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a b s t r a c t 

The effects of strain rate history on turbulent flames have been studied in the past decades with 1D 

counter flow diffusion flame (CFDF) configurations subjected to oscillating strain rates. In this work, these 

unsteady effects are studied for complex hydrocarbon fuel surrogates at engine relevant conditions with 

unsteady strain rates experienced by flamelets in a typical spray flame. Tabulated combustion models 

are based on a steady scalar dissipation rate (SDR) assumption and hence cannot capture these unsteady 

strain effects; even though they can capture the unsteady chemistry. In this work, 1D CFDF with varying 

strain rates are simulated using two different modeling approaches: steady SDR assumption and unsteady 

flamelet model. Comparative studies show that the history effects due to unsteady SDR are directly pro- 

portional to the temporal gradient of the SDR. A new equivalent SDR model based on the history of a 

flamelet is proposed. An averaging procedure is constructed such that the most recent histories are given 

higher weights. This equivalent SDR is then used with the steady SDR assumption in 1D flamelets. Re- 

sults show a good agreement between tabulated flamelet solution and the unsteady flamelet results. This 

equivalent SDR concept is further implemented and compared against 3D spray flames (Engine Combus- 

tion Network Spray A). Tabulated models based on steady SDR assumption under-predict autoignition and 

flame lift-off when compared with an unsteady Representative Interactive Flamelet (RIF) model. However, 

equivalent SDR model coupled with the tabulated model predicted autoignition and flame lift-off very 

close to those reported by the RIF model. This model is further validated for a range of injection pres- 

sures for Spray A flames. The new modeling framework now enables tabulated models with significantly 

lower computational cost to account for unsteady history effects. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Turbulent non-premixed flames are subject to unsteady strain

effects, also ref erred to as history effects. The influence of un-

steady strain on flames with respect to ignition, extinction, and

species concentration has been the focus of numerical and experi-

mental work by many researchers in the past decades. Peters and

William [1] discussed a flame stabilization mechanism for non-

premixed counter flow diffusion flames (CFDF) based on quench-

ing limits of flamelets and their dependence on scalar dissipation

rate (SDR). This was also supported by findings of Mastorakos et al.

[2] . Egolfopoulos et al. [3] numerically studied 1D CFDF with pe-

riodic strain rates. The flame response was quasi-steady for very

high and very low frequencies. However, the intermediate frequen-
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ies showed a phase shift between the oscillations and the flame

esponse. Similarly, Kistler et al. [4] carried out experimental and

umerical study of CFDFs and observed that for very low and high

requencies in strain oscillations, the behavior was quasi-steady.

xtinction was not observed for very high frequencies with peak

train values beyond quenching limits. Im et al. [5] studied CFDFs

nder oscillating strain with similar conclusions. It was suggested

hat as the strain rate increases beyond the extinction limits, the

amelet needs some time to respond to this rapid change. If the

ime scale of oscillation is not long enough then these high strain

ates are not sufficient for the flame to extinguish. Similar results

ere observed by Brown et al. [6] . Barlow et al. [7] studied the

ffect of a temporal step change (sudden decrease) of strain on

amelets experimentally as well as numerically using the steady

amelet assumption. The results showed that the steady flamelet

ssumption over-predicted the OH and CO species concentrations.

verall, these studies show that the flame response, including its

gnition characteristics depends not only on scalar dissipation rate,

ut also on its history. 
. 

http://dx.doi.org/10.1016/j.combustflame.2016.10.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2016.10.001&domain=pdf
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The Representative Interactive Flamelet (RIF) model solves the

nsteady flamelet equations at each time-step, thus accounting for

he history effects in flamelets. These models have been imple-

ented in a number of simulations over a wide range of spray

ombustion regimes from HCCI (homogeneous charge compres-

ion ignition) to diesel combustion [8–16] . However, the need for

ultiple flamelets and the online solution of flamelet equations

t each time step have resulted in these models being compu-

ationally expensive and prohibitive for high-fidelity engine sim-

lations. A less expensive method is to solve the flamelet equa-

ions a priori , for a range of conditions and tabulate the species as

 lower dimensional manifold. The unsteady nature of chemistry

s accounted in these manifolds through the implementation of a

rogress variable. This category of tabulated flamelet models in-

lude Flamelet Progress Variable (FPV) [17,18] , Unsteady Flamelet

rogress Variable (UFPV) [19–21] and Flamelet Generated Mani-

olds (FGM) [22–25] . 

Large chemistry mechanisms necessary for accurate simulation

f hydrocarbon fuels lead to high computational costs. Efforts have

een directed towards speeding up stiff chemical kinetics calcula-

ions [26] . Tabulated flamelet models have been used extensively

nd have successfully reduced computational costs in practical

ombustion problems while incorporating high fidelity chemistry

echanisms. The progress-variable type unsteady models, which

an take into account unsteady chemical kinetics, however, cannot

ccount for the effect of unsteady strain rate history. The lower

imensional manifolds are generated for a range of SDRs by solv-

ng the flamelet equations. During these computations the SDR of

ach flamelet equation is kept constant. This is referred to as the

teady strain assumption and implies that the flamelet can instan-

aneously adjust to the local scalar dissipation rate. As a result, the

esulting model cannot capture the effect of unsteady strain rate

istory of a flamelet. Various approaches that attempt to incorpo-

ate unsteady effects in recent years have been primarily restricted

o oscillatory strain for flames under atmospheric pressures. Ha-

orth et al. [27] studied the effects of time varying strain rates

n flamelets and suggested a formulation to calculate an equiva-

ent strain based on the history of the strain rate. The equivalent

train was then coupled with a tabulated steady flamelet library.

t needs to be investigated how these methods can be applied to-

ards unsteady tabulated flamelet libraries. Cuenot et al. [28] pro-

osed the idea of calculating an equivalent strain based on the his-

ory of a flamelet. This formulation and its validation was based on

ingle-step chemistry and a single time scale associated with the

requency of strain rate oscillations. For chemistry involving mul-

iple species, an equivalent strain needs to be calculated for each

pecies. Delhaye et al. [29] developed a framework to incorporate

nsteady effects in FGM based on 2D (with 2 controlling variables)

nd 3D (with 3 controlling variables) manifold. This was used to

redict species for a flamelet subject to periodic strain rate and

ompared with detailed unsteady simulations using GRI 3.0 chem-

stry mechanism [30] for methane. The 3D manifold resulted in

etter comparisons with the unsteady periodic strain rate simu-

ation. In contrast to the 2D manifold, this did not exhibit a phase

hift relative to the unsteady simulations. The work was further

xtended to extinction limits by Delhaye et al. [31] . 

Studies based on periodic strain rate oscillations may be rele-

ant to a number of applications. However, these findings cannot

e generalized to other configurations, such as the configuration of

nterest here, which corresponds to spray flames under diesel-like

onditions [14,15] . More importantly, it is essential to capture the

nset of autoignition and the transition to lifted flames. A strong

orrelation between these parameters and pollutant formation has

een established for diesel flames. The scalar dissipation rates in

pray flames experience much larger gradients and decay expo-

entially over a short period of time, as the flamelet like struc-
ures move away from the nozzle, as shown in previous studies by

ur group [14] . Understanding the unsteady history effects in these

ames that lead to the onset of autoignition or extinction behavior

s a principal motivation for this work. More importantly, the abil-

ty to exploit a tabulation scheme for these effects as an alterna-

ive strategy to in situ unsteady flamelet simulations may provide

 significant computational saving, given the chemistry complexity

ssociated with practical fuels. 

The objectives of this work are two-fold. The first objective is

o quantify these history effects and to investigate if these ef-

ects are significant for diesel injection applications. The second

bjective is to develop a model that can incorporate these effects,

nd implement a tabulation approach for these effects to over-

ome the inherent computational cost of in situ unsteady flamelet

imulations. Strain rates in flamelet computations are best rep-

esented through an equivalent contribution in mixture fraction

pace, the SDR, which is normally identified with the dissipation

ate at stoichiometric mixture conditions. In the following sections,

e first attempt to quantify the contribution of dissipation rate

nd its temporal variations on the autoignition process and sub-

equent high-temperature combustion ( Section 2 ). Then we pro-

ose an equivalent dissipation rate model that is designed to cap-

ure dissipation rate histories as presented in Section 2.4 . Finally,

his concept is validated for 1D flamelet calculations ( Section 3 ),

nd 3D RANS simulations are presented and discussed in Section 4 .

onclusions are presented in Section 5 . 

. Evaluation of history effects in 1D flamelets under 

iesel-relevant conditions 

To understand the role of unsteady dissipation rates on the

volution on autoignition and the formation of non-premixed

amelets, 1D unsteady flamelet simulations are carried out. The

ame simulations will provide the database to construct the equiv-

lent dissipation rate model discussed below. The flamelet prob-

em is set up for high pressure engine relevant conditions with n-

odecane as the fuel surrogate for diesel. The pressure is set to 60

ar and oxidizer stream is diluted with CO 2 and H 2 O as per engine

elevant Sandia Spray A exhaust gas re-circulation (EGR) conditions

32] . The ambient oxidizer temperature is set at 900 K. The stoi-

hiometric scalar dissipation rate for the flamelet is varied linearly

ver time in the first part of the 1D study. The flamelets are ini-

ialized at unburnt conditions and the unsteady igniting flamelet

roblem is solved up to 0.63 ms. The 106 species n-dodecane

hemistry mechanism with 420 reactions is used to model the

hemical kinetics in the unsteady flamelet and all the other 3D CFD

imulations [33] . 

In the section below, we study a 1D counter-flow diffusion

ame subject to time-varying scalar dissipation rates with 3 differ-

nt modeling approaches. They include (1) the unsteady flamelet

odel, which is the most accurate, and also the most expensive

ethod for determining the effects of time-evolving dissipation

ates, (2) the steady SDR flamelet approach, which looks up the

olution of the current SDR without accounting for its time his-

ory, and (3) the equivalent SDR model, which is proposed within

he context of the present work. 

.1. Unsteady flamelet model 

In this model, the following unsteady flamelet equations are

olved: 

∂Y i 
∂t 

= ρ
χ

2 

∂ 2 Y i 
∂Z 2 

+ ˙ ω i (1) 

Apoo7rv
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Fig. 1. Scalar dissipation rates experienced by flamelets during diesel fuel spray in- 

jection. 
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where χ = χst 
f (Z) 

f (Z st ) 
and f (Z) = exp [ −2(er f c −1 (2 Z)) 2 ] 

ρ
∂T 

∂t 
−ρ

χ

2 

∂ 2 T 

∂Z 2 
− ρ

χ

2 C p 

[∑ 

(
C pi 

Le i 

∂Y i 
∂Z 

)
+ 

∂C p 

∂Z 

]
∂T 

∂Z 

= 

1 

C p 

(
∂P 

∂t 
−

∑ 

˙ ω i h i 

) (2)

In these equations, Y i is the species mass fraction, ρ is the density,

ω i is the species source term. C p is the specific heat at constant

pressure, P is the pressure, h is the enthalpy and χ is the scalar

dissipation rate. Unity Lewis number ( Le i ) number was assumed

in this study. At each time-step, the stoichiometric scalar dissipa-

tion rate changes and is updated for the flamelet equations. Thus,

this numerical model is capable of incorporating unsteady strain

effects, i.e., the history of the strain rate is accounted for in the

model, and ignition of flamelets will be dependent on the previous

history of the flamelet. This modeling approach is the equivalent

of the RIF model in 1D. 

2.2. The steady SDR flamelet assumption 

A 1D flamelet model, which mimics the solution retrieval

from a tabulated manifold, is developed in this section. Tabulated

flamelet libraries are generated a priori for a range of stoichiomet-

ric SDRs. This constant SDR assumption neglects history effects. In

order to mimic the solution from a tabulated method, the follow-

ing scheme is implemented in the 1D flamelet solver. The flamelets

are first initialized to unburnt conditions. The scalar dissipation

rate is then updated, which is a function of time. The partial dif-

ferential equations (PDE) are now solved from time t = 0 up to

the current time step t 1 . The flamelet solution is finally available

for time t 1 . The stoichiometric scalar dissipation rate changes with

time. For the solution at second time step, t 2 , the flamelet is again

reinitialized to the unburnt condition and the PDEs are solved from

time t = 0 to t 2 with the new value of scalar dissipation rate. The

solutions are then stored for time t 2 . This is done iteratively for

the entire simulation time. Thus, the solution at each time step is

independent of the previous time step and a function of the SDR

at the current time step. This eliminates the history effects of the

temporally changing SDR. It is important to note that this proce-

dure eliminates only the unsteady effects of the changing scalar

dissipation rate. The unsteadiness related to chemical kinetics is

preserved. This numerical procedure mimics the solution retrieval

from a tabulated manifold, with unsteady chemistry, but without

incorporating interpolation and tabulation errors. This enables a

more consistent comparison with the other models. 

2.3. Evaluation of history effects in flamelets 

Figure 1 shows the temporal variations in stoichiometric scalar

dissipation rates experienced by different flamelets in a spray

flame [14] . The multiple flamelet RIF model consists of injecting

the multiple flamelets sequentially based on injected fuel mass.

Consider a 10 mg fuel spray injection event modeled using 10

flamelets. The first flamelet is initialized and transported during

the first 1 mg of fuel injection. The second flamelet is initialized

at the end of 1 mg of fuel injection. This process is continued for

the entire injection duration with a new flamelet being initialized

in succession. The values presented for the SDRs and their rate of

variations are consistent with the experimental conditions of inter-

est, which correspond to ECN Spray A. These dissipation rates vary

from 0 to 380 s −1 . At the start of spray, the stoichiometric regions

are close to the spray region and hence experience very high χ st .

As these regions move away from the spray regions, χ st decreases

sharply and then reaches a steady state. Similar observations were
eported by D’Errico et al. [15] . History effects due to such large

emporal gradients need to be evaluated for diesel engine condi-

ions. In this part of the study, flamelets under high temperature

nd pressure conditions are subjected to varying SDRs and evalu-

ted using the two models described in the previous sections. The

ifferences between the results from the two models demonstrate

he influence of history effects on an igniting flamelet. In order to

tudy the effect of varying SDRs systematically, the flamelet prob-

ems are first studied with uniformly varying SDR, i.e., constant
dχst 

dt 
. The results of such variations on flamelets are shown in Fig. 2 .

Figure 2 shows the maximum temperature as a function of time

or the flamelets and their stoichiometric scalar dissipation rates

n the secondary y -axis. It is observed that for a low gradient

ase, ( dχst 
dt 

= 2 . 3 × 10 4 s −2 ) the ignition observed from the unsteady

IF-1D equations is close to the predictions from the steady strain

odel. Thus, the history effects do not have an impact on autoigni-

ion under such conditions where the χ st in a flamelet is changing

lowly and the quasi steady assumption is valid. However, as the

ate of change of SDR is increased, the difference between ignition

redicted by the RIF model and steady strain assumption keep in-

reasing. As the SDR decreases at a faster rate, the flamelet needs

ome time to adjust to the lower χ st , as also observed in previ-

us studies [7] . The RIF model is sensitive to these history effects

nd ignites at a later time step compared to the steady strain as-

umption. The ignition delay as a function of dχst 
dt 

is summarized in

ig. 3 . The ignition delay for each flamelet was defined as the time

t which the maximum gradient of maximum temperature occurs.

hus, it is clear that the difference in autoignition of flamelets due

o history effects is proportional to the magnitude of the tempo-

al gradient in SDR experienced by the flamelet. These 1D results

lso show that autoignition in diesel engine conditions are sen-

itive to the history of the scalar dissipation rates and there is a

eed to account for such effects. Tabulated models operating un-

er the steady SDR assumption will predict a different ignition de-

ay compared to the more accurate in situ models like RIF. 

.4. The Equivalent SDR model 

The two approaches that are already discussed above have pos-

tive attributes with respect to implementation on a CFD solver.

he unsteady flamelet approach (RIF) is more accurate; but it

ust be implemented in situ , which makes the incorporation

omputationally expensive. The added computational cost is com-

ounded with the cost of integrating complex fuels’ chemistry.

he second approach of tabulating a manifold is computationally

ore efficient. However, it does not incorporate history effects,

hich affects among other measures, the onset of autoignition

nd the overall combustion process. The aim of this model is to
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Fig. 2. Autoignition of flamelets under varying scalar dissipation rates for different imposed gradients. Flamelet RIF-1D is shown in red lines; steady SDR model, which is 

equivalent to a tabulated flamelet is shown by blue symbols. The imposed χ st as a function of time is shown by the black solid lines. (For interpretation of the references to 

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

Fig. 3. Ignition delays for flamelets with different temporal gradients in χ st as a 

function of | dχst 

dt 
| . The steady SDR assumption leads to a shorter ignition delay 

than the RIF-1D model. The differences due to history effects become significant 

for larger gradients. 
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Fig. 4. Weight function on secondary y -axis (right) along with the flamelet SDR 

history plotted with respect to non-dimensional time, for different values of the 

parameter c . At each time-step, the weight function is used to calculate a weighted 

average SDR over the flamelet’s history. 
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ncorporate the effect of unsteady SDR in a tabulated flamelet

ramework. For a given unsteady flamelet problem, the history of

he scalar dissipation rate is known up to the current time step.

ased on the previous history, an equivalent SDR is calculated us-

ng an averaging procedure. This equivalent SDR accounts for the

nsteady SDRs experienced by the flamelet. The basic premise of

he proposed equivalent SDR model is that the most recent histo-

ies of the flamelet will contribute more to the current solution of

he flamelet than its older histories. A weight function is imple-

ented for this averaging procedure, which can be expressed as

ollows: 

 (t) = 

e 20 t 

e 20 c + e 20 t 
(3) 
A  
The limits of the weight function are from 0 to 1 as required

or the averaging procedure and c is a parameter that controls the

istance of the step from t = 0 as shown in Fig. 4 . 

An equivalent SDR is calculated using weight averaging for a

amelet with varying SDR. Figure 4 shows the temporal varia-

ion of SDR corresponding to Spray A flame, plotted against non-

imensional time [14] . The figure also illustrates the shape of the

roposed weight function, which represents a function that grad-

ally transitions from a value of 0 (no influence) to 1 (most influ-

nce). The current time since the start of the flamelet initialization

s used to normalize time; thus, t = 1 represents the current time.

t each time step of the flamelet calculation, the history of the
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scalar dissipation rate χ st ( t ) is known. The equivalent SDR at each

time step is calculated using the following equation: 

χc = 

∫ 
χst (t) w (t) dt ∫ 

w (t) dt 
(4)

This equivalent SDR is then used as the stoichiometric SDR for

the flamelet. This model works on the approach similar to that

of the steady SDR model approach where the SDR is replaced by

an equivalent SDR. Consider an example where the parameter c

= 0.7. When the equivalent SDR is calculated using Eq. (4) , the

SDRs corresponding to the normalized time greater than 0.7 will

contribute more towards the average. The SDRs corresponding to

normalized time less than 0.7 will gradually contribute less to the

average. Thus, by implementing the step function, the most recent

history will contribute more to the equivalent SDR. This process

can be controlled by the variation of c . Smaller values of c will

shift the step function to the left and result in more time averaging

and vice-versa . This equivalent SDR is then used in the steady SDR

1D model described in the previous section. The following sections

show the effect of this model and the influence of the correction

factor c . 

3. The Equivalent SDR model – 1D 

To demonstrate the effects of the equivalent SDR model on the

flamelet response and autoignition delay, the flamelets are sub-

jected to different temporal gradients ( d χ st / dt ) in scalar dissipa-

tion rates like the previous study [14] . The equivalent SDR model

is applied to the steady strain assumption described in the previ-

ous section. The equivalent SDR model calculates an averaged χ st 

at each time step and couples it with the steady SDR assumption

model. Parametric variations in c are reported on the first sub-

figure on the left in Fig. 5 . It is observed that the use of the equiv-

alent SDR shifts the maximum temperature curve towards the un-

steady results. For smaller gradients, higher values of c are enough

to predict the unsteady results and vice versa , i.e., more time aver-

aging is required for higher gradients. Clearly, the optimum value

of c depends on d χ st / dt . These sets of 1D flamelet simulations with

different gradients are used to construct a correlation between

d χ st / dt and the optimum c . This correlation enables the equiva-

lent SDR model to be independent of tuning parameters and the

correction factor c is calculated dynamically at each time step for

cases where χ st varies non-linearly. 

3.1. Validation of equivalent SDR concept for non uniformly varying 

SDRs in flamelets 

The previous sections discussed application of the equivalent

SDR concept for cases where the SDRs were varying linearly.

However, as shown in Fig. 1 , the change in SDR experienced by

flamelets in spray flames under engine conditions are non-linear.

The temporal gradient changes continuously at each time step. In

this section, the variation of SDR from a spray flame is imposed on

a 1D flamelet as shown in Fig. 6 . This temporal variation in χ st is

obtained from one of the RIF flamelets from the Spray A simulation

in [14] . The conditions are the same as Spray A flame condition

with ambient O 2 concentration of 15%, ambient pressure of 60 bar

and ambient temperature of 900 K. This flamelet problem is solved

using the 3 different models discussed in the previous sections: (1)

Steady SDR assumption, which is equivalent to a tabulated mani-

fold, (2) Unsteady Flamelet model, which is equivalent to 1D RIF,

(3) Equivalent SDR (ES) concept. At each time step, the value of

χ st is imposed from a Spray A flame simulation. For the ES model,

the optimum value of correction factor c is calculated, at each time

step, based on the correlation developed in the previous section

between c and d χ st / dt based on a linear temporal profile for the
DR. Figure 6 shows the ignition of the flamelet under these con-

itions with different models. The flamelet with the steady strain

ssumption predicts the first stage ignition at 0.1 ms followed by

he main ignition at 0.3 ms. The unsteady model on the other hand

redicts the first stage ignition at 0.2 ms and then the main igni-

ion at 0.5 ms. Thus, it is clear that under engine conditions, for

pray flames, the history effects in flamelets have a strong influ-

nce on autoignition. The ignition depends on the coupled effects

f SDR and chemistry. As χ st decreases rapidly beyond the quench-

ng limit, the species formation reactions proceed leading to heat

elease. An accurate solution would need to integrate the chem-

stry over time as per the varying SDRs, i.e., the procedure followed

y the unsteady RIF model. In tabulated models, a lower dimen-

ional manifold is generated a priori for a set of values of χ st . The

olution at each point is retrieved from the manifold based on χ st 

ndependent of its history, i.e., the steady SDR approach. On the

ther hand, the first stage and main ignition from the ES model,

n Fig. 6 matches the RIF model predictions reasonably well. Thus,

he ES approach is shown to be capable of predicting ignition of

amelets in tune with the RIF model for arbitrarily changing SDRs.

The results from the studies so far show that history effects

ave a significant impact on the prediction of autoignition in diesel

ngine-type applications. This has been demonstrated in flamelets

ith non-linearly varying SDRs. Also, the ES concept when coupled

ith steady strain assumption can predict ignition delays close to

he ones predicted by in situ solution of flamelet equations. These

esults have implications towards computational fluid dynamics

imulations. If the equivalent SDR concept is applied to tabulated

ombustion models in CFD, the resulting models will be able to in-

orporate history effects at significantly lower computational costs

ompared to the RIF models. 

The 1D flamelet setup with the new model were solved for the

ame gradients as shown in Fig. 2 but for different magnitudes of

calar dissipation rates. In the previous studies the final SDR at the

nd of 0.63 ms was set as 10 s −1 . In these tests, the final SDR

s set to 20 s −1 . The results shown in Fig. 7 reveal that the opti-

um value of c is also dependent on χ st . Therefore, it is a func-

ion of both χ st and d χ st / dt for a given mixture condition and can

e tabulated accordingly in terms of these 2 parameters. In order

o implement a predictive CFD model without parameter tuning, a

cheme is developed that calculates this correction factor c based

n d χ st /dt and χ st . i.e. c = f (χst , d χst / dt ) . In order to achieve this,

 number of 1D flamelet equations are solved iteratively for dif-

erent values of c for a given value of d χ st / dt and χ st . The value

f c which predicts the autoignition closest to the unsteady results

re selected and tabulated in a 2D table. This secondary 2D table

epresents the correction factor as a function of d χ st /dt and χ st . 

. Equivalent SDR Model for 3D CFD simulations 

The equivalent SDR concept incorporates unsteady effects in

amelets using steady SDR flamelet libraries. This concept is im-

lemented and validated for 3D non-premixed turbulent spray

ame CFD simulations. Two novel modeling approaches are im-

lemented, (1) The Tabulated Flamelet Model (TFM), based on the

teady strain assumption, and, (2) The Tabulated Equivalent Strain

lamelet model (TESF) based on the equivalent SDR concept de-

eloped in the current study. The conditions of Spray A flame

imic the ambient conditions encountered in typical diesel en-

ines. The experimental setup consists of a constant-volume com-

ustion chamber in which the ignition of a premixed fuel–air mix-

ure [34] is used to achieve the target ambient conditions. Once

he desired conditions are reached the fuel is injected into the

onstant-volume chamber through a single-hole injector. The com-

utational domain that mimics the experiment is shown in Fig. 8 . 
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Fig. 5. Autoignition of flamelets under varying scalar dissipation rates are shown for different im posed gradients. The unsteady flamelet (RIF-1D) and steady SDR models are 

shown by solid red lines and blue symbols respectively. The equivalent SDR method applied to the steady SDR assumption are shown with the green triangles, black circles 

and cross symbols for different variations of c . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Ignition of a 1D flamelet with non-linearly varying SDR imposed from a 

typical spray flame condition shown on the primary y -axis (left). The maximum 

temperatures with respect to time are shown with three different flamelet models: 

(1) Equivalent SDR (solid green), (2) RIF (dots red), (3) Steady SDR (dashed blue). 

(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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Fig. 7. Correction factor c as a function of d χ st / dt for different χ st . 

Fig. 8. Computational domain showing injected liquid droplets and flame surface. 
The tabulated combustion models developed in this work were

oupled to the CONVERGE CFD code (2.1 version) [35] . It uses an

nnovative cut-cell method with the capability to generate meshes

t run-time. The 3D grid can be refined at run-time based on the

hysics of the problem. This is achieved using adaptive mesh re-

nement. The gas phase is treated as a continuous Eulerian phase

nd the liquid spay is treated as discrete Lagrangian parcels. The

urbulent flow-field is modeled using the renormalization group
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Fig. 9. Schematic showing the implementation of the RIF, TFM and TESF models. 
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(RNG) Reynolds Average Navier–Stokes (RANS) based turbulence

model [36] . The spray injection is modeled using the blob injection

approach [37] . The Kevin-Helmholtz (KH) [38] and the Rayleigh–

Taylor (RT) [39] models are employed to model the secondary

breakup process. The Frossling correlation [40] is used for mod-

eling droplet evaporation. A dynamic drag model and a turbulent

dispersion model are used to model drag and dispersion [41] . The

combustion models developed were coupled with the CFD flow

solver and can be extended to Large Eddy Simulation (LES) tur-

bulence models as well. The integration of the combustion models

are shown schematically in Fig. 9 . The 106 species and 420 reac-

tions, n-dodecane chemistry mechanism has been used for all the

models [33] . 

4.1. Representative Interactive Flamelet model (RIF) 

The multi-flamelet RIF model and the spray models have been

extensively used and validated for spray simulations over a wide

range of conditions in our previous study [14] . In this model, the

unsteady flamelet equations are solved for each flamelet at each

time step. This accounts for the history effects in the flamelets. The

online flamelet libraries are computationally expensive. This moti-

vates the development of tabulated models capable of incorporat-

ing unsteady effects. 

The following equations are solved by the CFD solver: conti-

nuity, momentum, energy, mixture fraction and mixture fraction

variance. Each iteration of the CFD solver calculates the mixture

fraction and enthalpy values for each cell. The mixture fraction

and mixture fraction variance transport equations are shown in

Eqs. 5 –7 . 

∂ 
(
ρ ˜ Z 

)
∂t 

+ 

∂ 
(
ρ˜ u l ̃

 Z 
)

∂x l 
= 

∂ 
(
ρ ˜ u 

′′ 
l 

Z ′′ 
)

∂x l 
+ S z (5)

where 

˜ u l 
′′ Z ′′ = −D t 

∂ ̃  Z 

∂x l 
(6)

∂ ( ρ˜ Z ′′ 2 ) 

∂t 
+ 

∂ ( ρ˜ u l ̃
 Z ′′ 2 ) 

∂x l 
= −∂ ( ρ˜ u 

′′ 
l 

Z ′′ 2 ) 

∂x l 
− 2( ρ ˜ u 

′′ 
l 

Z ′′ ) 
∂ ̃  Z 

∂x l 
− ρ˜ χ (7)

The flamelet equations are then solved for the given time step

and its solution gives the species mass fractions as a function of

mixture fraction Y ( Z ) for each flamelet. The flamelet equations are

shown in Eqs. 1 and 2 . Equation 1 is obtained by a coordinate
ransformation of the species transport equation to mixture frac-

ion space. Similar coordinate transformation of the energy conser-

ation equation gives Eq. (2) . These two flamelet equations repre-

ent the unsteady chemistry in mixture fraction space. The scalar

issipation rate is modeled as shown in Eq. (8) where c x is a mix-

ng constant, k is the turbulent kinetic energy, and ε is the dissipa-

ion rate obtained from the turbulence model. The value of c x was

et equal to 2 for all cases. The CFD results are not sensitive to c x .

˜ = c x 
ε 

k ̃
 Z ′′ 2 (8)

In order to solve these set of PDEs, Eqs. 1 and 2 , the scalar dis-

ipation rate χ is converted from a function of physical space to

 function of mixture fraction. The following equation derived in

42] is used to perform the transformation: 

(Z) = 

̂ χst 
f (Z) 

f (Z st ) 
(9)

here 

f ( Z ) = exp 

[ 
−2 

(
erf c −1 ( 2 Z ) 

)2 
] 

(10)

˜ χst is the domain averaged scalar dissipation rate conditional

ver the stoichiometric mixture fraction and erfc is the compli-

entary error function. In order to construct the flamelet library

or the entire CFD domain, the average value is calculated using

q. (11) : 

̂ st = 

∫ 
v ρ ˜ χst 

3 / 2 ˜ P ( Z st ) dV ∫ 
v ρ ˜ χst 

1 / 2 ˜ P ( Z st ) dV 

(11)

here 

˜ st = 

˜ χ
f (Z st ) ∫ 1 

0 f (Z) P (Z) dZ 
(12)

 is the volume of the entire computational domain and P () is the

robability density function. 

A β-PDF is constructed using the mean and variance( ̃  Z 
′′ 2 ) of the

ass fractions as shown in Eq. (13) , where, � is the gamma func-

ion. This PDF is multiplied by the species function Y ( Z ) and then

ntegrated to give the final species mass fraction ( Eq. (14) ). Once

he species mass fractions are calculated at each cell, the temper-

tures can be back-calculated from the enthalpy. This process is

ontinued iteratively for the entire simulation. 

 (Z ; x , t) = 

˜ Z α−1 (1 − ˜ Z ) β−1 

�(α)�(β) 
�(α + β) (13)
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here α = 

˜ Z γ ; β = (1 − ˜ Z ) γ and γ = 

˜ Z (1 −˜ Z ) ˜ 

Z 
′′ 2 − 1 

 

 i ( x , t) = 

∫ 1 

0 

Y i (Z, t) P (Z; x, t) dZ (14)

.1.1. Multiple Flamelets 

The scalar dissipation rate calculated in Eq. (11) is an aver-

ge value over the entire computational domain. In applications

ike turbulent spray flames, the scalar dissipation rate can vary

y an order of magnitude in space as shown in Fig. 1 . The aver-

ging process, therefore, can introduce large errors. Barths et al.

9] suggested the use of multiple flamelets with each flamelet hav-

ng its own χ st . As per this approach, the fuel injection is divided

ver multiple flamelets serially and each flamelet’s chemistry is

overned by a set of flamelet equations. The different flamelets

re tracked using marker equations shown in Eq. (15) , which are

olved for each flamelet. 

∂ 
(
ρ˜ Z l 

)
∂t 

+ 

∂ 
(
ρ˜ u l ̃

 Z l 
)

∂x l 
= −

∂ 
(
ρ ˜ u 

′′ 
l 

Z ′′ 
l 

)
∂ ( x l ) 

+ S z l (15) 

These markers must also satisfy the following equation: 

 

 = 

n ∑ 

l=1 

˜ Z l (16) 

here n = number of flamelets. The averaged value of stoichiomet-

ic scalar dissipation rate for each flamelet ( l ) is calculated as 

̂ st ( l ) = 

̂ χst = 

∫ 
v 

˜ Z l 
Z 
ρ˜ χst 

3 / 2 ˜ P ( Z st ) dV ∫ 
v 

˜ Z l 
Z 
ρ˜ χst 

1 / 2 ˜ P ( Z st ) dV 

(17) 

he final species mass fraction at each cell is calculated by tak-

ng a weighted average of species mass fractions obtained from all

amelets as shown in Eq. (18) . 

 

 i = 

n ∑ 

l=1 

˜ Z l ˜ Z ̃
 Y l (18) 

.2. Tabulated flamelet model (TFM) 

This novel tabulation technique is based on the framework of

ulti-flamelet RIF model by replacing the in situ flamelet solver

ith a tabulation approach. The flamelet equations are solved

efore run time for a range of χ st , mixture fraction Z , mixture

raction variance Z ′ ′ 2 and time t . This generates a 4 dimensional

amelet library with time as one of the independent variables.

n this flamelet library, the species mass fractions are tabulated

s functions of these 4 independent variables. A β–PDF is used

o account for the turbulence-chemistry interaction effects. This

ethod of tabulation does not use progress variables to model the

nsteadiness in chemical kinetics. The 4D manifolds are an en-

emble of different 3D manifolds and hence this problem can be

arallelized without the need for communication between the pro-

essors. This makes the table generation process highly scalable

nd flamelet libraries can be generated with significantly lower

all clock times. The model framework can be extended to varying

ressures by including pressure as an additional manifold dimen-

ion. As this spray flame simulation is a constant pressure case,

 4D manifold has been used. The CFD solver calculates the mix-

ure fraction ( ̃  Z ), mixture fraction variance ( ̃  Z ′′ 2 ) and enthalpy for

ach cell. Mass-weighted fractions of the fuel that are injected are

racked using marker Eq. (15) . At every time-step iteration, χ st val-

es for a flamelet, ˜ Z , ˜ Z ′′ 2 and time t are passed to the tabulated

odel. A 4D interpolation scheme is used to calculate the species

ass fractions from the chemistry tabulation instead of solving

he flamelet equations. These species mass fractions are then used
o calculate the temperature at each cell. For cases with multi-

le flamelets these steps are repeated for each flamelet and the

pecies at each cell is given by Eq. (18) . This tabulated model re-

laces the online flamelet calculation of the RIF model with data

etrieval from a table. However, this has an impact on the physics

f the solution. This model is now based on a steady SDR assump-

ion and can no longer account for unsteady effects. It is not pos-

ible to generate a chemistry tabulation without the steady SDR

ssumption. The evolution of the scalar dissipation rate in time

ill vary depending on the flow conditions and the exact nature

annot be determined a priori . This has been the main factor that

revents tabulated models to account for history effects. Recently,

he TFM approach i.e. tabulation without the history effects, has

lso been applied to Spray A cases with LES turbulence model by

meen et al. [43] . 

.3. Tabulated Equivalent SDR Flamelet model (TESF) 

A model capable of including history effects was developed

or 1D flamelets. The 1D simulations show that the unsteady ef-

ects are functions of χ st and d χ st /d t . The secondary table is a

D table where the correction factor c is stored as a function of

st and d χ st /d t . The tabulation scheme’s coupling with the 3D

FD solver is discussed in Fig. 9 . For simulations with multiple

amelets, each flamelet has its own stoichiometric scalar dissipa-

ion rate and its history. At any given time-step the tabulated com-

ustion model calculates the species based on the mixture fraction,

ixture fraction variance, scalar dissipation rate and time. In this

ase, the correction factor c is interpolated from the secondary 2D

able. Using this value of c and Eq. (4) , an equivalent stoichiomet-

ic scalar dissipation rate is calculated from the temporal history

f χ st . This equivalent χ , is used to retrieve the species from the

ulti-dimensional chemistry tabulation. At every time step for ev-

ry flamelet, the value of c is calculated based on χ st and d χ st /d t .

his implementation is shown in the schematic in Fig. 9 for a sin-

le flamelet. For multiple flamelets, the same procedure is repeated

or each flamelet in an iterative manner. 

.4. Results from 3D spray simulations 

The baseline Spray A conditions are first studied using the three

odels. The injection duration is 1.5 ms. During this injection pro-

ess the flamelets experience rapid changes in scalar dissipation

ates. The CFD model with the RIF combustion model has been ex-

ensively validated with the different mesh resolutions in our pre-

ious study [14] . A grid convergent mesh with smallest grid size of

.25 mm, established in our previous study [14] was used for all

he three models. 

Figure 10 shows the temporal evolution of the maximum tem-

erature in the domain for the baseline Spray A case for the three

odels. Figure 11 shows the lift-off height corresponding to the

esults in Fig. 10 . The results show that the TFM predicts lower ig-

ition delay resulting in lower lift-off lengths as well compared to

he RIF model. The lift-off length is defined as the minimum dis-

ance of the maximum 14% OH contour from the nozzle [32] . TFM

nder-predicts the ignition delay compared to RIF, which is simi-

ar to the 1D flamelet results. The TFM cannot account for the un-

teady effects experienced by the flamelets, hence, as soon as the

DR goes below the quenching limit and after the ignition delay

ime has passed, it has a tendency to ignite. The RIF model is sen-

itive to the histories experienced by the flamelet as the flamelet

quations are integrated over the varying SDRs. With the imple-

entation of the equivalent SDR model in the 3D CFD code (TESF)

e observe that the autoignition predictions from the model are

loser to the predictions of the RIF model. These observations in

gnition are similar to the results from the 1D flamelets. 
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Fig. 10. Temporal evolution of maximum temperature in the domain compared for 

RIF, TFM and TESF models under Spray A flame conditions. 

Fig. 11. Lift-off lengths predicted by RIF , TFM and TESF models for the Spray A 

flame conditions. 
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The qualitative differences due to history effects on the spray

flame are demonstrated through the temperature contours shown

in Fig. 12 . During the transient flame development, it is observed

that the TFM model ignites earlier with a high temperature region

at 0.5 ms and reaches the quasi-steady state earlier compared to

the RIF model. The RIF model at this stage predicts an unburnt so-

lution. The qualitative predictions from the TESF model are similar

to the predictions by the RIF model. The flame reaches a quasi-

steady behavior at 1 ms and all three models predict similar tem-
Fig. 12. Cut-planes showing temperature contours at different time step with (a)TFM (b

represented by the black dotted line. (For interpretation of the references to color in this 
erature contours by this time. Thus, the TESF model is sensitive

o the history effects for 3D spray simulations. 

To further validate the TESF model, additional CFD simulations

re carried out by varying the injection pressure of the spray from

0 to 150 MPa. Figure 13 shows ignition delay and lift-off lengths

or injection pressure of the spray varied from 50 to 150 MPa. All

ther modeling parameters including mesh and spray constants are

ept constant between the different combustion models. The tab-

lated model consistently predicts lower ignition delay and lift-off

engths across the pressure sweep. The TESF model predicts igni-

ion delays and lift-off lengths closer to the values predicted by

he RIF model. This shows an improvement across a range of con-

itions. 

.5. Computational cost 

The RIF model incorporates the relevant physics to include the

ffects of unsteady strain rates experienced by a turbulent flame.

owever, the need for multiple flamelets and unsteady in situ

olver and presumed PDF integration at each cell leads to very high

omputational costs. The RIF model simulation with 20 flamelets

nd 100 MPa injection pressure required a total of 1780 CPU hours.

he corresponding case run with the TESF model required a to-

al of 240 CPU hours, which is a reduction of almost 7.5 times .

imilar speed-ups were observed for other cases. The 50 MPa in-

ection pressure case with 20 flamelets and RIF model required a

otal of 1382 CPU hours and the same run with the TESF model

equired 153.6 CPU hours. These results show that tabulated mod-

ls can effectively reduce computational costs while maintaining

he same level of modeling accuracy. The comparisons presented

ere are for simulations run with 32 processors in parallel on the

ame high performance cluster with 2.6 GHz Pentium Xeon proces-

ors. Future work would aim at extending such high fidelity com-

ustion modeling techniques to LES approach where computational

ost has been a major challenge. A potential saving associated with

he tabulation of unsteady SDR effects can be significant. The total

ost of generating the table was approximately 8 CPU hours. Due

o the nature of the problem, the table generation code could be

arallelized using the Message Passing Interface (MPI) framework

n a large number of processors and completed in a few min-

tes. The difference in the memory requirement of the TESF and

FM tabulation is negligible. In this version of the CFD code, the
)RIF (c)TESF for the Spray A flame simulation. The experimental lift-off length is 

figure legend, the reader is referred to the web version of this article.) 
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Fig. 13. Ignition delay and lift-off lengths predicted by RIF, TFM and TESF models across different injection pressures for spray flame simulations. 
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essage Passing Interface framework was used for parallelization.

ach processor (rank) has its own memory and its copy of the tab-

lation. 

. Conclusions 

The history effects due to unsteady SDR of flamlets at high

ressure and temperature conditions have significant impact on

utoignition and flame lift-off at diesel engine conditions. These

ffects are demonstrated through various modeling approaches on

D flamelets. Results from 1D unsteady flamelet models, with a

06 species n-dodecane mechanism were compared to steady SDR

ssumption models. The difference in autoignition due to history

ffects were found to be directly proportional to the magnitude of

he temporal gradient of χ st of a flamelet. The history effects be-

ome negligible for cases where temporal gradients are low. Tab-

lated flamelet models used for high temperature and pressure

imulations need to incorporate such physics in order to predict

utoignition and flame stabilization accurately. However, in situ

odels like RIF that account for such effects are computationally

xpensive. 

A formulation that captures unsteady history effects in tab-

lated combustion models is proposed and validated in 1D

amelets. This involves calculating a weighted average of the sto-

chiometric scalar dissipation rate over the flamelet history in

hich higher weights are assigned for the most recent histories.

his modeling approach is first tested for 1D CFDF problems with

on-uniformly and arbitrarily varying χ st . A non-uniform χ st vari-

tion, similar to a spray flame, is imposed upon a 1D flamelet. The

teady strain assumption under-predicts autoignition compared to

he in-situ RIF solver. The equivalent SDR concept predicts both

tages of ignition in tune with the unsteady in situ flamelet solver.

This equivalent SDR concept was extended to modeling of

 3D spray flame within a RANS framework. The observations

ith respect to autoignition are similar to the 1D flamelet sim-

lations. Three different combustion models were compared: RIF,

FM, and TESF. The tabulated models (TFM and TESF) are based

n the structure of the multi-flamelet RIF model by replacing the

amelet equation solver by a novel 4D tabulation technique with-

ut progress variables. The TFM with steady strain assumption, un-

erpredicts ignition delay and lift-off compared to the RIF model.

he TESF model on the other hand accounts for history effects

n 3D spray combustion simulations and predicts autoignition and

ame lift-off length close to the ones predicted by the RIF model.

he results across a range of injection pressures show consistent

mprovement over predictions from tabulated models with steady

train rate assumptions. The equivalent SDR model (TESF) is a

romising strategy to capture unsteady effects in CFD simulations
ithout resorting to in situ unsteady flamelet calculations with de-

ailed chemistry. 
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