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ABSTRACT

Hydrogen addition is widely used to improve the combustion performance of single-component fuel. In
this study, the effects of hydrogen addition on non-premixed ignition of iso-octane by hot air in a diffu-
sion layer were examined and interpreted numerically. Detailed chemistry and transport were considered
in simulation. The non-premixed ignition delay times at different hydrogen blending levels were obtained
and analyzed. It was found that hydrogen addition greatly reduces the ignition delay. This is mainly due
to the fact that the preferential mass diffusion of hydrogen over iso-octane significantly increases the
local hydrogen blending level at the ignition kernel. Besides, for the non-premixed ignition process, two
modes of reaction front propagation were identified through the analysis based on Damkoéhler number
and consumption speeds. One is the reaction-driven mode characterized by local or sequential homoge-
neous autoignition; and the other is the diffusion-driven mode, which depends on the balance of mass
diffusion, heat transfer and chemical reaction. These two modes lead to different ignition behaviors. For
pure iso-octane with low mass diffusivity, ignition is mainly caused by local homogeneous reaction oc-
curring at the most reactive position. With the increase of diffusion layer thickness, the local tempera-
ture at the most reactive position increases and therefore the non-premixed ignition delay time of pure
iso-octane decreases. However, when hydrogen with high mass diffusivity is added into iso-octane, the
non-premixed ignition is controlled by fuel diffusion. With the increase of diffusion layer thickness, the
concentration gradient becomes smaller and thereby less hydrogen diffuses into the ignition kernel. Con-
sequently, unlike pure iso-octane, the non-premixed ignition delay time of hydrogen/iso-octane blends
increases with the diffusion layer thickness.

© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

turbulence intensity. They observed that the incipient ignition spot
is always associated with the most reactive fraction and it is

Non-premixed ignition and combustion in a diffusion layer hap-
pen in various combustion systems. For example, the configura-
tion of fuel-jet diffusion flame is widely used in industry furnaces
[1,2] and propulsion systems [3]. For non-premixed ignition and
combustion in these systems, one of the important parameters is
the ignition delay time, which affects the lift-off distance between
the flame and injector, flame stabilization and operation modes of
the combustor [4-6].

Fundamental studies on the ignition of laminar diffusion flame
have been widely conducted in the literature (e.g., [7-19]). Mas-
torakos et al. [7,13] and Hilbert et al. [8] investigated the igni-
tion process in a planar diffusion layer under a certain range of
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nearly independent of turbulence intensity. Similar observations
were made in counterflow diffusion flames [16-18]. Besides, ef-
fects of different molecular diffusion models [9,10], initial gradient
of fuel composition and strain rate [11,12,19, 20] on non-premixed
ignition were also examined. For example, Knikker et al. [9] found
that non-premixed ignition can be characterized by the propaga-
tion of reaction front in mixture fraction space. Mukhopadhyay
and Abraham [14,15] demonstrated that this reaction front move-
ment plays an important role in the ignition with initial composi-
tion stratification. Mastorakos [13] proposed that the propagation
speed of reaction front is related to laminar flame speed of stoi-
chiometric reactant mixture. However, the mechanism for the reac-
tion front movement during non-premixed ignition is still not well
understood. The connection between the initial ignition kernel and
the following establishment of the whole flame has been rarely in-
vestigated. Furthermore, it is still not clear how the non-premixed

0010-2180/© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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Fig. 1. Schematic diagram of initial temperature and mixture fraction distributions.
Xc denotes the center position of the diffusion layer and § is the thickness of the
diffusion layer.

ignition is affected by the initial thermal and composition gradient
in the diffusion layer.

Hydrogen is widely adopted as a fuel booster due to its high re-
activity and wide flammability range. Typical applications include
the flameless and MILD combustion [1,21-24]. Dally et al. [21] ex-
perimentally investigated the hydrogen addition on the jet-in-hot-
co-flow. They found that hydrogen addition greatly enhances the
auto-ignition within the diffusion layer between the fuel and oxi-
dizer streams and that the stabilization mechanism changes even
when a small amount of hydrogen is added [23-25]. Although dif-
ferent stabilization mechanisms for diffusion methane/hydrogen jet
flames were observed in experiments, the mechanism of hydrogen
enhancement on auto-ignition within the diffusion layer still re-
mains unclear. Besides, the relative contributions of high reactivity
and strong mobility of hydrogen to the non-premixed ignition have
not been thoroughly studied.

Based on the above considerations, the objectives of this study
are to assess the effects of hydrogen (H,) addition on the ignition
delay time of iso-octane (iCgHg) by hot air in a diffusion layer and
to identify and interpret possible modes of reaction front propaga-
tion during non-premixed ignition. The emphasis is put on assess-
ing and interpreting the influence of preferential mass diffusion of
hydrogen on the non-premixed ignition process. Besides, the influ-
ence of diffusion layer thickness is also examined and the under-
lying mechanism is investigated.

2. Numerical model and specifications

We investigated the transient ignition process in a diffusion
layer between cold fuel (H,/iCgHqg blends) and hot air. As shown
in Fig. 1, all the mixture is initially static (i.e., Uy =0cm/s) with
Pyp=T1atm. On the left side of the diffusion layer is H,/iCgHig
blends at Topr=423K. The volume fraction of H, in H,/iCgHjg
blends is denoted as « and it varies from 0 (pure iCgH;g) to 1 (pure
H;). On the right side is hot air at Ty o = 1400K. The ignition delay
time is defined as time when the maximum temperature reaches
1800 K. Besides, different ignition criteria [9] were used and the
differences were found to be negligible. To quantify the local mix-
ing level between fuel and oxidizer, we used the mixture fraction
defined as [26,27]:

7 Yo/ (WcWo) + Y/ (VW) +2(Yo,0 — Yo)/ (VoWo)
Yer/(WeWe) + Yur/ (VaWg) + 2Y0,0/ (VoWo)
where Y, denotes the mass fraction of kth element and v, is the

coefficient in the global reaction vcC+ vyH+voO—Product. Yy
is the mass fraction of oxygen element in air and Ycr and Yy are

(1)

respectively the mass fraction of carbon and hydrogen elements on
fuel side. The mass fraction of each element can be readily ob-
tained in simulation and the stoichiometric mixture fraction can
be used to indicate the reaction front movement in the mixture
fraction space.

In the diffusion layer, the initial distributions of fuel and air
were specified by the following expression for Z [9]:

Z=%[l+erf(xgxc)] (2)

in which erf is an error function, x. denotes the diffusion layer cen-
ter, and § is the diffusion layer thickness (see Fig. 1). The length of
the computation field is 2 cm and x. is at 0.6 cm. The mass fraction
and enthalpy of each species, Y, and hy, were initialized according
to YkZZX Y,<,F+(1-Z) X Yk,O and thZX hk’]:-‘r(]-z) X hk,O- respec-
tively. The initial temperature can be calculated from enthalpy and
concentration of all species [9].

It is noted that the above initial distribution assumes frozen
flow without chemical reaction and equal diffusivity of all species
during the formation of the diffusion layer. In fact, H, has much
larger diffusivity than iCgHg. Therefore, we first considered the
non-premixed ignition process with relatively small diffusion layer
thickness so that the effect of differential mass diffusion between
H, and iCgHqg can be examined. Since thicker diffusion layer helps
to elucidate the modes of reaction front propagation and the un-
derlying mechanism, we also considered ignition in a diffusion
layer with a broad range of thickness, § =0-800pum. During the
ignition process, oxygen (O,) consumption rate (@gy) was used as
reactive region indicator. Furthermore, its maximum value, @3 max
was used to characterize the reaction front.

The transient non-premixed ignition process was simulated by
the in-house code A-SURF. A-SURF solves the conservation equa-
tions for 1D, compressible, multi-component, reactive flow using
the finite volume method. A-SURF has been successfully used in
previous studies on ignition and flame propagation. The details on
governing equations, numerical methods, and code validation for
A-SURF can be found in Refs. [28,29] and thereby were not re-
peated here. In simulation, we used the detailed chemical mecha-
nism developed for iso-octane by Chaos et al. [30]. This mechanism
includes the sub-mechanism for hydrogen oxidation developed by
Li et al. [31]. Therefore, it can be used to study the non-premixed
ignition of H,/iCgHg blends. CHEMKIN packages [32] were incor-
porated into A-SURF to calculate the temperature- and component-
dependent thermodynamic and transport properties as well as the
reaction rates. The mixture-averaged model was used to evaluate
the transport coefficients. The Soret diffusion were considered only
for H, and H [37,38] since the Soret diffusion for heavier species
is negligible. In simulation, dynamically adaptive mesh refinement
was used and the diffusion layer was always covered by the finest
meshes whose size is 2um. The corresponding time step size is
0.8 ns. Numerical convergence was checked and ensured by further
decreasing the time step and mesh size in simulation.

3. Results and discussion

We first considered the non-premixed ignition in the diffusion
layer with nearly zero thickness (i.e., § ~#0) and examined the ef-
fects of hydrogen addition on the non-premixed ignition delay
time in Section 3.1. Then we studied the reaction front propagation
and different ignition modes in Section 3.2. Finally, we assessed
the influence of initial diffusion layer thickness on non-premixed
ignition in Section 3.3.

3.1. Effects of hydrogen addition on the non-premixed ignition

Figure 2 shows the ignition delay time, 7;gp, for the OD
constant-pressure homogeneous ignition system whose initial
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Fig. 2. Ignition delay time of adiabatic homogeneous system initialized by the con-
ditions within the diffusion layer. The triangles denote the stoichiometric mixture
fraction, Zs. The circles denote the so-called most reactive mixture fraction Zuyop.
The squares denote Zy,1p defined in the text.

conditions are extracted from the 1D diffusion layer and can be
uniquely parameterized by Z. With the increase of Z, the compo-
sition of cold fuel increases in the mixture, and thereby the mix-
ture temperature decreases while its equivalence ratio increases.
Consequently, t,;op changes non-monotonically with Z. For each
H; blending level, there is a minimum value of 7z op at the
so-called most reactive mixture fraction Zy,op (circles in Fig. 2)
[713] and the corresponding ignition delay time is denoted as
T{g,OD. Figure 2 indicates that Zy.op decreases slightly and ri:g,OD
decreases greatly with the increase of H, blending level. Mas-
torakos et al. [7] proposed that in 1D diffusion layer the initial
ignition kernel (IIK) usually occurs at the position of most reac-
tive mixture fraction Zp.op. In 1D simulation, the initial ignition
kernel occurs at the position whose mixture fraction is denoted as
Zmneap (squares in Fig. 2). Due to mass and heat transport, Zy1p is
slightly different from Zp,;op. Besides, unlike Zyop, Zm1p is shown
to change significantly with H, blending level.

The 1D simulation results also indicate that reaction front first
forms at Zp,;qp and then moves to Zy,op and stabilizes there. The
difference between Z,;1p and Z,op has little influence on the ig-
nition process. Therefore, only Zyop is used in the following dis-
cussion. Besides, the movement of reaction front in the Z space
reflects different ignition behaviors within the diffusion layer and
it will be discussed later. Previous studies [7-9,14] showed that
the non-premixed ignition can be generalized as the movement of
reaction front from Zn: to Zsg. However, the intrinsic behavior of
the reaction front movement remains unclear, which will be inter-
preted in next sub-section.

Figure 3 shows the evolution of temperature and mixture
fraction distributions in the physical space for o« =0.0. It is seen
that the mixing layer expands due to mass diffusion and heat
conduction. The distance between Z,op and Zs increases with
time in the physical space. The local temperature at Zp.op and
Zs decreases before ignition. Ignition occurs first near high tem-
perature side due to the exponential dependence of reaction on
temperature. Then the reaction region moves towards the fuel-rich
side. Similar phenomenon was observed in previous studies [33].

Figure 4 shows the temporal evolution of scalar dissipation
rate, x in the mixture fraction space. It is shown that x profile
decays exponentially before ignition occurs. Heat released due to
autoignition have strong influence on the y-Z profile. For example,

o=0.0
0.0 7,
———e—cemmees 0.2 Tig,1D
- === 097,
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——————————— 1.2 Tig,1D
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Fig. 3. Distribution of mixture fraction (upper) and temperature (lower) in physical
space at different ignition stages for pure iso-octane (a =0.0). X, denotes the initial
position of mixing layer.
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Fig. 4. Temporal evolution of scalar dissipation rate in mixture fraction space at
o =0.0 (upper) and o =0.1 (lower).

at o =0.0, it is seen that x increases behind reaction region while
it decreases ahead of the reaction region. This is due to the two
competitive effects of heat release on x-Z: gas expansion reduces
x while temperature increase promotes mass diffusivity. These
results are consistent with the observation and discussion in [15].
However, at o=0.1, the monotonicity of x-Z around reactive
region disappears due to the high diffusivity of H,.

Figure 5 plots the 1D non-premixed ignition delay time, T 1p,
as a function of H, blending level (empty circles). It is observed
that 7, 1p first decreases exponentially with o for o <0.4 and
then remains nearly constant for 0.4 <o < 1.0. This indicates that
a small amount of H, blending can significantly promote the non-
premixed ignition of iCgHyg by hot air. Such ignition promotion is
mainly caused by the high mobility and reactivity of H,. In Fig. 5,
we also plot Ti:g,onfor 0D homogenous ignition at Z=Zygp (i.e., the

circles in Fig. 2) and ‘L'ifgj p for 1D non-premixed ignition with the
mass diffusivity of H, being artificially modified to the value of
iCgH1g (ie., Dy =Djcgnig)- Even for pure iso-octane (i.e., o =0.0),
H, is produced around the ignition kernel and thereby changing

the mass diffusivity of H, still affects the ignition delay for pure
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Fig. 5. Change of ignition delay time with hydrogen blending level.

iso-octane with o« =0 in 1D case. The large difference between
‘L'ifgle and 7, 1p demonstrates that the preferential mass diffusion
of Hy over iCgH;g significantly enhances the non-premixed igni-
tion. This is mainly due to the fact that the high mobility of hy-
drogen molecule makes the local H, blending level at the initial
ignition kernel (IIK) much higher than « specified at the boundary
outside the diffusion layer. Similar phenomenon was also observed
in the non-premixed ignition of H,/CH4 fuel blends [33].

When the effects of preferential mass diffusion of H, over
iCgHyg is eliminated by setting Dy, = Djcgy1s, the non-premixed ig-
nition delay time Ti/g.lD is shown in Fig. 5 to have similar trend as
homogenous ignition delay time rl/g'OD at Zyrop. The difference be-

tween rifgj p and ri;;OD is due to the fact that the non-premixed
ignition involves two processes: (1) nearly 0D homogeneous igni-
tion at Zyop and (2) the concomitant 1D transportation of fuel
and heat into or out of the IIK. For the second process, mass and
heat transport leads to opposite consequences: fuel transfer into
the IIK promotes ignition while heat transfer out of the IIK inhibits
ignition. Since the mass diffusivity of iCgHyg is smaller than the
heat diffusivity (i.e., Le> 1 for iCgH;g), the inhibition due to heat
loss dominates over the enhancement caused by fuel supply. Con-

/ / i H
sequently, we have Tigop < Tig.1p a5 shown in Fig. 5.

3.2. Modes of reaction front propagation during non-premixed
ignition in a diffusion layer

To understand the details involved in the non-premixed ignition
process, we tracked the reaction front propagation. The reaction
front was defined as the location where local maximum O, con-
sumption rate occurs. Double reaction fronts were identified since
two local peaks appear in the distribution of O, consumption rate.

To justify the usage of wgy mex for reaction front identifica-
tion, other indicators such as reaction rate of OH species, woy
[11,20] and heat release rate, Q [11,12] are also tested. Figure 6
shows the reaction region indicated by these three quantities. It
is shown that all these three quantities give consistent indication
of reactive region position in Z space. For all the cases in the cur-
rent work, only one reaction front is observed before ignition. We
use the local maximum of wgy ey profile as reaction front indica-
tion because wq, is always negative and its local maximum clearly
indicates the position of the reaction front.

Figure 7 shows the evolution of mixture fraction at the reaction
front for different H, blending levels. The time was normalized

25

N
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Q

1.5E+10
1E+10
SE+09

0

0 01 020 01 o020 01
Z Z Z

Fig. 6. Contour of O, reaction rate @g, (left), heat release rate Q (middle), OH re-
action rate oy (right) at Z-t space for o =0.1.

by 7ig1p of each case so that the non-premixed ignition occurs at
t/Tigip = 1. The results for Dy, = Dicgyyg (1.€., the mass diffusivity of
H; were artificially modified) and those for Dy;#Djcgp1g (i-e., with-
out modifying the mass diffusivity of H,) were plotted together for
comparison. For pure iCgH;g (i.e.,, « =0) as shown in Fig. 7a, the
reaction front first initiates at Zy,;;p and then immediately moves
to Zmrop- It stabilizes there until ignition occurs. Once ignition oc-
curs, the reaction front splits into two branches: a stoichiomet-
ric branch around Zg and a fuel-rich branch. The fuel-rich branch
forms due to the leakage of small amount of O, into fuel side after
its inadequate reaction at stoichiometry. Similar observation was
also reported in [9]. The stoichiometric branch stands for the typi-
cal diffusion flame and the fuel-rich branch represents a rich pre-
mixed flame. The fuel-rich branch extinguishes eventually while
the stoichiometric branch lasts for a longer duration. It is noted
that for o =0, the reaction front mainly stays around Z=~Zyop
before t=0.97;41p (point A in Fig. 7a). There is little fuel trans-
ported into reaction front and thereby the local mixture fraction
remains nearly constant. This indicates that the ignition process is
mainly dominated by the local autoignition at Zpy.op. Such reac-
tion front propagation is referred to as the reaction-driven mode.
In this mode, reaction front moves slowly or even statically in Z
space. Its movement is mainly driven by local or sequential homo-
geneous autoignition.

However, for ¢ =0.1 and o=0.4 with Dy;#Djcgy1g, reaction
front propagates in a different behavior. For o =0.1, the reaction
front starts to move away from Z=Zyop around t=0.35T;gp
(point D in Fig. 7b). During 0.35Tig1p <t < Tig1p, due to fuel dif-
fusion the fuel concentration at the reaction front increases and so
does Z. After ignition, only one stoichiometric branch of reaction
front is observed since H, consumes O, which is supposed to pen-
etrate into the fuel side. Similarly, for & =0.4, the reaction front
starts to move away from Z=Z,;op around t=0.5T;4;p and finally
reaches Zg. Therefore, with hydrogen addition the reaction front
movement is in the diffusion-driven mode, in which mass diffu-
sion and heat transfer play an important role. In diffusion-driven
mode, the local mixture fraction at the reaction front starts to in-
crease at an early stage and its movement in Z space is mainly
driven by fuel diffusion and heat transfer.

For ¢=0.1 and o=0.4 with Dy, =Djcgyig (open circles in
Fig. 7b and c), the reaction front is shown to mainly stay around
Z=Zmop before t=0.97;g;p. This is similar to the case without
hydrogen addition (solid circles in Fig. 7a). Given the fact that
the normalization factor, 7ig;p greatly decreases with «, hydro-
gen addition triggers the transition of reaction front movement
from reaction-driven mode to diffusion-driven mode at a very early
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Fig. 7. Evolution of mixture fraction at the reaction front. The open circles are for cases in which the mass diffusivity of H, being artificially modified to the value of iCgH1g
(i.e., Dz =Dicgnig); and the closed circles are for cases without modifying the mass diffusivity of H, (i.e., Dy2#Dicgnig)- The solid lines stand for Da=1 (above the solid line:
Da < 1; below the solid line: Da > 1). The horizontal dashed and dash-dotted lines denote Zs; and Zp,op, respectively.

stage. Therefore, the preferential mass diffusion of H, over iCgHg
plays an important role in the mode of reaction front propagation.

The reaction front propagation mode can also be determined
by the Damkoéhler number, Da= T if/T cpem, Which is the ratio
between the characteristic time for diffusion, T giffs and that for
chemical reaction, 7.,,. The basic idea is: ignition is equiva-
lent process of reaction front propagation from Zp to Zg, and
Tgiff and Tepem denotes the time that needed to drive reaction
front to reach Zg by diffusion effect or reaction, respectively. The
diffusion time was defined as 1/x where x is the local scalar
dissipation rate. The characteristic reaction time was defined as
T ehem =(D/x)'?[Sq4o. D is the mass-averaged diffusion coefficient.
The numerator (D/x)!/? represents an estimate of the physical dis-
tance between local Z and Zs;, and the denominator Sy, represents
reaction front movement speed solely driven by sequential au-
toignition. This speed can be pre-computed by homogeneous reac-
tion system as Sy o =dx/dT ;g op = (dX/dZ)/(dT g op/dZ). The expression
of Da reduces to Da=(dZ/dTgop)/x. Both Ty and Tgen change
with position and time, thus Damkohler number varies in space
and time.

The time evolution of Damkdhler number in mixture fraction
space is shown in Fig. 8 for pure iso-octane (o =0.0). For small Z,
Da>1 (i.e., Tapem < Tgi) and the reaction front propagation in this
region is driven by local or sequential autoignition. On the contrary
side, Da <1 for large Z and thereby the reaction front propagation
in this region is driven by fuel diffusion and heat transfer.

The solid lines in Fig. 7 denote Z position of Da=1 as function
of time: above this line is the diffusion-driven mode with Da <1;
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Fig. 8. Time evolution of Damk&hler number in mixture fraction space of @ =0.1 at
different ignition stages.

and below this line is the reaction-driven mode with Da> 1. For
pure iso-octane (o =0), the reaction front trajectory falls in Da > 1
region for most of time before ignition. This indicates that the ig-
nition is mainly dominated by autoignition. At around t=0.97;;p,
the reaction front suddenly moves towards Zg, and switches into
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Fig. 9. Distributions of heat release rate (Q, pink dashed lines) and two parts of displacement speed (Sqchem, solid red lines; and Sg gier, solid blue lines) within the diffusion
layer. Each row corresponds to a single value of «. These subfigures correspond to the points, A-I, marked in Fig. 7. Chemical displacement speed Sycem is always negative
due to the consumption of O,. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the diffusion-driven mode with Da < 1. For the case with hydrogen
addition (o =0.1), the region occupied by reaction-driven mode
shrinks and the reaction front switches into the diffusion-driven
mode earlier than the case of @ =0. When the H, blending ratio is
further increase to a = 0.4, the region of reaction-driven mode be-
come much narrower. Diffusion-driven mode becomes more dom-
inated during the ignition process.

To further characterize the ignition mode, we used the displace-
ment speed, S;, based on oxygen [34,35]:

1 . ad 0Yo2
Si=——| p@'02+ | pDo2—— 3
d 0al VY00 P@ 02 8x<p 027y ) (3)
TEACtION — “— e’
dif fusion

Eq. (3) indicates that S; consists of two parts: one corresponds
to chemical reaction, Sg,; and the other corresponds to dif-
fusion, Sgiy (i.€., Sq=>Schem + Sqiff)- Although Sy analysis has been

used mostly for premixed flames, it’s still applicable in the pre-
mixed region within the nonpremixed mixing layer. The reaction
front propagation mode can also be characterized by the ratio be-
tween Sgem and Sy it is dominated by chemical reaction when
Schem > > Sqif» and it is dominated by diffusion process when S
is in the same order of magnitude as Sg.

Figure 9 shows the distribution of Sgper, Sqifr and heat release
rate Q for points A-I marked in Fig. 7. Sgper, is always negative since
0, is consumed and it makes negative contribution to the total dis-
placement speed. Positive Sy means that O, diffuses into fuel side
and vice versa. For point A, S.,., is one order of magnitude larger
than Sy This indicates that chemical reaction has dominant con-
tribution to the total displacement speed, and thereby the reaction
front is in the reaction-driven mode. Both Sg., and Sy are rela-
tively small due to the low reactivity of pure iso-octane. When the
reaction front switches into the diffusion-driven region at point B,
both S¢pem and Sgyy increase exponentially and they have the same
order of magnitude, indicating the balance between diffusion and



298 Z. Li, X. Gou and Z. Chen/Combustion and Flame 199 (2019) 292-300

reaction. Therefore, the reaction front can be considered as a pre-
mixed flamelet moving in the diffusion layer of fuel and oxidizer.
It is observed that the heat release rate at point B is one order of
magnitude larger than that at point A. For cases with small amount
of Hy addition, at point D Sp, is much larger than Sy, indicat-
ing that chemical reaction dominates over diffusion. After reaction
front goes into diffusion-driven mode at point E, S¢pep and Sgyy are
in the same order of magnitude. Similar results are obtained for
o =0.4 at points G and H. For the cases with Dy = Djcgyy1g (points
C F and I), both Q and Sy remain nearly unchanged while S,
increases.

For generality, we also test the Da criteria at higher ambient
pressure of 20 and 40 atm with other parameters unchanged (fuel
temperature Tgg is 50K over the corresponding boiling point). The
results at high pressures are consistent with those at Py=1atm.
Both Da criteria and S, analysis gives consistent identification of
the reaction front mode.

It should be noted that in the definition of Da, we use a series
of homogeneous adiabatic reactor to calculate dt;gp/dZ. However,
the preferential diffusion of H, into the hot air side prior to igni-
tion causes dt,p/dZ to deviate from its original value. Considering
good consistency between Da criteria with S; analysis, approximat-
ing dt;0p/dZ by a series of homogeneous adiabatic reactor seems
to be reasonable.

In brief summary, for the non-premixed ignition in a diffusion
layer, the reaction front propagation has two modes: one is the
reaction-driven mode characterized by local or sequential homo-
geneous autoignition, and the other is the diffusion-driven mode
which depends on the balance of chemical reaction and diffusion.
The analysis based on Damkoéhler number and consumption speeds
yields consistent results on the mode of reaction front propaga-
tion. The reaction-driven mode predominates at the beginning and
the diffusion-driven mode appears when ignition happens (i.e.,
t~Tig1p)-

3.3. Influence of diffusion layer thickness on the non-premixed
ignition

Previous studies [7,11,12,14,36] reported that the ignition delay
time depends on the initial gradient of composition and temper-
ature. In this sub-section, we examined the influence of diffusion
layer thickness on non-premixed ignition delay time and different
ignition modes.

To investigate the dependence of Ti,;p on initial mixing layer
thickess, we use initial characteristic Damkohler number, Dag, to
describe the normalized initial mixing layer thickness. Dag is de-
fined as Dag=1/(xs,0dTig0p/dZ), where X, ¢ is the initial scalar

dissipation rate at Zgt; dtjgop/dZ is calculated as (tst‘OD—‘L'i/ngD)/(Zst—

Zmr), where Tgop and t,.;.OD are the homogeneous ignition delay
time at Zg and Zyop (as shown in Fig. 2), respectively. The def-
inition of Dag is consistent with Da that we used in Section 3.2,
except that Dag can be obtained before simulation. For each H,
blending level, dt;, op/dZ is fixed, increasing § will decrease x g o
and thus increase Day. Therefore, Dag is used to indicate the nor-
malized mixing layer thickness.

Figure 10 shows the change of the normalized non-premixed
ignition delay time, Tig1p |/ ti,/g.OD and ti;.lD/ri’g,OD, with initial
characteristic Damkdhler number, Day at different H, blending
levels of o =0, 0.1, 0.4 and 0.8. It is shown that, when the mass
diffusivity of H, is not artificially modified (i.e., Dyy#Dicgnis),
Tig, 1p decreases with Dag for pure iCgHyg (i.e., a=0); while it
increases with Dag for H,/iCgH;g blends (i.e., & > 0). This indicates
that H, addition can change the underlying mechanism for non-
premixed ignition of iCgHg in a diffusion layer. It is also shown
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Fig. 10. Nonpremixed ignition delay time normalized by minimum adiabatic homo-
geneous ignition delay time, t’i;op of each H; blending level, plotted against initial
Damkdhler number, Dag=1/(xst,0dTigop/dZ). Diffusivity of H, is (a) unchanged and
(b) artificially damped as Dy, = Djcgnig- Dashed lines denote different mixing layer
thickness. Vertical line denotes Dag =0.1.

since the ignition becomes reaction-driven mode. When the mass
diffusivity of H, is artificially modified to the value of iCgH;g (i.e.,
Dy = Djcgyig), Fig. 10b shows that Ti/g,w/rifg,on always decreases
with § and that small amount of H, blending (i.e., @ <0.4) has
little effects on ‘L'ifgj p- Therefore, these results further demonstrate
that the preferential mass diffusion of H, over iCgH;g greatly
affects the non-premixed ignition in a diffusion layer.

The different trends shown in Fig. 10 are mainly due to the de-
pendence of ignition on the fuel mass diffusivity and heat transfer.
For pure iCgHqg or the cases of Dyj =Dicgyig, the fuel has rela-
tively low mass diffusivity and the non-premixed ignition is con-
trolled by local chemical reaction around Z=Zy;gp (as shown by
Fig. 7a). Consequently, larger gradient (i.e., smaller Day and §) re-
sults in greater heat loss from the ignition kernel and thereby the
non-premixed ignition delay time decreases with Day. For cases
with H, addition, the mass diffusivity of H, is much higher than
heat conduction. Before ignition, the reaction front does not always
remain around Z=Zp,op and it is greatly affected by diffusion (as
shown by Fig. 7b and c). Since larger gradient (i.e., smaller Day and
d) results in more fuel transported into the ignition kernel, Tig 1p
increases with § for H,/iCgHqg blends (i.e., o > 0).

It is noted that H, addition has the most significant effect
on non-premixed ignition within the region of Dag <0.1. This is
because H, addition becomes significant at small § when diffusion
effect is strong enough to couple with the chemistry reaction,
leading to diffusion-driven ignition. Since we use a planar mixing
layer, ignition always occurs and infinitesimal Da doesn’t imply
extinction. For large Dag, chemistry reaction dominates over diffu-
sion effect, and the chemical effect of H, on ignition is limited due
to its small molecular weight. Therefore, the criteria of Day <0.1
can be used to delineate the effect of H, addition in terms of its
diffusion effect.

To quantitatively demonstrate the above explanation, in Fig. 11
we plotted the evolution of local temperature and mixture frac-
tion at the reaction front with different initial mixing layer thick-
ness, 8. The left and right column in Fig. 11 represents for o =0
and « =0.1, respectively. For o =0, we also plotted the local tem-
perature at Z=Zpyop (see the dash lines). For pure iCgHyg (ie.,
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Fig. 11. Evolution of temperature and mixture fraction at the reaction front for o =0 (left) and o =0.1 (right). The temperature for 0D homogenous ignition at Zyqp is also
presented as dash-dotted lines. Besides, for o =0 the local temperature at Z=Zyop of 1D simulation is shown as dashed lines.

o =0), with the increase of §, a discontinuity in the temperature
trajectory at reaction front appears. However, the evolution of T
at Z=Znop is continuous, indicating that the local autoignition at
Z=Znop rather than that at reaction front, dominates the non-
premixed ignition. Therefore, when the diffusion layer thickness is
small, strong heat loss leads to the lower initial temperature at
Z=Znop leads to slower ignition. With the increase of diffusion
layer thickness, the local temperature at Z=Zyop becomes higher
due to less heat loss and thereby the ignition delay time tjg qp
decreases with § for oo =0. However, for iCgH;g with H, addition
(i.e., « =0.1), the evolution of T and Z at reaction front are always
continuous at different values of 8. For this case the non-premixed
ignition is controlled by fuel diffusion. When the diffusion layer
is small, large composition gradient transport relatively more H,
into ignition kernel and promotes ignition. The larger the diffusion
layer thickness, the smaller the fuel concentration gradient and the
less the amount of fuel diffuses into the ignition kernel. Conse-
quently, the ignition delay time 7 p increases with § for o =0.1.
Figure 11 also shows the evolution of temperature for 0D homoge-
neous ignition with initial condition specified at Z=Zyop (dash-
dotted lines). With the increase of diffusion layer thickness, the
transport due to gradient becomes weaker and thereby 1D non-
premixed ignition approaches to OD homogeneous ignition.

4. Conclusions

Numerical simulations were conducted to investigate the tran-
sient non-premixed ignition within a diffusion layer between
iCgHyg/H, and hot air. Detailed chemistry and transport were con-
sidered in simulation. It was found that small amount of H, addi-
tion greatly reduced the ignition delay time. This is mainly caused
by the high preferential mass diffusivity of H,. Due to the prefer-
ential mass diffusion of H, over iCgH;g, the local H, blending level
at the initial ignition kernel is in fact much higher than that at the
boundary. The ignition within the diffusion layer consists of two
processes: (1) homogeneous ignition at the initial ignition kernel
which is located at the position of most reactive mixture fraction;
and (2) diffusion transportation of fuel into and heat out of the
ignition kernel.

Two modes of reaction front propagation were identi-
fied through the analysis based on Damkohler number and

consumption speeds: one is the reaction-driven mode character-
ized by local or sequential homogeneous autoignition and the
other is the diffusion-driven mode, which depends on the bal-
ance of mass diffusion, heat transfer and chemical reaction. Hydro-
gen addition makes the reaction front switch from reaction-driven
mode to diffusion-driven mode.

Furthermore, it was found that the diffusion layer thickness
greatly affects the non-premixed ignition delay time. For pure
iCgHyg, the ignition delay time decrease with the thickness; while
the opposite trend happens to H,/iCgHg blends. This is due to
the fact that for pure iCgH;g with low mass diffusivity, the non-
premixed ignition process is dominated by the local homogeneous
autoignition at the most reactive mixture fraction. When hydro-
gen with high mass diffusivity is added, the non-premixed ignition
is controlled by fuel diffusion: the larger the diffusion layer thick-
ness, the less the amount of fuel diffused into the ignition kernel
and thereby the longer the ignition delay time.

It is noted that in the present study, normal pressure and a
high temperature of oxidizer of 1400K are considered. Further
study is needed for conditions at higher pressures and lower oxi-
dizer temperatures. At such conditions, the low-temperature chem-
istry plays an important role in the ignition process. There might
be competition/interaction between low-temperature ignition and
high-temperature ignition, especially for fuels like n-heptane with
strong negative temperature coefficient behavior.
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