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Abstract

The ignition of a laminar non-premixed H2/air mixing layer with an embedded vortex was computation-
ally studied with detailed chemistry and transport. The initial vortex velocity and pressure fields were spec-
ified based on the stream function of an incompressible nonviscous vortex. The fuel side is pure hydrogen
at 300 K, and the oxidizer side is air at 2000 K. The vortex evolution process was found to consist of two
ignition events. The first ignition occurs in a diffusion mode with chain branching reactions dominating.
The second ignition takes place in the premixed mode, with more chemical reactions involved, and is sig-
nificantly affected by the heat and species generated in the first ignition event. The coupling between the
most reactive mixture fraction and scalar dissipation rate was verified to be crucial to the ignition delay.
The effects of the vortex strength, characteristic size, and its center location were individually investigated.
For all vortex cases, the ignition delay was shorter than that of the 1D case. Furthermore, the ignition
delay has a nonmonotonic dependence on all the vortex parameters.
� 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Vortex; Ignition; Hydrogen combustion
1. Introduction

Recently, there has been considerable interest
in understanding the coupled influence of fluid
dynamics and chemistry on ignition in well-de-
fined flow fields. Since the oxidation chemistry
of hydrogen is simple and yet embodies the essen-
tial features of chain mechanisms, it has been
extensively used in such studies. Specifically,
numerical and experimental studies on the forced
ignition of hydrogen by heated air in laminar
counterflows [1–8] showed the preservation of
the characteristic Z-shaped pressure–temperature
homogeneous ignition boundary, while experi-
mental [9,10] and numerical [11–14] studies on
1540-7489/$ - see front matter � 2004 The Combustion Instit
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ignition in turbulent flows showed a decrease in
ignition delay times as compared to laminar igni-
tion. Furthermore, the experiments also indicated
the existence of optimal turbulent intensities and
scales for ignition.

A rational interpretation of the above results
on turbulent ignition, however, has been hindered
by the complexity of flow. Consequently, ignition
has been studied in an elemental structure of tur-
bulent flows, the vortex, but with less accurate
descriptions of other aspects of the problem. For
example, Macareg et al. [15] studied vortex igni-
tion with equal oxidizer and fuel temperatures
using asymptotic analysis. Thévenin and Candel
[16] performed numerical simulation of vortex
ignition, assuming constant density and unity Le-
wis number, and with one-step reaction. It is rea-
sonable to expect that the simplified chemistry
and decoupled flow field descriptions in these
ute. Published by Elsevier Inc. All rights reserved.
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studies could have overlooked some aspects of the
couplings between fluid mechanics and chemical
kinetics in turbulent ignition.

In view of the above considerations, the goal of
the present study was to examine the fully coupled
effects of chemistry and fluid mechanics on igni-
tion, using higher-order numerical simulation
with detailed chemistry and transport. The partic-
ular problem studied was ignition in a mixing
layer embedded in a vortex. The variation of the
flow field was achieved by varying the vortex char-
acteristics: the vortex strength, the length scale of
the vortex, and its position relative to the mixing
layer.

In the following, the numerical methodology
and the initial conditions are discussed first. This
will be followed by examining the evolution his-
tory of the mixing layer in a vortex and by com-
paring it to the one-dimension (1D) pure mixing
layer case. Finally, the effects of different vortex
characteristics will be investigated.
2. Numerical methodology and initial conditions

The nonpremixed ignition in a mixing layer of
cold hydrogen and hot air, with and without a sin-
gle vortex in the domain, was investigated. The
schematic of the problem configuration is illus-
trated in Fig. 1. The fuel side is pure hydrogen
at 300 K, and the oxidize side is hot air at
2000 K. Calculations were performed with the
code developed by Yuan et al. [17], in which the
full compressible Navier–Stokes, species, and en-
ergy equations were solved with a sixth-order cen-
tral difference scheme [18,19] and a third-order
Runge–Kutta scheme. To incorporate the effects
of detailed chemistry and transport, the CHEM-
KIN package is integrated to the code [20,21].
The Runge–Kutta integration scheme essentially
Fig. 1. Schematic of the problem configuration. The
inset is the initial velocity distribution along the radial
direction of the vortex.
ensures full coupling between fluid dynamics and
chemical reactions. The chemical reaction mecha-
nism chosen was that of Mueller et al. [22], involv-
ing 9 species and 21 reversible reactions. For the
vortex-free, 1D calculation, a regular grid with
251 points was employed for the 4 mm domain,
which had a resolution of 16 lm. The computa-
tion domain for the vortex case was a
4 mm · 4 mm, with a uniform grid of 251 · 251.
The adoption of such a fine grid was to ensure
that all species profiles were fully resolved. Pres-
sure was calculated from the inner domain using
the conservation equations. Non-reflective bound-
ary condition [17] was applied to all of the four
boundaries.

Computation was initiated with a uniform pro-
file on both sides of the domain. The jumps in the
temperature and species concentrations across the
mixing layer were smoothened by a hyperbolic-
tangent profile with a constant stiffness parameter
for all computations [13]. The specific value of the
stiffness parameter was chosen such that there
were at least 10 grid points to describe the transi-
tion. The mean flow was quiescent at time zero,
and the velocity field of the vortex was defined
by the stream function for an incompressible non-
viscous vortex [19]:

u ¼ C exp � x2 þ y2

2R2
c

� �
;

u

v

� �
¼

ou
oy

� ou
ox

 !
¼ C

R2
c

exp � x2 þ y2

2R2
c

� � �y

x

� �
;

ð1Þ
where C represents the vortex strength and Rc is
the characteristic vortex radius. The vortex center
coincides with that of the domain unless indicated
otherwise. In the inset of Fig. 1, the initial circum-
ferential velocity is plotted along the radial direc-
tion of the vortex, which shows that the vortex
effect is concentrated over a certain range.
3. Results and discussion

3.1. Dynamics of evolution

A typical evolution history of the mixing layer
is shown in Fig. 2, where the overall heat release
rates at three different times are plotted across
the unperturbed mixing layer, through the center
of the vortex, for the 1D and vortex cases; the
1D case is studied as a quantitative reference to
identify the effects of vortex on ignition. Thus
for the 1D case, Fig. 2A shows that, after ignition
is initiated at time LI (L, laminar; I, ignition), a
diffusion flame is established at time LD (D, diffu-
sion flame). This flame subsequently becomes
weakened due to the consumption of the reac-



Fig. 4. The iso-level contours of mixture fraction at the
first ignition for three different vortex strengths.

Fig. 2. Distribution of the heat release rate along the
domain center line in the x-direction at representative
stages of evolvement: (A) 1D case, (B) vortex case.
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tants, and a pair of premixed flames originates
from the ignition point, propagating to each side
of the mixing layer, as shown by the profile at time
LP (P, premixed flame). This result is similar to
those from previous theoretical work [23] and
numerical simulation [13,24]. The ignition dynam-
ics for the vortex case is similar to that of the 1D
case, as shown in Fig. 2B, with V, vortex. The
additional reaction zone on the left side of the do-
main (Fig. 2B) is the tip of the deformed mixing
layer induced by the vortex rollup, and as such
its evolution dynamics is similar to that of the pri-
mary ignition zone.

To gain an overview of the evolution process,
the maximum heat release rate, qmax, within the
computation domain is plotted in Fig. 3 as a func-
tion of time for both the vortex and 1D cases. It is
seen that, compared to the 1D case, the vortex
case has higher heat release rates and an addi-
tional peak. We shall indicate these two peaks as
the occurrence of the first and second ignition
events. The corresponding ignition delay time
Fig. 3. Time-dependent evolution history of the maxi-
mum heat release rate for the 1D and vortex ignition.
can be defined as the inflection point of the heat
release profile, o2qmax/ot

2 = 0. The two ignition
locations are indicated only in Fig. 4 because they
are similar for all three cases.

To interpret the above behavior, we first define
the mixture fraction Z, which characterizes the ex-
tent of mixing between fuel and oxidizer, and the
scalar dissipation rate v:

Z ¼ ð1=2ÞZH=W H þ ðZO;0 � ZOÞ=W O

ð1=2ÞZH;0=W H þ ZO;0=W O

; ð2Þ

vDi
¼ 2DijrZj2; vT ¼ 2

k
qcp

jrZj2; ð3Þ

where ZH and ZO are the elemental mass fractions
of H and O, and the subscript 0 represents the ini-
tial conditions on the oxidizer and fuel sides,
respectively [13]. The mixture fraction is 1 on the
fuel side, 0 on the air side, and 0.028 for the stoi-
chiometric situation of our initial configuration.
Furthermore, Di is the local diffusion coefficient
of the ith species relative to the mixture, k the mix-
ture averaged heat conduction coefficient, q is the
mixture density and cp is the specific heat
constant.

As the vortex rolls up in the mixing layer, the
Z contours deform, as shown in Fig. 4, and are
broadened near the vortex center in the normal
direction of the reaction zone. Consequently,
the normal gradient of Z, as well as v, is reduced.
Recognizing that [25] the reduced Damköhler
number is inversely proportional to the scalar
dissipation rate, i.e., Da � 1/D|$Z|2, a smaller v
will lead to an earlier ignition, and vice versa.
As a result, vortex ignition (3.8 ls) occurs earlier
than the 1D case (4.1 ls) due to the reduced sca-
lar dissipation rate (Fig. 3). Moreover, the local
scalar dissipation rate characterizes the local heat
loss caused by convection and diffusion [11,25],
so a reduced v corresponds to less heat loss,
and therefore higher reactivity, for the vortex
case, as shown in Fig. 3.



Fig. 6. Profiles for the overall heat release rate, the heat
release rates by individual reactions, and temperature at
time VP along the domain center line in the x-direction,
for the vortex case.
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3.2. Chemical structure

As the vortex rolls up and redistributes the
reactant and temperature fields, the associated
chemical reactions are expected to vary. For both
the vortex and 1D cases, the first ignition event is
found to be mainly controlled by the three high-
temperature chain branching reactions:

HþO2 ¼ OþOH ðR1Þ

OþH2 ¼ HþOH ðR2Þ

OHþH2 ¼ H2OþH ðR3Þ
The ignition chemistry and dynamics are different
for the second ignition event because radicals gen-
erated by the first ignition are now available, and
the deformation of the mixing layer is more severe
because of the longer delay time.

Figure 5 plots for the 1D case the total heat re-
lease rate as well as the individual reaction heat re-
lease rates for the premixed flames at time LP. It is
seen that although the total heat release rate has
only two peaks corresponding to the two pre-
mixed flames, the distribution of the individual
heat release rates has a three-zone structure, with
different chemical reactions taking place in each
zone. Specifically, the rightmost zone is under very
high temperatures, around 2100 K. Consequently,
the major reactions are those of chain branching,
R1–R3, and water formation:

OHþHþM ¼ H2OþM ðR8Þ
The leftmost reaction zone is at temperatures
below 900 K, so only the exothermic reactions:

HþO2 þM ¼ HO2 þM ðR9Þ

HO2 þH ¼ OHþOH ðR11Þ
are active. The middle zone is at intermediate tem-
peratures, and hence consists of both the chain
Fig. 5. Profiles for the total heat release rate, the heat
release rates by individual reactions, and temperature at
time LP along the domain center line in the x-direction,
for the 1D case.
branching reactions R1 and R3, and the recombi-
nation reaction

HþHþM ¼ H2 þM: ðR5Þ
Figure 6 shows the corresponding situation for

the vortex case, at time VP. Compared to Fig. 5, it
is seen that the same group of reactions contrib-
utes to the heat release for both cases. However,
the vortex case has only two reaction zones, which
correspond to the rightmost and leftmost reaction
zones of Fig. 5. The middle reaction zone of the
1D case is absorbed into the surrounding layers
for the vortex case. This is due to the fact that
the mixing layer is deformed and compressed by
the rollover motion of the vortex. Moreover, the
compression of the mixing layer increases the tem-
perature and reactant concentration gradients
across the flames. Consequently, more fuel is fed
to the reaction zone for the vortex case. Further-
more, since the heat release rate is an extensive
quantity, the faster flow rate associated with
the stronger gradient also leads to increased fuel
supply to the ignition kernel. Consequently, the
vortex case has a higher heat release rate.

3.3. Ignition location in the vortex case

One important finding from previous numeri-
cal simulations of autoignition in turbulent flows
[11] is that autoignition in nonhomogeneous mix-
tures is located where the mixture fraction Z as-
sumes its most reactive value, ZMR, and the
corresponding scalar dissipation rate vMR is low.
The quantity ZMR is determined by the corre-
sponding 1D calculation, and the value is chosen
at the peak heat release rate location when igni-
tion occurs. For the present study, ZMR equals
0.04 when the initial oxidizer temperature is
2000 K, and the reaction zone near ZMR can be
referred to as the ignition kernel. To verify the
above criterion, vMR, the heat release rate and



Fig. 7. Distribution of the heat release rate and scalar
dissipation rates along the ZMR contour at the first
ignition for Ĉ = 0.025 and Rc = 0.03 m. Fig. 8. First and second ignition delays as function of

the nondimensional vortex strength.
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the scalar dissipation rate are plotted along the
iso-value ZMR = 0.04 contour at the first ignition
event for the vortex case in Fig. 7. It is seen that
vDH

¼ 2DHjrZj2 shares a similar trend with
vT = 2k/qcp|$Z|

2, as well as the scalar dissipation
rates of all other species, which are not shown.
It illustrates that preferential diffusion and non-
unity Lewis number do not affect the trend of v.
This was not clear in previous studies because
either unity Lewis number was assumed [25] or
the influence of the diffusion coefficient was ne-
glected [16]. Hence, the criterion vMR is able to lo-
cate the ignition spots in nonhomogeneous
situations, even with detailed chemistry and
transport.

3.4. Effect of vortex characteristics

The above results show that ignition is strongly
affected by the vortex motion through the scalar
dissipation rate. We now study how ignition is af-
fected by the vortex motion, which is character-
ized by three parameters, the vortex strength C,
the vortex radius Rc (Eq. (1)), and the initial loca-
tion of the vortex in the mixing layer.

3.4.1. Influence of vortex strength
In Fig. 8, the ignition delay times for the first

and second ignition events are plotted as a func-
tion of the nondimensional vortex strength, de-
fined as Ĉ = C/(a0L0), where a0 is the speed of
sound, 500 m/s, and L0 is the domain size, 4 mm.
It is seen that the first ignition occurs earlier for
the vortex case, and that both ignition delays de-
pend on the vortex strength in a similar manner.
This is due to the fact that since the heat and rad-
ical sources for the second ignition are primarily
supplied by the products formed by the first igni-
tion, the second ignition is directly controlled by
the first ignition event. Figure 8 shows further that
the ignition delay varies nonmontonically with the
vortex strength. This behavior is closely related to
the variation of the scalar dissipation rate v along
the ZMR contour. Specifically, the scalar dissipa-
tion rate is composed of the normal (n) and tan-
gential (t) components of the mixture fraction
gradients in the reaction zone, as shown in Fig.
4. For the 1D case, the contribution to v solely
comes from the normal component of the gradi-
ent. For the vortex case, when its strength is weak
and the rollup speed is small, the reaction contour
is only slightly wrinkled, as shown in Fig. 4 for
Ĉ = 0.025. Consequently, the normal gradient of
Z in the tip region is reduced during roll-up, while
there is a small increase in the tangential compo-
nent leading to a net reduction in vMR and hence
the ignition delay. With an increase in the vortex
strength to Ĉ = 0.1, the tangential dimension of
the reaction zone is reduced, leading to an increase
in the tangential gradient, and hence the ignition
delay. Finally, when the vortex becomes even
stronger, to Ĉ = 0.2, a sizable pocket of the un-
burned mixture is formed. This premixture is hot-
ter than the cold hydrogen, and therefore reduces
the heat loss from the ignition region to the sur-
rounding by reducing the temperature gradient,
leading to early ignition.

3.4.2. Influence of vortex size
The typical integral scale in the turbulent igni-

tion experiments of [10] was about 2–3 mm. How-
ever, since the domain of the present study was
4 mm, we have limited the region of influence by
the vortex, defined as four times Rc, to be about
1–2 mm.

To isolate the effects of the vortex size, the
nondimensional vortex strength is fixed at 0.025,
which lies in the region where the normal gradient
of Z is much larger than that of the tangential
one, and the premixture pocket size does not have
enough time to develop. In Fig. 9, the vortex igni-
tion delay, normalized by the 1D value, is plotted
against the vortex radius Rc, and it shows that



Fig. 9. Nondimensional ignition delay as function of the
characteristic vortex size. The inset is the initial velocity
distribution along the vortex radial direction for differ-
ent vortex characteristic sizes.

Fig. 10. Nondimensional ignition delay time as function
of the nondimensional distance between the vortex
center and the domain center. The inset is the absolute
value of the initial velocity distribution on both sides of
the vortex.
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there exists an optimal vortex radius for minimum
ignition delay. The initial velocity distributions for
different Rc�s are plotted as a function of distance
from the vortex center in the inset of Fig. 9. The
dashed straight line represents the initial contour
of ZMR, at 0.04. The circumferential velocity
experienced by this contour determines the defor-
mation of the ignition kernel, which leads to a
modification of vMR, and hence the ignition delay.
With increasing vortex radius Rc, the maximum
velocity in the domain decreases according to
Eq. (1). At the same time, the location of the peak
velocity shifts further away from the center. Once
the ignition kernel encounters the maximum pos-
sible circumferential velocity, it is substantially
elongated. This reduces vMR, and consequently
leads to a minimum value for the ignition delay.
The existence of an optimal vortex radius for min-
imum ignition delay can be anticipated by recog-
nizing the fact that the ignition delay is expected
to approach the 1D value, as Rc approaches zero
and infinity; in the latter case, the entire computa-
tional domain is a tiny spot in the center of the
vortex and experiences no rollup.

3.4.3. Influence of vortex location
To study the effects of vortex location, we

again fix the nondimensional vortex strength at
0.025 and the vortex radius at 0.3 mm. The vortex
center is moved in the direction normal to the
mixing layer. Figure 10 shows that the ignition de-
lay exhibits a W-shaped dependence on the dis-
placement distance, which is positive and
negative when the vortex center is located in the
air and the hydrogen sides, respectively. The
(absolute) values of the initial velocity distribution
along the x-axis are shown in the inset of Fig. 10.
Mechanistically, as the vortex traverses across the
mixing layer, the circumferential velocity experi-
enced by the ignition kernel varies correspond-
ingly. Consequently, as the local velocity
fluctuates from high to low values, ignition is cor-
respondingly facilitated and retarded.
4. Concluding remarks

The ignition of nonpremixed hydrogen/air in a
laminar mixing layer with an embedded vortex
was numerically studied with detailed chemistry
and transport. The vortex evolution process was
found to consist of two ignition events. The first
ignition occurs in a diffusion mode with chain
branching reactions dominating, and the delay
time is always shorter than that of the 1D case.
The second ignition takes place in a premixed
mode with more chemical reactions involved, for
which the reactants and species gradients across
the mixing layer are increased due to the vortex
rollup. This causes more fuel to be fed to the reac-
tion zone, and consequently the heat release rate is
significantly higher than that of the 1D case.

Ignition delay was found to be closely con-
trolled by the scalar dissipation rate on the most
reactive mixture fraction contour, which is com-
posed of the normal and tangential components
of the mixture fraction gradients at the reaction
zone. The coupling between the reduction of the
normal gradient and increase of the tangential
gradient leads to a nonmonotonic dependence of
the first ignition delay on the vortex strength.
Moreover, for higher vortex strengths, a sizable
pocket of the unburned mixture is formed before
ignition. This pocket is at a higher temperature
than the cold fuel, and therefore reduces the heat
loss from the ignition kernel to the surrounding
and facilitates ignition. Since the second ignition
is facilitated by the heat release and radical pools
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generated by the first ignition, it has a similar
dependence on vortex strength as the first one.

There exists an optimal vortex size for ignition,
for which the rollup velocity experienced by the
most reactive mixture fraction contour achieves
the possible maximum value and the scalar dissi-
pation rate is the lowest. Similarly, the ignition de-
lay exhibits a W-shaped dependence on the
displacement distance of the vortex center, as a
consequence of the variation of the rollup
velocity.
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Comment
Sebastien Candel, EM2C Lab, CNRS, Ecole Centrale

Paris, France. Some years ago [1] we examined this prob-
lem using the thermo diffuse approximation andwe found
that there were two regimes of ignition depending on the
temperature of the hot stream and on the vortex strength.
In one case ignition was occurring in the premixed core
formed near the vortex center. In the other, it took place
in the braids in the form of a diffusion flame associated
with two premixed flames. Did you vary your hot stream
temperature and did you observe such effects?

Reference

[1] Candel, et al., Phys. Fluids (1996).
Reply.Due to limitations of the computation domain

and time, we only studied situations where the hot
stream temperature is high, at 2000 K. The results
showed that ignition is first initiated around the core re-
gion, in agreement with the high-temperature ignition re-
gime (Ref. [1] in paper). Since we did not study
situations involving lower values of the hot stream tem-
perature, we are not prepared to comment on the possi-
ble responses.
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