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Abstract

In this thesis, several low temperature combustion (LTC) simulations were performed
with various combustion system configurations. First, two-dimensional direct numerical
simulations (DNSs) of ignition of lean primary reference fuel (PRF)/air mixtures at high
pressure and intermediate temperature near the negative temperature coefficient (NTC)
regime were performed with a 116 species-reduced mechanism to elucidate the effects
of fuel composition, thermal stratification, and turbulence on PRF homogeneous charge
compression-ignition (HCCI) combustion. Second, the characteristics of autoignited lam-
inar lifted methane/hydrogen jet flames in heated coflow air are numerically investigated
with a 57-species detailed methane/air chemical kinetic mechanism. The autoignited
laminar lifted jet flames can be categorized into three regimes of combustion mode: the
tribrachial edge flame regime, the Moderate or Intense Low-oxygen Dilution (MILD) com-
bustion regime, and the transition regime in between. In certain condition, an unusual
decreasing liftoff height behavior with increasing Uy is observed. Additional simulations
with modified hydrogen mass diffusivity were performed to deeply understand unusual
decreasing liftoff height behaviors. Third, similar to methane/hydrogen jet flame, n-
heptane diluted with Ny lifted laminar lifted jet flames are simulated with the 68-species
skeletal mechanism. Near autoignition condition, n-heptane laminar lifted flame exhibits
a stiff increase in its liftoff height at a certain Uy. Schmidt number analysis is used to elu-
cidate this abnormal phenomenon. At the end of the thesis, turbulent lifted hydrogen jet
flames with different coflow temperatures (i.e. T, = 750, 850, and 950 K) near the auto-
ignition limit of hydrogen/air mixture are investigated using 3-D DNSs with a detailed
hydrogen/air chemical mechanism. The DNSs are performed at a jet Reynolds number of
8,000 with over 1.28 billion grid points. Overall combustion characteristics and stabiliza-
tion mechanisms of lifted flames were studied with comparing previous high-temperature
coflow. Several physical parameters and chemical explosive mode analysis (CEMA) used

to identify the fundamentals of LTC in various combustion system configurations.
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Chapter 1

Introduction

1.1 Clean Combustion

Since the industrial revolution, the emission of greenhouse gases and air pollutants has
increased significantly and is expected to keep growing in the foreseeable future, which is
primarily attributed to the continuously increasing demand for fossil fuel in the area of
transportation and power generation. In addition to the emission problem, the fossil fuel
shortage will become eminent in the near future and as such, the demand for renewable
energy development and highly-efficient clean combustion engines has grown significantly.

However, renewable energy only cannot support the whole amount of energy needs
even in near future, suggesting that fossil fuel should be used in a smarter way by devel-
oping high-efficient engines which can operate even with low grade oil such as oil shale
and sand oil. As the efficiency of power engines based on fossil fuels increases, the effect
of energy saving becomes huge. In the conventional internal combustion (IC) engines, air
pollutants such as soot and nitrogen oxide (NOx) are generated under high flame temper-
ature and high equivalence ratio conditions. Therefore, the next-generation combustion
systems are supposed to avoid such conditions and operate at low flame temperature
and low equivalence ratio conditions, which is often called low temperature combustion
(LTC). In general, LTC under lean, dilute, high-pressure, and low-temperature conditions
has the potential to provide high diesel-like efficiency with very low NOx and particulate

emissions. At these conditions, however, the characteristics of LTC are quite different



from that in the conventional combustion systems which are usually controlled by turbu-
lent mixing and diffusion of molecules. In other words, LTC is thought to occur primarily
through volumetric auto-ignition, largely in the absence of flames, and hence, is primarily
controlled by chemical kinetics of the fuel-air mixture. In this study, several LTC system
configurations are treated to elucidate LTC characteristics and stabilization mechanisms

for each configuration.

1.2 Combustion of HCCI Engine

Homogeneous charge compression ignition (HCCI) is one of the variations of internal
combustion in which homogeneously mixed fuel and oxidizer are compressed to the point
of auto-ignition. The exothermic reactions in the HCCI engine can be converted into the
work and heat. The concept of HCCI is mixed of the Otto engine and Diesel engine. The
idea of HCCI engine is not up to date. In early twentieth century, hot bulb engines used
an HCCI-like combustion system which used a hot vaporization chamber. Conventional
compression ignition (CI) diesel engines have high efficiency with high compression ratio.
CI engines, however, generates large amount of soot and nitric oxides NOy [8-11]. Spark
ignition (SI) engines generate low soot, however, it operates on high temperature which
leads to producing a lot of NO,. Overcoming the shortcomings of these CI and SI engines
is the HCCI engine. HCCI engine system has high efficiency as CI engines and generates
ultra low NO, and soot. The HCCI engine has a compression ratio equivalent to the
compression ratio of the CI engine. The operating condition of HCCI is low temperature
and diluted fuel condition. The low temperature combustion (LTC) leads to low emission
of NOy and lean fuel condition make complete combustion and it reduces soot emission.
HCCI engine is one of the LTC engines [11-18].

Despite these advantages, there are several issues to be solved to use the HCCI en-
gines. Figurel.l shows the schematic of SI, CI and HCCI engines. HCCI engines have no
mechanical combustion timing controllers such as a spark plug in SI engines and a fuel
injector which controls the injection time fuel in CI engines. The ignition time of HCCI

engines is controlled by totally in chemical kinetics. In addition, there is excessive heat



Sl Gasoline Engine Cl Diesel Engine HCCI Engine
Spark plug Fuel injector Homogeneous charge Cl

High-T diffusion flame: Low-T combustion (<1900K):

High-T premixed flame: NOx NOx & Soot Ultra-low emissions

Figure 1.1: Schematic of spark ignition (SI) gasoline, compression ignition (CI) diesel, and
homogeneous charge compression ignition (HCCI) engine combustion concepts, adapted

from [1].

and pressure rise rate. Therefore, the exact amount of fuel and injection time that can
operate properly while meeting environmental regulations in a precise modern IC engine
becomes critical design elements. To solve these issues, studies on ignition characteristics
and turbulence effect in the HCCI condition is essentially necessary. Identifying combus-
tion characteristics and turbulence effect of ignition timing in HCCI engine cylinder will

be treated in later part of this thesis.

1.3 Combustion of Lifted Flames

The lifted jet flames have been widely studied because of critical roles in their practi-
cal applications such as direct-injection stratified spark ignition engines, diesel engines
and as a building-block configuration for elucidating auto-ignition. The stabilization
mechanisms of a lifted flamebase have attracted attention because overall combustion
characteristics of combustion system will be determined by its lifted flamebase [19]. For

example, chemiluminescence measurements have shown the contribution of low tempera-



ture ignition kinetics in stabilizing a lifted jet flame [8,20]. The laminar lifted jet flames
are good reference to understand complex turbulent lifted flames. The laminar flamelet
models in non-premixed turbulent combustion suggest that a turbulent flame is ensemble
of laminar diffusion flamelets [21]. It is important to understand the fundamentals of lam-
inar lifted flames in the LTC condition. Based on the knowledge of laminar lifted flames,

applications of turbulent lifted flames in many modern LTC systems will be possible.

1.3.1 MILD Combustion

The moderate or intense low-oxygen dilution (MILD) combustion occurs when fuel is
highly diluted and pre-heated up to temperatures higher than the auto ignition condi-
tion [22]. The MILD combustion systems have high efficency and ultra low emissions in
COg, CO and NO, with a energy saving. MILD combustion is considered as a reliable
technology for clean and efficient combustion systems. A fundamental analysis of fuel
oxidation under MILD combustion conditions is necessary to tune and control the real
combustion systems. Many experimental and numerical studies were carried out to un-
derstand MILD combustion in laminar lifted flames [23-26]. The high dilution of fuel
and pre-heating of reactants lead to an unusual combustion behaviors in laminar lifted
flames [23,24]. In normal non-premixed lifted jet flames, lift-off height increases as the
jet velocity increases and eventually flames blow out at the jet velocity above a certain

level. In MILD combustion, the lift-off height decreases as a jet velocity increases (see

Fig.1.2).



{a) T,=900 K, R, = 0.14, X;, =0.20 (b} T, = 860 K, R, = 0.30, X, = 0.20

L, [mis] U, [mis]
14 15 19 23 27 1818519521 23 25 29 37

Figure 1.2: Autoignited methane/hydrogen lifted flames at various jet velocities for (Ini-
tial temperature, hydrogen ratio, initial fuel mole fraction) = (900 K, 0.14, 0.20) (a), and
(860 K, 0.30, 0.20) (b)., adopted from [2]



1.4 Objectives

The objective of first part of thesis is to understand the ignition characteristics of differ-
ent PRF /air mixtures at high pressure and intermediate temperature near the negative
temperature coefficient (NTC) regime in HCCI engine combustion. For this purpose, we
perform 2-D DNSs by varying three key parameters: 1) the fuel composition, 2) the initial
temperature fluctuation, and 3) the initial turbulence intensity. Note that both of the
initial temperature and composition fluctuations play an important role in HCCI com-
bustion [27,28]; in general, the equivalence ratio fluctuations enhance HCCI combustion
together with temperature fluctuations when they are uncorrelated and retard it when
negatively correlated. In section 2, however, we focus only on the effects of temperature
fluctuations and turbulence rather than that of equivalence ratio fluctuations because
large equivalence ratio fluctuations may be equivalent to large temperature fluctuations
if the initial temperature of mixture is near or above the NTC regime. Note that PRF is
a fuel mixture of pure n-heptane and iso-octane; for instance, PRF80 is comprised of 80%
iso-octane and 20% n-heptane by liquid volume. The objective of the second and third
part of this thesis are followed: (1) to understand the liftoff characteristics of autoignited
laminar lifted jet flames, especially the reason of the occurrence of the decreasing behavior
of Hy, with Uy and sudden jump of Hy,, and (2) to understand the flame stabilization and
structure characteristics of the autoignited laminar lifted jet flames by performing 2-D
detailed numerical simulations. The MILD combustion featured by very faint blue flame
has many advantages in reducing soot and NOx due to its low flame temperature, and in
achieving high thermal efficiency through its high reactant temperature [22,29]. In the
context of utilizing low flame temperature, the MILD combustion is quite similar to low
temperature combustion (LTC) adopted in advanced IC engines. In the present study,
therefore, the characteristics of autoignited laminar lifted flames with MILD combustion
will also be investigated in section 3. In the last part of this study, 3-D DNSs of turbulent
lifted hydrogen jet flames with different coflow temperatures near the auto-ignition limit
are performed to elucidate their stabilization mechanisms and structure characteristics

by examining instantaneous and time-averaged flame/flow characteristics near the flame-



base. The role of important species and reactions on the stabilization of turbulent lifted

flames is investigated by adopting chemical explosive mode analysis (CEMA) [30-32].



Chapter 11

Homogeneous Charge

Compression-Ignition with PRF fuel

2.1 Introduction

The fundamental ignition characteristics of various fuel/air mixtures under lean, dilute,
elevated pressure, and relatively low temperature have been widely investigated due to
their practical relevance to homogeneous charge compression-ignition (HCCI) engine com-
bustion [11,14-16,27,33-41]. An HCCI engine and its many variants have been considered
as one of the most probable alternatives to the conventional internal combustion engines
due to its potential to provide high diesel-like efficiency with very low pollutant emis-
sions [11,14-16,27,33-41]. However, the development of prototype HCCI engines remains
challenging because of their significant drawbacks in preventing an excessive pressure
rise rate (PRR) under high-load conditions and controlling precise ignition timing of
HCCI combustion. In general, the excessive PRR occurs due to volumetric auto-ignition
throughout an HCCI engine cylinder. Moreover, HCCI engines have no explicit igni-
tion method such that ignition timing in HCCI combustion is primarily governed by the
chemical kinetics of fuel/air mixture, which depend highly on overall mixture composi-
tion, temperature, and pressure. Therefore, there have been many attempts to control
the ignition timing and to alleviate the excessive PRR in HCCI combustion by applying

different fuel injection strategies, fuel preparation, and thermal management including



exhaust gas recirculation (EGR) [11,14-16,27,33-41].

Several computational studies of HCCI combustion using multi-dimensional direct
numerical simulations (DNSs) have been conducted to elucidate the fundamental com-
bustion characteristics of various fuel/air mixtures under HCCI conditions including hy-
drogen [42-46], dimethyl ether (DME) [47,48], n-heptane [49], iso-octane [50], primary
reference fuel (PRF) [51], ethanol [52], and biodiesel [28]. From these studies, the general
characteristics of HCCI combustion have been elucidated; thermal stratification in an
HCCT engine cylinder can spread out the PRR under high-load conditions by changing a
combustion mode of spontaneous auto-ignition into a mixed combustion mode of sponta-
neous auto-ignition and deflagration [42-45,49,50]. In the presence of large temperature
fluctuations, auto-ignition of hotter mixtures first occurs and evolves into deflagration
waves, which spread to the unburnt mixtures sequentially until the remaining charge
auto-ignites simultaneously. In general, the speed of the deflagration waves is much less
than that of the spontaneous auto-ignition fronts and hence, the overall combustion is
temporally spread out, resulting in a reduction of peak PRR.

In many previous DNS studies [42-46], the ignition characteristics of hydrogen/air
mixtures exhibiting only one-stage ignition were investigated and as such, the effect of
the negative-temperature coefficient (NTC) regime on HCCI combustion was not appre-
ciated. The NTC regime usually appears as a result of the low-temperature oxidation of
large hydrocarbon fuels exhibiting two-stage ignition. The effect of the NTC regime on
HCCI combustion was first investigated by Yoo et al. [49] using 2-D DNSs of the ignition
of a lean n-heptane/air mixture with different means and root-mean-squares (RMSs) of
temperature. Recently, El-Asrag and Ju [47,48] investigated the effects of EGR and tem-
perature/mixture stratification on the ignition of synthetic DME by adding HyO, and
NO to the initial mixtures. Bansal and Im [45], and Bhagatwala et al. [52] also investi-
gated the effect of the equivalence ratio fluctuations on HCCI combustion and found that
the equivalence ratio fluctuations enhance HCCI combustion together with temperature
fluctuations when they are uncorrelated and retard it when negatively correlated.

It is of interest to note that in a previous DNS study of the ignition of PRF/air

mixtures at elevated pressure and high temperature [51], it was found that the effect of
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Figure 2.1: 0-D ignition delays as a function of initial temperature for different PRF /air

mixtures at py = 40 atm and of ¢y = 0.4.

different fuel composition on the overall combustion vanishes with increasing temperature
inhomogeneities. This is primarily attributed to the predominant deflagration mode of
combustion at the reaction fronts and the nearly-identical propagation characteristics of
different PRF /air deflagrations. It was also found that turbulence with large intensity
and short timescale can effectively homogenize the initial mixtures, rendering the overall
combustion to occur by spontaneous auto-ignition.

However, the homogeneous ignition delays of different PRF /air mixtures under high
pressure and intermediate temperature conditions, which are more relevant to practical
HCCI combustion, show a big disparity among the mixtures (see Fig. 2.1) and hence,
it may be expected that the effect of fuel composition may not vanish even with large
temperature fluctuations. Moreover, the early phase of ignition of a fuel/air mixture
with very large temperature fluctuation may not be affected by turbulence [50]. In many
previous studies [43,44,46,49-51], it was found that turbulence is likely to homogenize
the initial mixtures in HCCI combustion and hence, retard its overall combustion. On
the contrary, it was also found [50,52] that turbulence may enhance the overall spark-
assisted compression ignition (SACI) combustion. These DNS results imply that the effect
of turbulence on HCCI/SACI combustion may be inconclusive. The following sections

will explain the the ignition characteristics of different PRF /air mixtures at high pressure

10



and intermediate temperature near the NTC regime.

2.2 Numerical Methods and Initial Conditions

For the present DNSs, the Sandia DNS code, S3D [53, 54|, is used with a 116-species
PRF /air reduced chemistry [51]. S3D solves compressible Navier-Stokes, continuity, total
energy, and species continuity equations using a fourth-order, low storage, explicit Runge-
Kutta method for time integration [55] and an eighth-order central differencing scheme
for spatial discretization [56] with a tenth-order filter. CHEMKIN and TRANSPORT
software libraries are linked with S3D to calculate reaction rates and thermodynamic
and mixture-averaged transport properties. Details of the numerical algorithm and its
implementation are provided in [53]. As in previous DNS studies of HCCI combustion
[28,49-51], periodic boundary conditions are applied in all directions and as such, ignition
of PRF /air mixtures occurs at constant volume.

The skeletal and reduced mechanisms for PRF oxidation were developed for a previous
DNS study of ignition of PRF /air mixtures under HCCI condition [51] based on the
detailed LLNL mechanism [57, 58], using a strategy combining directed relation graph
(DRG)-based methods, isomer lumping, and timescale analysis [51,59-62]. The skeletal
and reduced mechanisms were validated under various PRF composition, pressure, and
temperature conditions. Readers are referred to [51] for details of the reduced mechanism.

For all DNSs, we adopted the initial uniform equivalence ratio, ¢q, of 0.4, pressure,
po, of 40 atm, and mean temperature, Ty, of 850 K, respectively. py of 40 atm and Tj
of 850 K represent high pressure and intermediate temperature near the NTC regime to
approximate the conditions in a hydrocarbon-fueled HCCI engine at the top dead center.
Under the present initial conditions, the homogeneous ignition delays, Tg], of PRF50 and
PRF80 are found to be 2.5 and 6.3 ms, respectively. Henceforth, 7;, represents the time
at which the maximum mean heat release rate (HRR) occurs for all simulations. The
superscript 0 denotes the 0-D simulation. A total of ten different DNSs were performed
in two dimensions by changing the initial physical conditions: different fuel compositions;

temperature fluctuation RMS, T”; and turbulence velocity fluctuation, u’.
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Table II.1: Physical and numerical parameters of the DNSs.

Case Fuel T l, u’ Ty Tiy N

(K) (mm) (m/s) (ms) (ms)
PRF50 15 125 05 25 25 640

—_

2 PRF50 60 1.25 0.5 25 25 640
3 PRF50 120 1.25 0.5 25 25 1280
4 PRF80 15 1.25 0.5 25 6.3 640
5 PRF80 60 1.25 0.5 25 6.3 640
6 PRF80 120 1.25 0.5 25 6.3 1280
7 PRF50 60 1.25 2.5 0.5 25 640
8 PRF50 120 1.25 2.5 0.5 25 1280
9 PRF80 60 1.25 2.5 0.5 6.3 640
10 PRF80 120 1.25 2.5 0.5 6.3 1280

T (K)
1020
967
913
860
807
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700

-1
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10000
6666
3334

-3334
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-10000

Figure 2.2: Initial temperature (top) and vorticity (bottom) fields of Case 2.
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The initial turbulent flow field is prescribed by an isotropic kinetic energy spectrum
function as in [42-44,63-65]. The most energetic length scale of turbulence, [, is 1.25
mm. Note that the largest velocity fluctuations in real engines are about 5 m/s such that
u’ of 0.5 and 2.5 m/s adopted in the present study is quite comparable to that in real
engines. Note also that the turbulence timescale in real HCCI engines is ~ O(1 ms) such
that the turbulence timescale in this study, defined as 7, = I/, is representative of HCCI
combustion. Similar to the initial turbulence field, the initial temperature fluctuation is
generated by a temperature spectrum function. For all cases, the most energetic length
scale of the temperature fluctuation, Iz, of 1.25 mm is selected such that identical [, and
I7. can produce the most effective turbulent mixing as found in [50]. Table II.1 shows the
details of the physical and numerical parameters. Note that temperature and turbulence
fields in the present study are uncorrelated as shown in Fig. 2.2.

From experiments of HCCI engine [66], it was found that 7" is approximately 15 ~ 20
K without thermal management of initial mixture. Therefore, 7" = 60 or 120 K considered
in the present study is somewhat large compared to that in real engines. However,
these large 7" can be achieved through direct injection or delayed-fuel injection in HCCI
combustion. Furthermore, the spark ignition in SACI combustion [50] and the injection
of highly-reactive fuel into an engine cylinder in reactivity controlled compression ignition
(RCCI) combustion [67] can significantly reduce the ignition timing as large 7" in the
present study, and hence, it is also important to understand the characteristics of HCCI
combustion with large T".

It is of interest to note that 2-D turbulence without vortex stretching and tilting is
different from 3-D turbulence. However, it is nearly impossible to do a parametric 3-D
DNS study due to its great computational expense and hence, it is still valuable to inves-
tigate HCCI combustion using 2-D turbulence with a wide range of spectrum of time- and
length-scales by systematically varying important parameters such as temperature and
equivalence ratio fluctuations. Moreover, it was found from previous studies [42-45,49-51|
that turbulent mixing plays a secondary role in HCCI combustion compared to temper-
ature stratifications. In addition, it was found from [46,52] that 3-D turbulence may

retard /enhance the overall HCCI/SACI combustion slightly more than 2-D turbulence
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by homogenizing the initial mixtures/increasing turbulent flame area but its effect on
overall HCCI/SACI combustion is not significant.

2 is chosen for the

As in previous studies [49-51], a square box of 3.2 X 3.2 mm
computational domain, which is discretized with 640 or 1280 grid points, N, for the
cases in Table I1.1. In 2-D DNSs, the turbulent Reynolds numbers based on u' and the
integral length scale for cases with v/ = 0.5 and 2.5 m/s are 69 and 347, respectively.
The corresponding Kolmogorov length scales, ng, are approximately 17.5 and 5.3 pm,
respectively. For all DNS cases, therefore, the Kolmogorov length scale is resolved with
at least a grid point [68]. In addition, the thinnest reaction layers in 2-D DNSs are
resolved with at least 12 ~ 18 grid points and as such, turbulence and scalar fields are
well resolved in the DNSs. All of the DNSs were performed either on the Cray XC30
at National Energy Research Scientific Computing Center or on the Cray XK7 at Oak

Ridge National Laboratory.

2.3 Effect of Fuel Composition and Temperature

In the first parametric study, six different DNS cases (Cases 1-6) are simulated (see
Table II.1 for detailed parameters of the DNSs) to elucidate the combined effect of the
initial fuel composition and temperature fluctuation on the ignition of lean PRF/air
mixtures. Different degrees of temperature fluctuation for different PRF /air mixtures

are chosen: i.e., T = 15, 60, and 120 K.

2.3.1 Overall Ignition Characteristics

Figure 2.3 shows the temporal evolution of mean pressure, p, mean HRR, ¢, and mean
PRR, p, with different levels of temperature fluctuations for different PRFs (Cases 1-6),
where “mean” represents the spatial average over the whole simulation domain. Note that
the 0-D ignition delay of the PRF50/air mixture (7;) = 2.5 ms) is chosen as the reference
time; ¢ for the cases with 77 = 15 K and 0-D cases are divided by 5. Several ignition
characteristics of the PRF /air mixtures are to be noted. First, p increases more slowly

and ¢ is more distributed over time with increasing 7” for all fuel compositions, similar

14



(a)too 000 (€) 300} PRF50
Q 0-D 1 = = 0-D
g Case1T'=15K) | 2 Case 17’ =15K)
- Case2('=60K) 1150 E = Case 2T' =60K)
0 50 Case37'=120K)| = £ 200 Case 37’ = 120 K)
=1 ] ~ ©
(] e ~
3 Jio0r
s ] T £
c 0 ] o 100
S 50 8§ §
s ] = =
s =0 (o] = i
0 0 2 2.5
100F ]
(Q 1200 (d) 300 PRF80
S | m —~ 0-D l
< ] "’é (é) Case 4T'=15K) !
b 1508 = | —————- Case 57" =60 K) i
% 50r = 1 o % 200 Case 6" = 120 K) ;E
7 - 1 x - I
4 PRF80 1 o5 Jioox ho
E_ 0-D ] 1 T h's II s
p Case4T'=15K) l"| ] = Q. 1004 P
=AY —— Case57'=60K) 1| 10 8§ @ I
% Case67'=120K) | ] s %’ ] :
I 1 S
(j—» // | 4 7’ |
e e S e S e ettt “r—‘r—O 0 i TS i i ISR W
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
T, T,

Figure 2.3: Temporal evolutions of the mean pressure and mean HRR (left) and the PRR
(right) for Cases 1-3 (PRF50; a & ¢) and Cases 4-6 (PRF80; b & d).

to the results in previous studies [42-44,49-51]. Moreover, the shapes of the overall
combustion for Cases 1 and 4 with small 7" are nearly identical to the corresponding
0-D ignitions. This is because the PRF50/air and PRF80/air mixtures exhibit nearly
constant ignition delays at intermediate temperatures around 850 K as shown in Fig. 2.1,
implying that mixtures with small 7" are not able to take any advantage of temperature
fluctuations to advance the overall combustion [49, 51].

Second, overall combustion occurs rapidly and the peak ¢ is reduced with increasing
T’ for the same PRF /air mixture, which results in prolonging the vigorous combustion
phase. Similar results were also observed from the DNSs of hydrogen, n-heptane, iso-
octane, and PRF HCCI combustion [43,44,49-51]. This is primarily attributed to the
occurrence of deflagrations by the large degree of 77, leading to smoothing of ¢ and fast
occurrence of overall combustion. As discussed earlier, large T” generally induces a mixed
mode of deflagration and spontaneous auto-ignition, while small 7" leads to spontaneous
auto-ignition throughout the entire domain.

Third, for cases with the same T, the effect of fuel composition is significantly reduced
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with increasing 7”. For cases with small 7" (Cases 1 and 4), 7;, increases significantly with
increasing iso-octane volume percentage in the PRF as can be expected from their TZ%;
ie., Tiog = 2.5 and 6.3 ms for PRF50 and 80, respectively. However, for cases with large
T" (Cases 3 and 6), the difference between 7;, of the PRF /air mixtures is significantly
decreased; i.e., 74/ TZ% = 0.6 and 0.8 for PRF50 and 80, respectively. This result implies
that even at intermediate Tj, the effect of different fuel compositions of PRFs on HCCI
combustion may vanish with increasing 7", similar to the PRF HCCI combustion at high
To [51].

To further identify the overall combustion characteristics of the 2-D DNS cases, the
temporal evolutions of the mean mass fractions of important species and the mean HRR
are shown in Fig. 2.4 for four representative cases (Cases 1, 3, 4, and 6) together with
their corresponding 0-D ignitions. At the first stage ignition, reaction is initiated by the
abstraction of H from a fuel molecule (RH) by O, (RH 4+ O2 — R 4+ HO,), forming a
cycle with R + Oy + M &= ROy + M to produce H2O and alkylperoxide, O=ROOH [57,
58,69,70]. As such, HO, increases significantly while iso-octane and n-heptane decreases
rapidly during the first stage ignition of the 0-D ignitions as shown in Figs. 2.4a and
d. This low-temperature reaction cycle comes to an end when temperature exceeds a
certain value at which the competing reaction, R + Oy — olefin + HOs, terminates the
first stage ignition. Subsequent exothermic reactions start to generate olefin and HOs,
increasing temperature slowly until the chain branching reaction, H,Oy + M — OH +
OH + M, becomes important [57,58,69,70]. This reaction sequence proceeds rapidly
until the increase of temperature becomes enough to initiate the high-temperature chain
branching reactions, controlled by H + Oy — O + OH. This overall description of the
HCCI combustion can be readily found from the 0-D ignitions (see Figs. 2.4a and d):
H50, is first accumulated from the first stage ignition, and then vanishes with a rapid
increase of OH during the second stage ignition, which indicates the importance of HoO,
in determining the second stage ignition delays.

It is also readily observed from Fig. 2.4 that the temporal evolutions of the important
species in Cases 1 and 4 with small 7" are nearly identical to those of the corresponding

0-D ignitions, which verifies the predominance of the spontaneous auto-ignition mode
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Figure 2.4: Temporal evolutions of the mean mass fractions of important species and
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of PRF80/air mixture, (e) Case 4, and (f) Case 6.
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Figure 2.5: Isocontours of the normalized heat release rate for Cases 1-3 (from left to

right) at t/Tl% = 1.0, 0.94, and 0.61, respectively.

of combustion during the whole combustion. Unlike the cases with small 7", however,
the overall combustion of Cases 3 and 6 with large 7" proceeds gradually without two-
stage ignition characteristics; ¢so-octane and n-heptane are consumed more gradually; the
production of CO and CO, are more distributed over time compared with those of the 0-D
ignitions; CO5 and OH do not have any peaks. These results imply that, rather than the
spontaneous auto-ignition like the 0-D ignitions, deflagrations with a slow propagation
speed can play a critical role in consuming the fuels and generating the products. Local
high-temperature mixtures by large 7" ignite very rapidly and develop into deflagrations
such that the deflagration mode of combustion prevails over the entire domain, thereby
leading to the temporal spread of HRR. The detailed analysis of localized physicochemical
characteristics of HCCI combustion is an ongoing research topic.

As found in previous studies [42-44,49-51], the deflagration mode of combustion can
be dominant for cases with large 7”, and hence, the propagation characteristics of each
PRF /air deflagration wave become more important than the chemical kinetics associated
with initiating nascent ignition kernels. Moreover, it is found from 1-D simulations that
the laminar flame speeds of PRF /air mixtures with different octane numbers are nearly
identical (S, ~ 0.2 m/s at py = 40 atm and T = 850 K). Therefore, it is reasonable to
expect that overall combustion is not very different for different PRF /air mixtures, even
though TZ% are widely different, particularly if 7" is large enough to induce a sufficient
amount of deflagration.

The ignition characteristics of PRF /air mixtures can be further identified by investi-

gating the instantaneous isocontours of HRR for Cases 1-3 approximately at each 7;, as
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shown in Fig. 2.5. The HRR, ¢, is normalized by the maximum ¢ of the corresponding
0-D ignition of the PRF50/air mixture, ¢°, = 553.7 J/mm?3s. It is readily observed that
for small 77 (Case 1), ¢ occurs nearly simultaneously over the entire domain as sponta-
neous ignition. For large 7" (Case 3), however, high ¢ occurs in thin sheets while low
levels of heat release exist in between. This suggests that the mixed mode of spontaneous
auto-ignition and deflagration occurs in Case 3, which results in the advancement of the

overall combustion, the temporal spread of ¢, and the reduction of peak .

2.3.2 Chemical Explosive Mode Analysis

The ignition characteristics of PRF /air mixtures are further identified using the chemical
explosive mode analysis (CEMA). CEMA has been developed for systematically detecting
critical flame features such as ignition, extinction, and flame fronts and applied to DNSs
of lifted flames in heated coflows [31, 71-73], reacting jets in cross-flows [74, 75], and
ignition of hydrocarbon fuel/air mixtures under HCCI conditions [32,49, 51].

CEMA is briefly summarized here and readers are referred to [72] for more details.
In general, the local chemical characteristics in chemically reacting flows can thoroughly
be accounted for by the Jacobian of the chemical source term, J,(= dw/Jy), in the
governing equations, where y is the solution vector of species concentration and tem-
perature, and w is the chemical source term. Chemical explosive mode (CEM) is then
defined as an eigenmode of J,, where the real part of the eigenvalue, A, is positive [72].
By definition, CEM represents the reciprocal chemical timescale of a local mixture such
that a mixture with CEM is destined to explode if it is isolated from any significant loss
in heat or radicals. Therefore, CEM can be considered as an intrinsic chemical feature of
ignitable mixtures.

To measure the competition between CEMs and the losses, a Damkohler number,

Da,, is adopted, which is defined as:
Da. = X+ X7, (2.1)

where scalar dissipation rate, x (= 2D|Vc|?), represents a reciprocal characteristic timescale

of the diffusion or loss term [31,32,51,72,73]. Note that ¢ and D are the progress variable
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Figure 2.6: Isocontours of (a) the timescale of the chemical explosive mode, (b) Da,, ()
temperature, and (d) x for Case 1 (top) at ¢/7;), = 1.0 and Case 3 (bottom) at t/7;) =

0.61. The solid line denotes the reaction front (Da, = 1).

and the thermal diffusivity of local mixture, respectively. c is defined as ¢ = Y./YF9,
where Y. = Yoo, + Yco, and Y4 is the corresponding equilibrium value of Y. A mixture
with large positive Da, will likely lead to actual ignition. However, a mixture with large
negative Da, represents strongly burning flames. Note that Da. = 1 indicates ignition
or extinction states of steady state combustion.

Figure 2.6 shows isocontours of A., Da., X, and temperature for Cases 1 and 3 at each
T;g- 'To clearly show the reaction fronts, A and Da, are shown on a logarithmic scale
together with the sign of A, such that large positive values in Figs. 2.6a and b represent
unburned mixtures while large negative values denote burned mixtures. For both cases,
the reaction fronts represented by the thick black lines (Da. = 1) separate the burned
and unburned mixtures and correspond to either spontaneous ignition or deflagration. It
is readily observed from the figures of Da, that for Case 1, the reaction fronts delineate
the auto-igniting (red) region with large positive Da,. from the post-ignition (blue) region
with large negative Da.. It is also of interest to note that Da, > O(1) upstream of the

reaction fronts indicates that the reaction fronts are spontaneous ignition.
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For Case 3, however, there exist three distinct regions: an auto-igniting region (red), a
post-ignition region (blue), and a deflagration region (green). The green region represents
reaction fronts upstream of the auto-igniting region which coincide with strips where x
balances A., a feature of deflagration waves propagating through unburned mixtures prior
to the occurrence of auto-ignition. These results also indicate that the reaction fronts of

Case 3 are deflagration waves rather than spontaneous ignition fronts.

2.4 Effect of Turbulence

In most previous DNS studies of HCCI combustion [43,44,49-51], it was found that
turbulence with short 7; and large u’ is more effective at dissipating initial temperature
inhomogeneities than that with long 7; and small u/. Therefore, overall combustion is
retarded while occurring by spontaneous ignition. However, it was also found from [50]
that turbulence with short 7, and large u' can advance overall SACI combustion by
increasing turbulent flame area. In this section, therefore, the effect of turbulence on the
ignition of PRF /air mixtures is elucidated. Four DNSs (Cases 7-10) were performed with
greater u' for different PRF /air mixtures (see Table II.1 for details of the parameters).
Figure 2.7 shows the temporal evolution of p and ¢ for the additional cases with u' =
2.5 m/s and the corresponding cases with v’ = 0.5 m/s for PRF50 and PRF80. Several
points are to be noted from the figure. For cases with 7" of 60 K, which is relatively
small considering that it induces a small range of ignition delays of the initial mixture,
turbulence with short 7, and large u’ can effectively homogenize the mixtures. Therefore,
both 7;, and the peak of ¢ are increased and overall, combustion is more apt to occur by
spontaneous ignition for both PRF/air mixtures. For cases with a larger 7" of 120 K,
however, 7;, is reduced and the peak value of ¢ is increased with increasing «’. This is
opposite to the cases with small 77 and what was found in previous studies [43,44,49-51].

This result is more similar to the ignition characteristics of SACI combustion [50].
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Figure 2.8: Isocontours of the normalized heat release rate for Cases 3 (top) and 8

(bottom). From left to right, t/7,) = 0.36 and 0.52, respectively.

2.4.1 Ignition Damkohler Number

To quantify the effect of turbulence on the early ignition characteristics, we introduce
an ignition Damohler number, Da,,, which evaluates the overall competition between

ignition and turbulence dissipation during the early phase of HCCI combustion:

Da,g = 7/ Tig 10% (2.2)

where 7; is the turbulence timescale of the initial turbulence and 7;410% is the lowest
10% ignition delay of the initial mixture, which represents the shortest ignition timescale
of the initial mixtures. If Da;, > O(1), the occurrence of nascent ignition kernels and
their evolution to deflagrations are nearly independent of turbulence. On the contrary, if
Da;, < O(1), ignition is significantly affected by turbulence. Note that if Da;; < O(1),
the homogenization of the initial mixture by turbulence is finished much earlier than the
corresponding 0-D ignition delay and, as such, overall combustion becomes similar to
homogeneous 0-D ignition.

For Cases 2 and 7 (1" = 60 K), Da;, = 1.85 and 0.37 (7;4,10% ~ 1.35 ms), respectively
and hence, the development of nascent ignition kernels is more disturbed by turbulence
in Case 7; the initial mixture is more homogenized by large u' with short 7;; consequently,

the overall combustion of Case 7 is retarded as shown in Fig 2.7. For Cases 3 and 8 (7"
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= 120 K), however, Da;;, = 14.5 and 2.9 (7;5,10% =~ 0.17 ms), respectively such that the
early phase of ignition becomes nearly independent of turbulence. Once deflagrations
are developed from the ignition kernels, their evolutions can be highly affected by local
turbulence. For these cases, the turbulent flames exist within the corrugated flamelet
and thin reaction zone regimes [19,76] such that large u’ of Case 8 advances the overall
combustion by increasing turbulent flame area compared to Case 3. The turbulent flame
regime will further be discussed in the next section. Figure 2.8 shows the instantaneous
isocontours of HRR for Cases 3 (u/ = 0.5 m/s) and Case 8 (u' = 2.5 m/s), which readily
identify the increase of turbulent flame area by large u’ of Case 8. Note that the above
Da,, analysis holds for Cases 7-10 within the range of 0 ~ 20% of 7;, in Daj,,.

It is of interest to note that even for the SACI cases of which mean temperature
is above the NTC regime (see Cases 4 and 10 in [50]), the ignition Damkéhler number
analysis can directly be applied. From the results of the two SACI cases, it is readily
observed that the corresponding Da;, of the two cases are ~ O(10). As such, large v’ of
Case 10 results in the advancement of the overall combustion compare to that of Case 4.
Note that the high temperature source can be regarded as large T” in the present study.

The occurrence of the early deflagration can be identified by the density-weighted dis-
placement speed, S, which also shows the propagation characteristics of the combustion

waves. S¥ is defined by [71,77,78]:

1

0
e (w- Z(ny 2,
Sy pUIVYkI(wk ax]_(ﬂ kV,k)) (2.3)

where Yy, V; i, and w;, denote the species mass fraction, the species diffusion velocity in
the j-direction, and the net production rate of species k, respectively. p, is the density
of the unburnt mixture calculated from the local enthalpy and fresh mixture conditions
43,44, 49-51]. The isocontour of Y, = 0.065 is chosen to evaluate the displacement
speed for all cases as in previous studies [49-51]. This particular isocontour coincides
approximately with the location of maximum ¢ of PRF /air mixtures.

Figure 2.9 shows the temporal evolutions of the mean front speed, S_;l", for the DNS
cases, all of which are normalized by the corresponding laminar flame speed, Sp. As

in previous studies [49,50], S, was estimated from a transient 1-D reactive simulation.
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Figure 2.9: Temporal evolution of the mean front speed, S_;l", for (a) Cases 2, 3, 7, and 8

(PRF50) and (b) Cases 5, 6, 9, and 10 (PRF80).

The initial species composition, pressure, and temperature for the 1-D simulations were
specified the same as those of the mean values in 2-D DNSs without any fluctuations.
A high-temperature ignition source was then added on the initial constant temperature
field to generate a combustion wave, which emanates from the source, propagating into
the reactive mixture ahead of it. Auto-ignition in the reactive mixture does not occur
prior to 7'1% such that the measured displacement speed, S, of the combustion wave can
be considered as the laminar flame speed, S, at the corresponding pressure. S7, is found
to be approximately 0.2 m/s for all PRF /air mixtures and remain nearly identical during
the combustion wave propagation.

As found in previous studies [43,44,49-51], the mean front speeds show a characteristic
‘U’ shape of HCCI combustion. The initial thermal run-away in the nascent ignition
kernel results in large S_; during the early phase of combustion. In the same way, the
simultaneous auto-ignition of the unburned end-gas leads to the sudden increase of S_g

during the final phase of combustion [49-51,78].
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Figure 2.10: The locations of the cases with small v’ (Cases 3 and 6) and large u’ (Cases

8 and 10) in the regime diagram for turbulent premixed combustion.

It is also observed that after the initial thermal run-away, S} similar to Sz, develops
earlier with increasing 7" and the duration of the region with a constant front speed at
the bottom of the ‘U’ shape also increases with increasing 7’. Note that the start of a
relatively-constant front speed implies the occurrence of deflagrations. For the cases with
large T", the start of deflagration mode of combustion coincides regardless of fuel com-
position and «/, verifying that for cases with Da;, > O(1), the role of turbulent mixing
on the development of nascent ignition kernels and their evolution into deflagrations is

negligible.

2.5 Discussion

After the successful development of deflagrations from ignition kernels by large Da,, the
temporal evolutions of deflagrations depend highly on their propagation characteristics
and local turbulence conditions [19]. It is found from the present DNSs that the laminar
flame thickness, [1,, and speed, Sy, are approximately 0.04 mm and 0.2 m/s, respectively.
Therefore, for Cases 3 and 6, [./l;, ~ O(10) and u'/S;, ~ O(1). For Cases 8 and 10,
however, ./l ~ O(10) and v'/S ~ O(10). As such, all turbulent flames with large 7"
exist within the corrugated flamelet and thin reaction zone regimes in the regime diagram

for premixed turbulent combustion [19,76] as shown in Fig. 2.10. This implies that large v’
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induces more corrugated flame structures and thus, enhances the turbulent burning rate
by increasing turbulent flame area as shown in Fig. 2.8. Note that for the cases considered
in Fig. 2.10, the occurrence of the ignition kernels and subsequent development of the
deflagrations are finished much earlier than one eddy turnover time of turbulence, and
hence, u’ and [, are found to be nearly identical to those of the initial conditions such
that the locations of the cases on the turbulent combustion regime remain the same.

In summary, two key parameters should be considered to understand the effect of
turbulence on the characteristics of hydrocarbon-fueled HCCI combustion: Da,, and
w'/Sp. If Day, is large enough to successfully develop deflagrations in HCCI combustion,
overall combustion can be advanced with large u'/Sy since the corresponding turbulent
flames exist within the corrugated flamelet and thin reaction zone regimes. On the
contrary, if Da;, is small enough to disturb the early development of ignition kernels,
the overall combustion is retarded because turbulence with short 7; and large u’ can
effectively homogenize the initial mixture fluctuations. It is of great importance to note
that 2-D turbulence is qualitatively different from 3-D turbulence such that the findings
from the present 2-D DNSs need to be verified and generalized by a parametric 3-D DNS
study, which is a future research topic.

The analysis of Da;, together with turbulent flame regime can be applied to SACI
combustion; turbulence with large u" can advance the overall SACI combustion exhibiting
very large Da;, (> 1) by spark ignition as in [50]. In the same way, it may be conjectured
that 3-D turbulence in SACI combustion may also advance the overall combustion more
than 2-D turbulence, which was observed in [52], because the effect of vortex stretching
in 3-D turbulence can locally strengthen u more than 2-D turbulence, resulting in the
increase of turbulent flame area. Due to the same vortex stretching effect, 3-D turbulence
with small Da;;, may retard the overall HCCI combustion more than 2-D turbulence by
homogenizing the initial mixture inhomogeneities [46].

It is worth mentioning that in addition to the DNS studies of HCCI combustion,
there have been many attempts to develop and validate turbulent combustion models for
large eddy simulations (LES) and Reynolds averaged Navier-Stokes simulations (RANS)

based on DNS data. Several models including flamelet-based models [79], probability
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density function (PDF) based models [80], and conditional moment closure (CMC) based
model [81] for HCCI combustion have been proposed. These combustion models show
good agreements with DNS results especially for small temperature and composition
stratifications. As such, the present DNS database can be further utilized to develop

turbulent combustion models for HCCI combustion with large thermal stratifications.

2.6 Conclusions

The effects of PRF composition, 77, and «’ on the ignition of lean PRF /air mixtures at
high pressure and intermediate temperature are investigated by 2-D DNSs with a 116-
species reduced mechanism. The chemical explosive mode and displacement speed analy-
ses verify that larger T” induces greater temporal spreading of the mean HRR regardless
of PRF composition because the deflagration mode is predominant at the reaction fronts
for large T”. However, spontaneous ignition prevails for small 77 and, hence, simultaneous
auto-ignition occurs throughout the whole domain, resulting in an excessive HRR. The
effect of fuel composition on the ignition of PRF /air mixtures is found to be significantly
reduced with increasing 1" because the deflagration mode prevails at the reaction fronts
and the propagation characteristics of these deflagrations are nearly identical.

The ignition Damkohler number, Da;gy, defined by the ratio of turbulence timescale
to the shortest ignition delay of initial mixtures, was proposed to evaluate the effects of
turbulence on the early evolution of deflagrations from ignition kernels. For cases with
Da;, < O(1), turbulence with large v’ can effectively homogenize the mixtures and disturb
the evolution of deflagrations from ignition kernels due to the short turbulence timescale
compared to the ignition timescale. Therefore, the overall combustion is retarded and
more apt to occur by spontaneous ignition. For cases with Da;, > O(1), however, the
occurrence of nascent ignition kernels and their evolution to deflagrations are not affected
by turbulence and the subsequent development of deflagrations occur only within the
corrugated flamelet and thin reaction zone regimes of turbulent combustion. As such,
turbulence with large u’ can advance the overall combustion by increasing turbulent flame

area.
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Chapter 111

Autoignited Laminar Lifted
Methane/Hydrogen Jet Flames in
Heated Coflow Air

3.1 Introduction

Numerous experimental and numerical studies of autoignition of various fuel/air mix-
tures have been conducted not only because it is one of the most important combustion
phenomena [19, 70], but also because it appears in many practical combustion devices
such as diesel engines, homogeneous charge compression ignition (HCCI) engine, and its
variants [11,16,49,50,82]. In general, autoignition in an ideal HCCI engine occurs under
adiabatic condition due to its homogeneities in both temperature and composition. How-
ever, autoignition in variants of HCCI combustion including stratified charge compression
ignition (SCCI) [83,84] and reactivity controlled compression ignition (RCCI) [82,85, 86]
combustion occurs non-adiabatically due to their mixture stratification and/or direct-
fuel injection to control overall ignition timing and mitigate excessive pressure rise rate
(PRR) in an engine cylinder. Similarly, autoignition in the diesel combustion occurs
non-adiabatically due to its inherent mixture stratification. Therefore, the liftoff char-
acteristics and stabilization mechanisms of turbulent lifted jet flames at high pressures

and temperatures have been a long-time research topic to understand the fundamentals
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of the diesel combustion [11,19,20,71,73].

The characteristics of autoignited laminar lifted jet flames in heated coflow air have
also been investigated due to their distinct features from those of non-autoignited lifted jet
flames and their potential as a building-block configuration for understanding turbulent
lifted jet flames at high pressures and temperatures. For instance, stabilization mecha-
nisms found from autoignited laminar lifted flames under various conditions can be used
to understand those of turbulent lifted jet flames featured by complicated and transient
nature. Chung and coworkers [2,25,87] found that an autoignition kernel in a laminar
nonpremixed fuel jet in heated coflow air can develop into a stationary lifted flame or
a nozzle-attached flame depending on the inlet conditions of the fuel jet and coflow air.
They also elucidated that a stationary autoignited laminar lifted jet flame can exist re-
gardless of the Schmidt number of the fuel jet, which implies that ignition delay can play
a critical role in stabilizing laminar lifted jet flame under autoignitive conditions [25]. A
tribrachial edge flame, or Moderate or Intense Low-oxygen Dilution (MILD) combustion
features in the autoignited laminar lifted jet flames. The leading edge of the autoignited
laminar lifted jet flames with tribrachial edge consists of lean/rich premixed flame wings
and a trailing nonpremixed flame [88]. However, when the fuel jet is excessively diluted
with an inert gas such as nitrogen, the conventional tribrachial edge flame does not ex-
ist and its flame structure changes to that of a MILD combustion with faint blue color
without exhibiting a clear tribrachial structure [2,23-26,87,88].

From previous studies of autoignited laminar lifted jet flames [25,87], their liftoff
height variation has been intensively investigated together with their flame structure
characteristics. The liftoff height, Hy,, of autoignited laminar lifted jet flames is found
to be functions of the fuel jet velocity, Uy, and the 0-D adiabatic ignition delay of the
stoichiometric fuel/air mixture based on the inlet condition, T, «: i.e., Hy ~ UOTng’St.
This correlation was originally devised by Choi et al. [87] considering thermal balance
between heat release from autoignition and heat loss by diffusion in a jet mixing layer. As
such, Hy, increases with increasing Uy for the same fuel and oxidizer jet conditions. This
correlation is in good agreement with experimental data for autoignited lifted flames with

tribrachial edge structure of various single component fuel jets [25]. For an autoignited
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lifted jet flame with a MILD combustion, the Hj, correlation was modified incorporating
the ignition strength of the fuel jet [25]: Hy ~ UpTy Yr,0, where Yig is the fuel mass
fraction at the inlet [25]. For both Hp, correlations of tribrachial edge flames and MILD
combustion, we can readily observe a quadratic dependence of Hy, on 7z &, which implies
that the adiabatic 0-D ignition delay can play a critical role in stabilizing autoignited
laminar lifted jet flames.

In a previous experimental study of autoignited laminar lifted methane/hydrogen jet
flames [2], however, an unusual liftoff height variation with Uy was observed; Hy, decreases
with increasing Uy at relatively-low inlet temperatures and relatively-high hydrogen con-
tent. As such, the decreasing Hy, with Uy does not follow the conventional autoignited
laminar liftoff height behavior of Hy, ~ Uy. It was conjectured that the unusual Hy, behav-
ior might be attributed to differential diffusion between methane and hydrogen molecules
in the fuel jet. Moreover, due to the unusual characteristics of the autoignited laminar
lifted methane/hydrogen jet flames, another unique feature of the flames was identified
that the flame structure changes from a lifted flame with tribrachial edge to a MILD
combustion with decreasing U, although the fuel jet is not excessively diluted with an
inert gas. According to previous studies of autoignited laminar lifted flames with a sin-
gle component fuel such as methane and propane, the transition from a tribrachial edge
flame to a MILD combustion was typically observed when the inlet fuel mole fraction is
significantly low, or Xpo ~ O(0.01) [87,88]. In the autoignition of methane/hydrogen
jets in heated coflow air, however, a gradual transition from a tribrachial lame to a MILD
combustion was observed with decreasing Uy even though the fuel jet is not highly diluted
with nitrogen (Xgo ~ O(0.1)).

The following sections will show (1) the liftoff characteristics of autoignited lami-
nar lifted methane/hydrogen, especially the reason of the occurrence of the decreasing

behavior of Hy, with Up, and (2) their flame stabilization and structure characteristics.
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3.2 Numerical Methods

Detailed numerical simulations of autoignited laminar lifted methane/hydrogen non-
premixed jet flames in heated coflow air are performed in an axisymmetric coflow burner
configuration, which has been adopted in several previous experimental and numerical
studies [2,25,26,87,88]. The steady compressible Navier-Stokes, species continuity, and
energy equations are solved using laminarSMOKE [89,90], which is an open-source code
based on OpenFOAM [91] for simulations of multi-dimensional compressible laminar re-
acting flows with skeletal/detailed chemical mechanisms. For the detailed description of
laminarSMOKE;, readers are referred to [89,90].

Figure 3.1 shows a schematic of the computational domain adopted in this study. The
domain size is 6.65 cm x 50 cm in the radial r— and the axial z—directions. The inner
diameter and thickness of the fuel nozzle are 3.76 mm and 0.5 mm, respectively. To take
into account the effect of the finite thickness of the fuel jet nozzle on the flow, 3 cm long
fuel nozzle is added to the main computational domain, which protrudes 1 cm above the
coflow air inlet as shown in Fig. 3.1. Note that the configuration of the computational
domain is identical to those of previous experiments and simulations [2,25,26, 87, 88].

No-slip and adiabatic boundary conditions are used for all the solid boundaries and
symmetric boundary conditions are used for » = 0. For the inlets, the fuel inlet velocity
is specified as that of a fully-developed pipe flow for which the mean velocity is Uy, and
the coflow air velocity, Ug, is set to be 1.1 m/s. For both fuel and air inlets, constant inlet
temperature, Ty, is specified. For the outlet, zero-gradient outflow boundary conditions
are used. For all simulations, the pressure is atmospheric and the methane/hydrogen fuel
jet is diluted with nitrogen such that the fuel mole fraction at the inlet, Xr , is 0.2. In the
r—direction, a uniform grid space of 100 um is used for 0 < r < 1.5 cm to resolve the flame
structure and a stretched grid is applied to the remaining domain. In the z—direction, the
same uniform grid of 100 pum is used. Figure 3.2 shows profiles of axial velocity, temper-
ature, and mass fractions of CHyO and OH of a lifted methane/hydrogen jet flame along
the stoichiometric mixture fraction, &, isoline for three different grid resolutions, which

verifies that the current grid size of 100 um can reasonably resolve the profiles compared
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Figure 3.1: Schematic of the computational domain for simulations of autoignited laminar

lifted methane/hydrogen jet flames in heated coflow air.

to a fine grid size of 50 pm. The flame thickness, §f = (Tinax — Tmin)/max(dT’/dz), along
the stoichiometric mixture fraction, &, isoline is found to be approximately 2 mm. Thus,
the current grid space of 100 pm can resolve the flame thickness with approximately 20
grids, which is sufficient to capture the flame structure and liftoff characteristics of au-
toignited laminar lifted methane/hydrogen flames. Even though the lifted flames are very
thick under the present conditions, their rich premixed flame regions may not be suffi-
ciently resolved by the current 100 pm grids, which may influence the molecular diffusion
and/or other processes. However, we found that the overall flame structure and stabiliza-
tion characteristics of the current grid resolution are nearly identical to those of the fine
grid resolution of 50 pum, and as such, we believe that the effect of the unresolved part
of the rich premixed flame region on the molecular diffusion is minimal if it exists. Note
that the San Diego mechanism with 57 species [4] was used for the simulations. Also note
that from a series of 0-D simulations of methane/hydrogen/nitrogen mixtures under the
present simulation conditions using CHEMKIN [92], it is found that the decomposition

of CH, and H, in the fuel nozzle rarely occurs and hence, does not affect the present
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simulation results.

We initialize a lifted flame with high U, without applying any external ignition source
(i.e., literally autoignition). Then, we adjust Uy to obtain the liftoff height for other
cases. In experiments, the autoignited liftoff height is repeatable. This implies that a
liftoff height of an autoignited lifted flame is identical to that of a lifted flame obtained
from another autoignited steady liftoff flame by changing the fuel jet velocity, which can
be considered as a forced ignition. Otherwise, the liftoff height would not be repeatable.
To further clarify whether final stabilization location and its stabilization mechanism
depend on the initialization or not, we performed several transient numerical simulations
of methane/hydrogen jet flames (not shown here). The flames locally autoignite and are
soon stabilized at the same locations of the corresponding steady cases, which verifies
that the lifted flames in the present simulation are autoignitable and the liftoff heights

are also repeatable.

3.3 Overall Characteristics of The Lifted Flames

In previous experiments [2], the decreasing behavior of Hy with increasing Uy occurs
under relatively-low T conditions (860 < Ty < 920 K) together with relatively-high
hydrogen ratio in the fuel (Ry > 0.12). The hydrogen ratio, Ry, is defined as Ry =
Xu,/(Xcn, + Xu,), where Xy, and Xcn, represent the mole fractions of hydrogen and
methane in the fuel jet, respectively. Under relatively-high 7j and low Ry conditions,
however, the opposite trend of the liftoff height can be observed (i.e., Hy, ~ Uy). To
numerically simulate the two different trends of the liftoff height variation, we chose two
simulation conditions through several simulation tests: (1) relatively-high 7, = 1100 K
and low Ry = 0.05; henceforth, it is denoted as the high temperature low hydrogen
(HTLH) condition, and (2) relatively-low 7, = 940 K and high Ry = 0.35, which is
denoted as the low temperature high hydrogen (LTHH) condition. Note that Tj for both
conditions are higher than those of previous experiments, which will be discussed in the

following section.
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Figure 3.2: Profiles of (a) axial velocity, (b) temperature, and mass fractions of (¢) CH,0O
and (d) OH of a lifted methane/hydrogen jet flame along the stoichiometric mixture
fraction, &, isoline for three different grid resolutions. The inlet temperature and velocity
of the fuel jet are 940 K and 15 m/s, respectively, and the hydrogen volume fraction of

the fuel jet is 0.35.
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3.4 Chemical Kinetic Mechanisms

From previous numerical studies of autoignited laminar lifted jet flames [88,93], it was
reported that Ty of numerical simulations needs to be raised by approximately 100 K
compared to that of experiments to obtain comparable Hy, behavior. It was conjectured
that this temperature discrepancy might be attributed to the inaccuracy of the chemical
kinetic mechanism /transport data and/or experimental measurements. To select a proper
chemical mechanism for the present study, therefore, we first tested several different
methane oxidation mechanisms [3-7] by evaluating their stoichiometric laminar burning
velocity, Si, and 0-D ignition delays, 7.

Figure 3.3 shows Si, and 73} of a stoichiometric methane/hydrogen/air mixture with
Xrop = 0.2 and Ry = 0.35 as a function of the inlet or initial temperature. It is readily
observed that Sy, increases and Ti% decreases with increasing temperature as expected.
However, Ti% exhibits nearly an order of magnitude difference among the mechanisms for
given temperature while Sy, shows reasonable agreement, say, less than 10% difference at
high temperatures relevant to the present simulation conditions.

These results can be attributed to inherent issues in developing a kinetic mechanism.
A kinetic mechanism is typically validated for laminar burning velocities under atmo-
spheric or mildly high pressures while it is done for ignition delays at high pressures
due to the time limit of shock tube experiments (~ O(1 ms)). Thus, at the present
atmospheric pressure condition, the mechanisms may not be accurate enough to predict
ignition delays of ~ O(1 s). The characteristics of Ti% at atmospheric and high pressures
for different chemical kinetics mechanisms are further examined and the results are re-
ported in the supplementary material, which shows that the variation of Ti% among the
kinetic mechanisms becomes significant under the atmospheric pressure condition.

Since the characteristics of autoignited laminar lifted flames are significantly affected
by both Sy, and Ti%, we can expect that their numerical Hy, values will appreciably vary
depending on the chemical kinetic mechanisms. To evaluate the dependence of Hy, on
the choice of chemical kinetic mechanism, we performed 2-D numerical simulations of

autoignited laminar lifted methane/hydrogen jet flames under the LTHH condition using
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Figure 3.3: Variations of (a) laminar burning velocity, Sp, and (b) 0-D ignition delay,
Ti%, of a stoichiometric methane/hydrogen/air mixture with Xy = 0.2 and Ry = 0.35
as a function of the inlet or initial temperature for several different chemical kinetic

mechanisms including GRI-3.0 [3], San Diego [4], USC-II [5], Galway [6], and Konnov [7]

mechanisms.
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Figure 3.4: Variation of the liftoff height, Hy, of autoignited laminar lifted
methane/hydrogen jet flames with Xy = 0.2 and Ry = 0.35 as a function of the in-

let velocity, Uy, for several different chemical kinetic mechanisms and Tj.

four different chemical kinetic mechanisms and determined their Hy, values as a function of
Uy as shown in Fig. 3.4. Note that we first tested the four different chemical mechanisms
at Th = 950 K that is larger than the corresponding temperature of 860 K in the previous
experiments [2]. This is because we could capture autoignited lifted jet flames within
the computational domain with T, = 950 K. Among the four mechanisms, we selected
the Konnov [7] and San Diego [4] mechanisms because their Hy, were expected to show a
better agreement with the experimental data for lower T. Then, we carried out additional
simulations by decreasing Ty for the two mechanisms to quantitatively match Hp, to the
experimental data as much as possible. Finally, we adopted the San Diego mechanism [4]
for the following simulations.

It is readily observed from the result that even if there exists significant difference in
Hy, values, the decreasing tendency of Hy, with Uy under the LTHH condition remains the
same for all the chemical kinetic mechanisms with different 7. Since the characteristics
of autoignited lifted laminar methane/hydrogen jet flames are found to be qualitatively
consistent with those of experiments for all the chemical mechanisms, we believe that the
present simulations can properly elucidate the physico-chemical mechanism behind the

decreasing Hp, behavior observed from the experiments.
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3.5 Lifted Jet Flames under HTLH Condition

Figure 3.5 shows the isocontours of temperature and mass fractions of OH, CH,O, and
H,0, of autoignited laminar lifted methane/hydrogen jet flames for various fuel jet ve-
locities under the HTLH condition (i.e. 75 = 1100 K and Ry = 0.05). The dashed and
dash-dotted lines represent the mixture fraction isoline passing through the flamebase, &g,
and the stoichiometric mixture fraction isoline, & (= 0.325), respectively. In the present
study, £ is calculated based on Bilger’s mixture fraction formula [94] and the flamebase
is defined as the most upstream point of Yoy = 2.9 x 10~ isoline. The corresponding
liftoff height is determined as the axial length from the fuel nozzle to the flamebase. Note
that Yog = 2.9 x 10~ isoline represents approximately 5% of its maximum increase in
the domain, which is consistent with definitions used in previous studies [71,73]. It is
readily observed that the flame is attached to the fuel nozzle up to, say, Uy = 25 m/s
and becomes lifted for higher Uy. Once the flame is lifted, the liftoff height increases with
increasing Uy. These are in qualitative agreement with previous experimental results [2].

Under this condition, the flamebase lies at a fuel-lean mixture as observed in previous
studies of laminar/turbulent lifted flames in heated coflows [71,73,88,95]. The shifting
of the flamebase to the fuel-lean mixture implies that the stabilization mechanism of
autoignited laminar lifted flames would be different from that of non-autoignited laminar
lifted flames in which the flamebase coincides with a point of the stoichiometric mixture
line where the edge flame propagation speed balances local flow velocity [96,97]. Although
the lifted flame is stabilized at the fuel-lean mixture, the maximum temperature and
mass fraction of OH occur following the stoichiometric mixture line downstream of the
flamebase, similar to previous numerical results [71,73,88,93].

The isocontours of mass fraction of CH,O and H50O5 are also shown in Fig. 3.5b to
further identify the role of autoignition on the lifted lames. CH50O, HO5, and HyO4 are
important intermediate species during the early stage of hydrocarbon/air autoignition
process, featuring that their concentrations attain their own peaks prior to the thermal
ignition [73,98,99]. As such, they are regarded as precursors of autoignition. It is

readily observed from the figure that CH,O and HyO4 are predominant upstream of the
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Figure 3.5: Isocontours of (a) Yonu (left half) and 7" (right half) and (b) Yj,0, (left half)
and Ycp,o (right half) for autoignited laminar lifted methane/hydrogen jet flames for
various fuel jet velocities Uy under the HTLH condition (75 = 1100 K and Ry = 0.05).
The dashed and dash-dotted lines in (a) represent the mixture fraction isoline passing
through the flamebase, &g, and the stoichiometric mixture fraction isoline, & (= 0.325),

respectively.
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flamebase, which indicates that autoignition plays an important role in stabilizing the
lifted flames [71,73,88]. Although not shown in here, HOy behaves similarly to HyOs.
Note that for non-autoignited lifted flames with low ambient temperature, CH,O only
exists near the premixed flame wing when a flame is stabilized by the balance of the
propagation speed of edge flame and local flow velocity [24].

To summarize the overall characteristics of the lifted flames under the HTLH condi-
tion, the variations of Hy, and (Tiax — T0)/Tie as a function of U, are shown in Fig. 3.6.
For comparison purpose, Hy, variations from experiments [2] are also shown in the figure.
Thnax is the maximum flame temperature in the domain and 7j, is the minimum temper-
ature for autoignition of the stoichiometric mixture based on the inlet conditions. We
determine that autoignition occurs within the computational domain if the ignition delay
at Ty = Tig is less than one-jet flow-through time of the coflow air. Under the HTLH
condition, Tj, is approximately 990 K from 0-D ignition tests using CHEMKIN [92].

In general, a combustion process can be defined as a MILD combustion when the
following conditions are satisfied [22,100]: (1) the inlet temperature of a reactant mixture
is higher than its autoignition temperature, Ty > Ti,, and (2) the maximum allowable
temperature increase with respect to the inlet temperature is lower than its autoignition
temperature, (Tyax —10)/Tig < 1. For the present simulation cases, Tj is greater than Tig,
and as such, we adopt (Tiax—7T0)/T}e to identify the combustion mode of the lifted flames:
a lifted flame with tribrachial edge occurs when (Ti,ax — T0)/Tig > 1 while a lifted flame
with MILD combustion appears when (Tyax — 1p)/Tig < 1 is satisfied [22,87,100,101].

As shown in Fig. 3.6, (Tiax — T0)/T}g is well above unity and Tj is great than T,, which

ig»

indicates that only lifted flames with tribrachial edge appear under the HTLH condition.

3.6 Lifted Jet Flames under LTHH Condition

To capture the overall features of autoignited laminar lifted methane/hydrogen jet flames
under the LTHH condition (i.e. Tp = 940 K and Ry = 0.35), their temperature and the
mass fraction of OH, CH,0, and H50, isocontours for various fuel jet velocities (Uy = 4

~ 30 m/s) are shown in Fig. 3.7. Contrary to the cases under the HTLH condition, it is
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Figure 3.6: Variations of Hj, (red) and (Tax — 1o)/Tig (blue) as a function of U, for
autoignited laminar lifted methane/hydrogen jet flames under the HTLH condition (7j
= 1100 K and Ry = 0.05). The black dash-dotted line represents Hj, variation of the

corresponding experiments [2].

readily observed that Hy, decreases with increasing Uy. Moreover, we cannot observe any
nozzle-attached flames within the test range of Uy. As mentioned above, this unusual
decreasing Hj, behavior has been experimentally observed in [2].

To understand the lifted flame characteristics under the LTHH condition, the vari-
ations of Hy, and (Ti.x — 10)/Tie as a function of U, are shown in Fig. 3.8, where Tj,
is approximately 895 K under the LTHH condition. For comparison purpose, the cor-
responding experimental Hj, variation [2] is also shown in the figure. Several points
are noted from Figs. 3.7 and 3.8. First, the maximum temperature represented by
(Tmax — 1)/ Tig varies significantly for cases with Uy < 10 m/s, in which the stoichiomet-
ric contour height is lower than the flamebase where autoignition is governed by fuel-lean
mixtures. Moreover, (Ti,ax —10)/Tig first falls below unity at Uy = 10 m/s as Uy decreases
and the overall flame structure changes from a lifted flame with tribrachial edge to a lifted
flame with MILD combustion.

Based on the flame structure characteristics such as the location of the flamebase
relative to the centerline and (Ti.x — Tp)/Tig values, we can classify the lifted flames
under the LTHH condition into three different regimes as a function of Uy: (1) the lifted
flame with tribrachial edge for (Trax —7T0)/Tig > 1 (henceforth, denoted by the tribrachial
edge flame regime; Uy = 15 ~ 30 m/s), (2) the lifted flame with MILD combustion
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Figure 3.7: Isocontours of (a) Yonu (left half) and 7" (right half) and (b) Yj,0, (left half)
and Ycp,o (right half) for autoignited laminar lifted methane/hydrogen jet flames for
various fuel jet velocities Uy under the LTHH condition (7 = 940 K and Ry = 0.35).
The dashed and dash-dotted lines in (a) represent the mixture fraction isoline passing
through the flamebase, &g, and the stoichiometric mixture fraction isoline, & (= 0.378),

respectively.
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Figure 3.8: Variations of Hj, (red) and (Tax — 1o)/Tig (blue) as a function of U, for
autoignited lifted flames under the LTHH condition (75 = 940 K and Ry = 0.35). The

black dash-dotted line represents Hj, variation of the corresponding experiments [2]

for (Timax — T0)/Tig < 1 with the flamebase being located at the centerline (the MILD
combustion regime; Uy = 4 m/s), and (3) the transition regime between the tribrachial
edge flame and MILD combustion regimes for (Tiax — 1o)/Tig < 1 with the flamebase
being located radially outside the centerline (the transition regime; Uy = 8 ~ 10 m/s).
Figure 3.9 shows the isocontours of heat release rate for Uy = 4 and 15 m/s under
the LTHH condition, which represent the MILD combustion and tribrachial edge flame
regimes, respectively. We can readily observe two different flame structures for different
Up; in the MILD combustion regime (Uy = 4 m/s), the flame is relatively weak and blunt
and the stoichiometric mixture fraction, &, isoline does not cross the flame region since
it is overall very lean; while in the tribrachial edge flame regime (Uy = 15 m/s), it exhibits
rich /lean premixed wings and a trailing nonpremixed flame which is along the & isoline.

Second, for all the lifted jet flames, important intermediate species including CH5O,
HO,, and HyO4 are predominant in the upstream region from the flamebase, which in-
dicates that autoignition affects the stabilization of the lifted flames. Moreover, Hr,
decreases significantly with increasing U in the MILD combustion/transition regimes,
whereas the decreasing tendency of Hy, is mitigated in the tribrachial edge flame regime.
From these results, it can be hypothesized that the unusual decreasing behavior of Hp,
under the LTHH condition would be attributed to the characteristics of autoignition and

flame structure depending on the hydrogen content in the fuel jet, which will be further
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Figure 3.9: Isocontour of heat release rate (J/mm?®s) for autoignited laminar lifted
methane /hydrogen jet flames with Uy = 4 (left) and 15 m/s (right) under the LTHH

condition. The dash-dotted line represents the stoichiometric mixture fraction isoline,

Est-

discussed later.

Note that under the LTHH condition, the flamebase is defined as the most upstream
point of You = 2.3 x 10~* isoline. For the MILD combustion regime, however, we cannot
define the flamebase using such definition because the lifted flames with MILD combustion
would not exhibit the conventional flame structure and Yoy values remain below 2.3 x
107%. To avoid ambiguity in the flamebase definition, therefore, we adopt the chemical
explosive mode analysis (CEMA) and define the flamebase as the most upstream point
of Re(\e) = 0 isoline, where A, is an eigenvalue of the Jacobian of the chemical source
term in the discretized governing equations [30-32,102]. In other words, a mixture with
Re(Ae) > 0 is more apt to ignite while a mixture with Re(\.) < 0 is already burned or
fails to ignite. Therefore, Re(\.) = 0 isoline can be used to discern between the burned
and unburned mixtures in autoignition and delineate the flame front especially for the
lean premixed fronts. For the tribrachial edge flame regime, the flamebase defined by Yo
= 2.3 x 107* is nearly identical to that by the CEMA. The chemical features of the lifted

jet flames under the LTHH condition using CEMA will be addressed in Section 3.10.
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3.7 Effect of Hydrogen on The Liftoff Characteristics

As mentioned above, Choi et al. [2] conjectured that the unusual decreasing behavior
of Hy, with increasing Uy might be attributed to the disparity in mass diffusivities be-
tween methane and hydrogen. This hypothesis was based on observation that Hp, varies
significantly at relatively-low jet velocities that provide enough flow time to amplify
the differential diffusion effect on the stabilization of the laminar lifted jet flames. To
test whether or not the high diffusive nature of hydrogen molecules induces the unusual
decreasing Hj, tendency, we performed additional numerical simulations by artificially

changing the mass diffusivity of hydrogen molecule, Dy,, to that of methane.

3.8 Effect of Hydrogen Mass Diffusivity on Hj,

Figure 3.10 shows the isocontours of temperature and mass fractions of OH, CH50O, and
H,0, of autoignited laminar lifted methane/hydrogen jet flames with the modified Dy, .
Contrary to the cases with the normal Dy,, Hj, increases with increasing Uy, which clearly
shows the effect of Dy, on the liftoff characteristics of the lifted methane/hydrogen jet
flames. Thus, it should be emphasized that the decreasing behavior of Hy, is not due
to chemical kinetics (or choice of kinetic mechanism as shown in Fig. 3.4) but due to
physical aspects of differential diffusion.

To quantitatively compare the characteristics of the lifted jet flames with the normal
and modified Dy, under the LTHH condition, (Tinax — T0)/Tig together with Hy, is shown
in Fig. 3.11. While Hy, show the opposite trends with increasing Uy for the normal and
modified Dy, cases, both (Tinax — T0)/Tis values increase monotonically from the MILD
combustion regime to the transition regime. Since the tribrachial edge flame regime
is not observed for cases with the modified Dy, due to the limitation of the present
computational domain, we performed additional simulations with higher Uy by extending
the burner length to 100 cm. From the results (not shown here), we found that both Hj,
and (Tax —T0)/Tig values increase monotonically with Uy and three different combustion

regimes also exist for the modified Dy, cases.
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Figure 3.10: Isocontours of (a) You (left half) and T' (right half) and (b) Yi,0, (left half)
and Yop,o (right half) for autoignited laminar lifted methane/hydrogen jet flames with
modified Dy, for various fuel jet velocities Uy under the LTHH condition (75 = 940 K
and Ry = 0.35). The dashed and dash-dotted lines in (a) represent the mixture fraction
isoline passing through the flamebase, &g,, and the stoichiometric mixture fraction isoline,

& (= 0.378), respectively.
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Figure 3.11: The variation of (a) Hy, and (b) (Tax — 10)/Tig for various fuel jet veloci-
ties with normal (solid line) and modified Hy diffusivity (dashed line) under the LTHH
condition (7o = 940 K and Ry = 0.35).

To further identify how large Dy, affects the mixture conditions upstream of the
flamebase and resultant ignition characteristics, we evaluate local hydrogen ratio, Ry,
along &g, isoline for both normal and modified Dy, cases. Here, Ry is evaluated based
on the species information along &g, isoline, for which all species are converted to the
original reactants (i.e. CHy, Ha, O, and Ny) by applying the element conservation law.
Therefore, we can effectively estimate the differential diffusion effect through Ry.

Figure 3.12 shows the profiles of Ry and T along the &g, isoline for cases with the
normal and modified Dy, at different Uj. It is readily observed that for normal Dy,
overall Ry increases with increasing Uy; it exhibits a much greater value than the original
Ry value (= 0.35) of the fuel jet for relatively-large Uy while it decreases and even vanishes
near the flamebase for relatively-small Uy cases. For modified Dy,, however, Ry value
remains nearly the same regardless of Uj. In general, a hydrocarbon/air mixture with
high Ry autoignites faster than that with low Ry [103,104], and as such, Ry profiles

upstream of the flamebase for different Dy, imply that for normal Dy,, the ignition of
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Figure 3.12: The profiles of Ry (left) and 7' (right) along the mixture fraction isoline
passing through the flamebase, &p,, for various fuel jet velocities with normal (top) and
modified (bottom) Hs diffusivities under the LTHH condition (75 = 940 K and Ry =
0.35).

fuel jet can be enhanced with increasing Uy while the effect of Uy on the ignition of the
fuel jet becomes negligible for modified Dy,. Consequently, the increase of local T" by
ignition is enhanced with increasing Uy for normal Dy, (see Fig. 3.12b), whereas the
profile of T is just spatially elongated downstream with increasing Uy for modified Dy,
(see Fig. 3.12d).

For heuristic argument purposes, a schematic of the Hy, variation depending on Dy, is
shown in Fig. 3.13. For a given U represented by the dash-dotted line, the axial velocity
along &g, isoline, U, is found to slightly increase due to local temperature increase by
autoignition and/or the momentum diffusion of the fuel jet. However, the propagation
speed of the leading edge of the lifted flame, S, can significantly increase along &g, isoline
due to local temperature increase by ongoing autoignition. As such, the lifted flame is
stabilized at the flamebase where S, balances local flow velocity represented by U as

illustrated in Fig. 3.13, which holds for both normal and modified Dy, cases. However,
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Figure 3.13: Schematic for the stabilization of autoignited laminar methane/hydrogen

lifted flames with (a) normal and (b) modified Hy diffusivity.

Hj, can exhibit different behaviors depending on Dy, when Uy is increased.

For high U, with normal Dy, represented by the solid line in Fig. 3.13a, even though
overall U along &g, isoline increases compared to that of low Uy, overall temperature
profile and resultant S, move towards upstream compared to those of low U, due to
spatially-enhanced ignition process. Moreover, higher Ry contributes to further increase
of S, for high Uy. As such, the lifted flame with high Uj is stabilized more upstream than
that with low Uy as described in Fig. 3.13a.

For modified Dy, cases, however, the ignition characteristics do not change much
for high U, such that the profiles of local temperature and resultant S, are spatially
elongated as shown in Figs. 3.12 and 3.13b. Therefore, the lifted flame with high U
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is stabilized more downstream than that with low U, as illustrated in Fig. 3.13b. In
summary, the increasing/decreasing Hy, tendency for autoignited laminar lifted flames
is primarily attributed to the ignition characteristics that affect local temperature and

resultant S, along the &g, isoline.

3.9 Effect of Hydrogen on The Lifted Flame Stabi-
lization

In this section, we elucidate how the high diffusive nature of hydrogen molecules affects
the stabilization of the autoignited laminar lifted methane/hydrogen flames. First, we
perform the transport budget analysis along the mixture fraction isoline passing through
the flamebase, &g, as in previous studies [43,105,106]. In the present study, hydroxyl
(OH) is adopted for the budget analysis since it is often used as a flame marker [71,73,107].
In a steady state, the convection (C), diffusion (D), and chemical reaction (R) terms in
the transport equation of a species balance one another. To take into account the two-
dimensional diffusion process of the present simulations, D is decomposed into parallel
Dy and perpendicular Dy to the &g, isoline, which are due to flame back diffusion and
transverse stratification, respectively [106,108]. In the reaction zone of a typical premixed
flame, R mainly balances Dy while C is negligible. In an inhomogeneous autoignition
process, however, R balances C and Dy with negligible D.

Figure 3.14 shows the profiles of C, Dy, Dy, and R along the &, isoline for U
= 4, 10, and 30 m/s under the LTHH condition, each of which represents the MILD
combustion, transition, and tribrachial edge flame regimes, respectively. For U, = 4
m/s case, R mainly balances C and D, while Dy is negligible, which indicates that the
lifted flame with Uy = 4 m/s in the MILD combustion regime is primarily stabilized
by inhomogeneous autoignition. For Uy = 10 and 30 m/s cases, the contribution of
Dy to the transport budget increases compared to that of Uy = 4 m/s, suggesting that
the effect of flame propagation on the flame stabilization is no longer negligible. These

results imply that the lifted flames with high U, would be stabilized by the effects of
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both autoignition and flame propagation, or autoignition-assisted flame propagation as
discussed in [106,109-111].

In addition to the species transport budget analysis, we also perform autoignition in-
dex, Al, analysis to further identify the stabilization mechanism of the autoignited lami-
nar lifted methane/hydrogen jet flames. Schulz et al. [112] proposed Al as a criterion to
distinguish autoignition and flame propagation of a lifted methane/air jet flame. Al was
derived based on observation that the dominant HO5 consumption reaction changes de-
pending on the stabilization mechanism; HO, + H — OH + OH (R10) becomes predom-
inant for the flame propagation mode and HOy + OH — H0+0, (R14-15) overwhelms

R10 for the autoignition mode. A[ is, therefore, defined as:

. (R14—15)

HO»
- (R14-15) . - (R10)
WHO, + Wi,

Al =

, (3.1)

where wyo, represent HO5 consumption rate. As such, a higher/lower AI value implies
that a lifted jet flame is primarily stabilized by autoignition/flame propagation. Fig-
ure 3.15 shows the profiles of Al along the &g, isoline for cases with Uy = 4, 10, and 30
m/s under the LTHH condition. For Uy = 30 m/s case that represents a tribrachial edge
flame, R10 and R14-15 balance each other at the flamebase and thus Al ~ 0.5. As U
decreases, the relative contribution of R14-15 to the overall wyo, increases, leading to the
increase of AI. These results also verify that autoignition-assisted flame propagation (or
transition from flame propagation to autoignition) is the main stabilization mechanism
for the lifted jet flames and the effect of autoignition increases with decreasing U,.

Both the transport budget and autoignition index analyses can identify flame prop-
agation or autoignition mode of a lifted jet flame but they may not be suitable for
distinguishing autoignition-assisted flame propagation and autoignition. For instance,
although Al =~ 0.5 and C-D-R balance imply the autoignition-assisted flame propaga-
tion, there still exists uncertainty about a threshold value to discern autoignition and
autoignition-assisted flame propagation modes. When a lifted jet flame is stabilized
either by autoignition or autoignition-assisted flame propagation, the degree of tempera-
ture increase and intermediate species build-up upstream of its flamebase can significantly

vary depending on the flow condition as shown Fig. 3.7. This implies that the propa-
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Figure 3.14: Profiles of convection (blue), diffusion in parallel (pink) and normal (red)

direction, and chemical reaction (green) terms along the mixture fraction isoline passing

through the flamebase, &n,, for (a) Uy = 4, (b) 10, and (c) 30 m/s.
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Figure 3.15: Profiles of R14-15 (black) and R10 (red) with autoignition index (green)
along the mixture fraction isoline passing through the flamebase, &g, for (a) Uy = 4, (b)
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gation speed of the flamebase of a lifted flame, S,, becomes comparable to/significantly
greater than corresponding laminar flame speed, S, if the lifted flame is stabilized by
autoignition-assisted flame propagation/autoignition mode [109,111,113].

To further identify the stabilization mechanism of the lifted flames, therefore, we eval-
uate S, for various Uy under the LTHH condition and then compare S, with corresponding
St. Here, S, is evaluated based on temperature and species information upstream of the
flamebase to incorporate the effect of autoignition. For this purpose, S, is obtained
through the density-weight displacement speed, S7, which has been used to evaluate the
propagation speed of reaction fronts in many previous studies [71,73,114-120]. S} is

defined by:

1 0
G = (o — 2 (pYViR)), 3.2

where Y}, is the mass fraction, Vj; the diffusion velocity in the j—direction, wy the net
production rate of species k, and p,, is the density of the unburnt mixture. S is evaluated
at the most upstream point of Yo = 2.3 x 10~ isoline defined as the flamebase.

In the present study, Sp, upstream of the flamebase is estimated from transient 1-
D reactive simulations as in [43,49, 118]. The initial mixture conditions for the 1-D
simulations were obtained from those at several locations upstream of the flamebase
along the &g, isoline as highlighted in grey in Fig. 3.14. The simulations were then
initialized with a high-temperature ignition source such that a combustion wave develops
from the source and propagates into the initial reactive mixture ahead of it. The reactive

mixture upstream of the combustion wave does not autoignite until 7

ie» and hence, the

propagation speed of the combustion wave, Sj, can be considered as the laminar burning
velocity, Sy, similar to the diffusive limit found in previous studies [43,49,118]. Note that
in the present study, it is not straightforward to precisely determine Sy, values because
autoignition process is underway producing heat and radicals. To reasonably estimate
SL, therefore, we evaluate it based on the local mixture components and temperature
upstream of the flamebase, for which species components are converted to the original
reactants at the inlets (i.e. CHy, Hs, Oy, and Ny) as for Ry calculation. Then, we

evaluate Sy, of the unburned mixture at the local temperature. Although this method
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cannot evaluate Sy, perfectly, it can provide rough estimate of Sy, values.

Figure 3.16 shows Sp, and S./Sy, at several locations along the &g, isoline upstream
of the flamebase for Uy = 4, 10, and 30 m/s under the LTHH condition. Note that S,
at the flamebase is found to be 1.45, 1.81, and 1.25 m/s for Uy = 4, 10, and 30 m/s,
respectively. As mentioned above, Uy = 4, 10, and 30 m/s cases represent the MILD
combustion, transition, and tribrachial edge flame regimes, respectively. Two points
are to be noted. First, it is readily observed that Sy, increases as the Sj, measuring
point approaches the flamebase, which verifies that S, can increase along the &g, isoline
upstream of the flamebase as illustrated in Fig. 3.13. Second, it is also observed that for U,
= 10 and 30 m/s cases, S./SL, is close to unity even though the former/latter is slightly
larger/smaller than unity, which implies that the autoignited lifted jet flames of the
transition and tribrachial edge flame regimes can be stabilized by the flame propagation
mode. For these cases, however, S, is considerably greater than the corresponding laminar
burning velocity under non-autoignitive conditions or low-temperature conditions such
that the lifted jet flames are stabilized by the autoignition-assisted flame propagation
mode for which the edge flame speed of the lifted jet flames is significantly enhanced by
temperature increase induced by autoignition upstream of the flamebase. For Uy = 4
m/s case, however, S,/S, is an order of magnitude greater than unity, which indicates
that the lifted jet flames with relatively-low U, are primarily stabilized by autoignition.
These results are consistent with those of species transport budget and autoignition index
analyses.

It is of interest to note that the stabilization mechanism of the present autoignited
lifted methane/hydrogen jet flames seems to be contrary to those of previous studies
[106,108,109]: the role of flame propagation on the flame stabilization enhances/mitigates
with increasing Uy for the present/previous studies. As discussed above, we can determine
the stabilization mechanism of a lifted flame based on the relative magnitude of the prop-
agation speed of the flamebase, S., to the laminar burning velocity of a mixture upstream
of the flamebase, Si: i.e., a lifted flame is stabilized by flame propagation/autoignition
when S, is comparable to/signficantly greater than Sy,. In previous studies [106,108,109],

single component fuels (i.e., DME, n-heptane, and ethanol) were used such that S, of a
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lifted flame does not change with Uy. At relatively-low Uj, therefore, a lifted flame can
be stabilized by flame propagation because S, (~ Sp) can balance relatively-low local
flow velocity, U: Sy, ~ S, = U. However, a lifted flame can be stabilized by autoignition
at relatively-high U, where only high S, induced by autoignition can balance local flow
velocity that is way high compared to Si: S = U > SI.

However, in the present study we adopted a binary component fuel of CHy and Hs
highly diluted by Ny (i.e., Xy o = 0.2), for which the diffusion coefficients are significantly
different between them. The laminar burning velocity and ignition delay of such binary
fuel significantly vary depending on its compositions, and as such, Sy, of a lifted flame
changes significantly with Uy due to the differential diffusion effect (see Fig. 3.16a). At
relatively-high Uy, large Ry at the flamebase enhances Sy, such that a lifted flame can be
stabilized by flame propagation, which is actually autoignition-assisted flame propagation
as discussed above: S, ~ S, = U. At relatively-low Uy, however, Ry nearly vanishes and
the entire jet becomes very lean near the flamebase such that Sy, exhibits much lower value
than local flow velocity: Sy, < U. Then, a lifted flame with low U, can be stabilized only
by autoignition for which relatively-high S, induced by autoignition can balance local

flow velocity: S. = U > Si..

3.10 Ignition Characteristics: CEMA

To further elucidate the spatial ignition and flame stabilization characteristics of the lifted
flames, we perform chemical explosive mode analysis (CEMA). CEMA has been suc-
cessfully adopted to systematically identify key species and reactions for premixed/non-
premixed flames and ignition/extinction processes in laminar/turbulent lifted jet flames
in heated coflows [30,31,73,108,121], turbulent reacting jet flames in cross flows [74,75],
and ignition of hydrocarbon fuel/air mixtures under HCCI conditions [32,51,83,102].
As mentioned above, the Jacobian of the chemical source term of the discretized
conservation equations for a chemically-reacting system has the chemical information
of local mixtures, and hence, we can determine their chemical characteristics using the

Jacobian [30-32]. To identify the chemical feature in CEMA, a chemical mode is defined
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as an eigenmode of the Jacobian, which is associated with an eigenvalue, \., and a
corresponding pair of the left and right eigenvectors, a, and b.. Chemical explosive mode
(CEM) is a chemical mode for which the real part of eigenvalue is positive, Re(\.) > 0.
From CEMA, the critical chemical kinetic processes occurring in the autoignited laminar
lifted flames can be identified by evaluating explosive index (EI) and participation index

(PI) of local mixtures. EI and PI are defined as [31,32,102]:

T
gL — 12 @0l (3.3)
Z |a5 ®be|
|(be - S) ® R
PI = 3.4
S [(b.-S) O R| (34

where S and R represent the stoichiometric coefficient matrix and the vector of the net
rates for reactions, respectively. The symbol ® denotes the element-wise multiplication
of two vectors. EI and PI indicate the normalized contribution of each variable and
reaction to a CEM, respectively, and as such, key species and reactions to ignition near
the flamebase can be elucidated by evaluating EI and PI values.

Figure 3.17 shows the EI isocontours of several important variables for the lifted flames
in three different regimes (i.e. Uy = 4, 10, and 30 m/s) under the LTHH condition. Heat
release rate is also presented in the figure to show the flame location. T'wo points are to be
noted from the figure. First, for all regimes the most important EI variable upstream of
the flamebase is temperature while CH,, CH,O, HyO5 and Hs also contribute to the CEM
upstream of the flamebase, showing a general sequence of autoignition of methane/air or
hydrogen/air mixture [70]. Second, for the MILD combustion regime (Uy = 4 m/s) the
contribution of CHy to the CEM becomes significant right upstream of the flamebase.
For the tribrachial edge flame regime (Uy = 30 m/s), however, the contribution of Hy to
the CEM becomes important. These results substantiate that hydrogen molecules with
large mass diffusivity play a critical role in stabilizing the lifted flame in the tribrachial
edge flame regime while the ignition of methane is critical to the MILD combustion.

To further identify the chemical characteristics of the lifted flames in different regimes,
the contribution of each chemical reaction to the CEM, or the PI isocontours of important
reactions are shown in Fig. 3.18. Although the chemical features of the lifted flames have

been briefly investigated through the EI analysis, we can further examine which reaction
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Figure 3.17: Isocontours of EI of (a) T, (b) CHy, (c) CH50, (d) HyOq, and (e) Hy, and (f)
heat release rate (J/mm?s) for autoignited laminar lifted methane/hydrogen jet flames
with Uy = 4, 10, and 30 m/s under the LTHH condition. The dashed line represents

an isoline of Re(A.) = 0 and the dash-dotted in (f) denotes the stoichiometric mixture

fraction isoline, &.
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affects the CEM through the PI analysis. For the MILD combustion regime (Uy = 4
m/s), we can readily observe a general sequence of autoignition of methane/air mixture
upstream of the flamebase [70]: after the H abstraction from CHy near the fuel nozzle
(not shown), the conversion of CHz to CH30/CH,0 to HCO occurs in sequence through
CHj; + (O, Oz, HO9, Oy) — (CH20 + H, CH,O 4+ OH, CH30 + OH, CH30 + O) (R49,
R51-53), CH30 + (O2, M) — CH,O + (HOo, H + M) (R78, R79), and CH,O + (H,
O, OH, HO,) — HCO + (Hs, OH, H50, HyO,) (R36-38, R40) as shown in Figs. 3.18a
and b. In addition, HoOy + M — OH + OH + M (-R16) occurs more actively as a part
of radical growth for the methane oxidation (see Fig. 3.18¢). The final CO conversion
to COy occurs as the main heat release step right after the conversion of HCO to CO
occurring just upstream of the flame (not shown).

For the tribrachial edge flame regime (Uy = 30 m/s), however, we can identify from
Figs. 3.18d-f that the contribution of hydrogen oxidation reactions to the CEM becomes
significant upstream of the flamebase: the recombination reaction of H + Oy + M —
HOy; + M (R9) competes with the chain branching reaction of H + Oy — O + OH (R1)
far upstream of the flamebase; however, the latter becomes more important than the
former as it comes to the flamebase; especially, the contribution of the chain branching
reaction (R1) and the hydrogen heat release reaction of H, + OH — H + H,O (R3)
become dominant right upstream of the flamebase. In summary, the PI analysis identifies
the occurrence of distinct methane and hydrogen oxidation processes upstream of the
flamebases for different regimes, which clearly shows that the hydrogen effect on the
unusual decreasing Hj, behavior with increasing U, is due to the hydrogen chemistry,
which is originally from the fast diffusion of hydrogen molecules from the fuel jet.

To quantitatively identify the ignition characteristics of the lifted flames, PI values of
important reactions at Point A, delineated in Fig. 3.17a, are shown in Fig. 3.19. Point
A indicates a location where thermal ignition process attains its peak (i.e. the maximum
EI(T) point in the domain). By comparing PI values of important reactions at this
point, we identify the relative contribution of methane and hydrogen oxidation to the
CEM in the different regimes. It is readily observed from PI values at Point A that

the contribution of the methane oxidation to the CEM represented by the conversion of
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Figure 3.18: Isocontours of PI of (a) reactions of CHj conversion to CH,O and CH30,
(b) CH20 conversion to HCO, (c) HoOy + M — OH + OH + M (-R16), (d) H + Oq
+ M — HO; + M (R9), (e) H+ O — O + OH (R1), and (f) H, + OH — H + H,O
(R3) for autoignited laminar lifted methane/hydrogen jet flames for cases with Uy = 4,

10, and 30 m/s. The dashed line represents an isoline of Re(\.) = 0.
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Figure 3.19: PIs of selected reactions at the sampled point, Point A. Location of Point
A is specified in Fig. 3.17a

CH,0O to HCO (R36-38 and R40) or radical growth (-R16) becomes large for the MILD
combustion regime (Uy = 4 m/s).

However, the overall contribution of the hydrogen oxidation to the CEM increases
with increasing Up; the chain branching reaction of hydrogen oxidation (R1) dominates
over the recombination reactions (R9) for all Uj cases and the difference between R1 and
R9 becomes more significant for cases with large Uy. A similar trend is also observed
for the heat release reaction of hydrogen (R3) at Point A. These results imply that the
hydrogen oxidation chemistry is more enhanced upstream of the lifted jet flames with
increasing Uy due to higher Hy concentration caused by its fast diffusion, which leads
to advancing the oxidation of the methane/hydrogen jet. In summary, the contribution
of the hydrogen oxidation reactions to the CEM for the tribrachial edge flame regime is
relatively larger than that for the MILD combustion regime, and as such, the oxidation
of the fuel jet for the tribrachial edge flame regime occurs faster than that for the MILD

combustion regime.
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3.11 Conclusions

The characteristics of autoignited laminar lifted methane/hydrogen jet flames in heated
coflow air were numerically investigated using laminarSMOKE code with a 57-species
detailed chemical kinetic mechanism of methane oxidation. The detailed numerical sim-
ulations were performed for various fuel jet velocities under the HTLH and LTHH condi-
tions. The numerical simulations captured qualitatively different lifted flame behaviors
under the HTLH and LTHH conditions, in agreement with those in experiments. To
identify the effect of differential diffusion on the unusual Hy, behavior under the LTHH
condition, additional numerical simulations with modified Dy, were also carried out. The
following results were obtained from the simulations together with the transport budget,

autoignition index, displacement speed, and chemical explosive mode analyses.

1. Considering the flame structure and (Tin.x — 7o)/ Tig, We categorized the autoignited
laminar lifted methane/hydrogen jet flames under the LTHH condition into three
different combustion regimes: the MILD combustion, transition, and tribrachial

edge flame regimes.

2. From the simulations with normal and modified Dy,, it was verified that the high
diffusive nature of hydrogen molecules or the differential diffusion between methane
and hydrogen is primarily attributed to the unusual decreasing Hj, behavior with

increasing Uy under the LTHH condition.

3. In the MILD combustion regime under the LTHH condition, local hydrogen ratio,
Ry, along the &g, isoline decreases because hydrogen molecules in the fuel jet have
enough time to diffuse out from the center, and hence, local temperature increase
by autoignition is relatively reduced compared to that in the tribrachial edge flame
regime. On the other hand, in the tribrachial edge flame regime, the flamebase
locates radially outside and more hydrogen molecules can diffuse into the flamebase.
Therefore, Ry along the &g, isoline increases and local temperature increase by
autoignition is relatively enhanced. Such Ry characteristics lead to the decrease of

Hy, with increasing Uj.
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4. The species transport budget, autoignition index, and displacement speed analy-
ses revealed that the stabilization of the autoignited lifted methane/hydrogen jet
flames is affected by both autoignition and flame propagation. The role of flame
propagation on their stabilization increases with increasing Uy due to the Ry char-
acteristics depending on Uy and the flamebase locations: a lifted flame in the MILD
combustion regime is primarily stabilized by autoignition while it in the tribrachial

edge flame regime is stabilized by autoignition-assisted flame propagation.

5. The chemical explosive mode analysis identified the ignition process upstream of
the flamebase and the difference between the tribrachial edge flame and MILD
combustion regimes. In the tribrachial edge flame regime, the overall contribution
of hydrogen-related reactions to the CEM becomes greater than that in the MILD
combustion regime. Therefore, local temperature increase is relatively enhanced
upstream of the flamebase in the tribrachial edge flame regime, leading to the

decrease of Hi,.
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Chapter 1V

Autoignited Laminar Lifted
n-Heptane Jet Flames in Heated
Coflow Air

4.1 Introduction

In previous experiments [24], a sudden jumping behavior of Hy, with increasing U, was
observed under autoignitive condition (e.g. Ty = 980 K), at which a lifted flame is formed
from an ignition kernel without any external ignition sources. To figure out the reason
why such liftoff height behavior occurs, we carry out numerical simulations of autoignited
laminar lifted n-heptane jet flames by varying Tj, and the liftoff height jumping behavior
is captured at Ty = 1020 ~ 1030 K. Note that Tj in the simulations are slight larger than
that in experiments (i.e. 980 K) and the liftoff height jumping behavior is captured with
several Ty conditions from 1020 K to 1030 K. The characteristics of flame liftoff and flame
structure are nearly identical to each other except for different Hy, for each Tj case.

The following sections will show (1) the liftoff characteristics of laminar lifted n-
heptane jet flames, especially the reason of the occurrence of the sudden jumping behavior

of Hy, and (2) their flame stabilization and structure characteristics.
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4.2 Numerical Methods

Numerical simulations of laminar lifted n-heptane nonpremixed jet flames in heated coflow
air are performed in an axisymmetric coflow burner configuration, which has been adopted
in previous numerical study [122]. The steady compressible Navier-Stokes, species con-
tinuity, and energy equations are solved using laminarSMOKE [89,90]. For the detailed
description of laminarSMOKE, readers are referred to [89,90].

Computational domain is similar to that of the previous numerical study [122]. The
domain size is 4.25 cm x 50 cm in the radial r— and the axial z—directions. The inner
diameter and thickness of the fuel nozzle are 3.76 mm and 0.5 mm, respectively. To take
into account the effect of the finite thickness of the fuel jet nozzle on the flow, 7 cm long
fuel nozzle is added to the main computational domain, which protrudes 1 cm above the
coflow air inlet as shown in Fig. 4.1. Note that the configuration of the computational
domain is identical to those of previous experiments and simulations [23,24].

The boundary conditions for autoignited laminar lifted n-heptane jet flames are identi-
cal to those for the previous autoignited laminar lifted methane/hydrogen jet flames [122].
The fuel inlet velocity is specified as that of a fully-developed pipe flow for which the
mean velocity is Up, and the coflow air velocity, Ug, is set to be 1.0 m/s. For both fuel
and air inlets, constant inlet temperature, Ty, is specified. For the outlet, zero-gradient
outflow boundary conditions are used. For all simulations, the pressure is atmospheric
and the n-heptane fuel jet is diluted with nitrogen such that the fuel mole fraction at the
inlet, Xpp, is 0.02. In the r—direction, a uniform grid space of 50 pm is used for 0 <r <
1.5 cm to resolve the flame structure and a stretched grid is applied to the remaining
domain. In the z—direction, the same uniform grid of 100 ym is used. Thus, the current
grid space of 100 pum can resolve the flame thickness with approximately 20 grids, which
is enough to resolve the flame structure and liftoff characteristics of autoignited laminar
lifted n-heptane flames. No-slip and adiabatic boundary conditions are used for all the
solid boundaries and symmetric boundary conditions are applied for »r = 0. Note that the

skeletal mechanism of n-heptane with 68 species [62] was used for the chemical reactions.
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Figure 4.1: Schematic of the computational domain for simulations of autoignited laminar

lifted n-heptane jet flames in heated coflow air.
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4.3 Lifted Jet Flame Combustion Characteristics

Figure 4.3 shows Hp, as a function of the jet velocity, Uy. The liftoff height jumping
occurs between Uy = 6.5 and 6.7 m/s, which was captured at Uy = 5 m/s in the previous
experiment [24]. Figure 4.2 shows the isocontours of temperature, You, Yon,0, and heat
release rate (HRR) of laminar lifted n-heptane jet flames for several Uy. The dash dot
lines represent the mixture fraction isoline passing through the stoichiometric mixture
fraction isoline, & (= 0.494), and the dashed line indicates flamebase mixture fraction
for jumped condition (i.e. Uy >6.7 m/s). In the present study, ¢ is calculated based on
the Bilger’s mixture fraction formula [94]. The flamebase is defined as the most upstream
point of Yoi = 8.0 x 10~* isoline. The lifted flames can be categorized into three different
regimes such as low Uy (< 6.0 m/s), high Uy (> 6.7 m/s), and transition regime (Uy ~ 6.0
m/s) inbetween based on the location of their flamebases and flame shapes. In the low Uy
regime, the flamebase lies at the & isoline and the flame shape looks like a normal edge
flame. In the transition regime, the flamebase is located at the end of the closed tip of
the & isoline and its shape is relatively flat compared to those in the low Uy regime. In
the high Uj regime, the flamebase is located far downstream of the & isoline closed tip
and the flamebase shape is concave toward the fuel jet direction, which seems like MILD
combustion.

From flame temperature point of view, the low U, and transition regimes are not
included in MILD combustion while the high Uy regime is categorized as MILD com-
bustion. For instance, the maximum flame temperature of Uy = 8 m/s case is 1843 K,
and hence, (Tiax — 10)/Tie < 1, which indicates that the lifted flame with Uy = 8 m/s
exhibits a MILD combustion structure and its stabilization mechanism is considered as
autoignition. For the high U regime, important intermediate species including CH5O,
HO,, and HyO4 are predominant in the upstream of the flamebase, which indicates that
autoignition affects the stabilization of the lifted flames. In the low Uy regime, the flame-
base lies at the & line which is different from the previous result that flamebase lies at a
fuel-lean mixture. The flame shape looks like a non-premixed normal edge flame, while

temperature condition is autoignitable. The details of stabilization mechanisms of each
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Figure 4.3: Experimental and simulation results of autoignited n-heptane fuel liftoff

height in relation to jet velocity

case will be discussed in the following sections.

4.4 Effect of Schmidt Number on the Liftoff Charac-
teristics

In this section, the sudden jumping of Hy, behavior is discussed from the Schmidt number
of the fuel jet, Sc, point of view. Sc is a non-dimensional number which is the ratio of
momentum diffusivity, v, to mass diffusivity, D. A non-autoignited laminar lifted flame
can exist only when Sc is greater than unity [70,123]. A laminar lifted n-heptane jet flame
exhibits an increasing Hy, behavior with increasing Uy in non-autoignitive condition [23].
Since Sc of the n-heptane jet is greater than unity, the laminar lifted flames in present
simulations can be stable until they are blown out. Dilution of n-heptane fuel with Ny
affects the length of stabilized flame section where edge flame could be stabilized in &y
condition. Figure. 4.4 shows a schematic of highly diluted n-heptane jet flames stabilized
lifted flame. Dilution of fuel makes isoline of & to a closed curve. At sufficiently low
Up, diluted n-heptane flamebase located in & in the closed-curve area (the middle of
Fig. 4.4). However, lifted flame blows out after certain Uy, which moves flamebase to
outside of & closed curve (the right of Fig. 4.4; in the present simulation, blowing out
starts Uy = 6.5 m/s).

For non-autoignited non-premixed lifted jet flames, once blowing out occurs, flames
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Figure 4.4: Simplified flame shape of highly diluted n-heptane laminar lifted flame in
autoignition condition; red solid and black dashed lines indicate a flamebase and stoi-
chiometric mixture fraction line respectively. The jet velocity goes up from the left to

the right

are not stabilized downstream anymore. In the present simulation, the fuel and coflow
temperatures are high enough to induce autoignition of the fuel jet, and as such, the flame
comes to be stabilized by autoignition. In transient simulations of autoignited laminar
lifted n-heptane jet flames, it is found that an ignition kernel develops far downstream of
the flamebase for high Uy cases. For low U, cases, however, an ignition kernel develops at
the early stage of simulations far downstream of the simulation domain. The existence
of the ignition kernel in high Uj, case may explain the sudden jumping behavior of Hy,.
When Uy is greater than 6.5 m/s in which the flamebase location is downstream of the
tip of & closed curve, the lifted flame is not able to sustain stoichiometric condition and
move to the place where the ignition kernel exists. The detail stabilization mechanisms

of & flamebase and MILD combustion like flame will be discussed in the next section.

4.5 Stabilization Mechanisms

In this section, stabilization mechanisms of autoignited laminar lifted n-heptane jet flames

are further analyzed by examining their flame structures and flame propagation speeds.
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Figure 4.5: Isocontours of temperature and Yoy for selective Uy

Figure 4.5 shows isocontours of temperature and You. Red lines indicate isolines of certain
temperature values. For low Uy (= 5.0 m/s), there exists large temperature gradient near
the flamebase while for Uy = 6.7 and 10 m/s cases, temperature rises gradually along the
z-direction, exhibiting a broad thermal cooking region upstream of the flamebase. There
are two kinds of flame shapes for jumped condition. For Uy = 6.7 m/s, the flamebase is
convex toward the upstream while it is concave toward the upstream for Uy = 10 m/s
case, which was already reported in previous experiments [24]. Isocontours of Yo and
temperature for different U, imply that the flame shape and temperature gradient of
low Uy case is normal propagating edge flame with high temperature gradient along the
streamwise direction. In case of jumped condition, flames with MILD combustion with
two different convex and concave modes depending on U are observed and broad thermal
cooking region occurs upstream of flamebase.

To better understand the effects of ignition on the stabilization mechanisms of au-
toignited laminar lifted n-heptane jet flames, the propagation speed of their leading edge,
Se, 1s calculated through the density-weight displacement speed, S, which has been used

to calculate the propagation speed of reaction fronts in previous sections:
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where Y}, is the mass fraction, Vjj the diffusion velocity in the j—direction, wj the net
production rate of species k, and p, is the density of the unburnt mixture. Sj is evaluated
at the most upstream point of Yoi = 8.0 x 10~ isoline defined as the flamebase. In this
study, Sy, upstream of the flamebase is calculated from transient 1-D reactive simulations
as in the previous sections.

The initial mixture conditions for the 1-D simulations were obtained from those at
several locations upstream of the flamebase along the &g, isoline. Details of obtaining
Sy, are in previous chapter. The propagation speed of the combustion wave, S}, can
be considered as the laminar burning velocity, Sp. It is not straightforward to precisely
determine Sy, values for high U, regimes because heat and radicals are still generated
within the thermal cooking region. To reasonably estimate Sy, therefore, we evaluate
it based on the local mixture components and temperature upstream of the flamebase,
for which species components are converted to the original reactants at the inlets (i.e.
n-heptane, Hy, Oy, and Ny). Then, we evaluate Sp, of the unburned mixture at the local
temperature.

Figure 4.6 shows S./SL for several Uj. S./SL at the flamebase is found to be O(1)
for low Uy (normal edge flame) denoted as Regime I. It indicates that in low Uy regime,
the flame propagation speed is comparable to the corresponding laminar flame speed.
In Regime II (Uy = 6.7 ~ 8 m/s), S./St, becomes larger than those in Regime I. The
ignition process undergoing upstream of the flamebase increases the propagation speed
significantly, which is four times larger than the laminar flame speed. For Uy = 10 m/s
case, S./Sy, is much greater than those in Regime I and II. Considering flame structures
and S,/S1, value, we can obtain the following results: 1) lifted flames in Regime I have
normal edge flame shape and their propagation speeds are comparable to the laminar
flame speed; 2) lifted flames in Regime II are categorized as MILD combustion with

convex toward downstream flame structure and their propagation speed is larger than
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laminar flame speed; 3) the characteristics of lifted flames in Regime III are similar to
those in Regime II except for the shape of flamebase which is concave toward to upstream
of its flamebase. These results imply that the ignition process is not important to flame
stabilization in Regime I, while thermal ignition process upstream of the flamebase plays

an important role in stabilizing the lifted flames in Regime II and III.

4.6 Liftoff Height Jump

In this section, the abnormal liftoff height behavior of autoignited laminar lifted n-heptane
jet flames is analyzed with momentum and species diffusion characteristics. Sc effect of
Hiy, jumping was mentioned in the previous section. Figure 4.7 shows the radial distri-
butions of ¢ and U, at several flow time, 7. U, is streamwise flow velocity and 7qq, i
defined as z/Uy. U, is normalized by the maximum fuel jet velocity 2U, which occurs at
the center of the fuel jet. Note that ¢ and normalized U, are similar among different Uy
for every Tgow. Decreasing rate of £ along 7qey is higher than U, because the momentum
diffusion is larger than species mass diffusion (Sc¢ > 1) and fully developed velocity pro-
file is already achieved at the fuel nozzle exit while mixture fraction profile exhibits an
uniform profile.

Figure 4.8 shows the radial profiles of U, and ¢ at several mq0y of Uy = 6.7 m/s at which
Hy, jumping occurs. Figure 4.9 shows isocontours of Yoy for Uy = 6.7 m/s case. Note that

the flow passes through & = & point between Tq,, = 10 and 20 ms. &, is the mixture
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Figure 4.7: Radial distribution of U, and & at selective 1q,,, for all Uy

fraction at r = 0. Temperature rise is less than 20 K in this region. Such small increment
of temperature leads to negligible increment of S.. The amount of reduced mixture
fraction, however, is more critical to the change of S.. Sy, upstream of the flamebase is
calculated from transient 1-D reactive simulations. The initial mixture conditions for the
1-D simulations were obtained from those at several locations upstream of the flamebase
along the center line (r = 0). The temperature, £ and S, calculated along the center line
are shown in Fig. 4.10. Note that Sy, profile is similar to that of £ relatively far upstream
of the flamebase (7o < 20 ms). It implies that the lifted flame cannot be stabilized at
this interval. Schematics of U, and S, are shown in Fig. 4.11. Stable solution cannot be
obtained. If the flamebase is located upstream of the intersection point (U, = S,), large
Se. makes the flamebase move downstream. On the contrary, large U, makes the flame
blown out when the flamebase is located downstream of the intersection point.

Figure 4.12 shows S, and U, along the centerline upstream of the flamebase for high
Uy cases. Near the flamebase, the amount of temperature increment is relatively large
compared to the 20 K in region where 7q,, = 10 to 20 ms. Temperature rising plays an

important role in increasing S.. The change in S, can be attributed to the increase of
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Figure 4.11: Schematic of U, and S, along 7q,, far upstream of the flamebase
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20 ms Tﬂow

Figure 4.12: Simplified schematics of U, and S, along 7q., at near the upstream of

flamebase

temperature upstream of the flamebase. After 70, = 20 ms, & gradient is small (see
Fig. 4.7; The amount of &, reduction in 20 ms < Tgow < 25 ms is smaller than that in
5 ms < Thow < 10 ms) and it has small effect on changing S,. The large amount of
temperature increment leads to an increasing trend of S, in the streamwise direction. S,
follows the rising trend of temperature near the flamebase as shown in Figs. 4.10(c) and
(d). In this condition, stable solution can be obtained. The flamebase is formed near the
point where the intersection of S, and U, curves. If the flamebase is located upstream
of the intersection point, larger U, makes the flame move downstream while it moves
upstream if the flamebase is located downstream of the intersection point. Figure 4.12
shows a schematic of S, and U, near the flamebase.

Autoignitive condition with Sc¢ > 1 condition makes flames stabilized farther down-
stream of the closed tip of & isoline. The extended flame stabilization in Regimes IT and
IIT leads to the sudden jump of Hy. Stabilization mode of the lifted flames in Regime
I is the normal edge flame propagation. A normal edge flame is blown out when U, >
6.5 m/s. However, autoignitive temperature can stabilize the flame at the point where
S. = U,. Because of Sc > 1, there exists a distance where unstable flame solution exist

for Regime II and III.
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4.7 Conclusions

The characteristics of autoignited laminar lifted n-heptane jet flames in heated coflow
air were numerically investigated using laminarSMOKE code with a 68-species skeletal
chemical kinetic mechanism of n-heptane oxidation. The detailed numerical simulations
were performed for various fuel jet velocities under the autoignition temperature condi-
tion. The numerical simulations captured qualitatively abnormal lifted flame behaviors
such that sudden jump of liftoff height, in agreement with those in experiments. The fol-
lowing results were obtained from the simulations together with the Sc and displacement

speed analyses.

1. Considering the flame structure and (Tinax — 7o)/ 7}g, We categorized the autoignited
laminar lifted n-heptane jet flames into three different combustion regimes: Regime
I - tribrachial edge flame, Regime II - transition, and Regime III - the MILD

combustion regimes.

2. From the displacement analysis, it was identified that the propagation speed of
Regime I lifted flame is comparable to the laminar burning velocity while S, at the

flamebase for Regimes II and III is much larger than that of Si.

3. In the tribrachial edge flame regime (regime 1), flamebase located in & line and
its flame speed is comparable to laminar burning velocity. These results lead that
the stabilization mechanism of regime 1 is normal flame propagation. MILD com-
bustion regime (regime 2 and 3), however, the broad thermal cooking region and
relatively high S, /Sy, suggest that ignition affects the overall flame stabilization at

the upstream of flamebase.

4. The Sc analysis identify that sudden jump of Hy, at the transition regime. Normal
edge flame blows out after Uy = 6.5 m/s where flamebase is located in the tip
of & closed curve. Sc¢ > 1 condition generates the interval where lifted flames
are unstable. The sudden jump Hj, is the result of the unstable interval. After

the unstable interval region, lifted flames stabilized by ignition which occurs far
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downstream of the MILD combustion flamebase. These regimes 2 and 3 are the

extended lifted flame regimes caused by autoignition temperature condition.

81



Chapter V

Turbulent Lifted Hydrogen Jet

Flames in Heated Coflow Air

5.1 Introduction

The configuration of a turbulent lifted jet flame is generally adopted in many modern com-
bustion systems such as gas turbine combustors, diesel engines, and commercial boilers
because it can effectively generate heat from a compact size combustor while protect-
ing the fuel nozzle from hot product gas. Since the flame is essentially lifted from the
fuel nozzle, it is inevitably vulnerable to blowout by high speed fuel jet. As such, the
stabilization of turbulent lifted jet flames is one of the key design parameters for devel-
opment of such combustors and its fundamental stabilization mechanisms have been a
long-term research topic in the combustion community [8,19,70,124,125]. However, the
stabilization mechanisms of turbulent lifted jet flames are quite complicated especially
under various coflow temperature conditions such that it still remains challenging to de-
velop a predictive model for accurate description of their characteristics in many different
situations [71,73-75,107].

Numerous experimental and numerical studies of stabilization mechanisms of turbu-
lent lifted jet flames at room temperatures have been conducted and various theories on
the mechanisms have been proposed thus far [124,125]. In many practical applications,

however, the ambient oxidizer around a fuel jet is hot enough to initiate auto-ignition of
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the fuel/air mixture upstream of the lifted flamebase. As such, auto-ignition has been
found as one of the primary stabilization mechanisms of turbulent lifted flames in hot
vitiated coflows [8,71,73,95,107,126-129].

Previous 3-D direct numerical simulations (DNSs) of hydrogen [71] and ethylene [73]
jet flames in highly-heated coflows revealed that turbulent lifted jet flames are stabi-
lized primarily by the auto-ignition of fuel-lean mixtures supported by the hot coflows
for which temperatures exceed the auto-ignition limit. Therefore, the lift-off heights are
determined by the balance between the local axial velocity and consecutive auto-ignition
events occurring in hot fuel-lean mixtures. Kerkemeier et al. [128] also conducted 3-D
DNSs of a laboratory-scale hydrogen plume in turbulent hot coflow and investigated the
role of auto-ignition spots to stabilize lifted flames at different coflow temperatures. More
recently, Minamoto and Chen [129] investigated the effects of two-stage ignition on the
stabilization of a turbulent lifted DME jet flame. However, the stabilization characteris-
tics of turbulent lifted jet flames in mildly-heated coflows, whose temperatures are near
the auto-ignition limit, have not been systematically investigated, even though their over-
all features were reported from experimental studies [123,130]. From the experiments,
the lift-off height is found to correlate well with the inlet jet velocity based both on the
premixed flame theory and the large eddy theory regardless of the inlet temperatures.
Also in previous numerical simulations [131] revealed that how ignition affect the over-
all combustion process in premixed flame propagation. The combustion mode indicator
was introduced to identify that how much ignition get involved in the entire combustion
process.

Therefore in this chapter, 3-D DNSs of turbulent lifted hydrogen jet flames with
different coflow temperatures near the auto-ignition limit are performed to elucidate
their stabilization mechanisms and structure characteristics by examining instantaneous
and time-averaged flame/flow characteristics near the flamebase. The role of important
species and reactions on the stabilization of turbulent lifted flames is investigated by
adopting chemical explosive mode analysis (CEMA) [30-32] and the combustion mode

indicator [131].
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5.2 Numerical Method and Initial Conditions

DNSs of turbulent lifted hydrogen jet flames were performed in a three-dimensional slot-
burner configuration, which has been adopted for previous studies [71,73,129]. Diluted
hydrogen fuel (65 % hydrogen + 35 % nitrogen by volume) issues from a central jet at
an inlet temperature, 7; = 400 K, and atmospheric pressure. Surrounding the central jet
on either side, co-flowing heated air streams issue at T, = 750 K (Case L), 850 K (Case
M), 950 K (Case H) and 1100 K (Case Ig). Case Ig (Ig is abbreviation of ignition) is
reference case that was simulated in previous study and the details of this lifted flame,
readers are referred to Ref. [71]. Comparison between the present case and reference case
will be shown in Table V.1. The following configurations are related to Cases L, M and
H. The coflow temperatures are high enough to stabilize the flames but not enough to
ignite the mixtures within the computational domain. As such, the mixtures are ignited
by a hot ignition source as in [71]. The mixture composition was selected such that
the stoichiometric mixture fraction, & = 0.199, resides in a region of high shear in the

spatially developing jet. The mean inlet axial velocity, Ui,, is given by:
U = U, + Usle (tanh(%) - tanh(%)), (5.1)

where U, and U; denote the mean coflow and mean inlet jet velocities, respectively. H
(= 2.0 mm) is the jet width at the inlet. The computational domain is 15H x 20H x 3H
in the streamwise, x, transverse, y, and spanwise, z, directions for Case L to Case H.
A uniform grid spacing of 15 pm is used in the z- and z-directions. The y-directional
mesh is algebraically stretched outside of the flame and shear zones as in [71,73]. The
compressible Navier—Stokes, species continuity, and total energy equations were solved
using the Sandia DNS code, S3D [53], with a detailed hydrogen-air chemical mechanism
by Li et al. [132]. Improved non-reflecting boundary conditions by Yoo et al. [63, 64]
were used in the z- and y-directions. Periodic boundary conditions were applied in the

z-direction. Based on U; and the streamwise domain length, a flow-through time, 7;
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(= L,/Uj), is 0.125 ms and the jet Reynolds number, Re;, is approximately 8,000.
Table V.1: Physical parameters of the case L, M, H and Ig.

Case U. U; T; Re; H

(m/s) (m/s) (K) (mm)
L,Mand H| 2 240 400 8000 2.0

Ig 4 347 400 10000 1.92

Following the procedure adopted to improve computational expediency in [73], the
solution on a coarse grid resolution of 40 um was initially advanced until the flame
attained statistical stationarity. The solutions were then mapped onto a finer grid of 15
pm and were advanced at a constant time step of 5 ns through 47;. The simulations were
performed on the Cray XT5/XK7 at Oak Ridge National Laboratory and each simulation
required 2.5 million CPU-hours running for 6.5 days on 16,000 processors. After the
ignition by the hot source, lifted jet flamebases approached statistical stationarity and
fluctuated about their steady stabilization lift-off heights, h, of approximately hy/H =
5.3, hm/H = 4.0, and hy/H = 2.4, where subscripts L, M, and H denote Cases L, M, and
H, respectively. The reference case of Elg /H = 2.6. Note that the homogeneous explosion

limit of the stoichiometric hydrogen/air mixture is approximately 810 K [70].

5.3 Flame Structure and Dynamics

Figure 5.1 shows 3-D volume rendering of the mass fractions of OH and HO, at t/7;
= 2.0 for the three cases. OH is often used as a marker for a lifted flamebase or high
temperature reaction region and HO, is known as a precursor in initiating auto-ignition
upstream of the flamebase [8,71,73,107]. It is readily observed that as T, increases from
Case L to Case H, the lift-off height decreases and HOy appears further upstream of the
occurrence of OH, which indicates that auto-ignition becomes stronger and has a greater
effect on the the stabilization of the lifted flame with increasing 7.. Note that in the

present study, the flamebase is defined as the most upstream point of Yoy = 0.001 isoline
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Figure 5.1: 3-D volume rendering of the mass fraction of OH and HO, for Cases L, M,
and H (from left to right).

which represents approximately 5% of its maximum in the domain as in [71].

To further identify the characteristics of the lifted flames, the cross-stream conditional
Favre mean, (¢|n) of a variable, ¢, is examined, where 7 is the sample space of the mixture
fraction, ¢ [71,73]. Figure 5.2 shows conditional Favre mean of heat release rate, (q|n).
Several points are noted. First, in Case L (¢|n) vanishes in fuel-rich mixtures (n > 0.7)
even far downstream of the flamebase. In Case H, however, significant (¢|n) occurs even
in fuel-rich mixtures downstream of the flamebase. Since hy is smaller than hj, the shear
layer where most reactions occur in Case H is narrower than that in Case L. Therefore,
turbulence can effectively transport heat from the flame to cold fuel-rich mixtures, leading
to relatively large heat generation even in fuel-rich mixtures with n > 0.7 for Case H.
Second, in Cases M and H relatively large (¢|n) occurs even in fuel-lean mixtures (n <
0.2) near the flamebase compared to Case L, suggesting that ignition process at fuel-
lean mixtures may affect the flamebase dynamics. Moreover, the maximum (¢|n) occurs
within a jet width downstream of the lift-off height for each of the cases. It is also
observed that the peak (¢|n) occurs at stoichiometric to slightly rich conditions within a
jet width downstream of the flamebase and rapidly decreases further downstream. This
result implies that for all cases, vigorous reaction occurs within a jet width downstream

of the flamebase, similar to previous studies [71,73]. Third, two peaks in (¢|n) form
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Figure 5.2: Axial variation of conditional Favre mean of ¢ (a) Case L, (b) Case M, (c)

Case H and (d) Case Ig.

further downstream of the flamebase, one centered near the stoichiometric and the other
centered in fuel-rich conditions, similar to the characteristics of laminar/turbulent lifted
jet flames [71,73,123].

To elucidate the the stabilization mechanism of lifted flames, the axial variation of
conditional Favre mean of Damkdhler number, (Daln), is examined as shown in Fig.
5.3. Here, Da is defined as the ratio of reaction rate to diffusion term of the H5O
species transport equation. As such, a large value of Da (> O(1)) indicates auto-ignition
while Da ~ O(1) denotes flame propagation. It is readily observed that (Da|n) exhibits
significantly different behavior near the flamebase for different cases. For Case H, (Dal|n)
exhibits large value (> 1) at fuel-lean mixtures near and upstream of the flamebase.
Though, the maximum (Da|n) of Case H is almost half of Case Ig at the location of
flamebase [71]. For Case L, (Daln) is nearly zero upstream of the flamebase and exhibits
O(~ 1) values near the flamebase. In addition, the variance of Da is relatively small
compared to Case H, suggesting that flame propagation rather than auto-ignition is the

main source of flame stabilization. For Case M, (Daln) exhibits the features of both
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Figure 5.3: Axial variation of conditional Favre mean of Da (a) Case L, (b) Case M, (c)

Case H and (d) Case Ig.

Cases H and L, implying that the flame stabilization of Case M may be affected not only
by the auto-ignition of fuel-lean mixture but also by the flame propagation.
To further clarify the flame stabilization mechanism for the cases, the displacement
speed, Sy, representing the speed of the flamebase is examined. Sy is defined as [71,73]:
1 0

Sy=SR4+8P = (4, — —(pYiV; 5.2
d d + d p|VY;§|(Wk 8.17]' (p k Lk))a ( )

where S and S? represent the reaction and diffusion components of Sy, respectively. As
such, by comparing their values, we can identify the origin of the flamebase speed and
consequently, elucidate the dynamics of flame stabilization. In the present study, OH is
chosen for the S; analysis.

Figure 5.4 shows the temporal evolution of SF and S¥ of the flamebase at z = 1 plane
for each case. For Case L, SI and S balance each other most of the time, implying that
flame propagation is responsible for stabilizing the lifted flame. Therefore, the variation
of S, is marginal and the mean value of Sy, Sy, is approximately 2.3 m/s, similar to the

1-D laminar flame speed, Sy, under the same condition. For Case H, S¥ of 2 = 1 becomes
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larger in magnitude than S2 over certain time intervals (e.g., t/7; = 1.2 ~ 1.9). In the
z-plane average value of S;, however, shows different aspect compared to z = 1 temporal
Sy value.

Figure 5.5 shows the temporal evolution of z-plane average S; at the flamebase.
Sd,z—avg almost similar to Case L to Case H. Sy, 4y varies almost ~ O(1). In case
of Ig, z = 1 plane temporal evolution of S; is more dynamic compared to Case L to H.
z-plane average Sy of Case Ig has a large value around ~ O(10) or more. Figure 5.6
shows ignition kernel generated in upstream of flamebase in Case Ig. Other cases also
show a growing spot that looks like an ignition kernel found on the upstream of flamebase
is proved in a part of the flame spreading in the z direction. This kind of spot affects
sudden decrease of h.

These results indicate that auto-ignition plays a critical role in stabilizing the flame for
Case Ig. For Case H, however, the stabilization mechanism is more difficult to discern.
The coflow temperature for Case H corresponds to the explosive condition for Hs/Os
mixture. Locally large coflow temperature affects increasing displacement speed which
overcomes the laminar flame speed. However, z-plane average Sy is of O(1). S, values of

Case M and L are nearly comparable to their correpsonding laminar flame speed.

5.3.1 Chemical Explosive Mode Analysis

The ignition and flame stabilization characteristics are further identified using CEMA
which has been successfully used to systematically identify key species and reactions for
various types of laminar/turbulent flames [30-32,49,51,74,75,83,102,118,131,133]. Details
of CEMA are explained in Chapter 2. The chemical features of a chemically reacting flow
are associated with the Jacobian of the chemical source term in its discretized governing
equations. To identify the chemical features from CEMA, a chemical mode is defined
as an eigenmode of the Jacobian J,, which is associated with an eigenvalue, ., and
a corresponding pair of the left and right eigenvectors, a, and b.. Chemical explosive
mode (CEM) is a chemical mode for which the real part of the eigenvalue is positive,

Re(Ae) > 0. To elucidate the ignition characteristics at the flamebase, a Damkdhler
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number, Da, = A, - x !, is adopted as in [71,73,118], where x (= 2D|V¢|?) is the scalar
dissipation rate. A\, and y represent reciprocal timescales of the chemical reaction and
transport [30-32,51,73]. Therefore, if Da, > O(1), the CEM is much faster than diffusion
or turbulent mixing, leading to ignition. Additionally, projected chemical source term

(¢w) and non-chemical source (diffusion) term (¢s) are shown in following equations [131]:

¢w:be'w7¢s:be'3 (53)

The ratio of ¢ to ¢, is defined as local combustion mode indicator a:

a = ¢s/Pu (5.4)

a describes three different local combustion mode: (1) a > 1 - the assisted-ignition mode
where diffusion affects significantly; (2) |a| < 1 - the auto-ignition mode where reaction
term is dominant; (3) a < —1 - the local extinction mode where the ignition process

depressed by large amount of dissipation.
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Figure 5.7 show the spatial distribution of Da, for the cases and the black solid lines
denote the Da, = 1 isoline. Note that the isoline of Da. = 1 is nearly identical to that of
You = 0.001 at the flamebase, and hence, the ignition characteristics near the flamebase
can be elucidated. It is readily observed that, unlike the other cases, Da, for Case Ig and
H exhibit very large values in the two shear layers upstream of the flamebase, indicate that
ignitable mixture condition generated by the enough hot coflow temperature. However,
the absolute value of the maximum Da, upstream of the flamebase for Case Ig is ten
times larger than that of Case H. Da, values of Case Ig and H imply that both cases have
ignitable mixture condition upstream of the flamebase and hence, the fuel jet of Case Ig
may be more apt to autoignite than that in Case H. For Cases L. and M, however, only a
narrow tip of large Da, exists immediately upstream of the flamebase (see Figs. 5.7a and
b). Since Da, can also exhibit large values in the preheat zones of premixed flames [30-32],
the narrow tips of large Da,. upstream of the flamebase demarcate the flame propagation
characteristics of the flamebase rather than auto-ignition.

Analyzing « is needed to understand ignition and propagation characteristics for
Case H, Fig. 5.8 shows the spatial distribution of a for the cases. The green area in color
contour of « indicates that « is almost 0 because of the large quantity of ¢, greater than
¢s. A partly green area is observed at the shear layer located in upstream of flamebase
in the Case of Ig. In the case of H, however, the red color area for o contour is dominant
at the upstream of flamebase. On the green color contour for the Case H at the tip of
fuel nozzle where both ¢g and ¢,, are almost 0 (i.e. O(-12) and O(-11) respectively), the
0 value of o does not indicate ignition of mixture. Combustion mode indicator o and the
existence of the ignition kernel in both case Ig and H clearly show that the Case Ig has
the ignition process at the upstream of flamebase, however, the ignition process is not
found in the Case H despite having a relatively large Da,. at the flamebase.

Finally, important variables and reactions aligned with a CEM upstream of the flame-
base were identified through the chemical explosive mode analysis (CEMA). From CEMA,
the critical chemical kinetic processes occurring in the lifted jet flames can be elucidated
by evaluating explosive index (EI) and participation index (PI) of local mixtures. EI

and PI are defined as [31,32,102]:

93



Figure 5.7: sign(A.) X log,;, (max(1,|Da.|)) of each case (a) Case L, (b) Case M, (c) Case
H and (d) Case Ig.
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where S and R represent the stoichiometric coefficient matrix and the vector of the net
rates for reactions, respectively. The symbol ® denotes the element-wise multiplication
of two vectors. EI and PI indicate the normalized contribution of each variable and
reaction to a CEM, respectively, and as such, key species and reactions to ignition near
the flamebase can be elucidated by evaluating EI and PI values.

Figure 5.9 shows the PI isocontours of important reaction and « for the lifted flame
in Case Ig. PI of R1 which is one of the keychain branching reactions O + H — O +
OH, which initiates the Hy /Oy mixture combustion process by generating radical pool, is
a large portion of the CEM in the overall reactions. R1 is the endothermic reaction and
is not favored at low temperatures.

Figure 5.10 shows the EI H isocontours of Case Ig and H. EI of H for Case Ig has large

value compared to the Case H. The areas where PI of R1 is a large and greenish region
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Figure 5.10: EI of H for Case H (left) and Ig (right) at the upstream of flamebase, black

solid line indicates You = 0.001

of the color contour a overlap each other. This result indicates that ignitable mixtures of
Case Ig at the upstream of flamebase has the sufficiently large temperature for initiating
overall combustion process and this condition activates chain branching reaction R1 which
has a large portion in CEM. It is in line with the aforementioned Da,. and o analysis
and the existence of ignition kernel in the Case [g. In Case H, however, the PI of R1 has
small value compared to the value of the Case Ig and « of this area is greater than 1.
This implies that the 950 K coflow temperature generates explosive condition ( Da, >
1) and the chain branching reaction can be initiated by its coflow temperature but the
ignition can not be sustained and ignition kernels does not be generated.

Figure 5.11 shows the S% for Case Ig and H at the upstream of flamebase. In Case
of Ig, ST has a meaningful value at the upstream of flamebase compared to the Case H.
Reaction part of displacement color contour indicates that chemical kinetics related to

initiating overall combustion process activated in Case Ig at the upstream of flamebase.

5.4 Conclusions

The flame structure characteristics and stabilization mechanisms of turbulent lifted hy-

drogen jet flames with four different coflow temperatures of T, = 750, 850, 950 K and
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Figure 5.11: S% for Case H (left) and Ig (right) at the upstream of flamebase, black solid

line indicates You = 0.001

1100 K were investigated using 3-D DNSs with a detailed hydrogen/air kinetic mecha-
nism. The DNSs were performed at a jet Reynolds number of 8,000 (Case L, M and H)
and 10,000 (Case Ig) based on the fuel jet with over 1 billion grid points. The results show
that the lift-off height decreases with increasing 7; in same Re;, consistent with previous
experiments [107,127,130]. For Cases L, M, and H, it was found from the axial variations
of (¢|n) that high T, enhances combustion even in fuel-rich mixtures by reducing the
lift-off height. Moreover, vigorous heat is released within a jet width downstream of the
flamebase and (¢|n) exhibits two peaks located at stoichiometric and fuel-rich mixtures
further downstream of the flamebase, similar to the Case of Ig. It was also found that at
the flamebase, (Da|n) exhibits O(>> 1) values for Case H with 7, = 950 K and ~ O(1) for
Case L with T, = 750 K, which implies that the stabilization mechanism of the turbulent
lifted jet flames may be affected by auto-ignition with high T,.. It was revealed from the
displacement speed analysis that the turbulent lifted flames with coflow temperature of
T. = 750 K, 850 K and 950 K have similar temporal evolution of z-plane averaged Sy,
although 950 K has relatively large value of S; in 2 = 1 plane. In Case of Ig, z-plane
averaged Sy values are higher than other cases in all time and extremely large value of
Sy was captured in temporal evolution of z = 1 Sy graph at certain time when ignition

kernel occurs at the upstream of flamebase. Finally, important variables and reactions
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aligned with a CEM upstream of the flamebase were identified through the chemical ex-
plosive mode analysis (CEMA). Da, and combustion mode indicator o were introduced
to identify stabilization mechanisms of each case. Case L and M have narrow tip of large
Da, at the flamebases and a shows their combustion mode at the upstream of flamebase
is governed by diffusion source not the auto-ignition. Case H and Ig have long stripe
line of Da, pattern at the upstream of flamebase which implies that ignitable mixture
condition may affect overall combustion process at the upstream of the flamebase. In
Case Ig, auto-ignition combustion mode was captured at the upstream of the flamebase
where chain branching reaction and key radicals participating in this reaction are a large
part of the CEM (large EI of H and PI of R1). In Case of H, however, relatively high
Da, does not lead to actual ignition process at the upstream of flamebase. This argu-
ment is supported by analysis of S at the flamebase. S% of Case Ig has a meaningfully
large value at the upstream of flamebase but not in Case H. In summary, lifted flame
with low coflow temperature stabilized by propagation.Relatively high coflow tempera-
ture generates ignitable mixture condition and chain branching reaction can be activated
but stabilization mechanism is similar to the low coflow temperature. Sufficiently large
coflow temperature makes actual ignition at the upstream of flamebase and it affects the

stabilization mechanism of lifted flame (Case Ig).
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Chapter VI

Conclusion

This thesis focuses on the combustion characteristics on LTC condition in HCCI engines,
laminar and turbulent lifted flames. HCCI combustion with thermal stratification is
systematically investigated using direct numerical simulations (DNS). The laminar and
turbulent lifted jet flames also investigated with DNSs. These simulations allow better
understandings of the ignition process (i.e. combustion modes, flame speed, turbulence-
chemistry interactions) of different fuels and configurations under the LTC condition.
The key findings of the thesis on the combustion characteristics of LTC are summa-

rized as follows

e In HCCI engine DNSs, the temperature stratification reduces excessive HRR and
advances the overall combustion. The fuel composition differences of the igni-
tion characteristics of PRF /air mixtures vanish with increasing thermal inhomo-
geneities. The nearly identical propagation characteristics of deflagrations of dif-
ferent PRF /air mixtures is the cause of vanishing of the fuel effect under the high

degree of thermal inhomogeneities.

e The ignition Damkohler number, Da;4, was introduced to evaluate the effects of
turbulence on the early evolution of deflagrations from ignition kernels. For cases
with Da;, < O(1), the overall combustion is retarded and more apt to occur by
spontaneous ignition. For cases with Da;, > O(1), however, turbulence with large

u' can advance the overall combustion by increasing turbulent flame area.
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e In methane/hydrogen jet laminar lifted jet flames, the flame structure and (T —
Tv)/Tig, we can categorized the autoignited into three different combustion regimes
under LTHH condition: the MILD combustion, transition, and tribrachial edge

flame regimes.

e The high diffusive nature of hydrogen molecules is primarily attributed to the un-

usual decreasing Hjy, behavior with increasing U, under the LTHH condition.

e In the MILD combustion regime under the LTHH condition, hydrogen molecules
in the fuel jet have enough time to diffuse out from the center, and hence, local
temperature increase by autoignition is relatively reduced compared to that in the
tribrachial edge flame regime. In the tribrachial edge flame regime, however, the
flamebase locates radially outside and more hydrogen molecules can diffuse into the
flamebase. The local temperature increase by autoignition is relatively enhanced.
These difference of temperature field characteristics lead to the decrease of Hy, with

increasing Uj.

e The stabilization of the autoignited lifted methane/hydrogen jet flames is affected
by both autoignition and flame propagation. The role of flame propagation on their
stabilization increases with increasing Uj: a lifted flame in the MILD combustion
regime is primarily stabilized by autoignition while it in the tribrachial edge flame

regime is stabilized by autoignition-assisted flame propagation.

e In n-heptane jet flames, it was identified that the propagation speed of tribrachial
edge flame is almost similar to the laminar burning velocity and S, at the lamebase

for MILD combustion is larger than that of Sy,.

e The stabilization mechanism of tribrachial edge flame is normal flame propagation.
MILD combustion regime, however, the broad thermal cooking region and rela-
tively high S./Sp suggest that ignition affects the overall flame stabilization at the

upstream of flamebase.

e In the turbulent lifted hydrogen jet flames with 4 different coflow temperatures,

the lift-off height decreases with increasing 7; in same Re;. The high 7. enhances
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combustion even in fuel-rich mixtures by reducing the lift-off height for the case

T, =750 K to 950 K.

e The stabilization mechanism of the turbulent lifted jet flames may be affected by
auto-ignition with high T.. Da,. of case H has a large value at the upstream of
flamebase, however, the displacement speed of T, = 750 K, 850 K and 950 K have
similar for z-plane averaged value, although 950 K has relatively large value of Sy
in z = 1 plane. In Case of T, = 1100 K, the ignition kernel occurs at the upstream

of flamebase and overall S, is larger than the other cases.

e Da,. and combustion mode index o were introduced to identify stabilization mech-
anisms of each case. Stabilization mechanisms of Case T, = 750 and 850 K are
governed by diffusion source. Case T, = 1100 K auto-ignition combustion mode
was captured at the upstream of the flamebase. In Case of T, = 950 K relatively

high Da. does not lead to actual ignition process at the upstream of flamebase.

6.1 Future Work

Although fundamental studies on LTC has been conducted, which has shown stabiliza-
tion mechanisms and combustion characteristics in several combustion configurations,
additional research and development are needed so that these LTC concepts can become
viable. The present study focuses simple combustion geometry such as the square domain
of HCCI condition combustion and lifted jet flames. However, for applying LTC to prac-
tical engineering problems, the real size engine simulations are conducted under various
conditions. LTC has explored new combustion regimes, which have not previously been
considered in model development or validation. Particularly, these advanced combustion
engines are operated under ultra-lean, highly-diluted, partially premixed, and elevated
pressure, low-temperature conditions. The real size LTC simulations can help to reduce
the number of experiments by providing efficient way of controlling parameters. The
details of experimental data are often not sufficient for understanding results of LTC ex-

periments. Therefore, the demand for accurate real size LTC simulations is higher than
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ever. the present study could be extended to the following research directions.

e OpenFOAM will be used in large scale combustion simulations of LTC combustion
system. large scale LT'C engine simulations will be performed with a moving mesh.
Time dependent transient solver will be chosen to reproduce the compression and

expansion procedure in LTC engines.

e A modification of chemical reaction mechanisms will be conducted. In large scale
engine simulations, computational cost will be reduced by adopting small size of
chemical reactions which is accurate at LTC condition. Global pathway selection

(GPS) [134] is one of the options of mechanism reduction.

e By performing OpenFOAM-based LTC engine simulations with a realistic geometry,
we can elucidate realistic combustion procedures. Optimization of fuel composition,

amount of fuel to be injected, injection timing and ignition time can be achieved.

e Finally, the available DNS dataset of LTC can be used for the development of LTC

system using OpenFOAM.
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