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ABSTRACT

HIGH FIDELITY NUMERICAL SIMULATIONS OF TURBULENT JET
IGNITION AND COMBUSTION

By

AbdoulAhad Validi

Turbulent jet ignition (TJI) is a novel ignition enhancement method, which facilitates

the combustion of lean and ultra-lean mixtures in complex propulsion systems and engines.

Here, a comprehensive study of TJI in different combustion systems is conducted with direct

numerical simulation (DNS) and large eddy simulation (LES) methods.

DNS of TJI-assisted combustion of lean hydrogen-air is performed in a three-dimensional

planar jet configuration for various thermo-chemical and flow conditions. Fully compressible

gas dynamics and species equations are solved with high order finite difference methods

and a detailed chemical kinetics mechanism. Several interesting phenomena involved in

TJI-assisted combustion including localized flame extinction/reignition and simultaneous

premixed-diffusion flames are investigated by considering flow/combustion variables like the

heat release, temperature, species concentrations, vorticity, Baroclinic torque, and a newly

defined TJI progress variable.

Numerical simulations of TJI-assisted combustion in a rapid compression machine (RCM)

are also conducted by a hybrid Eulerian-Lagrangian LES method based on the filtered mass

density function (FMDF) model. An immersed boundary method is developed and used

in the LES to facilitate morphing the complex geometries and decrease the Monte Carlo

(MC) particle search and locate operations in FMDF. It also helps to properly handle finite

difference grids and MC particles at the boundaries while maintaining the high accuracy

of the simulator. In the TJI-RCM system, a hot product turbulent jet rapidly propagates



from a pre-chamber (PCh) to a main chamber (MCh). Three main combustion phases

of TJI-assisted combustion in a RCM are delineated as i) cold fuel jet, ii) turbulent hot

product jet, and iii) reverse fuel-air/product jet. The effects of various parameters on these

phases are studied numerically, including the igniter timing and location, lean/rich/N2-

diluted mixtures, and adiabatic vs. non-adiabatic walls.

It is found that the turbulent jet characteristics and the MCh combustion are highly

affected by the PCh turbulence intensity as well as the ignition parameters. For example,

igniting the PCh at the lower locations close to the nozzle forces the PCh charge to fully par-

ticipate in the PCh ignition/combustion processes and prevents the unburned fuels leaking

to the MCh. It also enhances the MCh combustion by generating lower velocity hot product

jets for a longer time. The pressure traces predicted by LES/FMDF are found to be in good

comparison with the available experimental data. The temperature contours are also well

comparable with the experiments.
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Chapter 1

Fundamental Study of Turbulent Jet

Ignition and Combustion in a Lean

Premixed Configuration with DNS

1.1 Chapter summary

Direct numerical simulations (DNS) of turbulent jet ignition (TJI)-assisted combustion of

lean premixed fuel-air mixtures are performed in a three-dimensional planar jet configuration

for various thermo-chemical and flow conditions. TJI is a novel ignition enhancement method

which facilitates the combustion of lean and ultra-lean mixtures by rapidly exposing them

to high temperature combustion products. It is also an efficient method for initiating and

controlling combustion in ultra-lean combustion systems. Fully compressible gas dynamics

and species equations are solved with high order finite difference methods. The hydrogen-air

reaction is simulated with a detailed chemical kinetics mechanism consisting of 9 species

and 38 elementary reactions. The physical processes involved in the TJI-assisted combus-

tion including localized premixed flame extinction and simultaneous premixed/non-premixed

flames are investigated by considering the flame heat release, temperature, species concen-

trations, scalar dissipation, vorticity, Baroclinic torque, and a newly defined TJI progress
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variable. The complex turbulent flame and flow structures are delineated in three main com-

bustion zones as i) hot product jet zone, ii) burned-mixed zone, and iii) flame zone. The

flow structures and statistics, temperature and species distributions, and the flame features

(such as the flame speed and temperature) in the TJI-assisted combustion are found to be

quite different than those in “standard” turbulent premixed combustion. The differences are

mainly due to intensive interactions of the turbulence/flame with a high energy turbulent

hot product jet zone.

1.2 Introduction

Turbulent jet ignition (TJI) is a novel method for initiating and controlling ultra-lean com-

bustion in internal combustion (IC) engines [63], high-speed combustors [46], and other com-

bustion systems [66]. TJI facilitates lean combustion by providing and propagating pockets

of hot and often fuel-rich mixture products as energy and fuel sources throughout the com-

bustor. It not only increases the efficiency and decreases the emissions but also provides

more control over the entire combustion process. TJI-assisted combustion systems typically

include a main chamber, a pre-chamber, and passageways to connect them. An ignition de-

vice (e.g. a spark plug) is installed in the pre-chamber to ignite the charge and creat a high

velocity hot product jet exiting out into the main chamber. This jet initiates and maintains

the main combustion. TJI-assisted combustion of premixed mixtures have been studied in

the past by several investigator, focusing on the transition and the viability of the designed

configurations [15, 94, 39, 20, 22, 80]. Injecting a hot product jet into a fuel-air mixture may

also be a source of strong deflagration [16] and even detonation combustion [22], which are

important to the safety of the related industrial systems [28].
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The ignition and combustion of premixed mixtures by turbulent jets have been studied

and analyzed both numerically and experimentally in different configurations and for various

fuels [15, 94, 39, 20, 22, 80]. The work of [94], for example, provides increased understanding

of the influence of the jet temperature and turbulent mixing on ignition. In the study

conducted by [39], the effects of jet Reynolds number and reactant diffusivity on ignition have

been investigated. Generally, the main focus of these studies and other previous jet ignition

studies was on the transition and the viability of the designed configurations. There is

certainly a need for in-depth studies of the very complicated physical and chemical processes

involved in the TJI-assisted combustion.

One of the major challenges of numerically simulating the TJI-assisted combustion is to

predict different flame types (premixed, non-premixed, flamelet, distributed) at the same

time. The flamelet combustion models based on G-equation [77, 78] and mixture fraction

[81], each are capable of modeling either premixed or non-premixed regimes. The models

based on moment closure [52] can be used in non-premixed regimes. Linear eddy [51] and

scale-similarity models [43] might be better candidates for simulating different combustion

regimes. However, these assumptions may be inappropriate for quantities that are dominated

by small scales (e.g. chemical reactions and scalar dissipation) and therefore, high Reynolds

number zones are unlikely to be resolved. The most promising modeling approaches which

are capable of dealing with different combustion regimes in TJI-assisted combustion processes

are the ones developed based on probability density function (pdf) methods [87] and Monte

Carlo simulation techniques via the filtered density function [41]. The complexities and

challenges of TJI simulations also arise from the strong coupling of the flow and thermo-

chemical variables over a wide range of temporal and spatial scales, and the highly nonlinear,

multicomponent, and unsteady nature of the heat and mass transport and chemical reactions
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[45, 89]. An accurate and reliable numerical approach is clearly required to delineate and

capture the flame and turbulence structures in such systems.

Here, for the first time, we study TJI and combustion in a well characterized three-

dimensional turbulent planar jet (TPJ) [35, 32, 86, 89, 38] via direct numerical simula-

tion (DNS). This configuration is designed such that after a sufficiently long time, the

flow/combustion reaches a “stationary” condition. This unique setup makes the current

work distinguishable from the previous studies in this area and attractive for fundamental

investigations of TJI. The TPJ is composed of hot products of combustion of stoichiometric

hydrogen-air mixture. This jet is injected into a relatively cooler lean premixed hydrogen-air

coflow mixture. The flow and combustion parameters (e.g., the jet width, the streamwise,

cross-stream, and spanwise domain lengths, the main jet and coflow properties, and the

boundary conditions) are important factors in designing the TJI-TPJ to reach a well de-

veloped reacting condition. Both non-reacting and reacting simulations with similar flow

conditions have been performed. One may have difficulty to setup the non-reacting case ex-

perimentally, because the incoming hot turbulent jet naturally ignites the premixed mixture.

Nevertheless, this case provides the opportunity to isolate and study the combustion effects

on the developing turbulent scalar and hydrodynamics fields. Also, the non-reacting flow re-

sults can be compared with those available in the literature for non-isothermal non-reacting

jets [89, 38, 37, 86]. Our direct numerical simulations provide a wealth of data for a better

understanding of various phenomena involved in TJI. These data can also be used to develop

reliable models for Reynolds-average Navier-Stokes (RANS) and large eddy simulation (LES)

of TJI. Here, we study the details of TJI-TPJ and investigate some of its unique features

by analyzing a range of flow/combustion variables. The reacting flow is spatially divided

into near-field and developed regions. In the later region, three main flow/combustion zones
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are identified: i) remnant of the hot product jet zone, ii) burned-mixed zone where the

products of the coflow combustion mix with the remnant of the hot jet, and iii) flame zone

that separates the unburned coflow and burned-mixed zones. Details of the flame-turbulence

structures in each zone including the associated statistics are presented in later sections.

The unique TPJ-TJI setup provides fundamental insights on the complex flame and

turbulence structures in TJI-assisted combustion systems. It can be used for parametric

studies of key flow/combustion parameters. Among important parameters, here, we consider

the very important thermo-chemical conditions of the coflow and the incoming jet to develop

insights into the temporal development of premixed/diffusion flame-turbulence interactions

and various combustion zones. A wide range of coflow compositions is considered, from

ultra-lean to lean mixtures with equivalence ratios of φ = 0.1, 0.2, 0.35, and 0.5. It is found

that TJI is capable of initiating ultra-lean combustion by exposing the mixture, constantly

and for a longer duration, to a high temperature jet. It is shown that the low flammability

limit of Hydrogen-fuel mixture, φ = 0.14, can be decreased more despite the existence of the

localized flame extinctions. We observes an important change in flame type by changing the

jet composition from the products of lean to stoichiometric, and then to rich mixtures. Even

though the flame is mostly of premixed type in all simulated flows, in cases with very rich

initial the mixture the generated jet includes unburned high temperature fuel, which results

into the simultaneous generation of the premixed and diffusion flames. This phenomenon

affects the combustion processes, significantly, by increasing overall temperature and heat

release. Our understanding of TJI-assisted combustion would benefit tremendously from the

DNS data and analysis provided in this study.

This chapter is organized as follows. In §1.3, the governing equations and numeri-

cal methodology are presented. In §1.4, the flow configuration is described. Section 1.5
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provides detailed analysis of the flow and the temporal and spatial evolutions of various

flow/combustion quantities such as heat release rate, temperature, species concentrations,

vorticity, Baroclinic torque, and flame speed. In section 1.6, the effects of the coflow and

incoming jet thermo-chemical properties are studied considering various flow/combustion

quantities such as heat release rate, temperature, species concentrations, vorticity, and a

newly defined TJI progress variable. Section 1.7 summarizes the main findings and conclu-

sion. Section 1.7 summarizes the main findings and conclusions.

1.3 Governing equations and numerical methodology

For this DNS study, an in-house code is developed in which the conservative form of fully

compressible, three-dimensional Navier-Stokes equations is solved with high order numerical

methods. The governing equations include the following continuity, momentum, energy, and

species equations:

∂ρ

∂t
+

∂

∂xi
(ρui) = 0 (i = 1,2,3) , (1.1)

∂

∂t
(ρui) +

∂

∂xj
(ρuiuj) = −

∂p

∂xi
+
∂τij

∂xj
, (1.2)

∂ (ρet)

∂t
+

∂

∂xi
(ρuiet) = −

∂qi
∂xi

+
∂

∂xj
(Θijui) + Q̇e + ρ

Ns
∑
α=1

[φα (ui + uα,i)] , (1.3)

and

∂

∂t
(ρφα) +

∂

∂xi
(ρuiφα) = −

∂Jαi
∂xi

+ ρṠα. (1.4)

In equations 1.1-1.4, the primary variables are the density, ρ, the velocity component in

ith direction, ui, the total energy, et, and the scalar mass fraction, φα, α ≡ 1, . . . ,Ns (Ns
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represents the number of species). Θij is the total stress tensor

Θij = τij + pδij . (1.5)

The viscous stress tensor, τij , is obtained by the following Newtonian model:

τij =
2µ

Re
[

1

2
(
∂ui
∂xj

+
∂uj

∂xi
) −

1

3

∂uk
∂xk

δij] . (1.6)

The heat flux vector, qi, is obtained based on the Fourier law as

qi =
−µ

(γ − 1)RePrM2
∞

∂T

∂xi
, (1.7)

and the species diffusion term

Jαi = ρφαuα,i, (1.8)

is evaluated based on the Fick’s law, where uα,i is the ith component of diffusion velocity for

species α. In equations 1.3 and 1.4, Ṡα is the rate of mass production/destruction per unit

volume for species α by chemical reaction and Q̇e represents the heat release rate calculated

as

Q̇e =
Ns
∑
α=1

Ṡαhα. (1.9)

The total energy and species enthalpy, hα, are expressed as

et =
Ns
∑
α=1

hαφα − p/ρ +
1

2
uiui, (1.10)
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and

hα =

T

∫

T0

Cpα (T )dT +∆h0
f,α, (1.11)

where Cpα and ∆h0
f,α

are the specific heat and enthalpy of formation of species α, respec-

tively. The conservation equations are closed by the equation of state,

p = ρR0T
Ns

∑
α=1

φα
Wα

, (1.12)

where Wα and R0 are the molecular weight of species α and the universal gas constant.

The Chemkin thermodynamic database [49] is used to obtain species thermodynamics and

transport properties. The differential diffusion effects [44] are expected to be important in

the studied hydrogen flame and are included in the calculations.

The combustion of hydrogen-air is modeled with the detailed chemical kinetics mechanism

developed by [102]. This mechanism, which is extensively used in several previous studies on

hydrogen combustion [47, 108, 7, 13], consists of 38 elementary reactions and 9 species (H2,

O2, O, OH, H2O, H, HO2, H2O2, and N2). Table 1.3 shows all the forward and backward

elementary reactions, not readily available in the literature. Reversed rate constants in this

mechanism are computed from the forward rate and equilibrium constants.

The discretization of the governing equations is based on the compact finite difference

scheme [84, 57], which yields up to eighth order spatial accuracy. In order to avoid numerical

instabilities and remove the spurious high frequency fluctuations in the solutions, a low pass,

high order (up to sixth order), spatial implicit filtering operator is used. The time differencing

is based on the third order low storage explicit Runge Kutta method [50]. The numerical

method utilized here has been used previously in DNS and LES of low speed and high speed
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turbulent reacting flows [10, 3, 58, 11] and is proven to be quite accurate and suitable for

the current study.

1.4 Flow configuration

The computational configuration considered in this study consists of a spatially developing,

three-dimensional turbulent jet issuing hot combustion products into an ambient combustible

lean premixed coflow. A schematic of the flow configuration, together with the specifications

of physical dimensions are presented in figure 1.1. The flow evolves spatially in the stream-

wise direction (x). The free stream boundary conditions are imposed in the cross-stream

direction (y), and periodic boundary conditions are implemented in the spanwise direction

(z) [84]. In the TJI-TPJ, the jet expansion is highly affected by the coflow momentum, fuel-

air equivalence ratio, and turbulence-controlled flame speed. A pre-study was performed

for designing a well developed reacting TJI-TPJ configuration. The TJI-TPJ flow hydro-

dynamics, thermo-chemical properties, and geometries have been designed such that stable

combustion regions and zones are established.

Table 1.1 provides the coflow and the jet thermo-chemical properties, where Tco, Uco,

ZHco , and φco represent the temperature, the streamwise velocity, the elemental mass frac-

tion of H radical, and the equivalence ratio of the coflow. The equivalent variables for the

incoming jet are denoted by Tj , Uj , ZHj , and φij . However, φij is the equivalence ratio of an

initial hydrogen-air mixture at a temperature equals to 1000 (K), which its combustion prod-

ucts and temperature are assigned to the incoming jets. The species mass fraction values of

the jets for all six cases are provided in table 1.2. In Case1 to Case4, the coflow compositions

vary from ultra-lean to lean (φco = 0.1, 0.2, 0.35, and 0.5), with the same coflow temperature
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Figure 1.1: Schematic of turbulent jet ignition of turbulent plane jet, TJI-TPJ, configuration.

and velocity, Tco = 850 (K) and Uco = 150 (m/s). These cases have the same hot product

jet with φij = 1.0 and Tj = 2556.0 (K) and can greatly help to analyze the coflow effects on

the turbulence-combustion interactions. They exhibit very different flame behavior from fast

burning to mixed flames with significant finite-chemistry effects and even local extinction.

The effects of the jet composition or equivalence ratio (lean and rich with φij = 0.5 and 2.0)

are investigated by considering Case5 and Case6. In these cases, the same coflow conditions

(equivalence ratio, etc.) as Case3 are considered. Note that by changing the initial mixture

equivalence ratio from 0. to 2.0, effectively the fuel concentration in the products is changed

from none to significant, also the jet temperature is changed from Tj = 2050 to 2350 (K). In

all six cases considered here, the jet velocity is set to be three times of the coflow velocity,

Uj = 3Uco = 450 (m/s). In order to isolate the combustion effects, within the first three flow

through time, the reaction source terms in the energy and species equations (equations 1.3
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and 1.4) are turned off, so that the flow and turbulence fields become fully developed by

t = 3τ0. The simulations performed up to t = 17τ0 in order to accurately calculate the time

averaged statistics. The selected configuration allows the understanding of specific TJI-TPJ

physical features that are believed to be invariant of the geometry and common in practical

TJI-assisted combustion systems [103].

Table 1.1: Thermo-chemical properties of the incoming jets and coflows.
Case # Tj(K) Tco(K) φij

φco ZHj
ZHco

Case1 2556 850 1.0e0 1.0e-1 2.85e-2 4.03e-2
Case2 2556 850 1.0e0 2.0e-1 2.85e-2 7.74e-2
Case3 2556 850 1.0e0 3.5e-1 2.85e-2 1.28e-1
Case4 2556 850 1.0e0 5.0e-1 2.85e-2 1.73e-1
Case5 2050 850 5.0e-1 3.5e-1 1.44e-2 1.28e-1
Case6 2350 850 2.0e0 3.5e-1 5.54e-2 1.28e-1

Table 1.2: The species mass fractions in the incoming jets.
Case # φH2

φH φO2
φO φOH φH2O

φHO2
φH2O2

φN2
Case1-4 2.0e-7 2.1e-4 1.2e-2 1.2e-3 9.9e-3 2.2e-1 2.1e-4 3.4e-7 7.57e-1
Case5 1.9e-7 1.3e-6 1.1e-1 1.7e-4 1.8e-3 1.2e-1 1.6e-6 1.7e-7 7.55e-1
Case6 2.7e-2 3.3e-4 1.2e-5 1.5e-5 9.9e-4 2.4e-1 6.7e-9 6.8e-9 7.24e-1

The grid and time resolution in the simulations are carefully chosen to resolve all turbulent

flame and flow structures. Since a detailed chemical kinetics mechanism [102] is incorporated

to describe the hydrogen-air combustion, the flame structures and scalar fields are signifi-

cantly complex. Therefore, a fine mesh is incorporated for capturing the flame zone as repre-

sented by intermediate radicals, e.g. H [91]. Uniform grid spacings of ∆y =D/60 = 62.5 µm,

∆x = 1.5 × ∆y, and ∆z = 1.9 × ∆y are used in the cross-stream, streamwise, and spanwise

directions, respectively. The grid points around a locally maximum H mass fraction area

are shown in figure 1.2, illustrating a magnified region of the flame front. The minimum

grid points covering the flame thickness (based on H radical) in the entire computational

domain is found to be 9. The minimum grid number for capturing the flame zone based
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Table 1.3: Detailed chemistry model for H2/O2 system.
A Exp of T E

No. Mechanism (cm/mol/s) (kJ/mol)

1 O2 +H ⇌ OH +O
kf 2.20E14 0.00 7.03E01

kb 1.72E13 0.00 3.52E00

2 H2 +O ⇌ OH +H
kf 5.06E04 2.67 2.63E01

kb 2.22E04 2.67 1.82E01

3 H2 +OH ⇌H2O +H
kf 1.00E08 1.60 1.38E01

kb 4.31E08 1.60 7.64E01

4 OH +OH ⇌H2O +O
kf 1.50E09 1.14 0.42E00

kb 1.47E10 1.14 7.10E01

5 H +H +M ⇌H2 +M
kf 1.80E18 -1.00 0.00E00

kb 7.26E18 -1.00 4.36E02

6 H +OH +M ⇌H2O +M
kf 2.20E22 -2.00 0.00E00

kb 3.83E23 -2.00 4.99E02

7 O +O +M ⇌ O2 +M
kf 2.90E17 -1.00 0.00E00

kb 6.55E18 -1.00 4.95E02

8 H +O2 +M ⇌HO2 +M
kf 2.30E18 -0.80 0.00E00

kb 3.19E18 -0.80 1.95E02

9 HO2 +H ⇌ OH +OH
kf 1.50E14 0.00 4.20E00

kb 1.50E13 0.00 1.70E02

10 HO2 +H ⇌H2 +O2
kf 2.50E13 0.00 2.90E00

kb 7.27E13 0.00 2.44E02

11 HO2 +H ⇌H2O +O
kf 3.00E13 0.00 7.20E00

kb 2.95E13 0.00 2.44E02

12 HO2 +O ⇌ OH +O2
kf 1.80E13 0.00 1.70E00

kb 2.30E13 0.00 2.31E02

13 HO2 +OH ⇌H2O +O2
kf 6.00E13 0.00 0.00E00

kb 7.52E14 0.00 3.04E02

14 HO2 +HO2 ⇌ 2HO2
kf 2.50E11 0.00 5.20E00

kb 0.00E00 0.00 0.00E00

15 OH +OH +M ⇌H2O2 +M
kf 3.25E22 -2.00 0.00E00

kb 1.69E24 -2.00 2.02E02

16 H2O2 +H ⇌H2 +O2
kf 1.70E12 0.00 15.70E00

kb 1.32E12 0.00 83.59E00

17 H2O2 +H ⇌H2O +OH
kf 1.00E13 0.00 15.00E00

kb 3.34E12 0.00 3.12E02

18 H2O2 +OH ⇌H2O +HO2
kf 2.80E13 0.00 26.80E00

kb 9.51E12 0.00 8.68E01

19 H2O2 +OH ⇌H2O +HO2
kf 5.40E12 0.00 4.20E00

kb 1.80E13 0.00 1.34E02

k = A.Tn.exp(−Ea/RT ); units: mol, cm3, K, and kcal.
Third-Body M is H2 + 6.5H2O + 0.4O2 + 0.4N2 +O +OH +HO2 +H2O2.
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Figure 1.2: The grid resolution at the flame front, identified based on φH , and a magnified
view of the flame front by a factor of 26 ∶ 1.

on the hydroxyl radical OH is more than 15. The concentration variations of other species

(not shown here) also confirms the scalar fields to be accurately computed with the adopted

grids. However, to further assess the adequacy of grid resolution in different flame and tur-

bulence zones, specially the flame zone, we have computed the local values of the Kolmogrov

length scale, η = (ν
3
ε )

1/4
, and found them to be lower than the grid size ∆ = (∆x∆y∆z)

1
3 .

Therefore, the designed computational mesh is believed to be fine enough to accurately re-

solve all temporal and spatial structures of flow, turbulence, and scalars. In order to ensure

the grid independence, all simulations are conducted with the highest resolution involving

820×660×95 uniform grid points. The computational time increment is set to be smaller than

the smallest characteristic time scales associated with the hydrodynamics and chemistry.

To produce a well developed turbulent inflow, turbulent fluctuations based on an isotropic

turbulence field are added to the incoming hot product jet velocity profiles. This field
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is generated by solving the governing equations with periodic boundary conditions and an

initially random, solenoidal, and Gaussian velocity field for a long time [116]. The turbulence

(velocity) intensity is chosen to be 10% of the hot jet velocity. To obtain temporal statistics,

the simulations are advanced for a sufficiently long time, 17τ0 (τ0 = 218.75 µs, for the average

velocity of Uref =
Uj+Uco

2 = 300 (m/s), and the streamwise domain length of Lx = 17.5×D =

65.625 × 10−3 (m)). Each simulation utilizes about 0.2 million Service Units (SU)s on 250

Intel machines at Michigan State University and University of Texas at Austin.

To produce a well developed turbulent inflow, turbulent fluctuations based on an isotropic

turbulence field are added to the incoming hot product jet velocity profiles. This field

is generated by solving the governing equations with periodic boundary conditions and an

initially random, solenoidal, and Gaussian velocity field for a long time [116]. The turbulence

intensity is chosen to be 10% of the hot jet velocity. To obtain statistics, the simulation is

advanced for three flow-through time, τ0, before averaging the variables for a long time,

17τ0 (τ0 = 218.75 µs, for the average velocity of Uref =
Uj +Uco

2
= 300 (m/s), and the

streamwise domain length of Lx = 17.5 ×D = 65.625 × 10−3 (m)). Each simulation utilizes

about 0.3 million Service Units (SU)s on 250 Intel machines at Michigan State University

[1] and University of Texas at Austin [2].

1.5 Results and discussions: flow and flame features of

TJI-assisted combustion

In this section, the results associated with the flow hydrodynamics and thermo-chemical

conditions of Case3 (shown in tables 1.2 and 1.1) for both non-reacting and reacting flows

are presented and analyzed with a focus on the reacting flow. Within the first three flow
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(a) (b)

(c) (d)

Figure 1.3: Instantaneous contours of the temperature at a middle spanwise plane, (z =

1.5×D), at different times during flow transition from a non-reacting flow to a reacting one.
(τig = 3τ0)

through time, the reaction source terms in the energy and species equations (equations 1.3

and 1.4) are turned off, so that the flow and turbulence fields become fully developed by

t = 3τ0 as seen in figure 1.3(a). The basic characteristics of isothermal and non-isothermal

mixing jets for different thermo-chemical and hydrodynamics conditions have been discussed

in details in previous studies [86, 83, 103, 21, 74, 92, 4, 114, 113]. Here, the non-reacting

TPJ is simulated as a benchmark, providing a unique opportunity to isolate the combustion

effects on the flow and turbulence. The reacting TJI-TPJ simulated in this study is the first

of its kind.
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1.5.1 Flow-flame structure

The flow transition from non-reacting to reacting conditions is shown in figure 1.3, where

the temporal variations of the instantaneous temperature contours are considered. This

transition may not be reproducible experimentally since the reaction can not be suddenly

initiated from a fully developed and mixed turbulent hot product and fuel-air mixture. Figure

1.3(a) shows the already developed non-reacting jet at t = 3τ0, just before the combustion

starts. Figures 1.3(b) and (c) show that, in comparison to the non-reacting jet, the reacting

jet spreads much more in the cross-stream direction as the jet temperature increases by

the formation of flame zones surrounding the jet edges. One of the main effects of the

combustion appears to be on the relatively small flow scales. The sequence of temperature

contours in figures 1.3(a)-(d) clearly shows that small-scale turbulent structures in the jet

zone are gradually removed by the combustion. Yet, the turbulence wrinkles and alters

the local flame structures observed to be formed in the regions surrounding the main jet

(figure 1.3d). Despite their similarities to those observed in “standard” turbulent premixed

flames [93], the flow and flame structures in the TJI-TPJ are significantly influenced by the

existence of the hot product turbulent jet behind the flame in the burned zone.

To better describe the complex flame and turbulence fields in the TJI-TPJ, it is useful to

divide the entire flow into different regions and combustion zones. Primarily, the flow is di-

vided spatially into separate regions based on the physical flame structures, identified by the

heat of reaction. The combustion heat release rate, Q̇e, is a critical quantity to discern flames

and their locations in turbulent reacting flows. The spatial distribution of Q̇e is significantly

dependent on the flame-turbulence interactions. Despite its significance, measuring Q̇e is a

challenging task [75, 71]. Here, Q̇e is conveniently obtained by equation 1.9 [69]. Figure 1.4
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Figure 1.4: Instantaneous heat release rate contour after 17τ0. (Contours presented in the
lower figures are for the y = 0.5 ×D plane (Surfxz in figure 1.1)

shows the instantaneous contours of heat release rate at 17τ0. This figure indicates that the

flow field can indeed be divided into two regions in the streamwise direction: i) near-field

(x ≤ 4D) and ii) developed (x ≥ 4D) regions with very different flame-turbulence features.

In the near-field region, the hot incoming jet essentially causes autoignition at the jet shear

layer and surrounding areas, where the jet heats the premixed coflow and ultimately sustains

the flame in an ultra-lean fuel-air mixture. In addition to the combustion, highly distorted

turbulent structures are developed in this region which enhance the mixing. The process

of flame-turbulence interactions and mixing of the incoming hot jet with cooler premixed

coflow in the reacting shear layer creates relatively thick and geometrically complex flames.

The flame thickness is determined mainly based on the distributed Q̇e values. Marching

in the streamwise direction, a spatially continuous and distorted flame is developed. While

the flame moves away from the main turbulent jet and spreads in the coflow, it becomes

thinner. The Q̇e contour plots in figure 1.4 clearly show the separation of the unburned and
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burned zones in the developed region with the cross-stream spreading of the relatively thin

distorted turbulent flame front. The lower contours in this figure show the Q̇e distribution

in the spanwise direction in a x − z plane at y = D/2 . It is observed that the distributed

high heat release rate values virtually vanish from the main jet as the flow move away from

the near-field to the developed region. Even though the flame and turbulence features vary

over time (as shown in §1.5.3), they appear to be well stabilized in the developed region.

In the developed region of the simulated TJI-TPJ, the flow can be divided into four main

zones based on the flame/turbulence parameters. Figure 1.5 shows the schematic of these

four zones:

I. hot product jet zone,

II. burned-mixed zone,

III. flame zone, and

IV. premixed coflow zone.

In order to identify the above zones, we primarily used the temperature, the H radical

mass fraction, and the heat release rate even though other quantities such as OH mass

fraction, φOH , vorticity, Ð→ω , and Baroclinic torque,
Ð→
β , may also be used. The probability

density functions (PDF)s of temperature, P(T ), and H radical mass fraction, P(φH), and

the scatter plot of φH versus T are shown in figures 1.6(a)-(c). The PDF plots are useful

in delineating the flow into different zones as shown in figure 1.5. The three distinguishable

peaks of P(T ) and P(φH) in figures 1.6(a) and (b) are related to the three active combustion

zones. The data associated with the coflow are not included in these figures. It is worthwhile

to mention that details of the flow and flame may vary with changes in thermo-chemical and

18



Figure 1.5: Various zones in the developed region of the simulated turbulent planar jet with
turbulent jet ignition.

hydrodynamics conditions, but the general characteristics of various zones identified in the

TJI-TPJ configuration stay the same.

The hot product jet zone (labeled as zone I) is identified by the P(T ) peak located at the

highest temperature values in figure 1.6(a) and by the P(φH) peak located at the moderate

φH values in figure 1.6(b). In the non-reacting flow, as expected and shown in figure 1.3(a)

(and figure 1.23b), the jet temperature decreases by 30% in about 16D from the jet inlet due

to heat transfer and mixing of hot jet with the cooler coflow. There is also a temperature

reduction in the reacting jet because the flame temperature of the lean coflow mixture is

considerably lower than the temperature of the hot product incoming jet. However, the

temperature reduction is less than 10%, due to heating of the remnant hot product jet zone

by the reaction. The initial value of φH in the hot product jet is also increased from 0.4×10−4

to 2.1×10−4, which is consistent with the amount of H radical generated through combustion

of the lean coflow mixture.

The P(T ) peak in the intermediate temperature range in figure 1.6(a) and the P(φH)

peak in the lowest φH range in figure 1.6(b) are both associated with the burned-mixed

zone, which is labeled as zone II. There is a significant interaction between turbulence and

flame and, as it can be observed in the scatter plot of φH versus T in figure 1.6(c), there
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(c)

Figure 1.6: Marginal PDFs of (a) Temperature and (b) H radical mass fraction. (c) Scatter
plot of H radical mass fraction and temperature.
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may not be well defined and fine boundaries between zone II and its neighboring zones,

particularly, the hot product jet zone. The P(T ) peak falls in between the adiabatic flame

temperature of the lean coflow and the hot product jet temperature. This clearly indicates

that on average the coflow mixture is exposed to a sufficient amount of heat to initiate and

sustain the combustion as zone II is significantly affected by the hot product jet. In contrast,

the peak of P(φH) occurs at the smallest φH values. As a reliable variable to identify the

flame front, the maximum values of φH occur at the flame front. The φH values in the

burned-mixed zone are less than their values in the hot product jet and flame front zones

as the lean premixed combustion heat and products are diffused toward the main inner jet

and coflow. The burned-mixed zone in the TJI-TPJ has some similarities with the burned

zone appearing in standard turbulent premixed flames [88, 93, 17], but with relatively higher

temperature and product species mass fraction values. The complexity of this zone arises

from the strong interactions of the inner hot product jet turbulence and composition fields

with the lean premixed turbulent flame.

The P(T ) peak in the lowest temperature range or zone III of figure 1.6(a) and the P(φH)

peak in the highest φH range in figure 1.6(b) are associated with the flame temperature and

φH at the flame front of combustion of lean hydrogen-air mixture (with equivalence ratio of

0.35 and initial temperature of 850 (K)). These two peaks clearly identify the flame zone.

Similar to what has been suggested for standard turbulent premixed flames [23, 88, 93, 17, 14],

three areas in the flame zones can be identified:

III.1) Preheated zone which is located very close to the flame front but inside the unburned

fresh coflow mixture. This zone is shown in figure 1.6(c) and also in figure 1.5 by a

shadow area on top of the flame front.
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III.2) Flame front which is identified by the highest φH values and a relatively higher tem-

perature than the adiabatic flame temperature of lean mixture. This zone is a thin

wrinkled flame sheet separating unburned zone form the other zones as shown in figures

1.5 and 1.6(c).

III.3) Behind the flame front in burned-mixed zone which has a φH level less than that in

the flame front (figure 1.6c). It is worthwhile to emphasize that the temperature and

H mass fraction in area III.3 and the entire flame zone are greater than those expected

for a standard turbulent premixed flame [30, 61, 33, 55, 60] because of the heat transfer

and mixing with the hot product jet.

Having various combustion zones in the flow/flame fields identified, we can study the

effects of combustion on these zones by examining scalar variables (like T , H2, OH, and H)

and hydrodynamics variables (like ω, and Baroclinic torque). Figure 1.7 shows the temper-

ature contours for both non-reacting and reacting flows at 17τ0. Comparing these results to

the ones presented in figure 1.3(a) and (d) confirms that the reacting flow is already well

developed at t = 4τ0 and it is qualitatively similar to that shown at t = 17τ0. Our simulations

are conducted for a long time to calculate the statistics. The small turbulent flow structures

in non-reacting flow, as seen in figure 1.7, are virtually eliminated by the combustion. In

the spanwise direction, the flow field is shown to be initially homogeneous and isotropic

due to the imposed turbulent inflow. It stays homogeneous further downstream, but with

considerably larger turbulent scales. Evidently, reaction causes the formation of complex

combustion zones, particularly, at the shear layers and also considerable jet spreading and

heating. However, the flame/turbulence structures at the flame zones are not well character-

ized by the temperature contours, since the incoming jet temperature is considerably higher
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(a) (b)

Figure 1.7: Instantaneous Temperature contours for: (a) Non-reacting and (b) Reacting
cases after 17 flow through time, τ0.

than the adiabatic flame temperature of the lean coflow combustion.

To find suitable flame markers which correlate well with the flame and Q̇e, the spatial

distributions of various species in the TJI-TPJ flow field have been examined in details. The

fuel mass fraction contours (not shown here) generally represent the main reactive areas;

however, more details of the flow/flame scalar fields can be obtained by considering the rad-

ical species like OH and H. As the jet composition is made of the products of stoichiometric

hydrogen-air mixture combustion, the φOH values in the hot jet are relatively high, as op-

posed to that in the lean premixed coflow combustion. Naturally, in the non-reacting flow

the high OH and H concentrations in the hot product jet are considerably diluted through

mixing with the coflow, exhibiting qualitatively similar behavior to temperature in figure

1.7(a). In the reacting case, as shown in figure 1.8(a), the OH radical generated by the

combustion (very intensively in the near-field region and less intensively in the developed

region) adds up to the initial amount of OH in the jet, causing the maximum φOH to occur

in the hot product zone and not in the flame zone. In standard premixed flames, OH radi-

cals can identify the flame zone [64, 111, 13]. Figure 1.8(a) shows that the φOH values are
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(a) (b)

Figure 1.8: Instantaneous (a) OH and (b) H concentration contours for reacting flow at
t = 17τ0.

indeed higher in the flame front than those in the immediate flame surrounding. However,

since the OH concentration in the stoichiometricly-burned product jet is already significant,

isolation of the flame front by φOH becomes somewhat difficult. In contrast to OH, the H

radical level is relatively low in the hot product jet, Consequently, as shown in figure 1.8(b),

φH better identifies the location of the flame front. Within the near-field region, the high

values of φH initially occur at the edges of the incoming jet before spreading into the jet

as shear layers develop and generate relatively thick flames. In the developed region, φH

values maximize at the flame front and drop to very low values in the burned-mixed zone,

consistent with the heat release rate contour plots in figure 1.4.

The scatter plot of φOH versus Q̇e, colored based on flow/combustion zones, in figure

1.9(a) quantifies the relationship between these two variables. Low correlation (with corre-

lation coefficient of 0.35) between φOH and Q̇e indicates that the OH radical is not suitable

for isolating the flame in the TJI-TPJ configuration. In contrast, the scatter plot of φH and

Q̇e in figure 1.9(b) exhibits a high correlation (with correlation coefficient of 0.88) between

these two quantities. In conclusion, because of relatively low φH in the product jet, H rad-
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(a) (b)

Figure 1.9: Scatter plots of Q̇e, φH , and φOH , an illustration of the spatial correlation
between heat release rate and (a) OH mass fraction and (b) H mass fraction .

ical (and other species with similar behavior like O, HO2, and H2O2) is better representing

the lean flame front in the simulated TJI-TPJ by providing clear boundaries between the

unburned and burned-mixed zones. Note that figures 1.9(a) and (b) are associated with the

flow in the developed region. Due to more significant interactions of flame and flow in the

near-field region, the corresponding correlation coefficients are lower (0.32 for φOH with Q̇e

and 0.84 for φH with Q̇e) in this region.

To further investigate the behavior of OH, H, and other species in the simulated TJI-

TPJ configuration, the spatial distribution of all reactive species is examined. Figures 1.10(a)

and (b) show the normalized species mass fractions at two streamwise locations ξ = x/D = 4

and 16 (shown in figure 1.1) versus the cross-stream distance from centerline, normalized

by the the jet half width, i.e. ζ = y/(D/2). The species mass fractions are normalized by

their local maximum values. Evidently and expectedly, the reactive species follow different

trends in different zones. While the fuel is completely consumed in the flame zone and has

zero concentration in the burned-mixed and hot jet zones, considerable amount of O2 is

transported to and mixed with the main core jet. H and O radicals as well as HO2 and
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H2O2 species follow a similar trend. Their mass fraction values remain relatively small in the

burned-mixed and hot jet zones and increase at the flame front at 5.5 ≤ ζ ≤ 5.8. In contrast,

the OH and H2O mass fractions maximize in the hot product jet zone and not at the flame

front, where their values are not distinguishable from those in the neighboring zones. A close

examination of figures 1.10(a) and (b) indicates that the H2, H, O2, O, HO2, and H2O2

mass fraction profiles at ξ = 4 and 16 are similar at the flame front, indicating self similar

trends in the species distribution in this zone, but not necessarily at the burned-mixed and

hot jet zones. The OH and H2O profiles are quite different along these two locations, where

self similarity can not be achieved for these two species in the simulated flow.

The influence of combustion on the flow variables around the flame zone is further studied

by considering the conditional joint PDF of the temperature and H mass fraction in areas

with 1000 ⩽ T ⩽ 1800, P(T,φH ∣ 1000 ⩽ T ⩽ 1800), in figure 1.11(a). Similar to figure 1.6(c),

a normal bell shaped profile can be observed for the joint T -φH PDF. In the areas with

temperatures less than the adiabatic flame temperature (e.g., in the preheated zone very

close to the flame front inside the unburned coflow) φH and T vary within the same range

as they do at the flame front. However, the values of P(T,φH ∣ T ) at the flame front are

lower than those behind the flame front. In fact, the area behind the flame front inside the

burned-mixed zone accounts for majority of the high temperature values in zone III.3 in

figure 1.6(c). This confirms that the flame front is a thin zone surrounded by hot premixed

mixture and products. These results are consistent with the conditional marginal PDF of

temperature in the flame zone, conditioned on 4 ⩽ φH × 104 ⩽ 6, in figure 1.11(b). As shown

in figure 1.6(c) (zone III.2), 4 ⩽ φH × 104 ⩽ 6 corresponds to the flame front. The PDF of

temperature within the flame zone, P(T ∣ φH), is somewhat similar to that one normally

seen in a standard lean premixed flame autoignited at 850 (K). It is close to a normal
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(a)

(b)

Figure 1.10: Normalized species mass fractions versus ζ at (a) ξ = 4 and (b) ξ = 16.
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Figure 1.11: Conditional joint and marginal PDFs. (a) Conditional joint PDF of temperature
and φH , P(T,φH ∣ 1000 ⩽ T ⩽ 1800) (b) Conditional marginal PDF of temperature, P(T ∣

4 × 10−4 ⩽ φH ⩽ 6 × 10−4).

distribution with a peak around 1480 (K) and a significant variance. However, the profile

is skewed toward higher temperatures, mostly because of preheating of the flame by the hot

jet. The plateau at the right end of the P(T ∣ φH), where the flame starts to diminish,

is associated with the burned-mixed zone. Since the standard deviation of P(T ∣ φH) is

relatively high, the temperature might not be a good indicator for the flame location in the

simulated TJI-TPJ configuration as opposed to standard turbulent premixed flames.

In addition to heat release, temperature, and species we have also considered the behav-

ior of turbulent variables like vorticity in the TJI-TPJ. Figure 1.12 shows the contours of

vorticity magnitude, ω = ∣
Ð→ω ∣, for both non-reacting and reacting cases. The contour values

have been adjusted so that quantitative comparisons can be made. It can be seen in figure

1.12(a) that the simulated non-isothermal jet is highly turbulent with significant fluctuations

at all length (and time) scales. Overall, a similar vorticity field is observed in reacting and

non-reacting flows, even though the small-scale turbulent structures are clearly depleted by
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Figure 1.12: Instantaneous vorticity magnitude, ω, contours for (a) Non-reacting and (b)
Reacting cases at t = 17τ0.

the combustion. In the near-field region, the vortex stretching and compressibility are the

sources of the vorticity production. Further downstream in the developed region, the sig-

nificant variations in density and pressure cause the Baroclinic torque,
Ð→
β = 1

ρ ∇ρ × ∇P , to

play a more important role in generating vorticity. This behavior is generally the same in

both non-reacting and reacting flows. Close to the flame zone, the Baroclinic torque and the

vortex stretching are the main sources of generating vorticity. However, in the combustion

zones the vorticity field is negatively affected by the reaction because heat release induces

volumetric flow expansion and temperature dependency of viscosity increases the dissipation

of vorticity.

The flame surfaces are convected, wrinkled, and strained (much more intensely in the

near-field region) by the turbulence propagating with relatively high velocities parallel and

perpendicular to the coflow. Yet, even for the lean premixed flame considered here, the

turbulence is not strong enough to cause a noticeable local flame extinction and flame surface

breakup as observed in figure 1.8(b). There is a pressure field associated with the heat of

reaction of the wrinkled flame and expanded flow, that indirectly affects the flame sheet
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evolution through oscillations in the velocity field. As expected, there are also locally large

density drops in the combustion zones. The accumulative effects of pressure and density

gradients and their misalignment make the Baroclinic torque (or the magnitude of it, β = ∣
Ð→
β ∣)

a suitable turbulent “hydrodynamic” variable for characterizing the simulated TJI-TPJ.

In figure 1.13(a) it can be observed that even in the absence of the reaction, significant

β is generated at the shear layer due to density jump between hot jet and coflow. Further

downstream, turbulent mixing causes more distributed values of low level β throughout the

domain, particularly, at small-scales. The same general behavior can be observed to exist

in figure 1.13(b) for the reacting case. In fact, the Baroclinic torque distribution in the

near-field region is very similar even though they are different in the developed region when

there is combustion. In the near-field region and inside the reactive zones at the overlap of

the hot product and burned-mixed zones, β is generated mainly due to density difference

between the incoming hot jet and products of the lean coflow combustion. In the developed

region, the dominant mechanism for Baroclinic torque generation is changing as the density

gradients decrease. Large scale variations in β are virtually eliminated by the combustion in

the reacting flow. The importance of β in representing the flame front is clearly evident in

figure 1.13(b), where it is shown that the local maximum values of β in the flame zone are

remarkably similar to the local maximum values of Q̇e and φH . The single point marginal

PDFs of Baroclinic torque for non-reacting and reacting cases are shown in figure 1.14.

Consistent with figures 1.13(a) and (b), a wide range of Baroclinic torque values exists in

the domain in both cases. This figure also confirms that the high β values seen in the non-

reacting flow disappear in the reacting flow and the relatively small values become dominant.

This indicates that in the simulated TJI-TPJ configuration, combustion negatively affects

the large and small-scale vorticity fields not only because of volumetric flow expansion and
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Figure 1.13: Instantaneous Baroclinic torque, β contours for: (a) Non-reacting and (b)
Reacting cases at t = 17τ0.
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Figure 1.14: Marginal PDF of β, P(φβ).

increase in viscosity, but also because of reduction in high Baroclinic torque generation.

Figure 1.15(a) shows the conditional mean and confidence intervals of the Baroclinic

torque, µβ ± σβ , conditioned on φH . The coflow values are included in these conditional

plots. Note that by increasing φH one effectively moves from the coflow and burned-mixed

zones toward the remnant hot jet zone and, afterward, to the flame zone. Figure 1.15(a)

shows that at low φH values, associated with the burned mixed zone, the mean Baroclinic

torque µβ is small. µβ increases in the hot jet zone but it maximizes at the flame zone. A
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similar behavior to µβ is observed for the scalar dissipation rate of H radical, χH , defined

as [101]

χH =D [(
∂φH
∂x

)
2

+ (
∂φH
∂y

)
2

+ (
∂φH
∂z

)
2

] , (1.13)

where D is the diffusivity coefficient, a function of temperature. The scalar dissipation rate

is tied to the turbulent velocity field. Since χH and β both are transported by turbulence

from the jet to the coflow in a similar way, χH follows similar trends to those for β. The

flame structure can be captured by χH .

Figure 1.15(b) shows the conditional mean and confidence intervals of χH , µχH ± σχH ,

versus φH . The relatively low values of µχH in the burned-mixed and coflow zones are due

to the small and somewhat uniform values of φH in these zones. In the remnant hot jet zone,

µχH increases due to stronger variations in φH and also D. High flame wrinkling results

into large scalar gradients or χH at the flame front where 5×10−4 ⩽ φH ⩽ 6×10−4 (area III.2

in figure 1.6c). However, in the two sides of the flame (zones III.1 and III.2 in figure 1.6c),

behind the flame front in the burned-mixed zone side and in the preheated zone in the coflow

side, µχH decreases. Thus, the highest values of χH are associated with the flame front,

which can also be used to identify its location. Comparison between figures 1.15(a) and (b)

additionally confirms that β is a suitable turbulent (hydrodynamic) quantity for identifying

the flame in the TJI-TPJ configuration.

1.5.2 Turbulent flame speed

A simple method is used to calculate the turbulent flame speed. Figures 1.16(a) and (b)

show the time and spanwise averaged temperature ⟨T ⟩
s

for non-reacting and reacting cases.

The jet spread rate in the reacting flow is considerably greater than that in the non-reacting
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Figure 1.15: Conditional means and confidence bounds of (a) Baroclinic torque, β, and (b)
scalar dissipation rate of H radical.

flow, mainly, because of the turbulent burning velocity. The combustion induced changes in

the flow and turbulence within the burned-mixed and hot product jet zones also have some

effects on the jet spread rate. These effects can not be well characterized and are expected

to be less significant than the flame propagation speed; thus, they are not included in our

flame speed calculations.

Assume points pN and pR in figures 1.16 to be located at the edge of the non-reacting and

reacting jets at the geometrical locations of (xpN , ypN ) and (xpR , ypR), where xpN = xpR .

The jet angles can be calculated as αN = tan−1 (
ypN
xpN

) and αR = tan−1 (
ypR
xpR

), assuming

the origin of the angles is located at the virtual jet origin [53]. The turbulent flame speed

at any axial location can then be calculated as ST =
ypR−ypN

tT
, where tT = u

xpN
and u are

time and convective velocity. Figure 1.17(a) shows the variations of the calculated turbulent

flame speed, ST , and the turbulence intensity, I =
(u′

2
+v′

2
+w′

2
)

1
2

Uref
, at the flame front, where

Uref =
Uco+Uj

2 = 300 (m/s) is the average of the coflow and hot product jet velocities.

It is observed that the turbulence intensity constantly decreases along the jet, as the jet
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spreading and combustion simultaneously dissipate turbulent structures inside the jet and

at the flame front. It is also shown that the turbulent flame speed is directly correlated to

the turbulence intensity; the higher turbulence intensity, the higher turbulent flame speed.

These results are consistent with previous studies [59, 12]. Various analytical, numerical, and

experimental studies have been previously used to calculate the hydrogen turbulent flame

speed [112, 97]. Despite differences in thermo-chemical conditions, the calculated hydrogen

turbulent flame speeds are found to be comparable but slightly higher than those reported

in the literature possibly due to different flow/flame structures in the burned zone and the

existence of the hot jet. Close examination of the instantaneous temperature, heat release,

and species distributions at different times indicates strong variations in flame structure and

turbulence intensity, which is not evident in the mean flame speed profiles in figure 1.17(a).

Figure 1.17(b) shows the conditional (conditioned on φH) mean and confidence intervals of

I, µI ±σI , versus φH for the entire flow. The high standard deviation of turbulence intensity

at the flame zone, where 4×10−4 ⩽ φH ⩽ 6×10−4, is an indicator of a strong variation in local

flame speed. Contrary to the standard turbulent premixed flames, in the studied TJI-TPJ

configuration a high temperature and momentum turbulent flow exists behind the flame

front in the burned zone, which enhances the combustion at the flame zone and increases

the flame burning velocity, ST . This is evident in figure 1.17(b), which shows relatively high

turbulence intensities in the burned-mixed and hot jet zones (1 × 10−4 ⩽ φH ⩽ 4 × 10−4).

1.5.3 Temporal and spatial variations of turbulent variables

In order to quantitatively characterize the flame and turbulence dynamics in the TJI-TPJ,

time signals of the streamwise velocity, temperature, and H radical mass fraction, with the

corresponding PDF, mean, µ, standard deviation, σ, Skewness, S, and Kurtosis, K, for Case3
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Figure 1.16: Contours of time and spanwise averaged temperature and the jet span spread
rate for (a) Non-reacting and (b) Reacting cases.
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Figure 1.17: (a) Turbulent flame speed, ST , and turbulence intensity, I, at flame front
vs. streamwise flow direction, (b) Conditional mean and confidence bounds of turbulence
intensity.
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presented in table 1.1 are presented in figures 1.18-1.22 for the duration of 17τ0 to 20τ0 at

five different points shown in figure 1.1.

Point1: This point is located inside the coflow far away from the flame front. Figure

1.18 provides the essential information required to understand the flow variations at this

point. Figures 1.18(a)-(c) show the time variation of instantaneous streamwise velocity, u1,

temperature, T1, and H radical mass fraction, φH1
, while figures 1.18(d)-(f) present the

associated PDFs. The statistics are presented in figure 1.18(g). The time signals of T1,

u1, and φH1
show oscillations around the coflow values close to those provided in table

1.1 for Case3. The mean and standard deviation of velocity are µu1 = 149 (m/s) and

σu1 = 1.62 (m/s), consistent with the coflow values. The small negative value of Su1 is

consistent with the P(u1) to be negatively skewed. Ku1 is equal to 2.75, close to the

value for a normal distribution. The T1 signal is positively skewed, with small standard

deviation. Since Point1 is located out of the combustion zones, µφH1
and σφH1

are zero.

Nevertheless, large positive values of SφH1
and KφH1

indicate that small residuals of the

H radical produced in the flame zone are sporadically transported to Point1.

Point2: This point is located in the preheated zone very close to the flame front (in the

coflow side). However, the flow at this point is still strongly affected by the coflow; the

streamwise velocity component oscillates in the range of Uco as shown in figures 1.19(a) and

(d). The mean velocity µu2 is equal to 160 (m/s) with relatively small standard deviation,

σu2 = 3.12 (m/s). The u2 signals also show an asymmetric, negatively skewed behavior. T2

signals show a bimodal distribution of temperature varying widely from coflow temperature

Tco to the adiabatic flame temperature of the lean mixture as normally expected in the

preheated zone of premixed flames [17]. P(φH2
) forms a trimodal distribution indicating
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Figure 1.19: (a-c) instantaneous variations of u2, T2, and φH2
in time; (d-f) PDF of u2, T2,

and φH2
; and (g) associated µ, σ, S, and K.

that in time three different types of the flow pass through Point2, namely those seen in the

coflow, the preheated, and flame zones. At this point, the φH values vary from zero (the

coflow), to 1 × 10−4 (the preheated flame zone), to 5 × 10−4 (the flame front).

Point3: This point is also located at the flame front but inside the reacting zone. The flow

at Point3 is affected by the burned-mixed zone. Figures 1.20(a) and (d) show that the

turbulent flow at this point has higher velocity than the coflow, therefore, µu3 = 169 (m/s)

and σu2 = 11.46 (m/s) are larger than their corresponding values at Point2. P(u3) is

positively skewed with the highest Kurtosis, Ku3 = 4.04, as compared to those at other

points. It is shown in figures 1.20(b) and (e) that Point3 temperature oscillates between

the flame front temperature and the higher temperatures associated with the burned-mixed
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Figure 1.20: (a-c) instantaneous variations of u3, T3, and φH3
in time; (d-f) PDF of u3, T3,

and φH3
; and (g) associated µ, σ, S, and K.

zone with µT3
and σT3

of 1757 (K) and 130 (K), respectively. P(T3) is a right skewed

distribution, which suggests that this point is indeed affected by the burned-mixed zone.

As expected, the φH3
values are lower than those in the flame zone. P(φH3

) also shows

a right skewed distribution with a relatively small peak values and less weighting at the

right tail. Since the flame front is highly distorted and the flame location changes in time,

the characterization of the flame by fixed spatial points is difficult. Our examination of

heat release rate and H radical contours indicates that the flame front flickers between

Point2 and Point3 in time. Thus, the simultaneous results in these points provide a better

understanding of the flame behavior and associated scalar and hydrodynamic fields in time.
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Point4: This point is located inside the burned-mixed zone, where unlike Point3, the flow

field is significantly affected by the hot product jet. Figures 1.21(a) and (d) show that the

velocity at this point is widely changing in time with the mean velocity of µu4 = 262 (m/s)

and relatively high standard deviation of σu4 = 35.55 (m/s), an indication of intensive

turbulence. A Gaussian distribution can be fitted to P(u4) since it generates a near zero

skewness of Su4 = 0.02 and Kurtosis of Ku4 = 2.31. The influences of the hot product jet

can be more clearly observed in the T4 signals which they are generally greater than T3.

The mean and standard deviation of temperature at this point, µT4
and σT4

, are equal to

2065 (K) and 116 (K), respectively. P(T4) is a negatively skewed distribution with a high

peak around the mean values of µT4
= 2065 (K). Similarly, µφH4

is higher than µφH3
,

indicating again the influence of the hot jet which consists of higher H radicals. The PDF

of φH4
, P(φH4

), is positively skewed and has a concentrated distribution and a high peak

around the mean value of 0.5 × 10−4.

Point5: This point is located deep inside the hot product jet, exhibiting the features ex-

pected for a reacting hot turbulent jet mixing with a cooler premixed fuel-air mixture.

Figure 1.22 provides the essential information for studying the temporal flow features at

this point. The velocity values are the highest when compared to those at other points with

µu5 = 316 (m/s) and σu5 = 32.1 (m/s). The Skewness and Kurtosis for the velocity distri-

bution are equal to −0.002 and 2.65 (figure 1.22g) which suggest a symmetric and nearly

Gaussian distribution. The temperature signals at this point (figure 1.22b) show a bimodal

P(T5) distribution (figure 1.22e), indicating the influences of both burned-mixed and hot

jet zones. This suggests that distinguishing burned-mixed zone from the hot product zone

may not be trivial and there is an overlap between these two zones even at the center of the
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hot jet. However, higher temperature and H radical mass fraction at Point5 (figure 1.22b

and c), in comparison to those at Pint4, indicate that the dominant effects at Point5 are

those due hot product jet. This is also shown in figure 1.22(e) and (f), where the P(T5)

and P(φH5
) are observed to peak around higher T and φH5

values.

The results in figures 1.18-1.22 show the time history of the flow variables and appropriate

statistics at limited number of points. To better show the average spatial variations of flow

variables in the TJI-TPJ, the mean and root mean square (rms) values of the streamwise

velocity and temperature along several axial and lateral directions are considered. These

results are obtained by time averaging for about 17τ0 which is a sufficiently long time to

assess the high order statistics. To analyze the self similarity [86, 32] of these variables in the

42



simulated TJI-TPJ configuration, one may normalize the calculated statistics by spatially

variable normalization factors; for example, velocity components might be normalized by the

maximum local velocity. However, here we scale the variables by constant factors (i.e. the

coflow velocity and temperature, Uco and Tco) in order to show their spatial behavior.

Figure 1.23 shows the mean velocity and temperature, ⟨u⟩s /Uco and ⟨T ⟩
s
/Tco, versus the

streamwise direction (ξ = x/D) at ζ = y/(D/2) = 0,4, and 8. Note that the origin of ζ is at

the middle of computational domain, so that ζ = 0 and ζ = 8 correspond to the jet centerline

and coflow, respectively. It can be observed in figure 1.23(a) that for both reacting and non-

reacting flows inside the hot product jet zone the mean velocity generally decreases along the

streamwise direction, first very rapidly in the near-field region then slowly in the developed

region. The behavior is similar for both flows in the near-field region. However, in the

developed region ⟨u⟩s /Uco decreases less in the reacting flow than in the non-reacting flow,

suggesting that the heat of combustion not only causes the jet to spread in the cross-stream,

it also enhances the jet velocity in the streamwise direction. The non-reacting ⟨u⟩s /Uco

values inside the coflow (ζ = 8) stay unchanged, whereas the reacting values slightly increase

at the intersection of the coflow and combustion zones.

The streamwise variations of ⟨T ⟩
s
/Tco as shown in figure 1.23(b) exhibit more interesting

trends. The maximum value of ⟨T ⟩
s
/Tco is equal to Tj/Tco = 2556/850 = 3.01 for both non-

reacting and reacting flows and occurs at the inlet. As expected, along the jet centerline

(ζ = 0) the mean temperature is decreased less and is even slightly increased in the reacting

case because of the combustion. The spatial shifts between different flow zones can be better

represented along ζ = 4, where the coflow is initially the dominant zone. At this cross-stream

location, ⟨T ⟩
s
/Tco of the reacting flow increases from 1 at ξ ≃ 8 to 2.2 at ξ ≃ 16, indicating

the change of flow from the coflow zone to the burned-mixed zone. However, the mean
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Figure 1.23: Streamwise variations of averaged values (a) streamwise velocity component
and (b) temperature profiles at different cross-stream locations. (⟨¯⟩s refers to both time
and spanwise averaged value. Thick and thin lines represent the reacting and non-reacting
cases, respectively)

temperature in the non-reacting flow starts to slightly increase at ξ ≥ 10.5. The flow field at

ζ = 8 for both cases stays within the coflow zone as ⟨T ⟩
s
/Tco remains constant and equals

to 1.

The cross-stream profiles of ⟨u⟩s /Uco and ⟨urms⟩s /Uco at three different streamwise lo-

cations are shown in figures 1.24(a) and (b). These profiles are consistent with the time

varying velocities in figures 1.18-1.22, where the mean velocity is shown to continuously de-

crease from the jet centerline to the coflow and the maximum rms of velocity to occur at

the jet edges. The trends are similar in non-reacting and reacting flows. In the near-field

region, the peak rms velocity occurs close to the flame zone where the rms temperature is the

highest, indicating significant effects of the turbulence on combustion and vice versa in this

region. Further away from the inlet, the maximum values of rms velocity and temperature

occur at different cross-stream locations, indicating much less interactions between the jet

and flame zones. Nevertheless, the ratio of urms
⟨u⟩s

in both flows are less than 0.03, which
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shows that the turbulence is not unusually strong in the simulated TJI-TPJ, rather it is

compatible with those reported in the studies on non-isothermal non-reacting planar jets

[114, 113] and thus is not able to break the flame surface and create significant local flame

extinction in the simulated flow.

Figure 1.24(c) presents the ⟨T ⟩
s
/Tco for both non-reacting and reacting cases at three

different streamwise locations along the cross-stream direction. As it is also observed in

figure 1.23, the maximum jet temperature decreases in streamwise direction much less in the

reacting flow. The ⟨T ⟩
s
/Tco reduction rate from ξ = 16 to 4 is %74 for the non-reacting case,

whereas it is %93 for the reacting case. Consistent with figures 1.18-1.22, time averaged

temperature values decrease continuously from the hot jet zone to the coflow zone even in

the reacting flow since the maximum temperature of the combustion of the lean coflow is

less than the jet temperature. The combustion effects on temperature fluctuations or rms

are rather different. The values of ⟨Trms⟩s /Tco versus the lateral axis for both non-reacting

and reacting cases at three different streamwise locations, ξ = 4,10, and 16, are shown in

figure 1.24(d). Maximum values of non-reacting ⟨Trms⟩s /Tco, consistent with the velocity

rms, occur close to the jet edges and decrease in the streamwise direction. This behavior is

expected for a heated turbulent jet mixing with the colder coflow. Figure 1.24(d) also reveals

that the jet expands to about 2.3D at ξ = 16 in the non-reacting case, whereas jet span is

4.3D at the same axial location in the reacting case. The maximum values of ⟨Trms⟩s /Tco

occur close to the jet edges for both cases. In the developed region of the reacting flow,

the peak rms temperature, which occurs at the cross-stream locations is very different than

the peak of the rms velocity. Since high temperature variations locally happen at the flame

zone, Trms can be used to identify this zone, in addition of Q̇e, φH , and β.
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Figure 1.24: Cross-stream variations of (a) mean streamwise velocity, (b) rms of streamwise
velocity, (c) mean temperature, and (d) rms of temperature. (Thick and thin lines represent
the reacting and non-reacting cases, respectively)
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Comparison of the mean velocity and temperature (shown in figures 1.23a and 1.23c)

and the rms of velocity and temperature (shown in figure 1.24b and 1.24d) indicates that

combustion effects on the scalar field are much more notable as compared with the velocity

field. It also shows that these two fields are not correlated specially at the flame zone. This

is more important and has to be considered in developing closure models for LES and RANS

of TJI-assisted combustion systems.
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1.6 Results and discussions: jet and coflow effects on

development of premixed and non-premixed flames

including localized extinction in TJI-assisted com-

bustion

In this section, results concerning the effects of coflow and jet conditions on the physical

processes involved in the TJI-assisted combustion are presented and discussed. Figures

1.25(a)-(f) present the instantaneous temperature contours in a x − y plane at the middle

of the three-dimensional domain for the conditions presented in table 1.1 at t = 17τ0 (s).

The contour range values of 850(K) ⪯ T ⪯ 2600(K) are chosen for all cases so that a better

comparisons can be made. In the nearfield region, ξ = x/D ≾ 4, the hot incoming jet causes

significant autoignition at the jet shear layer and surrounding areas, where the jet heats the

premixed coflow and, ultimately, sustains the flame, even, in ultra-lean fuel-air mixtures.

In addition to the combustion, highly distorted turbulent structures are developed in this

region, which strongly interact with the combustion. The flame-turbulence interactions

and mixing of the incoming hot jet with cooler premixed coflow in the reacting shear layer

creates relatively thick and geometrically complex flame in the nearfield region. Independent

of the coflow compositions, visually, similar flame/turbulence structures and shear layers are

developed in the nearfield region in all cases, indicating the dominance of the incoming

jet hydrodynamics. Even though the coflow composition is the same in Case3, Case5, and

Case6, temperature contours in figures 1.25(e) and (f) when compared to figure 1.25(c),

confirm that the nearfield jet variables are indeed influenced more by the incoming jet than

the coflow combustion.
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Figure 1.25: Instantaneous temperature contours at the middle spanwise plane (z = 1.5D)

and t = 17τ0 for (a) Case1, (b) Case2, (c) Case3, (d) Case4, (e) Case5, and (f) Case6.
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Marching in the streamwise direction in the developed region (ξ ⪰ 4), where spatially

continuous and distorted reacting and flame zones are generated, the effect of coflow equiva-

lence ratio is more clear. In this region, the turbulent premixed flame separates from the jet

and active turbulent flow regions as it spreads into the coflow in cross-stream direction. This

separation develops various combustion zones in the simulated TJI-TPJ configurations based

on the flame/turbulence parameters as i) hot product jet zone, ii) premixed flame zone, and

iii) burned-mixed zone. The hot product jet zone is identified by the highest temperature

values. The flame zone is identified by relatively low temperature values associated with the

adiabatic flame temperature of lean hydrogen-air combustion with initial coflow temperature

of 850 (K). The burned-mixed zone is recognized based on the intermediate temperature

values. The burned-mixed zone in the TJI-TPJ has some similarities with the burned zone

appearing in standard turbulent premixed flames [88, 93, 17], but it has a relatively higher

temperature and product species mass fraction values. The complexity of this region arises

from the strong interactions of the inner hot product jet turbulence and composition fields

with the lean premixed turbulent flame. Therefore, there may not be well defined bound-

aries between this zone and its neighboring zones, particularly, with the hot product jet

zone. In the spanwise direction (not shown here), the flow field is initially homogeneous and

isotropic due to the imposed turbulent inflow. It stays homogeneous further downstream,

but with considerably larger turbulent scales. Detailed features of various zones and regions

in TJI-assisted combustion systems have been discussed in reference [109].

Figure 1.25 shows that the flame progression or the jet growth rate of jet thermal half

width in the developed region ( ξ ⪰ 4) is highly dependent on the coflow mixture conditions.

For Case3 and Case4 with coflow equivalence ratios of 0.35 and 0.5 the flame is stable and

widely spreads in the cross-stream directions (figures 1.25c and d). However, the combustion
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of ultra-lean mixtures in Case1 and Case2 with equivalence ratios of 0.1 and 0.2 is weak as

shown in figures 1.25(a) and (b) hardly establishes stable and distinguishable combustion

zones, showing significant localized flame extinction and re-ignition (more details are pro-

vided in section 1.6.2). Despite different burned jet thermo-chemical conditions, the growth

and structure of combustion zones for Case5 and Case6 (figures 1.25e and f) are almost the

same as those for Case3 (figure 1.25c), suggesting that the initial energy provided by the in-

coming product jet is sufficient to initiate a stable combustion in the nearfield region. These

results indicate that the combustion in the developed region is very sensitive to the coflow

composition but is less influenced by the incoming hot product jet composition. Expectedly,

the unburned hot fuel in the incoming jet (figure 1.25f for Case6) rapidly mixes and reacts

with the available oxidizer, establishing diffusion flames within the main jet surrounded by

the premixed flames. However, the heat release by the diffusion flame has little effect on the

overall behavior of the surrounding premixed flame. The low temperature incoming jet in

Case5, also, slightly affects the growth rate of the combustion zones.

To qualitatively compare the flow and flame, the time and spanwise averaged values of

temperature, ⟨T ⟩
s
, for all six cases are illustrated in figures 1.26)(a) and (b) versus the

cross-steam direction, ζ, at two streamwise locations, ξ1 = 3 and ξ2 = 15. It can be observed

in figure 1.26(a) that in the nearfield region the temperature profiles are nearly the same for

the cases with similar incoming jet thermo-chemical conditions (Case1-4). However, figure

1.26(b) shows that the temperature profiles develop very differently for cases with different

coflow and incoming jet conditions. In the nearfield region, the maximum temperature

located at the jet centerline is lower for cases with lean and rich initial mixtures. The

temperature profiles in the shear layers seem to be dependent more on the coflow composition

than the incoming jet. Close examination of the results in figure 1.26 indicates that the
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maximum temperature decreases much more in Case1. This shows that the mixing with

cooler coflow has more effect on temperature than the weak combustion in Case1. The

maximum temperature value in Case6 does not drop significantly, indicating that the non-

premixed combustion inside the jet zone sustains the jet temperature at a high level. Among

the cases with different coflow compositions, expectedly, the maximum temperature of Case4

is higher than the others and the maximum temperature for Case1 is the lowest. But the

maximum temperature stays almost the same in Case5.

(a) (b)

Figure 1.26: Time and spanwise averaged temperature values, ⟨T ⟩
s
, at (a) ξ1 and (b) ξ2

versus cross-stream direction, ζ, for all cases represented by ( ◽ ) Case1, ( ○ ) Case2, ( ∗ )
Case3, ( ◇ ) Case4, ( × ) Case5, and ( ▷ ) Case6.

The overall effects of the coflow and incoming jet conditions are explored more in figure

1.27, which shows the mean and confidence intervals of y − z plane and time averaged tem-

perature, µ(⟨T ⟩yz)±σ(⟨T ⟩yz), versus streamwise direction for all simulated cases. The time

averaged statistics are calculated based on the simulated data for a sufficiently long time,

17τ0. The coflow data are excluded in this figure, but the preheated zones of the premixed

flame zones are included, which, potentially, lower the mean temperature values. Evidently,

the plots associated with the nearfield region are very similar for Case1 to Case4, which shows

the importance and dominance of the incoming jet hydrodynamics and its mixing with the
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coflow. Similar behavior can be observed for Case5 and Case6, even though the incoming jet

temperatures are generally lower in these two cases. The transition from the nearfield region

to the developed region approximately starts at ξ ≈ 3. In the developed region, the averaged

temperature values continuously decrease along the jet but with much higher rate in Case1

with equivalence ratio of 0.1 than compared to those in Case4 with equivalence ratio of 0.5.

This shows the existence of weaker and lower temperature combustion in Case1. Case5 with

a lean initial mixture, φij = 0.5, exhibits rather different trend in comparison with other

cases. For this case, the averaged temperature starts with a considerably lower initial value

then increases in the developed after a sudden drop in the nearfield region reaching to a

plateau further downstream. Comparison between Case5 and Case3 indicates that, even

though the flow and combustion are similar in the nearfield region, the overall temperature

is lower in Case5 since the temperature of the incoming jet is lower. In the developed region

of Case6 with a rich initial mixture, φij = 2.0, the averaged temperature profile plateaus

after a small increase, which is similar to Case5 but is for different reasons. The incoming

jet temperature in Case6 is lower than that in Case3, but unlike the Case5, the averaged

temperature eventually becomes higher than that in Case3. Expectedly, the unburned hot

fuel inside the incoming jet reacts with the remaining oxidizer of the lean coflow premixed

combustion, creating a stable diffusion flame in the hot product jet zone. The non-premixed

combustion, can also be observed in figure 1.25(f), where the temperature inside the combus-

tion zones is shown to be much higher. The diffusion flame, evidently, increases the averaged

temperature even higher than that in case3, despite the same coflow conditions.

It has been suggested in reference [109] that the thermal half width jet, Dhalf , in TJI-

assisted combustion, can be computed based on the peak root mean square (rms) of tem-

perature, Trms = (T 2 − T
2
)1/2, since high temperature variations usually occur at the flame

53



Figure 1.27: Mean and confidence intervals of y − z plane and time averaged temperature,
µ(⟨T ⟩yz) ± σ(⟨T ⟩yz), in the combustion zones versus streamwise direction, ξ, for all cases
represented by ( ◽ ) Case1, ( ○ ) Case2, ( ∗ ) Case3, ( ◇ ) Case4, ( × ) Case5, and ( ▷ )
Case6.

zone. Figure 1.28(i) shows the Trms contours for Case3 in the mid plane. High value Trms

zones also exist in the nearfield region which represent the averaged location of relatively

thick premixed/diffusion flames in this region. However, the focus here is the premixed

flames in the developed region and the expansion of combustion zones under various coflow

and incoming jet conditions. Dhalf is measured, simply, by fitting a straight line (dashed

black line shown in figure 1.28(i)) to the local maximum Trms values. Figure 1.28 shows

the streamwise variations of thermal half width jet normalized by the incoming jet width,

Dhalf /D, for different cases. The maximum and minimum Dhalf values correspond to Case4

and Case1, with the highest and the lowest coflow equivalence ratios. Evidently, for Case3,

Case5, and Case6, Dhalf , unlikely change significantly by changing the thermo-chemical

properties of the incoming jet. Nevertheless, Dhalf for Case6 is slightly greater than that for

Case3, which suggests an insignificant effect of the diffusion combustion on Dhalf . It can be

concluded that Dhalf is mainly controlled by the premixed combustion. For the conditions

54



that the premixed flames are located far away from the incoming jet, Dhalf is unlikely to be

affected by the interactions with the incoming jet turbulence.

Figure 1.28: Normalized thermal half width jet by the incoming jet width, Dhalf /D, versus
streamwise direction (ξ). (i) Contour of rms of temperature, Trms, at the middle spanwise
plane, (z = 1.5D), schematically shown for Case3.

1.6.1 Flame variable for TJI-assisted

Our primarily analysis of TJI-assisted combustion in TPJ configuration reveal that this type

of combustion involves a wide range of premixed to diffusion (non-premixed) flames. To

classify the TJI-assisted combustion regimes and flames under various conditions, a suitable

flame variable needs to be defined. The premixed flame developed in this type of combustion

systems is, essentially, a reacting ” wave” initiated by the hot jet in the nearfield region which

propagates into the unburned mixture or coflow. The basic parameter, known as the progress

variable, in analyzing the standard premixed flames is defined as

cpremixed =
T − Tf

Tb − Tf
, (1.14)
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where Tf and Tb represent the flame and burned zone temperatures, respectively. The

progress variable is conventionally set to zero and one in the unburned mixture and burned

gas zones, respectively. The intermediate values are associated with the flame sheet. How-

ever, in the lean TJI-assisted combustion the maximum temperature is normally associated

with the incoming hot jet and not necessarily the burned gases in the premixed flame zone.

Therefore, the standard definition (equation 1.14) of the progress variable is not very useful

valid for our analysis; the flowfield information concerning the local, incoming jet, and coflow

temperatures must be included.

The challenge of defining a progress variable for TJI-assisted combustion also arises from

the coexistence of diffusion and premixed flames. This phenomenon, the simultaneous exis-

tence of premixed and non-premixed combustion regimes, occurs in the cases that the burned

product jet contains extra fuel (i.e. φij ≻ 1 for Case6), in which the unburned hot fuel inside

the incoming jet gets mixed and reacts with the remainder of lean premixed combustion

oxygen. In the TJI-assisted combustion systems, the fuel and air streams are getting ex-

posed to each other mostly in the hot product jet zone (the non-premixed flames can occupy

a significant part of this zone) confined by the premixed flame, instead of a flame sheet as

normally seen in ”standard” diffusion flames.

Consequently, the flame location and strength can be controlled by the hydrodynam-

ics and thermo-chemical conditions of both the incoming jet and the coflow. The fuel and

oxidizer feed the flame at different rates during the transition from the oxidizer in the burned-

mixed zone to the fuel side in the hot product jet zone. Since this type of flames is mainly

characterized by the inter-penetration of fuel and oxidizer, conveniently, a tracer of the

mixture state is introduced based on the combination of transport equations of those two

streams. One may argue that since the products exist in both fuel and oxidizer streams of the
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non-premixed regime of the TJI-assisted combustion, a proper alternative definition of the

mixture fraction might be based on the elemental conservation equations. But the combina-

tion of the fuel, oxidizer, or elemental transport equations is derived with the equi-diffusional

approximation, which, ultimately, suppresses the effects of the temperature. Figure 1.29(a)

shows the mean and confidence intervals of temperature in the combustion zones versus el-

emental mixture fraction (based on element H), f =
ZH−ZHj
ZHco−ZHj

, for all 6 cases provided in

table 1.1. Where ZH =
Ns
∑
α=1

aHWH
Wα

φα, ZHco =
Ns
∑
α=1

aHWH
Wα

φαco , and ZHj =
Ns
∑
α=1

aHWH
Wα

φαj are

local, coflow, and the incoming jet elemental mass fractions. aH is the number of element H

with molecular wight WH in species α with molecular weight Wα. The poor performance of

f is evident as for a fixed f value various temperature values are predicted and the effects

of the jet and coflow can not be distinguished. Hence, TJI-assisted progress variable not

only has to trace the fuel and air streams, but also has to include the temperature effects,

in a functional form like R ≈ g(T,Tj , Tco)h(φfuel, φoxidizer). Based on the above argument,

here, we define a normalized R such that it represents both the mixture and the temperature

effects as

R = (
Tj − T

Tj − Tco
)φ, (1.15)

where φ is the local equivalence ratio. Figure 1.29(b) presents the mean and confidence

intervals of temperature in the combustion zones versus R for all 6 cases. At both sides of

each plot, R values describe the associated combustion zone conditions such as if T Ð→ Tco

then RÐ→ φco, which represents the preheated zone of the premixed flow inside the coflow.

The straight line with negative slope shows the transition of the flow from unburned fresh

coflow to the burned-mixed zone passing through a premixed flame. At the other side of

flow if T Ð→ Tj then R Ð→ 0, which represents the hot product jet zone. In the cases with
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extra fuel in the incoming jet, φj contributes to R, resulting in small but greater than zero

R values, i.e. T Ð→ Tj then R Ð→ φj , which essentially identifies the diffusion flames. The

intermediate R values represent the burned-mixed zone.

(a) (b)

Figure 1.29: Mean and confidence intervals of temperature, µ(T ) ±σ(T ), in the combustion
zones at t = 17τ0 versus (a) elemental mixture fraction, f and (b) TJI combustion progress
variable, R, for all cases represented by ( ◽ ) Case1, ( ○ ) Case2, ( ∗ ) Case3, ( ◇ ) Case4,
( × ) Case5, and ( ▷ ) Case6. (i) Scatter plot of temperature, T , in the combustion zones at
t = 17τ0 versus TJI combustion progress variable, R, for Case6, identifying the simultaneous
existence of the premixed and non-premixed combustion regimes.

To further examine the performance of R in identifying various flame types and com-

bustion zones, the instantaneous values of R at two streamwise locations, ξ1 and ξ2, at the

latest time, t = 17τ0, versus cross-stream direction are plotted in Figures 1.30(a) and (b) for

all cases. It can be observed in figure 1.30(a) that in the nearfield region at ξ1, R values are

very small inside the jet for Case1 to Case5, but substantially increase in the premixed flame

zone all the way to the coflow and stay constant equal to the correspondent coflow equiva-

lence ratios. Different behavior is observed for Case6; the initially large values of R are due

to extra amount of fuel which creates diffusion flames in the inner jet. Moving forward in

the streamwise direction (figure 1.30b), similar behaviors are expected for Cases1-5, and less
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intense diffusion flames for Case6. Interestingly, the sharp transitions from the combustion

zones to the fresh unburned coflow in the premixed flame zone is captured by sudden increase

in R values, confirming the ability of R in locating the premixed flames in the scalar space.

(a) (b)

Figure 1.30: TJI combustion progress variable, R, versus cross-stream direction at a middle
spanwise plane, (z = 1.5D), and t = 17τ0 at (a) ξ1 and (b) ξ3 versus cross-stream axis, ζ, for
all cases represented by ( ◽ ) Case1, ( ○ ) Case2, ( ∗ ) Case3, ( ◇ ) Case4, ( × ) Case5, and
( ▷ ) Case6.

In the next section, the effects of coflow equivalence ratio on the flow/flame including

the localized flame extinction and re-ignition in ultra-lean mixtures are examined. Changes

in the coflow condition significantly affect the flame structure and its interactions with the

turbulence.

1.6.2 Coflow composition effects

The spatial distributions of various species in the simulated TJI-assisted TPJ have been

examined in details in order to develop a better understanding of premixed flame interactions

with the turbulence for different conditions in the TJI-TPJ. The fuel mass fraction contours

(not shown here) are similar to the temperature contours in figure 1.25, generally showing

the similarity of the jet and combustion in the nearfield region and the very significant

difference in the developed region regarding the flame propagation and jet structure. More

59



details of the flow/flame can be extracted from other species like H2O, O2, OH, and H.

Figures 1.31(a)-(d) illustrate the instantaneous H2O mass fraction contours for Case1 to

Case4. Since the incoming jet conditions are the same in these four cases, the φH2O
contours

stay somewhat similar in the nearfield regions. The produced H2O species during the lean

premixed combustion are added to the initial values in the developed regions. Expectedly,

the φH2O
are produced more in cases with higher coflow equivalence ratio. In Case1, the

generated water is small, making the mixing of hot product jet with cooler coflow (not the

combustion) the dominant process. Where the high φH2O
values in the hot product jet

are, considerably, diluted through the mixing with the zero level φH2O
coflow, exhibiting

qualitatively similar behavior to the temperature contours in figure 1.25(a). By increasing

the equivalence ratio in Case2, Case3, and Case4, flame sheets with considerably higher

φH2O
levels appear within the jet with consistently greater jet growth rate in later cases.

In the developed region of Case4, three areas are distinguishable with φH2O
levels of 0.22,

0.17, and 0.0 in the main hot product jet zone, burned-mixed zone, and coflow. The vague

transition from the burned-mixed zone to the coflow confirms that the flame zone can not

be identified by H2O, even though the turbulent mixing and highly fluctuating nature of the

premixed flame can be observed in the φH2O
contours. The O2 mass fraction contours (not

shown here), while have an opposite behavior of H2O contours, also indicate that the flame

front can not be captured by O2.

In the standard premixed flames, OH radical is often used for identifying the flame zone

[64, 111, 13]. Figures 1.32(a)-(d) show the OH mass fraction contours for four simulated

TJI-assisted TPJ cases. As it can be observed in these figures, OH radicals produced by

the combustion (very intensively in the nearfield region and less intensively in the developed

region) add up to the initial OH of the incoming product jet, causing the maximum φOH
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(a) (b)

(c) (d)

Figure 1.31: Instantaneous contours of the H2O mass fraction, φH2O
, at a middle spanwise

plane, z = 1.5D, and t = 17τ0 for (a) Case1, (b) Case2, (c) Case3, and (d) Case4. (Note that
the scale limits are set to the available values in each contour and are not the same.)

to occur somewhere in the hot product jet and not at lean premixed flame front. The OH

generation in Case1 and Case2, due to weak combustion of the ultra-lean coflow mixtures, in

such an extent is relatively small. The local maximum values of φOH in the nearfield region

are considerably larger than those in the developed region. Expectedly, the OH level in

Case3 and Case4 increase, on average, due to more stable and stronger combustion. Figures

1.32(c) and 1.32(d) show that φOH values are also, locally, higher in the flame zone than

those in the immediate surroundings. Thus, while OH might be a fair indicator of flame

when the combustion is strong enough, and it may not be able to locate the flame front

and also extincted flames in ultra-lean mixtures. Other radicals such as H in hydrogen

combustion or CH in hydrocarbon combustion are potentially more helpful.
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(a) (b)

(c) (d)

Figure 1.32: Instantaneous contours of the OH mass fraction, φOH , at a middle spanwise
plane, z = 1.5D, and t = 17τ0 for (a) Case1, (b) Case2, (c) Case3, and (d) Case4.

Figures 1.33(a)-(d) present the contours of H mass fraction for Case1 to Case4. It can

be observed that, interestingly, the maximum value of φH occurs right at the flame front

while its value inside the incoming jet, in contrast to φOH , is relatively low. This behavior

suggests that the radical H may be used as an accurate flame marker in TJI-assisted TPJ

combustion. Note that the contour color maps in figures 1.33(a)-(d) are scaled differently to

the range of data for better capturing of H radical behavior. For all coflow mixture fractions

considered in this study, the high values of φH occur at the edges of the incoming jet in the

nearfield region as shear layers develop and generate relatively thick flames. In the developed

regions of Case2, Case3, and Case4, φH values maximize at the flame front and drop to very

low values in the burned-mixed and hot product zones. In Case1, where the localized flame
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extinction occur, similar trend is observed but with much smaller local maximum φH values

at the flame front. It has been shown in [109] that H radical mass fraction values are well

correlated with the heat of reaction, especially, in the developed regions.

(a) (b)

(c) (d)

Figure 1.33: Instantaneous contours of the H mass fraction, φH , at a middle spanwise plane,
z = 1.5D, and t = 17τ0 for (a) Case1, (b) Case2, (c) Case3, and (d) Case4. (Note that the
scale limits are set to the available values in each contour and are not the same.)

The combustion heat release rate, Q̇e, is an important quantity to discern flames and

their locations in turbulent reacting flows such as the TJI-TPJ. The spatial distribution of

Q̇e is highly dependent on the flame-turbulence interactions as well as the chemical reaction.

Despite the significance of Q̇e, measuring it is challenging [75, 71]. Here, Q̇e is, conveniently,

obtained by equation 1.9 [69]. Figures 1.34(a)-(d) show the instantaneous contours of heat

release rate for four cases with different coflow equivalence ratios. The process of flame-

turbulence interactions and mixing of the incoming hot jet with cooler premixed coflow in
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the nearfield region at the reacting shear layers creates relatively thick and geometrically

complex flames in the TJI-TPJ. The nearfield region of TJI-assisted TPJ combustion might

be similar to the corrugated and distributed burning zones in standard premixed flames,

where the intense turbulence generates eddies strongly coupled with the combustion process,

thickening the flame zone while the flame front being wrinkled. It is expected that the eddies

generated in the nearfield region are in the tail of the energy spectrum such that their lifetime

is very short and their impacts on the combustion zones in the developed region are thus

limited. It is observed that the distributed reaction and high heat release rate values virtually

vanish from the main jet as the flow transients from the nearfield to the developed regions.

Moving in the streamwise direction, a spatially continuous, distorted, and concentrated

flame is developed. While the premixed flame moves away from the incoming turbulent

jet and propagates into the coflow, it becomes thinner and much less affected by the jet

turbulence. The Q̇e contours shown in figures 1.34(b)-(d) clearly show the separation of

the unburned and burned-mixed zones in the developed region in the cross-stream direction

and the relatively thin distorted premixed turbulent flame zone. Even though the flame and

turbulence features vary over time, they appear to be well stabilized in the developed region,

particularly, in Case2, Case3, and Case4. The heat release contours shown in figures 1.34(a),

consistent with H, illustrates relatively high and low (close to zero) Q̇e values along the

flame front. It indicates that the coflow composition lays on the lower flammability limits

of hydrogen-air mixtures. The lean (lower) flammability equivalence ratio for hydrogen-air

mixture at T = 359 (K) is reported to be 0.14 [119]. Considering that the coflow temperature

in Case1 is higher than that considered in experimental measurements of low flammability

limits and since the fuel-air mixtures are continuously exposed to a high temperature jet, it

is not surprising that the TJI-assisted combustion has a much lower lean flammability limits
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than the standard premixed combustion.

(a) (b)

(c) (d)

Figure 1.34: Instantaneous contours of the heat release rate, Q̇e (W ), at a middle spanwise
plane, z = 1.5D, and t = 17τ0 for (a) Case1, (b) Case2, (c) Case3, and (d) Case4. (Note that
the scale limits are set to the available values in each contour and are not the same.)

In figure 1.35 the mean and confidence bounds of the (y − z) plane averaged heat release

rates, µ(⟨Q̇e⟩yz) ± σ(⟨Q̇e⟩yz), are plotted versus streamwise direction. The amount of com-

bustion heat is, expectedly, increased by the coflow equivalence ratio. Nevertheless, in all

cases the averaged heat is generated the most at the end of the nearfield region. Clearly,

the heat release peaks are different but occur almost at the same streamwise location in all

cases. This suggests that significant autoignition happens at all coflow equivalence ratios

where the residence time is large enough, even though the combustion is already initiated

at the shear layers. This confirms the dominance of the incoming jet hydrodynamics in

this region. Surely, different behaviors are expected for various jet hydrodynamics. In the
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developed region, descending heat release can be observed for all cases indicating cooling of

the combustion zones. However, they converge to different values with different rates. In

case1, ⟨Q̇e⟩yz reaches to nearly zero at the end of the computational domain, indicating a

very weak combustion and significant extinction.

Figure 1.35: Mean and confidence intervals of y − z plane averaged heat release rate,
µ(⟨Q̇e⟩yz) ± σ(⟨Q̇e⟩yz), at t = 17τ0 versus streamwise direction, ξ, for four cases represented
by ( ◽ ) Case1, ( ○ ) Case2, ( ∗ ) Case3, and ( ◇ ) Case4.

The flame stability and extinction depend on the volumetric heat loss from the flame

in comparison to its heat (energy) release. Heat loss is relatively significant, particularly,

close to the lean flammability limit condition. In figure 1.36, the contours of Q̇e are shown

again for the ultra lean coflow. In this figure, the scaled flow/flame fields in the developed

region where the flames locally extinct and re-ignite are also shown. The local extinction

and re-ignition flame events are illustrated by e and r , respectively. The flame stretching

and folding, induced by the mean velocity gradient and the small-scale turbulence, change

in time and space over the premixed flame surface. If the stretching increases locally, the

space between the both sides of the flame decreases, leading to the local flame extinction

and incomplete combustion. The local flame extinction events are seen to be accompanied
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Figure 1.36: Localized extinction and re-ignition at flame sheet identified based on heat
release and a magnified view of them by a factor of 5:1, occurred in ultra-lean coflow (Case1).

by a large drop in heat release even to values close to zero. As observed in the magnified

image, when the flame front gets further away from the hot incoming jet, more local flame

extinction events occur. Also, more re-ignition events are seen at the locations close to the

hot product jet zone, where relatively high heat release values reappear among the extinct

flame zones. These confirm that in situations where the premixed flame is close to the

hot product jet, the intense interactions and heat transfer from the incoming jet helps the

flame to re-ignite after extinction. As long as the flame front is connected, lean coflow

mixtures stay largely separated from the flame front and hot product inside burned-mixed

zone. However, a sequence of localized extinction and re-ignition occurs across the flame,

indicating discontinuities in the flame for ultra lean mixtures. When the flame front is
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interrupted, the combustion induced high-viscosity dilatation layer is no longer present to

form a barrier for high temperature turbulent eddies, hence, they can escape through the

holes in the flame zone and diffuse into the coflow. The mixing of the diffused hot products

with coflow increases the temperature of the preheated zone of the premixed flame at the

coflow side that may subsequently lead to re-ignition.

To better understand the local extinction and reignition in ultra lean mixture, the scatter

plots of Q̇e versus R are shown in figure 1.37 for Case1 to Case4. The results for various

parts or sections of the flow are included such that Sec1, (◽), represents the nearfield region

0 ⪯ ξ ⪯ 4, Sec2, (◇), represents the initial part of the developed region 4 ⪯ ξ ⪯ 10, and

Sec3, (∗), represents the end part of the developed region 10 ⪯ ξ ⪯ 17. The results in figure

1.37 basically show the compositional flame structure. The general behavior in this figure

is that the maximum heat release happens at R values corresponding to the flame front,

i.e. R = 0.02, 0.04, 0.065, and 0.1. The areas with greater than these values correspond to

the preheated zone of the premixed flame zone. The areas with smaller R values represent

either the hot product zone or the burned-mixed zone. The relative extent of scatter in

the Q̇e −R plot also show the extent of local extinction in the flow. The very wide scatter

of Q̇e − R data in the ultra lean mixture in Case1 indicates that the finite rate chemistry

effects are very important and the local heat loss is more than the heat release and stable

continuous flame zones can no longer be maintained. This is more clear when the data in

different sections of the flow are compared. The flame behavior changes in the streamwise

direction from a significantly thick premixed flame in the nearfield region to a localized thin

extincted-reignited flame in the developed region in Case1. Consequently as shown in figure

1.37(a), the flame is stable and continuously provides sufficient amount of heat. This is

represented by high Q̇e values of low Rs and is also supported by H and Q̇e contours in
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figures 1.34(a) and 1.33(a). Moving in the streamwise direction to Sec2, lower Q̇e values

at a given R become more significant. In Sec3 the extinction is dominant and scatter in

data is important in all flame regions. A similar (but less intensive) behavior is shown in

figure 1.37(b) for Case2. For case3 and Case4, the relatively narrow band of scatter in the

Q̇e−R data in all sections supports the existence of strong, continuous, and stable premixed

combustion. It should be added here that as it can be seen in figure 1.25(a), the temperature

variations between the locally extincted and re-ignited flames are insignificant, unlike the

standard turbulent premixed flames, which normally have low flame temperature in regions

with significant flame extinction.

(a) (b)

(c) (d)

Figure 1.37: Scatter plot of the heat release rate, Q̇e (W ), versus TJI combustion progress
variable, R, for (a) Case1, (b) Case2, (c) Case3, and (d) Case4 at different streamwise
sections represented by ( ◽ ) Sec1, ( ○ ) Sec2, and ( ∗ ) Sec3.
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The effects of turbulence and flow strain rate on the TJI-assisted combustion and flame

stabilization are different than those in standard propagating turbulent premixed flames. In

the nearfield region, where the strain rate, ε̇, is high, the flow residence time is relatively small,

which, theoretically, might lead to the incomplete reaction. However, high flow mixing and

turbulence level in the nearfield region also facilitates the heat transfer of the hot product jet

with the coflow. This overtakes the negative effects of the high strain rate and prevents local

extinction in this region. In the developed region, Sec2 and Sec3 in figure 1.38(a), the high

strain rate values, in one hand might cause the flame to extinct, but in another hand they

help the reignition process by convecting heat to the extincted flames. This process stabilizes

the combustion and, eventually, can lower the lean flammability limit. Figure 1.38(a) and

(b) present the scatters of the heat release rate (Q̇e) versus strain rate (ε̇) for Case1 and

Case4. The scatter data are separated for the three different sections in streamwise locations.

Evidently, the heat release rate is unaffected by the strain rate since the magnitudes of strain

rate are the same in these two cases, one with and one without extincted flames. Unlike

the standard premixed flames, a critical strain rate can not be defined for the TJI-assisted

combustion.

Here, the effects of the coflow combustion on the turbulence and vice versa are inves-

tigated by considering thermal half width jet, turbulence intensity, and vorticity in figure

1.39. The solid thick lines show the results at maximum rms of temperature, max(Trms),

and the dashed thin lines denote those at maximum turbulence intensity, max(I), where

I =
(u′

2
+ v′

2
+w′

2
)

1
2

Uref
and Uref =

Uco +Uj

2
= 300 (m/s) is the average of the coflow and hot

product jet velocities. Figure 1.39(a) shows the location of the maximum Trms and I in the

cross-stream direction versus the streamwise direction. The maximum Trms can be used to
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(a) (b)

Figure 1.38: Scatter plot of the heat release rate, Q̇e (W ), versus strain rate, ε̇ (1/s), for (a)
Case1 and (b) Case4 at different streamwise sections represented by ( ◽ ) Sec1, ( ○ ) Sec2,
and ( ∗ ) Sec3.

identify the approximated location of the premixed flame and the thermal half width jet in

the TJI-assisted combustion as it was shown in figure 1.28(i). The location of the maximum

turbulence I, clearly, differs from the location of flame or maximum Trms. This shows that

as the premixed flame propagates into the coflow it gets separated from the main jet. It

also confirms that the temperature field is not well correlated with the hydrodynamics field

in the developed region of the TJI-TPJ [109]. However, the jet span, estimated based on

the maximum I, is increasing by increasing the coflow equivalence ratio, since the premixed

flame moves further away from the incoming jet, leading to less interactions between these

two zones. The smallest jet width corresponds to the Case1 where the premixed flame is

very close to the turbulent jet and has the most significant damping effects on the growth

of the incoming jet in the cross-stream direction.

The I values at maximum Trms and I locations, versus the streamwise direction are

plotted in figure 1.39(b). The I values at these locations are initially almost the same close

to jet inlet in all four cases. The small differences might be related to small variations in the

coflow density. The I values at flame location or max(Trms) in Case4 and Case3 drop rapidly
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(a) (b)

(c)

Figure 1.39: (a) Cross-stream location of max(Trms) and max(I), (b) turbulence intensity,
I, values at max(Trms) and max(I) locations, and (c) vorticity magnitude, ω, at max(Trms)
and max(I) locations, versus streamwise direction, ξ, for four cases represented by ( ◽ ) Case1,
( ○ ) Case2, ( ∗ ) Case3, and ( ◇ ) Case4. Thick solid and thin dashed lines correspond to
max(Trms) and max(I), respectively.

to very small, close to zero values, due to relatively stronger premixed combustion in these

two cases; the higher the coflow equivalence ratio, the lower the I. The higher I values for

Case1 and Case2 suggest a stronger interaction of the premixed flame front with the inner

jet. The I values at the max(I) locations similarly decrease in the streamwise direction,

however, they are about one order of magnitude higher than those at flame location, which

shows the nearly independent behavior of the hydrodynamics. The I values at any locations

in the developed region are greater for the cases with higher equivalence ratios, Case4 and
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Case3, which, again, confirm the less interactions of the flame with turbulence in these two

cases.

In figure 1.39(c), the streamwise variations of vorticity magnitude, ω = ∣
Ð→ω ∣, at maximum

Trms and I locations for different cases are compared. The ω levels in the nearfield region

are relatively high because of the intense interactions between the incoming jet, thick pre-

mixed flames, and turbulence. In the developed region, however, these interaction are less

influential on the overall turbulence of the flow. As observed in figure 1.39(c), the vorticity

at max(Trms) locations reach to very low values in the cases having very stable and strong

combustion (Case3 and Case4); supporting the fact that the combustion has a dissipative

effect on turbulence. The simulated hot product jet is highly turbulent with significant flow

variable fluctuations at all length (and time) scales, even though the small-scale turbulent

structures are depleted by the combustion. High values of ω at maximum I locations indicate

that the incoming jet is still effective in the hot product jet zone. In the nearfield region and

at max(I) locations, the vortex stretching and compressibility are the sources of the vorticity

production. Further downstream in the developed region, the significant variations in den-

sity and pressure cause the Baroclinic torque,
Ð→
β = 1

ρ ∇ρ×∇P , to play a more important role

in generating the vorticity. Close to the flame zone at max(Trms) locations, the Baroclinic

torque and the vortex stretching are the main sources of generating vorticity. Nevertheless,

close to the flame the vorticity field is negatively affected by the reaction because of heat

release induced volumetric flow expansion and temperature dependency of viscosity. In the

nearfield region,
Ð→
β is generated mainly due to density difference between the incoming hot

jet and coflow and the density/pressure gradient generated in the inner jet core by complex

thick flames. In the developed region, however, the dominant mechanisms for the Baroclinic

torque generation are the transport and lean premixed combustion in the outer edge of flow.
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As reported in [109], vortical structures with the same Baroclinic torque magnitude exist in

the flow field, even though the localized maximum β can identify the premixed flame front.

1.6.3 Incoming jet thermo-chemical effects

In this section, the effects of incoming jet thermo-chemical conditions on the TJI-assisted

TPJ combustion are investigated considering the results of Case3, Case5, and Case6. In

these cases the equivalence ratio of the initial mixture and consequently the incoming jet

composition and temperature are different while the coflow conditions are the same. In

Case5, the initial mixture equivalence ratio is chosen to be on the lean side with φij = 0.5,

thus the jet mainly consists of O2 and H2O with relatively low temperature of Tj = 2050 (K)

(tables 1.1 and 1.2). In Case6, the initial mixture considered to be on the rich side so that

the incoming jet carries unburned hot fuel along with the products. The main jet species are

H2 and H2O species with temperature of Tj = 2350 (K). The jet hydrodynamic properties

are considered to be the same in these three cases.

Figures 1.40(a) and 1.40(b) show the instantaneous OH mass fraction contours at the

latest time t = 17τ0 for Case5 and Case6, respectively. In the nearfield regions of these

cases the intense and similar production of OH radical once again show the significance of

reaction and strong flow interactions with the combustion. In Case5, the OH mass fraction

in the incoming jet is relatively low, around 1.8e − 3 (table 1.2), but high φOH values exist

in the developed region, particularly, in the burned-mixed and product jet zones. This level

of φOH is mostly due to the products of the nearfield combustion which are transported

into the downstream by the turbulent jet. This can be confirmed by the Q̇e results in

figure 1.42, which shows that the heat release in the developed region and the mentioned

combustion zones is very small. In Case6, the jet OH mass fraction is equal to 9.9e−4 which
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is the minimum value among all other cases. However, the highest φOH values are seen in

the developed region for this case, which is mainly due to the combustion of the unburned

fuel inside the incoming jet with the oxygen of the lean coflow mixture. Part of the high

φOH is due to the transported and diffused OH radicals from the nearfield region to this

region. These results suggest that, the premixed and non-premixed flames in TJI-assisted

combustion are somewhat difficult to captured by the OH radical.

(a) (b)

Figure 1.40: Instantaneous contours of the OH mass fraction, φOH , at a middle spanwise
plane, z = 1.5D, and t = 17τ0 for (a) Case5 and (b) Case6.

Figures 1.41(a) and 1.41(b) present the H mass fraction contours for Case5 and Case6.

The φH levels in the incoming jets are very low, 1.3e−6 and 3.3e−4 (table1.2). Therefore, the

main H radicals in the domain are produced by the lean combustion. In the nearfield region,

significant H radical is generated by the very complicated, thick, distributed combustion in

both cases, even though in the case with extra fuel it is generated much more. In the

developed region, the H radical distribution provides useful information concerning flame.

In Case5, similar to Case1 to Case4, the maximum value of φH is located at the premixed

lean flame while φH values are relatively very low in other combustion zones. In Case6,

H radical concentration is significant not only at the premixed flame zones, but also inside

the hot product zones containing strong diffusion flames. Figure 1.41(b) shows that H
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generation is much more significant in the inner jet. This behavior is well correlated with

the heat release contours.

(a) (b)

Figure 1.41: Instantaneous contours of the H mass fraction, φH , at a middle spanwise plane,
z = 1.5D, and t = 17τ0 for (a) Case5 and (b) Case6. (Note that the scale limits are set to the
available values in each contour and are not the same.)

Figure 1.42(a) and 1.42(b) present the instantaneous contours of heat release rate for

Case5 and Case6 at t = 17τ0. The flame-turbulence structures in the nearfield and developed

regions of Case5 are very similar to those shown before for Case3. However, due to lower

incoming jet temperature the amount of heat release in the nearfield region is slightly lower,

which indicates less heat transfer and the initiation of combustion at lower temperatures. It

was observed in figures 1.25(c) and 1.25(e) that the overall combustion zone temperatures

in Case5 is lower than that in Case3 due to less heat transfer from the incoming jet to its

surroundings. Since the combustion in the developed region is mainly controlled by the

coflow, almost the same amount of heat release is generated. This also can be seen in figure

1.42(c), where the mean and the confidence bounds of y − z plane averaged of Q̇e in the

combustion zones are plotted versus streamwise direction.

Despite overall similarities of the thermal half width jet growth in Case6 with that in

Case5 and Case3, the flame type and combustion behavior in this case are quite different
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than others. For this case the flame-turbulence interactions in the nearfield region are more

complex due to the existence of unburned hot fuel in the incoming jet and very significant

diffusion flame in the jet zone. The wide and high level of Q̇e in the nearfield region repre-

sents the extensive overlap of thick and distributed premixed flame with the diffusion flame.

Marching in the streamwise direction, similar to Case5 and Case3, a spatially continuous

and distorted premixed flame is developed which gradually propagates and gets separated

from the jet. This is represented by moderate level of Q̇e at the edge of the flow. However,

the high level of Q̇e values in the inner jet are mostly due to diffusion flames. Figure 1.42(c)

shows that the planar averaged heat release values in Case6 are considerably higher than

those in other cases even though the coflow conditions are the same. This supports the

existence of diffusion combustion of the additional fuel inside the incoming jet. Note that

despite the diffusion combustion, some of the extra fuel in the incoming jet could survive

and unburned fuel still exists in the combustion zones, which is due to lack of oxygen or long

mixing time. The amount of leftover fuel can be controlled by the initial mixture and coflow

equivalence ratios, φij and φco, and the turbulence in the jet and even coflow. Lower (but

still greater than one) values of φij results in lower unburned fuel in the incoming jet and

lower φco leads to higher leftover oxidizer after the premixed combustion.

In figures 1.43(a) and 1.43(b) the scatter plot of Q̇e versus R are plotted for Case5

and Case6 at different flow sections. Similar to Case3, the maximum heat release occurs

at R ≈ 0.065 which corresponds to the premixed flame front. The observations and expla-

nations made before for Case3 are also valid for the premixed combustion in Case5 and

Case6. However, interestingly, the non-premixed flames in Case6 can also be identified via

R simultaneously with the premixed flames. The non-premixed flame zone of the simulated

TJI-assisted combustion system, in which the temperature is relatively high but the equiv-
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(a) (b)

(c)

Figure 1.42: Instantaneous contours of the heat release rate, Q̇e (W ), at a middle spanwise
plane, z = 1.5D, and t = 17τ0 for (a) Case5 and (b) Case6. (c) Mean and confidence intervals
of y−z plane averaged heat release rate, µ(⟨Q̇e⟩yz)±σ(⟨Q̇e⟩yz), at t = 17τ0 versus streamwise
direction, ξ, for three cases represented by ( ∗ ) Case3, ( × ) Case5, and ( ▷ ) Case6.

alence ratio is greater than zero, subsequently leads to larger R values in Case6 compared

to Case3. As it can be seen in figure 1.43(b), the R values constantly decrease along the

streamwise direction, indicating stronger non-premixed combustion in the nearfield region.

This was also shown in figure 1.29(i) where the scatter plot of temperature, T , in the com-

bustion zones is plotted versus R for Case6. Larger R values at high temperature zones

represent the non-premixed combustion.
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(a) (b)

Figure 1.43: Scatter plot of the heat release rate, Q̇e (W ), versus TJI combustion progress
variable, R, for (a) Case5 and (b) Case6 at different streamwise sections represented by ( ◽ )
Sec1, ( ○ ) Sec2, and ( ∗ ) Sec3.

1.7 Chapter conclusions

The thermo-physical processes involved in turbulent jet ignition-assisted combustion systems

are explored and studied by direct numerical simulations of a hot product turbulent planar jet

injected into a very lean premixed hydrogen-air coflow. The “stationary” jet flow is simulated

utilizing high order finite difference methods and detailed chemical kinetics. The simulated

TJI-assisted reacting flow can be divided spatially in two i) near-field and ii) developed

regions. In the near-field region, which involves very complex flame/turbulence evolution,

the strong interactions and mixing of the premixed coflow with the hot incoming jet lead

to a significant autoignition. Stable thick flames are being established in this region, which

eventually sustain the ultra-lean combustion downstream. In the developed region, three

distinguishable combustion zones are identified: i) hot product jet, ii) burned-mixed, and

iii) flame zones. The flame and turbulence structures of these zones have been examined by

analyzing various scalar and hydrodynamics quantities. Despite the similarities of simulated

flow with “standard” turbulent premixed combustion, the TJI-TPJ flame exhibits significant

differences such as higher temperatures and turbulent burning velocities. These differences,
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which are due to the interactions of the flame zone with the hot and highly turbulent inner jet,

make the TJI-assisted combustion process unique, challenging in combustion safety studies,

and rather difficult to model. Even though stable combustion zones are established, the

zonal boundaries extensively overlap and oscillate in time throughout the entire flow field.

Nevertheless, the flame speed is shown to be well correlated with turbulence intensity in the

flame zone. The H radical, the dissipation rate of H radical, the rms of temperature, and

the Baroclinic torque are found to consistently identify the flame similar to the heat release

rate. Comparison of velocity and temperature statistics indicates that while these two fields

are similar in non-reacting flows, the temperature fluctuations are more significant than the

velocity fluctuations in reacting flow. These behaviors, particularly in the developed region,

show the separation of turbulence in the main jet from the highly wrinkled lean premixed

flame. They also confirm that these fields are not very well correlated especially at the flame

zone, which is an important factor in developing closure models for these flames.

Direct numerical simulations of various hot product-fuel turbulent planar jets injected

into different lean premixed hydrogen-air mixtures (coflows) are performed using detailed

chemical kinetics. The thermal jet width is shown to be affected more by the coflow thermo-

chemical conditions and less by the incoming jet composition and properties. However,

the combustion zones are highly affected by the jet properties such as temperature and

unburned fuel. The unburned hot fuel available in the jet reacting with the remainder

oxidizer of the lean premixed combustion creates a complex simultaneous premixed and non-

premixed combustion which is hard to model. To identify the flame type and structure, a TJI

combustion progress variable is defined which includes the effects of temperature and mixture

composition. Further investigations of the combustion regions and zones are performed

considering the reaction heat release, temperature, and species concentrations. The low
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flammability limit is shown to be lowered by exposing the premixed fuel-air mixture to a hot

turbulent jet despite the existence of localized flame extinctions. The interactions between

the premixed flame zone and the hot and highly turbulent inner jet are more intense in the

ultra-lean coflow mixtures, which may cause localized flame extinction and re-ignition. In the

lean mixtures, the premixed flame gets separated from the inner turbulent jet as the flame

propagates into the coflow. This affects the inner jet development in the streamwise direction

and also the turbulence effects on the flame sheet. Turbulence intensity and vorticity values

are shown to be much smaller in the premixed flame propagating faster into the coflow

while they always maximize at the edge of the jet located, on average, at the shear layers

of the inner jet. It is also found that the temperature and hydrodynamic fields are not well

correlated, which is an important factor in modeling of TJI-assisted combustion systems.
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Chapter 2

LES/FMDF of Turbulent Jet Ignition

assisted Rapid Compression Machines

2.1 Chapter summary

Numerical simulations of turbulent jet ignition (TJI) and combustion in a rapid compres-

sion machine (RCM) are conducted by a hybrid Eulerian-Lagrangian large eddy simu-

lation/filtered mass density function (LES/FMDF) computational model. An immersed

boundary method is developed and used in the LES to facilitate morphing the complex ge-

ometries, to decrease the Monte Carlo (MC) particle search and locate operations in FMDF,

and to properly handle finite difference grids and MC particles at the boundaries, while

maintaining the high accuracy of the model. TJI is a novel method for initiating combus-

tion in ultra lean mixtures. In TJI-assisted combustion systems, a hot product turbulent

jet rapidly propagates from a pre-chamber (PCh) to a main chamber (MCh). Here, for the

first time we delineated three main combustion phases in TJI-assisted combustion in a RCM

as i) cold fuel jet, ii) turbulent hot product jet, and iii) reverse fuel-air/product jet. The

effects of various parameters on these phases are studied numerically, including the igniter

timing and location, lean/rich/N2-diluted mixtures, and adiabatic and non-adiabatic walls.

It is found that the turbulent jet characteristics and the MCh combustion are highly af-

fected by PCh turbulence intensity as well as the ignition process. Igniting the PCh at the
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lower locations close to the nozzle, enforces the PCh charge to fully participate in the PCh

ignition/combustion processes and prevents the unburned fuels leaving to the MCh. This

also leads to lower velocity hot product jets propagating into the MCh for a longer time,

enhancing the MCh combustion. The pressure traces predicted by LES/FMDF are found to

be quite well comparable with the available experimental data. Also, the qualitative com-

parisons of temperature contours with experimental pictures confirm the accuracy and the

wealth value of this study.

2.2 Introduction

Turbulent jet ignition (TJI) is an ignition enhancement process which enables the combus-

tion of ultra lean and low temperature mixtures. TJI-assisted combustion systems, typically,

consist of a relatively small pre-chamber (PCh), a main chamber (MCh), and a nozzle con-

necting them. A spark plug and also injectors are installed in the PCh to ignite its charge and

provide desired amounts of auxiliary fuel and air. An inflammation zone is, usually, created

inside the PCh with a low ignition energy demand which potentially minimizes the require-

ments of the conventional ignition systems and efficiently initiates and controls the MCh

combustion [34]. The combustion processes of different TJI-assisted combustion systems

involving PCh-MCh configurations have been reviewed in references [105, 107, 95]. More

recently, TJI has been used in rapid compression machines (RCM) [104, 65, 36, 68, 9, 8].

These machines are typically used for interrogating the effects of low-to-intermediate tem-

perature autoignition by compressing fuel-air mixtures, uniformly, to engine-like conditions.

In TJI-assisted RCM combustion systems (figure 2.4a), a PCh is installed at the end side

of the RCM, referred to as the MCh. The PCh is connected to the MCh through a nozzle
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(or several nozzles), allowing the hot product jet(s) to rapidly entering/propagating in the

MCh [26]. Ideally, the incoming jet should cause nearly volumetrically and homogeneous

combustion, enabling the implementation of lean burned technology in internal combustion

(IC) engines. Since the heat release occurs almost simultaneously and rapidly in all the

combustion sites, the overall reaction activities are expected to be comparable to those in

spark ignition (SI) engines. This allows the TJI-RCM systems to operate at optimum igni-

tion timing, which extends the knock limits. Lean burned TJI-assisted combustion systems,

significantly, reduce the pumping loss, improve engine drive cycle efficiency, and decrease

carbon emissions since they operate less throttled. The lean homogeneous combustion has

also lower temperature and nitrogen oxides emissions.

The performance of TJI-assisted RCM is dependent on the complicated and often cou-

pled effects of various factors such as the initial thermo-chemical conditions, the PCh and

MCh geometries, the ignition process (timing, location, amount, and duration of igniter

discharged energy), the fuel-air-products mixing, and the fuel chemistry. It is not trivial

to experimentally predict the TJI-RCM behavior for various operating conditions. High-

fidelity computational models such as those developed based on the large eddy simulation

(LES) concept [89, 90, 82, 85, 79, 25, 72] can greatly help with the development and assess-

ment of these systems. However, LES models have not been fully used for this purpose due

to the challenges in modeling of sub-grid scales (SGS) correlations. These are more diffi-

cult to model, especially, in compressible turbulent reacting flows because of the additional

nonlinearity of chemical reactions and the intricate complexities of turbulence/reaction inter-

actions [115]. Additionally, in TJI-assisted combustion systems a broad range of flame types

including flamelet type, distributed, premixed, non-premixed, and diffusion flames can exist,

simultaneously, in combustion zones [109]. Therefore, the combustion closure models which
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are developed based on the assumption of existing one flame type might not be used to pre-

dict the overall behavior of such combustion systems, since they may not be able to capture

the details of the flame structures accurately. Several reviews and books are available on the

advantages and challenges of LES models [89, 90, 82, 85, 79, 25, 72]. The models developed

based on the solution of the SGS probability density function (PDF), known as the filtered

density function (FDF) [116, 40, 58, 45, 42, 29, 41, 18, 31], are among the most promis-

ing models developed for LES of turbulent reacting flows. In the FDF approach, the joint

statistics of turbulent variables at the sub-grid level are obtained from the FDF transport

equation. The main advantage of the FDF approach is that all terms involving single-point

statistics like reaction terms in the FDF equation appear in a closed form. However, the

single-point FDF equation is not closed and further modeling for multi-point correlations is

needed.

Jaberi et al. [41] developed a FDF model for LES of compressible turbulent reacting

flows based on the scalar filtered mass density function (FMDF). This model is basically the

mass weighted filtered value of the fine-grained density of energy and species mass fractions.

The FMDF model was extended to the velocity-scalar [99, 70] and velocity-scalar-frequency

FMDF [100]. The scalar FMDF has been used to simulate a variety of combustion systems

[98, 118] without including the effect of pressure on the FMDF, which might be a reasonable

assumption for low Mach number and constant pressure combustion. This effect is also

included in the FMDF model to accurately simulate high-speed flows [11].

In previous studies [11, 10, 3], successful simulations have been performed by using

LES/FMDF along with H-H O-H grid [56] for cylindrical geometries. Despite applicabil-

ity to flows in complex geometries, the search and locate Monte Carlo (MC) particles in

FMDF will be much faster and more accurate for simpler grids. To address this issue and
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also incorporate a uniform Cartesian mesh in any geometry, we developed a version of im-

mersed boundary (IB) method [67] compatible with the underlying solver to treat the finite

difference (FD) grids and MC particles at the boundaries. The IB method was first intro-

duced by Peskin [76] to compute the blood flow in the cardiovascular systems. There have

been numerous efforts [24, 117, 106] to assess its accuracy and stability in a wide range of ap-

plications such as compressible [27, 62] and turbulent flows [48, 73]. The LES/FMDF model

along with IB methods, in addition of simplifying the grid generation process, requires less

calculations in the procedures of searching and locating the MC particles. Also, it allows the

maximum use of available computational capacity, since the computational loads are equally

divided between all parallel processor. Overall, incorporating IB method in the LES/FMDF

model, considerably, decreases the computational cost of simulating turbulent reacting flows

in complex geometries, while maintaining the accuracy.

In this study, we use the developed computational model in order to investigate in de-

tails the TJI-assisted RCM combustion processes and the effects of various parameters on

them. In section 2.3, the governing equations, the compressible single phase FMDF for-

mulation, the numerical approach, and the IB method are described. In section 2.4, the

simulated TJI-RCM is described. In section 2.5, the results for both compression and com-

bustion stages are presented and compared with the available experimental data. In section

2.5.2.1, a parametric study is performed, covering the igniter timing and locations, vari-

ous lean/rich/N2-diluted mixtures, and adiabatic/heat transfer model walls. Section 2.6

summarizes the main findings and conclusions.
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2.3 Governing equations

The hybrid compressible LES/FMDF methodology involves two sets of Eulerian and La-

grangian equations, which are solved conjointly for velocity and scalar (species mass frac-

tions and enthalpy) fields. The conservation form of the fully compressible LES equations

and the FMDF equation are presented in the following sections.

2.3.1 Filtered compressible Navier-Stokes equations

The standard Favre filtered [6] compressible continuity, momentum, energy, and scalar equa-

tions in curvilinear coordinate systems can be combined into the following vector compact

form,

∂ (JU)

∂τ
+
∂ (F̂ − F̂v)

∂ξ
+
∂ (Ĝ − Ĝv)

∂η
+
∂ (Ĥ − Ĥv)

∂ζ
= JŜ, (2.1)

where U = (ρ̄, ρ̄ũ, ρ̄ṽ, ρ̄w̃, ρ̄Ẽ, ρ̄φ̃) and J =
∂(x,y,z,t)
∂(ξ,η,ζ,τ)

are the solution vector and the Jacobian

transformation, respectively. The primary variables are the filtered density, ρ̄, the Favre

filtered velocity components, ũ, ṽ, w̃, the Favre filtered total energy Ẽ = ẽ + 1
2 ũiũi, and the

Favre filtered scalar mass fraction, φ̃. The coordinate transformation between the physical

domain, (x, y, z), and computational domain, (ξ, η, ζ), is defined by

x = x (ξ, η, ζ) , y = y (ξ, η, ζ) , z = z (ξ, η, ζ) . (2.2)

The spatial filtering operation is defined as

f̄ (x, t) = ⟨f (x, t)⟩` =

+∞

∫
−∞

f (x′, t) h̵ (x′, x)dx′, (2.3)
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where f̄ (x, t) (or ⟨f (x, t)⟩` ) represents the filtered value of the transport variable, f (x, t),

for the filter function h̵. However, in compressible flows it is more convenient to consider

the Favre filtered variables, where f̃ (x, t) = ⟨f (x, t)⟩L = ⟨ρf⟩` / ⟨ρ⟩`. In equation 2.1, the

inviscid flux vectors are defined as

F̂ =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ̄Û

ρ̄ũÛ + p̄ξ̂x

ρ̄ṽÛ + p̄ξ̂y

ρ̄w̃Û + p̄ξ̂z

(ρ̄Ẽ + p̄) Û − ξ̂t

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Ĝ =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ̄V̂

ρ̄ũV̂ + p̄η̂x

ρ̄ṽV̂ + p̄η̂y

ρ̄w̃V̂ + p̄η̂z

(ρ̄Ẽ + p̄) V̂ − η̂t

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, Ĥ =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ̄Ŵ

ρ̄ũŴ + p̄ζ̂x

ρ̄ṽŴ + p̄ζ̂y

ρ̄w̃Ŵ + p̄ζ̂z

(ρ̄Ẽ + p̄) Ŵ − ζ̂t

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(2.4)

where
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

F̂ = ξ̂xF⃗ + ξ̂yG⃗ + ξ̂zH⃗

Ĝ = η̂xF⃗ + η̂yG⃗ + η̂zH⃗

Ĥ = ζ̂xF⃗ + ζ̂yG⃗ + ζ̂zH⃗

and

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Û = ξ̂t + ξ̂xũ + ξ̂y ṽ + ξ̂zw̃

V̂ = η̂t + η̂xũ + η̂y ṽ + η̂zw̃

Ŵ = ζ̂t + ζ̂xũ + ζ̂y ṽ + ζ̂zw̃

. (2.5)
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The viscous fluxes Fv,Gv, and Hv in curvilinear coordinate systems can be written as

F̂v =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

µe {2L1 [ũ] − 2
3 (L1 [ũ] +L2 [ṽ] +L3 [w̃])}

µe (L1 [ṽ] +L2 [ũ])

µe (L1 [w̃] +L3 [ũ])

ũFν2 + ṽFν3 + w̃Fν4 + λL1 [T̃ ] +
ρ̄νt
Prt

L1 [H̃]

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

Ĝv =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

µe (L1 [ṽ] +L2 [ũ])

µe {2L2 [ṽ] − 2
3 (L1 [ũ] +L2 [ṽ] +L3 [w̃])}

µe (L2 [w̃] +L3 [ṽ])

ũGν2 + ṽGν3 + w̃Gν4 + λL2 [T̃ ] +
ρ̄νt
Prt

L2 [H̃]

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

,

Ĥv =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0

µe (L1 [w̃] +L3 [ũ])

µe (L2 [w̃] +L3 [ṽ])

µe {2L3 [w̃] − 2
3 (L1 [ũ] +L2 [ṽ] +L3 [w̃])}

ũHν2 + ṽHν3 + w̃Hν4 + λL3 [T̃ ] +
ρ̄νt
Prt

L3 [H̃]

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

(2.6)

in which the operators are

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L1 = [ξx
∂
∂ξ + ηx

∂
∂η + ζx

∂
∂ζ ]

L2 = [ξy
∂
∂ξ + ηy

∂
∂η + ζy

∂
∂ζ ]

L3 = [ξz
∂
∂ξ + ηz

∂
∂η + ζz

∂
∂ζ ]

. (2.7)
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Here, the metric coefficients ξ̂t, ξ̂x, . . . , ζ̂z are defined as ξ̂t = J∂ξ/∂t, ξ̂x = J∂ξ/∂x,. . .,ζ̂z =

J∂ζ/∂z. In the proceeding equations, λ, νt, and Prt are the thermal conductivity, SGS

viscosity, and SGS turbulent Prandtl number. The quantities Fνn, Gνn, and Hνn are the

nth components of Fv, Gv, and Hv vectors.

For the temperature, the Favre filtered internal energy equation is solved, while the SGS

part of the kinetic energy is neglected. Furthermore, the subgrid stress terms in equation

2.1 are modeled by a gradient diffusion type closure, in which the effective viscosity, µe, is a

function of molecular viscosity, µ, and the turbulent kinematic viscosity, νt (i.e. µe = µ+ρ̄νt).

Turbulent kinematic viscosity is modeled by either the Smagorinsky closure model (primarily

used in this study),

νt = (Cs∆G)
2
∣S̃∣, (2.8)

or the modified kinematic energy velocity (MKEV) model,

νt = Cm∆G

√

∣ũ∗i ũ
∗
i − ⟨ũ∗i ⟩l′ ⟨ũ

∗
i ⟩l′

∣. (2.9)

In the Smagorinsky model, Cs is the model constant and ∣S̃∣ is the magnitude of filtered

strain rate tensor calculated by

∣S̃∣ =
√

2S̃ijS̃ij . (2.10)

Similarly, in the MKEV model Cm is the model coefficient and ⟨ũ∗i ⟩ is defined as ⟨ũ∗i ⟩ =

ũi − uref (uref is added to ensure the Galilean invariance and l′ denotes the secondary

filter function). In both models, ∆G is the characteristic size of the filter function. In non-

reacting simulations, the source term Ŝ in equation 2.1 is a null vector, whereas in reacting

simulations it is obtained from the FMDF. Favre filtered heat flux is defined as H̃ = Ẽ +
p̄
ρ̄
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and the subgrid heat flux closure, HSGS
ij , is calculated based on a gradient diffusion model

HSGS
i =

−ρ̄νt
Prt

∂H̃

∂xi
. (2.11)

2.3.2 Compressible single phase scalar FMDF equations

The scalar FMDF is the joint PDF of the scalar vector at sub-grid level and is defined as

PL (Ψ;x, t) =

+∞

∫
−∞

ρ (x′, t)σ [(Ψ,Φ (x′, t))]G (x′ − x)dx′, (2.12)

where G represents the filter function, Ψ is the scalar vector in the sample space. σ is the

fine-grained density defined based on a series of delta functions, δ, by

σ [(Ψ,Φ (x′, t))] =
Ns+1

∏
α=1

δ (ψα − φα (x, t)) . (2.13)

Ns represents the number of the species and the scalar vector, Φ ≡ φα, (α = 1, . . . ,Ns + 1),

includes the species mass fractions and the specific enthalpy (φα=Ns+1). The transport

equation for the FMDF can be derived from the following unfiltered scalar equation in

Cartesian coordinate system:

ρ
∂φα
∂t

+ ρui
∂φα
∂xi

=
∂

∂xi
(Γ
∂φα
∂xi

) + ρ (SRα + S
cmp
α ) . (2.14)

The source term, SRα = ω̇α, represents the production or consumption of species α (α = 1, . . . ,Ns)

due to reaction. For Energy (or Enthalpy) equation (α = Ns + 1), the source term SRα = Q̇ is

the combustion heat and S
cmp
α = 1

ρ (
∂p
∂t + ui

∂p
∂xi

+ τij
∂ui
∂xj

) is compressibility term. The exact
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FMDF equation can be derived from the time derivative of FMDF equation 2.12 as

PL (Ψ;x, t)

∂t
= −

∂

∂ψα
[⟨
∂φα
∂t

∣Ψ⟩
l
PL (Ψ;x, t)] , (2.15)

where ⟨f ∣Ψ⟩l represents the conditional filtered value of function f . The FMDF transport

equation can be obtained by inserting equation 2.14 into equation 2.15 as

∂PL
∂t

+
∂ (⟨ui∣Ψ⟩l PL)

∂xi
− ⟨(

1

ρ
[
∂ρ

∂t
+
∂ (ρui)

∂xi
]) ∣ψ⟩

l
PL

=
∂

∂ψα
[⟨−(

1

ρ

∂

∂xi
Γ
∂φα
∂xi

) ∣Ψ⟩
l
PL]

−
∂

∂ψα
[⟨SRα ∣Ψ⟩

l
PL] −

∂

∂ψα
[⟨S

cmp
α ∣Ψ⟩

l
PL] .

(2.16)

The species and energy source terms in equation 2.16 are defined as

⎧⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎩

SRα = ω̇α, S
cmp
α = 0, α ≡ 1, . . . ,Ns

SRα = Q̇, S
cmp
α =

1

ρ
(
∂p

∂t
+ ui

∂p

∂xi
+ τij

∂ui
∂xj

) , α ≡ Ns+1

. (2.17)

The chemical reaction source term, − ∂
∂ψα

[⟨SRα ∣Ψ⟩
l
PL], is closed when the SGS pres-

sure fluctuation effects are ignored. This term in the filtered scalar equation and conven-

tional LES methods is not closed, therefore, the FMDF equation cannot be solved directly

due to presence of three unclosed terms:
∂(⟨ui∣Ψ⟩lPL)

∂xi
, ∂
∂ψα

[⟨−(1
ρ
∂
∂xi

Γ∂φα∂xi
) ∣Ψ⟩

l
PL], and

− ∂
∂ψα

[⟨SRα ∣Ψ⟩
l
PL].

The unclosed convection term,
∂(⟨ui∣Ψ⟩lPL)

∂xi
, can be decomposed into two large and SGS
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convection terms as

⟨ui∣Ψ⟩l PL = ⟨ui⟩LPL + (⟨ui∣Ψ⟩l PL − ⟨ui⟩LPL) . (2.18)

The SGS convection term is modeled via a gradient type closure as

(⟨ui∣Ψ⟩l PL − ⟨ui⟩LPL) = Γt
∂ (PL/ ⟨ρ⟩l)

∂xi
, (2.19)

where Γt = ⟨ρ⟩l νt/Prt is the turbulent diffusivity and Prt is the turbulent Prandtl number.

The second unclosed term is decomposed in two molecular and SGS dissipation terms as

∂

∂ψα
[⟨−(

1

ρ

∂

∂xi
Γ
∂φα
∂xi

) ∣Ψ⟩
l
PL]

=
∂

∂xi
[Γ
∂ (PL/ ⟨ρ⟩l)

∂xi
] +

∂

∂ψα
[Ωm (ψα − ⟨φα⟩l)PL] .

(2.20)

The SGS dissipation is modeled via the linear mean square estimation (LMSE) or the in-

teraction by exchange with the mean model (IEM) with the Ωm to be the SGS mixing

frequency, which can be obtained from the molecular and SGS turbulent diffusivity (Γ and

Γt) and the filter size (∆G) as

Ωm = Cω
Γ + Γt

∆G ⟨ρ⟩l
. (2.21)

The Reynolds-averaged Navier Stokes (RANS) PDF method for compressible flows was

extended by Delarue and Pope [19], in which pressure is considered as one of the random

variables in the PDF formulation and a set of modeled stochastic equations is solved for

the joint velocity-frequency-energy-pressure PDF. In this study, the pressure is not directly
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included in the FMDF formulation and only the effect of filtered pressure on the scalar

FMDF is considered. The last term in equation 2.16 represents the effects of pressure and

viscosity on the scalars, where the temporal derivative of pressure can be written as

⟨(
1

ρ

∂p

∂t
) ∣Ψ⟩

l
PL =

1

⟨ρ⟩l

∂ ⟨p⟩l
∂t

PL α ≡ Ns+1. (2.22)

The spatial derivative part is decomposed into the resolved and SGS parts,

⟨(
1

ρ
ui
∂p

∂xi
) ∣Ψ⟩

l
PL =

1

⟨ρ⟩l
⟨ui⟩L

∂ ⟨p⟩l
∂xi

PL

+(⟨(
1

ρ
ui
∂p

∂xi
) ∣Ψ⟩

l
PL −

1

⟨ρ⟩l
⟨ui⟩L

∂ ⟨p⟩l
∂xi

PL) α ≡ Ns+1.

(2.23)

Similarly, the viscous dissipation part is decomposed into the resolved and SGS parts,

⟨(
1

ρ
τij

∂ui
∂xj

) ∣Ψ⟩

l

PL =
1

⟨ρ⟩l
⟨τij⟩L

∂ ⟨ui⟩l
∂xj

PL

+(⟨(
1

ρ
τij

∂ui
∂xj

) ∣Ψ⟩

l

PL −
1

⟨ρ⟩l
⟨τij⟩L

∂ ⟨ui⟩l
∂xj

PL) α ≡ Ns+1.

(2.24)

However, the SGS pressure term in equation 2.23 and the SGS viscous term in equation 2.24

are ignored. By inserting equations 2.18-2.24 into equation 2.14, the final form of the FMDF
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transport equation for single-phase compressible reacting system can be derived as

∂PL
∂t

+
∂ (⟨ui⟩LPL)

∂xi

=
∂

∂xi
[(Γ + Γt)

∂ (PL/ ⟨ρ⟩l)

∂xi
]

+
∂

∂ψα
[Ωm (ψα − ⟨φα⟩L)PL]

−
∂

∂ψα
[SRα (ψ)PL] −

∂

∂ψα
[S̃
cmp
α (ψ)PL],

(2.25)

where

⎧⎪⎪⎪⎪⎪⎪⎪
⎨
⎪⎪⎪⎪⎪⎪⎪⎩

SRα = ω̇α, S̃
cmp
α = 0, α ≡ 1, . . . ,Ns

SRα = Q̇, S̃
cmp
α =

1

⟨ρ⟩l
(
∂ ⟨p⟩l
∂t

+ ⟨ui⟩L
∂ ⟨p⟩l
∂xi

+ ⟨τij⟩L
∂ ⟨ui⟩L
∂xj

) , α ≡ Ns+1

(2.26)

The scalar field can be obtained from the modeled scalar FMDF transport equation,

which is closed and provides all single-point spatial and temporal statistics of species and

temperature. However, to check the mathematical consistency between the FMDF and the

conventional LES methods, the transport equations for the filtered scalar variables can also

be solved directly by FD methods. Here, we only solve the FD equation for one of the

reactive species.
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2.3.3 Numerical approach

The attributes of the hybrid LES/FMDF model are shown in figure 2.1. In this model, the

filtered velocity and pressure are obtained by solving equation 2.1 with the conventional FD

methods, while the species mass fractions and temperature are computed using the FMDF-

MC approach. In this approach, the modeled FMDF equation is solved by the Lagrangian

MC procedure with the known filtered velocity and pressure fields. In this procedure, equa-

tion 2.20 is solved indirectly via equivalent stochastic (diffusion) equations. Each MC particle

is spatially transported in the physical space due to the large scale convection, and sub-grid

and molecular diffusion. This is implemented through a set of SDEs as

dX+
i = [⟨Ui⟩L

1

⟨ρ⟩l

∂ (Γ + Γt)

∂xi
]dt +

⎡
⎢
⎢
⎢
⎢
⎣

¿
Á
ÁÀ2 (Γ + Γt)

⟨ρ⟩l

⎤
⎥
⎥
⎥
⎥
⎦

dWi (t) , (2.27)

where Wi denotes the Wiener process. The change in the composition space occurs due to

SGS and molecular mixing, chemical reaction, viscous dissipation, and pressure variation in

time and space, which is described by the following SDEs:

dφ+α = −Ωm (φ+α − ⟨φα⟩L)dt + (SRα (φ+) + S̃
cmp
α )dt α ≡ 1, . . . ,Ns+1. (2.28)

The combination of all processes described by equations 2.27 and 2.28 yields a Fokker-

Planck equation, which is identical to the FMDF transport equation (equation 2.25). This

equation governs the PDFs of stochastic processes, in which the large scale, SGS, molecular

mixing, and the chemical reactions are incorporated. The number of MC particles are

managed via a procedure involving the use of nonuniform weights. The variable weighting

allows the particle number to vary between certain minimum and maximum numbers. MC
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LES-FD solver:
⟨ρ⟩l , ⟨ui⟩L , ⟨p⟩l , ⟨T ⟩L , ⟨φα⟩L

⟨ui⟩L Overlap: ⟨ρ⟩l , ⟨φα⟩L , ⟨T ⟩L

FMDF-MC solver:
⟨ρ⟩l , ⟨Sα⟩L , ⟨T ⟩L , ⟨φα⟩L

⟨Sreacα ⟩l

Figure 2.1: The attributes of the hybrid LES/FMDF model.

particles are weight averaged over a box of size ∆E centered at the point of interest to

calculate the Favre filtered values of variables at a given point. It can be shown that the

summation of weights within the ensemble averaging domain, ∆E , is related to the filtered

fluid density as

⟨ρ⟩l ≈
∆m

VE
∑

n∈∆E

w(n), (2.29)

where VE is the domain volume, ∆m is the MC particle mass with a unit weight, and w(n)

represents the MC particle weight within the ensemble domain. The Favre-filtered value of

any function of scalars, ⟨Q⟩L, is obtained from the following weighted averaging operation,

⟨Q⟩L ≈

∑
n∈∆E

w(n)Q (φ)

∑
n∈∆E

w(n)
. (2.30)

The discretization of filtered gas dynamics equations is based on the compact FD scheme

[57], which yields up to sixth (or higher) order spatial accuracy. In order to avoid numerical

instabilities and remove the numerical noises generated by the growth of numerical errors at

high wave number modes, a low pass, high order, spatial implicit filtering operator is used

[57]. The time differencing is based on a third order low storage Runge Kutta method [10].
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2.3.4 MC particle tracking and parallelization

The search and locate procedure of MC particles could become computationally intensive in

the LES/FMDF method [11, 10, 3]. Here, an effective method has been developed to reduce

its cost by using a structured, orthogonal, uniform, and multi-block Eulerian grid system.

Figure 2.2 shows the FD mesh (solid yellow lines), MC particles (small purple circles), and

imaginary control volumes (dashed green lines) around the grid points. The procedure is

three-dimensional but to better describe it, a two dimensional schematic is considered. In

figure 2.2, the quadrilateral qrst is formed around the FD grid point O, which is a good

representative for this cell. The particles within the qrst are used in ensemble averaging. To

perform ensemble averaging and interpolation for MC particles, this quadrilateral has to be

determined. For all the particles located inside the qrst, the values at the corners are used.

A general form of this procedure for non-orthogonal grid is described here. In order

to locate the MC particle, initially, the corresponding computational processor index is

identified. Thereafter, the quadrilateral qrst is specified by the 3 indexes of point p. To

determine the ith component of point q, the auxiliary vectors Ð→sp, Ð→sq, and
Ð→
A are defined.

Ð→
A is the normal vector to

Ð→
st, where its direction could be either way. Therefore, G (q) is

defined as

G (q) = (
Ð→sp ⋅
Ð→
A) (

Ð→sq ⋅
Ð→
A) . (2.31)

The sign of the G (q) identifies whether the particle p and point q lie on the same side of

Ð→
st or not. Sweeping start point is assumed to be i = 1 and is performed in the direction of

increasing i. Point q is the first point with positive G value. The particles are tracked in

three different grid line directions, separately, and a similar procedure is used in other three

grid line directions as shown in figure 2.2. As the ith component of q is determined, the
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Figure 2.2: Schematic of the grid points, large black circles; MC particles, small purple
circles; control volumes, dashed green lines around the grid points; FD mesh, solid yellow
line; and sweeping directions to determine ith and jth components of the point q.

kth component could be specified by searching in a grid plane. By knowing the ith and kth

components, jth component is determined simply by sweeping in a segment formed by grid

lines. To interpolate the properties to the particle location, a linear interpolation is used.

Since the uniform grid is used here, no further interpolation is needed from the physical

domain to the computational domain. Therefore, the velocity of the particle p is computed

by an interpolation of the values at the corner of the quadrilateral qrst. This scheme has

been successfully implemented in the underlying LES/FMDF solver. Reflecting boundary

condition is used for MC particles at the boundaries as described below.

2.3.5 Immersed boundary method for LES/FMDF

A version of immersed boundary (IB) method compatible with the LES/FMDF computa-

tional model is developed and used here. For this, the solution algorithm is modified locally

by enforcing the desired boundary conditions for both FD grids and MC particles. Therefore,

a Cartesian mesh is used and it is not required to morph the computational mesh to the

physical boundaries. With the IB method, the LES/FMDF model retains most of the favor-
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Figure 2.3: Schematic of approximated domain using IB method. Ωfluid, out of domain
Ωout, approximated boundary (thick line), actual boundary (parallel lines), and Monte Carlo
particles ● .

able properties of structured grids and also provides a high level of flexibility in tackling flows

and MC particles for two reasons. First, the procedure of search and locate MC particles

requires less calculations. Second, the computational load is almost equally divided between

the processors, which facilitates the maximum utilization of available parallel computational

processors with simple and less expensive communication procedures.

Figure 2.3 shows the actual boundaries, approximated fluid domain (shaded area, Ωfluid),

approximated boundary (thick line), and the out of domain area (Ωout). The conservation

of mass is satisfied within the Ωfluid and Dirichlet boundary condition is used for velocity

components at the approximated boundaries. The parameter dMC−B denotes the distance

between a MC particle and the associate boundary. Reflecting conditions with new dMC−B

equals to 1 × 10−6 (m) are used to relocate the particles hitting the boundaries.

2.4 TJI-RCM setup and computational domain

The simulated TJI-RCM is similar to the optically accessible TJI-RCM experiment at Michi-

gan State University, operating with a compression ratio of 8.5 [26]. This machine is mainly
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composed of three separate pneumatic, hydraulic, and combustion cylinder pistons, which

are mechanically coupled. Initially, the RCM cylinder is evacuated before filling it with a

fuel and air mixture at a specific equivalence ratio, and preheating to 353K. The mixtture

is then rapidly compressed to the desired elevated temperature and pressure. At the end of

the compression process, the fuel and air mixture is well and (ideally) homogeneously mixed.

This mixture is held at a constant volume, while the PCh igniter is being charged for a dura-

tion of about 5ms. The PCh combustion is initiated by a spark plug. The PCh is a relatively

small chamber with about 2% of the MCh volume and separate fuel and air injectors, igniter,

and a pressure transducer (figure 2.4a). After a successful ignition, a hot product turbulent

jet is generated and injected into the MCh, which starts the MCh combustion. The entire

process is described in more details in section 2.5.

The LES/FMDF equations are solved on the orthogonal uniform mesh along with IB

method to simulate the the curved surfaces. A Neumann boundary condition is imposed for

the density, ( ∂ρ∂n = 0, where n is the direction normal to the immersed surface) and no-slip

boundary condition is used for the velocity components at the approximated boundaries.

According to the previous studies [63, 10, 11], moderate heat transfer occurs at the combus-

tion chamber wall, which has some effects on the temperature distribution in both PCh and

MCh. Here, we primarily use adiabatic walls, however, a conductive heat transfer model is

also developed and used.

In order to ensure the grid quality throughout the domain, all simulations are conducted

with a uniform grid spacing equals to 2.5 × 10−4 (m) in all directions. In figure 2.4(b)

and table 2.1, the specifications of the simulated three-dimensional mesh and computational

domain are presented. In generating the computational geometry, the volumes occupied by

the igniter and fuel and air injectors inside the PCh are subtracted from the actual volume
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(a) (b)

Figure 2.4: (a) TJI-RCM combustion system and (b) 3D view of the TJI-RCM mesh.

to make the computational volume equal to the experimental volume. The computational

domain is massively partitioned in two streamwise and cross-stream directions. In order to

maintain the accuracy across the parallel processors and grid block boundaries, 5 overlap

grids are used using fifth order compact FD scheme [57]. The computational resources

are provided by high performance computing center at Michigan State University [1] and

University of Texas at Austin [2]. A typical simulation on 100 Intel processors for about

1ms of combustion and compression stages requires 3.0×103 and 1.5×103 service unit (SU),

respectively.

Table 2.1: Specifications of TJI-assisted RCM computational domain.

Chamber Radius (mm) Height/Width (mm)

PCh
Sec. I 6.75 14.00
Sec. II 4.25 16.00
Sec. III 1.50 3.00

MCh 25.35 26.70
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2.5 Results and discussions

The flow/combustion in the TJI-assisted RCM can be divided in two main i) compression

and ii) combustion stages, which are described in details in the following subsections.

2.5.1 Compression stage

Here, the compression stage of TJI-RCM is simulated incorporating a static mesh and im-

posing the available experimental pressure traces, p = pexperiment, and Neumann boundary

conditions for temperature and filtered velocity components, i.e. dT̄
dz = 0 and

dūi
dz = 0, on

the piston side of the RCM (figure 2.4b). Figure 2.5(a) presents the three-dimensional iso-

surfaces of velocity magnitude, ∣U⃗ ∣ (m/s), inside the TJI-RCM at the end of the compression

stage, where piston stays at the top dead center (TDC). In figure 2.5(b), the contour plots

of vorticity magnitude, ∣ω⃗∣ (1/s), at the middle of the RCM are plotted in xy and zy planes.

For a better representation of the flow structures, the velocity contours in half of the domain

are plotted. As it can be observed in this figure a highly distorted low velocity turbulent

flow is generated during the compression stage. The generated turbulent field inside the PCh

facilitates the combustion by enhancing the burning velocity.

The temporal evolution of the PCh flow during the compression stage is shown through

contour plots of velocity and vorticity magnitudes in figures 2.6 and 2.7. Initially, the

relatively low pressure difference between MCh and PCh, gently, pushes the premixed fuel-

air mixture into the initially stagnant PCh (figures 2.6(a)-(c) and 2.7(a)-(c)). However,

after about 14 (ms), a well developed unsteady turbulent round jet penetrates into the

PCh (figures 2.6d and 2.7d). The piston acceleration, which occurs approximately in the

time frame of 17 (ms) ≲ t ≲ 27 (ms), significantly, increases the jet velocity and vorticity
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(a) (b)

Figure 2.5: TJI-RCM flow structures at the end of the compression stage: (a) Contour plot
of iso-surfaces of velocity magnitude, ∣U⃗ ∣ (m/s), and (b) Contour plot of vorticity magnitude,
∣ω⃗∣ (1/s), in the middle of the domain at xy and xz planes.

magnitudes (figures 2.6e-g and 2.7e-g). While the fuel-air jet penetrates into the PCh and

reaches the surrounding wall strong vorticies are appeared, initiating an intense turbulent

flow inside the PCh. The piston begins decelerating around 27 (ms) ≲ t and as it can be

observed in figures 2.6(h)-(i) and 2.7(h)-(i), the PCh flow speed decreases and the jet vanishes

when the piston reaches the TDC at t = 30 (ms). At this point, a somewhat homogeneous

turbulent flow dominates the PCh (figures 2.6j and 2.7j), which may cause difficulties in

stabilizing the flame in the PCh during ignition. In the experiments, about 5 (ms) after the

piston reaches the TDC, the igniter is discharged. This delay helps to stabilize the flame,

however, it affects other processes including PCh turbulence intensity, flame speed, and,

eventually, the characteristics of the generated hot product jet.

The compression stage is simulated incorporating two adiabatic and non-adiabatic wall

conditions. Thus, a heat transfer model is developed based on the energy balance between

the flow, inner and outer walls to calculate the inner wall temperature. Figure 2.8 shows

a schematic of the model and the related quantities. Here, Tg is the mean temperature of
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 2.6: Time evolution of the PCh flow field during the compression stage considering
contour plots of velocity magnitude, ∣U⃗ ∣ (m/s).

the inside flow, Twi is the temperature of the inner wall, Two is the assigned temperature

of the outer wall, hcg is the mean convection heat transfer coefficient, kcw is the thermal

conductivity for the wall, ∆xw is the wall thickness, and Q is the heat flux. By applying the

energy balance, it is obtained that

Q =
kcwA (Twi − Two)

∆xw
= hcgA (Tg − Twi) . (2.32)

Thus, the temperature of the inner wall is given by

Twi =
hcgTg + (kcw/∆xw)Two

hcg + (kcw/∆xw)
, (2.33)
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(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

Figure 2.7: Time evolution of the PCh flow field during the compression stage considering
contour plots of vorticity magnitude, ∣ω⃗∣ (1/s).

where the mean convective heat transfer coefficient is calculated as

hcg =
Nugkcg

D
. (2.34)

Here, kcg represents the gas thermal conductivity, D is the PCh or MCh diameter based on

the location of the wall. Nug is the mean Nusselt number calculated as Nug = 0.035Re0.8,

where Re is the mean Reynolds number. The outer wall temperature is set equals to 353K.

The heat transfer from the walls to the interior flow gas was not allowed.

Figures 2.9(a) and 2.9(b) show the predicted temperature contours at the end of the

compression stage for cases with adiabatic and conductive walls. As it can be seen in these
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Figure 2.8: Schematic of the wall heat transfer model and related quantities.

two figures, the MCh gas temperature distributions are nearly homogeneous with mean

values equal to 754K and 742K. Homogeneous temperature distributions are also observed

in the PCh. However, the PCh mean temperature for the case with conductive walls is lower

than that for the case with adiabatic walls. This difference is because of the high ratio of

the PCh wall-surfaces area to volume, which increases the heat loss.

(a) (b)

Figure 2.9: Temperature contours of TJI-assisted RCM at the end of the compression stage,
piston located at TDC, for the cases with (a) adiabatic and (b) conductive walls.

In figure 2.10 the predicted MCh and PCh pressure traces during the compression stage

are compared with the available experimental data [26]. It can be observed that the numerical
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and experimental pressure values are very close throughout the compression phase before

TDC (t ≈ 28 ms). This trend continues up to the ignition point (t ≈ 36 ms) when the

conductive walls are used. As expected, the pressure stays constant between TDC and

ignition when adiabatic walls are used. The experimental and numerical pressures at the

ignition point are less than 2% different for the case with adiabatic walls and less than 0.3%

different for the case with conductive walls.

Figure 2.10: Quantitative comparison of the predicted pressures of both cases using adiabatic
and conductive walls with available experimental data during the compression stage of the
TJI-RCM.

2.5.2 Combustion phase

In the TJI-assisted RCM, the transition from a (non-reacting) compressed flow to a reacting

flow is very fast and complex. The combustion is usually initiated by a spark plug installed

inside the PCh. The PCh ignition process is a crucial phase in stabilizing a flame and

it depends, rather very significantly, on the turbulence intensity and mixture homogeneity

levels [54]. A successful flame kernel initiation does not necessarily lead to a stable flame

and a successful TJI-assisted combustion. For instance, flame kernels may be generated, but

then the flame in the PCh may be blown off due to intensive flow/turbulence and high strain
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rate structures [5]. Here, the igniter is modeled by an energy deposition model (EDM) [54],

in which the following source term, Qig, an exponential function of both space and time, is

used in the energy equation.

Qig = ρ̄
ε

4π2∆3
igτig

exp
⎛
⎜
⎝
−

1

2

(X+
i −Xig)

2

∆2
ig

⎞
⎟
⎠

exp
⎛

⎝
−

1

2

(t − tm)
2

τ2
ig

⎞

⎠
. (2.35)

Here, ε is the total amount of energy deposited in the vicinity of the spark plug with the

diameter ∆ig for the time period of τig and X+
i and Xig are the MC particle and spark plug

locations, respectively. In the FD-based LES, sub-grid scale (SGS) models have to capture

the spark effects on the gas mixture as the ignition energy has to be discharged in an area

smaller than the LES filter size. However, in the LES/FMDF model this energy is deposited

on the MC particles, which can capture the local effects. The modeled igniter diameter ∆ig

is suggested [54] to be set equal to three times of the experimental spark plug clearance

gap (3 × 0.8mm). It is found that the same amount of energy reported to be generated by

the spark plug in the experiments is sufficient for a successful ignition. The duration of the

deposition is 200µs. The main experimental spark and the EDM parameters are provided

in table 2.2.

Table 2.2: Igniter parameters used in experiment and energy deposition model (EDM).

Energy amount Duration Spark width
(mJ) (µs) (mm)

Experimental 150 200 0.8
EDM 150 200 2.4

Figure 2.11 shows the variations of zy−plane averaged temperature (solid blue line), and

fuel mass fraction (dashed red line), at the orifice in time marked by the direction of the

streamwise filtered velocity component, u. The jet moving from the PCh into the MCh (i.e.

u ≥ 0.0) is shown by yellow squares ∎ and the jet going in opposite direction from the MCh
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into the PCh (i.e. u ≤ 0.0) is shown by green circles ●. The streamwise jet velocity values

at the orifice are also displayed on the temperature plot. The results in this figure represent

the overall behavior of TJI-RCM flow, as well as the mixture composition and directions of

the developed jets passing through the orifice from/to the MCh. Note that figure 2.11 and

also figures 2.12-2.14 represent the results corresponding to Case1 with the thermo-chemical

conditions shown in table 2.3. Three main phases are delineated in the TJI-assisted RCM

combustion stage. The detailed features of each phase may vary for different thermo-chemical

conditions, but the overall characteristics are believed to remain the same. These combustion

phases have been identified as i) cold fuel jet phase, ii) turbulent hot product jet phase, and

iii) reverse fuel-air/product jet phase. The important features of each phase are described

below.

Figure 2.11: TJI-RCM combustion phases based on the composition and direction of the
flow at the nozzle.
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I. Cold fuel jet phase:

The first phase of the TJI-RCM combustion stage consists of the ignition, expansion

of gas, and formation of the unburned fuel jet. It can be observed in figure 2.11(Phase

I) that at early part of this phase, while the energy is being discharged by the ig-

niter, sudden temperature and density changes cause some flow and fluctuations in the

mixture variables as a low velocity stream at the orifice from the MCh to the PCh is

generated. These insignificant fluctuations which are mainly dependent on the amount

and the duration of the discharged energy, vanish rapidly and may not affect the main

combustion. Having a successful ignition process, turbulent flames form and propagate

throughout the PCh and, accordingly, the PCh pressure rise causes the cold fuel jet

to push through the orifice into the MCh. Figure 2.11(Phase I) shows the proper-

ties of the cold fuel jet at the orifice; temperature of T ≃ 750K, fuel mass fraction of

φCH4
≃ 0.05, and streamwise velocity of 0.0 ⪯ u ⪯ 200 (m/s). This is also observed

in figures 2.12(a) and 2.12(b), where the velocity magnitude iso-surfaces colored by

the fuel mass fraction and temperature are shown. Evidently, a relatively cold and

high fuel concentration jet (in comparison to the MCh) indeed passes the orifice. As

it can be observed in figure 2.12(a), the fuel mass fraction in PCh is higher than that

in MCh. Since the fuel mass fraction of the cold fuel jet is the same as the PCh fuel

mass fraction, it can be easily distinguished from the MCh in figure 2.12(a). However,

the temperature of PCh and MCh are almost the same and tracking the cold fuel jet

based on its temperature (figure 2.12b) may not be trivial. The main characteristics

of this jet are dependent on the PCh composition and turbulence intensity as well as

the parameters involved in the ignition. For example, higher equivalence ratio and

turbulence intensity in the PCh generally lead to higher velocity of the cold fuel jet.
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(a) (b)

Figure 2.12: The first phase of the TJI-assisted RCM combustion stage. Instantaneous iso-
surfaces of velocity magnitude colored by (a) fuel mass fraction, φCH4

, and (b) Temperature,

T , at t = 1.0 (ms)

The amount of fuel leaving the PCh to the MCh is an important factor in designing

the auxiliary air and fuel injectors. The main role of the auxiliary fuel injector is to

improve the PCh combustion initiation by increasing the equivalence ratio. Ideally, all

the existing fuel inside the PCh has to participate in the PCh combustion. However, in

practice some of the auxiliary fuel does not participate in the PCh combustion and is

simply added to the MCh charge. This fuel might help the combustion in MCh, but it

usually hase little effect and it is better to be burned inside the PCh. As explained in

the next section, locating the igniter close to the nozzle inside the PCh prevents cold

fuel leaving the PCh, which enables the ultra-lean premixed combustion and lowers

the low flammability limit of premixed combustion.

II. Turbulent hot product jet phase:

After a successful ignition, during the evolution of the PCh combustion, a turbulent hot

product/fuel jet is developed passing through the orifice from the PCh to the MCh. The

features of this jet, which are effected by various parameters including PCh and MCh
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(a) (b)

Figure 2.13: The second phase of the TJI-assisted RCM combustion stage. Instantaneous iso-
surfaces of velocity magnitude colored by (a) fuel mass fraction, φCH4

, and (b) Temperature,

T , at t = 2.5 (ms)

thermo-chemical conditions, are important to the MCh combustion. Unlike the cold

fuel jet, the hot product jet can also be identified by the velocity magnitude iso-surfaces

colored by temperature. It can be seen in figure 2.11 that the jet temperature, rapidly,

increases from T ≃ 750 K up to T ≃ 2400 K and the fuel mass fraction drops to zero in

Phase II. Initially, the jet velocity, rapidly, increases and reaches to very high values

(about 500(m/s)) at the orifice due to the high PCh-MCh pressure differences. Later

on when the MCh combustion is initiated, the jet confronts relatively higher pressure

zones in the MCh, while the PCh combustion becomes less effective, therefore, the

driving force to sustain the high velocity hot product jet is, quickly, weakened. Figures

2.13(a) and 2.13(b) show the jet composition and temperature, when it hits the lower

section of the MCh.

III. Reverse fuel-air/product jet phase.

The hot product turbulent jet developed in the phase II provides high energy con-

tent ignition sites throughout the MCh. Since the fuel-air mixture residence time is
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relatively higher at the lower section of the MCh, combustion mainly starts at this lo-

cation. During the MCh combustion, expectedly, MCh temperature and consequently

its pressure increase, unevenly, in all directions; developing inverse jets from the MCh

to the PCh. This phase can be divided into two sub-phases, based on the composition

and temperature of the reverse jets. Ideally, the entire amount of the available fuel

must be consumed in the main chamber. However, as it also can be observed in Phase

III.a part of figure 2.11, an unburned fuel stream with relatively low temperature and

velocity of about −100 m/s is passing the orifice from the MCh to the PCh. This sub-

phase is also shown in figures 2.14(a) and 2.14(b). The inverse jet properties changes in

time to higher temperatures and lower fuel mass fractions; as indications of a reverse

hot product jet leaking into the PCh. The temporal variations of the composition,

the temperature, and the velocity of this jet are shown in Phase III.b part of figure

2.11. As it can also be observed in figures 2.14(c) and 2.14(d), the transition from one

inverse jet to the other depends on the MCh combustion.

It is expected that all the fuel in the MCh to be burned by the end of this phase,

however, some of the unburned fuel leaked from the MCh to the PCh stay unburned

for a long time and, negatively, affect the performance of the TJI-RCM system. In-

terestingly, at the very end of the TJI-RCM combustion stage, the remnant unburned

fuel-air trapped in the PCh during the previous phases might generate a mixture of

unburned fuel-air and product stream from the PCh to the MCh. Since the tempera-

ture of this jet is relatively high and its residence time is short, it burns quickly as it

gets into the MCh. This jet might help with the combustion sustainability at the later

times, however, it also stretches the end of TJI-RCM combustion stage. Preventing the

fuel from escaping may not be trivial by controlling the thermo-chemical parameters.
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(a) (b)

(c) (d)

Figure 2.14: The reverse unburned fuel jet of the third phase of the TJI-assisted RCM
combustion stage; instantaneous iso-surfaces of velocity magnitude colored by (a) fuel mass
fraction, φCH4

, and (b) Temperature, T at t = 4.0 (ms). The reverse hot product jet of the
third phase of the TJI-assisted RCM combustion stage; instantaneous iso-surfaces of velocity
magnitude colored by (c) fuel mass fraction, φCH4

, and (d) Temperature, T , at t = 8.0 (ms).

However, as it is studied in Case10 to Case13 of table 2.3, lowering the location of the

igniter shortens the combustion duration and also prevents the unburned fuel at the

upper section of the MCh leaks into the PCh.

Here, we study the effects of various thermo-chemical and physical parameters as pro-

vided in table 2.3, which are categorized in three sets as a) initial condition and wall heat

transfer model (Case1 to Case5), b) N2 dilution and MCh and PCh equivalence ratios (Case6
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to Case9), and c) igniter location (Case10 to Case13). The reference MCh and PCh compo-

sitions, φMCh = 0.485 and φPCh = 0.787, and the igniter location, dig = 4 (mm), have been

chosen in the LES/FMDF simulations based on the available experimental data [110]. In the

experiments after the piston reaches the TDC, the RCM is held untouched while the igniter

is being charged. The effective time of the igniter energy discharge is observed to be about

TDC+6 (ms), therefore, the simulation of the compression phase was continued. Accord-

ingly, the thermo-hydrodynamics fields at TDC+6 (ms) are used as the initial conditions in

the simulations, except in Case5 which the related fields at TDC are used.

Table 2.3: Thermo-chemical and physical parameters of simulated TJI-assisted RCM.

Case# φMCh φPCh IC at tig Wall HT tig(ms) N2% dig(mm)

1 0.485 0.787 ideal adiabatic tTDC+6 0.0 4
2 0.485 0.787 ideal model tTDC+6 0.0 4
3 0.485 0.787 realistic adiabatic tTDC+6 0.0 4
4 0.485 0.787 realistic model tTDC+6 0.0 4
5 0.485 0.787 realistic adiabatic tTDC 0.0 4
6 0.485 0.787 realistic adiabatic tTDC+6 20.0 4
7 0.485 0.787 realistic adiabatic tTDC+6 30.0 4
8 0.3 0.787 realistic adiabatic tTDC+6 00.0 4
9 0.3 2.0 realistic adiabatic tTDC+6 00.0 4
10 0.485 0.787 realistic adiabatic tTDC+6 00.0 13
11 0.485 0.787 realistic adiabatic tTDC+6 00.0 25
12 0.3 0.787 realistic adiabatic tTDC+6 00.0 25
13 0.2 0.787 realistic adiabatic tTDC+6 00.0 25

2.5.2.1 Comparison with experiment and parametric analysis

The corresponding simulation results in Case1 are utilized in figure 2.15 for a qualitative

comparison between the available experimental data [110] and LES/FMDF temperature

contours. The experimental images shown in figures 2.15(a1)-(a3) present the MCh lumi-

nosity for different time. Here, tj is defined as the time where the tip of the hot product jet

(both in experiments and numerics) reaches the middle of the MCh as it can be observed

in figures 2.15(a1),2.15(b1), and 2.15(c1). The contrast and brightness of the color images
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were enhanced using Image-J software [96]. In the experimental images the entire MCh in

spanwise direction is captured. For the sake of better comparisons, figures 2.15(b1)-(b3) show

the spanwise averaged of the simulated temperature contours, which are more similar to the

experimental images. It might be challenging to capture the flow in a particular plane inside

the MCh experimentally, but this can be easily done numerically. Figures 2.15(c1)-(c3) show

the temperature contours in a plane located at the middle of the MCh which present more

details of the highly turbulent hot product jet. It can be seen in figures 2.15(a2),2.15(b2),

and 2.15(c2) that at the time tj +0.2 (ms) both the predicted and experimental hot product

jets are reached to the lower part of the MCh. The predicted tip jet velocity, consistent with

experiments, is about 125 (m/s) on average. After about tj + 0.4, combustion is already ini-

tiated and propagated in both spanwise and cross stream directions (figures 2.15a3,2.15b3,

and 2.15c3). The qualitative comparison of these figures reveals the high accuracy of our

numerical approach.

A quantitative comparison has also been made between the available experimental pres-

sure data [110] and LES/FMDF pressures obtained from Case1 and Case2 provided in table

2.3. In figure 2.16, the experimental pressure trace is shown by ( ◇ ). The pressure trans-

ducer in the experimental setup is located at the lower section of the MCh. The simulated

pressure values at the location of the pressure transducer, PointMCh, are shown by ( ○ ) for

Case1 and by ( ◽ ) for Case2. During the early phases of the TJI-RCM combustion, both

experimental and numerical pressure values are reasonably in an accurate agreement. In the

later phases, these two pressure traces deviate from each other. In the numerical point of

view, this behavior might be due to the chemical kinetics model and/or wall condition used

in the simulations. The discrepancies between the reported and actual initial experimental

conditions including the initial fuel equivalence ratio, temperature, pressure, and auxiliary
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Time Experimental LES/FMDF LES/FMDF

(ms) image
spanwise
averaged

mid-plane

tj

(a1) (b1) (c1)

tj + 0.2

(a2) (b2) (c2)

tj + 0.4

(a3) (b3) (c3)

Figure 2.15: Qualitative comparison between LES/FMDF and experimental results: (a1)-
(a3): Experimental pictures; (b1)-(b3): LES/FMDF span-wised averaged temperature con-
tours at; and (c1)-(c3): LES/FMDF temperature contours in the middle of the MCh.
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Figure 2.16: Comparing the experimental ( ◇ ) and simulated pressure traces at PointMCh
in Case1 ( ○ ) and Case2 ( ◽ ).

amount of fuel, as well as the possible leakage in the experimental setup might cause the

pressure differences. The repeatability of the experimental pressure traces was examined

repeating the experiments with the same conditions; an uncertainty factor equals to 10%

from the mean values, reasonably, represent the possible aleatory and epistemic uncertain-

ties. The experimental pressure confidence (uncertainty) bounds are shown by shaded gray

area in figure 2.16. Despite of pressure differences, the simulated pressure traces, accept-

ably, follow the corresponding experimental values within the defined confidence bounds. In

Case1 the adiabatic walls are used and the generated heat of combustion stays in the system

and expectedly the predicted pressure is relatively higher. In Case2 where the heat transfer

wall model is used, the maximum predicted pressure is lower than it in Case1 and closer to

the experimental results. It can be seen that the TJI-assisted RCM combustion process is

sensitive to the heat transfer model at the walls even for the same initial thermo-chemical

conditions. More details are provided below.

Figure 2.17 shows the contours of temperature, fuel mass fraction, and velocity magnitude

for Case1. In these and similar figures for all cases, the contours of each quantity at the
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middle and side planes of the TJI-RCM are shown at different times, e.g. t = tig + 0.5 (ms),

tig + 02.0 (ms), tig + 05.0 (ms), and tig + 10.0 (ms) in the same row. In Case1, the initial

thermo-chemical conditions are set based on the experimental results. However, since the

mixture is held at rest for a fairly long time, stagnant condition in MCh might be a reasonable

assumption, however, due to the high turbulence level inside the PCh, turbulent fluctuations

are initially added. These fluctuations are generated by solving the governing equations with

periodic boundary conditions and an initially random, solenoidal, and Gaussian velocity field

for a long time [116]. The maximum values of the velocity components are within the 10% of

the initial hot product jet velocity passing the nozzle (e.g. 300 (m/s)). The walls are assumed

to be adiabatic. It can be seen that within 0.5 (ms) the ignition process is completed and

the cold fuel jet is reached to the middle section of the MCh, suggesting that less amount of

cold fuel is exiting out to the MCh and more fuel participates in the PCh ignition processes.

After 2 (ms) a highly turbulent hot product jet is already developed and reached the lower

section of the MCh initiating its combustion. The MCh combustion generates vortex shape

structures which eventually propagate in the entire domain and lead to a nearly volumetric

combustion. As it can be seen after 10 (ms) the MCh and PCh combustion are completed.

The thermo-chemical and hydrodynamic conditions used in simulating Case2 are the

same as those used in simulating Case1. However, in this case the conductive heat transfer

model (equation 2.33) is used to calculate the wall temperatures. It can be seen in figure

2.18 that even though the combustion is completed by 10 (ms), it is generally delayed. The

jet is already reached to the lower section of the MCh and combustion is initiated by 2 (ms)

after ignition, but the flame propagates less in comparison to Case1. Also after 5 (ms) the

reveres cold fuel jet is developed, but high temperature zones in the MCh are less developed.
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Figure 2.17: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case1.
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Case2 tig + 00.5 (ms) tig + 02.0 (ms) tig + 05.0 (ms) tig + 10.0 (ms)
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Figure 2.18: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case2.
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Figure 2.19 shows the contours of temperature, fuel mass fraction, and velocity magnitude

for Case3. In this case, consistent with the experiments, the simulation of the compression

phase is continued for another 6 (ms) after the piston reaches to the TDC. Within this

time-lag the MCh and PCh turbulences relax, which might allow the spark plug to better

ignite the PCh charge, but it negatively affects the flame speed and pressure rise inside the

PCh during the ignition process. After 0.5 (ms) the PCh ignition process is not completed

and the cold fuel jet is exiting out to the MCh. About 2 (ms) after ignition, a hot product

turbulent jet hits the lower part of the MCh and initiates the main combustion. Due to the

pressure rise of the MCh a reverse cold fuel jet is getting into the PCh at about 5 (ms).

Within 10 (ms) the combustion is fairly completed and all available fuel inside the system

is consumed. As it can be seen in ∣U⃗ ∣ (m/s) contours there are fluctuations at the nozzle

between MCh and PCh which balance the pressure of both chambers.

Figure 2.20 shows the contours of temperature, fuel mass fraction, and velocity magnitude

for Case4. In this case the wall temperatures are calculated based on the conductive heat

transfer model (equation 2.33). The compression simulation using wall heat transfer model

was continued for extra 6 (ms) after the piston reaches the TDC and the final flow field

is used as the initial hydrodynamics condition. The fuel mass fraction inside the MCh and

PCh are the same as them in Case3. As it can be seen in temperature and fuel mass fraction

contours in figure 2.20, the PCh ignition process takes longer about 2 (ms) mainly due to the

heat loss of the PCh. The combustion was already initiated before 5 (ms) but at this time,

compare to previous cases, less amount of the MCh charge participated in the combustion,

confirming the effects of the heat loss of the MCh. Even though the combustion is completed

after 10 (ms), the entire process of combustion is, reasonably, delayed in this case due heat

loss across the MCh and PCh walls.
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Figure 2.19: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case3.
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Figure 2.20: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case4.
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Figure 2.21 shows the contours of temperature, fuel mass fraction, and velocity magnitude

for Case5. In this case the ignition timing is shifted to the time when the piston stops at

the TDC. At this time, the initial turbulence inside both MCh and PCh is relatively higher

than it in Case3 which, ultimately, generates higher velocity hot product jet at the earlier

times and combustion is initiated faster. However, conducting this case might be difficult

experimentally, since the spark plug must initiate the PCh combustion in a higher level

turbulence. This issue might be addressed by discharging more energy for a longer time

during the PCh ignition process. As it can be seen in figure 2.21, the PCh ignition process

in the upper section of the PCh is completed within 0.5 (ms) and the MCh combustion

is initiated by 2 (ms). The hot product jet velocity is relatively higher than it in Case3

due to faster ignition processes and rapid pressure rise in the PCh. Expectedly, the MCh

combustion is completed by 10.0 (ms).

The main difference in Case2 to Case5 is the initial hydrodynamics condition, therefore

the corresponding results for these simulations are analyzed together. In figure 2.22(a)

the simulated pressure traces in Pch (dashed thin lines) and Mch (solid thick lines) versus

time for Case3 ( ○ ), Case4 ( ◽ ), and Case5 ( ∗ ) are shown. In figures 2.22(b)-(e) the

simulated temperature (blue solid lines) and fuel mass fraction (red dashed lines) at one

point located at a point in the nozzle exit in the MCh side versus time for Case2 to Case5

are presented which the streamwise velocity values are assigned to the temperature plot.

This format is also used later in figures 2.27 and 2.32 for Case6 to Case9 and Case10 to

Case13. Initially a local pressure rise can be observed in PCh pressure during the ignition

process. This pressure rise, which determines the velocity of both cold fuel and hot product

jets, is highly dependent on the initial PCh turbulence and wall heat transfer. In Case5, since

the PCh turbulence is relatively higher, the larger pressure rises in the PCh are observed.
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Figure 2.21: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case5.
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When the hot jet reaches the lower sections of the MCh and initiates the main combustion,

expectedly, the MCh pressure rises. The pressure difference between MCh and PCh drives

the MCh mixture at the upper sections (unburned mixture) into the PCh. Eventually, when

combustion is completed, both pressures reaches to the same level. As it can be observed in

figures 2.22(b)-(e), this behavior is valid in all cases, except in Case2 and Case4 which the

heat loss is more than it in other cases and, accordingly, the final temperature and pressure

are slightly lower. The initial cold fuel jet can be delineated by the flow characteristics at a

point inside the domain close to the nozzle. It can be observed in figures 2.22(b)-(e) that the

high level φCH4
and low temperature (≈ 750 (K)) passes through this point with relatively

low magnitude negative streamwise velocity values. The duration of this phase, expectedly,

is shorter in Case2 and Case5 and longer in Case4. After the completion of the PCh ignition

process, the hot turbulent jet exits out to the MCh. The velocity of this jet is dependent on

the ignition process. The highest velocity magnitudes, 509 (m/s) and 418 (m/s), occurred in

the Case2 and Case5 in which the PCh ignition timing is shorter. Due to the same thermo-

chemical conditions, the MCh combustion takes place, fairly, in the same time, except for

Case4 which occurs over a longer period of time due to MCh heat release through the walls.

In the second set of the simulations we study the effects of initial thermo-chemical condi-

tions on the combustion processes by diluting the original mixture with 20%N2 and 30%N2

in Case6 and Case7 and lowering the MCh equivalence ratio to 0.3 in Case8. Also the effect

of rich PCh and unburned fuel inside the hot product jet is studied in Case9 by adding extra

fuel to the PCh composition and provide a rich PCh with φPCh = 2.0. Figures 2.23 and 2.24

show the contours of temperature, fuel mass fraction, and velocity magnitude for Case6 and

Case7, respectively. Fairly similar PCh ignition process and MCh combustion initiation is

128



(a)

(b) (c)

(d) (e)

Figure 2.22: (a) Simulated pressure traces in Pch (dashed thin lines) and Mch (solid thick
lines) versus time for Case3 ( ○ ), Case4 ( ◽ ), and Case5 ( ∗ ). (b)-(e) Simulated temperature
(blue solid lines) and fuel mass fraction (red dashed lines) at a point in the nozzle exit in the
MCh side versus time for Case2 to Case5. The streamwise velocity values are also shown.
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Case6 tig + 00.5 (ms) tig + 02.0 (ms) tig + 05.0 (ms) tig + 10.0 (ms)
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Figure 2.23: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case6.

observed in these cases, however, the MCh combustion process is delayed more in Case7,

due to existence of more N2 in the MCh. It can be seen in figure 2.23 after 5 (ms) the flame

propagates throughout the MCh leading to the combustion completion. However, figure 2.24

for the same time reveals that the flame propagates in the lower side of the MCh and sustains

the combustion in this area. It also can be seen that the combustion is completed in both

cases after 10 (ms).

Figure 2.25 shows the contours of temperature, fuel mass fraction, and velocity magnitude

for Case8, in which the MCh equivalence ratio is equal to 0.3. Since the PCh thermo-chemical

and hydrodynamics is the same as Case3, the similar ignition process occurs. However,

the lean MCh affects on the initiation of the MCh combustion. As it can be seen after

5 (ms) ignition, a weak combustion is initiated and most of the MCh charge stays unburned.
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Case7 tig + 00.5 (ms) tig + 02.0 (ms) tig + 05.0 (ms) tig + 10.0 (ms)
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Figure 2.24: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case7.
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Case8 tig + 00.5 (ms) tig + 02.0 (ms) tig + 05.0 (ms) tig + 10.0 (ms)
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Figure 2.25: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case8.

However the combustion is completed after 10 (ms), expectedly, with lower temperature.

Figure 2.26 shows the associated contours for Case9. In this case the PCh composition

consists of a rich premixed fuel-air mixture, φPCh = 2.0. The ignition process takes more

than it in the other cases since the flame temperature of the rich mixture is relatively lower.

It can be seen in figure 2.26 that after 2 (ms) the hot product jet is not yet developed. Fuel

contours reveal that the most of the fuel inside the PCh exits out to the MCh during the

ignition process, which may change the leanness of the MCh composition. It can be seen

after 5 (ms) of the ignition the hot jet is developed and getting into the MCh. However,

the composition of this jet consists of products and also unburned fuel. This amount of

fuel might help to initiate the MCh combustion, but the jet temperature is relatively lower

and delays the MCh combustion. It can be seen that after 5 (ms) the MCh combustion is
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Case9 tig + 00.5 (ms) tig + 02.0 (ms) tig + 05.0 (ms) tig + 10.0 (ms)
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Figure 2.26: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case9.

initiated at the lower sections with considerable amount of unburned fuel inside the PCh

and MCh. Eventually, the entire fuel participates in either PCh or MCh combustion.

Since the initial hydrodynamics conditions are the same in Case6 to Case9 and the main

differences are related to their compositions, the results of these cases are analyzed here. In

figure 2.27(a) the simulated pressure traces in Pch (dashed thin lines) and Mch (solid thick

lines) versus time for Case6 ( ◽ ), Case7 ( ○ ), Case8 ( ∗ ), and Case9 ( × ) are shown. It

can be observed that the initial pressure rise in PCh is the same in Case6 to Case8 and

it is delayed in Case9. The MCh combustion and pressure rise is also delayed in all cases.

The maximum pressure drops in Case6 to Case9. However, maximum pressure in Case9 is

slightly higher than it in Case8, since the extra amount of fuel inside the PCh, eventually,

participates in the combustion processes. In figures 2.27(b)-(e) the simulated temperature
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(blue solid lines) and fuel mass fraction (red dashed lines) at a point in the nozzle exit in the

MCh side versus time for Case6 to Case9 are presented which the streamwise velocity values

are assigned to the temperature curves. Fairly similar behavior are observed for Case6 to

Case9. And in Case9 the fuel mass fraction of the cold fuel jet is considerably higher than

it in other cases and it is exiting out to the MCh for slightly longer time.

The main idea of TJI-assisted combustion is, constantly, exposing a lean mixture to a

hot jet. As we have seen in the previous cases, initially, during the ignition process a cold

fuel jet is developed and exits out to the MCh and might change the leanness of the lean

MCh. This fuel, ideally, must participate in the PCh ignition and combustion processes.

This jet is a cold jet and it unlikely helps the initiation of the MCh combustion, however, it

participates in the MCh combustion later if the combustion is sustained. In order to prevent

the cold fuel jet from getting into the MCh and also force it to participate in the PCh

combustion process, we suggest to change the location of the igniter, which is also possible

experimentally. Lowering the igniter location leads to combustion initiation in the middle

(or low) sections of the PCh. The mixture at the upper sections of the PCh is trapped

in by the premixed flames around the igniter location and gradually is fed to the reacting

zones developed during the PCh ignition and combustion processes. At the same time, a hot

product jet gets out of the PCh into MCh. In this approach the main goal of TJI-assisted

combustion is satisfied by developing a hot jet for a longer time, which, eventually, allows to

lower the low flammability limit of the premixed combustion.

Here, we study the combustion processes of the TJI-assisted RCM by changing the igniter

locations. Figures 2.28 and 2.29 show the contours of temperature, fuel mass fraction, and

velocity magnitude for Case10 and Case11, in which the igniter distances from the top of

the PCh are dig = 13 (mm) and dig = 25 (mm), respectively. As it can be seen in figure 2.28

134



(a)

(b) (c)

(d) (e)

Figure 2.27: (a) Simulated pressure traces in Pch (dashed thin lines) and Mch (solid thick
lines) versus time for Case6 ( ◽ ), Case7 ( ○ ), Case8 ( ∗ ), and Case9 ( × ). (b)-(e) Simulated
temperature (blue solid lines) and fuel mass fraction (red dashed lines) at a point in the
nozzle exit in the MCh side versus time for Case6 to Case9. The streamwise velocity values
are also shown.
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Figure 2.28: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case10.

after 0.5 (ms) a stable reacting zone in the middle of the PCh is developed and the mixture

above it is trapped and stayed unburned, while, still, a cold fuel jet is being injected into

the MCh. Combustion is already initiated after 2.0 (ms) but an unburned fuels still can be

seen after 5.0 (ms). However, it can be seen in figure 2.29 that after 0.5 (ms), the cold fuel

jet is virtually vanished and a hot product jet is already developed and being injected into

the MCh and combustion is completed after 5.0 (ms).

To further analyze the effects of the igniter location on the lean and ultra-lean premixed

combustion processes, it is fixed at the same location as it in Case11 and the MCh equiva-

lence ratio are changed to 0.3 and 0.2 in Case12 and Case13, respectively. The contours of

temperature, fuel mass fraction, and velocity magnitude for these cases are shown in figures

2.30 and 2.31. The PCh ignition processes are, fairly, similar to them in Case11. It can be
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Figure 2.29: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case11.
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Figure 2.30: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case12.

seen in figure 2.30 that after 5 (ms) most of the MCh mixture is burned (compare to the

results shown for Case8 in figure 2.25 after 5 (ms)). It also can be seen in figure 2.31 that

the combustion of an ultra lean mixture is initiated and completed by 10 (ms).

The main difference in Case10 to Case13 is the location of the igniter and to evaluate

its effects on the entire combustion process the results of theses cases are analyzed together.

In figure 2.32(a) the simulated pressure traces in Pch (dashed thin lines) and Mch (solid

thick lines) versus time for Case10 ( ◽ ), Case11 ( ○ ), Case12 ( ∗ ), and Case13 ( × ) are

shown. As it can be seen the MCh combustions are, generally, advanced. As it was shown
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Figure 2.31: Temporal evolution of simulated temperature, T , fuel mass fraction, φCH4
, and

velocity magnitude, ∣U⃗ ∣ (m/s), contours for Case13.
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for Case3 in figure 2.22(a), the combustion was completed within 10 (ms), while for the

same thermo-chemical and hydrodynamics condition but lower igniter location in Case10 it

is completed within 7 (ms). It can be observed in Case11 (the same conditions but lower

igniter location close to the nozzle) that the main combustion duration can be decreased

more to less than 5 (ms). The effect of the igniter location is investigated more in leaner

and ultra-lean MCh compositions in Case12 and Case13, which combustion is initiated and

completed in a short period of time. In figures 2.32(b)-(e) the simulated temperature (blue

solid lines) and fuel mass fraction (red dashed lines) at a point in the nozzle exit in the MCh

side versus time for Case10 to Case13 are presented which the streamwise velocity values

are assigned to the temperature curves. It can be seen that in Case10 (figures 2.32b), still,

for a shorter period of time a cold fuel jet is passing through the nozzle into the MCh, but,

immediately after that a hot product jet is getting into the MCh and the MCh combustion

is initiated and completed faster. It can be observed in figure 2.32(c) for Case11 that it is

unlikely to develop a cold fuel jet since the premixed flame behaves as a barrier and traps the

mixture at the upper section of the PCh. It can be seen that immediately after discharging

the igniter energy a hot product jet is developed propagating into the MCh. Similar behavior

can be seen in figures 2.32(d) and 2.32(e) but with lower final temperature since the MCh

charge is lean and ultra-lean. Using this approach allows the ultra-lean combustion to burn

nearly volumetric within a very short period of time.
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(a)

(b) (c)

(d) (e)

Figure 2.32: (a) Simulated pressure traces in Pch (dashed thin lines) and Mch (solid thick
lines) versus time for Case10 ( ◽ ), Case11 ( ○ ), Case12 ( ∗ ), and Case13 ( × ). (b)-(e)
Simulated temperature (blue solid lines) and fuel mass fraction (red dashed lines) at a point
in the nozzle exit in the MCh side versus time for Case10 to Case13. The streamwise velocity
values are also shown.
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2.6 Chapter conclusions

Turbulent jet ignition assisted rapid compression machines (TJI-assisted RCM) are simulated

for various thermo-chemical and hydrodynamics conditions by large eddy simulation/ filtered

mass density mass function (LES/FMDF) modeling approach using an immersed boundary

(IB) method. The hybrid LES/FMDF equations for the compressible reacting flows which

involves two sets of Eulerian and Lagrangian equations, are solved, conjointly, for velocity

and scalar fields. The simulation results are in a good agreement with available experimen-

tal data, quantitavely and qualitatively. Three main combustion phases are delineated in

a TJI-assisted RCM combustion system as i) cold fuel jet, ii) turbulent hot product/fuel

jet, and iii) reverse fuel-air/product jet. As the results of a successful pre-chamber (PCh)

ignition/combustion process, a turbulent hot product/fuel jet is being developed propagat-

ing into the main chamber (MCh) and initiating its combustion by providing hot ignition

sites throughout the chamber. The MCh combustion initiation and duration features are

dependent on the PCh and MCh initial thermo-chemical and hydrodynamics conditions, as

well as the amount of heat transferring through the walls. Higher turbulence level inside

the PCh leads to faster hot jet and shorter MCh combustion duration. In the process of

PCh ignition, a jet of unburned fuel exits out to the MCh, which is an undesirable effect

of locating the igniter far away from the nozzle. We suggested and studied a remedy to

control and eliminate this jet by changing the location of the igniter. Igniting the PCh

charge close to the nozzle prevents the unburned fuel getting out into the MCh, since the

developed premixed flames inside the PCh act as barriers trapping the PCh charge in the

upper side, which later they are, constantly and gradually, fed into the PCh combustion

during the MCh combustion. Lowering the igniter location, which can be done experimen-
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tally, causes the MCh charge getting exposed to a hot jet for a relatively longer time. This

can decrease the low flammability limit of the premixed combustions and allow the fast and

nearly volumetric combustion in ultra-lean premixed mixtures.
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