for the Stanford mechanism analyzed 

n reference [34] . Fig. 1 (b) shows the temperature rise tendency 

uring an ignition with various strain rates. The curves from left 

o right indicate the strain rate value of 50, 100, 500, 1000, 1500, 

0 0 0, 250 0, 30 0 0, 3250 s −1 . The square markers indicate the 2%

H-based IDTs for each strain rate. The later stage of ignition is 

ndeed more sensitive to strain rate compared to the first-stage ig- 

ition. 

A detailed analysis of the ignition can be found in Fig. 2 . For

ll strain rates, it is seen that the ignition starts at lean mixtures 

ue to the higher initial temperature and propagates to rich mix- 

ures in the first stage of ignition. During the second stage, the 
4 
eak temperature location returns to Z st . The shift of the peak tem- 

erature location into the rich zone depends on the strain rate. 

he ignition propagates towards the richer mixture since the diffu- 

ion of energy and species changes the chemical activity. The dif- 

usion stage is also influenced by the strain rate. More details can 

e found in literature [36] and [47] . 

As is mentioned in Section 1 , next to ignition behavior, also, 

oot formation is influenced by strain rate. The phenomena occur- 

ing during the transition of gaseous soot precursors to solid soot 

articles has been studied extensively, and an excellent summary 

an be found in reference [48] . In soot formation modeling, most 

ften acetylene ( C 2 H 2 ) is taken as the soot precursor as it is a most

elevant species for soot growth. As can be seen clearly in Fig. 3 ,

he formation of C 2 H 2 in a CD flame is highly dependent on the 

train rate. The mass fraction of C 2 H 2 is very low during the first 

tage of combustion. A significant rise is only seen during high 

emperature reactions. The peak of C 2 H 2 appears in the richer mix- 

ures and moves towards the fuel side during ignition. Note that 

ven when the combustion reaches steady-state in terms of tem- 

erature, C 2 H 2 keeps evolving and spreading to the richer side un- 

il it finally approaches equilibrium. The trend is more prominent 

s the strain rate increases. As the commonly progress variable def- 

nitions are mostly proposed to capture ignition, only intermediate 

pecies during the ignition are taken into account. This was found 

o give a problem in capturing C 2 H 2 accurately. Thus, to solve this 

ere a new reaction progress variable is introduced. It is defined 

s follows: 

 c = 1 . 5 Y CH 2 O + 2 . 7 Y HO 2 + 1 . 2 Y H 2 O + 1 . 2 Y CO 2 + 0 . 9 Y CO + 2 . 5 Y C 2 H 2 . 

(7) 

he first 5 species and their weighting factors in this new Y c def- 

nition follow from a previous study [46] , in which this combi- 

ation was extensively validated. The addition of C 2 H 2 is due to 

he aforementioned fact that an ignition-based Y c definition does 

ot capture the evolution of minor species that are responsible for 

oot production. In order to include the identification of reaction 

rogress towards for soot, C 2 H 2 is included. The weighting factor is 

arefully chosen by ensuring the new Y c definition meets the fol- 

owing criterion: (1) Each value of Y c must correspond to a unique 

tate of reaction, so that Y c monotonically increases as function of 

ime. (2) Y c has to reveal the temporal evaluation of C 2 H 2 in mix-

ure fraction space. 
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Fig. 2. Influence of strain rate on ignition. The vertical dotted lines are the stoichiometric mixture fraction. For (a)(b)(c), solid lines are the unsteady flamelets, the flamelets 

at the IDT are represented by dashed lines, the dashed-dotted lines ending in arrow indicate the maximum temperature, while the steady-state flamelets are marked by 

circles ( ◦). Top: 100 s −1 strain rate (left), 1500 s −1 strain rate (right), bottom: 30 0 0 s −1 strain rate (left), change of maximum temperature during ignition for different strain 

rates (right). 
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The performance of the newly defined Y c in capturing both the 

emperature and acetylene is evaluated by contour plots for a case 

ith strain rate 500 s −1 shown in Fig. 4 . The results for the pre-

ious Y c is also shown for comparison. The contour plots are col- 

red by mixture fraction. Although both Y c definitions perform well 

or temperature (for a specific color, i.e. a specific mixture fraction, 

emperature follows the Y c well), the performance of capturing the 

 C 2 H 2 
show differences. In the case of the previous Y c definition, the 

volution Y C 2 H 2 is badly resolved in the later stage of reaction for 

ll the mixture fractions. To be precise, for c → c end , 
∂Y C 2 H 2 

∂c 
∼ ∞ .

his results in the fact that small interpolation errors can have a 

arge effect on the value for Y C 2 H 2 . The performance of this new Y c 
efinition has also been tested for the Narayanaswamy mechanism 

257 species and 1521 reactions). A good agreement with the de- 

ailed chemistry results is observed. This is shown in Appendix A . 

The necessity of including the effect of applied strain rate in 

HEM1D can be seen more clearly via the new Y c definition. Con- 

our plots of source of Y c and mass fraction of C 2 H 2 are shown

n Fig. 5 . For all strain rates, three regions with higher values of 

 c source are observed. However, the magnitude and distribution 

f source vary with strain rate. This implies that the evolution of 

 c is different for each strain rate. Also, the peak of Y c shifts to
 fl

5 
 = 0 . 1 , which is different from Z st observed for the previous Y c 
efinition (not shown here for brevity). This is due to the presence 

f acetylene in the new Y c definition, which typically occurs at rich 

onditions. 

To conclude, the strain rate effect cannot be ignored for both 

gnition and soot formation. An extension of the FGM method to 

nclude strain rate variations is thus needed. 

.3. Extended FGM including strain rate variation 

In order to open the discussion in this section, the plot of 

eak temperature of steady CD flames as function of the applied 

onstant strain rate, known as the “S-curve”, is first introduced. 

ig. 6 represents an S-curve for the standard ECN Spray A condi- 

ion [4] based on computed CD flames. The peak temperatures of 

urning flamelets lie along the curve b − d − f . Peak temperature 

f non-burning flamelets lie along the curve i − g. The end point 

f corresponds to the extinction strain rate for a series of steady 

ame with increasing strain rate. The end point g corresponds to 

he ignition limiting strain rate a IL , beyond which the flamelet will 

ot auto-ignite towards the upper branch d − f . More states can be 

eached by unsteady solutions. At fixed strain rate lower than a IL , 

amelets will auto-ignite and evolve towards the steady burning 
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Fig. 3. Influence of strain rate on acetylene. Solid lines are the distributions of acetylene during the ignition progress, the dashed-dotted line ending in arrow indicates the 

development in time. The acetylene distribution at IDT 1 and IDT 2 are marked by x-marks ( ) and triangles ( ), respectively. Squares ( ) mark the distribution at IDT. The 

steady-state for temperature starts is marked by circles ( ◦). Top: 100 s −1 strain rate (left), 500 s −1 strain rate (right), bottom: 10 0 0 s −1 strain rate (left), 30 0 0 s −1 strain rate 

(right). 

Fig. 4. Performance of the progress variable on temperature and mass fraction of acetylene. 
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tates b − d. This set of states will be called ‘Region I’. Between the 

train rate for extinction and ignition, an unstable solution branch 

xists. It separates regions that evolve to either the upper or the 

ower stable branch. This set of states will be called ‘Region III’. 

lamelet solutions with time varying strain rate can show more 

omplex behavior. A rapid increase of strain rate can bring the 

ystem in the region where the temperature is higher than what 

ould be maintained at the new strain rate. This set of states will 

e called ’Region II’. In the context of the CD-configurations, such 
6 
ituations can be explicitly calculated. But, it would lead too far 

o include the many possible histories in an FGM. Instead, a sim- 

lified description of the extension of the manifold to region II is 

eeded. 

We now give a more detailed description of the different possi- 

le types of unsteady evolutions in the three regions of Fig. 6 : 

(I) Region I ( a − b − d − g − j − a ) This region contains the ig-

niting flamelets for a wide range of strain rates below a . 
IL 
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Fig. 5. Contour plots of source Y c (top) and mass fraction of C 2 H 2 (bottom) in progress variable and mixture fraction space for different strain rates. 

Fig. 6. Peak flamelet temperature versus strain rate. The S-shaped curve. 
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The arrow in this region refers to the ignition progress at a 

representative strain rate from the pure mixing state to the 

equilibrium, which is adopted for tabulation by typical ignit- 

ing FGM. 

(II) Region II ( b − c − e − f − d − b) This region can be accessed

during unsteady response to a change of strain rate. When 

the strain rate variation is slow or stops, an unsteady evolu- 

tion will bring the flamelet to a steady flamelet state at the 

lower boundary of region II. 

(III) Region III ( d − f − h − i − g − d) This region is bounded 

by non-burning ( g − i ) and burning ( d − f ) steady flamelet 

states and contains the unstable branch g − h . Note that 

auto-ignition starting from the initial mixing condition at a 
7 
strain rate higher than a IL stabilize at g − i , which is seen as 

non-burning considering its low temperature. 

More details regarding the three regions can be found in 

ection 2.4 . In the following part, FGM will be extended to include 

ll the three regions rather than depending on a single represen- 

ative igniting flamelet in region I. This extension is denoted by 

multi-strain-rate FGM” (mFGM) in this study. For tabulation, a full 

et of igniting flamelets at different strain rates, ranging from 50 

 

−1 until a IL , are used (see Section 2.3 ). The performance of ap-

lying this tabulated database to different regions is evaluated in 

ection 2.4 . First, the details regarding the tabulation and retrieval 

lgorithm of the mFGM method are discussed. 

.3.1. Tabulation of mFGM database: normalization of progress 

ariable 

A key step in the practical use of an FGM is the relation be- 

ween non-normalized and normalized progress variable ( Y c and c s , 

espectively). The range of Y c depends on its definition and on the 

alue of other controlling variables (mixture fraction and in this 

ase strain rate a ). For the standard FGM method this is expressed 

y Eq. (5) . However, when a is introduced as an extra controlling 

arameter, also the range of the reaction progress variable depends 

n the applied strain rate and the notations Y u 
c| a (Z) , Y b 

c| a (Z) and

 s | a (Z) can be used to represent this. In unsteady and highly tur- 

ulent diesel-like sprays, as a consequence of rapid SDR variations 

ocal values of the progress variable may be higher than the value 

 

b 
c| a (Z) deduced from a flamelet evolving at a fixed strain rate. In 

rder to accommodate this, the tabulated range of Y c at a certain 

train rate value must contain not only states in region I, but also 

tates in region II such that the full range of Y c occurring in the 

pray flame is contained in the table. For this purpose here the 
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Fig. 7. A virtual mFGM with 3 manifolds ( a = 50, 500 and 1500 s −1 ). Solid colored surfaces represent the igniting flamelet regime (with several instances of each igniting 

flamelet shown for reference). The additional figures give a zoom (see small box in top figure) of each individual FGM with the added flamelets. 
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ormalized progress variable at certain Z and a is defined as: 

 s | a (Z) = 

Y c − Y u 
c| a (Z) 

Y max 
c (Z) − Y u 

c| a (Z) 
. (8) 

n this expression Y max 
c (Z) is the maximum among all Y c| a (Z) . Con-

equently, for an igniting flame evolving at a constant Z and a , 

ts final state corresponds to a normalized progress variable value 

in general) lower than one, say c max 
s,ig| a (Z) . The states, c s | a (Z) ∈

 c max 
s,ig| a (Z) , 1] , are the added flamelet states in Fig. 7 , which belong

o region II. In other words, for a = 500 s −1 , c s | 500 (Z) is extended

o 1 by adding the flamelet solutions corresponding to c s | 50 (Z) > 

 

max 
s,ig| 500 

(Z) . Now the data of the computed unsteady flamelets can 

e tabulated on a regular mesh in parameter space ( Z, c s | a (Z) , a ).

he mesh has 301 points for Z, 501 for c s and 17 for a . In the Z

irection, a clustering around the stoichiometric value is used. 

.3.2. Dynamics of scalar dissipation rate in igniting flamelets 

In mFGM, the thermochemical properties are stored in the 

atabase as function of the controlling variables f (Z, c s | a (Z) , a ) . In

 more-dimensional (turbulent) situation, the strain rate cannot be 

etrieved simply from the velocity field. In fact one would have to 

erive a local relative velocity field taking into account the veloc- 

ty of the flamesheet itself. Thus, it is preferable to use the scalar 

issipation rate. The questions arise: what is the relation between 

calar dissipation rate and strain rate in a flamelet? In CFM, the 

orrelation relies on an approximate analytical expression which 

s derived for a steady counterflow flamelet (see [17] , Eq. (2.38)). It 

rovides χ as function of a at each value of Z ( χAnal (Z, a ) ). Alterna-

ively, as is described in Section 2.1 , the distribution of scalar dis- 

ipation χ in SSFE can be calculated explicitly ( Eq. (6) , leading to 

SSF E (Z, a, τ ) as a consequence of the time-dependent Z in a physi- 

al 1-D CD flame. These two procedures are used in the approaches 

alled Case 2 and Case 3, respectively, in Sections 4.2.1 –4.3 . 

To obtain a unique solution, it is a requirement that χ is re- 

ated uniquely to a at each pair of values of Z and c. Hence, χ
ust be a monotonous function of a for any given Z and c s (Z) . In

he case of χAnal (Z, a ) , χ is a monotonous function of a and in-

ependent of c. The difference between χ and χ is shown 
Anal SSF E 

8 
n Fig. 8 . Figure 8 (a) takes a = 500 s −1 as an example. During ig-

ition, χSSF E varies with time, its peak moves towards the richer 

ixture in the beginning and moves back in the end. The steady- 

tate χ given by SSFE is different from the analytical expression 

hich also relies on an additional assumption on the density pro- 

le. Fig. 8 (b) shows the values provided by the two methods in a 

ide strain rate range. It is observed that the steady-state χSSF E 

s more skewed towards the stoichiometric mixture fraction than 

Anal . It is clear that a significant difference between peak values 

xists. Thus, it can be expected that χAnal is not a good choice to 

dentify the strain rate as a function of time (or Y c ). Recently, this 

as also addressed for igniting hydrogen flames [31] . 

.3.3. Implications for an mFGM database construction and use 

To utilize the SDR as parameter to link conditions in a com- 

uted flame to states in the mFGM, it is essential to check whether 

t is possible to identify a unique strain rate a for a scalar dissipa-

ion rate χSSF E at every Z and c s . Figure 9 shows results for sev- 

ral representative mixture fractions. The relation between χSSF E 

nd a is evaluated for different c s (Z) levels. Only the states that 

 s | a (Z) ≤ c max 
s | a (Z) are shown (igniting flamelets, region I). It is seen 

hat χ for all c s (Z) and Z monotonically increases with a such that 

 can be uniquely identified by specifying χ . The correlation is lin- 

ar at pure mixing (small c s value) whereas a non-linear correla- 

ion is seen as the flame develops ( c s > 0 . 1 ). The Fig. 9 shows that

or given Z, χ , and c s , value of the strain rate parameter can be

dentified. However, it can also be seen that for some values of Y c 
nd Z at high values of χ , there is no corresponding flamelet con- 

ition as expected. The limiting value of scalar dissipation rate is 

enoted by χmax | c s (Z) . 

When mFGM is extended to states above the steady-state 

amelets (region II) by copying flamelet states from steady solu- 

ions at lower strain rates (a general procedure for FGM table gen- 

ration [34] ), the monotonous relation is lost. Increasing trend of 

calar dissipation rate with strain rate is only present in the ignit- 

ng flamelet regime. E.g. as seen in Fig. 7 , the extensions of the ig-

iting flamelets at both 500 and 10 0 0 s −1 use data from the steady

amelet at 50 s −1 . Their added flamelets have the same χ . 
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Fig. 8. Difference between the scalar dissipation rate in numerically computed flamelets and the analytical model for steady flamelets. 

Fig. 9. Dependency of scalar dissipation on strain rate according to representative mixture fraction. Different symbols indicates different value of scaled progress variable. 

The strain rate here refers to the applied strain rate in CHEM1D. 
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In Fig. 10 values of χ are displayed as function of the corre- 

ponding strain rate for several combinations of mixture fraction 

nd scaled progress variable. For high value of χ it does occur that 

here is no corresponding a . This can be illustrated by the follow- 

ng example concerning states at the stoichiometric mixture frac- 

ion for two values of scaled progress variable c s (Z st ) = 0 . 96 and

 s (Z st ) = 0 . 98 . In the first case all values of SDR needed are im-
9 
ediately available at corresponding strain rate (the dashed-dotted 

ine). In the second case there is an SDR beyond which a corre- 

ponding strain rate is not available. The limit SDR corresponds 

o the a limit strain rate value a lim 

(the dotted line). A flamelet 

tate corresponding to this situation can be defined by assigning 

 virtual SDR value to high strain rate states using a linear ex- 

rapolation line starting at the limit state. This is done such that 
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Fig. 10. Scalar dissipation tendency on strain rate at Z st at different Y c . The strain 

rate here refers to the applied strain rate in CHEM1D. a lim refers to the strain rate 

up to which igniting flamelet exists. 
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Fig. 11. Change of retrieved properties with strain rate at stoichiometric mixture fraction

applied strain rate in CHEM1D. Different symbols indicates different values of normalized

10 
he monotonically increasing trend of strain rate with scalar dis- 

ipation rate is maintained. For every strain rate the correspond- 

ng value of SDR on the extrapolation line is stored in the mFGM 

ookup table ( Fig. 10 ). Then in two steps local properties can be re-

rieved from the table: the high SDR is mapped onto a strain rate 

ia the virtual correspondence and next the equilibrium data for 

n igniting flamelet with the same value of normalized progress 

ariable is used. This procedure is insensitive to the slope of the 

roposed virtual correspondence line, because independent of the 

positive) slope it leads to the same state at lower a . 

.3.4. Illustration of trends with strain rate 

Fig. 11 illustrates the variations of several properties as func- 

ion of the applied strain rate at the stoichiometric mixture frac- 

ion as an example. These plots clearly illustrate that the soot pre- 

ursor, acetylene, is significantly changed by a . However, the tem- 

erature at fixed c s is barely influenced by a . The difference mainly 

xists when approaching the steady-state, as observed in Fig. 6 . 

his is why for IDT and LOL, a FGM based on a single strain rate
 Z st and different normalized progress variable c s . The strain rate here refers to the 

 progress variable. 
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Fig. 12. Comparison of IDT predicted by mFGM( ), single-stran-rate FGM at a = 500 

s −1 ( ), and detailed chemistry( ). 

Fig. 13. Development of C 2 H 2 for a case with a = 150 s −1 at mixture fractions Z

= Z st (red), 0.2 (black), 0.4 (magenta), and 0.6 (green). Detailed simulations (lines), 

mFGM (open symbols) and FGM 500 (solid symbols) are shown. For visualization, the 

mass fraction at Z st is multiplied by 10. The legend is also shown in Table 2 . 

Table 2 

Legend of Fig. 13 . 

Z = Z st Z = 0 . 2 Z = 0 . 4 Z = 0 . 6 

Detailed 

mFGM 

FGM 500 
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s acceptable. However, species information shows difference. The 

ource term of progress variable is significantly affected by a as the 

ew progress variable definition takes the acetylene into account. 

s some properties are not changing linearly with a , the interpo- 

ation in strain rate direction is chosen to be done by a piece-wise 

ubic interpolation [49] in between the selected strain rates. 

.3.5. Lookup algorithm of the extended mFGM 

Now the procedure to link flame properties to controlling vari- 

bles can be fully specified. Flame states are attributed to the re- 

ions I, II and III in Fig. 6 , depending on values of scalar dissipa-

ion rate and progress variable (We recall temperature in Fig. 6 can 

e replaced by progress variable). The main subdivisions between 

ifferent cases can be described as follows. For a flame condi- 

ion characterized by Z, Y c , χ , a corresponding normalized progress 

ariable c s is first identified according to Eq. (). If χ > χmax (Z, c s )

nd c s < c max 
s,ig| a IL (Z) , the flame state lies in region III and the prop-

rties are those of the flamelet at the ignition limit strain rate. 

f χ ≤ χmax (Z, c s ) , a strain rate value corresponding to χ can be 

ound and depending on the value of the normalized progress vari- 

ble, the flame state lies in either region I or region II. The final

ossibility is that χ > χmax (Z, c s ) and c s > c max 
s | a IL (Z) . This also falls

n the region II. In all cases, the dependent flame properties are re- 

rieved by interpolation on the mesh of the mFGM database with 

ndependent variables Z, c, a . 

.4. A priori validation: performance of the mFGM database 

It must be proven first in the laminar framework that FGM cap- 

ures the flame develpoment before it can be applied in turbu- 

ent application. In this section, the performance of the mFGM is 

resented for the three regions defined in Fig. 6 . For each region, 

ounterflow laminar flame at a certain strain rate chosen using 

GM is computed with the mFGM database and compared to the 

orresponding detailed simulation. All three regions are presented. 

n FGM approach, only transport equations for controlling variables 

re solved. Here, computation with mFGM means that transport 

quations are solved for the controlling variables Z and Y c , and all 

ependent properties are retrieved from the mFGM table accord- 

ng to Z, Y c , and a . In the context of laminar flames, transportation

f controlling variables Z and Y c follows: 

∂ρZ 

∂τ
+ 

∂ρuZ 

∂x 
= 

∂ 

∂x 

(
λ

C p 

∂Z 

∂x 

)
− ρKZ. (9) 

∂ρY c 

∂τ
+ 

∂ρuY c 

∂x 
= 

∂ 

∂x 

(
λ

C p 

∂Y c 

∂x 

)
+ ˙ ω Y c − ρKY c . (10) 

t is noted that the source term ˙ ω Y c is directly retrieved from the 

re-tabulated database. As is already mentioned, species mass frac- 

ions and other thermochemical properties are generally retrieved 

irectly from the manifold. But, for species that are varying slowly, 

t is better to solve a transport equation following Eq. (2) and re- 

rieve the corresponding source term 

¯̇
 ω k from the table [44] . The 

wo schemes are referred to as “direct retrieval” and “transport”, 

espectively. It is noted that the latter also applies information 

rom the FGM database. The latter applies to certain species de- 

ending on the application. In this work, it will be applied for 

 2 H 2 . 

.4.1. Region I 

The test flame is any igniting flamelet in Region I. Agreement 

n IDT and C 2 H 2 are used for validation. In Fig. 12 , the IDT pre-

icted by mFGM and standard FGM that is based on the igniting 

amelet at a = 500 s −1 (FGM 500 for brevity), respectively, are pre- 

ented for a wide range of strain rates. It is seen that the mFGM 
11 
lways is in good agreement to the detailed chemistry results. The 

GM 500 only provides an accurate IDT around the prescribed strain 

ate value. It also over-predicts the ignition limiting strain rate con- 

iderably, whereas the mFGM captures it well. Note that this is 

specially the case for the Yao mechanism applied here. The sen- 

itivity of IDT on strain rate is higher than that is found for the 

arayaswamy mechanism. The latter actually shows a relatively 

mall dependency on the strain rate for strainrates below 10 0 0 s −1 

34] .) 

Figure 13 shows the prediction of C 2 H 2 development given by 

FGM and FGM 500 at a = 150 s −1 as an example. For mFGM, in-

erpolated values at a = 150 s −1 using a piece-wise cubic interpo- 

ation are applied (see also 2.3.2 ). The figure illustrates that for an 

gniting flamelet at a certain strain rate, mFGM captures the acety- 

ene well. The typical FGM using a single strain rate (FGM 500 ) over- 

redicts the acetylene levels significantly. 

.4.2. Region II 

Regarding the unsteady flamelets above b − d − f , the added 

quilibrium solutions at lower strain rates are used. The perfor- 

ance of mFGM is shown in Fig. 14 . The steady flamelet created at 

train rate 50 s −1 is used to initialize a transient simulation with 
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Fig. 14. The unsteady flame development from the equilibrium at a = 10 s −1 to a = 500 s −1 , detailed and mFGM. Infinitely time step in the change of strain rate. 

Fig. 15. The progress from the unsteady branch at a = 50 0 0 s −1 , detailed and mFGM. The igniting case. 
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n applied strain rate of 500 s −1 . The predicted development of 

he unsteady flame given by mFGM is compared to the simulation 

hat applies the detailed chemistry. Although temperature oscilla- 

ions are seen in the quasi-steady period (which is an interpolation 

ssue at the maximal progress variable), the trend is captured rea- 

onably well. As the unsteady progress to the equilibrium state is 

low compared to the ignition progress, and the temperature fluc- 

uation is very small compared to its magnitude, the mismatch is 

cceptable. The evolution of acetylene is well-captured over the 

omplete mixture fraction range. 

.4.3. Region III 

Although Region III is introduced as the yellow region in the S- 

haped curve, the whole region d − e − f − h − i − g − d (i.e. every 

tate above the ignition limit) is treated together. For all of these 

tates, a single entry, of the igniting flamelet with highest strain 

ate, is used. In other word, information at the boundary of the 

FGM (the highest available strain rate in the table) is applied for 

egion III . To test this approach, a state that does and one that 

oes not ignite at a = 50 0 0 s −1 (slightly above and below the un-

teady branch g − h , respectively) are studied ( Figs. 15 and 16 ). The
12 
emperature and acetylene are captured perfectly in both cases by 

he FGM approach. Only a slight mismatch is seen between mFGM 

nd detailed chemistry when approaching the steady-state. This 

as also pointed out by Wehrfritz et al. [34] and is due to the fact

hat the progress variable value of an unsteady flamelet slightly 

vershoots before it relaxes to its equilibrium value. This part of 

he unsteady flamelet solution is generally discarded in the FGM 

pproach to ensure the monotonicity of the progress variable. 

From this priori analysis, it can be concluded that the mFGM 

aptures both the ignition delay and the evolution of acetylene 

ccurately as function of the strain rate. In the next section, the 

pproach will be applied in an LES study of the ECN spray A 

ame.But first we elaborate the special treatment of acetylene. 

.5. Acetylene formation modeling 

In Section 2.2 we have defined a progress variable leading to 

etter description of C 2 H 2 . This is sufficient for accurate tabula- 

ion of both value and source term of Eq. (2) in the CD flame. In

he soot formation model used in the current investigation (de- 

cribed in Section 4.3 ), local values of Y C 2 H 2 are needed. In a di- 
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Fig. 16. The progress from the unsteady branch at a = 50 0 0 s −1 , detailed and mFGM. The non-igniting case. 

Fig. 17. Comparison of mass fraction of acetylene between detailed chemistry and mFGM. The mass fraction at Z st is amplified to 6 times of the original one. 
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ect retrieval method they are obtained directly by lookup in the 

GM database. This might not be sufficiently accurate because the 

uild up of ˜ Y C 2 H 2 transportation ( Eq. (21) ) can be different from 

hat is represented by the CD flame. In an alternative approach 

s mentioned in Section 2.4 that is potentially more accurate, an 

xtra transport equation for ˜ Y C 2 H 2 ( Eq. (21) ) is adopted and the 

ource term of Eq. (21) is retrieved from the FGM database. To 

emonstrate the sensitivity to selection of either of the two ap- 

roaches (respectively denoted direct retrieval and transportation), 

rst an a priori test is performed showing the difference that al- 

eady can be seen in the simulation of transient laminar CD flame. 

n this case Eqs. (9) , (10) and the laminar version of Eq. (21) are

sed. The case studied again is using the ECN Spray A conditions. 

esults are displayed in Fig. 17 for both methods: direct retrieval 

left) and transportation (right). The result of a detailed chem- 

stry simulation not using the FGM approach is also shown. Both 

ethods for treating C 2 H 2 show differences with detailed chem- 

stry simulation. The transportation method agrees well compared 

o detailed chemistry for mixture fraction values 0.1 and higher. 

owever, at the stoichiometric mixture fraction, a significant over- 

rediction is observed. On the contrary, the direct retrieval method 

hows much better agreement at the stoichiometric mixture frac- 
13 
ion, while at higher mixture fraction the prediction significantly 

eviate from the detailed chemistry result. The possible reasons 

ehind this need further study. But this laminar test reveals that 

oth approaches can have merit depending on the local conditions. 

his will be taken into account when predicting the C 2 H 2 for the 

oot formation in the turbulent flame. 

. Spray analysis 

An Eulerian-Lagrangian approach is used to compute the spray. 

he gaseous continuum is computed using LES. The dispersed 

hase is represented by parcels, exchanging mass, momentum and 

nergy with the gaseous continuum. A parcel consists of a group 

f droplets sharing the same thermophysical properties. 

.1. Gaseous phase modeling 

In LES the turbulence is decomposed into the large scales which 

re directly resolved, and the unresolved small scales that need 

o be modeled. The variables are written as sum of a density 

eighted filtered value and a fluctuation as φ = 

˜ φ + φ′′ . The Favre 

ltered value is related to the Reynolds filtered value via: ˜ φ = 
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φ/ ̄ρ . The filtered governing equations including unclosed terms 

ead: 

∂ ρ̄

∂t 
+ 

∂ ρ̄˜ u i 

∂x i 
= 

¯̇
 S ρ, (11) 

∂ ρ̄˜ u i 

∂t 
+ 

∂ ρ̄˜ u i ̃  u j 

∂x j 
= − ∂ p̄ 

∂x i 
+ ρ̄g + 

∂ ̄τi j 

∂x j 
− ∂ ρ̄	i j 

∂x j 
+ 

¯̇
 S u,i , (12) 

∂ ρ̄˜ Z 

∂t 
+ 

∂ ρ̄˜ u j ̃
 Z 

∂x j 
= 

∂ 

∂x j 

[
ρ̄

(
ν

Sc 
+ 

νsgs 

Sc sgs 

)
∂ ̃  Z 

∂x j 

]
+ 

¯̇
 S Z , (13) 

∂ ρ̄˜ Y c 

∂t 
+ 

∂ ρ̄˜ u j ̃
 Y c 

∂x j 
= 

∂ 

∂x j 

[
ρ̄

(
ν

Sc 
+ 

νsgs 

Sc sgs 

)
∂ ̃  Y c 

∂x j 

]
+ 

¯̇
 ω Y c , (14) 

here ρ , u i , p, τi j denote the density, velocity, pressure and viscous 

tress tensor, respectively. ν represents the kinematic viscosity, and 

c the Schmidt number. Subscript sgs refers to the subgrid scale. 

i j is the turbulent stress tensor, modeled by Eq. (15) . For applying 

he FGM approach, scalar transport equations for mixture fraction 

 

 and progress variable ˜ Y c are solved for turbulence. It should be 

oted that temperature is directly retrieved from the FGM database 

nd not calculated by solving an enthalpy equation. 

In this work, a non-viscosity based model is used for the sub- 

rid shear stress 	i j , arising from the filtering operation in Eq. (12) , 

amely the dynamic structure model (DS) [50] , in the modified 

orm proposed by Tsang et al. [51] : 

i j = c i j k sgs − 2 νnoz 

(˜ S i j −
1 

3 ̃

 S kk δi j 

)
. (15) 

he first term at the right hand side of Eq. (15) represents the ef-

ect of stress by subgrid fluctuations. It is the product of a position 

ependent tensor and the subgrid scale kinetic energy k sgs , which 

s obtained from an extra transport equation k sgs [50,52] . The sec- 

nd term is added to represent effects of large strain in the flow 

ear the nozzle. It is the product of an artificial kinematic viscos- 

ty νnoz obtained from an extra transport equation [51] and the 

ymmetric part of the resolved strain rate tensor which is given 

y ˜ S i j = 1 / 2( ∂ ̃  u i / ∂x j + ∂ ̃  u j / ∂x i ) . The position dependent tensor c i j 

iven by [53] : 

 i j = 

2 L i j 

L kk 

, (16) 

here L i j is the Leonard stress tensor L i j = 

˜ ˜ u i ̃  x i −˜ ˜ u i ̃
 ˜ u j . The perfor- 

ance of the DS model used in this work was extensively eval- 

ated via a high-speed liquid spray, a channel flow, and a planar 

as jet in reference [51] . More details and features regarding the 

S model can be found in the literature [13,50–52,54–56] . 

The variance of the subgrid fluctuations of the mixture fraction 

ariance ̃  Z v is obtained from a model transport equation: 

∂ ρ̄˜ Z v 

∂t 
+ 

∂ ρ̄ ˜ u j ̃
 Z v 

∂x j 
= 

∂ 

∂x j 

[
ρ̄

(
ν

Sc 
+ 

νsgs 

Sc sgs 

)
∂ ̃  Z v 

∂x j 

]

+2 ̄ρ

(
ν

Sc 
+ 

νsgs 

Sc sgs 

)∣∣∣∣ ∂ ̃  Z 

∂x j 

∣∣∣∣
2 

− 2 ̄ρ˜ χ, (17) 

here ˜ χ is the scalar dissipation rate. ˜ χ indicates the rate at 

hich the variance of mixture fractions decays by mixing. It can 

e decomposed into a resolved part and a subgrid part [57] : 

¯ ˜ χ = ρ̄˜ χres + ρ̄˜ χsgs . (18) 

he resolved part is directly computed from the filtered mixture 

raction as ˜ χres = ν/Sc|∇ ̃

 Z | 2 , while the subgrid part is closed by ˜ sgs = νsgs /Sc sgs �
2 Z v according to the local equilibrium hypothesis 

58] . � is the filter size. 
14 
.2. Spray modeling 

The liquid phase is solved following the standard Discrete 

roplets Model (DDM) [59] . The so-called “face-to-face” method 

60] is used for parcel tracking, while a “four-way coupling” is 

dopted by considering not only the interactions between the tur- 

ulence and particles but also the collisions between droplets [61] . 

A Rosin-Rammler distribution is used to represent the droplet 

ize distribution of the injected fuel. The breakup is modeled 

y the Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT) instabilities, 

here a confined length for RT instabilities is added in OpenFOAM 

ollowing Ricard et al. [62] . 

The momentum coupling between gaseous and liquid phase is 

ealized through the drag force using a spherical drag model [63] . 

he drag force term appears in the source term of both the re- 

olved momentum Eq. (12) and the equation for the sgs kinetic 

nergy. The drag force is function of the relative velocity U rel be- 

ween liquid droplet and gas. The velocity of the gas is the sum 

f the resolved velocity (interpolated to the particle position) and 

n sgs fluctuation velocity. Following Tsang et al. [52] this fluctuat- 

ng component is determined from an assumed probability density 

unction of the subgrid scale velocity fluctuations, which are as- 

umed to be isotropic. It is written as a linear combination of the 

xpected value u sgs and a stochastic contribution u sto : 

 

′ = C sgs u sgs + u sto . (19) 

he Approximate Deconvolution Model (ADM) [64] , u sgs,i = 2 ̃  u i −
 ̃

 ˜ u i + 

˜ ˜ ˜ u i , is used to reconstruct u sgs . The variance needed to ob-

ain the stochastic contribution is obtained from σ 2 = 2 / 3 C sig k sgs .

 sgs and C sig are two model constants. In the DDM the two parts 

ave different simulation time-steps. The sgs dispersion contribu- 

ion u sto , is considered to be a piecewise-constant function of time. 

ts value changes after each time interval of length t turb , a typical 

ime scale of changes in subgrid gas fluid velocity “seen” by parti- 

les. Tsang et al. [52] proposed a new approximation of t turb specif- 

cally for LES: 

 turb = C turb 

2�

| u sgs − u d | , (20) 

here C turb is a model constant. In the new dispersion formula- 

ion, the physical meaning of t turb is actually the time used for a 

roplet to cross the largest unresolved eddy. For more detailed dis- 

ussion on model features, including the sensitivity of dispersion 

odel constants, we refer to reference [52] . 

The mass and heat transfer at the droplet surface is modeled 

sing the Ranz and Marshall correlation [65] . 

.3. CFD algorithm and numerical schemes 

The computational tools for solving the LES transport equa- 

ions are built upon the standard spray combustion solver, spray- 

oam, from the open-source CFD package—OpenFOAM [35] . New 

lasses are created within the combustion module for the FGM 

torage and retrieval algorithms. The Lagrangian and turbulence li- 

raries are also updated according to the theories mentioned in 

ections 3.1 and 3.2 . The PISO (Pressure Implicit with Splitting of 

perator) algorithm is used for pressure-velocity correction [66] . 

he transport equations for mixture fraction and progress vari- 

ble are solved after the velocity prediction ( Eq. (12) ), followed by 

n FGM routine to provide their sources and the necessary com- 

ustion information, temperature, laminar diffusivity, species mass 

ractions, etc. The PISO loop is then carried out to satisfy mass con- 

ervation. The implicit second-order backward-differencing time 

cheme is adopted for temporal integration, in conjunction with a 

ubic central differencing for the convection in momentum equa- 

ion as suggested in reference [67] . Variable time-stepping is used 
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Fig. 18. A comparison of predicted and simulated liquid and vapor penetration 

(Spray A [73] ). 

Fig. 19. The time-average quantities of the quasi-steady state on the centerline 

given by the turbulence model. 
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n the current study, where the time-step is automatically cal- 

ulated each CFD time-step based on the evaluation of convec- 

ion, diffusion, and the speed of sound to limit the maximum 

ourant-Friedrichs-Lewy (CFL) number (0.3 in this case). All Lapla- 

ian schemes are second-order, using linear central differencing. 

he convective terms, apart from that in momentum equation, 

re discretized by Normalised Variable Diagram-scheme (NVD), the 

amma differencing [68] , which is a blend of first- and second- 

rder approach, a first-order upwind scheme and a central differ- 

ncing scheme, respectively. 

. Spray simulation 

A first step towards an LES is the construction of an appropriate 

esh. In this work, a commonly adopted 3-D cylindrical mesh, that 

s widely applied and extensively validated within the framework 

f the ECN Spray A configuration, is used [25,69,70] . The height is 

08 mm which corresponds to the heigth of the Sandia constant- 

olume combustion chamber. The diameter is 47 mm, which is 

ide enough for the spray development. Boundary conditions for 

ll faces are set to zero-gradient. A gradually expanding hexahedral 

esh is applied. The smallest cell size is of 0.7 times the nozzle 

iameter (62.5 μ) near the nozzle, following the recommendation 

iven in literature for modeling ECN Spray A using Lagrangian par- 

icle tracking [71,72] . Expansion ratios of 1.015 and 1.01 are taken 

or radial and axial directions, respectively. This leads to a total of 

.6 million cells. More details regarding the mesh can be found 

n reference [25,69,70] . Using the current modeling approach, the 

omputational cost for non-reacting and reacting spray until 5 ms 

fter the start of injection are 47 and 99 h, respectively when 128 

rocessors are used. 

.1. The inert spray 

The spray modeling is based on the methodology described in 

ections 3.1 and 3.2 . The performance is first validated for the non- 

eacting case (the inert spray, i.e. 0% O 2 ). The prediction with the 

ptimized model parameters are shown in this section and these 

arameters are also used in the igniting case. It should be noted 

hat, the time-averaged gaseous phase quantities, such as mixture 

raction, are found to be very sensitive to the dispersion modeling. 

oth the randomness of Lagrangian particles and the magnitude of 

GS dispersion are controlled by the model parameters selected. 

ur study showed that a difference in dispersion prediction affects 

he time needed for the spray to develop, while the time-averaged 

ixture fraction in the quasi-steady state is quite similar. SGS dis- 

ersion can have a significant effect on soot formation as soot de- 

elopment is sensitive to local transient combustion. 

Figure 18 shows the prediction of global quantities. The vapor 

enetration is defined as the maximum distance from the nozzle 

utlet to the axial locations where Z = 0 . 001 is found, while the

iquid penetration is defined as that of the maximum distance con- 

aining 90% of the injected liquid. Both of them are in good agree- 

ent with the Sandia experiment. Note that the experimental liq- 

id penetration shown corresponds to a short-injection case, but it 

eaches a steady value quickly which is not different from that of 

 longer injection. 

The predictions for the time-averaged temperature, mixture 

raction and its variance along the spray-axis are captured well as 

s shown in Fig. 19 . 

Radial distributions of mixture fraction and temperature are 

iven in Fig. 20 . The properties are obtained from a single LES re-

lization by azimuthal averaging the time-averaged field. The az- 

muthal average is realized by averaging 360 slices around the 

pray axis. The radial distributions at both 25 mm and 50 mm 

rom the nozzle outlet (the end of the experiment) are well pre- 
15 
icted. The prediction in the far field is significantly improved by 

sing the LES-type SGS dispersion model. 

.2. The reacting spray 

Three different FGM strategies will be compared in the applica- 

ion to the igniting spray. Case 1 is the typical 2-D FGM which uses 

he igniting flamelet at 500 s −1 strain rate, i.e. F GM 500 . Both Case

 and Case 3 use the same set of igniting flames. Case 2 applies

Anal to identify the strain rate, whereas Case 3 applies the tabu- 

ated one that is explicitly computed according to the development 

f the flamelet in physical space ( χSSF E ) as described in 2.3.1 . The 

ransport equations for filtered controlling variables, ˜ Z and 

˜ Y c , are 

olved following Eqs. (13) and (14) . 

In the case of turbulent flame, turbulence-chemsitry interac- 

ion (TCI) incorporates the effect of unresolved turbulent fluctua- 

ions on resolved chemistry. Employment of TCI in modeling tur- 

ulent combustion has been successfully applied for various con- 

gurations [75] . Specifically, in the framework of RANS, a variety 

f investigations regarding reacting sprays in engine-like condi- 

ions suggest a case-dependent role of TCI on combustion. Bhat- 

acharjee and Haworth [8] observed different performance of TCI 

n n -dodecane and n -heptane flames, and pointed out that TCI is 

ore crucial at lower ambient temperature. Pei et al. [76] con- 

luded that ignition prediction is insensitive to TCI when studying 

n n -heptane spray. In later work by D’Errico et al. [18] , the insen-

itivity was attributed to the low SDR experienced during ignition 

hen the liquid penetration is significantly lower than the vapor 
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Fig. 20. The comparison of experimental and time-averaged radial mixture fraction regarding the inert Spray A case [74] . 
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Table 3 

Comparison of IDT. 

Case Case 1 Case 2 Case 3 Experiment 

IDT [ms] 0.340 0.336 0.408 0.39-0.44 

IDT2 [ms] 0.314 0.311 0.337 - 

Fig. 21. The change of maximum temperature in the computational domain in time. 

Solid lines are ignition of 1-D flamelets with different strain rate, whose IDTs are 

marked by squares ( �). The IDTs of the 3-D are indicated by x-marks ( ). 
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enetration, i.e. small nozzle diameter and high injection pressure 

hich is the case studied in the present work (standard Spray A 

ondition). Flame stabilization, on the other hand, is found to be 

ore sensitive to the turbulent fluctuations, especially in less re- 

ctive conditions [9] . However, in the context of LES, TCI is not ex- 

ected to be as important as in RANS because of the fact that un- 

teady motion and turbulence is resolved [77] . Regarding standard 

pray A condition, great efforts have been made by applying the 

rst order hypothesis, i.e. the well-mixed model [15,16,77–80] . For 

his condition, it is argued that mesh resolution plays a more pri- 

ary role than TCI [15,16,37,79] . Indeed, Fulton et al. [81] demon- 

trated that TCI only plays a minor role within the high SDR region 

hen the mesh is refined enough, and suggested the average mesh 

ize to be on the order of the laminar flame thickness for resolv- 

ng the flame structure. Kahila et al. [16] adopted a factor of 0.6- 

.6 to define the grid spacing when simulating ECN Spray A condi- 

ion and obtained good results. The current applied mesh has grid 

izes of 0.23 mm and 0.36 mm at 17 mm (approximately around 

he flame stabilization) and 30 mm downstream from the injector 

rifice, respectively. As the laminar non-premixed CD flame calcu- 

ations in Section 2.2 suggest a flame thickness of 0.4 mm, the 

esh is considered to be fine enough. Besides, analysis of the en- 

rgy spectrum for the currently adopted mesh was carried out by 

esantes et al. [25] . The spectrum corresponds to the -5/3 slope in 

he main reaction region until a frequency of 10 6 Hz. This satisfies 

he inertial mesh criterion (10 4 to 10 5 Hz) according to the classic 

urbulence theory [82] . Hence, in this paper, we assume that at the 

urrent resolution used, TCI effects are significantly less than the 

ffects of improved scalar dissipation rate modeling. Besides, the 

amelet approach partially includes the effect of flow on chemistry 

y incorporating the scalar dissipation rate, which weakens the in- 

uence of TCI. As this article mainly focuses on the role of scalar 

issipation rate in an igniting system, this work only considers the 

esolved scalar variables and ignores the subgrid effects. In other 

ords, the PDF of all controlling variables is assumed to be a Dirac 

-function. 

.2.1. Ignition and lift-off

The ignition delay time IDT and flame lift-off length LOL are 

he two most important global parameters in engine applications. 

enerally, IDT is defined as the time when 2% of the maximum 

ass fraction of OH in computational domain is reached [4] . Payri 

t al. [36] defined the ignition for cool flame and high temperature 

ombustion as the time spent for temperature to rise 30 ( �T = 30 )

nd 40 0 ( �T = 40 0 ) K from the initial mixing line temperature, re-

pectively. Here initialization of cool flame is refferred to as IDT 
1 

16 
nd the high temperature combustion as IDT 2 . The cool flame pe- 

iod occurs between IDT 1 and IDT 2 . Prediction of IDT 1 and IDT are 

hown in Table 3 . Although previous work showed that the IDT is 

ighly dependent on the mechanism used [34] , it is seen that the 

calar dissipation rate affects the IDT as well. The IDT is closer to 

he experiment when scalar dissipation is taken into account. The 

gnition can also be illustrated by the temperature rise ( Fig. 21 ). 

he temperature profile clarifies that the first stage of ignition is 

ignificantly different from that in a 1-D flamelet simulation. The 

scillations in this stage (around 0.25 ms) are a numerical arte- 

act arising from the fact that Eulerian-Lagrangian constrains mesh 

efinement (presence of too large liquid mass fraction in a small 

omputational cell) [83] . Local excessive liquid volume fraction es- 

ecially near the nozzle outlet may lead to rapid change in tem- 

erature in an ignition simulation. However, this can be ignored 

ince this only happens in a limited number of cells. We note that 

he effect is less when introducing TCI. The three different FGM 
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Fig. 22. The LOL predicted by different FGMs compared to the experiment. 
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pproaches perform similarly in this stage. It was previously con- 

idered that IDT prediction in turbulent flame depends more on 

hemistry rather than the strain rate applied for tabulation [34,84] . 

owever, this work suggests that the second-stage ignition is sig- 

ificantly influenced by the specific FGM implementation. In Case 

 (applies analytic scalar dissipation approximation χAnal ), the LES 

rediction is similar to that of Case 1 (the single strain rate FGM, 

.e. FGM 500 ) and that of the flamelet at strain rate 500 s −1 , i.e. the

amelet that defines the FGM 500 table. Clearly, the application of 

he explicitly retrieved scalar dissipation rate χSSF E (Case 3) has an 

ffect on the later-stage of ignition in terms of temperature. 

The LOL characterises the stabilization of the flame. Evaluat- 

ng the instantaneous OH field can predict the fluctuations of LOL 
ig. 23. A comparison of formaldehyde PLIF experiment [85] and different FGMs at repre

ase 2. Fourth row: Case three. First column: 0.2 ms. Second Column: 0.4 ms (close to i

ines are the instantaneous LOL. Dashed lines are the time-average of instantaneous LOL. 

17
or various boundary conditions [70] . In this paper, the instanta- 

eous LOL at a certain time instance is determined from analysis of 

ata on a set of transverse planes at different axial distances from 

he nozzle outlet. For each distance, the average of the instanta- 

eous OH mass fraction is calculated (represented by OH a v e,sur f i ). 

he instantaneous LOL is thus the smallest axial distance from the 

ozzle outlet with OH a v e,sur f i reaching 2% of the maximum value 

mong all. The LOLs obtained using different FGM approaches are 

hown in Fig. 22 . The time-average of the instantaneous LOL for 

he three simulated cases is 17.5, 17.4, and 18.3 mm, respectively, 

nd 17.7 mm in experiments. All approaches provide reasonable re- 

ults and no clear distinction between them can be observed. 

Formaldehyde ( CH 2 O ) is an important intermediate species as 

ts formation corresponds to the first stage of ignition. The qualita- 

ive comparison of CH 2 O between the experiment [85] and simu- 

ation is shown in Fig. 23 . Slices along the spray axis are analyzed.

he slices are colored by the mass fraction of CH 2 O at several rep-

esentative time instances. The difference between CFD simulations 

s mainly seen at the time instances up to the IDT. At 0.2 ms, CH 2 O

or Case 1 and Case 2 extends further downstream than Case 3. 

his correlates with the earlier IDT predicted by Case 1 and Case 2. 

t 0.4 ms (around IDT and before the quasi-steady state), the field 

f CH 2 O for Case 3 shows a wider distribution. It must be noted 

hat all images are from a single realization. However, the trend is 

ot expected to be changed by considering more realizations. 

Fig. 24 shows the scatter plots of mixture fraction and CH 2 O at 

everal time instances, corresponding to (i) early stage of ignition, 

ii) around IDT and before the quasi-steady state, (iii) early quasi- 

teady state, and (iv) 2 ms. Colors indicate the axial distance from 

he nozzle outlet. The very early ignition kernels ( t= 0.2 ms) lead to 

 very similar distribution of CH O in mixture fraction space. This 
sentative time instances. First row: the experiment. Second row: Case 1. Third row: 

gnition). Third column: 0.55 ms. Solid lines indicate the experimental LOL. Dotted 
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Fig. 24. Scatter plots of mixture fraction and formaldehyde, colored by the axial distance from the nozzle outlet. Blue color indicates the axial distance of 0 mm and the 

scatters further than 40 mm axial distance from the nozzle outlet are colored by red. From the top to the bottom: 0.2, 0.4, 0.55, and 2 ms. First column: Case 1, second 

column: Case 2, third column: Case 3. 
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orresponds to the fact that the spray development in this stage 

s dominated by mixing rather than the combustion model ap- 

lied. At 0.4 ms, however, using χSSF E in the FGM (Case 3) results 

n more CH 2 O at richer mixtures. Dahms et al. [47] incorporated 

he turbulence information in a flamelet approach and pointed out 

he importance of the SDR in capturing the so-called “cool flame 

ave”. It was pointed out that the neglect of TCI using the well- 

ixed combustion model fails to capture this cool flame wave and 

oes not predict first-stage ignition in rich mixtures. It is seen in 

ig. 24 that by including the SDR in FGM, such ignitions in richer 
18 
ixtures ( Z > 0 . 1 ) can be achieved through χSSF E . This is not the

ase for typical FGM (Case 1) and the FGM applying χAnal (Case 2). 

esides, the magnitude of CH 2 O mass fraction for Case 3 implies a 

ignificant higher chemical reactivity than the other two cases in 

he spray head ( > 25 mm downstream of the nozzle outlet, corre- 

ponding to green and red colors). This also aligns with the obser- 

ation by Dahms et al. [47] . Although maximum temperature for 

ase 1 and Case 2 stop evolving before 0.4 mm, a significant dif- 

erence of CH 2 O on mixture fraction is seen between 0.4 ms and 

he quasi-steady state. After 0.55 ms, the CH O distribution for all 
2 
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Fig. 25. Instantaneous strain rate predicted by the analytical expression (top) and the tabulated values (bottom), respectively. From the left to the right: 0.2, 0.4, 1, 3 ms. 
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Fig. 26. Comparison of experimental total soot mass and predictions over the 

whole computational domain. 
ases remain similar. No significant difference is seen among three 

ases. 

.2.2. The flow structure 

As the strain rate is of importance in the context of the FGM 

pproach, it is evaluated for the two different approaches ( χAnal 

nd χSSF E , i.e. Case 2 and Case 3, respectively) in Fig. 25 . 

It is clear that for all time instances, the strain rate provided 

y the two approaches are different. Overall, Case 3 shows more 

ariations of strain rate than Case 2 in the vicinity of flame and 

n the spray head. As is seen in Fig. 2 (d), igniting flamelets at

igher strain rates correlate with first-stage ignitions in richer mix- 

ures. This explains the wider distributed CH 2 O in mixture fraction 

pace for Case 3 as seen in Fig. 24 . For other combustion models,

his wider distribution is mostly achieved via TCI [47] . Only near 

he nozzle outlet the starin rate values are quite similar for the 

wo cases. This explains why the major difference is found in the 

econd-stage ignition. The greater difference exists in the down- 

tream region of the lift-off length, corresponding to the region 

here soot is produced. The new extended FGM is thus expected 

o have a large effect on the prediction of soot. 

As is mentioned in Section 2.3 , in turbulent applications, local 

ame states may exist in region II ( Fig. 6 ) due to a rapid change

f SDR. Indeed, a quantitative analysis shows that 1.65% and 0.91% 

f the flame (defined by Z > 0 . 001 ) by volume are in region II at

 ms and 3 ms, respectively for Case 3. Spatially, these flame states 

istribute in the spray head. 
19 
.3. Soot prediction 

As mentioned earlier ( Section 2.2 ), the prediction of C 2 H 2 in the

aminar flamelets is sensitive to the applied strain rate. Here the 

mplications for soot formation modeling are presented. The Leung 
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Fig. 27. Instantaneous soot volume fraction fields at different time instances given by the new extended mFGM (Case 3). 

Fig. 28. Profiles of time-averaged soot volume fraction. 
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86] soot model is used. The extra transport equation solved in ad- 

ition to the equations for mean and variance of mixture fraction 

nd progress variable is: 

∂ ρ̄˜ Y C 2 H 2 
∂t 

+ 

∂ ρ̄˜ u j ̃
 Y C 2 H 2 

∂x j 
= 

∂ 

∂x j 

[
ρ̄

(
ν

Sc 
+ 

νsgs 

Sc sgs 

)
∂ ̃  Y C 2 H 2 
∂x j 

]
+ 

¯̇
 ω Y C 2 H 2 

. (21) 

¯̇
  Y C 2 H 2 

describes the change due to gas phase chemistry. 

It was found in Section 2.5 that for a laminar flame solving 

 transportation to obtain C 2 H 2 works well for Z > 0 . 07 whereas

round Z st direct retrieval works better. Based on this, a simple 

d-hoc procedure would be to use the two methods in the cases 

here they perform best, i.e. distinguish the evaluation on the lo- 

al Z value. Since we neglect TCI this would extend to local ˜ Z value, 

nd we could use transport for ˜ Z > 0 . 07 and direct retrieval of

ass fraction of C 2 H 2 otherwise. But switching between both leads 

o a local discontinuity in the mass fraction field, and therefore a 

lightly different approach is chosen. In this approach the transport 

quation Eq. (21) is used in the whole domain. When 

˜ Z > 0 . 07 the

ource term 

¯̇
 ω Y C 2 H 2 

is directly retrieved from the table. Otherwise, 

he source term 

¯̇
 ω Y C 2 H 2 

is first calculated from retrieved values of 

 2 H 2 using the transport equation as a predictive equation for the 

ource term. Then the transport equation is used to find a final 

rediction of C 2 H 2 . 

The predicted total soot mass in the computational domain by 

pplying this “corrected” C H source in the LES simulation is 
2 2 

20 
hown in Fig. 26 . It is seen that by using the same soot model

arameters, FGM 500 results in a two-fold increase in soot produc- 

ion, compared to mFGM. Applying χAnal is comparable in the ris- 

ng stage but starts to deviate in the later phase. It is noted that 

he reduction of total soot mass after the initial peak found in 

he experimental data is not only due to the oxidation in the later 

tages of combustion, but also due to the restricted optical access 

o the flame zone. The farther downstream region of the flame 

annot be fully measured by experiment (as is mentioned by Maes 

t al. [87] for Spray C and D, and was overcome by the “forced

eld-of-view” method), while in the simulation the whole flame 

s taken into account. This can be seen in Fig. 27 , where contour 

lots of soot volume fraction (ppm) at different time instances 

or Case 3 are shown. It is clearly shown that the soot formation 

eeps evolving towards the downstream after “quasi-steady” state 

ith respect to temperature. Oxidation of soot does not consume 

ll the soot formed. The total soot mass is thus expected to keep 

n accumulating after 2 ms and the reduction of soot formation 

een in Fig. 26 must be carefully treated. The soot volume frac- 

ion in upper-stream region (between 30 and 70 mm) is relatively 

table. 

The ECN provides an ensemble time-averaged soot volume frac- 

ion over the quasi-steady period [88] . The predictions by the three 

ifferent FGM approaches and the experimental results are shown 

n Fig. 28 . The simulated soot volume fraction is averaged between 

 and 5 ms after start of injection. A significant difference is seen 
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Fig. 29. Scatter plots of mass fraction of acetylene in mixture fraction and temperature space, obtained from Case 3. 
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or Case 1 in soot volume fraction distribution. It is seen that ap- 

lying FGM 500 predicts more soot than Case 2 and Case 3. This 

hows the importance of the inclusion of strain rate effect in FGM. 

nlike for prediction of ignition, applying χAnal does not yield sig- 

ificant differences in soot volume fraction for the quasi-steady 

tage, especially in the upstream region. This can be attributed to 

he low SDR experienced for the case studied in this work, as is 

entioned in Section 1 . More differences are expected for a higher 

DR configuration. Although the result is restricted to a single real- 

zation, the observed difference proves the importance of including 

he SDR effect. It is especially for the soot prediction that mFGM 

utperforms the single strain rate FGM. 

Fig. 29 shows the scatter plots of C 2 H 2 mass fraction in mix- 

ure fraction and temperature space (Case 3). Fig. 29 (a) displays in- 

tantaneous quantities at 3 ms, Fig. 29 (b) gives the time-averaged 

uantities between 2 and 3 ms. In both figures, although the high- 

st mass fraction of C 2 H 2 appears in the richer mixtures, a high 

umber of points occur around the stoichiometric mixture fraction, 

.e. the mixtures that cannot be accurately predicted by a transport 

quation with the source term retrieved from the table. This shows 

hat the correction of ¯̇
 ω Y C 2 H 2 

is necessary to avoid the commonly 

bserved over-prediction of total soot mass. 

. Conclusions 

In this investigation a new extended multi-strain-rate FGM 

odel, called mFGM, has been developed. The model uses scalar 

issipation rate (SDR) as an additional independent variable next 

o mixture fraction and progress variable, allowing to represent 

he local time-dependent conditions. The accuracy of the model 

as been checked in laminar counterflow diffusion (CD) flames. It 

as been demonstrated that the reduced description provided by 

FGM is accurate over the complete range of cases from low strain 

ates to beyond the ignition limit, i.e. the “S-curve” diagram. 

The use of mFGM for turbulent spray flames has been validated 

gainst data for the experimentally well-documented ECN Spray A. 

The LES is made using a customized OpenFOAM solver, where 

GM is coupled with a non-viscosity LES model. A recently devel- 

ped SGS dispersion model that takes the effect of turbulence on 

articles movement into account is applied. The inert spray data 

ave been used to validate and calibrate the turbulence models. 

In the turbulent flame calculations the scalar dissipation rate 

istribution derived from the resolved mixture fraction field is uti- 

ized to extract data from the mFGM according to the local time- 

ependent conditions. The predictions of the mFGM model are 

ompared with those of the commonly used 2-D FGM, based on 

 single representative strain rate. When using the mFGM two dif- 
21 
erent ways of retrieving the strain rate from the scalar dissipa- 

ion rate are compared. One that applies the analytical scalar dis- 

ipation approximation (analytical relation between strain rate and 

calar dissipation rate, the χAnal ) and one that applies the scalar 

issipation explicitly from the physical igniting 1-D flamelet solu- 

ion (scalar dissipation rate is a function of mixture fraction and 

lso progress variable, the χSSF E ). The results are analyzed with re- 

pect to various aspects including the ignition, some characteristic 

pecies and soot. 

It is found that both the single strain rate FGM (2-D FGM) and 

he new extended one (mFGM) reasonably capture the LOL. How- 

ver, the mFGM applying χSSF E shows difference in predicting the 

gnition. The maximum temperature evolution of the second-stage 

gnition given by 2-D FGM is found to be largely dependent on the 

xed prescribed strain rate. It closely follows the trend of the un- 

erlying 1-D igniting flamelet at that prescribed strain rate. 

The studied species distributions are also influenced by the cho- 

en FGM. The 2-D FGM fails to predict ignition in relatively rich 

ixtures as was pointed out by Dahms et al. [47] . For the mFGM 

ethod, the handling of scalar dissipation rate has a significant ef- 

ect. The mFGM using χSSF E leads to wider distribution of CH 2 O in 

ixture fraction space and more frequently appearing CH 2 O in the 

icinity of spray as well as in the upstream spray. 

This effect on species predictions also affects soot predictions. 

his is clearly observed in both the total soot mass and soot vol- 

me fraction. Although these observations are based on a single 

ES realization, we expect that it will be confirmed by a study do- 

ng the averaging over many realisations. 

It is concluded that the multi-strain-rate FGM shows signifi- 

ant improvements in predicting high pressure n -dodecane spray 

ames. Including the effect of turbulent mixing into the framework 

f FGM is shown to be important for the temporal and spatial de- 

elopment of minor species. Thus, it is considered to be essential 

or accurate soot predictions. 
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Fig. A.30. Performance of the new defined progress variable on temperature rise and mass fraction of acetylene. 
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ppendix A. Performance of the new progress variable 

efinition in combination with the Narayanaswamy mechanism 

Fig. A.30 shows the performance of the new definition of 

rogress variable, including the soot precursor acetylene, using the 

arayanaswamy mechanism. The temperature rise tendency is cap- 

ured well according to Fig. A.30 (a). Fig. A.30 (b) illustrates that the 

ew progress variable definition can predict the change of acety- 

ene well for a wide range of mixture fraction. 
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