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ABSTRACT

Gas-phase chemical reactions coupled with multidimensional fluid flow and heat 

and mass transport are found in various applications, i.e., from conventional engine 

applications to novel combustion techniques. With the goal of understanding such complex 

coupling in such reacting flow systems, this dissertation work focuses on developing multi-

physics simulation frameworks to investigate the effect of multidimensional transport on 

flame dynamics. This study primarily focuses on the modeling and simulation of low-

temperature flame formation in i) a canonical experimental setting with counterflow 

burners and ii) a supercritical water medium (i.e., hydrothermal flame). 

In the first part of the dissertation, simulations of the cool flame formation of 

dimethyl ether (DME) combustion in a counterflow geometry have been presented. 

Historically, flame formation in counterflow geometry is studied to understand the strength 

of the flames under the effect of the stretch. The formation of hot flames in this arrangement 

has been studied profoundly over the last half-century. The counterflow/opposed-flow 

diffusion flame configuration allows one to implement a similarity solution approach, 

which makes the numerical modeling approach tractable and inexpensive [1]. This 

approach assumes the dependent variables to be a function of the axial distance only. 

Hence, the problem can be represented by a quasi-one-dimensional (1D) numerical model. 

This assumption is valid for high Reynolds numbers (i.e., high strain rate) and large 

activation energy (i.e., thin flame sheets), which are generally the case for a hot flame 

formation in counterflow geometry. However, this similarity solution approach becomes 
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questionable for a low-temperature cool flame where the strain rate is relatively low, and 

the flame achieves a finite thickness. Therefore, multidimensional numerical analyses are 

required to simulate the cool flame formation in a counterflow geometry. In this 

dissertation, a two-dimensional (2D) axisymmetric multi-physics numerical framework 

has been proposed to simulate the opposed flow diffusion flame configuration operating in 

the low-temperature cool flame regime. An OpenFOAM (Open-source Field Operation 

And Manipulation) based reacting flow solver has been utilized for this purpose. The goal 

is to understand the effect of multidimensional transport in the formation of cool flame in 

counterflow geometry and its deviation from ideal conditions. The 2D-axisymmetric model 

prediction has been found to be in better agreement with the experimental measurements 

compared to the quasi-1D model prediction. One of the critical findings of this study is 

identifying the Richardson number as a key parameter to characterize the system. The 

strain rate required to establish a cool flame is lower in comparison to that of a hot flame. 

At a lower strain rate, the competition between flow inertia and buoyancy dictates the 

location of the stagnation plane of the opposing jets and the consequent flame location. The 

proposed model has been able to capture velocity perturbation at the nozzle exits due to 

the flame without imposing any radial velocity gradient. The extinction limit of the cool 

flame has been studied in 1, 3, and 5 atmospheric pressure. The extinction limits predicted 

by the 2D model are found to be higher than the 1D model predictions. The 2D model 

permits the velocity boundary conditions to be perturbed at the nozzle exits, which allows 

the flame to sustain higher strain rates.  

In the second part of the dissertation, simulation of the hydrothermal flame of 

methanol oxidation in supercritical water is conducted utilizing the proposed mathematical 
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model. The high-pressure combustion is an emerging technique for improving 

thermodynamic efficiency and reducing harmful contaminants. Additionally, recent studies 

suggest the presence of low-temperature oxidation in high-pressure conditions, making it 

worth investigating the effects of multidimensional transport on the reacting flow system 

in these conditions. The simulation results provide insight into the possible multi-

dimensional mixing that can lead to low-temperature flames even under supercritical 

conditions. In this dissertation, it is found that the hydrothermal flame exhibits different 

flame structures depending on the fuel loading. For a higher fuel loading (XF=0.12), a 

classic non-premixed flame was observed with a peak temperature of ~~2000K. Whereas, 

for the leanest case studied (XF=0.071), a peak temperature of ~1200K was observed with 

extremely low hydroxyl OH concentration (ranging to a few ppm levels). It is difficult to 

conclude if it is a hot flame or a reduced-temperature flame phenomenon due to partial 

oxidation processes. Additionally, it was observed that the flame structure is determined 

by the balance between convective and diffusive flux, which is dictated by the fuel loading. 

For high fuel loading, the flame forms on the jet periphery, while as the fuel loading 

decreases, the flame is observed to be lifted in the radial direction. At lower fuel loading, 

radial mixing is more prominent, and the multidimensional effect appears to be significant. 
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CHAPTER 1: INTRODUCTION 

 

1.1 BACKGROUND And MOTIVATION 

Despite the resurgence of renewable energy technology in recent years, fossil fuel 

remains the automatic choice of power production and transportation systems (ground, 

marine, and aviation) due to their extraordinary energy density compared to other sources 

of energy (Fig. 1.1). According to recent data from International Energy Association (IEA), 

around 80% of the world’s energy production comes from fossil fuel combustion, as 

presented in Fig. 1.2. The dependence on fossil fuel and energy conversion via combustion 

will continue in the near future as the global energy demand is expected to grow more than 

20% over the next two decades [2].  

 
 

Figure 1.1 Comparison of energy density for 

different energy sources [3] 
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Figure 1.2 World total energy supply by source 

in Terawatt-hour (TWh), 1970-2021 [4]. 

 

Combustion technology is often scrutinized for contributing to harmful emissions, 

posing detrimental effects on the environment and human health. According to the U.S. 

Environmental Protection Agency (EPA), fossil fuel combustion (burning) for energy 

accounted for 74% of total U.S. greenhouse gas (GHG) emissions in 2019, as shown in 

Fig. 1.3. Therefore, modern combustion research simultaneously seeks higher conversion 

efficiency and lower emission to meet the increasing regulatory constraints.  

To mitigate the two-fold challenges (i.e., efficiency and emission), next-generation 

engine development efforts have focused on alternative techniques for cleaner engine 

combustion and power cycle. In this avenue, reduced/low-temperature flame formations 

have been a topic of great research interest. In the last two decades, significant 

developments have been made in clean combustion strategies that involve reduced flame 

temperature, such as homogenous charge compression ignition (HCCI) [5, 6], partially 
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Figure 1.3 U.S. GHG emissions by economic 

sector, 2019 U.S. EPA [7] 

 

premixed compression ignition (PPCI) [8], and reactivity-controlled compression ignition 

(RCCI) [9, 10]. For example, Kokjohn et al. [9] demonstrated that compared 

to conventional diesel combustion, RCCI results in reduction in NOx by nearly three orders 

of magnitude, six times lower soot, and ~17% higher gross indicated efficiency.  However, 

these novel combustion techniques come within the trade-off between efficiency and 

emission parameters. For example, HCCI combustion can achieve higher thermal 

efficiency (~40%) [11, 12] than a conventional SI engine (~30%) [13]. HCCI also produces 

less NOx compared to SI engines, but HC and CO emissions are higher due to the partial 

oxidation process. Sudheesh and Mallikarjuna [14] showed that CO emission from HCCI 

combustion could be ~65% higher than a SI engine.  Historically, fundamental insights 

regarding combustion dynamics are studied in standardized canonical settings such as 

shock tubes [15], rapid compression machines (RCM) [16], flow reactors, jet-stirred 

reactors (JSR) [17], burner stabilized premixed flame [18] and opposed/counterflow 

diffusion flame [19]. Although these idealized canonical experiments are far from practical 

combustion scenarios, they offer unique opportunities to independently study ignition, 
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flame formation, species evolution, and associated chemical kinetics. For instance, shock 

tubes and rapid compression machines are used to measure ignition delay time and time-

resolved speciation profile, whereas jet-stirred reactors and flow reactors provide species 

evolution. A well-defined burner stabilized premixed flame is typically studied to 

investigate flame speed (i.e., burning velocity), heat release, and emission characteristics, 

while a counterflow burner offers the opportunity to study the flame strength (i.e., 

extinction limit) for both premixed and non-premixed oxidation. Besides, these idealized 

experiments can be modeled with simple zero or one-dimensional assumptions. So, the 

numerical modeling and computational efforts become tractable and inexpensive. Hence 

they can be utilized to benchmark the chemical kinetic models for the oxidation of different 

fuels [20, 21].  

Historically, idealized experiments and associated numerical modeling have been 

widely limited to the study of hot flames. Investigations on reduced flame temperature-

based novel combustion strategies often encounter rigorous challenges under these 

canonical configurations. For instance, Mittal et al. [22] investigated the validity of the 

zero-dimensional approach in modeling RCM experiments of n-heptane oxidation under 

conditions of two-stage ignitions and negative temperature coefficient (NTC) response. 

Based on the comparison of the two-dimensional CFD simulations and zero-dimensional 

(0-D) calculations over the entire NTC regime, they reported that the 0-D calculations 

accurately predict the first-stage ignition delays but result in a higher pressure rise in the 

first-stage ignition and consequently a smaller total ignition delay time. This discrepancy 

was attributed to the multidimensional effect caused by the roll-up vortex, non-uniform 

heat release, and piston cervice inside an RCM. In their work on the ignition of syngas-air 
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and hydrogen-air mixtures at low temperatures, Dryer and Chaos [23] reported that two-

stage ignition phenomena exhibit many multidimensional characteristics, which leads to 

discrepancies up to several orders of magnitude between predictions and measurements.   

Similarly, a widely used one-dimensional model to simulate a counterflow burner can 

reasonably predict hot flame extinction characteristics. However, it shows significant 

disagreement with the experimental measurement of the low-temperature flame [24, 25] 

because the flow conditions (i.e., Reynolds number) and the flame structure (finite flame 

thickness) make the 1-D assumptions questionable.  

Therefore, there is a need for multidimensional numerical studies for the reacting 

flow systems to complement- a) low-temperature flame modeling, b) identify the source of 

non-ideality triggered by multidimensional transport, and c) improve fundamental 

understanding of flame dynamics in these arrangements by obtaining critical insights into 

these combustion regimes.  This dissertation delves into the multidimensional reacting flow 

modeling that can improve the fundamental knowledge of these low-temperature 

combustion systems where the effects of multidimensional transport are and can be 

significant. 

1.2 OBJECTIVES 

The dissertation focuses on the development of multidimensional, multi-physics 

models to study combustion phenomena in non-idealized scenarios. The objectives are as 

follows: 

• Assemble a multi-physics mathematical model composed of coupled mass, 

momentum, enthalpy, and species transport to study chemically reacting 

flow systems. Utilize the proposed numerical framework to simulate cool 
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flame/low-temperature combustion in the canonical counter flow 

configuration.   

• Investigate the non-ideality of counterflow flame configurations under low-

temperature combustion conditions.  

• Assemble a multi-physics mathematical model to simulate combustion 

under supercritical pressure conditions.  

•  Simulate hydrothermal flame of methanol combustion by incorporating 

multi-step chemistry in the reacting flow model and investigate the 

potential/possible low-temperature flame in supercritical water medium. 

1.3 ORGANIZATION OF THE DISSERTATION 

The existing knowledge gap regarding reduced-temperature flame modeling and 

the role of multidimensional transport was the intrinsic motivation to pursue this work. The 

dissertation is organized as follows: 

Chapter 1 introduces the background and scope of this study from a global 

perspective and then narrows it down to specific problem statements that this work intends 

to pursue.  

In chapter 2, the categorical descriptions of the mathematical framework for the 

modeling of reacting flow system have been presented. The conservation equations for 

mass, momentum, enthalpy, and chemical species transport are provided. The details of the 

calculation procedures of transport properties are discussed. The deviation of ideal gas 

behavior at high-pressure system has been discussed. The real gas equation-of-state has 

been described.   
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Chapter 3 provides a detailed description of numerical methodologies implemented 

to develop the simulation framework for reacting flow system. First, the finite volume 

method (FVM) is presented briefly. The numerical schemes and interpolation methods are 

presented. Finally, the solution algorithm for the transient coupled multi-physics 

multidimensional numerical model utilized in this study is described. 

In chapter 4, simulations of counterflow diffusion flame formation are articulated. 

It first discusses the historical development of quasi-one-dimensional theory to model 

counterflow flame and its inadequacy in simulating cool flame formation. The specific 

counterflow geometry and computational domains used in this study are described in detail. 

This chapter provides results and analyses from the simulations of dimethyl ether cool 

flame formation under sets of parametric conditions (i.e., fuel loading and global strain 

rate, Reynolds number, and Richardson number). The flame structure and extinction 

characteristics have been studied for atmospheric and high-pressure conditions.  

Chapter 5 presents the details of problem schematics and computational domains 

for the simulation of methanol hydrothermal flame combustions. The flame structure of the 

methanol flame in supercritical water medium has been investigated for different fuel 

loading conditions. The importance of multi-step chemistry and real gas behavior has been 

discussed. This chapter articulates the role of fuel loading on flame structures. The effect 

of the chemical kinetic parameters is also discussed. 

Finally, chapter 6 provides the summary and conclusion of this dissertation, 

highlighting the major contribution. This chapter serves as the closure of the dissertation 

by providing recommendations for future research in this avenue.  
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CHAPTER 2: MATHEMATICAL FRAMEWORK OF MULTIDIMENSIONAL 

REACTING FLOW MODEL 

2.1 INTRODUCTION 

This chapter presents the mathematical model used to simulate the reacting flow 

system. The two-dimensional axisymmetric model comprises of time-dependent 

compressible mass, momentum, species, and enthalpy conservation equations. In the first 

section, the conservation equations are described categorically. Then the details of the 

calculation procedure of transport properties and chemical source terms are presented. 

Finally, the applicability of ideal gas law in reacting flow systems has been described, and 

several equations of state are presented to model non-ideal/real gas behavior. 

2.2 CONSERVATION OF MASS, MOMENTUM, AND ENTHALPY 

The mass and momentum conservation of a transient compressible flow is 

described by the following equations:  

Conservation of mass: 

 ( ). 0u
t





+ =


  (2.1) 

where,   is the mass averaged density, t  is time and u  is the bulk fluid velocity. 

 

Conservation of momentum: 

 
( )

( ). .
u

uu p
t


 


+ = − +


τ + g   (2.2) 
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Where, p  is the pressure, and g is the gravitational acceleration. The strain rate tensor is 

expressed by 

 ( )
2

.
3

T
u u u

 
=  +  −  

 
τ I   (2.3) 

Where, I is the identity tension and   is the dynamic viscosity. 

Transport of energy is formulated in terms of the total enthalpy as follows: 

 
( )

. . reaction

h p
uh q q

t t




 
+ = − + −

 
  (2.4) 

Where,    is the mixture-averaged heat conductivity, reactionq  is heat source/sink term for 

chemical reaction. In this dissertation, the viscous work, radiation, and the Dufour effect 

are neglected. The total enthalpy h  is the sum of sensible enthalpy sh  and chemical 

enthalpy ch : 

 ( ) 0

,

1

Δ

o

T N

s c p f k k

kT

h h h C T dT h Y
=

= + = +   (2.5) 

Where, pc is the mixture average isobaric heat capacity and 
0

,f kh  is the heat of formation of 

species k  at 298 K. Finally, assuming negligible radiative loss, viscous dissipation, and 

expressing ( )q T=   and 0

1

N

reaction k k

k

q h 
=

= , the energy equation becomes: 

 
( )

( ) ( ) 0

,

1 1

. . .
N N

s

s s k k k k

k k

h p
uh T h j h

t t


  

= =

 
+ = −  −  + −

 
    (2.6) 

Where,   are mixture heat conductivity and k  is the chemical source/sink term for 

species k . The calculation of the chemical source term is presented later in this chapter. 

After the energy equation is solved, the temperature is recovered from the enthalpy and the 

specific heat (T = h/cp(T)). Since the specific heat is a function of the temperature, a 



10 

numerical method is required to find a solution for the temperature. This is iteratively 

solved by employing the Newton’s method [26]: 

 
( )

( )
1

 

( n

calculatedn n

n

p

h h T
T T

c T

+
−

= +  (2.7) 

Where, n is the iteration number, hcalculated is the new enthalpy solved by the energy 

equation, h(Tn) and cp(T
n) are the enthalpy based on previous solution, Tn. The iteration is 

continued until a relative tolerance of 0.05 is reached. 

2.3 CONSERVATION OF CHEMICAL SPECIES 

The transport of chemical species is described as follows:  

 
( )

( ). . ,  1, 2,  1
k

c k k k

Y
u u Y j k N

t


 


+ + = − =  −  

  (2.8) 

Where, kY  is the mass fraction of species k  and k is its chemical source term, N is the 

number of species. The diffusive mass flux kj  is derived from the expression applying 

mixture-averaged diffusion:  

 , ,

1
k m k k k m kj D Y Y D M

M
 = −  −    (2.9) 

Where, M is the mean molecular weight, ,m kD  is the molecular diffusivity of species k  

which can be calculated from the following expression: 

 ,

,

1 k
m k

j

j k
j k

Y
D

X

D

−
=


  (2.10) 

Where, jX  is the mole fraction of species j  and ,j kD  is the binary diffusion coefficient 

determined from Chapman-Enskog theory [27] to resolve non-unity Lewis number 

conditions. 
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2.4 CHEMICAL SOURCE TERM CALCULATION 

The chemical source term, k , for species and energy transport is calculated as follows: 

 ( )'' ' ' ''

, ,(   )k k k r k r r r

r

M r r  = − −   (2.11) 

 ,k re

r r k

k

r k C=    (2.12) 

 
,

p( )ex  
a r

r r

E
k A T

RT

 
= − 

 
  (2.13) 

where, ,,  ,     r r r a rk A and E  are the rate constant, pre-exponential factor, empirical parameter, 

and activation energy for the rth reaction respectively. rr is the total rate of production,   

is the stoichiometric coefficient and k
k

k

Y
C

M
=  is the molar concentration of species k . 

In equations 2.16 through 2.18, superscripts ‘/’ and ‘//’ stand for forward and backward 

reactions, respectively, and subscripts ‘r’ and ‘k’ stand for reaction and species, 

respectively. The parameters ,,  ,     r r r a rk A and E are read from the chemical kinetic model 

file provided. 

2.5 TURBULENCE MODELING 

For resolving the turbulence effects a k −  model has been used with 

recommended value of 0.9 for tPr  [28]. The turbulence kinetic energy, k  and its rate of 

dissipation,  , are obtained from the following transport equations:  

 ( )
j jk

t
i k

i

k
ku G

x x x


  



    
= + + −  

     

  (2.14) 

 ( )
2

1 2 t
i k

i j j

u C G C
x x x k k

 
 



    
= + + −  

     

 (2.15) 
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where kG  is the turbulent kinetic energy generation term due to velocity gradient and is 

expressed as: 

 ' ' j

k i j

i

u
G u u

x



= −


  (2.16) 

Turbulent viscosity, t  is defined as  

 

2

t

C k
 =   (2.17) 

The model constants have the following values [29]: 

 1 21.44,  1.92,  0.09,   1.0,  1.3kC C C  = = = = =   (2.18) 

2.6 EQUATION OF STATE 

To close the system of partial differential equations (Eq. 2.1, 2.2, 2.9, 2.13) for the 

compressible reacting flow simulation, the relation of pressure, density, and temperature is 

derived from the equation of state. The equation of states for the ideal and non-ideal gas 

are described in this section. 

2.6.1 IDEAL VS. NON-IDEAL GAS 

An ideal gas is a gas that behaves according to the ideal gas law (i.e., pV=RuT), 

where Ru is the universal gas constant. According to Boyle's law, the product of pressure 

(p) and volume (V) is a constant at any given temperature(T). The fundamental assumptions 

of the ideal gas are i) the volume of gas molecules is negligible compared to the total 

volume of the system, ii) particles participate in perfectly elastic collisions, and iii) the 

system is dilute, so the particles do not interact with each other except to collide. These 

assumptions become invalid under one or both of these physical conditions: i) very high 

pressure and ii) very low temperature [30].  
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Real gases show deviations from the perfect gas law because molecules interact 

with one another. As illustrated in Fig. 2.1, repulsive forces are significant when molecules 

are in close contact. At high pressure, the cumulative volume of gas the molecules become 

comparable to the total volume of the system; and the short-range interactions become 

significant. So, the ideal gas assumption becomes invalid. Similarly, at a very low 

temperature, the gas molecules travel with a very low mean speed, and intermolecular 

attraction force becomes dominant, resulting in a deviation from ideal gas behavior.  

 
 

Figure 2.1: The dependence of the potential energy of two molecules  

on their internuclear separation [30] 

 

The effect of pressure on the non-ideal gas behavior can be further realized by 

examining the experimental isotherms of carbon dioxide presented in Fig. 2.2. At low 

pressures, when the system occupies a large volume, the molecules are so far apart for most 

of the time that the intermolecular forces play no significant role, and the gas behaves 

perfectly. At moderate pressures, when the average separation of the molecules is only a 

few molecular diameters, the attractive forces dominate the repulsive forces. In this case, 
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the gas can be expected to be more compressible than a perfect gas because the forces help 

to draw the molecules together. At high pressures, the average separation of the molecules 

is small, and the repulsive forces dominate. The gas can be expected to be less compressible 

because now the forces help to drive the molecules apart. In other words, at a very high 

pressure the volume of gas molecules is not negligible, and the inter-molecular forces 

become significant. Both these phenomena make the perfect gas assumptions invalid. So, 

gas molecules behave non-ideally.  

 
 

Figure 2.2: Molar volume of carbon dioxide vs. pressure for  

different temperatures [30] 

 

2.6.2 REAL GAS MODELING 

At supercritical conditions, there is a significant deviation from ideal gas behavior. 

Hence a suitable equation of state (EOS) is required that relates pressure, temperature, and 

specific volume of fluid at that condition. There are several models of real gas EOS, among 

which cubic form of equation states has been most widely used in the combustion research 

community in recent years [31]. Zhu and Reitz [32] proposed that a general form of a cubic 

equation of state can be expressed as: 
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2 2

RT a
p

V b V qbV wb
= −

− + +
  (2.19) 

 

Where p  is the pressure,  T  is the temperature,  V  is the volume, R  is the universal gas 

constant, w  and q  are constants that depend upon the type of cubic EOS. In this study, 

Peng-Robinson (PR) cubic EOS [33] has been implemented to model the hydrothermal 

flame in the supercritical reactor. The parameters associated with PR-EOS are listed below: 

 2,     1q w= =−  (2.20) 

 
0.07880 c

c

RT
b

P
=  (2.21) 

 

2
0.5

2 20.45724
1 1c

c c

R T T
a

P T


    
 = + −  
     

 (2.22) 

 
20.37464 1.5422 0.26992  = + −  (2.23) 

Where cT , cP  and   represent critical temperature, critical pressure, and acentric factor of 

the fluid, respectively. For multi-component system, Peng and Robinson [33] proposed a 

binary mixing rule to calculate a  and b : 

 
, 

  i j ij

i j

a x x a=  (2.24) 

 i i

i

b x b=  (2.25) 

 ( ) 0.5 0.51ij ij i ja a a= −  (2.26) 

Where ij  is an empirical binary interaction coefficient associated with the interaction 

between component i  and j .  
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Several methods [34, 35] have been proposed in the literature to determine the 

critical properties of molecules and radicals from their intermolecular potential parameters. 

For example, Zheng et al. [31, 36] provided a thorough outline to calculate the critical 

properties of individual species from their intermolecular potential data provided in 

transport data in CHEMKIN format. For the computation of the critical properties of a real-

gas mixture, we have employed a pseudocritical method [37, 38]. Pseudocritical rules 

provide a means to determine reduced properties for mixtures from the corresponding state 

properties of the individual species. The simplest form of calculating the pseudocritical 

constants cmC  for a real gas mixture can be expressed as: 

 
1

 
k

cm i ci

i

C x C
=

=  (2.27) 

Where, ix   is the mole fraction of component i , k  is the number of components, and ciC  

is the critical constants (temperature, pressure, specific volume or acentric factor) of the 

component i .  
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CHAPTER 3: NUMERICAL MODELING 

 

3.1 INTRODUCTION 

 The conservation equations described in Chapter 2 are numerically solved in a 

coupled manner by the finite volume method (FVM) approach. The FVM is a discretization 

technique for partial differential equations that uses volume integral formulation of the 

problem with a finite partitioning set of control volumes (cells) [39-41]. In this chapter, a 

brief description of the FVM method is presented. The numerical methods for resolving 

the unsteady problem via time integral are then discussed. Finally, a general solution 

algorithm for the sets of discretized equations is presented. 

3.2 FINITE VOLUME METHOD (FVM) 

In the FVM approach, the computational domain is divided into a finite number of 

adjoining control volumes (i.e., cells). Fig. 3.1 shows two control volumes with centers P 

and N, connected through face f. Sf represents the direction normal to the face outward of 

the control volume with center P. The conservation equations are applied to each cell in 

integral form. First, let us consider a general transport equation presented below: 

 

 ( ) ( ) ( ). . λ '''q
t
   


+ = −  +


u   (3.1) 

 

Transient term Diffusion term 

Advection term Source term 
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where,  ,   and q  are the conserved variable, transport coefficient, and volumetric 

source term, respectively. Integrating over the stationary parts of the transport equation and 

transforming the volume (V) integral of the divergence term to surface (S) integral using 

Gauss’s divergence theorem [42], we get: 

 . .
S S V

d d q dV   =  +  v S S     (3.2) 

 
 

Figure 3.1: Schematic representation of two adjacent  

cells with FVM discretization parameters. 

 

3.2.1 APPROXIMATION OF SURFACE INTEGRALS 

The integrals need to be approximated to form the algebraic equation for the control 

volumes. The next flux through the control volume boundary can be obtained by adding 

the integral over the volume faces together: 

 .

k
kS S

d d= w kw S S   (3.3) 
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where, w represents the vector form of the convective or the diffusive shown the integral 

form of the control volume equation.  

3.2.2 APPROXIMATION OF VOLUME INTEGRAL 

Source terms in the transport equations require integration over the volume of the 

cell. The simplest second-order approximation can be obtained by replacing the volume 

integral by the product of the mean value of the integrand, which is approximated as the 

value at the center of the control volume: 

 ''' Δ Δ  p

V

q dV q V q V=    (3.4) 

where, qp is the value of q at the cell center. This quantity is easily calculated; since all 

variables are available at node P, no interpolation is necessary. The above approximation 

becomes exact if q is either constant or varies linearly within the cell. Different higher order 

approximations can be found in [41]. The second-order approximation is employed in this 

dissertation work. 

3.2.3 INTERPOLATION SCHEMES FOR FACE AND CELL-CENTER VALUES 

The approximations to the integrals require the values of variables at locations other 

than computational nodes (cell centers). The value of   and its gradient normal to the cell 

face at one or more locations on the cell surface are needed to calculate the convective and 

diffusive fluxes. Volume integrals of the source terms may also require these values. They 

have to be expressed in terms of the nodal values by interpolation. There are several 

interpolation schemes that can be derived. For brevity, the two most common interpolation 

schemes, upwind interpolation (UDS) and linear interpolation (CDS) are described here.  
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In UDS, flux at the face f, 
f  is approximated by its value at the upstream of f using 

a forward or backward difference approach depending upon the flow direction. 

Mathematically it can be presented as: 

      . 0f P for = fv S  (3.5) 

     . 0f N for = fv S  (3.6) 

In CDS, f  at the control volume face center is the linear interpolation between the 

two nearest nodes: 

 1
f P f P

f N P

N P N P

x x x x

x x x x
  

− − 
= + − 

− − 
 (3.7) 

3.3 TIME INTEGRAL AND OPERATOR SPLITTING 

The conserved variables must be integrated over time to solve the time-dependent 

problem. So, the temporal term in the conservation equations needs to be discretized. The 

solution of the transient flows is parabolic in time. This means that a conserved variable 

(e.g., momentum) at a given instant will only influence the solution in the future (i.e., 

unidirectional influence). Therefore, the solution advances in a marching manner. Let us 

consider the following first-order ordinary differential equation with an initial condition: 

 ( ) ( ), ; o o

d
f t t

dt


  = =  (3.8) 

Integrating over time from t = to to t = tf 

 
f f

o o

t t

t t

d
dt fdt

dt


=   (3.9) 

Or, 

 ( ) ( )  

f

o

t

n o

t

t t fdt − =   (3.10) 

Putting the initial condition, we yield: 
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 ( )
f

o

t

f o

t

t fdt = +   (3.11) 

An approximation of the integral on the right-hand side is required to calculate the 

value of   at discrete time values. There are several approaches for temporal discretization 

in computation fluid dynamics analyses, such as Euler forward (explicit), Euler backward 

(implicit), leapfrog method, Crack-Nicolson method, etc. In a reacting flow system, 

different reactions have different time scales. Besides, the discretization of source terms 

for various species will generate nonlinear terms, which will introduce additional difficulty 

in the solution procedure and make the system of equations very stiff [43]. To encounter 

this, Euler backward time schemes are used because of the numerical stability [44]. A 

necessary condition for the solution convergence is the Courant-Frederichs-Lewy (CFL) 

condition [45]. It is defined by the Courant number with the following expressions: 

 
Δ

Δ
o max

u t
C C

x
=   (3.12) 

In this dissertation, for the simulations conducted in OpenFOAM, Cmax = 0.1 has been 

utilized. 

In reacting flow systems, the chemical time scales are typically much smaller than 

the non-reactive physics involved (i.e., flow and heat transfer). Therefore, in the transient 

simulations, the time step used by the solvers must be small enough to resolve the chemical 

species conversion (i.e., production and consumption of species via chemical reactions). 

This makes the simulations computationally expensive. An operator-splitting technique is 

used to mitigate this challenge [46, 47]. In this technique, the governing equations are split 

into subdivisions, each having a separate operator to resolve corresponding physics. In the 

numerical analyses of the reacting flow system, two different time steps are chosen: Δ CFDt  
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and Δ chemt , where Δ CFDt  is the time step taken by the ‘non-reactive CFD solver’, whereas, 

within in ‘CFD time step’ much smaller Δ chemt  is utilized to integrate the system of 

chemical reactions. To solve the reaction terms, CVODE solver from SUNDIALS package 

was coupled with OpenFOAM. SUNDIALS is a library of highly optimized ODE solvers 

developed by Hindmarsh and coworkers at Lawrence Livermore National Laboratory [48, 

49]. At the beginning of each time step, the CVODE solver is used to integrate the state 

over the CFD time step for each cell and uses methods designed for stiff systems of 

differential equations. Thereby, much smaller time steps Δ chemt , that are adaptively chosen 

by Sundials, can be used to integrate the system of chemical reactions within the Δ CFDt . 

Details of the implementation of the operator splitting technique in reacting flow numerical 

code can be found in [50-52]. 

3.4 SOLUTION ALGORITHM 

As mentioned in Chapter 1, this dissertation comprises of numerical investigation 

of counterflow cool flame and hydrothermal flame formation. For the first part (i.e., 

counterflow cool flame), a multi-physics numerical model has been assembled in 

OpenFOAM [53] CFD package coupled with the chemical kinetic solution tool Cantera 

[54]. For hydrothermal flame simulation, ANSYS Fluent [55] platform coupled with 

CHEMKIN package[56] has been employed. Details of the coupling between these CFD 

solvers and the chemical kinetic solvers are discussed in respective chapters for 

counterflow and hydrothermal flame. In this section, the general fluid flow solution 

algorithm for OpenFOAM and Fluent are discussed. 
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3.4.1 ITERATIVE SCHEME FOR TIME-ADVANCEMENT  

For time-dependent flows, the discretized form of the generic transport equations 

are solved iteratively for a given time-step until the convergence criteria are met. Thus, 

advancing the solutions by one time step typically requires a number of outer iterations, as 

shown in Fig. 3.2 

 

Figure 3.2: Iterative scheme for time advancement [57] 

4.4.2 PRESSURE-VELOCITY COUPLING 

For simulations of both the counterflow and hydrothermal flame, pressure-based 

solvers have been utilized to resolve the bulk fluid velocity. A critical part of the solver is 

the pressure velocity coupling. There are several pressure-velocity coupling methods 

available in OpenFOAM and ANSYS Fluent. In OpenFOAM reacting flow solver, PISO 

(Pressure-Implicit with Splitting Operator) algorithm [58, 59] is used. An overview of the 
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implementation of the PISO algorithm in OpenFOAM fluid flow solver is presented in Fig. 

3.3. 

 

Figure 3.3: Workflow of pressure velocity coupling 

In PISO algorithm, first, the momentum equation is written in explicit form, and 

then all the terms are discretized using the FVM schemes except the pressure term.  

 ( ). . p
t


 


+ −  = −



U
UU U  (3.13) 

   U Eqn p= −  (3.14) 

where   U Eqn  is the matrix formed by the discretized equation of the momentum equation 

except the pressure gradient.   U Eqn  can be expressed by the following expression:  

   U Eqn A= −U H  (3.15) 



 

25 

 

where, A is the diagonal matrix of the   U Eqn  and U  is the solution of the N-S equation, 

and H is the residual matrix representing the contribution from the pressure term in the 

solution. Inserting the expression of   U Eqn  in the Eqn. 3.15, multiplying it by (1/A) and 

re-arranging, we get the momentum correction equation as follows: 

 
1

. p
A A

= − 
H

U  (3.16) 

Taking the divergence of Eqn 3.16 and applying mass continuity ( . 0U = ), a ‘pressure 

corrector equation’ is derived: 

 
1

. .p
A A

 
  =  

 

H
 (3.17) 

After the pressure correction, the velocity field should also be corrected. This stage 

is called the ‘momentum and flux correction’. In this step, first, the flux   at the cell faces 

(f) is corrected via following interpolation scheme [60]: 

 ( )
1

. .     f f f f
f f

p
A A


    

= = −     
     

H
S U S  (3.18) 

Finally, the velocity is corrected by adding the calculated pressure gradient to the 

estimated velocity at the previous step. 

 
1

 new oldU U p
A

= −   (3.19) 

The above procedure is repeated until the velocities and pressure satisfy both 

momentum and mass conservation. 
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CHAPTER 4: NON-PREMIXED COOL FLAME OF DIMETHYL ETHER (DME) 

COMBUSTION IN COUNTERFLOW GEOMETRY 

 

4.1 BACKGROUND AND MOTIVATION 

The study of low-temperature combustion (LTC) and its relationship to cool flame 

kinetics has become a major area of research in recent years due to its potential to improve 

thermal efficiency, increase fuel flexibility, and reduce pollutant emissions in advanced 

and legacy internal combustion engines [61]. Despite notable laboratory-scale 

demonstrations, such as homogeneous charge compression ignition (HCCI) [62] and 

reactivity-controlled compression ignition (RCCI) engines [63]), a lack of fundamental 

understanding continues to limit the implementation of LTC technology in reciprocating 

engines and the gas turbine engines [64]. One major limitation in this field is the inadequate 

understanding of the multidimensional aspects of the oxidation process in the low-

temperature regime. This lack of understanding is primarily due to a shortage of 

multidimensional numerical studies investigating transport-coupled reacting flow systems 

and associated flame dynamics. 

Low-temperature combustion has been investigated in several canonical 

configurations [65], but among them, opposed/counterflow diffusion flame and 

microgravity droplet combustion allow studying transport coupled low-temperature 

kinetics. Ju and coworkers extensively used the opposed flow diffusion flame configuration 
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to conduct experimental LTC studies for various fuels [24, 66]. Won et al. [19] 

experimentally demonstrated a self-sustaining cool diffusion flame of n-heptane at the 

atmospheric condition in counterflow geometry. Further studies have reported the presence 

of stable, cool flames in pure dimethyl ether (DME) and DME-methane (CH4) blends in 

both premixed and non-premixed configurations [24, 25]. Recently, Yehia et al. [67] 

demonstrated the existence of a self-sustaining low-temperature "warm" diffusion flame of 

dibutyl ether in the form of a "multistage" diffusion flame nestled between a cool and hot 

flame. Additionally, independent modeling work has been conducted to gain insight into 

LTC characteristics, with studies such as Law and Zhao [68] investigating the effect of 

strain rate on cool flame dynamics and concluding that under low and moderate strain rate 

conditions (i.e., longer residence time), cool flames can form as a result of NTC-affected 

n-heptane/air oxidation. 

Numerical modeling of the counterflow diffusion flame experiments has been 

mostly centered upon the OPPDIFF module of the CHEMKIN package [56] that considers 

the arrangements as a quasi-one-dimensional (1D) configuration. The quasi-1D theory was 

first formally introduced by Seshadri and William [1] and  was derived based on two key 

assumptions:  

i) Zero radial gradients of all scalar variables, i.e., they only vary along the axis of 

symmetry  

ii) The flow field can be resolved via a self-similarity solution, i.e., radial component 

of the velocity can be recovered from a linear self-similarity function along the 

radial direction (plug flow assumption).  
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The quasi-1D theory has been validated and well-established for large diameter 

(typically 25 mm or greater) nozzles and high Reynolds number conditions through a series 

of experiments conducted by Puri et al. [69, 70], and models developed by Smooke et al. 

[71]. However, these quasi-1D theory-based numerical models have produced inconsistent 

predictions when the experiments do not ascertain the radially uniform velocity profile at 

the nozzle exits. Physical scenarios that lead to deviations from the plug flow assumption 

include small diameter nozzles, low Reynolds numbers, and finite flame thickness [72]. A 

contoured converging nozzle with a large area ratio has been proposed to achieve uniform 

exit velocity for small-diameter nozzles [73, 74]. However, Rolon et al. [75] demonstrated 

that even a converging nozzle can still result in a non-uniform axial velocity as the nozzle 

separation distance is gradually reduced, and a critical separation distance is necessary to 

maintain the near-plug flow condition. It was also shown that for non-ideal conditions, 

quasi-1D modeling can still be used by imposing a radial velocity gradient at the nozzle 

exits [76]. Later, Sarnacki et al. [77] experimentally measured the deviation from the plug 

flow velocity profile for methane, ethylene, and n-butane-air counterflow flames. The 

measurement showed a dip in the axial velocity profile at the nozzle exit, indicating the 

presence of a finite radial velocity gradient. They concluded that the quasi-1D model would 

require experimental measurements as input for accurate velocity boundary conditions in 

order to simulate counterflow experiments where radial non-uniformity is prominent. 

Unlike hot flame, cool flame possesses finite flame thickness due to a thicker 

reaction zone which has the potential to perturb the velocity profile at the nozzle exits [78-

80]. Furthermore, the experiments are typically conducted at a strain rate lower in order of 

magnitude (i.e., low Reynolds number) compared to the hot flame experiments. Both these 
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configurations make the underpinning assumption of the quasi-one-dimensional theory 

questionable. A finite radial velocity gradient (Vr) value can be imposed at the nozzle exits 

in the one-dimensional simulation to counterbalance this non-ideality in a counterflow cool 

flame experiment. For example, to simulate their DME cool flames where the global strain 

rates varied from ~60 s-1 to ~120 s-1, Reuter et al. [25] progressively increased the radial 

velocity gradient to match the cool flame's measured temperature profiles. The radial 

velocity gradient Vr, which corrects the deviation from the plug flow profile, was increased 

linearly with the global strain rate. However, the Vr was only imposed on the fuel side 

boundary condition, whereas the oxidizer side boundary condition was unaltered. A similar 

approach was taken for dibutyl ether (DBE) flames, but the radial velocity gradient was 

prescribed on both the oxidizer and fuel stream [67]. While these approaches allowed the 

numerical investigation to match the measurements to some degree, they do not provide a 

comprehensive understanding of the underlying coupling between fluid flow and flame 

dynamics.  

Based on the discussion above, one can clearly see a need for the multidimensional 

assessment of cool flame formation in counterflow geometries. In this study, a self-

consistent two-dimensional (2D) axisymmetric reacting flow model has been developed to 

simulate counterflow cool flame. This research aims to fill the gap in the knowledge of the 

multidimensional aspects of the oxidation process in the low-temperature regime and to 

provide a foundation for future numerical modeling studies of reacting flow simulations of 

cool flame formation. 
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4.2 FUNDAMENTALS OF THE LOW-TEMPERATURE FLAMES 

Whereas ‘cool flame’ was accidentally discovered almost 200 years ago [81], in 

recent years, there has been renewed interest in this topic due to its importance in 

controlling engine knock, ignition timing, emissions, and efficiency [65]. Additionally, the 

discovery of long-duration cool flame burning of isolated droplets on the International 

Space Station in 2012 has further triggered interest in low-temperature combustion [82]. 

In order to fully grasp the intricacies of counterflow cool flame, it is crucial to understand 

the fundamentals of both hot and cool flames, as well as the high and low-temperature 

chemistry that governs them.  

The chemistry that governs the hot flame formation has been extensively studied 

and established in the literature [83]. The H2-O2 chain branching sequence plays a crucial 

role in dictating high-temperature chemistry. This can be observed by examining the 

explosion limit of a stoichiometric H2-O2 (as depicted in Fig. 4.1). At low pressures, the 

first explosion limit is determined by the competition  

 
 

Figure 4.1 Explosion limit of a 

stoichiometric H2-O2 system [84] 
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Figure 4.2 General pathway of high-temperature 

reaction pathway of hydrocarbons (summarized 

from [84]) 

 

between the chain branching reaction H + O2 = OH + O and radical termination. As 

pressure increases, the second limit is determined by the competition between the chain-

branching reaction H + O2 = OH + O and the effectively chain-terminating reaction H + 

O2 + M = HO2 + M. At even higher pressures, reactions such as H2O2 + M = OH + OH + 

M and HO2 + H2 = H2O2 + H become important, leading to the destabilization of HO2 and 

the third explosion limit. In summary, the H2-O2 system, particularly the reaction H + O2 

= OH + O, controls the chain-branching of all hydrocarbons and oxygenates at high 

temperatures [84]. A brief schematic of the high-temperature pathway is presented in Fig. 

4.2. 

Low-temperature combustion follows much more complex reaction pathways. [85]. 

Before presenting the reaction sequence of low-temperature chemistry, it is worthwhile to 
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Figure 4.3 General representation of the explosion limits of 

stoichiometric hydrocarbon-air mixture [84] 

 

to understand the general explosion limit of the hydrocarbons presented in Fig. 4.3. The 

shift of the curve for larger hydrocarbons can be attributed to their tendency to break down 

more readily, providing a pool of radicals to initiate fast reactions. The nature of the 

propane mechanism is different from that of the H2-O2 reaction when one compares this 

explosion curve with the H2-O2 pressure peninsula. The dip in the propane-air curve drops 

and goes slightly to the left for higher-order paraffins [84]. Semenov [86] reported that the 

negative temperature coefficient (NTC) (denoted by the dashed box in Fig. 4.3) could be 

illustrated by hypothesizing unstable species that are produced as intermediates and then 

undergo different reactions according to the temperature. The chemical mechanism used 

to study this NTC feature of the explosion limit is generally referred to as cool-flame 

chemistry.  

The oxidation of hydrocarbons at low temperatures is governed by a chain-

branching sequence known as peroxy chemistry, as illustrated in Fig. 4.4. The oxidation 

process begins with the abstraction of a hydrogen atom from the fuel molecule (RH) by a 
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radical, such as OH or HO2, resulting in the formation of a fuel radical (R). The fuel radicals 

next combines with O2 molecule to produce an alkylperoxy radical (RO2). The RO2 radical 

undergoes internal isomerization to form a hydroperoxyl alkyl radical (QOOH). 

Hydroperoxyl alkyl radical then forms a peroxy hydroperoxyl alkyl radical (O2QOOH) via 

a second O2 addition. Furthermore, QOOH can also decompose to form either one HO2 

radical and an alkene or one OH radical and a cyclic ether. In the main chain-branching 

sequence, the isomerization and decomposition of O2QOOH produces ketohydroperoxide 

(KHP) and an OH radical. 

 

Figure 4.4 Schematic of the general low-temperature chemistry of large 

hydrocarbons, based on Glassman et al. [84] and Zador et al. [85]. ‘X’ indicates an 

oxidizer, or simply O2, in this description. 

 

The breakdown of KHP leads to the formation of a second OH radical and a 

ketoalkyloxy radical. Since the pathway from R → RO2 → QOOH → O2QOOH → 

ketoalkoxy radical + 2 OH produces multiple OH radicals, it qualifies as a low-temperature 
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chain-branching pathway. On the other hand, the reaction pathway from R → RO2 → 

QOOH → cyclic ether + OH produces only one active radical, so it qualifies as a chain 

propagating pathway. The R → RO2 → alkene + HO2 produces no active radicals at low 

temperatures and is a chain-terminating pathway. 

The chain-branching pathway dominates at the low temperature. Raising the 

temperature leads to the reduction of the pressure for the mixture to become explosive, as 

illustrated in Fig. 4.3. However, as the temperature becomes higher, the chain-propagating 

pathway (QOOH → cyclic ether + OH), the chain-terminating pathway (RO2 → alkene + 

HO2), and the reaction RO2 → R + O2 become more competitive with the chain-branching 

pathway. Research by Townend [87] has shown that the combination of these effects 

results in a reduction in the formation of RO2, the lowered formation of O2QOOH for 

branching, and ultimately the formation of the negative temperature coefficient (NTC) 

regime. The recent work by Farouk and Dryer [88] and Nayagam et al. [89] have confirmed 

that the cool flame can be sustained due to the existence of this NTC regime. 

4.3 FUNDAMENTALS OF COUNTERFLOW/OPPOSED DIFFUSION FLAME 

Counterflow configuration provides a unique opportunity to study the premixed and 

non-premixed flame formation and analyze its thermo-chemical dynamics under the effect 

of stretch [90]. It was first developed in 1959 by Potter and Butler with pipe/tube flow 

arrangement to study non-premixed flame formed between two opposing jets [91]. In a 

subsequent development, Padya et al. conducted a similar experiment but used a 

conditioning screen/matrix near the nozzle exits to attain a uniform velocity profile [92]. 

The fundamental idea behind these arrangements (screen/matrix) was to achieve a plug 

flow velocity profile instead of a parabolic one, so the flow could be characterized as one-



 

35 

 

dimensional. These two techniques are referred to as Type I and Type II counterflow 

burners in the comprehensive review of this topic by Tsuji [93], as illustrated in Fig. 4.5. 

In a recent development, the near-plug flow has been achieved by introducing contoured 

converging nozzle in their experiment by Won et al. [19] and Johnson et al. [72]. 

 
 

Figure 4.5 a) Type I and b) Type II counterflow burner [94] 

 

Numerical modeling of counterflow flame experiments was initially conducted 

using the assumption of potential flow, as proposed by Dixon-Lewis et al. [95]. However, 

later research by Kee et al. [96] found that the plug flow assumption provided a better 

representation of laminar counterflow experiments. These two assumptions represent the 

extremes of boundary conditions at the nozzle exits, with potential flow assuming a 

constant velocity gradient and plug flow assuming a zero-velocity gradient, as illustrated 

in Fig. 4.6. However, experiments conducted by Chelliah et al. [97] and Sarnacki et al. [77] 

have shown that depending on the burner configuration parameters such as nozzle 

separation distance, nozzle diameter, and Reynolds number, the measurements may fall 

somewhere between the predictions of the plug and potential flow assumptions. In most 

cases, the measurements tend to be closer to the plug flow limit. In the case of cool flame, 
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the physical scenario deviates further from the plug flow assumption, as previously 

discussed. 

 
 

Figure 4.6 Comparison of axial velocity profiles by 

experimental measurement and model prediction with two 

extreme boundary conditions (plug and potential flow) for 

methane-air hot diffusion flame [97].  

 

4.4 RECENT WORKS ON COUNTERFLOW COOL FLAME 

The recent finding of cool flame in flame extinguishment (FLEX) experiments 

conducted on the International Space Station (ISS) has garnered renewed interest in the 

study of low-temperature chemistry and flame dynamics in counterflow configurations 

[90]. In their earlier work, Liu et al. [98] used numerical methods to investigate the 

formation of non-premixed n-heptane ignition in a counterflow configuration at elevated 

pressure. One of their key findings was that the formation of low-temperature flames under 
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a counterflow geometry is similar to the negative temperature coefficient (NTC) regime 

observed in homogeneous systems. Law and Zhao [68] computationally studied the effect 

of strain rate on counterflow flame formation of n-heptane/air. They concluded that under 

low and moderate strain rate conditions (i.e., longer residence time), cool flames can be 

observed due to NTC-affected ignition. A self-sustaining cool diffusion flame of n-heptane 

was experimentally demonstrated by Won et al. [8] in a counterflow configuration at 

atmospheric conditions [19]. Subsequently, the cool flame of dimethyl ether has been 

studied using various techniques, such as with and without ozone [79, 99], with blended 

methane (CH4) [25, 100], in both premixed and non-premixed configurations. Recently, a 

counterflow ‘multistage’ diffusion flame has been reported by Yehia et al. [67]. Their work 

demonstrated the existence of a self-sustaining low-temperature ‘warm’ diffusion flame of 

dibutyl ether, existing between cool flame and hot flame regime. 

The literature on multidimensional numerical analysis of counterflow flame 

formation is limited. In recent studies, Johnson et al. [72] performed two-dimensional 

axisymmetric numerical simulations to examine the applicability of the quasi-1D theory 

under various conditions including nozzle separation distance, global strain rate, and nozzle  

  

 

Figure 4.7: Visual image of (a) DME cool flame [25], (b) DBE multistage 

warm flame [67] 

(a) (b) 
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diameter. They found that for nozzle separation distances below the free-floating limit, the 

quasi-1D formulation could be maintained by prescribing a radial velocity boundary 

condition if radial gradients were insignificant. However, at low strain rate (<~100 s-1) 

when the flame is supported by finite rate chemistry (such as low-temperature oxidation), 

conditions may arise where radial gradients become significant and need to be resolved. 

Katta and Roquemore [90] analyzed multidimensional aspects of counterflow cool flame 

of n-heptane shrouded by nitrogen co-flow. They observed that while the flame remained 

flat near the axis, it tended to show radial asymmetry farther along the radial direction. 

These findings highlight the need for multidimensional analyses in the study of cool flames 

in counterflow geometry, as the similarity solution approach based on the quasi-1D theory 

is inadequate for their analysis. 

4.5 CHARACTERISTICS OF DIMETHYL ETHER (DME) 

Fossil fuels remain the major energy source for power generation, transportation, 

and industrial applications worldwide. Crude oil, coal, and natural gas are the primary 

resources for world energy. In 2021, a daily average of 19.78 million barrels of petroleum 

was consumed in the U.S., which accounted for more than 20% of global consumption 

[101, 102]. Projections from the U.S. Energy Information Administration estimate that this 

consumption will continue to rise by 14% by 2050 [103]. Additionally, with the industrial 

growth in countries like India, China, and Russia, the world's energy demand is predicted 

to increase by more than 50% in the next two decades. [104]. This has led to a greater focus 

on finding substitute energy sources and alternative fuels. 

Alternative fuels have been explored as a potential replacement for conventional 

liquid fuels like diesel and gasoline. While natural gas has been considered a viable option 
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[105-107], its use in automotive engines has been limited due to inconsistent ignition [108] 

and variations in gas composition which affect performance and emission [109]. 

Additionally, natural gas reserves are finite, making it an unsustainable alternative in the 

long term. Other options such as biofuels (bioethanol, biodiesel, biogasoline), hydrogen, 

and Fischer-Tropsch fuels have been examined, however, dimethyl ether (DME) appears 

to have the most potential as an alternative fuel based on its well-to-wheel efficiency and 

emission characteristics [110, 111].  

Dimethyl ether (DME) is an odorless, non-toxic compound with a chemical formula 

of CH3OCH3. DME is highly flammable in ambient conditions and can be produced from 

coal and biomass via syngas [111, 112]. Due to the absence of a direct carbon-to-carbon 

bond, DME combustion is associated with low HC, CO, and NOx emissions [113]. DME 

has a cetane number of ~55 (diesel: 40-50). Hence, it is considered a clean alternative to 

petroleum diesel fuel [111, 114, 115]. Furthermore, DME exhibits prominent negative 

temperature coefficient (NTC) characteristics with relatively tractable chemical kinetics 

[116, 117]. 

An overview of DME oxidation scheme is presented in Fig. 4.8. At low 

temperatures, methoxymethyl radicals (CH3OCH2) form an adduct methoxymethyl-peroxy 

radical (CH3OCH2O2) with molecular oxygen. This adduct goes through an isomerization 

process to form hydroperoxyl methoxymethyl radical (CH2OCH2O2H/QOOH), which can 

undergo β-scission producing two formaldehyde molecules and a hydroxyl radical 

(CH2OCH2O2H → OH + 2CH2O). In addition, it can also form a peroxy-methoxymethyl-

hydroperoxide radical (O2CH2OCH2O2H/O2QOOH) by reacting with molecular oxygen. 

The peroxy-methoxymethyl-hydroperoxide goes through an isomerization process and  
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produces one carbonyl-hydroperoxide molecule (HO2CH2OCHO) and one hydroxyl (OH) 

radical (O2CH2OCH2O2H → HO2CH2OCHO + OH). The carbonyl-hydroperoxide 

molecule then decomposes into OCH2OCHO molecule and another reactive hydroxyl 

radical (HO2CH2OCHO → OCH2OCHO +OH). At temperature above ~600K, the β-

scission of the hydroperoxyl methoxymethyl radical (QOOH) is more dominant, and the 

reactivity of the system decreases since only one reacting hydroxyl (OH) is formed in this 

pathway (in contrast to the release of two OH radicals through the isomerization of the 

peroxy-methoxymethyl-hydroperoxide, i.e., O2QOOH). This leads to the negative 

temperature coefficient (NTC) region and the formation of low-temperature flame [118]. 

 
 

Figure 4.8: Chemical kinetic scheme for DME oxidation (summarized  

from Curran et al. [116]) 
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Due to this prominent NTC characteristic, DME is a very suitable candidate for studying 

cool flame formation. 

4.6 SCHEMATIC OF THE PROBLEM GEOMETRY 

The counterflow geometry for the numerical study is based on an existing 

experimental setup developed at Princeton University to investigate opposed-flow flames 

in different temperature regimes [19, 25, 119, 120]. In this work, we have simulated the 

counterflow cool flame experiments conducted by Reuter et al. [25] for dimethyl ether 

combustion. The schematics of the experimental setup and computational geometry are 

presented in Fig. 4.9 and 4.10, respectively. The counterflow burner consists of two 

opposing nozzles (1.3 cm in diameter) with a separation distance of 2.25 cm. Heated fuel 

and nitrogen (550 K) are ejected from the upper nozzle to meet an oxidizer jet (300K) 

coming from the lower nozzle. Both the nozzles are surrounded by outer nitrogen co-flow 

at their respective temperature and velocity (co-flow nozzle diameter 2.2 cm). The 

computational domain extends further downstream to capture the flame structure in the 

radial direction and to ensure minimal outlet effect on the solution. 

 
Figure 4.9: Schematic of the experimental 

setup [25]. L = 2.25 cm, D =  1.3 cm, D2 

= 2.2 cm, and H = 6.08 cm [25] 



 

 

 

4
2
 

  

Figure 4.10 (a) Schematic of counterflow burner (dimensions are not in scale), (b) 2D-axisymmetric geometric model for computation 

 

(b) 
(a) 
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In the experiment, hydrodynamically converged nozzles were introduced to attain 

a uniform velocity profile at the exits [120]. As discussed previously (see sections 4.1 and 

4.3), in the counterflow setup, the velocity at the nozzle exits can be affected by the thermal 

expansion of the flame, causing deviation from a uniform (top hat) distribution [72, 76, 

77]. To account for this in the numerical simulation, entrance lengths with slip boundary 

conditions were included in the computational geometry near the nozzle exits (Fig. 4.10a: 

BB', CC,' GG', and HH'). The inlet velocity conditions were set at AB, BC, FG, GH, far 

from the nozzle exits (i.e., A'B', B'C', F'G', G'H' in Fig. 4.10a). The entrance channels with 

slip boundary conditions allow the velocity profile at the nozzle exits (Fig. 2.10 (a): A'B', 

B'C', F'G', G'H'). These entrance channels with slip boundary conditions allow the velocity 

profile at the nozzle exits to be affected by the flame in a self-consistent manner, allowing 

for an assessment of deviation from the plug flow condition due to the flame structure. The 

length of the entrance channels was chosen to ensure that the inlet boundary condition does 

not have an impact on the velocity profile at the nozzle exits. 

A two-dimensional axisymmetric geometry specified by a wedge of a small angle 

(5 degrees) has been generated and meshed using Gmsh script, an open-source 3D mesh-

generating platform [121]. A structured non-uniform mesh having higher spatial resolution 

near the mixing zones with only one mesh cell in the azimuthal direction has been 

implemented. The computational domain consists of 31,718 cells and 64,314 nodes with a 

minimum and maximum grid size of 163 μm and 326 μm, respectively. The cell sizes used 

for the analyses are chosen as such to ensure mesh-independent solutions. 
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4.7 BOUNDARY CONDITIONS AND SIMULATION PARAMETERS 

A Dirichlet boundary condition is employed on both the inlets for velocity, 

temperature, and species described as follows. The lower nozzle was set to have a flow of 

ambient oxygen, while the upper nozzle was set to have a flow of a mixture of dimethyl 

ether and nitrogen at a temperature of 550K. Additionally, a uniform velocity boundary 

condition was applied to all the nozzle inlets, including the central and coaxial flows, using 

the global strain rate as a reference, which is defined as the density-weighted gradient of 

the axial flow velocity on the oxidizer side [1], i.e. 
2

(1 )
F FO

O O

UU
a

L U




= + , where FU  and 

OU are the velocities at the fuel and oxidizer side nozzle exits, F  and O are the mixture 

densities at the respective exits, and L  is the separation distance. With ascertaining the 

constraint that two streams are momentum-balanced, the global strain rate is simply 

4 oU
a

L
= . The outlet boundary is set in such a way that it can resolve any entrainment from 

the ambient. When there is no backflow at the outlet boundary, a zero-gradient condition 

for velocity outlet and a fixed value for pressure. Outlet is prescribed to exist at one-

atmosphere pressure. In backflow situations with regions of negative velocity flux in the 

domain outlet, the normal inflow velocity is evaluated from the flux normal to the cells, 

and a zero-gradient condition is prescribed for outlet pressure. The temperature at the outlet 

boundary is switched between zero gradient and a fixed value of 300 K when backflow 

occurs. The species outlet boundary condition is switched between zero gradient and fixed 

mole fraction value for air (i.e., 0.23 and 0.77 for oxygen and nitrogen, respectively).  

Finally, the three-dimensional case was simplified to a two-dimensional model with 

an axisymmetric structure by a wedge of 5 degrees along the axis-centerline as shown in 
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Fig. 4.10b. The details of the geometric entities and corresponding boundary conditions for 

velocity, species, and temperature are presented in Table 4.1. 

Table 4.1: Geometric entities and boundary condition 

Boundary Boundary 

Condition 

Boundary Boundary 

Condition 

AB 

(Oxidizer inlet) 

2

   

300

  1

ax o

O

u U

T K

X

=

=

=

 

BB′, CC′ 

(Oxidizer side 

entrance) 

. 0

300

. 0k

n u

T K

n Y

−  =

=

−  =

 

BC 

(Nitrogen inlet, 

oxidizer side) 
2

   

300

  1

ax o

N

u U

T K

X

=

=

=

 

GG′, HH′ 

(Fuel side entrance) 
. 0

550

. 0k

n u

T K

n Y

−  =

=

−  =

 

FG 

(Fuel inlet) 

2

   

550

  0.1~ 0.6,

0.9 ~ 0.4

DME

N

ax Fu U

T K

X

X

= −

=

=

=

 

C′D, DE, EH′ 

(outlet) 
. 0

. 0

. 0k

n u

n T

n Y

−  =

−  =

−  =

 

GH 

(Nitrogen inlet, 

fuel side) 
2

   

550

  1

F

N

axu U

T K

X

= −

=

=

 

AF Axis of symmetry 

 

Simulations were conducted over a range of physical conditions and parameters to 

investigate various aspects of counterflow cool flame. Initial simulations were performed 

with non-reacting cases to understand how Reynolds number affects the entrainment of 

outer (co-flow) species in the central core. Then, chemically reacting cases were simulated 

at different fuel loading and global strain rate with and without the effect of gravity to 

investigate the formation and extinction of counterflow cool flame at atmospheric pressure. 

Lastly, simulations were conducted at 3 and 5 atmospheres to study flame extinction under 

those conditions. The different physical conditions and simulation parameters considered 

in this study are summarized in Table 4.2. 
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Table 4.2: Physical conditions and simulation parameters 

Non-reacting flow (N2-N2 flow with different co-flow species) 

Pressure (atm) Co-flow species Reynolds number 

1 

Helium (He) 

Nitrogen (N2) 

Argon (Ar) 

8~300 

Chemically reacting flow without buoyancy 

Pressure (atm) Fuel (DME) loading Reynolds number1 Global strain rate (s-1) 

1 XF = 0.587 (base case) 270~650 60~140 

Chemically reacting flow without buoyancy 

Pressure (atm) Fuel (DME) loading Reynolds number1 Global strain rate (s-1) 

1 XF = 0.4~0.6 135~650 30~140 

3 XF = 0.1~0.4 700~60002 50~350 

5 XF = 0.075~0.175 1375~57002 60~250 

 

4.8 MATHEMATICAL AND NUMERICAL MODELING 

The mathematical model consists of time-dependent equations of compressible 

mass, momentum, enthalpy, and species conservation described in chapter 2. In the 

counterflow cool flame study, simulations have been conducted using the direct numerical 

solutions (DNS) (i.e., no turbulence model has been implemented). For each case, time-

dependent computation has been carried out until a steady-state solution is achieved.  

The conservation equations have been discretized in the finite volume method 

(FVM) presented in chapter 3. The sets of discretized equations are solved in the 

OpenFOAM [122, 123] platform, an open-source C++ framework for conducting 

 
1 Reynolds number has been calculated using the conditions prescribed at the oxidizer-side nozzle exit. 
2 No turbulence model was implemented in this study. Computations have been conducted using the direct 

numerical solutions (DNS) described in chapter 3. 
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multiphysics simulations. This work incorporates a DNS reacting flow solver developed 

by Zirwes et al [52, 124, 125] that has been constructed upon the OpenFOAM’s native 

reactingFoam solver. Unlike the reactingFOAM which assumes the Lewis number to be 

unity (i.e, mass diffusivity (D) = thermal diffusivity (α)), this solver computes the transport 

coefficients by mixture-average diffusion approximation [126]. Along with the diffusion 

coefficient, the other transport coefficients for each species (i.e., viscosity (μ), thermal 

conductivity (λ), heat capacity (cp)) are computed by Cantera toolkit [127] in python 

language platform [128]. The coupling between OpenFOAM and Cantera is shown in Fig. 

4.11. Details can be found here [125]. 

 
 

Figure 4.11: Coupling of OpenFOAM and Cantera in DNS reacting flow solver [125] 

 

The discretized equations have been solved in coupled manner with Pressure-

Implicit with Splitting Operator (PISO) algorithm. CVODE solver from SUNDIALS 

package has been embedded in the OpenFOAM solution framework to compute the 

reaction source term with an operator splitting technique described in chapter 3. The 

gradient terms have been discretized using a cell-based linear approach. The divergence 

terms in the momentum, enthalpy, and species equations have been treated with strictly 

bounded flux-limited schemes. The Laplacian term is treated with a linear interpolation of 

the surface normal gradient correction scheme. Euler backward implicit scheme is used for 
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time integration. Simulations have been conducted with variable time stepping. The 

simulation is launched with a minimum time step value of 10-8 s. The time step value is 

then adjusted according to the CFL number (Co = uΔt/Δx) and Fourier number (Fo = 

αΔt/Δx2), where Δt is the simulation time step, and α is the thermal diffusivity. Δx is 

calculated from the cubic root of the cell volume. The maximum value of Co and Fo used 

in this study are 0.1 and 0.15, respectively (corresponding to a maximum time step value 

of ~10-5 s).  

The discretized momentum, enthalpy and species transport equations are solved 

using Stabilized Preconditioned (bi-)conjugate gradient (PBiCGStab) solver [129] with 

asymmetric diagonal incomplete-LU (DILU) preconditioner [130] with an absolute 

tolerance of 10-8. For the pressure correction, Preconditioned (bi-)conjugate gradient 

(PCG) solver with the symmetric diagonal incomplete-Cholesky (DIC) preconditioner 

[131] with absolute tolerance of 10-9. For the pressure velocity coupling (PISO), three inner 

and one outer loop are used for the momentum correction without any relaxation treatment.  

The chemical kinetic mechanism of dimethyl ether oxidation has been well 

examined in the literature. In this study, the HPMech-v3.3 model from Princeton 

University [25] has been incorporated in the OpenFOAM platform. The kinetic model 

consists of 130 chemical species and 893 reactions and has been well-tested for low-

temperature oxidation in multiple studies conducted recently [132-135]. For the 

counterflow cool flame simulations at 1, 3 and 5 atm pressure, the kinetic model has been 

converted to the corresponding pressure condition by generalized polynomial (PLOG) 

fitting method [136, 137] using a Perl script-based software developed in University of 

Galway [138]. 
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For one-dimensional simulation, OPPDIF [139] module of CHEMKIN package 

[56] with a modified arc-length continuation method [140, 141] has been employed. It is 

important to note that no velocity gradient has been imposed at the nozzle exits in the 

CHEMKIN simulations.  

4.9 RESULTS AND DISCUSSIONS 

4.9.1 NON-REACTING COUNTERFLOW STUDY 

Simulations were conducted to study the effect of various physical conditions and 

parameters on counterflow cool flame formation. The study started with non-reacting cases 

in which a simplified geometry was used (Fig. 4.12) to investigate the entrainment of outer 

species into the central core for different Reynolds number conditions. The opposed flow 

of nitrogen (N2) has been simulated with three different co-flow species i.e., helium (He), 

dummy nitrogen (N2*) and Argon (Ar). The goal was to understand how the entrainment 

 
 

Figure 4.12: Schematic of the simplified  

geometry for studying coflow infiltration 
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Figure 4.13: Contour co-flow species (left column) and corresponding axial distribution 

of central (N2) and co-flow species (He, N2*, Ar). Uupper (central)= Uupper (co-flow)= Ubottom 

(central)= Ubottom (co-flow) = 0.1 m/s, Re ~ 8 (isothermal case @300K).  

 

of these different species, with varying molecular weights, affect the central flow. This will 

provide a basic understanding on whether the counterflow flame is affected by the 

X 

He 

N2* 

Ar 
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entrainment of outer species at any given Reynolds number condition. For simplicity, 

buoyancy effect has been neglected here and temperature isothermal (300K) boundary 

condition has been prescribed. 

Fig. 4.13 shows the contour of co-flow species and axial distribution of co-flow and 

central flow species for N2- N2 counterflow at Re ~8. It is found that when helium is used 

as the co-flow species in the counterflow of nitrogen, there is the highest level of infiltration 

with a maximum mole fraction of ~0.6 on the center-axis. On the other hand, the maximum 

mole fraction for co-flow nitrogen and argon are ~0.403 and 0.407, respectively. This can 

be explained as follows. The expression of mass diffusivity (D) from the Chapman-Enskog 

theory is, 
1.5

2Ω M

AT
D

p
=


 , where, A is an empirical coefficient, T is the absolute 

temperature, M is the molar mass, ρ is the density, σ is the collision diameter, Ώ is the 

temperature dependent collision integral and M is the molecular weight [83, 142]. The 

ratios of the co-flow to the center species in this study are found to be the followings: i) 

DHe/DN2 = (MN2 
/ MHe)

0.5 = (28/4)0.5 ~ 2.65, ii) D N2
/DN2 = 1, and iii) DAr/DN2 = (MN2 

/ MAr)
0.5 

= (28/40)0.5 ~ 0.83. Due to its higher mass diffusivity, helium is able to penetrate and 

diffuse into the central core, reaching the center-line axis. As the co-flow species become 

heavier, the amount of entrainment decreases. 

Simulations were performed at higher Reynolds numbers to investigate the balance 

between convective and diffusive transport. The maximum mole fraction of the co-flow 

species on the center-line axis was plotted as a function of Reynolds number in Fig. 4.14. 

It is found that once a critical Reynolds number is reached, the diffusive mass transport of 

the co-flow species dominated by the convective effect of the central flow and the 

entrainment is diminished. For Argon and nitrogen, the critical Reynolds number is found  
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Figure 4.14: Peak mole fraction of the co-flow species on 

centerline-axis as a function of Reynolds number (N2-N2 

opposed flow) 

 

to be ~100 and for helium it is ~300. It is important to note that for the DME counterflow 

studies, the minimum Reynolds number applied is ~270 for a maximum fuel loading of 

60% (i.e., XDME = 0.6). For a DME-O2 opposed flow and N2 co-flow, the conservative 

value of the mass diffusivity ratio can be calculated by considering the molecular weight 

of the heaviest combination of DME- N2 mixture at the fuel side (60% DME and 40% N2), 

i.e., DN2
/DDME- N2

=[(XDMEMDME+XN2
MN2

)/MN2 
]0.5 = 0[(0.6×46+0.4×28)/28] 0.5 ~ 1. 17. It 

indicates that the co-flow does not significantly affect the flame characteristics at the 

center-line location in the range of Reynolds number studied. However, in the experiment, 

co-flow is used to stabilize the flame and prevent its radial propagation. In accordance with 

the experimental setup, co-flow was incorporated in all the counterflow reacting flow 

simulations in this study (Fig. 4.10) 
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4.9.2 COUNTERFLOW COOL FLAME: COMPARISON BETWEEN 1D AND 2D SIMULATION 

The 2D-axisymmetric counterflow reacting flow model accounts for two important 

physical characteristics not considered in the conventional 1D model in CHEMKIN, i.e., 

radial transport and buoyancy effects. In the following sections, the impact of buoyancy on 

counterflow flame formation will be discussed. Comparisons will also be made between 

2D-axisymmetric OpenFOAM predictions with and without buoyancy, and 1D CHEMKIN 

calculations to provide a clear understanding of the effects.  

Fig.4.15 shows the distribution of temperature, streamline, chemical heat release 

rate (HRR) and formaldehyde (CH2O) computed by the 2D-axisymmetric model with 

(right-hand figures) and without (left-hand figures) the buoyancy effect under identical 

conditions. It is evident from the streamline distribution (Fig. 4.15a) that the stagnation 

plane forms at the axis midpoint position for the case without buoyancy due to the 

constraint of a momentum-balanced boundary condition. The flame is located slightly 

away from the stagnation plane towards the fuel-side and remains flat along the radial 

direction. Far downstream, the flame front deviates slightly to the upward direction due to 

the edge effect. With buoyancy been accounted for, the stagnation plane is further lifted to 

the upward direction and closer to fuel-side due to the density variation. The stagnation 

plane is formed at ~ 2.65 mm from the axis midpoint which is a deviation of 23% compared 

to the case without buoyancy (0% refers the stagnation plane formed at the axis midpoint, 

i.e., x = 1.125 cm or 11.25 mm). Furthermore, downstream, the flame continues to move 

upward as it travels radially. The variation of temperature, heat release rate and 

formaldehyde distribution along the radial direction is evident when buoyancy effect is 

incorporated (right-hand plots, Fig. 4.15) 
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Figure 4.15: DME cool flame without (left halves) and with (right halves) buoyancy 

under. identical conditions (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1). 

(a) Temperature distribution and streamlines, (b) Heat release rate (HRR), and (c) 

formaldehyde (CH2O) concentration. White dot-dashed line marks the axis midpoint.  

(a) 

(b) 

(c) 
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Figure 4.16: Computed axial distribution of (a) temperature and heat release rate (HRR), 

(b) temperature gradient for 2D (with and without buoyancy) and 1D simulation. DME 

cool flame (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1).  

 

For further elucidation, centerline distributions of temperature, heat release rate, velocity 

and velocity gradient have been plotted both for the with and without gravity and compared 

against the CHEMKIN prediction (Fig. 4.16-4.17). The peak temperature for 1D and 2D 

without and with buoyancy are found to be withing ~4K difference (737K, 741.75 and 

743.5 K, respectively. However, flame structure appears to be thinner in 1D prediction 

compared to the 2D simulations. The peak temperature location is almost the same for the 

1D and 2D without buoyancy cases, i.e., ~0.4 mm from the axis midpoint. When buoyancy 

(a) 

(b) 
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is incorporated, the peak temperature is location at x = 0.82 cm which is 3.05 mm from the 

axis midpoint. Therefore, the buoyancy appears to be the dominating factor that dictates 

the location of the flame on the centerline and its structure along the radial direction. The 

peak chemical heat release rate for 2D without and with buoyancy is found to be similar, 

i.e., ~45 J/cm3s. The peak HRR is ~75 J/cm3s for the 1D calculation although the peak 

temperature appears almost identical. The axial temperature gradient (|dT/dx|) has been 

examined to explain this (Fig. 4.16b). The flame temperature of the flame is determined by 

the balance between the chemical heat release and the diffusive heat loss on the either side 

of the flame. In 1D simulation, the flame is thinner than the 2D simulation flame. 

Therefore, temperature gradient across the flame is higher and diffusive loss is greater 

(Qdiffusion ~ dT/dx) which reduces the overall flame temperature. The computed peak 

temperature gradients are found to be ~3800 K/cm and 2300 K/cm, respectively, for 1D 

and 2D calculation. 

The position of the stagnation plane depends on the momentum balance between 

the opposing streams, velocity conditions at the nozzle exits and their deviation from ideal 

plug flow conditions. In 1D analyses, the deviation from ideal plug flow condition is 

typically incorporated by imposing a finite velocity gradient that can match the measured 

flame temperature profile over a range of strain rates [25]. On the contrary, the 2D 

axisymmetric model in this study allows the perturbation to be resolved without any 

imposition of any additional boundary conditions. To realize this, the axial velocity and its 

gradient has been plotted for CHEMKIN and OpenFOAM calculations in Fig. 4.17. In the 

CHEMKIN model, since buoyancy is not accounted for, the stagnation plane is formed 

near the axis midpoint location (x = L/2 = 1.125 cm)) due to the constraint of the  
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Figure 4.17: Computed axial distribution of (a) axial velocity and (b) axial velocity 

gradient for 2D (with and without buoyancy) and 1D simulation. DME cool flame (XDME 

= 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1). 

 

momentum-balanced boundary conditions. The velocity gradient at the nozzle exits is zero 

(Fig. 4.17b) since no finite value was imposed. The 2D simulation also results in the 

stagnation plane formed at the axis midpoint location when gravity was not accounted for 

(Fig. 4.17a). However, a closer look at Fig. 4.17b reveals that the solution retains a non-

zero velocity gradient value of ~16 s-1 at both the nozzle exits. In OpenFOAM simulation, 

the extended entrance channels allow the velocity at the nozzle exits to be perturbed by the 

(a) 

(b) 
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flame. Since the perturbation is identical on both sides, 2D model without buoyancy retains 

the momentum-balanced condition and forms the stagnation plane at the axis midpoint. On 

the other hand, when buoyancy effect is incorporated, the stagnation plane is formed above 

the axis mid-position (at x ~0.86 cm, Fig. 4.17a). The flame, heated fuel and nitrogen are 

lighter than the ambient oxidizer coming from the bottom burner. So, due to the buoyancy, 

the stagnation plane is shifted upward, and the flame resides on the fuel-side of the 

chamber. This results in the velocity at the fuel-side nozzle exit being affected by the flame 

more than that of the oxidizer-side nozzle exit, resulting in different velocity gradients at 

the two nozzle exits. The velocity gradients at the nozzle exits at the fuel-side and oxidizer-

side are found to be ~28 s-1 and ~7 s-1, respectively. The velocity perturbation at the nozzle 

exits can be further demonstrated by plotting the computed axial and radial component of 

the velocity as a function radial distance at the fuel-side nozzle exits for the 2D simulations 

along with the plug flow boundary conditions for the 1D simulations (Fig. 4.18). 2D 

simulations predict the existence of an axisymmetric dip in the axial velocity profile 

manifesting the velocity gradient at the nozzle exits. The amount of the dip is found to be 

~4.5% and ~11% for the case without and with gravity, respectively. Furthermore, both the 

axial and radial velocity exhibit non-uniform distribution along the radial distance 

signifying the two-dimensional characteristics of the system (Fig. 4.18b). The radial 

component of the velocity increases linearly up to a certain distance in radial direction to 

compensate the dip of the axial velocity. It then shows a decreasing trend following the 

increase of the axial component of the velocity to conserve the continuity. It should be 

noted that, in both cases at r ≈ 6 mm, a sudden decrease in the axial velocity (and increase 

of the radial velocity) is observed. This is due to the momentum mismatch between the 
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main/central flow and the co-flow. Co-flow N2 has the same velocity as the corresponding 

main nozzle, but their density is different which causes a momentum mismatch at the outer 

edge of the main nozzle. In conclusion, it can be stated that the 2D axisymmetric model is 

able to capture deviation of the plug flow condition at the nozzle exit exhibit a non-

uniformity in the radial direction. 

 

 
 

Figure 4.18: Computed radial distribution of (a) axial and (b) radial velocity for 2D (with 

and without buoyancy) and plug flow velocity boundary condition at the fuel-side nozzle 

exit. DME cool flame (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1). 

 

The amount of reactant leakage is significant for cool flame. The reactants diffuse 

across the stagnation plane to form a sustainable reacting zone that dictates the flame  

(a) 

(b) 
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Figure 4.19: Reactant leakage comparison among (a)1D and 2D without buoyancy, (b) 

2D with buoyancy for DME cool flame (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, 

a ~ 90 s-1). The methods of determining the amount of leakage and width of the reacting 

zone are annotated in (a). 

 

structure. Fig. 4.19 shows the comparison of reactant leakage between 1D and 2D model 

prediction. The amount of fuel leakage and the width of the reacting zone have been 

analyzed. In this study, the DME mole fraction at the intersection of the DME and O2 axial 

distribution is defined as the amount of the fuel leakage, whereas the distance between the 

locations within where the DME and O2 are fully consumed is defined as the width of the 

(a) 

(b) 
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reacting zone (see Fig. 4.19a for the visualization of the methods). It is observed that in all 

these three scenarios, mole fraction of DME at the intersection of DME and O2 is ~0.32. 

Thus, the percentage of fuel leakage is found to be XDME (intersection)/ XDME (maximum) or 

0.32/0.587, i.e., 54.%. However, the width of the reacting zone shows variation between 

1D and 2D computation. For 1D simulation it is found to be ~4.8 mm, whereas for both 

with and without buoyancy effect, the 2D simulation shows a reacting zone of ~5.2 mm 

which is ~8% thicker. It can be attributed to the associated boundary condition 

perturbations. The 2D model allows the velocity to be perturbed by the flame resulting in 

a wider mixing zone. So, the diffusion across the mixing zone is better presented by the 2D 

model. Fig. 4.19a shows that the 2D model captures a lower gradient of the species mole 

fraction exhibiting in a much for diffusion dominant transport compared to the 1D model. 

4.9.3 CHEMICAL CHARACTER OF DME COOL FLAMES 

To gain a thorough understanding of the multidimensional, transport-coupled DME 

cool flame chemistry in counterflow geometry, the following case has been chosen as the 

base case for analysis: XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1. To identify 

the important species that govern the DME low temperature oxidation in counterflow 

configuration, first the major reactions that contribute the most to the overall heat release 

rates are sorted from CHEMKIN simulations. Fig. 4.20 shows the normalized heat 

production of the top ten reactions that contribute to the majority (~86%) of the peak 

chemical heat release integrated over the centerline axis. Oxidation of methoxy methyl, 

CH3OCH2 (rxn# 812 and rxn#883), contributes to ~37% of the total heat release rate  
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Figure 4.20: Major reactions and their contributions to the peak 

heat release rate in DME cool flame in CHEMKIN simulation 

(XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1) 

 

(HRR). The reaction between DME and OH is the second-largest contributor to the heat 

release rate in the cool flame that produces the methoxy methyl radical (rxn# 788: 

CH3OCH3 + OH = CH3OCH2 + H2O). The oxidation of methoxy methyl produces 

methoxymethyl-peroxy radical (rxn# 812: CH3OCH2 + O2 = CH3OCH2O2), which forms 

the hydroperoxyl methoxymethyl radical (CH2OCH2O2H or QOOH) via internal 

isomerization (rxn# 819). The QOOH is an important low-temperature species that 

decomposes to two formaldehyde (CH2O) and one hydroxyl (OH) radical (rxn# 820). The 

decomposition (β-scission) of QOOH is an exothermic reaction and contributes to ~13% 

of the total chemical heat release rate. QOOH can also be oxidized (rxn# 821) to form a 

peroxy methoxymethyl hydroperoxide (O2CH2OCH2O2H or O2QOOH) radical. This 

radical decomposes to one hydroxyl (OH) radical and one carbonyl-hydroperoxide 

(HO2CH2OCHO) molecule (rxn# 822). The carbonyl compound then decomposes and 

gives out one more hydroxyl (OH) radical (rxn#823: HO2CH2OCHO = OCH2OCHO + 
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OH). The β-scission reaction that decomposes the QOOH radical is dominant at 

temperatures greater than 600K and responsible for the NTC behavior. It produces only 

one OH radical as opposed to two OH radicals produced in rxn# 821 through 823 [116, 

118].  

 
Figure 4. 21: Centerline distribution of the HRR from the major heat 

releasing reactions of DME cool flame (2D simulation with buoyancy, 

XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1). The dotted-

black line marks the location of the peak temperature. 

 

For further elucidation, the centerline distribution of heat productions from the major 

reactions has been calculated from 2D axisymmetric simulations (with buoyancy) of the 

base case (i.e., XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1), and have been 

presented in Fig. 4.21. The heat release by the reaction between DME and OH that forms 

of methoxy methyl radical (rxn# 788: CH3OCH3 + OH = CH3OCH2 + H2O) is spatially 

skewed towards the fuel side of the reacting zone. The peak heat release by the is reaction 

is also located on the fuel-side (~0.2 cm from the peak temperature location) due to the 

availability of the DME. The heat release distribution by the formation of methoxymethyl-

peroxy radical (rxn# 812: CH3OCH2 + O2 = CH3OCH2O2), which is the largest contributor 



 

64 

 

to the chemical heat release rate, is slightly skewed towards the fuel side of the flame. 

However, the location of the peak heat release by this reaction almost coincides with that 

of the peak temperature. Methoxymethyl-peroxy is the main source of the QOOH (via 

internal isomerization) that gives out two formaldehyde and one hydroxyl radical and 

governs the NTC behavior of DME oxidation. The heat release by the reaction HCO + O2 

= CO + HO2 (rxn#34) exhibits a flatter distribution throughout the reacting zone, with a 

slight skewness along the oxidizer side preliminary due to the abondance of the oxygen. 

Similar flatter distribution is observed for the reaction CH3OCH2 + O2 = OH + CH2O + 

CH2O (rxn#883) but skewed slightly towards the fuel-side. This is because the CH3OCH2 

comes from the decomposition of the primary fuel (i.e., DME) which has lower mass 

diffusivity lower than oxygen, thereby, shows less tendency to transport across the reacting 

zone. As described above, instead of breaking down to OH and CH2O, QOOH can also be 

further oxidized to form O2QOOH (rxn# 821). The heat release distribution of this reaction 

is lower and flatter with a dip at the peak temperature location. It is because this path is 

dominated by the decomposition of the QOOH via β-scission process in the NTC zone.  

The major intermediates that contribute to the formation of DME cool flame and 

chemical heat release are examined in this section. The axial distribution of these species 

is presented in Fig. 4.22, for the base-case with buoyancy (XF = 0.587, a = 90.5, p = 1 atm). 

It is observed that the CO, CO2, CH2O and H2O form throughout the reacting zone with 

the peak axial location aligned with that of the temperature (Fig. 4.22a). The peak CH2O 

mole fraction for the base case has been found to be ~60000 ppm (X ~0.06) whereas the 

peak OH was found to be below 1 ppm which is a manifestation of oxidation at low-



 

65 

 

temperature regime. At low temperature, only a small amount of CO is converted to CO2 

since there is not enough OH to support CO + OH = CO2 + H reaction. Therefore, a  

 

 
 

Figure 4.22: Centerline distribution of major species of DME cool flame with 

buoyancy (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1)  

 

significant amount of CO is observed compared to CO2 in the DME cool flame with a peak 

concentration of ~11000 and ~400 PPM, respectively. The hydroperoxyl methoxymethyl 

(QOOH) is formed offset towards the fuel side of the peak temperature location with a 

value of ~0.45 ppm (Fig. 4.22b). This is due to the abondance of DME which first gives 

(b) 

(a) 
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out the methoxy methyl (CH3OCH2) radical. Oxygen diffuses onto the fuel side of the 

reacting zone (due to having a higher mass diffusivity than DME) and forms 

methoxymethyl-peroxy radical (CH3OCH2O2) reacting with the methoxymethyl radical. 

The internal isomerization of the methoxymethyl-peroxy eventually produces the 

hydroperoxyl methoxymethyl radical (CH2OCH2O2H or QOOH). It converts into the 

peroxy methoxymethyl hydroperoxide (O2QOOH) by reacting with the oxygen. O2QOOH 

exhibits double spike-like structures with the peaks located on the either side of the peak 

temperature location (Fig. 4.22b) and a dip in the center (aligned with the peak temperature 

location). Furthermore, due to the abondance of oxygen, the peak value at the oxidizer side 

is ~25% higher than the peak value on fuel side. The peak values on the oxidizer and fuel- 

side are found to be ~ 11and ~7.5 ppm, respectively, the minimum value of O2QOOH is 

found at the center of the flame (~0.81 cm from the fuel side nozzle exit) since both DME 

and O2 are gradually decomposed to sustain the flame. 

The contour plots in Fig. 4.23 show that, except for CO and CH2O, the peak values 

of all peroxy and hydroperoxyl intermediates are displaced from the centerline (i.e., 

downstream in the radial direction). To further clarify this observation, the distribution of 

major species at the centerline (r = 0 cm) has been compared with their distribution at an 

offset location (r = 1.1 cm) in Fig. 4.24. From Fig. 4.24a it can be observed that at r = 1.1 

cm, there are still unreacted O2 and DME. Moreover, in both location, mole fraction of 

DME at the intersection of DME and O2 is ~0.32. The peak value of O2QOOH at r = 1.1 

cm (~14 PPM) is ~40% higher than that at the centerline (~10 ppm). Similarly, a ~35% 

increase in the peak value of QOOH is observed at r = 1.1 cm (Fig. 4.24b). Furthermore, it 

is observed from Fig. 4.24c that the methoxy methyl peak remains almost the same both at  
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Figure 4.23: Contours of major intermediates of DME cool flame with buoyancy (XDME 

= 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1) 
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Figure 4.24: Distribution of major species at the centerline (r = 0 cm) 

and at an offset location (r = 1.1 cm). (2D simulation with buoyancy, 

XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1)  

(a) 

(b) 

(c) 
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the centerline and the offset position, whereas the peak value of the methoxy methyl peroxy 

increases from ~125 PPM to ~150 PPM (~20% increase). To explain this, contours of 

velocity magnitude, heat release rate (HRR) and rate of production of the key species are 

analyzed. Fig. 4.25 shows the contours of velocity magnitude, HRR, OH and CO2. It can 

be observed that the HRR, CO2 and OH also exhibit their maximum value at an offset 

location from the centerline. For further information, their distribution at r = 1.1 cm is 

plotted in Fig. 4.26. The peak value of HRR and the temperature at the centerline are ~44  

 

 
 

Fig. 4.25: Contours of velocity magnitude, HRR, CO2 and OH of the DME cool 

flame with buoyancy (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1) 
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Figure 4.26: Distribution of major species at the centerline (r = 0 cm) 

and at an offset location (r = 1.1 cm). (2D simulation with buoyancy, 

XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1)  

 

(a) 

(b) 

(c) 
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J/cm3s and 743K, respectively (Fig. 4.26a). While at r = 1.1 cm, the peak value of HRR is 

increased to ~58 J/cm3s (~27% increase), the peak flame temperature is decreased to 725K. 

This can be examined by the contours of velocity magnitude and HRR in Fig. 4.25. The 

two opposing jets meet and form a stagnation point on the centerline. As a result, a jet is 

formed in the radial direction to conserve the continuity. The velocity of this jet is at a 

minimum on the centerline near the flame. As a result, convective effects are minimized 

on the centerline location. As the jet stream velocity increases downstream, the heat loss 

due to convection also increases, leading to a decrease in flame temperature despite an 

increase in the chemical heat release rate. 

The peak CH2O at the centerline and at the offset location is 53600 and 46500 PPM, 

respectively (~13% decrease) whereas the peak OH increases from ~0.2 to ~0.27 PPM 

(~35% increase). The increase in the total heat release (representing the overall reactivity) 

at that location can be attributed to the increase of OH radical pool. In Fig. 4.26C. we also 

observe a small increase (less than ~5%) of CO2 production at r = 1.1 cm whereas the CO 

production is decreased from ~10500 PPM to ~9500PPM (~9.5%). To better understand 

this phenomenon, rate-of-production (ROP) analysis has been conducted to determine the 

contribution of the dominant reactions to the net production rates of the key species. first 

The ROP analyses are presented in Fig. 4.27. On the centerline (r = 0 cm), the hydroxyl 

production is dominated by the branching of QOOH (rxn# 820: QOOH= OH + 2CH2O). 

At r = 1.1 cm, along with the QOOH breakdown, the carbonyl-hydroperoxide 

decomposition also contributes significantly to the OH radical pool. The reaction rate of 

the carbonyl-hydroperoxide decomposition (rxn #823: HO2CH2OCHO = OCHOCHO + 

OH) at r = 1.1 cm is ~4.5 times that at the centerline (Fig. 4.27b). The most dominant  
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Figure: 4. 27: Rate of production analyses for (a) CO2, (b) OH, (c) QOOH, (d) O2QOOH, 

(e) CH3OCH2O2, and (f) HO2CH2OCHO at r = 0 cm (black) and r = 1.1 cm (red). The 

associated major reaction(s) are mentioned appropriately on each graph. (2D simulation 

with buoyancy, XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1) 

 

reactions for the production of QOOH, O2QOOH, methoxymethyl peroxy (CH3OCH2O2) 

and the carbonyl-hydroperoxide (HO2CH2OCHO) exhibit enhanced reaction rates at the 

offset location (i.e., r = 1.1 cm). The peroxy branching routes, i.e., rxn# 821 (QOOH +O2 

= O2QOOH) and rxn#822: (O2QOOH = HO2CH2OCHO + OH) seem to be boosted by a 

(d) 

(e) (f) 

(a) 

(b) 

(c) 
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factor of ~1.4 and ~1.8, respectively. To summarize, the decomposition of QOOH, which 

is the dominant pathway for the NTC characteristics in DME oxidation (as discussed in 

section 4.5), typically produces one OH radical. However, at an offset location from the 

centerline, the peroxy branching of QOOH (rxn# 821 through #823) becomes significant, 

producing two OH radicals and leading to an increase in chemical heat release additional 

release of peroxy and hydroperoxyl intermediates.  

4.9.4 EFFECT OF GLOBAL STRAIN RATES 

The counterflow flame offers fundamental insights into the detailed structure of 

diffusion flames with the variation of global strain rate. As described in section 4.7, the 

global strain rate can be described by, 
2

(1 )
F FO

O O

UU
a

L U




= + , where FU  and OU are the 

velocities at the fuel and oxidizer side nozzle exits, 
F  and 

O are the mixture densities at 

the respective exits, and L  is the separation distance. With ascertaining the constraint that 

two streams are momentum-balanced, the global strain rate is simply 
4 oU

a
L

= . In this 

study, the global strain rate has been varied by changing the value of OU . Then the FU is 

adjusted by applying the momentum-balance condition, i.e., 
2 2

O O F FU U = . It is important 

to note that, in quasi-1D model of CHEMKIN, the stagnation plane location is determined 

by the momentum-balanced conditions (i.e., at the midpoint of the centerline). In contrast, 

in the 2D-axisymmetric model, this momentum-balance is accompanied by buoyancy 

effect, and the location of the stagnation plane is determined by the competition between 

inertial and buoyancy forces. To understand the combined effect of gravity (i.e., natural 

convection) and flow inertia in this context, the Richardson number (Ri) has been analyzed. 
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Richardson number is a dimensionless number that expresses the ratio of the natural and 

forced convection term [143]: 

 
( )

2

hotg T T D
Ri

V

 −
=  (3.20) 

where g is the gravitational acceleration,   is the thermal expansion coefficient, 

hotT  is the peak flame temperature, T  is the ambient temperature, D is the characteristic 

length (nozzle diameter), and V is the flow velocity (in this case the velocity of the oxidizer 

side stream). For an ideal gas the thermal expansion coefficient can be determined as 

follows: 
1 1 1 1
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RT R

T T p p T

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, where  is the volume, T is temperature and 

R is the universal gas constant. Richardson number can also be expressed as the ratio of 

Grashof number, 
( ) 3

2
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Gr

V

 −
=   and Reynolds number, 

VD
Re


=  as: 

 
2

Gr
Ri

Re
=  (3.21) 

The characterization of a fluid flow system based on the Richardson number is 

presented in Table 4.3 [144]: 

Table 4.3: Physical regime based on Richardson number 

Ri < 0.1 Natural convection is negligible 

0.1< Ri <10 Both natural and forced convection are important 

Ri > 10 Forced convection is negligible 

 

Fig. 4.28 illustrates the evolution of flame structure with the variation of the global 

strain rate for a fixed fuel loading (XF = 0.587). At the lowest global strain rate studied 

(a~60 s-1), the Richardson number is approximately 1.8, indicating that natural convection  
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Figure 4.28: Temperature and streamline distribution of DME counterflow cool 

flame at different global strain rates (XF = 0.587, p = 1 atm). Dashed-white line marks 

the midpoint of the centerline. 

 

is significant. The flame is located at x ~ 2.7 cm, about 4.5 mm from the axis midpoint. As 

the global strain rate increases, the inertial effect becomes more prominent, and the flame 

shifts downward. At a ~130 s-1(Ri ~ 0.34) the flame position is shifted to x ~ 2.4 cm (~1.5 

mm from the axis midpoint). It is also worth noting that the flame structure changes 

significantly in both the axial and radial directions with the variations of the global strain 

rate. The flame becomes thinner and its spanwise length decreases dramatically as the 

a ~120 s-1 

Ri ~ 0.42 

a ~130 s-1 

Ri ~ 0.34 

a ~60 s-1 

Ri ~ 1.8 

a ~90 s-1 

Ri ~ 0.76 
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global strain rate increases. This is due in part to the N2 co-flow, which affects flame 

propagation in the radial direction and diminishes the flame tip at higher strain rates. 

Simulations with a higher strain rate of ~137.5 s-1 for this fuel loading results in complete 

flame extinction.  

 

 
 

Figure 4.29: Comparison of the axial temperature distribution for 

different global strain rate conditions: (a) experiment (symbols) vs 

computed (2D axisym. OpenFOAM model with buoyancy), (b) 

computed (1D CHEMKIN OPPDIFF model). XF = 0.587. p = 1 atm. 

(a) 

(b) 
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For further elucidation, the axial distribution of temperature at different global 

strain rates has been analyzed. The comparison between the 1D (CHEMKIN) and 2D 

axisymmetric (OpenFOAM, with buoyancy) model, along with experimental 

measurements, is shown in Fig. 4.29. Both models predict that the flame location is pushed 

farther from the fuel side as the global strain rate increases. The difference between the 

flame locations predicted by the 1D and 2D models is the largest (~ 4 mm).) at the lowest 

global strain rate studied (a ~ 60 s-1). This difference tends to decrease as the strain rate 

increases. For a ~ 90 s-1 and ~ 120 s-1, the difference is found to be 2.6 mm and 1.9 mm, 

respectively. This can be explained by the relationship of Reynolds and Richardson number 

with the global strain rate. The Reynolds number is proportional to the flow velocity, (i.e., 

global strain rate), while the Richardson number is inversely proportional to the square of 

the velocity (or the global strain rate). This means that as the global strain rate increases, 

the flow inertia increases linearly while the effect of buoyancy decreases quadratically. 

Since the 1D model does not consider the buoyancy effect, the difference in the flame 

location between the 1D and 2D models is greater at the lower strain rates and vice versa. 

Since the cool flame experiments are done in lower strain rates (i.e., higher Richardson 

numbers), multidimensional models with buoyancy effect are necessary to simulate them.  

When compared with experimental data, the 2D model shows improved prediction 

of flame location in comparison to the 1D model. As shown in Figure 4.29, for the three 

cases presented (i.e., a ~60 s-1, ~90 s-1 and ~120 s-1) the average deviation of the peak 

temperature location between the measured and the computed values are ~2.67 mm and 

~0.8 mm for the 1D and 2D models, respectively. Both models underpredict the peak 

centerline temperature, but the 2D model has a smaller discrepancy than the 1D model. 
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The average deviation of the peak temperature between the measured and computed values 

are ~11K and ~6K for 1D and 2D models, respectively. The deviation is higher at higher 

strain rates. The measured peak flame temperature is found to be 738K for a global strain 

rate of ~120 s-1. 1D and 2D models underpredict the peak flame temperature by 20 K (i.e., 

Tmax = 718 K) and 12 K (Tmax = 726 K), respectively.  

While the 2D model performs better than 1D in predicting the flame location, it is 

still not able to match the trend of the experimental data. The predicted trend of flame 

location vs. global strain rate can be explained by theoretical understanding of flow 

characteristics based on the Richardson number, however, it doesn't explain the 

experimental measurements. There is no physical interpretation provided in the 

experimental report for the variation of the measured flame location at different global 

strain rate conditions, making it difficult to understand the reason for the discrepancy 

between the 2D model predictions and the measurements.  

Fig. 4.30 shows the peak axial (centerline) temperature as a function of the global 

strain rate for two different fuel loadings (XF = 0.587 and XF = 0.5) computed by 1D 

CHEMKIN and 2D OpenFOAM models. For both fuel loading conditions, the maximum 

temperature computed by OpenFOAM is higher than that computed by CHEMKIN. This 

is because the boundary conditions in the 2D model permit the thermal expansion of the 

flame to perturb the velocity profile at the nozzle exits, allowing the flame to push the 

incoming convective flux and expand the reacting zone. In contrast, in the 1D simulation, 

the flame is constrained by fixed boundary conditions, resulting in a thinner reacting zone 

with a steeper temperature gradient. For example, Fig. 4.31 compares the axial temperature 

gradient (|dT/dx|) for the 1D and 2D axisymmetric model prediction for a single case (XDME  
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Figure 4.30: Comparison of predicted peak axial temperature as a 

function of global strain rate based on 1D (CHEMKIN OFFDIFF) 

and 2D axisymmetric (OpenFOAM, with buoyancy) model. 

 
 

Figure 4.31: Computed axial distribution of temperature and 

temperature gradient for 2D (with buoyancy) and 1D simulation. DME 

cool flame (XDME = 0.587, UF = 62.3 cm/s, UO = 50.9 cm/s, a ~ 90 s-1). 
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= 0.587, a ~ 90 s-1). The peak temperature gradients are approximately 3800 K/cm and 

2300 K/cm for 1D and 2D simulations, respectively. As described in section 4.8.2., a higher 

temperature gradient across the flame leads to greater diffusive loss (Qdiffusion ~ dT/dx) 

which reduces the overall flame temperature in 1D simulations. 

Fig. 4.30 also shows that as the global strain rate increases, the difference in peak 

temperature between the 1D and 2D models becomes larger. For XF = 0.587 the peak 

temperature difference between the two models is ~5K and ~16K at a ~ 60 s-1 and a ~120 

s-1, respectively. Similarly, For XF = 0.5 the peak temperature difference between the two 

model is ~2.5 K and ~10K at a ~ 60 s-1 and a ~90 s-1, respectively. This trend can be 

explained by examining the nozzle exit velocity perturbation caused by the cool flame, as 

shown in Fig. 4.32. The axial velocity gradient has been calculated at the nozzle exits at 

fuel-side 
0

ax

l

du

dx =

 
 
 

 and oxidizer-side ax

l L

du

dx =

 
 
 

, where l is the distance from the fuel side 

nozzle exit. In all cases studied, the cool flame was observed on the fuel-side of the 

stagnation plane, resulting in the maximum perturbation of the nozzle exit velocity on the 

fuel-side. Consequently, the maximum perturbation of the nozzle exit velocity occurs at 

the fuel-side. At a global strain rate of ~60 s-1, the axial velocity gradient at the fuel and 

oxidizer-side nozzle exits was approximately 25 s-1 and 1.5 s-1, respectively. As the global 

strain rate increases, the flame is pushed farther from the fuel side due to higher inertia, but 

the axial velocity gradient continues to increase until it reaches a plateau as the flame 

location ceases to shift further. The increase in velocity perturbation with increasing global 

strain rate contributes to the discrepancy in peak flame temperature between the 1D and 

2D model predictions shown in Fig. 4. 32. 
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Figure 4.32: Axial velocity gradient at nozzle exits as a function of 

global strain rate (XF = 0.5, p = 1 atm 

 

The flame structure is affected by the global strain rate, as shown in Fig. 4.28 and 

Fig. 4.29. As the strain rate increases, the maximum flame temperature decreases, and the 

temperature profiles become thinner. For a quantitative understanding, the flame thickness 

is plotted as a function of global strain rate for a fixed fuel loading in Fig. 4.33a. The flame 

thickness was defined as the width of the maximum temperature gradients on the 

centerline, as shown in Fig. 4.33b. In both 1D and 2D simulations, the flame thickness 

decreases exponentially with the global strain rate. Slight deviation at the high strain rate 

is observed because of the sharp decrease in peak flame temperature near the extinction 

limits. Flame thickness predicted by the 2D model is greater than that by the 1D model. 

The 2D model predicts a greater flame thickness than the 1D model, with the difference 

between the two being larger at lower strain rates and vice versa. At lower strain rates, the 

buoyancy effect is more significant, and the 1D model does not take it into account, leading  
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Figure 4.33: (a) Flame thickness as a function of global strain rate 

for 1D (CHEMKIN OPPDIFF) and 2D axisymmetric (OpenFOAM 

with buoyancy) simulation. (XF = 0.5, p = 1 atm), (b) depiction of 

the definition of flame thickness considered in this study. 

 

to a larger difference in the flame structure predictions between the 1D and 2D models. At 

a strain rate of ~75 s-1, the flame thickness predicted by the 2D model is approximately 
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1.43 mm, which is approximately 15% larger than the 1D prediction (~1.248 mm). At a 

strain rate of approximately 100 s-1, the difference is ~10%. It is important to note that in 

the 2D simulation, a stable flame was observed at a strain rate of ~112.5 s-1 while the flame 

extinguished beyond a global strain rate of ~100 s-1. 

The influence of global strain rate on the flame structure is further investigated by 

analyzing the distribution of the key species associated with the DME cool flame. Fig. 4.34 

shows the centerline distribution of CO, CO2, CH2O, QOOH, O2QOOH, CH3OCH2, 

CH3OCH2O2 at various global strain rate conditions. Both CO and CH2O, which are major 

products of low-temperature oxidation and form near the center of the reacting zone (see 

Fig. 4.22a), decrease with the increase of the global strain rate (Fig. 4.34a and 4.34c, 

respectively). The peak formaldehyde mole fraction decreases from ~52000 PPM (i.e., 

XCH2O ~ 0.052) to ~40000 PPM (i.e., XCH2O ~ 0.04), when the global strain rate is varied 

from ~60 s-1 to ~112.5 s-1, i.e., a reduction of approximately 23%. Similarly, the peak CO 

mole fraction decreases from ~15000 PPM (i.e., XCO ~ 0.015) to ~8500 PPM (i.e., XCO ~ 

0.0085) i.e., a reduction of approximately 23%. On the contrary, the peak CO2 mole 

fraction increases from ~3500 PPM (i.e., XCO2
 ~ 0.0035) to ~4100 PPM (i.e., XCO2

 ~ 

0.0041) i.e., an increase of approximately 17%. This is because the flame is pushed away 

from the oxidizer side by the higher inertial effect at higher global strain rates, exposing it 

to more oxygen-rich conditions. As a result, a significant amount of CO is converted to 

CO2 due to the abundance of oxygen. Peak QOOH also increases about 90% but more 

QOOH converts to O2QOOH due to higher presence of the oxygen. The peak O2QOOH  
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Figure 4.34: Centerline distribution of major low-temperature (LT) species of DME cool 

flame for different global strain rate conditions. 2D axisym. simulation, XF = 0.5, 1 atm. 

 

(d) QOOH 

(f) O2QOOH (e) CH3OCH2 

(a) CO (b) CO2 

(c) CH2O 

(g) CH3OCH2O2 
(h) ∑LT Species 
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shows an increment of ~111% (from ~9 to ~19 PPM). The distribution of QOOH (Fig. 

4.34d) further shows that the dual peak-like structure (a primary and a secondary peak on 

the fuel and oxidizer side, respectively) becomes thinner and diminishes to form a single 

peak at higher global strain rates. This is due to the increased conversion of QOOH to 

O2QOOH as the reacting zone is pushed towards the oxidizer side. On the other hand, the 

double spike-like structure of O2QOOH persists as the global strain rate increases but 

becomes thinner overall. As the global strain rate increases, the formation of 

methoxymethyl peroxy (CH3OCH2O2) is also boosted due to the increase conversion of 

methoxymethyl (CH3OCH2) in the presence of abundant oxygen as the flame moves 

towards the oxidizer side. In summary, as the global strain rate increases, the flame 

structure changes due to the decrease in the stable products of low-temperature oxidation, 

such as (CO and CH2O). This results in a reduction in the flame thickness initially. 

However, intermediate species like QOOH, O2QOOH, and CH3OCH2O2 increase in 

concentration on the oxidizer side as flame approaches the near-limit condition. As a result, 

the flame thickness i.e., width of the reacting zone levels off before it completely 

extinguishes. Because of this, the flame thickness shows an exponentially decreasing trend 

with the global strain rate. 

4.9.5 EXTINCTION STRAIN RATES OF DME COOL FLAME 

The extinction limit for a DME cool flame at atmospheric pressure was computed 

and compared to experimental measurements by [25] in Fig. 4.35. To perform the 

extinction analysis in CHEMKIN, the Flame Extinction Simulator with the arc-

continuation method [145] was used. In OpenFOAM, the global strain rate was gradually 

increased by adjusting the velocity boundary conditions at the fuel and oxidizer inlets,  
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Figure 4.35: Comparison of measured and predicted extinction strain rate of DME 

counterflow cool flame as function of fuel loading (p = 1 atm) 

 

while maintaining momentum balance, until the flame extinguished. The extinction strain 

rate (aext) increases with the fuel loading in a linear fashion. This is because as the fuel 

loading increases, the chemical heat release also increases, requiring a higher convective 

effect (i.e., strain rate) to extinguish the flame. The 1D and 2D model (with buoyancy) 

predictions deviate from the measured value at higher fuel loading conditions (i.e., XF > 

0.48), but the OpenFOAM model performs significantly better than the CHEMKIN 1D 

model in predicting the global extinction strain rate. For a fuel loading of XF = 0.525, the 

difference between measurement and the 1D model prediction is ~40 s-1 (~30%), while the 

2D model prediction is within 14% (~19 s-1) of the measured extinction strain rate. The 

difference in the predictions can be attributed to the difference in peak flame temperature, 

with the 1D model underpredicting the peak flame temperature by a larger margin 

compared to the 2D model. For a fuel loading XF = 0.587, the measured peak flame  

1 atm 
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Figure 4.36: Axial component of the velocity of DME counterflow cool 

flame at different global strain rates (XF = 0.587, p = 1 atm).  

 

temperature is found to be 738K for a global strain rate of ~120 s-1. 1D and 2D models 

underpredict the peak flame temperature by 20 K (i.e., Tmax = 718 K) and 12 K (Tmax = 726 

K), respectively. It is worth noting that even though the 2D model performs better than the 

1D model in predicting the global extinction strain rate, there are still deviations between 

the predictions and measurements. These deviations may be due to various factors such as 

differences in the assumed chemical mechanisms and uncertainty in the experimental 

measurements at higher strain rates. Fig. 4.36 shows the contours of the axial component 

of the velocity for different strain rate conditions at a fixed fuel loading. With the increase 
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of the strain rate (i.e., velocity), length of the entrainment zone (exhibited by the negative 

value of the axial velocity) near the co-flow outer region increases. Flame is affected by 

this ambient entrainment as it continues to exist along that region (see Fig. 4.28). So, at 

higher fuel loading, the predicted flame extinguishment may be affected due to the 

entrainment effect occurred at higher strain rates. Simulations have been conducted by 

increasing/decreasing the co-flow velocity by 10-20%. It resulted from the modification in 

flame structure near the tip to a complete extinguishment, exhibiting sensitivity towards 

co-flow velocity. Experimental uncertainties from the co-flow adjustment may be another 

reason for the discrepancy between measurement and predictions at higher strain rates. 

Further analyses can be performed should more experimental data become available. 

 

Simulations were conducted at elevated pressures (3 and 5 atm) to examine the 

extinction limit of DME cool flames in a counterflow configuration. Results indicate that 

the extinction strain rate increases at elevated pressure. This is expected because molar 

concentration of the reactants are higher at elevated pressure [146] In particular, the cool 

flame extinction strain rate is proportional to nth power of oxygen, i.e., [O2]
n [80]. In their 

recent work on DME counterflow cool flame experiment at elevated pressure, Wang et al. 

[147] reported that the low temperature pathways, .i.e., oxygen addition to methoxymethyl 

radical (rxn #812 CH3OCH2 + O2 = CH3OCH2O2) and QOOH (rxn #821: QOOH +O2 = 

O2QOOH), are enhanced by increasing pressure.  

Figure 4.37a illustrates the extinction strain rate of DME cool flames for 3 atm 

pressure as computed by both 1D and 2D (with buoyancy) models. It is observed that at 3 

atm, the extinction strain rate predicted by the 2D model displays two distinct trends. At 
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low fuel loading (XF = 0.1 to 0.2), the trend is similar to that observed at atmospheric 

pressure, with the 2D model predicting a higher extinction rate than the 1D model. 

However, as the fuel loading is further increased, the 2D model predictions appear to  

 
 

 
Figure 4.37: (a) Comparison of the 1D and 2D (with buoyancy) 

prediction on DME extinction strain rate (aext) at (a) 3 atm an d (b) 5 atm. 

 

(a) 

(b) 

3 atm 

5 atm 
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approach closer to the 1D prediction. To understand this phenomenon, the Richardson 

numbers were plotted on the secondary y-axis. At elevated pressure, the cool flame 

extinction rate increases. For a fuel loading of 40% (XF = 0.4), the extinction strain rate at 

3 atm (~340 s-1) is four times higher than that at 1 atm (~82 s-1). As fuel loading increases, 

higher convective flux (i.e., Reynolds number) is required for the flame to extinguish. As 

Reynolds number (i.e., the global strain rate) increases, Richardson number decreases 

dramatically, due to the inverse proportionality between these two numbers (as per Eqn. 

4.1 and 4.2). As a result, the influence of buoyancy decreases substantially with increasing 

strain rate. For a global strain rates above ~ 175 s-1, the Richardson number drops below ~ 

0.1, indicating that the system approaches a scenario that can be approximated by a quasi-

1D model, which assumes high Reynolds number configurations and disregards any 

buoyancy effect. As a result, predictions from the 1D and 2D models become similar. In 

the simulations conducted at 5 atm pressure, as depicted in Fig. 4.37 (b), the 1D and 2D 

predictions converge as the multidimensional effects become negligible at high strain rates. 

Fig. 4.38 illustrates the flame structure under high pressure conditions for three distinct  

 
 

Figure 4.38: Temperature contour of DME cool flame at 3 atm for 

different fuel loading and strain rate conditions. 
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strain rates. The results suggests that at higher strain rates, the flame becomes flatter, and 

the radial dependence of the flame structure diminishes. 

4.10 SUMMARY AND CONCLUSION 

In summary, the current chapter presented numerical analyses of the non-premixed 

cool flame formation of dimethyl ether (DME) combustion in a counterflow geometry. By 

performing two-dimensional axisymmetric simulations over a range of parameters such as 

fuel loading, global strain rate, and pressure, the study aimed to investigate and understand 

the critical features of DME oxidation at low temperatures, including flame structure, 

extinction strain rates, species distribution, and chemical characteristics. The goal of the 

study was to gain insight into the effect of multidimensional transport in the formation of 

non-premixed cool flame in a counterflow geometry and its deviation from ideal conditions 

that cannot be predicted by quasi-1D theory-based numerical models. It was found that the 

predictions of the 2D-axisymmetric model were in better agreement with experimental 

measurements compared to the quasi-1D model predictions. 

One of the key findings of this study is the identification of the Richardson number 

as a critical parameter for characterizing the system. Unlike hot flames, cool flames require 

much lower strain rates to sustain. At lower strain rates (a = 60~150), the Richardson 

number is relatively high (0.1~1.5); thus, the flame is predominantly located near the upper 

burner due to the buoyancy effect. As the global strain rate increases, flow inertia begins 

to dominate over the buoyancy effect (Ri <~0.1), and the stagnation plane gradually moves 

towards the axis central location due to momentum-balanced boundary conditions. This 

highlights the importance of considering the relative importance of buoyancy and flow 
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inertia in determining the flame location in low-temperature combustion in counterflow 

geometries. 

The deviation from the ideal plug flow condition in the counterflow burner comes 

from the uncertainties associated with the velocity perturbation at the nozzle exits due to 

the thermal expansion caused by the flame. The 2D model resolves this perturbation 

without imposing any radial velocity gradient at the nozzle exits. As a result, it allows the 

flame to sustain a global strain rate higher than that of the 1D model. Thus, the extinction 

strain rate predicted by the 2D model is higher than that by the 1D model, and this deviation 

increases with the increase of the global strain rate up to certain value. This is due to the 

increased axial velocity gradient at the nozzle exits as the global strain rate increases, 

deviating further from the ideal plug flow conditions and making the adequacy of the 1D 

model questionable. By incorporating multidimensional transport, the current 2D model 

demonstrates its effectiveness in simulating cool flame formation in counterflow geometry 

in a self-consistent manner, highlighting the importance of considering multidimensional 

transport effects in modeling such combustion processes. 

The model was extended to study the cool flame extinction at high-pressure 

conditions. At elevated pressures, the cool flame is able to sustain relatively higher global 

strain rates due to its increased reactivity. Two distinct trends in extinction strain rates were 

observed for different fuel loading at 3 and 5 atm pressures. At 3 atm, the extinction strain 

rate increases with fuel loading up to XF ~0.2. Beyond that point, the rate of increase in 

extinction decreases and the 2D model prediction becomes similar to that of the 1D model 

prediction. At 5 atm, the transition is observed at a fuel loading XF ~0.125. It can be inferred 

that the reduction in Richardson numbers leads to conditions where the assumption of high 
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Reynolds numbers in the quasi-1D theory becomes valid, and the multidimensional effect 

can be neglected when modeling cool flame under such conditions.  

In conclusion, this chapter has provided valuable insights into the dynamics and 

structures of cool flame formation in a counterflow geometry by numerical simulations. 

The 2D axisymmetric model used in this study is a more suitable model for studying the 

flame formation and extinction of DME due to its ability to capture multidimensional 

transport effects. The findings of this research can be used as a foundation for future 

numerical modeling studies of reacting flow simulations of cool flame formation. 

Additionally, this work has advanced the current knowledge and understanding of cool 

flame diffusion in counterflow geometries, and it can be expected that the results and 

findings will appeal to further research in this field. 
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CHAPTER 5: HYDROTHERMAL FLAME OF METHANOL OXIDATION IN 

SUPERCRITICAL WATER 

 

5.1 INTRODUCTION 

Supercritical water oxidation (SCWO) is considered a promising technology for 

hazardous wastewater treatment and energy reclamation [148-150]. It is an advanced 

combustion process that involves the formation of a sustainable flame (generally known as 

the hydrothermal flame) in aqueous environments at conditions above the critical point of 

water, P > 221 bar, and T > 374C. The hydrothermal flame was first described by Schilling 

and Franck [151], who reported that the high miscibility of the reacting species in 

supercritical water (SCW) conduces the overall chemical conversion. At this extreme 

condition, organic compounds exhibit complete solubility in water [152]. Hence, they can 

be efficiently oxidized and converted into inorganic precipitation out of the solution. The 

hydrothermal flame can act as an internal energy source facilitating this oxidation process. 

SCWO poses significant environmental advantages because of its capability to recover 

energy and reclamation of water without generating NOx and SOx particles, which involves 

further treatment processes [153]. 

Figure 5.1 shows the phase diagram of water and its physical at 250 bar. Due to the 

high compressibility, the density of water is highly dependent on pressure near the critical  
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Figure 5.1: (a) Phase diagram of water [154], (b) physical properties of water at 

250 bar [155] 

 

point. So, a drastic reduction in pressure is observed. At the supercritical condition, the 

water density is ≲ 0.3 g/cm3, i.e., similar to the gas density [156]. The dielectric constant 

decreases from ~80 to ≲ 6 at and above critical point [157]. Due to this low dielectric 

constant, water becomes non-polar and exhibits miscibility with organic compounds and 

non-polar gases but poor solubility to inorganic salts [158, 159]. Additionally, viscosity is 

lower, and diffusivity is higher in supercritical conditions, allowing for reactions to take 

place at high velocities and without mass transport limitations [160]. Furthermore, the 

interphase mass transfer resistance is diminished or eliminated in SCW, which allows 

reactions to proceed homogenously [161, 162]. This results in a very small conversion time 

scale (in the order of milliseconds), achieving approximately 99.999% chemical 

conversion efficiency [163]. Additionally, the process eliminates NOx and SOx pollution 

by depositing and filtering salt from the reactive flow [164]. Thereby, SCWO poses a 

crucial technical advantage in addressing the waste management challenges in various 

applications. It is considered a green technology due to its high energy recovery, especially 

(a) (b) 
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at higher operation temperatures. [162, 165, 166]. SCWO is an effective method for 

treating various types of organic waste. The technology is particularly useful for 

extraterrestrial waste recovery [149, 167] and urban sewage sludge processing [155, 168, 

169]. Other innovative applications of SCWO include hydrothermal spallation drilling 

[170, 171], hydrothermal jet drilling[172], upgradation of heavy oil [173], extraction of 

bio-crude from bio-fuels [174], nuclear waste disposal [175], low power consuming coal 

gasification cycle [176, 177], hydrogen production from oil gasification [178], disposal of 

recalcitrant contaminants [179], specialty materials preparation by hydrothermal synthesis 

[180-182] etc. Figure 5.2 presents an overview of some of the exotic and unique 

applications of hydrothermal flames.  

 
 

Figure 5.2: Several unique applications of 

SCWO and hydrothermal flames [149] 

 

Despite the many potential benefits of SCWO, the fundamental aspects of reacting 

flow systems under high pressure conditions are not well understood. One major challenge 

in studying SCWO is that gases deviate from ideal gas behavior at high pressures, which 
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can make numerical simulations more complex [183]. Additionally, since reactions in 

SCWO are dominated by mixing phenomena, it is important to take into account the 

multidimensional aspects of the reacting flow system [184]. To address these challenges, 

there is a need for a more comprehensive understanding of the reaction chemistry, coupled 

with the use of real gas models and multidimensional transport simulations. In this chapter, 

the hydrothermal flame of methanol oxidation in supercritical water medium has been 

investigated. The scope of the current study, as well as a review of relevant literature, is 

presented in the following section. Next, a detailed explanation of the modeling approaches 

and simulation results are presented. Finally, results and analyses are presented to 

understand the effect of multidimensional transport on flame formation and extinction. 

Overall, the goal of the chapter is to improve the understanding of the multidimensional 

aspects of hydrothermal flame formation in the supercritical reactors. 

5.2 RECENT WORKS ON HYDROTHERMAL FLAME 

The lack of reliable measurement and diagnostic methodology at extreme high-

pressure systems is one of the main impediments to our understanding of the key features 

of the supercritical reactor and hydrothermal flame arrangements. In recent years, several 

studies have been conducted to understand the fundamental process involved in SCWO, 

mostly centered on experimental investigation and phenomenological observation. Hicks 

et al. [167, 185] described the earlier experiments conducted by NASA to examine the 

ignition of SCWO in drop-rig setup with various fuels, e.g., methanol, methane, etc. They 

explored the possibility of applying hydrothermal flame to oxidize the human metabolic 

waste produced in the space shuttle. In their primary research at NASA Glen Research 

Center (GRC), Ames Research Center (ARC) and experiments carried out in International 
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Space Station in a long-duration microgravity environment. It has been found that a self-

sustaining flame can be generated in a supercritical aqueous stream to oxidize the dissolved 

harmful organic compound. In continuation of this exploration, their latest experimental 

effort [153] investigated hydrothermal ethanol flames in co-flow jets and reported the pre-

ignition, ignition, and stabilization process. They observed hydrothermal flame as a 

luminous reacting zone for a 50%-v fuel flow at 2ml/min. Reddy et al. [186] attempted to 

understand the critical steps of the ignition mechanism of n-propanol-air hydrothermal 

flame and proposed an ignition map for the flame initiation. They reported an optimal fuel 

concentration (2.4 wt% at 360 oC) to initiate a sustainable flame for a particular condition. 

They also concluded that the buoyancy effect ceases to exist as the reactor transforms from 

the near-critical to the supercritical stage. Cabeza et al. [165] presented a cooled wall 

reactor design to investigate the performance of a propanol-air hydrothermal flame. They 

reported a total elimination of organic and nitrogen compounds from the stream without 

preheating the feed. Bermejo et al. [187] demonstrated isopropyl-alcohol (IPA) 

hydrothermal flame in their experimental study. They studied the operation parameters 

(i.e., feed flow, injection temperature, and fuel concentration) and the geometric 

parameters of the injectors. A minimum of 4 wt% IPA was fed into the reactor to maintain 

a stable flame, and the total organic carbon (TOC) was found to be less than 20 ppm in the 

effluent.  

5.3 SCOPE OF CURRENT WORK 

While the concept of supercritical combustion/oxidation has been known for 

decades, it has recently received increased attention because of its importance in high-

efficiency power generation (e.g., Allam cycle [188], where supercritical carbon dioxide is 
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used as working fluid) and also as a potential process for recovering energy and reclaim 

water from wet waste streams (e.g., Hydrothermal flames). This technology has notably 

garnered attention for its applicability in waste management during a space exploration 

mission. Especially, studies on supercritical fluids onboard the International Space Station 

[189] under a collaboration between NASA-CNES (French Space Agency) have further 

intensified the interest in advancing hydrothermal flame [190, 191]. 

During space missions, a substantial amount of organic waste is produced that 

requires proper management. The waste is generally wet and composed of human excreta, 

disposed food, and drinks. Hick et al. [153] reported that approximately 6.8 Kg to 9.6 Kg 

of waste is generated by each astronaut daily. This waste is hazardous, biologically 

unstable, consumes a large amount of space, and poses huge logistical challenges in the 

preparation and organization of extra-terrestrial exploration. Therefore, sustainable 

technological development is required to reduce the frequency of re-supply missions and 

the considerable cost associated with it, and that can achieve resource reclamation from 

water and wet waste streams. SCWO has been considered a viable technique to mitigate 

this challenge.  

Very few studies are available in the literature that reported on the numerical 

investigation of SCWO. This is because modeling combustion processes at very high-

pressure conditions are still challenging. Most importantly, a suitable real gas model is 

required to predict the species' behavior under the supercritical state. Especially in 

diffusion flame formation at high-pressure conditions, the real gas effect has been found to 

be one of the dominant features in predicting the flame location and structure [192]. One 

of the early CFD models of a steady-state SCWO was presented by Oh et al. [193], where 
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the SCWO of isopropanol was simulated for a multi-dimensional domain. The modeling 

results provided insight into the distribution of the chemical components, temperature 

distribution, and salt particle trajectories. Zhou et al. [194] developed a CFD model to 

simulate methane oxidation in co-axial supercritical reactor arrangements and extended 

their model to three-dimensional simulations. Due to the unavailability of a detailed kinetic 

mechanism, they used data fitted global reaction kinetics from Webley and Tester [195]. 

Narayanan et al. [196] presented both experimental and numerical investigations on 

methanol oxidation at 700K and 250 bar conditions. They compared the predicted and 

simulated temperature distribution under different fuel loading conditions. A single-step 

reaction mechanism was utilized to model the oxidation process. In contrast, the eddy 

dissipation model was used to resolve turbulence combustion interaction, assuming that 

the conversion is dominated by turbulent micro-mixing (not by inter-species transport). 

Similar strategies were employed to simulate higher-order alcohol-air hydrothermal flame 

by Queiroz et al. [197] and Reddy et al. [198] for isopropanol and n-propanol, respectively. 

While these numerical efforts employing the modified global kinetics have captured the 

global trend of the process, they failed to explain the disagreements with experimental 

measurement in numerous cases. Moreover, insights into the critical features of ignition 

properties and flame structure could not be elucidated.  

Although limited, there have been some recent advancements in hydrothermal 

flame modeling due to the advent of high-performance computing and numerical packages 

that can couple multi-step chemical kinetic model and real gas effect in computational fluid 

dynamics analyses. In a recent study, Song et al. [27, 28] conducted a two-dimensional 

direction numerical simulation to study the auto-ignition characteristics of hydrogen-air 
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hydrothermal flame by employing a multi-step chemistry of 8 species and 19 reactions. 

One-dimensional counterflow diffusion flame of hydrothermal methanol combustion was 

investigated by  Ren et al. [199]. A 23-species mechanism adjusted from Li et al. [200] 

was employed. Both the effort from these researchers reiterated the importance of multi-

step chemical mechanisms to understand the development and evolution of hydrothermal 

flame. In a recent study, Mansfield et al. [183, 201] investigated methanol combustion in 

low temperature (375 to 475 oC) supercritical water in a batch reactor. While the 

experimental results generally supported the Mansfield chemical kinetic model of 

methanol combustion, the model overpredicted the measured methanol yield 

([MeOH]/[MeOH]initial). 

The selection of chemical compounds for research on hydrothermal flames is 

limited due to a lack of understanding of chemical kinetics at high pressure conditions. The 

fuels most thoroughly studied for reacting flow system include hydrogen, methane, 

methanol and ethanol [183]. Among these compounds, methanol (CH3OH) has been 

particularly well-studied due to its chemical kinetic compactness [202]. Additionally, 

methanol has garnered interest for its diverse applications in various fields, biomass-to-

energy processes [203], hydrothermal liquefaction [204], and as an organic solvent [149]. 

This study conducted multi-dimensional simulations of hydrothermal flame of methanol 

combustion employing a detailed chemical kinetics scheme. The goal of this study is to 

explore the differences and similarities between predictions made using detailed and 

single-step chemistry, in order to gain a deeper understanding of the behavior of the 

hydrothermal flame and the underlying chemical kinetics. 
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5.4 COMPUTATIONAL DOMAINS AND SIMULATION PARAMETERS 

The computational geometry for the numerical study is based on an existing wall-

cooled hydrothermal burner reactor (WCHB-3) developed at ETH Zurich [171, 205, 206]. 

The experimental setup and computational geometry are illustrated in Fig. 5.3. The 

WCHB-3 combustion chamber is formed by a quartz glass cylinder with an inner and outer 

diameter of 8.5 mm and 10 mm, respectively. Inside the chamber, a methanol-water 

mixture is mixed with an oxygen stream, resulting in a hydrothermal flame combustion.  

 

 

Figure 5.3: (a) Sectional view of WCHB-3 reactor, (b) schematic illustration of the 

modeled supercritical reactor (not in scale)  

 

(a) 

(b) 
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The computational geometry (Fig. 5.3b) is designed to replicate the WCHB-3 

combustion chamber, with a co-axial burner configuration where the fuel and water 

mixture is injected through a central orifice of 1.6 mm in diameter, and oxygen is injected 

through an outer annulus with an inlet and outlet diameter of 6 mm and 8.5 mm 

respectively. The total length of the reactor is 75 mm, with an additional 10 mm of 

development length provided at the initial stage. 

Simulation has been conducted for different loading of fuel and water mixture. The 

details of the parameters that have been used in the simulation are summarized in Table 

5.1. All the dimensions and parameters have been chosen according to the experimental 

conditions provided in [196].  

Table 5.1: Parameters and boundary conditions for numerical modeling 

Boundary Velocity 

(m/s) 

Pressure 

(bar) 

Temperature 

(K) 

Mole fraction 

Fuel + water inlet 7 250 700 XMeOH = 0.07~0.12 

XH2O = 0.93~0.88 

Oxygen inlet 0.16 250 700 XO2 = 1 

 

5.5 MATHEMATICAL AND NUMERICAL MODELING 

The mathematical model consists of steady state equations of compressible mass, 

momentum, enthalpy, and species conservation described in chapter 2. For resolving the 

turbulence effects a k −  model has been employed with recommended value of 0.9 for 

tPr  [28]. Peng-Robinson (PR) cubic EOS [33] has been implemented to take account of 

the real gas effect in supercritical conditions. For computation of the critical properties of 

real-gas mixture, we have employed a pseudocritical method [37, 38]. Pseudocritical rules 

provide a means to determine reduced properties for mixtures from the corresponding state 
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properties of the individual species. The detailed descriptions of the conservation 

equations, turbulence and real gas modeling are presented in Chapter 2.  

The conservation equations have been discretized in the finite volume method 

(FVM) presented in chapter 3. The first-order upwind discretization is used for the 

convective term, while the diffusive terms are central-differenced with second-order 

accuracy. The sets of discretized equations are solved in the high-performance software 

package Ansys Fluent [55] with CHEMKIN CFD solver. The first order upwind scheme 

method with Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm 

[39] has been utilized to achieve a steady state solution. The computational domain is 

meshed using a non-uniform distribution of structured quadrilateral elements, having 

higher mesh density at and along the no-slip boundary and reaction zone to resolve the 

velocity, thermal boundary layer and species transport correctly. A total number of 13,500 

quadrilateral elements were used with a maximum and minimum grid size of 0.5 mm and 

0.1 mm respectively. The mesh sizes used for the analyses are chosen as such to ensure 

grid independent solutions. 

5.6 RESULTS AND DISCUSSION 

Numerically obtained results for multi-step methanol hydrothermal combustion has 

been first validated against the experimental measurement [196] and then compared with 

that found utilizing global reaction mechanism. The centerline temperature distribution has 

been plotted in Fig. 5.4. Simulations with the single step oxidation chemistry (CH3OH + 

1.5 O2 = CO2 + 2 H2O) of Narayanan are found to overpredict the flame temperature by 

~25%. And 28% respectively for low (XMeOH = 0.071) and high (XMeOH = 0.097) fuel 

loading studied. For both cases, the predictions from the multi-step kinetic scheme are  
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Figure 5.4: Comparison of centerline temperature 

distribution between simulation with single and multi-step 

chemistry along with the experimental results 

 

found to be in significantly better agreement with the experiment exhibiting a maximum 

of 6% and 9% respectively. Besides, multi-step chemistry performs better in locating the 

flame position (i.e., the peak temperature location). The spatial location of the onset of the 

reaction zone tends to shift upstream as fuel mole fraction is increased which was also 

observed in the experiment, but a single step chemistry failed to predict. 

 
 

Figure 5.5: Steady-state contour plots of temperature for the different fuel loading 
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Figure 5.6: Contour plots of OH mole fraction for the different fuel loading 

 

Simulations have been conducted for different fuel loading conditions to elucidate 

ignition mapping and flame structures. The flame structure and position can be determined 

by the temperature and the OH mole fraction contour presented in Fig. 5.5 and 5.6, 

respectively. At the highest fuel loading, the flame structure resembles a classic non-

premixed jet flame, with the highest temperature region forming at the outer periphery of 

the jet, where the fuel and oxidizer mix to form a combustible mixture. Extremely sharp 

gradients in the flame structure are apparent in the temperature and OH distribution. A 

close comparison of the temperature and OH contour indicates that the flame structure has 

a lower radial and axial gradient under the leanest condition. We would highlight that from 

the simulation results of XMeOH = 0.071, it is difficult to conclude if a flame exists or if the 

temperature increase is due to some partial oxidation processes. The OH concentration is 

found to be extremely low and ranging to a few ppm levels (Fig. 5.6). The lowest fuel 

loading of XMeOH = 0.025 was also simulated to identify the combustion limit. Under this 
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extreme lean condition, the simulations indicated that no hydrothermal flame was 

performed. A maximum temperature of 760K, which is only 60K higher than the wall 

temperature, was observed. With such a low increase in temperature, it is unlikely that 

significant oxidation reactions were taking place. 

 
 

Figure 5.7: Mole fraction distribution of (a) oxygen and (b) methanol for different 

fuel loading (the Fig. is magnified over the high gradient zone for clarity purposes) 

 

To further analyze the effect of fuel loading on flame formation, the mole fraction 

distribution of oxygen and methanol has been depicted in Fig. 5.7. With the increase of 

fuel loading, the penetration depth of the water-methanol stream increases (see Fig. 5.7b). 

A large penetration depth results in higher entrainment from the peripheral zone. On the 

other hand, the lower penetration depth of the core jet at lower fuel loading allows the outer 

peripheral oxygen to transport inwards through convective and diffusive processes (Fig. 

5.7a). The transported oxygen at the core undergoes further mixing with the core until it 

reaches a flammable mixture and forms a lifted flame. The lift height increases as the fuel 

load is reduced further. To better understand the influence of fuel loading in determining 

the penetration depth, the axial component of the velocity and streamlines have been 

plotted in Fig.5.8. In the case of the highest fuel loading in this study (XMeOH = 0.12), an  

(b) (a) 
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Figure 5.8: Contour plots of axial component of velocity and streamline for 

different fuel loading (Figure is magnified over the high gradient zone for clarity 

purpose). Dotted-dashed black line will be used as a reference axial location (x = 

15 mm) to analyze radial distribution. 

 

 
 

Fig. 5.9: Radial distribution of temperature and mole fraction of the species at the 

axial location x = 15 mm (dotted-dashed black line, Fig. 5.8)  
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elongated recirculation zone is observed. Hence, with high oxygen entrainment towards 

the core, a combustible mixture is formed at the outer periphery of the jet. 

Figure 5.9 depicts the radial distribution of temperature and mole fraction of 

MeOH, O2, CO2, and CO at the axial location marked in Fig. 5.8 (dashed black line) for 

the different fuel loading conditions. For the highest fuel loading (XMeOH = 0.12), a 

localized peak temperature zone is evident at r ≈ 1 mm, where fuel and oxidizer are 

consumed, forming a classic non-premixed thin flame structure with a peak temperature of 

~2000 K. On the contrary, with the decreased fuel loading, the maximum flame 

temperature is decreased due to the lower global equivalence ratio, and the high-

temperature region is outspread towards the outer periphery of the reactor, forming a lifted 

diffusion flame. For the lowest fuel loading case (XMeOH = 0.071), fuel diminishes at r ≈ 2 

mm (almost double the value found for the richest case), but the oxidizer is not fully 

consumed and further diffused to the outer periphery (XO2 ≈ 0.1), which is an evidence of 

partial oxidation at this condition. This is further illustrated by inspecting the CO2 and CO 

distribution. For the highest fuel loading case, the CO forms a thin existence along the 

radial location of maximum temperature and then is completely converted into CO2 along 

the radial direction, confirming a complete oxidation. Whereas, for XMeOH = 0.097, the 

peak of CO is flatter and stretched further in the radial direction due to partial combustion. 

Finally, for the leanest of the condition studied (XMeOH = 0.071), CO is present all along 

the radial direction, and at the outer periphery of the reactor, it retains a mole fraction value 

of ~0.01 (10,000 PPM) which is of the same order of CO2 (~0.05 or ~50,000 PPM). The 

unreacted oxygen along the same trail exhibits the incomplete oxidation at this condition.  
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Figure 5.10: Mole fraction distribution of (a) CO and (b) CO2 for different fuel loading. 

Dotted-dashed black line will be used as a reference axial location (x = 35 mm) to 

analyze radial distribution.  

 

The CO and CO2 mole fraction contours for the different fuel loading cases are 

presented in Fig. 5.10. At higher fuel loading, an intense oxidation process takes place and 

results in higher CO2 concentration in the domain with a peak concentration of XCO2 ≈ 0.01 

(100,000 PPM). A thin zone of CO is present at the highest fuel loading, but the peak 

concentration (~0.04 or ~40,000 PPM) is lower by a factor of ~ 2.5. The peak CO is located 

at the fuel-rich zone of the jet. With a decrease in the fuel loading, the CO2 concentration 

decreases significantly, however, a comparatively low decrease in CO is observed. For the 

lowest fuel loading, the CO concentration starts to become comparable with the CO2 

concentration (Fig. 5.11). This suggests the possibility of partial oxidation/incomplete 

combustion in the leanest condition. By comparing the temperature and CO profiles, it can 

be seen that the predicted CO profiles coincide with the flame lift height.  

XMeOH = 0.071 

XMeOH = 0.097 

XMeOH = 0.12 
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Figure 5.11: Radial distribution of mole fraction of the 

CO2 and CO at axial location x = 35 mm (dotted-dashed 

black line, Fig. 5.10)  

 

The radial distribution of the rate of production of CO and CO2 is presented in Fig. 

5.12 for two fuel loading cases (XMeOH = 0.12 and XMeOH = 0.071) at x = 15 mm and x = 

35 mm. At x =15 mm (Fig. 5.12a), the net reaction rate for XMeOH = 0.12 is significantly 

higher than that of XMeOH = 0.071. The peak rates of CO and CO2 production for XMeOH = 

0.12 are ~ 4.5×10-4 and ~ 4×10-4 mol/cm3s, respectively, and they coincide with the peak 

oxygen concentration location (r ~ 1 mm), as shown in Figure 5.9 (bottom right). In 

contrast, for XMeOH = 0.071, the peak production rates of CO and CO2 are reduced by 

approximately 96% and 99%, respectively indicating lower chemical conversion at lower 

fuel loading. Moreover, in this case, the rate of CO production (~ 1.65 ×10-5 mol/cm3s) is 

approximately 4.5 times higher than that of the CO2 (~ 3.75 ×10-6 mol/cm3s) indicating a 

lack of CO to CO2 conversion. 

Axial position, x = 35 mm 
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Figure 5.12: Rate of production (ROP) of CO and CO2 along 

radial distance for XMeOH = 0.071 and XMeOH = 0.12 at two axial 

locations, (a) x = 15 mm, (b) x = 35 mm. 

 

At an axial location of x = 35 mm, the net reaction rates of both fuel loading cases 

decrease significantly (in order of magnitude) as much of the fuel has already been 

consumed. In the case of XMeOH = 0.12, the rate of CO2 and CO production is opposite in 

sign, indicating an increase in CO to CO2 conversion due to complete fuel consumption  

(a) 

(b) 

Axial position, x = 15 mm 

Axial position, x = 35 mm 
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Figure 5.13: Radial distribution of temperature and mole 

fraction of O2 and MeOH at the axial location x = 35 mm 

(dotted-dashed black line, Fig. 5.10). 

 

and availability of sufficient O2 (Fig. 5.13b). However, for XMeOH = 0.071, the production 

rates of CO and CO2 seem to be in competition with each other throughout the radial 

direction due to the presence of unreacted MeOH and O2 (Fig. 5.13a). Although these 

unreacted components continue to react radially, CO to CO2 conversion is unfavorable 

under this condition. To confirm this, the kinetic reaction rates of rxn# 29 (CO + O2 = CO2  

(b) 

XMeOH = 0.12 

(a) 

XMeOH = 0.071 
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Figure 5.14: Rate of reaction of CO to CO2 conversion as 

a function of radial distance at two different axial 

locations, (a) x = 15 mm, (b) x = 35 mm. 

 

+ O) are plotted in Fig. 5.14. At the axial location x = 15 mm, the higher fuel loading 

condition shows a peak reaction rate more than two orders of magnitude greater than that 

of the lower fuel loading condition (Fig. 5.14a). At x = 35 mm, the peak reaction rate for 

XMeOH = 0.12 is ~ 2.5 10-4 mol/cm3s and has a bell curve structure, with maximum 

conversion occurring at r = 1 mm, followed by convective removal of the produced CO2 

Axial position,  

x = 15 mm 

Axial position,  

x = 35 mm 

(a) 

(b) 
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(see Fig. 5.11, red-dashed line). In contrast, for XMeOH = 0.071, the reaction rate remains 

low with a small variation in the radial direction, leading to comparable concentration 

values of CO and CO2 that remain flat (red and black continuous line Fig. 5.11). 

In this section, kinetic parameters associated with the multi-step chemistry 

employed in this study have been assessed. In addition, perturbation analysis was 

conducted to identify the impact of third-body collision efficiency of keys species on the 

overall predictions. In this parametric study, each case represents an increase/decrease of 

third body efficiency of water by a factor of two, respectively, for a reaction, whereas the 

kinetic parameters of the rest of the reactions were unaltered. We were particularly 

interested in the lowest fuel loading cases studied (XMeOH = 0.071) since it exhibits 

incomplete oxidation with an OH concentration in the order of ~1 PPM. This will provide 

valuable insights into the flammability limit based on fuel loading and its dependence on 

the chemical kinetic parameters. 

 
 

Figure 5.15 Percentage of the deviation of peak axial temperature attained by perturbing 

third body efficiency of water compared to unperturbed case (reactions in the green and 

red text represent 100 % increase and 50% decrease of third body efficiency 

respectively). The inset graph showing the spread of axial temperature distribution of the 

simulated cases 



 

116 

 

The deviation of peak axial temperature of the perturbed cases compared to that of 

the base (unperturbed) case has been depicted in Fig. 5.15 (reactions in the green and red 

text represent a factor of two increase and decrease of third body efficiency, respectively). 

The predictions show that the ignition behavior and peak axial temperature are susceptible 

to the third body collision efficiency parameters – undergoing complete extinction or 

establishing a stable flame structure. While the third body efficiency of water was 

decreased by 50%, three of the thirteen simulated cases resulted in complete extinction 

showing maximum deviation of axial peak temperature (~40%) compared to the 

unperturbed case. On the contrary, the opposite trend has been observed when the third 

body efficiency was increased. However, chain terminating reactions O+O+M=O2+M and 

H+OH+M=H2O+M were found to be exhibiting the highest sensitivity to the perturbation 

of the third body efficiency. Regardless of the sign of the perturbation (100% increase and 

50% decrease), these two conditions failed to ignite the mixture. Whereas the chain 

branching reaction CH2O+M=CO+H2+M has been found to show smaller sensitivity to the 

kinetic perturbation and resulted in stable flame with ~1.5% and 0.5% deviation in peak 

axial temperature by increasing and decreasing third body efficiency respectively. The 

inset graph of Fig.5.15 depicts the spread of axial temperature distribution of the simulated 

cases. The span of the peak axial temperature from ~700K (unignited) to ~1260K (ignited) 

confirms the uncertainties rooted in the kinetic parameter values at supercritical condition. 

Figure 5.16 presents the deviation of the location of peak axial temperature for the 

simulated cases. The chain branching reaction HCO+M=H+CO+M shows the highest 

sensitivity; an increase in third body efficiency fails to form an ignition, whereas a stable 

flame is formed by reducing the third body efficiency but with a deviation of ~11% of the 
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location of peak axial temperature compared to unperturbed solution. This effort indicates 

that the kinetic parameters of the reaction mechanics require further scrutiny to analyze 

their applicability and suitability in supercritical conditions. 

 
 

Figure 5.16 Percentage of the deviation of the location of peak axial temperature attained 

by perturbing third body efficiency of water compared to unperturbed case (reactions in 

the green and red text represents 100 % increase and 50% decrease of third body 

efficiency respectively).  

 

5.7 SUMMARY AND CONCLUSION 

This study developed a two-dimensional axisymmetric model to study 

hydrothermal flame produced through methanol oxidation at supercritical conditions. A 

detailed chemical kinetics scheme is employed in the simulations and compared with 

experimental results and predictions using a single-step chemistry model. Results from the 

simulations show that the detailed kinetics scheme can capture the experimental 

measurements both quantitatively and qualitatively. It was found that multi-step chemistry 

performs better than single-step chemistry in predicting temperature and flame location. 

Further simulations have been conducted by varying the fuel loading. A decrease in the 

fuel loading resulted in the formation of a lifted reaction front, with the lift height 
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increasing as the fuel loading decreased. The dynamic balance between convective and 

diffusive effects determines the structure of the flame, which is dictated by the incoming 

fuel loading.  

The concentration and production rates of carbon monoxide (CO) and carbon 

dioxide (CO2) under different fuel loading conditions are discussed. As the fuel loading 

increases, there is more oxidation entrainment near the core, leading to higher CO2 

production. At the highest fuel loading, there is a thin zone of CO, with a peak 

concentration of about 0.04 (40,000 PPM). The peak CO concentration is located at the 

fuel-rich zone of the jet. With a decrease in fuel loading, the CO2 concentration decreases 

significantly, but there is a comparatively low decrease in CO. At the lowest fuel loading, 

the CO concentration becomes comparable with the CO2 concentration, suggesting the 

possibility of partial oxidation/incomplete combustion in the leanest condition. The 

findings suggest that CO2 and CO profiles coincide with the flame lift height. 

The radial distribution of the rate of production of CO and CO2 is presented for two 

fuel loading cases at axials locations of x = 15mm and x = 35mm. At x = 15mm, the net 

reaction rate for the higher fuel loading is significantly higher than that of the lower fuel 

loading. The peak rates of CO and CO2 production are around 4.5×10-4 and 4×10-4 

mol/cm3s, respectively, and they coincide with the peak oxygen concentration location. In 

contrast, for the lower fuel loading, Moreover, in this case, the rate of CO production is 

approximately 4.5 times higher than that of CO2, indicating a lack of CO to CO2 

conversion. At x = 35mm, as fuel is consumed, net reaction rates decrease for both higher 

and lower fuel loading cases. Higher fuel loading shows an increase in CO to CO2 

conversion due to complete fuel consumption and sufficient O2 entrainment. On the other 
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hand, lower fuel loading results in CO and CO2 production rates competing with each other 

radially, leading to an unfavorable CO to CO2 conversion due to the presence of unreacted 

fuel and oxygen. The kinetic reaction rate of CO + O2 = CO2 + O confirms this observation. 

The peak rate of this reaction is more than two orders of magnitude greater for the higher 

fuel loading condition compared to the lower fuel loading condition at x=15mm. 

A parametric study has been conducted to assess the impact of the third-body 

collision efficiency parameters on the overall predictions. By perturbing the third body 

efficiency parameters, it has been found that the ignition behavior of the mixture, flame 

temperature and structure show distinctively different characteristics.  
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CHAPTER 6: CONCLUSION 

6.1 SUMMARY AND MAJOR CONTRIBUTIONS 

The existing knowledge gap regarding reduced-temperature flame modeling and 

the role of multidimensional transport was the intrinsic motivation to pursue this work. In 

Chapter 1, the critical need for multidimensional transport-coupled analysis of low-

temperature flames was emphasized, and the two research cases (i.e., counterflow cool 

flame and hydrothermal flame) were introduced. Chapters 2 and 3 provided a 

comprehensive description of the mathematical and numerical framework used in this 

work. In Chapters 4 and 5, detailed case studies were presented and analyzed. Together, 

this work highlights the significance of multidimensional transport in understanding low-

temperature flames and provides insights into the underlying physics and chemistry 

governing these complex processes. 

In Chapter 4, the numerical analysis of non-premixed cool flame formation of 

dimethyl ether (DME) combustion in counterflow geometry was presented to understand 

the effect of multidimensional transport and its deviation from ideal conditions. It was 

found that the 2D-axisymmetric model prediction was in better agreement with 

experimental measurements compared to the quasi-1D model prediction. The study 

identified the Richardson number as a critical parameter for characterizing the system, with 

cool flames requiring much lower strain rates to sustain. At lower strain rates (a = 60~150), 

the Richardson number is relatively high (0.1~1.5); and the buoyancy effect is significant. 

This highlights the importance of considering the relative importance of buoyancy and flow 
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inertia in determining the flame location in low-temperature combustion in counterflow 

geometries. The deviation of ideal plug flow assumption in counterflow geometries has 

been analyzed. The 2D axisymmetric model resolves this perturbation without imposing 

any radial velocity gradient at the nozzle exits. The deviation originates from the axial 

velocity gradient at the nozzle exits as the global strain rate increases, which cannot be 

modeled by the 1D assumption. By incorporating multidimensional transport, the 

effectiveness of the 2D model in simulating cool flame formation in counterflow geometry 

in a self-consistent manner was demonstrated. Additionally, the model was extended to 

study cool flame extinction at high-pressure conditions, revealing two distinct trends in 

extinction strain rates for different fuel loadings at 3 and 5 atm pressures. 

In the second study of the dissertation (Chapter 5), a hydrothermal flame of 

methanol combustion in a supercritical water medium was simulated using a detailed 

chemical kinetics scheme. Results from the simulations show that the detailed kinetics 

scheme can capture the experimental measurements reasonably well both quantitatively 

and qualitatively in comparison with using a single-step chemistry. Simulations were 

conducted by varying the fuel loading, and it was found that at the highest fuel loading, the 

flame structure resembled a classic non-premixed jet flame, with the highest temperature 

region forming at the outer periphery of the jet, where the fuel and oxidizer mix to form a 

combustible mixture. The temperature and OH distribution exhibit extremely sharp 

gradients in the flame structure. However, as the fuel loading is decreased, the flame 

structure changes and a lifted reaction front is formed, with the lift height increasing as the 

fuel loading is decreased. The structure of the flame is dictated by the dynamic balance 

between convective and diffusive effects, which is determined by the incoming fuel 
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loading. It is worth noting that at a specific fuel loading (XMeOH = 0.071), it was difficult 

to conclude whether a flame exists or if the temperature increase is due to some partial 

oxidation processes, as the OH concentration was found to be extremely low, ranging to a 

few ppm levels. Similarly, under the lowest fuel loading condition of XMeOH = 0.025, the 

simulations indicated that no hydrothermal flame was present, as the maximum 

temperature observed was only 60K higher than the wall temperature, suggesting that 

significant oxidation reactions were unlikely to be taking place. As the fuel loading 

increases, there is more oxidation entrainment near the core, leading to higher CO2 

production. With a decrease in fuel loading, the CO2 concentration decreases significantly, 

but there is a comparatively low decrease in CO. At the lowest fuel loading, the CO 

concentration becomes comparable with the CO2 concentration, suggesting the possibility 

of partial oxidation/incomplete combustion in the leanest condition. Overall, the findings 

from the study suggest that the CO2 and CO profiles coincide with the flame lift height, 

further confirming the importance of considering multidimensional transport in the 

formation and dynamics of hydrothermal flames. 

In summary, the dissertation has contributed significant insights into the behavior 

and structure of low-temperature flames in counterflow and hydrothermal combustion. The 

results can serve as a basis for further research in the field of reacting flow simulations that 

involve multidimensional transport. The study has also advanced the current knowledge 

and understanding of non-premixed flames and can be expected to inspire further research 

in this area. 
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6.2 FUTURE RECOMMENDATIONS 

This dissertation has explored the multidimensional aspects of low-temperature 

flame formation in atmospheric and high-pressure conditions. To further improve the 

model and gain deeper insights, several studies can be conducted using the current 

framework. 

Regarding the study of counterflow cool flame, there are a few notable areas of 

interest that could be explored: 

1. Ignition characteristics and near-limit instability. In current work, the analyses 

were presented based on the steady-state solutions. The transient simulations 

were conducted until a steady-state solution is reached. It will be interesting to 

study the ignition/initiation and the near-limit instability of the flame.  

2. Oscillatory cool flame. Recent studies have shown that the dynamical balance 

of heat generation from negative-temperature coefficient and hot ignition 

kinetics, as well as convective/diffusive heat loss to the far-field, can cause 

oscillatory observations in droplet combustion. A similar assessment could be 

done on the counterflow cool flame formation, either by providing a sinusoidal 

velocity boundary condition or by altering the fuel loading in a cyclic manner. 

The chemical, convective, and diffusive time scales could play a crucial role in 

simulating this phenomenon. 

As for the hydrothermal flame, the following recommendations could be pursued 

as potential follow-up investigations: 

1. Transient model development. The current work developed a steady-state 

numerical framework to simulate hydrothermal flame. To investigate the flame 
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ignition in supercritical water medium, the author recommends extending the 

model to a transient solver. This would provide further insights into 

supercritical water oxidation systems.  

2. Waste stream analyses. Hydrothermal flame has potential applications in the 

treatment of hazardous materials in wastewater. Organic compounds exhibit 

complete solubility in supercritical water, and hydrothermal flame acts as an 

internal source of heat that oxidizes and converts the organic waste into 

inorganic precipitation out of the solution. This could be a topic of investigation 

as a follow-up work for the current effort. 

The recommendations above are based on the experiences gained through the 

course of this dissertation work. The author believes that each proposal could be a Ph.D. 

and/or M.S. level research topic worthy of future exploration. 
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APPENDIX A: COMPARISON BETWEEN 1D CHEMKIN AND 2D 

AXISYMMETRIC OPENFOAM SIMULATION RESULTS

 
 

Figure A1: Comparison of species distribution between 1D and 2D model prediction. 
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Figure A2: Comparison of 1D and 2D model prediction on the heat production from 

major reactions contributing to the chemical heat release. 

 

 
 

Figure A3: Comparison of 1D and 2D model prediction on the rate of production (ROP) 

of OH radical. 
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