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Summary of Scientific Progress and Accomplishments 

Statement of the problem studied 

Advanced engines need to operate at higher boosted pressure, lower temperature, and variety of 

alternative fuels for higher energy efficiency, higher power, more fuel flexibility, and less 

emissions. However, at higher pressures, low temperature chemistry plays a critical role in 

affecting engine performance, engine knocking, combustion processes, and results in strong 

turbulence/chemistry interaction as well as new ignition and flame regimes. Quantitative modeling 

of such complicated reactive flow at extreme conditions requires detailed models for chemical 

kinetics and transport, and thus is extremely challenging.  

Summary of the most important results 

In this project, we developed a smart computational singular perturbation (CSP) method and a 

hybrid multi-timescale and correlated dynamic adaptive chemistry and transport (HMTS/CO-

DACT) method for accurate and computationally-efficient modeling of low temperature ignition 

and knock formation of surrogate diesel fuel mixtures. The results showed that the present CO-

DACT method is very computationally efficient to handle detailed chemical kinetics and multi-

species transport properties. The method was successfully applied not only to low temperature and 

high temperature ignition and flame modeling but also to the simulations of engine knocking. The 

results show clearly that not only low temperature chemistry but also its interaction with turbulence 

significantly affect knock formation. By considering both the temperature and fuel concentration 

gradients, an engine knock regime diagram with and without low temperature chemistry is 

obtained. Furthermore, the CO-DACT method is applied to the modeling of turbulent jet 

combustion. The results demonstrated that the CO-DACT method enhanced computation 

efficiency and the results are accurate. Moreover, numerical simulations were applied to the design 

of a novel inwardly off-center shearing (IOS) jet stirred reactor. The results show that the new IOS 

jet stirred reactor has an improved distribution of flow residence time. As such, the present study 

not only provides a computationally efficient tool for engine modeling and fuel design but also 

advances the understanding of role of low temperature chemistry in knock formation. 

 

1. A multi-timescale and correlated dynamic adaptive chemistry and transport (CO-

DACT) method for computationally efficient modeling of jet fuel combustion with 

detailed chemistry and transport  

1.1 Abstract 

A correlated dynamic adaptive chemistry and transport (CO-DACT) method is developed to 

accelerate numerical simulations with detailed chemistry and transport properties in a reactive flow 

with a jet fuel surrogate. Different sets of phase parameters, which govern the transport properties 

and chemical reaction pathways, respectively, are proposed to identify the correlated groups for 

transport properties and reaction pathways in both temporal and spatial coordinates. The correlated 

transport properties and reduced chemical mechanisms in phase space are dynamically updated by 

different user-specified threshold values. For the calculation of detailed transport properties, the 

mixture-averaged diffusion model is employed. For the on-the-fly generation of reduced chemistry, 

the multi-generation path flux analysis (PFA) method is used. In the present method, the chemical 

reduction and transport properties calculation are only conducted once for all the computation cells 

in the same correlated group within the pre-specified thresholds. Therefore, without sacrificing 

accuracy within the range of uncertainty of mechanisms and transport properties, the CO-DACT 
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method can eliminate all redundant chemistry reductions and transport properties calculations in 

temporal and spatial coordinates when the transport properties and chemical reaction pathways are 

correlated due to the similarities in phase space. The CO-DACT method is further integrated with 

the hybrid multi-timescale (HMTS) method to achieve efficient integration of chemistry. 

Simulations of out- ward propagating spherical premixed flames and one dimensional (1D) 

diffusion ignitions of a jet fuel surrogate mixture, as well as an unsteady spherical propagating 

diffusion flame of a DME/air mixture are conducted to validate the present algorithm. The impact 

of the selection of threshold values as well as the dependence of numerical errors on pressure and 

equivalent ratio are also examined. The results demonstrate that the CO-DACT method can 

increase the computation efficiency for transport properties by at least two-order of magnitudes. 

Moreover, it is robust, accurate, and improves the overall computation efficiency involving a large 

kinetic mechanism. The present results provide insights into knocking mechanisms in engines [1]. 

1.2 Results and Discussion 

In order to validate the HMTS/CO-DACT method, the results and performance of the proposed 

method are compared against other existing methods, including the VODE, HMTS and 

HMTS/CO-DAC methods. Detailed 

comparisons between the implementation of 

these methods are listed in Table 1. Numerical 

simulation of unsteady outwardly propagating 

spherical premixed flames and diffusion 

ignitions of a jet fuel surrogate mixture are 

carried out, which cover premixed and non-

premixed as well as stretched and un-stretched 

reactive flow conditions with strong chemistry-

transport coupling. Then, the numerical errors 

of the HMTS/CO-DACT method will be 

examined with different threshold values, 

pressures, and equivalence ratios. The 

mechanism used in this study is 

comprehensively reduced from a jet fuel 

surrogate mechanism by using the second-

generation PFA method. The surrogate jet fuel 

consists of four components fuels (40% n-

dodecane, 30% iso-octane, 23% n-propyl 

benzene, and 7% 1,3,5-trimethyl by mole 

fraction). The reduced mechanism has 425 species and 2275 reactions. 

Table 1. Comparisons of details between different methods [1]. 

 

 

Method Chemical 

reduction 

Chemical integration Transport properties 

VODE - VODE Mixture-averaged 

HMTS - HMTS Mixture-averaged 

HMTS/CO-DAC Correlated PFA HMTS Mixture-averaged 

HMTS/CO-DACT Correlated PFA HMTS Correlated mixture-averaged 

 

Fig.1 Flame trajectories comparison between 

VODE, HMTS, HMTS/CO-DAC and 

HMTS/CO-DACT methods of the stoichiometric 

jet fuel surrogate mixture at 10 atm and 300 K. 
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1.2.1 Premixed outwardly propagating spherical flames 

The premixed spherical propagating flame is ignited by a hot spot with 2000 K and 2 mm in 

radius at the center (X=0 cm) of the spherical coordinate. The homogeneous stoichiometric jet fuel 

surrogate mixture has the initial conditions with 10 atm and 300 K. The overall size of the 

computation domain is 5 cm and the boundary conditions are reflective at x = 0 and transmissive 

at X = 5 cm. The results of flame trajectory are compared between the VODE, HMTS, HMTS/CO-

DAC and HMTS/CO-DACT methods in Fig.1. The results demonstrate an excellent agreement 

between these methods. The maximum relative error along the flame trajectory among all these 

methods is less than 0.5%, which is much smaller than the experimental uncertainty of transport 

properties and flame speed measurements for chemistry validation (~5%).  

Figures. 2a and 2b plot the spatial distributions of selected phase parameters, including 

temperature, O2, Fuel, H2O and CO2, at physical time t = 1.6 ms. The flame surface is located 

around the location X = 0.495 cm. The results in Fig.2a demonstrate that the HMTS/CO-DACT 

method is accurate enough to capture the major structure of a premixed flame, including 

temperature and major species. The mass fraction distributions of the selected minor species and 

radicals, including OH, H, HO2 and H2O2, at the same physical time t = 1.6 ms, are plotted in Fig. 

2b to examine and demonstrate the accuracy of the HMTS/CO-DACT method on capturing those 

species which are not tracked and included in the phase space. Fig.2b also shows that the minor 

species follow the same accuracy as the major species and the discrepancies between different 

methods are negligible. Therefore, it successfully demonstrates that the proposed HMTS/CO-

DACT method can accurately predict the distributions of minor species and radicals for a large jet 

surrogate fuel mixture. 

Figure 3a shows the comparisons of the CPU time consumed by the transport properties 

calculation between different methods. The purple, black and red lines, which represent the VODE, 

HMTS and HMTS/CO-DAC methods, respectively, overlap together because the transport 

properties in these methods are computed by the same mixture-averaged diffusion model, as shown 

in Table 1. Thus, the CPU time of transport properties in first three methods should be the same. 

By comparing the HMTS/CO-DACT method with other methods, it shows that the proposed CO-

DACT method (blue line) is 230 times faster than the transport properties calculation in the 

mixture-averaged model, which is a dramatic increase of the computation efficiency for a large 

       

Fig. 2a (left) Distributions of temperature and major species (O2, Fuel, H2O and CO2) in the 

stoichiometric premixed flame at 1.6 ms; 2b (right): Distributions of minor radicals (OH, H, HO2 and 

H2O2) in the stoichiometric premixed flame at 1.6 ms. 
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kinetic mechanism. Figure 3b is the overall CPU time comparisons between VODE, HMTS, 

HMTS/CO-DAC and HMTS/CO-DACT methods at physical time t = 1.6 ms. The green, purple 

and red sections represent the CPU time consumed by convection flux, diffusion flux and transport 

properties calculation, respectively, and the blue section is the computation time of the chemical 

integrations. It is seen from this figure that compared to the first three columns, the proposed 

HMTS/CO-DACT method can significantly reduce the computation cost of transport properties 

calculation and, most important, makes it negligible even when a large chemical mechanism with 

several hundreds of species is involved. With the present CO-DACT method, the overall 

computation for flame propagation can be accelerated by factor of three compared with the original 

HMTS method and becomes more than one order of magnitude faster than the VODE method. 

1.2.2 Diffusion ignition and cool flames 

 The diffusion ignition is initiated at 1 atm and 1200 K with the pure air in the left half domain 

and pure fuel in the right half domain. A planar 1D domain with 5 cm is used and the reflective 

boundary conditions are applied for both side. The results of the diffusion ignition are compared 

 
Fig. 3a (left) Comparison of CPU time for the transport properties calculation between VODE, HMTS, 

HMTS/CO-DAC and HMTS/CO-DACT methods of the stoichiometric premixed flame. 3b (right): 

CPU time comparison between VODE, HMTS, HMTS/CO-DAC and HMTS/CO-DACT methods at 

1.6 ms of the stoichiometric premixed flame. 

       
Figure 4a (left): Distributions of temperature and major species (O2, Fuel, H2O and CO2) in the diffusion 

ignition at 3.5 ms. 4b (right): Distributions of minor radicals (OH, H, HO2 and H2O2) in the diffusion 

ignition at 3.5 ms.  
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between HMTS, HMTS/CO-DAC and 

HMTS/CO-DACT methods. Figures 4a 

and 4b, respectively, show the 

distributions of temperature, stable and 

radical species such as O2, Fuel, H2O 

and CO2, H, H, HO2 and H2O2, at t = 3.5 

ms. Once again, it shows an excellent 

agreement. Fig.5 shows that the 

HMTS/CO-DACT methods is 200 times 

faster than the other methods.  

To further validate the CO-DACT 

method for unsteady ignition including 

cool flame formation, a numerical study 

of transient combustion involving fuel 

injection into a hot air in a spherical 

chamber is conducted. The numerical 

configuration is shown in Fig. 6a. The 

spherical chamber is 20 cm in diameter 

with an adiabatic wall boundary 

condition. At the center of the chamber, there is a porous sphere with 2 cm in diameter allowing 

fuel injection into the chamber. Initially, the gas in the chamber is pure air at 20 atm and 700 K 

and quiescent. At time t = 0, be injected into the chamber from the porous sphere surface with an 

injection speed fixed at U0 = 1 m/s. The inlet fuel mixture contains 10% DME and 90% N2 in mole 

fraction. The boundary condition of the out wall is adiabatic and reflective. Fig. 6b plots the 

comparisons of the predicted time histories of the maximum temperatures (solid lines) and the 

corresponding locations of the maximum temperature (dash lines) of the unsteady ignition and 

flame formation process. The black, red and blue lines are the results calculated by HMTS, 

HMTS/CO-DAC and HMTS/CO-DACT methods, respectively. Due to the high pressure and 

      

Fig.6. (a) (left): Schematic of the unsteady ignition and flame formation in a spherical diffusion flame 

configuration. (b) (right): Comparisons of the predicted time history of the maximum temperatures and 

corresponding locations between HMTS, HMTS/CO-DAC and HMTS/CO-DACT methods of unsteady 

diffusion ignition/flame formation. 
 

 
Figure 5: Comparison of CPU time for the transport 

properties calculation between HMTS, HMTS/CO-DAC 

and HMTS/CO-DACT methods of the diffusion ignition. 
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elevated temperature, a two-stage auto-ignition and the cool diffusion flame formation can be 

observed clearly in Fig.6b. The low temperature ignition happened around 4 ms. Then, a cool 

diffusion flame is induced with temperature at 910 K. The cool flame lasted for 3 ms. After that, a 

hot ignition occurred at 7 ms and the cool flame became a hot diffusion flame and propagates 

outwardly. Note that the ignition, cool flame formation, and cool flame to hot flame transition 

processes in the simulated configuration are strongly governed by molecular diffusion and are not 

in quasi-steady state. This figure demonstrates clearly that the proposed CO-DACT method 

together with HMTS method can accurately capture the maximum temperature and the 

corresponding locations for both high temperature and low temperature ignition and diffusion 

flames. The maximum relative error between HMTS and HMTS/CO-DAC is less than 1%. 

1.3 Conclusion 

A correlated dynamic adaptive chemistry and transport (CO-DACT) method is developed and 

integrated with the hybrid multi-time scale (HMTS) method to drastically accelerate the 

calculation of transport properties and chemistry in an unsteady reactive flow with detailed 

chemical kinetics and transport. In this method, the correlated groups in temporal and spatial 

coordinates for both transport and chemistry are identified successfully by applying two different 

sets of phase parameters, which govern, respectively, transport properties and chemical reaction 

pathways. The proposed CO-DACT method is demonstrated, mathematically and numerically, to 

be first-order accurate and the numerical errors in transport properties are on the order of the user-

specified threshold value for discretizing the phase space. The CO-DACT method can be extended 

to 2nd order accuracy with a linear extrapolation of the transport properties. Validations in outward 

propagating spherical premixed flames, diffusion ignitions and spherical propagating diffusion 

flames illustrate that the proposed HMTS/CO-DACT method can accurately reproduce flame 

speed, ignition delay time, flame structure, and species distributions. Moreover, the calculation of 

transport properties in the CO-DACT method is 200 times faster than the mixture-averaged 

method. Numerical simulations with different threshold values, pressures, and equivalence ratios 

show that the method is rigorous in a very broad range. Therefore, the present HMTS/CO-DACT 

method provides an innovative and computationally efficient way for DNS of combustion 

modeling with large chemical kinetics and detailed transport properties. 

 

2. Development of HMTS/CO-DACT method and adaptive time-step matching G-scheme for 

efficient computational modeling  

2.1 Abstract 

To develop a multiscale adaptive reduced chemistry solver (MARCS) for computationally 

efficient modeling of a reactive flow, the Hybrid Multi-Timescale (HMTS) method and G-Scheme 

have been evaluated and compared for both homogeneous auto-ignition and 1-D premixed 

spherical propagating flame calculations with detailed chemical kinetics of hydrogen, methane, 

dimethyl ether, and n-heptane. It is demonstrated that the CPU time of HMTS and G-Scheme 

methods depends on the number of species of the kinetic mechanisms, respectively, linearly and 

to the third power. For ignition, the results show that the G-Scheme method is faster than HMTS 

method when the species number of the chemical mechanism is below 40. The CPU Time of G-

Scheme increases dramatically when the number of species of the detailed mechanisms is 

increased due to the huge computation cost of matrix inversion and reaction mode decomposition. 

Specifically, the G-Scheme method is faster at the induction stage of ignition and the near-
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equilibrium condition 

after ignition due to the 

large integration time 

step determined by the 

method adaptively. The 

HMTS method is faster 

at near the ignition point 

and for a large kinetic 

mechanism due to the 

fast convergence at a 

small base time step. A 

new concept of adaptive 

time-step matching of 

G-scheme with CO-

DACT is proposed and 

preliminarily tested. The 

present results suggest 

that it is possible an MARCS for computationally efficient modeling of combustion by adaptively 

taking the advantages of the computation efficiency of the HMTS method and the G-Scheme in 

different local combustion regimes and reduced mechanism sizes and integrating with the co-

related dynamic adaptive chemistry and transport method (CO-DACT). 

2.2 Results and discussions 

The computation efficiencies of HTMS, G-Scheme, and VODE are examined and compared in 

this study for four different mechanisms of H2, CH4, dimethyl ether, and n-heptane, having 

number of species, respectively, from 10, 30, 55 to 170, for homogenous ignition and flame 

propagation. Figure 7 are plotted the comparisons for three different methods: HTMS (blue), G-

Scheme (red) and VODE (green), for auto-ignition. The exponential fittings for these three 

methods are also shown on this figure as the dash lines. It demonstrate that the computation cost 

of HMTS method is linearly dependent on the size of mechanism since the species equations in 

HMTS method is decoupled and integrated separately and the CPU time is proportional to the 

number of equations. On the other hand, the CPU time of G-Scheme and VODE method are 

proportional to the cubic of the mechanism size, due to the matrix operations are involved. For the 

small mechanism, G-Scheme is faster than HMTS by taking the advantage of the large integration 

time steps. However, when the size of mechanism is getting larger, G-Scheme becomes slower 

than HMTS method because the slow integration for a single step. The intersection of HMTS and 

G-Scheme method on Figure 7 is corresponding to 41 species. Therefore, it provides a possible 

strategy to combine these two methods together: when the size of the local mechanism is below 

41, G-Scheme would be applied to take the advantage of the large integration time steps; while the 

mechanism is larger than 41, HMTS method would be used to gain the fast integration of a single 

time step. The G-Scheme could be used, for large mechanism, at very early ignition stage and near-

equilibrium where it is still faster than other methods. 

In order to use the G-scheme for efficient modeling in flames, we need to develop an adaptive 

time step matching method for reaction and diffusion. The schematic of the concept of adaptive 

time step matching method in flame calculations is shown in Fig.8. The x axis represents the space 

  
Fig. 7. Dependency of total CPU time on the number of species calculated 

by HMTS method (blue), G-Scheme (red) and VODE method (green) for the 

homogenous auto-ignition process. 

H2

CH4 Dimethyl ether N-heptane

t=0.028*Ns2.84

t=0.0002*Ns3.29

t=0.62*Ns1.16

, Ns
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coordinate, x, and the y axis the integration time, t. For three computation cells, x1, x2 and x3, which 

represent the near-equilibrium region, flame surface and unburned region, respectively, their cell 

sizes are different because the adaptive grid is applied and the smallest cell, x2, is located on flame 

surface. The integration starts from time step t0. The convection and diffusion fluxes are computed 

and integrated at every time step Δtbase, which is determined by the smallest grid size and CFL 

number. Thus, these three cells use the same time step to conduct the transport flux integration, 

which guarantee the mass 

conservation in the calculation. The 

chemical integration time steps, τ, in 

G-Scheme are determined locally and 

they are represented by the orange 

dash line in Fig.8. Three cells, x1, x2 

and x3, have different chemistry time 

steps, τ1, τ2, and τ3 due to the different 

local thermodynamic states. The 

chemistry time step in the second cell 

is the smallest because on the flame 

surface, the reactions are intensive and 

the characteristic time is smaller than 

the time scale of transport terms, Δtbase. 

Therefore, in cell x2, several G-

Scheme integrations (2 in this case) are conducted within one transport integration. This method 

has been tested for hydrogen and methane mechanism, the preliminary results showed this adaptive 

time step matching method can accelerate computation time significantly. Future studies will 

integrate this method with HMTS and G-scheme dynamically. 
  

3. The smart CSP method 

3.1 Mathematical formulation 

Considering a reaction system with N species and R reactions, the system can be represented 

by an N+1 dimensional composition space constructed by the concentration of species and 

temperature T. Each state of the reaction system is a point, y, in the composition space. The 

variation of the state y can be described by the following ODE system:  

 
d

dt


y
g y , 

where t is time and g is the reaction rates vector. Each reaction makes a contribution to the reaction 

vector: 

   
1

.
R

r

r

r

 g y α y  

αr is the stoichiometric coefficient column vector and Ωr is the r-th net reaction rate.  

 In the simple computational singular perturbation (CSP) method, the fast reaction rates (1-Mth 

reactions) can be represented by using the slow reaction rates (M+1 to R reactions) using the 

following representation,  

' '

1 1

R M M
m m m M k

m M k

k m




 

 

 
      

 
  . 

(1) 

(2) 

(3) 

 
Fig.8. Schematic of the adaptive time step matching method.  
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 Multiplying Eq. (3) on its left by the matrix ''m m

m   and summing over all m, we obtain the 

following equations:  

'' '' '' , '' 1,...., ,m m m

fast m M      

where 

'' ''

1

mM
m m m

fast m

m

d

dt
 




  . 

Equation (5) is the analytical solution of the fast reaction rate, ''m , represented by the 

combination of slow reaction rates, ''m

 , and fast exhaust term 
''m

fast . All the m are negative and 

small, thus the fast m are expected to rapidly decay toward the slower evolving m

 . After the 

initial transient, the 
m

fast  term on the right hand side of Eq. (4) is expected to be a small ‘correction’ 

term. By using m

 , which only contains the slow reaction rates and is not stiff, to replace the stiff 
m , stiffness in the ODE system can be removed and the computation cost of the chemical 

integration can be dramatically reduced. 

Even though the simple CSP method has a promising performance to solve the stiff ODE system, 

there are still several practical difficulties that prevent it to be implemented in the real simulations: 

The first difficulty is the calculation of characteristic time τr in the large chemical systems; and the 

second difficulty is the singularity of the matrix '

m

m , which does not have inversion for '

m

m and 

causes the invalid derivations of the CSP formulations. In order to overcome these difficulties and 

make the simple CSP method available in the real implementations, we propose a Smart CSP (S-

CSP) method by analytically solving the characteristic times and forming a pre-generated library 

to eliminate the singularity in matrix, '

m

m . In the S-CSP, at first, an analytical expression of the 

characteristic time τm in Eq.(5) is developed. In addition, in order to remove the singularity in 

matrix '

m

m  in Eq.(3), we must eliminate the linearly dependent reactions in the fast reaction 

subspace. So the fast reactions should not be only determined by the characteristic time but also 

determined by the correlations of the reactions. However, it is time consuming to check whether 

all the selected fast reactions are linearly independent during the run time, especially when the 

number of the fast reactions is large. Fortunately, the directions of reactions are only determined 

by the column vector, αr, which is a non-dimensional constant and does not change with time. 

Therefore, it is possible to check the dependence of the reactions before the calculation. Based on 

this idea, in our S-CSP method we propose a pre-generated library that contains all the linearly 

independent reactions. We rank all the reactions by their characteristic times from pre-calculations, 

such as auto-ignition and flame-speed calculations, and add the reactions to the library from fast 

to slow. If one reaction is linearly dependent on the existing reactions in the library, we skip it and 

continuously add the next one, until the number of the reactions in the library is the same as the 

freedom in the system, N+1-E. Then during the real simulation, the fast reactions is first identified 

by the characteristic times, but we only place those fast reactions that included in the pre-generated 

library to the fast subspace to form the matrix '

m

m . By doing this, we can avoid the singularity in 

the matrix. After updating the fast reaction rates by the combination of slow reactions, the implicit 

integration method is used to solve the ODE system. 

(4) 

(5) 
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3.2 Results and Discussion 

The homogenous auto-ignition process of the stoichiometric H2/air mixture is conducted at 10.0 

atm and different temperatures. The characteristic time of reactions in the system will be examined 

first, followed by the comparisons of ignition delay time and CPU time between the S-CSP method 

and HMTS method. The integration time step Δt in this study is 10-8 s and the safe parameter to 

determine the fast species is 10. Thus, if the characteristic time of a reaction is smaller than 10Δt 

= 10-7 s, this reaction will be considered as fast. 

Figure 9 shows the characteristic time 

distributions at three time events in the ignition 

process. The red, yellow and blue columns are the 

distributions, respectively, at reaction initiation (t 

= 7 µs), the onset of ignition (t = 543 µs) and the 

equilibrium state (t = 896 µs). It is seen that the 

distribution of the characteristic time shift to the 

small timescale in the ignition process. Moreover, 

the smallest time scale among all these three 

distributions only contains 2 reactions. Therefore, 

this figure demonstrates that even if only the top 2 

fastest reactions are removed in the system, the 

stiffness can still be reduced by at least one order 

of magnitude. 

Figure 10 shows the ignition delay time 

comparisons between the S-CSP method and 

HMTS method at 10.0 atm and different 

temperatures. Since hydrogen is a simple molecule and doesn’t have long hydro-carbon chains, 

there is no low temperature chemistry in the system and therefore the ignition delay time 

monotonically increases with the decreasing of the temperature. It is seen from Fig.10 that the 

agreement between the S-CSP method and the HMTS method is excellent and the maximal relative 

error in ignition delay time is 3.4%.  Therefore, 

it proved the accuracy of the S-CSP method. In 

order to examine the computation efficiency of 

the S-CSP method, the CPU times of the S-CSP 

method and the HMTS method are compared. 

The results show that due to stiffness removal of 

in the current S-CSP method can improve the 

computation efficiency by one order of 

magnitude by increasing the integration time-

step, thus dramatically increases the 

computation speed.  

3.3 Conclusion 

A Smart CSP (S-CSP) method is developed 

to remove the stiffness of the ODE system 

automatically without human experience. The 

present method enables the implementation of 

the simple CSP method by eliminating the 

 
Fig. 10  Ignition delay time comparisons 

between the S-CSP method and HMTS 

method with homogeneous H2/Air mixture 

initiated at 10.0 atm. 
 

 
Fig. 9 The distribution of characteristic 

reaction time, respectively, at: (1) 

beginning of the process (red); (2) onset of 

ignition (yellow); (3) the equilibrium state 

(blue). 
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linearly dependent reactions in the fast reaction subspace and introducing an analytical formulation 

of the characteristic time of elementary reactions.  The correlated dynamic adaptive chemistry and 

transport (CO-DACT) method is integrated with the S-CSP method to provide the local reduced 

chemical kinetics and transport coefficients. With the current simple implementation, which only 

removes the top 2 fastest reactions, the S-CSP method has shown its accuracy and demonstrated 

the ability to reduce the stiffness in the system by one order of magnitude. Therefore, with the 

further developed library for the linearly independent fast reactions, the S-CSP method has a great 

potential to accelerate the chemical integration with large detailed chemical kinetics. 

 

4. Multi-scale Modeling of Detonation Formation with Concentration and Temperature 

Gradients in n-Heptane/Air Mixtures 

4.1 Abstract 

Detonation/knocking initiation and ignition wave propagation in concentration stratified n-

heptane/air mixtures with and without temperature gradient are numerically modeled by using the 

correlated adaptive chemistry and transport (CO-DACT) method coupled with the hybrid multi-

timescale (HMTS) method in a one-dimensional planar constant volume chamber. For 

concentration gradient only, three combustion modes, including spontaneous ignition, detonation 

to spontaneous ignition transition, and a fully developed detonation mode, are observed 

corresponding to low, critical, and high concentration gradients, respectively. It is shown that the 

onset boundary of the three combustion modes are strongly affected by the coupling between 

concentration and temperature gradients. It is found that at a given concentration gradient, the 

temperature gradient can either promote or inhibit the detonation formations, depending on the 

variation of the associated ignition delay times. A comprehensive criterion for the onset of different 

combustion models involving both concentration and temperature gradients is presented and 

verified numerically. The results show that the critical concentration gradient for detonation 

initiation is greatly modified by the existence of a temperature gradient and vice versa. The present 

results provide insights into knocking mechanisms in engines [2]. 

4.2 Numerical model 

Engine knocking often occurs near the wall where there is a high fuel concentration gradient due 

to the vaporization of droplets impinged on the wall. To model the effect of concentration gradient 

on knocking and detonation formation, we simplify the problem to a one-dimensional ignition and 

detonation initiation process in a constant volume chamber with a concentration gradient with and 

without temperature gradient on the left boundary of the domain. 

N-heptane is used as the fuel in the simulations since it is one of the major components of the 

Primary Reference Fuel (PRF) and exhibits rich low temperature reactivity in the NTC region. A 

comprehensively reduced n-heptane kinetic model (170 species and 962 reactions) produced by 

the multi-generation path flux analysis (PFA) method is applied. The domain size is 3 cm with 

reflective boundary conditions on both sides. The ambient mixture is stoichiometric and the initial 

pressure is 40 atm to represent a typical working condition in a gasoline engine. A concentration 

gradient is created on the left boundary with the size of 3 mm to mimic a near-wall stratified fuel 

mixture. To understand the coupling effect of concentration and temperature gradient on the 

combustion modes, different temperature gradients are also imposed in the domain.  In order to 

conduct the simulations efficiently with a large chemical kinetic model, the correlated dynamic 

adaptive chemistry and transport (CO-DACT) method coupled with the hybrid multi-timescale 
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(HMTS) method is applied. Specifically, the correlated reduced mechanisms and correlated 

transport properties are updated dynamically by using the CO-DACT method. Then, the HMTS 

method is used to integrate the chemical reactions based on the local reduced mechanisms. To 

maintain an adequate spatial resolution, a multi-level dynamically adaptive mesh refinement is 

conducted by using adaptive simulation of unsteady reactive flow (ASURF+) code[4]. The 

smallest cell in this study is 8μm and the corresponding integration time step is 0.8 ns. To achieve 

high resolution computational fidelity and to capture the sharp discontinuity on the detonation 

front, a third-order weighted essentially non-oscillatory (WENO) scheme is employed to integrate 

the convection fluxes. The integration of ASURF+ code with HMTS/CO-DACT and WENO 

scheme has been extensively validated in our previous studies. 

4.3 Coupling effects of temperature and concentration gradients on detonation formation  

In practical applications, due to the inevitable fluctuations in engines, the concentration 

gradient and temperature gradient often appear simultaneously. Thus, it is necessary to 

investigate the combined effect of temperature and concentration gradients on the detonation 

initiation.  

In order to analyze the concentration and temperature gradient coupling, we conducted 

simulations with both concentration and temperature gradients. The distribution of the 

temperature with a given temperature gradient, is shown in the following equations: 

   (6) 

Fig. 11 (a) and (b) show the comparisons of the ignition modes calculated at same normalized 

concentration gradient (ξφ = 0.3) without and with normalized temperature gradient (ξT = 10), at 

initial temperature and pressure of 800 K and 40 atm. The comparison clearly shows that without 

temperature gradient (Fig.11a), there is only spontaneous auto-ignition. However, with the small 

temperature gradient (11b), a denotation wave is formed immediately after the onset of ignition on 

the left boundary of the domain. Therefore, Figs.11a and 11b clearly demonstrate that the 

temperature gradient can significantly promote the formation of detonation together with a 

concentration gradient. 

                                   

Fig. 11 (a) Temporal evolution of pressure for T0=800K, P0=40atm, ξφ=0.3, ξT=0. The time 

sequence is 1:845μs, 2:846μs, 3:847μs. (b) Temporal evolution of pressure for T0=800K, P0=40atm, 

ξφ=0.3, ξT=10. 
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4.4 Critical conditions for detonation formation with concentration and temperature 

gradients 

In order to answer the question of why the temperature gradient can have different influences 

on the detonation formation and to gain a deeper understanding of the concentration and 

temperature gradient coupling, we conduct a first order Taylor expansion of the ignition delay time 

to define a new normalized critical gradient on the temperature and concentration phase space by 

using: 

                                                             (7) 

If the normalized critical gradient is 

smaller than unity, the supersonic 

ignition wave front will be formed in the 

domain and the reaction front is 

governed by spontaneous ignition. If the 

normalized critical gradient is larger 

than unity, the chemical heat release is 

able to couple with the pressure wave 

and form a detonation. Thus, we define 

CTΦ=1 as the critical boundary to 

separate the spontaneous ignition mode 

from the detonation mode. This 

proposed detonation boundary in Eq. (7) 

is numerically verified by using different 

combined concentration and 

temperature gradients and the results are 

plotted in Fig.12. 

 

4.5 Conclusions 

The effect of initial concentration gradient and temperature gradient on the different ignition 

modes and detonation formation are investigated. The results show that both concentration 

gradient and its combination with temperature gradient have significant impact on detonation 

initiation. It is found that with concentration gradient only, there are three combustion modes: 1) 

a supersonic spontaneous auto-ignition mode with the concentration gradient smaller than the 

critical value, 2) a detonation to spontaneous auto-ignition transition mode when the initial 

concentration gradient is close to the critical concentration gradient, and 3) a fully developed 

detonation mode with the concentration gradient greater than the critical value. Moreover, the 

results show that the temperature gradient is strongly coupled with concentration gradient to affect 

the combustion modes. Depending on the mixture composition, at the same concentration gradient, 

the appearance of temperature gradient can either promote or inhibit the detonation formation. A 

normalized critical gradient involving both temperature and concentration gradients is proposed 

by using the first order Taylor expansion of ignition delay time. A general criterion for the onset 
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Fig. 12 Different ignition modes under the coupling of 

temperature and concentration gradients for T=900K, 

ϕ=1 in the outer region. 
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of detonation initiation involving both concentration and temperature gradients is presented. 

Numerical simulations of detonation formation with various combined concentration and 

temperature gradients confirmed that the proposed critical criterion is rigorous. The present study 

provides insights into the effect of concentration gradient on detonation formations and extends 

the understanding of knocking formation in advanced engines with simultaneous thermal and 

concentration gradients. 

 

5 The effects of low temperature chemistry and turbulent transport on knocking formation 

5.1 Abstract 

The laminar flame speeds and structures of near-limit autoignition-assisted cool and warm n-

heptane/air flames at different ignition Damkӧhler numbers which is the ratio between flow 

residence time and the ignition delay time, elevated temperatures and pressures are studied 

computationally and analytically over a broad range of equivalence ratios. The primary objective 

of this work is to understand the effects of ignition Damkӧhler number, mixture temperature, 

equivalence ratio, and pressure on the dynamics and structures of cool and warm flame propagation 

near the flammability limit. Different transitions among near-limit cool, warm, and hot flames are 

examined. The results show that both cool and warm flame structures and propagation speeds 

change dramatically with the increase of the ignition Damkӧhler number. Moreover, the 

dependence of normalized cool and warm flame speeds on the ignition Damkӧhler number is 

affected by the equivalence ratio, pressure, and flame regimes. Furthermore, for equivalence ratios 

within the hot flame flammability limits, the results show that there exist two flame speeds, one 

for the hot flame and the other for the cool flame. It is shown that the cool flame speed has a non-

monotonic dependence on the initial mixture temperature due to the negative temperature 

coefficient (NTC) effect. However, the warm flame speed has a much weaker NTC effect and the 

hot flame speed only depends monotonically with the increase of the initial temperature. The 

results also reveal that the lean cool flame speed can be much higher than the hot flame speed near 

the NTC region. Finally, a simple analytical model for predicting the flame speed of autoignition 

assisted flames is developed. The model implies that the reduced activation energy of autoignition 

strongly affects the flame speed dependence on ignition Damkӧhler number. The present results 

significantly advanced the understanding of near-limit low temperature flame dynamics [3].  

5.2 Results and Discussion 

Fig. 13a shows the comparison of detonation peninsula with and without low temperature 

chemistry by using the normalized temperature and concentration gradient, ξ, and the normalized 

heat release time, ε. The results show that the critical boundary of detonation peninsula with and 

without low temperature chemistry is the same. The result clearly reveals that the super knock or 

detonation formation requires a large heat release rate from the hot ignition. Low temperature 

ignition alone does not control the onset conditions of knocking. The reason for this is because 

knocking is an outcome of direct coupling between shock wave and ignition. The shock wave 

created by the heat release rate of low temperature ignition is not strong enough to cause auto-

ignition. Therefore, the mixture has to have enough chemical energy so that the hot ignition will 

create a strong shock wave and enable the coupling between ignition and shockwave and results 

in detonation or knocking. 
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Fig.13b shows the same detonation peninsula of Fig.13a, but the concentration and temperature 

gradients ξ* is now normalized by the same ignition delay time with low temperature chemistry. It is 

clearly seen that the low temperature chemistry can either enhance or suppress detonation occurrence 

depending on the mixture conditions. Therefore, to avoid engine knock, both engine operation conditions 

and fuel design are important. 
To understand how low temperature ignition affect knocking formation, Fig.14 shows the 

comparison of the time history of ignition to detonation transition with and without low 

temperature chemistry at the same 

ignition temperature and concentration 

gradients. It is seen that the low 

temperature chemistry significantly 

advanced the occurrence of detonation 

(knocking). It is seen that the heat release 

rate by low temperature ignition 

dramatically accelerated the occurrence 

of hot ignition and enhanced the coupling 

between ignition and shock wave. 

Therefore, although low temperature 

ignition does not change the mixture 

compositions of the detonation boundary, 

it can significantly enhance and 

accelerate the knocking formation. As 

such, the low temperature ignition 

properties of a fuel will dominate the low 

speed pre-ignition in engines and the 

occurrence of super-knock. 

       

Fig.13 a (left): Detonation (red square) peninsula of dimethyl ether/air mixtures with normalized 

concentration and temperature gradients (𝜉) and heat release rate (𝜀) using the mechanisms with 

and without low temperature chemistry. b (right): Detonation peninsula with normalized 

concentration and temperature gradients ξ* normalized  by the same ignition delay time with low 

temperature chemistry and heat release rate (𝜀) using the mechanisms with (blue) and without 

(green) low temperature chemistry. 

 

(b)

I
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III

 

 

Fig.14 Comparison of time histories of peak pressure 

and peak chemical heat release rate with and without 

low temperature chemistry (LTC)  
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The ignition transition to detonation will also be affected by turbulent transport. In this studies, 

different turbulent flow properties (Table 1) were used to examine the impact of turbulent transport 

on knocking formation in a two-dimensional (2D) turbulent flow. Fig. 15 shows the comparison 

of temperature and pressure distributions between Case 1 and Case 2 (Table 1) with different 

turbulent eddy timescales at two time steps, respectively, for initial stage of ignition. At t=385μs, 

the ignition kernel size of Case 2 (longer turbulent eddy timescale) is much larger than Case 1 

(shorter turbulent eddy timescale). Moreover, the detonation transition time and detonation peak 

pressure for Case 2 are also longer and lower, respectively, than those of Case I. Therefore, from 

these simulations, we can conclude that turbulent transport affects ignition to detonation transition. 

Moreover, the shorter the turbulent eddy timescale, the longer the ignition transition to detonation 

and the weaker the detonation peak pressure. Therefore, the present results reveal that it is possible 

to use turbulent transport to control ignition to detonation transition in advanced engines.  

 

Case l(mm) τt(ms) εT ξT ξϕ 

1 1 83 2.09 0 5.4 

2 1 333 2.09 0 5.4 

3 1 83 3.14 4.5 0 

4 1 83 2.09 6.8 0 

5 0.5 83 3.14 4.5 0 

6 2 83 3.14 4.5 0 

Table 2 Test cases for different turbulence length scales (l), eddy timescale (τ), heat release 

rate (𝜀), and normalized temperature and equivalence ratio gradient (ξ) 

 5.3 Conclusion 

Although low temperature ignition does not change the mixture compositions of the detonation 

boundary, it can significantly enhance and accelerate the knocking formation. As such, the low 

temperature ignition properties of a fuel will dominate the low speed pre-ignition in engines and 

the occurrence of super-knock. Turbulent transport affects ignition to detonation transition. The 

shorter the turbulent eddy timescale, the longer the ignition transition to detonation and the weaker 

the detonation peak pressure. Therefore, the present results reveal that it is possible to use turbulent 

transport to control ignition to detonation transition in advanced engines. 
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Fig.15 Comparison of temperature and pressure contours between Case 1 and Case 2.  

 

6. Validated the efficacy of CO-DACT method in LES modeling in jet flames and 

development of Multiscale Adaptive Reduced Chemistry Solver (MARCS) for three-

dimensional turbulent combustion modeling 

6.1 Abstract 

An on-the-fly mechanism reduction method named Correlated Dynamic Adaptive Chemistry 

(CO-DAC) was tested for large eddy simulations (LES) of Sandia Flame-D turbulent flames with 

detailed kinetic mechanisms. Predictions obtained with the LES/CO-DAC are in good agreement 

with the experimental data. Results showed that the usage of CO-DAC improved the computation 

efficiency. Moreover, it is demonstrated that the CO-DAC method provides reliable predictions of 

intermediate species and radicals. A Multiscale Adaptive Reduced Chemistry Solver (MARCS) is 

developed by integrating the Correlated Dynamic Adaptive Chemistry and Transport (CO-DACT) 

method with the Hybrid Multi-Timescale (HMTS) and G-Scheme methods, and the Full Speed 

Fluid Solver to conduct the efficient combustion modeling with detailed chemical kinetics. The 

preliminary results of ignitions and flame propagations demonstrate that the computational 

efficiency can be improved by orders of magnitude using CO-DACT method with HMTS and G-

Scheme methods [4].  

6.2 Results and Discussion 

LES for Sandia Flame D (Methane/air turbulent diffusion flame) was simulated using the GRI-

Mech 3.0 mechanism both with and without CO-DAC model reduction. Fig. 16 shows 

instantaneous contours of temperature and number of species and reaction in the locally reduced 

mechanism produced by CO-DAC reduction. Fig. 16 also shows that the size of the reduced 

mechanism is positively correlated to the local reactivity. The numbers of selected species and 

reactions are large in the flame region near the central line, demonstrating the active creation and 

destruction of intermediate species and radicals in this region. On the other hand, these numbers 

are small in the region away from the flame as there is mainly the post-burning production and the 

air co-flow. The average computational time per step without with CO-DAC is about a 33% 

reduction. Note that, the amount of reduced computational time in this study is not very large for 

CO-DAC. One major bottleneck is that we have to solve the large stiff reaction ODEs in this study. 
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Another bottleneck is the computation time required to compute the detailed transport properties. 

In the future, CO-DACT method should be used to accelerate the computation of transport 

properties.  

Figure 17 shows the axial velocity and temperature profiles along the central line. There is 

small discrepancy between the results without and with CO-DAC reduction. The simulations are 

also in good agreement with the experiment data. The fluctuation of axial velocity is well 

reproduced. In addition, the temperature peak along the central line temperature is also well-

predicted at about x = 45d using detailed kinetic mechanism without reduction. The peak predicted 

using CO-DAC is shifted slightly downstream as compared to the no-reduction case.  
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Fig. 16. Instantaneous contours at different computation times. In each diagram, temperature (T in 

K), the number of activated species (NS) and the number of reactions (NR) in reaction mechanism 

for flame-D are plotted from the left to the right. 
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6.3 Conclusion 

The simulated results of the LES with CO-DAC reduction are in very good agreement with 

experimental data and that of the detailed mechanism. The results also accurately reproduced the 

distributions of the intermediate species and radicals. This good agreement demonstrates the 

accuracy of applying CO-DAC in LES modeling of turbulent flames.  The number of species and 

reactions in local reduced mechanism is concentrated in the vicinity of the flame zone. CO-DAC 

reduction decreases the matrix dimensions in VODE solver and therefore reduces computational 

time. Future work needs to use an efficient chemistry integrator and adopt CO-DACT to further 

increase the computation efficiency. 

        
Fig. 16. Profiles of time-averaged (Mean) and root-mean-square (RMS) of (a) axial velocity and 

(b) temperature along the central line simulated using detailed kinetic mechanism without 

reduction (detailed) and with CO-DAC reduction (CO-DAC). The time-averaged and RMS 

experimental data (Exp.) are plotted as comparison. 

 

7. Computational design of a new jet stirred reactor for low temperature chemistry study 

7.1 Abstract 

A new inwardly off-center shearing jet stirred reactor (IOS-JSR) for the study of low 

temperature chemistry is proposed and examined computationally for enhanced turbulent mixing 

and improved distribution of flow residence time in a jet stirred reactor for kinetic studies of real 

and alternative jet fuels. The IOS-JSR are compared with two traditional JSR designs, the outward 

cross-injector JSR and the concentric inward and outward JSR. The results show that the present 

IOS-JSR has significant improvement in terms of resulting mixture uniformity and residence time 

distribution. The distributions of residence time in traditional JSRs are much widened and long-

tailed in longer residence time. Numerical results show that the mean residence time of the two 

classical JSRs has an uncertainty about 20%.  The new IOS-JSR generates small vortices with 

different orientations and has a much narrower residence time distribution. The new IOS-JSR 

reduces the uncertainty in mean flow residence time to 8% and provides a better platform for 

kinetic studies of alternative and real jet fuels [5,6].    

7.2 Results and summary 

Fig.17 compares the geometry and simulated flow streamlines of three different JSRs, a) 

classical finger structured JSR, b) the newly proposed concentric inward and outward (CIAO) JSR, 

and c) the present inwardly off-center shearing (IOS) JSR, which has eight injection nozzles and 

four exhaust gas exit holes on the wall. The results showed that there is significant non-uniformity 
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in the distributions of species and flow residence time in the traditional JSR designs. Compared to 

the two conventional JSRs, the present IOS-JSR has much improved performance in terms of 

mixture uniformity and narrower flow distribution time. There exist large recirculation zones in 

both CIAO JSR and Dagaut’s JSR designs, where a large percentage of the mixture stay in there 

circulating vortex much longer than mean residence time. The ISO-JSR has the smallest standard 

deviation of residence time distributions among all three kinds of JSRs. As a result, the IOS-JSR 

will have great merits to improve the flow residence time distribution and contributes to the 

development and validation of chemical kinetics using a JSR.  
 

 

 

 

 

 

The comparison of the flow residence time distributions of three different JSRs is shown in 

Fig. 18. The x-axis is the residence time on a Log scale and the y-axis is the percentage of 

corresponding particles. The particles are injected from the inlets and the initial positions are 

evenly distributed on the inlet surfaces. It can be seen from the Fig.18 that all of distribution 

functions in three JSRs have one main peak and a long tail in large residence time. Moreover, the 

position of the peak flow distribution time of each JSR is quite smaller than its average flow 

residence time. Note that for a perfect JSR, the location of the peak flow residence time should be 

exactly at the mean flow residence time under the fast and perfectly mixed assumption. The main 

reason for this discrepancy is due to the finite mixing time and dynamics of the vortexes inside the 

JSR. The theoretical result is calculated based on the assumption that all inlet flows will go through 

the whole volume with the same time histories. However, in a practical JSR, every flow particle 

will have different particle trajectories due to the effects of boundary layer and multiscale vortex 

motion. As such, some flow particles have shorter or faster pathways and others have longer or 

slower trajectories from inlets to outlets.  

Fig. 17a. Geometry and stream 

lines of Dagaut’s JSR  

Fig. 17b. Geometry and 

streamlines of CIAO JSR 

Fig. 17c. Geometry and 

streamlines of IOS JSR  
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Fig. 18 a. Residence time distribution for Dagaut’s JSR, b: residence time distribution for CIAO 

JSR, c: residence time distribution for IOS JSR.  

7.3 Conclusion 

A new concept of the inwardly off-center shearing (IOS) Jet Stirred Reactor is proposed and 

examined numerically in comparing with two traditional JSR designs, the CIAO JSR and OCI JSR 

for achieve improved turbulent mixing and narrowly defined distribution of flow residence time 

as well as well-defined mean flow residence time. The results showed that there is significant non-

uniformity in the distributions of species and flow residence time in the traditional JSR designs. 

Compared to the two conventional JSRs, the present IOS-JSR has much improved performance in 

terms of mixture uniformity and narrower flow distribution time. There exist large recirculation 

zones in both CIAO JSR and Dagaut’s JSR designs, where a large percentage of the mixture stay 

in there circulating vortex much longer than mean residence time, while the rest of mixture exits 

reactor directly through shortened streamlines from inlets to outlets. In contrast, the present IOS-

JSR creates a fully mixed environment using inwardly shearing jets which cover the whole volume 

of reactors and avoid generating large vortexes at the same time. Consequently, the ISO-JSR has 

the smallest standard deviation of residence time distributions among all three kinds of JSRs. As 

a result, the IOS-JSR will have great merits to improve the flow residence time distribution and 

contributes to the development and validation of chemical kinetics using a JSR. In addition, its 

simplified geometry enables optical diagnostics with both in-situ ultra-violet and infra-red lasers 

which can significantly extend the measure capability of the current JSRs for kinetic studies of jet 

fuels.  
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