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A priori flamelet tabulation methods have been used extensively to model premixed and non-

premixed combustion in Reynolds Averaged Navier-Stokes (RANS) and Large Eddy Simulations 

(LES). Pre-tabulation of flamelet libraries have led to significant cost reduction of CFD 

simulations. However, these tabulation methods rely on certain simplifying assumptions. The 

dimensionality of the flamelet manifolds and size of flamelet libraries are also constrained due to 

memory and computational limitations. This limits the applicability and predictive capability of 

flamelet models. The traditional representative interactive flamelet (RIF) approach with multiple 

flamelets on the other hand involves online solution of flamelet equations and presumed PDF 

integration at each computational cell making it attractive but computationally expensive and not 

suitable for LES with large cell counts. The current work discusses the development of a novel 

methodology that combines the advantages of an online flamelet solver along with the 

computational efficacy of tabulated models. The novel in situ tabulation approach consists of 

creating a flamelet table at each computational time step using the unsteady flamelet equations. 

The flamelets are then integrated in real time based on their respective scalar dissipation rate 

histories. This approach is capable of including history effects and unsteady chemical kinetic 

effects as it involves the online solution of unsteady flamelets. Implementation and comprehensive 

validation of the new framework is carried out against gas jet flames as well as spray flames at 



high pressures. The approach is first validated for a partially premixed methane gas-jet flame in a 

RANS framework. The temperature and species mass fractions are compared against experimental 

results at different locations of a lifted flame. The approach is able to capture the transient flame 

characteristics. The model is then validated against an n-dodecane spray flame at high pressures 

in a LES framework with a 103 species ndodecane chemistry mechanism.  The model is able to 

capture ignition delays and flame liftoff of the n-dodecane spray over varying ambient temperature 

conditions. Due to the offsetting of presumed PDF integration cost, the proposed framework is 

shown to be faster than the traditional RIF approach and the speedup over RIF increases with an 

increase in the cell count. This framework enables use of the RIF model for large cell count LES 

simulations. 

1. Introduction 

Predictive combustion models require large chemistry mechanisms along with the accurate 

modeling of its interactions with the turbulent flow field. The combustion chemistry of a 

hydrocarbon fuel usually involves thousands of species and coupled reactions. These reaction 

timescales are significantly smaller than the flow timescales. Solving such problems 

computationally involves transporting all the relevant species along with the resolution of chemical 

time scales of stiff mechanisms. This is one of the main challenges in building high fidelity 

combustion models for practical engineering devices. The flamelet modeling approach decouples 

the chemistry from the fluid flow and solves chemistry in the mixture fraction space. This 

information can then be coupled back to the CFD domain. The decoupling leads to significant 

improvement and cost reduction for CFD simulations. The chemistry can now be accounted for 

without transporting a large number of species. Turbulence-chemistry interaction effects can also 

be accounted using a presumed PDF approach. Moreover, the chemistry can now be solved with 



significantly lower time-steps compared to the flow solver. As a result, flamelet models with high 

fidelity chemistry mechanisms have led to drastic reduction in simulation costs and reduced 

stiffness of the system. The modeling approach has found a wide range of applications in 

simulating gas jet flames, IC engines, gas turbines, scramjets and furnaces. The proceeding 

sections discuss the different types of flamelet model implementations that have evolved over the 

past two decades. 

The unsteady flamelet equations can be obtained from species and energy conservation equations 

by applying a coordinate transformation (Peters 1984). These equations represent a 1D-

counterflow diffusion flame. A turbulent non-premixed flame can be represented as an ensemble 

of 1D laminar flamelets at the limiting scale. These laminar flamelets are wrinkled due to 

turbulence. The chemistry can thus be solved in the flamelet space and then coupled back to the 

CFD domain. The online solution of flamelets leads to the advantage that transport equations and 

stiff chemistry need not be solved for each species within the CFD time-step. This resulted in a 

significant reduction in numerical stiffness of the system. The modeling approach involving the 

online solution of flamelets is the Representative Interactive Flamelet (RIF) approach. This 

approach was applied to model combustion in non-premixed spray flames in a diesel engines and 

gas turbine combustors (Pitsch et al. 1996, Pitsch et al. 1998, Hergart et al. 1999). In the earlier 

approaches, the entire domain was represented by a single flamelet. The domain averaged 

stoichiometric scalar dissipation rate from the physical domain was calculated and passed on to 

the flamelet equation at each time step. This domain averaging process introduces large errors in 

applications where the scalar dissipation changes by a large amount in space. The Eulerian Particle 

Flamelet Model (EPFM) (Barths et al. 2000, Barths et al. 1998) consisting of multiple flamelets 

was introduced to address this shortcoming. In this approach, multiple flamelets are sequentially 



injected into the domain that are tracked using probability transport equations or marker equations. 

Each flamelet is identified in the physical CFD domain using these markers. As a flamelet travels 

through the domain, it experiences a different scalar dissipation rate. Each flamelet is 

independently solved online using its respective scalar dissipation rate. This approach was used to 

study a large number of problems related to high pressure, lifted diesel flames (D’Errico et al. 

2014, Kundu 2015, Kundu et al. 2017c, Kundu et al. 2014). It was also extended to quasi-steady 

gas jet type of flames. Coelho and Peters (Coelho and Peters 2001) applied multiple unsteady 

flamelets to model the Sandia Flame D in a RANS framework. Some other studies demonstrate 

the applicability of this approach to steady flames (Kim and Kim 2008, Kim et al. 2011, Odedra 

and Malalasekera 2007). The online solution of chemistry and flamelet equations preserves the 

strain rate histories as well as the unsteady chemical kinetics. The solution of multiple flamelets 

along with the presumed PDF integration step poses some computational challenges. The cost of 

the simulation scales non-linearly as the number of cells increase. D’Errico et al. (D’Errico et al. 

2014) reported this cost to be approximately equal to 70% of the total CPU cost for a RANS 

simulations of a spray flame. This percentage is highly dependent on the number of flamelets as 

well as cell count. As a result, this approach has been limited to mostly RANS simulations. A 

similar modeling approach, the Representative Interactive Linear Eddy Model (RILEM) 

(Lackmann et al. 2015, Lackmann et al. 2018) was recently demonstrated for modeling spray 

flames. These studies used a single representative LEM domain instead of the flamelet space to 

solve chemistry in a RANS framework followed by a presumed PDF integration at each cell. 

The flamelets can be solved a priori for different scalar dissipation rates and conditions. The results 

can be stored as a lower dimensional manifold. Instead of solving the flamelets in real time, these 

lower dimensional manifolds can be used to calculate the species mass fraction at each point. This 



drastically reduces the simulation cost. Initially, this  approach was used for steady flamelets (Cook 

et al. 1997). The flamelet equations are solved for different scalar dissipation rates independently. 

This generates a 2D manifold where the species mass fractions are functions of mixture fraction 

and scalar dissipation rate. A presumed PDF can be constructed for a range of mixture fraction 

variances and mixture fractions and the 2D manifold can be further extended to a 3D manifold 

where the species are a function of scalar dissipation rate, mixture fraction and mixture fraction 

variance. This manifold represents the steady burning branch of the S-curve and can be used to 

model steady flames. The species at each CFD cell can then be interpolated from the flamelet 

library. This drastically reduces the cost of simulations as the flamelet solution and PDF integration 

steps are conducted a priori on a smaller grid. Steady flamelet model however cannot accurately 

model autoignition, extinction and re-ignition processes as the unstable branch is not included in 

these library. This concept was modified by Pierce and Moin (Pierce and Moin 2004) where they 

replaced the scalar dissipation rate dimension with a progress variable. The progress variable 

represents the state of a reaction from unburnt to burnt/equilibrium condition. The method is 

capable of representing some of the intermediate partially extinguished stages. It also features a 

continuous transition of temperature and species in the progress variable dimension. This forms 

the basis of steady Flamelet Progress Variable (FPV) type of flamelet models (Pitsch and Ihme 

2005). However, even these methods do not capture the extinction and reignition phenomenon 

with complete accuracy. Moreover, this method cannot be used for autoigniting flames. See and 

Ihme (Ihme and See 2010) extended the steady FPV model to account for the unsteady terms in 

the flamelet equation. This approach retains the scalar dissipation rate as well as the progress 

variable dimension within the flamelet library. This Unsteady Flamelet Progress Variable (UFPV) 

model was then used to model an autoigniting methane flame. A comprehensive comparison of 



the three approaches was presented in their work. It highlights the necessity of the unsteady terms 

in the flamelet models as well as the need to include progress variable variance as a table 

parameter. The FPV type of modeling approach has been extensively applied to gas jet as well as 

spray flames (Ihme and See 2010, Mueller and Raman 2014, Tillou et al. 2014, Gong et al. 2014, 

Abtahizadeh et al. 2015, Bekdemir et al. 2011, Bekdemir et al. 2013, Egüz et al. 2013, Oijen and 

Goey 2000, Pierce and Moin 2004, Tap and Schapotschnikow 2012, Wehrfritz et al. 2016) and 

also for problems in the supersonic regime (Larsson 2012, Quinlan et al. 2015, Torrez et al. 2011). 

One of the main factors for the popularity of this family of models is the capability to include large 

chemistry mechanisms and turbulence-chemistry interaction effects at relatively lower 

computational costs. Recently, the authors presented a novel tabulation methodology for unsteady 

autoigniting flamelets without using progress variables (Ameen et al. 2016a, Kundu et al. 2017a, 

Kundu et al. 2017b, Kundu et al. 2018, Kundu et al. 2017c). The method was validated for a wide 

range of spray flames. 

Turbulent diffusion flames are subject to temporally varying strain rates in most applications. A 

large amount of experimental and numerical work has been carried out in the past to understand 

these history effects in flamelets (Barlow and Chen 1992, Egolfopoulos and Campbell 2006, Im et 

al. 1995, Kistler et al. 1996, Mastorakos et al. 1992, Peters and Williams 1983). It was observed 

that counter flow diffusion flames take finite time to respond to changes in strain rates. Such 

history effects are not captured accurately by tabulated models. Some recent studies have focused 

on this aspect of tabulated models (Cuenot et al. 2000, Delhaye et al. 2008, Delhaye et al. 2009) 

using counterflow diffusion flames subject to sinusoidally varying strain rates. The authors have 

previously investigated this aspect for spray flames, and proposed an equivalent strain concept to 

account for such effects. However, this method also requires some a priori analysis. These history 



effects however are not restricted to changing strain rates. Temporally varying pressures can have 

significant impact on unsteady evolution of flamelets. This aspect has not been studied so far. 

Moreover, tabulated methods are subject to the problem of dimensionality which has also been 

referred to as “the curse of dimensionality” in multidimensional manifolds. Higher fidelity 

treatments require higher dimensional flamelet manifolds. See et al. (Ihme and See 2010) showed 

that the flame liftoff and species predictions can be affected by the inclusion of progress variable 

variance. Progress variable transport equations contain unclosed source terms that can impact 

predictions for flames undergoing extinction and re-ignition events. The formulation of progress 

variables are critical and can influence the solution. Capturing the formation of slow forming 

species like soot precursors are challenging using progress variable formulations. The chemical 

time scale of these species are significantly different from the progress variable species. 

Additionally, compression ignition engines and scramjet simulations are characterized by spatially 

and temporally changing pressures that require an additional pressure dimension in the flamelet 

manifold. Similarly, some problems are characterized by changing fuel or oxidizer stream 

conditions. This is addressed by further addition of an extra dimension, i.e. oxidizer temperature 

in the flamelet manifold. The memory and retrieval costs during runtime increase exponentially 

with an increase in the dimensionality of the manifold. Simulations in excess of 6 dimensions are 

difficult for large LES type of calculations and become a limiting factor. These are the main factors 

that have impacted the further development of a priori tabulation methods. The use of higher 

dimensional manifolds also has some additional implications. Each sub manifold, say oxidizer 

temperature or pressure, is generated independently of the other manifolds. As the oxidizer 

temperature or pressure changes during runtime the thermochemical solution retrieval changes 

from one manifold to another, based on the changing conditions. This process neglects the history 



effects that are associated with the change of these variables. In some applications, like scramjets 

and IC engines, the maximum pressure is also a function of the heat release and is a highly coupled 

problem. It becomes important to have a good a priori estimate while generating manifolds for 

such applications. The chemical reaction rates can be non-linear in pressure implying the 

importance of a well-resolved manifold. This further increases the overall size of the tables.  

 The online solution of flamelets (EPFM) however, can account for the transient flame physics and 

all types of history effects. Moreover, the absence of progress variables also makes the model 

formulation more generic and applicable to auto-ignition, extinction and re-ignition type of 

problems without additional a priori assumptions. However, their application is limited due to the 

computational cost. Most of the recent high fidelity LES simulations for diesel spray flames over 

a range of conditions are limited to using tabulated flamelet models with 4 dimensional tables 

(Wehrfritz et al. 2016, Tillou et al. 2014, Kahila et al. 2018). Recently Davidovic et al. (Davidovic 

et al. 2017) has demonstrated the use of the traditional  RIF framework with multiple flamelets in 

a LES framework for a single 900 K Spray A condition. Some recent work (Ameen et al. 2016b, 

Bravo et al. 2018, Ma et al. 2018, Pei et al. 2016, Pei et al. 2015a, Pei et al. 2015b) with finite rate 

chemistry and laminar sub-grid closure have been carried with a LES framework. However, the 

costs of such approaches are significantly higher than flamelet models even for reduced chemistry 

mechanisms and not feasible for large applications. The main aim of this work is to explore 

methods that can combine advantages of an online flamelet solver and the advantages of a 

tabulated method and validate the results over a number of conditions. This will motivate the use 

of higher fidelity unsteady flamelet models not only for spray flames but also for quasi-steady gas-

jet type of flames. Higher fidelity chemistry mechanisms, with large number of species for 

complex fuel surrogates can be accommodated for realistic geometries in a flamelet framework. 



The new RIF-ist framework works on the principle of solving multiple unsteady flamelets 

combined with in situ flamelet tabulation. Flamelet tables are re-computed at each time step as the 

flamelet solution changes. The goal is to combine the advantages of a priori tabulation and in-situ 

flamelet models. Such a hybrid in-situ flamelet tabulation approach has not been explored either 

for canonical gas-jet flames or high pressure and temperature spray flames. This works aims to 

demonstrate the RIF model’s generality over a range of combustion problems and demonstrate 

improvements in implementation that will help extend the use of online flamelet solvers for LES 

calculations with fine grids. The first section discusses the model formulation in detail. This is 

followed by the validation of this approach against a methane jet flame in a RANS framework. 

The model validation is then extended to an autoigniting spray flame, the Sandia ECN Spray A, at 

diesel engine relevant conditions within a LES framework. The speed-up of the RIF-ist approach 

over traditional RIF approach is demonstrated for different grid sizes followed by the conclusions 

of this study. 

2.1 RIF-IST Model 

The multi-flamelet RIF approach has been validated extensively in previous literature (Barths et 

al. 2000, D’Errico et al. 2014, Hergart et al. 1999, Husberg et al. 2005, Keum 2009, Keum et al. 

2012, Kundu 2015, Kundu et al. 2017c, Kundu et al. 2014, Lehtiniemi et al. 2006, Pal et al. 2016, 

Peters 1984, Pitsch et al. 1996, Pitsch et al. 1998, Singh et al. 2006). This section describes the 

implementation of the unsteady RIF model followed by the in situ flamelet tabulation approach.  

The RIF approach consists of solving the unsteady flamelet equations at each time step. These 

equations are obtained by applying a co-ordinate transformation (Peters 1984) on the species and 

energy conservation equation and are represented in the unsteady form in equation 1. The 



chemistry is now transformed from the physical space to the mixture fraction (Z) space. It 

represents a 1D-counterflow diffusion flame. 
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The first term on the left hand side of Eq.1 represents the unsteady species formation. The first 

term (𝜒𝜒
2
𝜕𝜕2𝑌𝑌𝑖𝑖
𝜕𝜕𝑍𝑍2

) on the right hand side of Eq. 1 accounts for the diffusion in mixture fraction space 

where (𝜒𝜒) is the scalar dissipation rate and a function of Z. The functional dependence of χ on Z is 

parametrized in terms of its stoichiometric value based on the following profile recommended by 

Peters (Peters 1984).  
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The last term (𝜔𝜔𝚤𝚤̇ ) in Eq. 1 is the species formation source term. The scalar dissipation rate in the 

flamelet equations represent the effect of strain on chemistry. Higher values of  𝜒𝜒 lead to increased 

levels of diffusion of radicals from the reacting zone leading to an extinction of the flamelet. 

However, some recent studies on higher hydrocarbons (Pal et al. 2016, Krisman et al. 2016, Kundu 

et al. 2017b) have also shown that under certain LTC conditions, the dissipation of radicals from 

the cool flame can enhance the main ignition event. The density term accounts for the effect of 

pressure in these equations. The solution of partial differential equations represented here require 

appropriate boundary conditions. For the two feed system, Z=0 represents pure oxidizer and Z=1 



represents the fuel side. The species mass fractions and temperature at these points serve as the 

boundary conditions. The equations are initialized using species and temperature at each Z point 

from the mixing line solution. In case of non-autoigniting flames i.e. cold air and fuel, the 

initialization procedure described by Coelho and Peters (Coelho and Peters 2001), can be used 

instead of the mixing line solution The spatial boundary conditions for the PDE are obtained from 

the oxidizer and fuel conditions. The unsteady flamelet equations are solved using the operator 

splitting method where the chemistry is solved first followed by the solution of the diffusion part 

using the tridiagonal matrix algorithm (TDMA) method. The schematic in Figure 1 describes in 

detail this coupling for the different models used in this study. The ‘~’ in Fig. 1 corresponds to 

Favre averaging. In the RIF modeling framework, it is assumed that the Favre-averaged species 

mass fractions are obtained by convoluting the flamelet solutions with the a priori joint PDF of 

mixture fraction and scalar dissipation rate. 

 



 

Figure 1: Schematic of the RIF (left) and the RIF-ist (right) framework. ~ represents Favre averaged values. The subscript i refers 

to the species index and k refers to the computational cell index.   

The CFD solver solves for the continuity, momentum, energy equations. Along with these 

equations, the transport equations for mixture fraction (𝑍𝑍�) and its variance (𝑍𝑍"2� ) are solved. The 

scalar dissipation rate, pressure and mixture fraction information are fed to the flamelet solver. 

The flamelet equations are initialized using the mixing line solution. The scalar dissipation rate is 

updated at each time step along with the pressure from the computational domain. The flamelet 

equations are then solved over the CFD time step. This allows the chemistry to be run with 

significantly smaller time steps. The flamelet solution gives the species mass fractions as a function 

of Z. In order to account for the turbulence chemistry interactions, the presumed PDF approach is 

used. A beta PDF is used in this study expressed as  
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The species mass fractions at each cell, for a single flamelet formulation, is calculated, based on 

the local mixture fraction and variance by the PDF integration step expressed as 
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 Equation 2 is solved in the flamelet space, decoupled from the CFD domain and hence solved in 

unclosed form. The enthalpy/temperature from the flamelet domain does not couple directly with 

the CFD domain. The species mass fractions in CFD domain are updated, based on the flamelet 

solution and its convolution with the presumed PDF (Eq. 5). These updated species mass fractions 

(that account for TCI effects), are then used to back-calculate temperature from the enthalpy 

calculated in the CFD domain. An iterative method is used to back calculate the updated 

temperatures. 

The scalar dissipation rate used to solve the unsteady flamelets are based on the functional 

dependence described in Eq. 3. In this equation, 𝜒𝜒𝑠𝑠𝑠𝑠 is obtained as a domain averaged value from 

the physical space. Certain applications are characterized by a large variation in scalar dissipation 

rates in the physical space. The averaging process thus leads to a loss of information and 

inaccuracies. The Eulerian Particle Flamelet Model (Barths et al. 2000) proposed the use of 

multiple RIF flamelets to account for these spatial variations in scalar dissipation. The flamelets 

are injected into the domain sequentially and each flamelet is tracked using a separate marker 

equation i.e. passive transport equation expressed as: 
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The source term 𝑆𝑆𝑙𝑙�  has a non-zero value when flamelet l is being injected into the domain. After 

the end of injection of flamelet l, this source term is zero and flamelet l+1 has a non-zero source 

term. These source terms are calculated from the spray evaporation source terms for spray flames. 

For single phase applications, an unsteady fuel inlet boundary controls the sequential injection of 

flamelets into the domain. In this section, i refers to the species index, k refers to the cell index and 

l refers to the flamelet index. Here, Dt is the turbulent diffusivity for RANS and subgrid diffusivity 

for LES. For RANS, Dt is calculated as 

𝐷𝐷𝑡𝑡 =
𝐶𝐶𝜇𝜇
𝑆𝑆𝑐𝑐𝑡𝑡

𝜌𝜌
 𝑘𝑘2

𝜀𝜀
 

Here, 𝐶𝐶𝜇𝜇 is a model constant for the RNG k-ε model, Sct is the turbulent Schmidt number, k is the 

turbulent kinetic energy, and ε is the dissipation of turbulent kinetic energy For LES, Dt is 

calculated as 

𝐷𝐷𝑡𝑡 =
𝜇𝜇𝑡𝑡
𝑆𝑆𝑐𝑐𝑡𝑡

 

Here, 𝜇𝜇𝑡𝑡 is the subgrid viscosity which is calculated using the dynamic structure model (Chumakov 

and Rutland 2005). 

A separate set of flamelet equations are then solved for each flamelet with the corresponding 

stoichiometric scalar dissipation rate. The markers must also satisfy the following condition: 

                                                               𝑍𝑍� = �𝑍𝑍𝑙𝑙�
𝑛𝑛

𝑙𝑙=1

,                                                                                      (7) 

The scalar dissipation rate for each flamelet (l) is determined from  



                                   𝜒𝜒𝑠𝑠𝑠𝑠� (𝑙𝑙) =
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,                                                                 (8) 

where                         𝜒𝜒𝑠𝑠𝑠𝑠� = χ� 𝑓𝑓(𝑍𝑍𝑠𝑠𝑠𝑠)

∫ 𝑓𝑓(𝑍𝑍)𝑃𝑃(𝑍𝑍)𝑑𝑑𝑑𝑑1
0

                                                                    (9)                                                                                                 

and                   𝑓𝑓(𝑍𝑍) = 𝑒𝑒𝑒𝑒𝑒𝑒 �−2�𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒−1(2𝑍𝑍)�2�                                                        (10) 

The species concentration at each cell as a contribution from flamelet l is calculated using 

𝑌𝑌𝑙𝑙𝑖𝑖𝑘𝑘  =  �𝑌𝑌𝑙𝑙,𝑖𝑖(𝑍𝑍, 𝑡𝑡)𝑃𝑃�𝑍𝑍;𝑍𝑍�𝑘𝑘 ,𝑍𝑍′′2� 𝑘𝑘�𝑑𝑑𝑑𝑑
1

0

                                                                      (11) 

Species mass fraction at each cell is calculated as the weighted average of contributions from all 

n flamelets.  

                                                           𝑌𝑌�𝑖𝑖𝑖𝑖 = �
𝑍𝑍𝑙𝑙𝑙𝑙�

𝑍𝑍𝑘𝑘�
𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙

𝑛𝑛

𝑙𝑙=1

                                                                           (12) 

The online solution of flamelets has some unique advantages over the tabulated models. This 

approach deals with the solution of unsteady flamelets with varying scalar dissipation rates, thus 

accounting for history effects. If flamelets are tabulated as multidimensional manifolds, these 

effects are get neglected. Each sub manifold is calculated using constant values. Moreover, 

applications involving changing pressures also introduce pressure history effects that cannot be 

accounted easily in multidimensional manifolds. In order to resolve the spatial variation on scalar 

dissipation accurately within the flamelet space a large number of flamelets need to be transported 

and solved. The PDF integration step marked by a dotted red box in the schematic needs to be 

carried out for each flamelet at each computational cell. This has significant impact on CPU costs 



as the mesh size increases. The PDF integration accounts for 70% of the total simulation cost as 

shown in previous studies (D’Errico et al. 2014). As a result, the computational cost of such models 

has restricted its use in simulations with large cell counts. 

The new model proposed in this part involves a hybrid approach where the flamelet tables are 

generated on the fly, at each time step based on unsteady flamelet equations. Multiple flamelets 

are injected and tracked as per the EPFM model formulation. This is followed by the solution of 

the flamelet equations. These flamelet solutions are then integrated using the presumed beta PDF 

for a range of mixture fraction variances. This process is different from the RIF approach of 

integrating Equation 11 at each cell. This generates a 2D table for each flamelet where the species 

are now a function of mixture fraction and mixture fraction variance. 

𝑌𝑌�𝑙𝑙,𝑖𝑖 = 𝑔𝑔𝑙𝑙,𝑖𝑖�𝑍𝑍�,𝑍𝑍"2� �                                                                             (13) 

The species mass fraction is calculated at each cell in the CFD domain for each flamelet using a 

2D interpolation instead of the expensive integration process. The final species mass fraction at 

each cell is calculated as a weighted average of the contribution of multiple flamelets as shown in 

Eq. 12.  The temperature is calculated from the enthalpy as shown previously. The 2D flamelet 

table for each flamelet is then cleared at the end of each iteration. This process is carried out 

iteratively for the entire CFD simulation. The flamelet equations are solved again for the next time 

step with updated pressures and scalar dissipation rates thus preserving the history effects. A new 

2D table is again generated for a range of 𝑍𝑍"2� . It must be noted that this approach also allows for 

adapting the size of the table in 𝑍𝑍� and 𝑍𝑍"2�  space based on the local flow conditions. It must be 

noted that this formulation is not a reduction to 2D manifolds. It accounts for unsteady scalar 

dissipation rates, pressures and other temporally changing conditions by solving unsteady 



flamelets at each time-step. The current formulation is applicable over a wider range of problems 

without making assumptions on extinction/re-ignition physics, history effects, pressure manifolds 

and species timescales. Solving the flamelet equations online has some other advantages as well. 

Non-adiabatic flamelets with enthalpy defect terms can be easily accommodated without modeling 

assumptions. The results in the proceeding sections demonstrate the validation and computational 

savings using the RIF-ist approach. 

2.2 CFD Model Setup 

The in-house combustion code developed in this study was integrated with the Converge CFD 

code (CONVERGE 2013). The model was integrated and tested with both RANS and LES 

approaches. The compressible CONVERGE code is based on Cartesian cut-cell gridding method, 

which can be refined at runtime using automated mesh refinement. The details of the 

computational model are summarized in Table 1.  

Table 1: Computational model setup 

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

Spatial discretization approach 2nd order finite volume 

Mesh 

RANS: 0.25 mm minimum cell size 

LES: 0.0625 mm minimum with peak cell count of 

22 million 

Turbulence and scalar transport 

models 

RANS: k-epsilon 

LES: Dynamic structure  

Spray models 
Breakup: KH-RT 

Drag-law: Dynamic model 



Evaporation model: Frossling correlation 

Time step Variable time step 

Combustion models RIF and RIF-ist 

Time discretization scheme 
PISO (Pressure Implicit with Splitting of 

Operators) 

 

3 Results and validation 

3.1 Gas jet flame - Cabra Flame 

Table 2: Inlet conditions used for the gas-jet flame 

 Jet Coflow 

Reynolds number 28,000 23,300 

Diameter (mm) 4.57 210 

Velocity (m/s) 100 5.4 

Temperature (K) 320 1,350 

Species mass fractions 

XO2 0.15 0.12 

XN2 0.52 0.73 

XH2O 0.0029 0.15 

XOH (ppm) <1 200 

XH2 100 100 

XNO (ppm) <1 <1 

XCH4 0.33 0.0003 



Equivalence ratio – 0.4 

Stoichiometric mixture 

fraction 
0.177 

 

The Cabra flame (Cabra et al. 2002) consists of a partially premixed methane jet surrounded by 

vitiated, high temperature coflow. This results in an auto-ignited lifted gas-jet flame. Scalar 

measurements are available along the jet centerline and radial locations. This flame has been 

previously used to validate combustion modeling approaches (Michel et al. 2009, Mouangue et al. 

2014, Ihme and See 2010). The centerline as well as radial data points represent the unsteady 

evolution of the species within a lifted jet flame and provide a high fidelity validation data set for 

benchmarking combustion models. The boundary conditions and experimental setup of the 

problem are explained in detail in (Cabra et al. 2002). A brief summary of the conditions is 

provided in Table 2. In this RANS study, steady inflow boundary conditions for velocity are used. 

A power-law velocity profile is specified at the fuel inlet boundary condition, with a bulk velocity 

consistent with the experimentally reported values. A 90-degree sector mesh is simulated in this 

RANS simulation. A k-epsilon turbulence model is used, where Cε1 is 1.6 while Cε2 is 1.83, 

following the approach of Michel et al. (Michel et al. 2009) to better capture mixing than with 

standard constants. The computational domain spans 90 jet diameters in the axial direction and 30 

jet diameters in the radial direction. The DRM22 mechanism (Kazakov and Frenklach 1994) with 

22 species (plus argon and nitrogen) and 104 reactions, reduced from the GRI 1.2 mechanism 

(Frenklach et al. 1995), is used to model the chemical kinetics. This model was used previously to 

model lifted methane/air flames with similar accuracy to more detailed mechanisms (Gordon et al. 

2007). A minimum cell size of 0.25 mm is used along with adaptive mesh refinement. Mesh 



refinements are carried out at runtime in regions exhibiting high gradients in velocity and 

temperature. Grid sensitivity studies were carried out with successively finer mesh to insure final 

results were grid converged. Unsteady flamelets are injected sequentially with the fuel inlet stream. 

The flamelet equations are then solved for each flamelet as outlined in the previous section. In this 

modeling setup, multiple flamelets are injected sequentially, at the rate of 1 every 0.75 

milliseconds, through the fuel inlet. These flamelets are tracked using marker equations, which are 

a set of passive transport equations. The simulations are run until the jet reaches a quasi-steady 

state (~40 ms), after which time-averaged scalar values are obtained along axial and radial 

locations. 



 

Figure 2: Temperature and OH mass fraction contours for the lifted flame. 

Qualitative results in Figure 2 show the temperature and OH mass fraction contour plots. These 

results indicate the formation of a lifted flame. Temperatures and species mass fractions along the 

centerline of the jet from experiments are compared against the RIF-ist results in Figure 3. The 

fuel jet mixes with co-flow oxidizer and this results in an increase in the centerline temperature 

accompanied by chemical reactions that lead to the gradual formation of saturated combustion 



products at around 40 jet diameters along the nozzle centerline. This can be identified by the 

formation of CO2 and CO. The unsteady model is able to pick up this transition and also the major 

species mass fractions accurately. CO formation starts around 45 jet diameters, and is oxidized as 

it is convected downstream towards the high temperature regions. The combustion model captures 

these unsteady trends and flame liftoff satisfactorily. 

  

Figure 3: Temperature and species evolution along the jet centerline 

The temperature, mixture fraction and species profiles along the radial directions are shown in 

Figure 4. The model is able to capture the mixing fields and spread of the jet accurately as can be 

seen from the comparisons against experimental data. The axial location of the edge of the flame 

base is under predicted slightly as seen from the temperature profile at z/Dj=40. However, the 

overall flame liftoff and shape is captured accurately as shown in previous centerline plots as well 

as the other radial profiles. This elongation of the flame base also shows up as a corresponding 

deviation in the O2 and H2O profiles. The flame reaches an equilibrium with respect to chemistry 

after 60 jet diameters and this is evident from the axial and radial profiles. Overall, these results 

along the axial direction indicate that the model is able to predict the correct flame liftoff and 

quantitative values of major species during the transient process. 



 

Figure 4: Temperature and species mass fraction profiles along the radius for different axial locations. 

 

The predicted species mass fractions are compared against experimental observations at different 

radial locations in Figure 4. The temperature and species mass fraction comparisons at different 
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radial locations indicate that the model is able to predict the correct spread of the flame along with 

the transient temperatures. Major species like O2 and H2O also match the radial profiles. The 

radial location 40 jet diameters downstream of the nozzle shows a higher deviation from the 

experiments. This is likely due to the over-prediction of a slightly elongated tail section of the 

flame in RANS. This also shows up as a corresponding jump in OH profiles at that location. 

However, the model accurately predicts the overall concentrations in most regions of the flame 

satisfactorily.  

3.2 Flame stabilization 

  

Figure 5: (Left) Temperature and H2O2 (Right) scatter plots as a function of log(scalar dissipation rate) at the stoichiometric 

conditions is plotted from the 3D results. Each point is colored by the distance from the nozzle exit (x/D). 

The autoignition and flame stabilization process is further analyzed for the lifted flame in detail. 

Figure 5 shows the scatter plot of temperatures at the stoichiometric mixture fraction against their 

respective scalar dissipation rates on log scale. These are obtained from the 3D RANS solution 

after the flame has reached a quasi-steady state. It must be noted that the steady flame is unsteady 

in the local Lagrangian frame. Multiple unsteady flamelets are required to capture this unsteadiness 

along with the spatial variation of scalar dissipation rate in the computational domain. Each point 



in the scatter plot is colored by its normalized distance (x/D) from the inlet. This plot depicts the 

unsteady evolution of the stoichiometric regions as they are convected downstream of the nozzle 

exit and experience a lower strain rate. A similar plot is created using H2O2 mass fractions, which 

is an intermediate species. The scalar dissipation rates close to the nozzle have higher values on 

account of the higher velocity jet. As the fluid particles move away from the nozzle, the scalar 

dissipation rates reduce accompanied by an increase in residence times. Three distinct phases can 

be observed, the unburnt, partially burnt (1200 K – 1800 K) and burnt stage. The formation of 

intermediate species dominates the partially burnt/intermediate stage. These species get oxidized 

in the high temperature regions. The intermediate species exhibit a non-monotonic behavior. A 

small amount of scatter exists in the temperature and species scatter plot in Fig.5. This is due 

to the numerical unsteadiness introduced by the sequential injection of flamelets.  

Online solution of flamelets leads to the absence of a very low dimensional manifold and hence is 

more universal in nature. As a result a wide range of problems can be addressed such as temporally 

and spatially changing pressures, extinction/re-ignition events without a priori assumptions on 

manifolds and dimensionality. The traditional RIF approach can also be used for modeling these 

problems, however, at a higher computational cost. The next part of the study extends the same 

model application to a different problem at higher pressures within a LES framework. This section 

shows that the RIF-ist method, which is a new algorithmic improvement of the traditional RIF 

implementation can capture qualitative as well as quantitative trends in speciation accurately for a 

gas-jet flame. 

3.3 Spray Combustion: ECN Spray A 

In this part of the study, an auto-igniting n-dodecane spray flame from the Engine Combustion 

Network, Spray A database (Pickett et al. 2014), was modeled using the RIF-ist approach in a LES 



framework. The ECN Spray A consists of a constant volume combustion vessel that mimics the 

conditions of a diesel engine. A brief description is of the experiment is provided in this section. 

A liquid n-dodecane spray is injected with a high injection pressure into a turbulent high 

temperature and pressure environment. High fidelity measurement and diagnostic techniques are 

used to characterize the ignition delay and flame liftoff at these conditions. The baseline operating 

pressure is 60 bar with an injection pressure of 150 MPa. The CFD model setup has been validated 

extensively in previous studies using the Tabulated Flamelet Model (Ameen et al. 2016a, Kundu 

et al. 2017a, Kundu et al. 2017b, Kundu et al. 2018, Kundu et al. 2017c). This study discusses the 

findings of the implementation of the RIF-ist model in a LES framework. The liquid spray is 

modeled using a Lagrangian framework. Validation of the liquid spray breakup and evaporation 

processes in LES have been reported in detail in previous studies(Pei et al. 2015b, Xue et al. 2013). 

The minimum grid size used in this study is 0.0625 mm. Adaptive mesh refinement is used to 

refine the grid in regions of high scalar gradients. This results in a very fine mesh along the entire 

spray and vapor domain. In these studies, 20 flamelets are injected sequentially over the injection 

duration of 1.5 ms. Previous studies have established the minimum number of required unsteady 

flamelets (Kundu et al. 2014).   



  

Figure 6: Qualitative results for the baseline Spray A condition at 1 ms ASOI. (900 K ambient temperature, 150 MPa injection 

pressure and 15% ambient O2) 

 

Figure 6 shows the qualitative results for the Spray A condition (900 K) at 1ms after start of 

injection (ASOI). The flame reaches a quasi-steady state by this time and the flame liftoff length 

is observed to reach a steady value. The flame exhibits a two-stage ignition process. The species 

formation and heat release observed before the main ignition event is governed by coupled effects 

of low temperature chemistry and turbulence. This has a significant impact on the high temperature 

ignition and flame stabilization mechanism. Figure 7 shows the temporal evolution of 

formaldehyde along the plane of the injector. CH2O PLIF images from a single injection event are 

compared against instantaneous CH2O mass fraction predictions from a single LES realization. As 

the PLIF images are based on false color, this comparison is qualitative in nature. CH2O formation 

is observed to begin at 0.19 ms at the periphery of the jet between 10 mm and 20 mm from the 

injector. The simulation predicts the onset of the cool flame in similar peripheral regions extending 

slightly more in the axial direction. The formaldehyde formation regions are then successively 

transported towards the head of the spray and similar transitions are captured by the simulations. 



By the time of the high temperature ignition, the cool flame region reaches a quasi-steady state 

extending from approximately 15 mm to 30 mm from the nozzle. The simulations predict a similar 

region extending from 15 mm to slightly higher than 30 mm compared to experiments. The RIF-

ist formulation qualitatively predicts the correct onset and extent of the cool flame region in tune 

with the previous tabulated approach (Kundu et al. 2017b). 

 

Figure 7: CH2O PLIF data for a single injection is compared with the instantaneous CH2O mass fraction predictions from a single 

LES realization. 

Consumption of the intermediate species leads to the formation of the high temperature regions. 

A lifted flame is observed at these conditions. The temporally changing flame liftoff length from 

experiments is compared against LES results in Figure 8. The liftoff length reaches a quasi-steady 
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value by 1 ms. An average liftoff length is calculated by averaging the quasi-steady values for each 

condition. The liftoff length is calculated as the minimum distance from the injector, where the 

OH mass fraction reaches 14% of the max OH mass fraction. This definition is consistent with 

previous studies and ECN workshop recommendations. The ignition delay is also based on the 

time when the OH mass fraction in domain reaches 14% of max OH mass fraction. Overall, the 

model is slightly over-predicting the flame liftoff by 1 mm. 

 

Figure 8: Temporal evolution of the flame liftoff length for the baseline Spray A condition 

These LES calculations are extended to different ambient temperature conditions and results are 

shown in Figure 9. The 800 K ambient temperature condition exhibits significantly higher low 

temperature chemistry, longer ignition delays and flame liftoff lengths. The model is able to 

capture the correct ignition delay and the flame liftoff is over predicted. The ignition delay is 

accurately captured at 1000 K and 1100 K ambient temperature conditions. Over prediction in 

liftoff lengths are observed for the 1000 K ambient temperature condition. Overall, the model is 

able to satisfactorily match the ignition delay and flame liftoff length trends. 



 

Figure 9: Ignition delay and liftoff lengths for different ambient temperature conditions 

3.4 Unsteady effects 

As explained in the introduction section, the accuracy of turbulent combustion models which 

utilize pre-tabulated chemistry are limited by the conditions at which these tables are generated. 

One of the strongest limiting factors is the use of temporally constant scalar dissipation rates during 

the a priori solution of the flamelet equations. However, for spray flames, the scalar dissipation 

rate can change by 3 orders of magnitude during the injection process. Such history effects can 

also arise due to varying pressures and other independent manifold variables. Figure 10 shows the 

evolution of stoichiometric scalar dissipation rates for two flamelets from LES of Spray A using 

the RIF-ist model. Here, flamelet 1 is the first flamelet which is injected from t=0 to t=0.075 ms, 

and flamelet 4 is injected from 0.225 ms to 0.30 ms. At the start of its injection, each flamelet is 

close to the large velocity spray regions, and hence experience large scalar dissipation rates. For 

flamelet 1, the scalar dissipation rate reaches a peak value of ≈600 s-1 immediately after the 

injection starts, and then relaxes to very low values (≈1 s-1) within 0.4 ms after its injection. For 

later flamelets, such as flamelet 4, the peak scalar dissipation rate attained is lower (≈200 s-1). The 

effect of time-varying scalar dissipation rate on the flamelet solution will be evaluated in the rest 



of the section by comparing the flamelet solution obtained by assuming a constant scalar 

dissipation rate with the solution obtained by assuming a time-varying scalar dissipation rate.  

 

Figure 10: Scalar dissipation rate for the flamelets 1 and 4 from LES of Spray A using RIF-ist model 

Figure 11 compares the transient evolution of mass fractions of CO2 and CH2O in the flamelet 

space obtained by assuming a constant scalar dissipation rate (i.e. neglecting history effects) and 

a time-varying scalar dissipation rate. Here, the variable χst case uses the scalar dissipation rate 

from Figure 11. For the constant χst case, the scalar dissipation rate is chosen based on its value for 

Flamelet 1 at the corresponding time from Figure 11: Transient evolution of mass fractions of (a) CO2 

and (b) CH2O in the flamelet space for constant χst and variable χst cases for Flamelet 1.. For instance, 

the scalar dissipation rate is chosen to be 22.13 s-1 for the comparison at t=0.2 ms. The following 

observations can be made. The flame development behavior is similar for both the cases, but the 

constant χst case ignites earlier. This behavior is as expected since the variable χst case encounters 

much larger dissipation rates at the earlier times as compared to the constant χst case. It is also 

observed that the variable χst case leads to a more diffused flame with CH2O radicals diffusing into 

significantly richer mixtures. This diffusion process has shown to play a very important role in the 

flame stabilization process in the low-temperature regimes (Krisman et al. 2016, Kundu et al. 



2017b, Pal et al. 2016). It is also observed that the differences between the two cases reduce as 

time progresses. Figure 12 makes the same comparison for Flamelet 4. It can be seen that for 

Flamelet 4, there are still visible differences in the transient flamelet development for the two 

cases, but the differences are smaller than those observed for Flamelet 1. This is due to the smaller 

temporal gradients in scalar dissipation rate for Flamelet 4 as compared to Flamelet 1. 

 

Figure 11: Transient evolution of mass fractions of (a) CO2 and (b) CH2O in the flamelet space for constant χst and variable χst 

cases for Flamelet 1. 

 

 



 

Figure 12: Transient evolution of mass fractions of (a) CO2 and (b) CH2O in the flamelet space for constant χst and variable χst 

cases for Flamelet 2. Refer to Figure 11 for the plot legend. 

Moreover, this type of approach also accounts for the correct evolution of intermediate species as 

well as slow forming PAH species as it is based on the unsteady solution of flamelets. The RIF-ist 

model presented in this study can account for the transient evolution of the flamelet structure 

accurately by solving the flamelet equations during the CFD simulation and incorporating the time-

varying scalar dissipation rates and pressures into the flamelet equations. Under these conditions, 

the use of a priori flamelet tables should be done with care. 

3.5 Computational cost 

The RIF-ist methodology is based on the idea of generating flamelet tables for each representative 

flamelet at each time step. These in-situ tables are generated using a presumed PDF approach. As 

a result this approach bypasses the PDF integration cost. This cost component increases non-

linearly with an increase in the number of computational cells. As a result the cost savings with 

RIF-ist are higher for larger meshes. Computational studies were carried out with the RIF-ist and 

RIF model for the 900 K Spray A condition for 3 different mesh sizes viz. 0.25mm, 0.125 mm and 

0.09 mm minimum grid size. All simulations were carried out using 20 flamelets, 103 species n-



dodecane mechanism, on the same machine with same number of processors. The results are 

summarized in Figure 13 

 

Figure 13: (Left) Computational cost as a function of grid size for the RIF and RIF-ist model. (Right) Reduction in CPU cost with 

RIF-ist approach with different grid sizes. 

The computational cost of the RIF model, without in-situ tabulation, increases significantly 

compared to the RIF-ist model. The computational cost reduces by ~25% for the coarse mesh of 

0.25 mm. However, a reduction of 66% is observed for the 0.090mm case. The cost savings 

increases with finer meshes and larger number of flamelets. This is a key advantage in extending 

RIF type of models to high fidelity LES simulations. The finer mesh configurations with 0.062 

mm mesh resolution simulations are extremely expensive with the traditional RIF formulation.  



  

Figure 14: Species production rates compared between RIF and RIF-ist model. 

As a final validation, the predictions from the RIF simulations are compared against the RIF-ist 

simulations in Figure 14. The total CH2O and OH mass fractions in the domain are plotted against 

time. It has been observed that both, the RIF as well as RIF-ist model predict the same onset of the 

cool flame as well as high temperature ignition along with the total mass of CH2O and OH. This 

further validates the point that the in-situ tabulation process retrieves the same solution as the RIF 

model at significantly lower costs. This in-situ tabulation approach can also be extended to other 

approaches like the Representative Interactive Linear Eddy Model (Lackmann et al. 2015, 

Lackmann et al. 2018). 

4. Conclusion 

A hybrid in situ flamelet tabulation technique has been presented and validated in this study. The 

RIF-ist approach aims to combine the efficacy of tabulated models along with the fidelity of online 

flamelet solvers. The online solution of unsteady flamelets avoid resorting to a very low 

dimensional manifold and computational bottlenecks that arise due to large multidimensional 

tables. Additionally, these methods have fewer assumptions related to history effects and species 

chemical time scales. Hence they can easily account for all species including slow forming species 
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as well as intermediates without a priori estimations. This type of framework can be applied to a 

large variety of problems that exhibit temporal and spatial variations in pressures, oxidizer and 

fuel stream conditions, and scalar dissipation rates. A comprehensive modeling strategy with the 

multiple flamelet RIF model has been implemented in a CFD code that generates in situ flamelet 

tables based on unsteady solution of multiple flamelet equations. This in situ tabulation process 

significantly reduces the cost of presumed PDF integration. This cost increases non-linearly with 

the number of computational cells and flamelets in the traditional RIF approach. Significant 

amount of cost reduction has been observed for LES calculations with large cell counts. The cost 

reduction is higher for larger cell counts. Moreover, results show that the RIF-ist model predicts 

the same solution as the traditional RIF model. 

 The model formulation is discussed and initial model validations are carried out against a partially 

premixed gaseous methane flame in a RANS framework. The RIF-ist model with multiple 

flamelets is able to accurately capture the transient species evolution of the lifted flame. 

Quantitative comparisons are carried out against experimentally measured species mass fractions 

and temperatures along the centerline and different radial locations. The model is able to accurately 

capture the major as well as minor species. Quantitative and qualitative results indicate that the 

flame liftoff is captured accurately. The flame is characterized by high levels of scalar dissipation 

rates in the near nozzle regions which correspond to high scalar dissipation rates. Higher 

temperatures are observed with a drop in scalar dissipation rates in regions away from the nozzle 

inlet. The model predicts a transition from unburnt, partially burnt and burnt regions of the flame. 

However, the results also show that the unsteady flamelet model predicts a non-monotonic 

behavior with respect to scalar dissipation rate for the intermediate species. This modeling 

framework is then extended to high pressure and temperature spray flames operating under engine 



conditions. The ECN Spray A is modeled using a LES framework with a 60 μm grid. The RIF-ist 

model is able to capture the onset and propagation of low temperature heat release and transition 

to high temperature ignition. These results are validated against experimental CH2O PLIF data. 

The temporally evolving flame liftoff is also validated against the experimental measurements for 

the baseline condition. The model is able to capture ignition delay and flame liftoff for a range of 

ambient temperature conditions. History effects in unsteady flamelets have shown to play a 

significant role during the unsteady ignition process. These history effects diminish as the 

flamelets reach the equilibrium state. Overall, the new model formulation has led to the feasibility 

of using higher fidelity multi-flamelet RIF models in LES at costs comparable to those of previous 

tabulated frameworks (Kundu et al. 2017b). 
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