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The objective of this study is to characterize effects of turbulence and flow-field inhomogeneities on the
mixing and ignition-dynamics in flow reactors. Specific focus is on investigating the ignition characteris-
tics of hydrogen-containing fuels at gas-turbine-relevant operating conditions. Two different model for-
mulations are developed to describe the mixing, induction, and subsequent ignition and combustion.
Utilizing these models, parametric studies are performed in a generic flow reactor configuration that is
representative of commonly employed facilities. Diagnostics is developed to quantify the ignition dynam-
ics. Results show that in the case of an initially homogeneous mixture, the ignition process is fairly insen-
sitive to the underlying flow-field. However, by considering inhomogeneities in temperature and mixture
composition it is shown that the ignition process exhibits a more pronounced sensitivity to temperature
perturbations, and the ignition delay is only weakly sensitive to initial equivalence ratio perturbations.
Simulation results show that temperature fluctuations of less than 10% of the mean temperature are suf-
ficient to significantly affect the ignition-onset. Results from this parametric study identify the need for
quantitative measurements of temperature and composition to better characterize flow reactor facilities.
A time-scale analysis is performed to characterize competing physical processes that are associated with
turbulent mixing, autoignition, and flame propagation. Qualitative comparisons with experimental data
suggest the possibility for deflagrative ignition modes that can occur at low temperature operating
conditions.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Prior to the large-scale production of shale gas, the utilization of
coal-derived synthesis gas (syngas) and high-hydrogen content
(HHC) fuels has been considered as an attractive opportunity for
electric power generation [1]. The integrated gasification combined
cycle (IGCC) process has been considered as viable technology for
the syngas combustion in advanced power plants. In coal-based
IGCC power plants, syngas – containing hydrogen (H2) and carbon
monoxide (CO) as primary fuel components – is generated through
a coal gasification process [2]. After sulfur oxides and other pollu-
tants are removed, the syngas is combusted in a gas turbine cycle,
and excess heat is converted in a subsequent steam turbine cycle.
Compared to conventional coal-fired power plants, IGCC-systems
offer advantages for precombustion carbon capture and sequestra-
tion, significant reductions of emissions of pollutants and particu-
lates, and the potential for higher thermal efficiencies.
However, despite the opportunities to achieve higher efficien-
cies and to reduce pollutant emissions, the stable operation of
HHC-fuels in IGCC power plants introduces significant technologi-
cal and scientific challenges. These challenges are primarily attrib-
uted to the lower density and higher diffusivity of hydrogen
compared to conventional hydrocarbon fuels. These different ther-
mo-diffusive properties lead to higher flame speeds, extended
flammability limits, and lower ignition temperatures, which can
adversely affect combustion stability and fuel conversion [3]. In
addition, high flame temperatures associated with hydrogen com-
bustion make NOx emissions a concern, so that premixing and dilu-
tion strategies are required to reduce these emissions to acceptable
levels [4].

Additional challenges arise from IGCC operating conditions that
lie in the intermediate temperature range (600–1000 K) and high-
pressure regime (up to 30 bar). Recent experimental and computa-
tional investigations identified considerable discrepancies between
measured and predicted ignition delay times at these conditions
[5–8]. Several reasons have been proposed to explain these
discrepancies [5,7,9,10], including (i) sensitivity of rate coefficients
at high-pressure/low-temperature conditions, (ii) effects of
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inhomogeneities in the mixture composition and flow-field
structure on the ignition characteristics in experimental facilities,
(iii) catalytic effects of HHC-fuel mixtures due to contaminations
with metal carbonyls and nitric oxides, (iv) the significance of ther-
mo-viscous boundary layers, wall-heat-transfer, and (v) turbulent
mixing. While many of these non-idealities are often specific to a
particular experimental facility, it remains a major challenge to
experimentally isolate and systematically quantify individual
contributions.

Ignition delay measurements are commonly conducted in shock
tubes (STs), rapid compression machines (RCMs), and continuous
flow reactors (FRs). Flow reactors are of particular interest for igni-
tion studies at gas-turbine relevant operating conditions, since
these facilities provide access to extended test-times beyond
500 ms. Currently employed FR-facilities share a similar setup
[8,11–13]. In its simplest form, a flow reactor consists of a long
pipe that is separated by a fuel injector module into a flow condi-
tioner and a test section. Air is supplied from a pressurized tank
through the flow conditioner in which the air is preheated. The fuel
is subsequently injected via a mixing module, and different mixing
strategies [14] are utilized to achieve an approximately homoge-
neous mixture prior to ignition. Following the mixing, the test-
gas mixture passes down the test section in which autoignition
takes place. To minimize heat losses and other secondary effects,
the test section is commonly heated and thermally insulated. Ther-
mocouples, photo-diodes, and pressure sensors are employed to
detect the ignition location. The ignition location, xig, is then re-
lated to an ignition delay time, sig, using the theoretical bulk flow
velocity Ub [11,15]:

sig ¼
xig

Ub
: ð1Þ

To guarantee that the mixture ignites within the finite-length test
section, mass flow rate and bulk velocity are adjusted, depending
on the pressure and temperature conditions of the test gas mixture.

Flow-reactor studies of HHC-fuels at gas-turbine-relevant
operating conditions [8,11,13] have shown that the ignition delay
is primarily controlled by the hydrogen-content of the syngas-
mixture and is linked to the H2/O2 explosion limit. These mea-
surements also revealed that the ignition exhibits a pronounced
sensitivity to initial conditions. Often, ignition could only be ob-
served in some cases for nominally identical initial conditions
[8] or ignition events occurred at different locations in the test
section [13]. In the case of a successful ignition, the ignition event
occurred earlier than predicted from homogeneous isobaric reac-
tor simulations. These observations suggest that the ignition is
not deterministic and most-likely dependent on facility-specific
non-idealities that are present in the flow reactor. In particular,
Beerer and McDonell [8] pointed out that the sources for these
sporadic ignition events could be linked to incomplete mixing be-
tween fuel and oxidizer, temperature variations in the preheater,
turbulent mixing in the test-section, and the influence of the
boundary layer in affecting the induction time and the ignition
process. Therefore, a better understanding of the effects of inho-
mogeneities in temperature and mixture composition, and the
role of the aerodynamics in affecting the ignition process is
crucial towards the characterization of ignition properties of
HHC-fuels.

The objective of this paper is to assess the sensitivity of turbu-
lent mixing and inhomogeneities in temperature and mixture com-
position on the observed ignition dynamics of HHC-mixtures. To
this end, an idealized flow reactor configuration is considered that
has the same geometric dimensions as the UTRC flow reactor
facility [11]. The flow-field inside the flow reactor is described by
considering two different modeling approaches. In the first part,
the spatio-temporal evolution of the mixture is represented by a
Please cite this article in press as: H. Wu, M. Ihme, Combust. Flame (2014), ht
particle method, and the high-pressure H2/O2 kinetic mechanism
by Burke et al. [16] is used to describe the reaction chemistry. Ef-
fects of laminar and turbulent velocity profiles on the ignition
are investigated. Motivated by previous experimental observa-
tions, the significance of inhomogeneities in temperature and mix-
ture composition is then investigated, and results of this study are
presented in Section 3. Because of the computational complexity of
the particle method, a parabolized Eulerian model is developed in
Section 4. This model assumes a stationary ignition-combustion
process, which is described using a Reynolds-averaged approach.
A tabulation method is used to describe the reaction chemistry.
The computational efficiency of this model enables the consider-
ation of an extended parameter space that is not accessible with
the particle model. A time-scale analysis is performed, and three
different ignition regimes are identified that can be associated with
the competition between homogeneous ignition, flame-deflagra-
tion, and turbulent diffusion. Qualitative comparisons with exper-
imental results, presented in Section 4.3, provide some evidence
for the presence of premixed ignition regimes that are most prom-
inent at low-temperature conditions. The manuscript finishes by
offering conclusions.

2. Diagnostics and ignition criterion

The autoignition process in flow reactors is affected by the un-
steady velocity field and the turbulent mixing. To analyze this sto-
chastic ignition process, a statistical approach is considered. To this
end, we define the probability density distribution (PDF), Pðw; x; tÞ,
which is evaluated from a scalar field variable w and is a function of
axial location x and time t. A cross-sectionally averaged quantity is
then evaluated as:

fwgðx; tÞ ¼
Z

wPðw; x; tÞdw: ð2Þ

By introducing the cumulative distribution function C, the following
ignition criterion can be defined:

Cðwig; x; tÞ �
Z wig

�1
Pðw; x; tÞdw 6 Cig; ð3Þ

where

wig ¼ aw; ð4Þ

(with a being a parameter) is an ignition threshold – for instance a
certain temperature increase at the thermocouple or the detected
light-absorption at a photo-multiplier. The ignition location, xig, is
then defined as the most-upstream location at which Eq. (3) is ful-
filled. In this study, we consider the temperature (w � T) to charac-
terize the ignition location. In a separate investigation, OH and OH⁄

were also considered as ignition markers, giving very similar
results.

3. Lagrangian flow reactor model

3.1. Mathematical model

In this section, a particle-field method is employed to describe
the autoignition of the fuel/air mixture inside the flow reactor test
section. This method describes the spatio-temporal evolution of an
ensemble of statistically independent notional particles through a
three-dimensional flow-field. The spatial location and composition
of the nth notional particle in this ensemble is, respectively, de-
noted by xðnÞ and UðnÞ ¼ ðY ðnÞ; TðnÞÞT , with Y being the vector of all
species mass fractions and T is the temperature. The particle posi-
tion x ¼ ðx; y; zÞT is obtained from the solution of the following sto-
chastic differential equation [17,18]:
tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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Fig. 1. Mixture distribution downstream of the fuel-injector. The PDF is evaluated
from acetone PLIF-measurements by Santoro [13] and approximated by a mapped
beta-distribution; experiments were performed with hot air and a preheated
mixture of N2, He, and vaporized acetone at ambient pressure, and a momentum
ratio of nine.
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dxðnÞ ¼ uðnÞdt þ
ffiffiffiffiffiffiffiffiffiffiffi
2aðnÞT

q
dW ðnÞ; ð5Þ

where dW ðnÞ is a Wiener process, aðnÞT is the turbulent diffusivity,
and uðnÞ is the time-dependent filtered velocity vector, which is ob-
tained from a three-dimensional unsteady large-eddy simulation.
The evolution of the particle composition is described by the follow-
ing Lagrangian equation:

dtU
ðnÞ ¼ Xm hUi �UðnÞ

� �
þxðUðnÞÞ: ð6Þ

The first term on the right-hand-side (RHS) of this equation de-
scribes the mixing and is modeled using an IEM (interaction by ex-
change with the mean) model [17]. The mixing frequency is
evaluated as [19]:

Xm ¼
CU

2
CXðaþ aTÞ

D2 ; ð7Þ

where D is the filter-size of the underlying LES-computation, and CU

and CX are modeling constants that take values of 2 and 3, respec-
tively. The second term on the RHS of Eq. (6) represents the vector
of source terms of reaction rates and heat-release, which are evalu-
ated from a detailed chemical mechanism.

In this context it is noted that the homogeneous reactor model
is recovered by setting Xm to zero in Eq. (6). Furthermore, by using
u ¼ Ubbex (with bex being the unit-vector in stream-wise direction)
and omitting the stochastic particle motion in Eq. (5) the canonical
flow-reactor formulation of Eq. (1) is obtained.

The objective of this work is to characterize effects of the un-
steady flow field and inhomogeneities in mixture composition
and temperature on the ignition dynamics of the test gas mixture.
Notional particles are advected by an irrotational velocity field,
which is obtained from the solution of a three-dimensional large-
eddy simulation (LES). This unsteady turbulent flow-field is passive
and not affected by density changes. This, however, appears to be
an appropriate assumption since this investigation is concerned
with studying the ignition onset for which density changes and
heat-release remain small. As such, the present study is consistent
with experimental investigations, in which dilatational effects are
also neglected. The error that is introduced by neglecting these ef-
fects can be estimated by considering a control volume V0 ¼ pR2x0

over which the temperature increases linearly from T0 to T ig ¼ aT0.
By assuming homogeneous species composition, the difference in
the ignition location can then be evaluated as:

xig

x0
¼ a� 1

lnðaÞ : ð8Þ

In the following parametric investigation we consider a ¼ 1:1,
resulting in a shift in the ignition location by less than 5%. While
this analysis does not account for other thermo-chemical processes,
it can be assumed that the constant-density approximation has no
first-order effect on the predicted ignition-delay.

In this context it is noted that this model requires extensions for
studying the post-ignition behavior or flame-structure. For these
conditions the coupling of heat-release-induced density changes
to the flow-field cannot be neglected and localized mixing models
should be used in favor of the IEM-closure that is employed in the
present study.

3.2. Flow reactor configuration

In the present investigation a generic flow reactor configuration
is considered that has comparable geometric dimensions than the
UTRC flow reactor facility [11]. The computational model consists
of a pipe with a length of 2 m and a constant-area cross section,
having a radius of R ¼ 2:2 cm. The simulation domain includes
Please cite this article in press as: H. Wu, M. Ihme, Combust. Flame (2014), ht
the flow reactor test section, and begins a short distance down-
stream of the fuel injector.

The mixing characteristics of different fuel injectors has been
investigated experimentally and computationally [11–13]. Santoro
[13] performed acetone PLIF-measurements for different fuel/air
momentum ratios. These measurements showed a nearly homoge-
neous mixture composition in the FR-core, and stratification in the
wall-near region. From these PLIF-measurements a mixture distri-
bution was evaluated that is used to specify the scalar composition
at the inlet of the computational domain. The experimentally-
determined PDF, which is shown in Fig. 1, is approximated by a
mapped beta-distribution, having the same mean and variance
with f/g ¼ 0:4 and f/02g ¼ 1:82� 10�2 as evaluated from these
measurements. The composition of the particles entering the flow
reactor test section are then sampled from this distribution. Note
that in the absence of quantitative experimental data, the selection
of these inflow conditions ignores the radial dependence of the
scalar distribution. Measurements are necessary to provide quali-
tative information about boundary conditions, which are expected
to be facility-specific.

Apart from few exceptions, flow reactors are commonly oper-
ated in a turbulent flow-regime with Reynolds numbers on the or-
der of Oð105Þ. To accurately represent this flow-regime, two
Reynolds-numbers with Re ¼ 104 and 105 are considered in this
study. Here, the Reynolds number is defined with respect to the ra-
dius and bulk-velocity: Re ¼ UbR=m. The three-dimensional turbu-
lent flow field is obtained from the time-dependent solution of a
wall-resolved LES. In addition, results from flow reactor simula-
tions will be presented, in which the velocity-field is prescribed
by a Hagen–Poiseuille flow and an idealized constant plug-flow
profile. Comparisons of the different mean velocity profiles that
are used for the following simulations are presented in Fig. 2,
showing the normalized mean axial velocity as function of radius
r=R. Reported experimental data by Beerer and McDonell [8] are
shown for comparison.

Since the experimental investigations showed that the ignition
of syngas is primarily controlled by the hydrogen-content, we con-
sider a lean H2/air mixture. The reaction chemistry is described
using the updated H2/O2 kinetic model of Burke et al. [16]. The mean
equivalence ratio of the mixture is f/g0 ¼ 0:4, the initial mean tem-
perature of the mixture is fTg0 ¼ 850 K, and the pressure is
fpg0 ¼ 20 bar. More than 5 million particles are used in the simula-
tion to ensure that the results are insensitive to the particle density.
3.3. Results

In the following, a parametric study is conducted to investi-
gate how the velocity field, turbulence intensity, and initial
tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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Fig. 2. Mean axial velocity profiles as function of normalized radius in the flow
reactor. Velocity-fields for two different Reynolds numbers are obtained from
three-dimensional large-eddy simulations; measurements by Beerer and McDonell
[8] and stationary profiles for plug-flow and laminar pipe-flow are shown as
reference.
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perturbations in mixture composition and temperature affect the
ignition of the test-gas mixture in the flow reactor. These results
are analyzed using the diagnostics that was introduced in
Section 2.
3.3.1. Effect of velocity field
The effect of the unsteady velocity field on the ignition process

is studied by considering four different flow-fields, namely a plug-
flow, a parabolic mean flow, and two fully developed turbulent
pipe-flow profiles at Reynolds numbers of 104 and 105. For all
cases, the initial mixture composition and temperature are kept
constant and identical to the nominal values that were given in
the previous section.

Cross-sectionally averaged temperature profiles for these four
configurations at different times are presented in Fig. 3. In these
figures, the red curves indicate the ignition-state that is defined
through the ignition criterion of Eq. (3) with Cig ¼ 0:99 and
T ig ¼ 950 K. The black lines correspond to results at later time-in-
stances that are separated by 10 ms. For comparison, results from
a homogeneous isobaric reactor simulation are shown in blue. Re-
Fig. 3. (Color online) Cross-sectionally averaged temperature profiles at different time
turbulent pipe flow at (c) Re ¼ 1:0� 104 and (d) Re ¼ 1:0� 105; red curves indicate the
reactor simulation; H2/air-mixture with f/g0 ¼ 0:4; fTg0 ¼ 850 K, and fpg0 ¼ 20 bar.

Please cite this article in press as: H. Wu, M. Ihme, Combust. Flame (2014), ht
sults for the plug-flow velocity profile are in very good agreement
with the homogeneous reactor model, and time and location of the
ignition matches the zero-dimensional simulation results. The
ignition behavior obtained from the laminar-parabolic mean-flow
exhibits a distinctly different behavior. The ignition location is
shifted downstream. This is attributed to the higher centerline
velocity, which is a factor of two larger than the bulk-velocity.
Profiles at slightly later time-instances show a rapid temperature
increase upstream of the primary ignition location. Reason for this
is the extended residence time that increases quadratically with
the distance to the wall. After the ignition in this wall-near region
is initiated the flame propagates away from the wall towards the
FR core-region, resulting in the rapid temperature increase. A
snap-shot of the instantaneous particle field at t ¼ 0:4 s is shown
in the upper part of Fig. 4. Less than 5% of all particles are shown,
and the particles are scaled and colored by the instantaneous par-
ticle temperature. From the mean temperature profiles of Fig. 3(b)
it is also evident that the induction prior to the ignition – even in
the absence of mixture and temperature inhomogeneities – is af-
fected by the flow-field. This provides computational support of
previous mixing-investigations by Gokulakrishnan et al. [20].

Results for the particle ignition in a fully developed turbulent
flow at two Reynolds numbers are shown in the bottom panels
of Fig. 3, and the instantaneous particle temperature field for the
configuration with Re ¼ 1:0� 104 is presented in the bottom of
Fig. 4. A comparison with the homogeneous reactor-results shows
that the ignition location is extended downstream by approxi-
mately 25%, and xig moves upstream with increasing turbulence le-
vel. From Fig. 4 it is also evident that the ignition front is narrower
than seen for the parabolic mean-flow solution. The cross-section-
ally averaged temperature profiles also suggest the presence of
localized autoignition events upstream of the primary ignition
front. These localized ignition events rapidly increase in number
as time progresses.

3.3.2. Effect of composition and temperature variations
In this section, effects of initial inhomogeneities in mixture

composition and temperature on the ignition process are investi-
-instances for (a) plug flow, (b) laminar-parabolic mean flow, and fully developed
ignition state, and blue curves correspond to results of an idealized homogeneous

tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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Fig. 4. (Color online) Instantaneous particle-distribution at t ¼ 0:4 s for the laminar-parabolic mean flow (top) and fully-developed turbulent flow at Re ¼ 1:0� 104 (bottom);
axial velocity is shown in gray-scale, and particles are scaled and colored by temperature.
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gated. The fully developed turbulent pipe-flow with Re ¼ 1:0� 104

is considered as velocity field. The initial species composition is
sampled from the mapped PDF that is derived from the experimen-
tal data and shown in Fig. 1.

It was pointed out by Peschke and Spadaccini [11] that the igni-
tion exhibits a pronounced sensitivity to the mixture temperature.
Electric heaters are commonly used for preheating the air. Some
facilities also employ a separate heater for preheating the fuel
[8]. To prevent the decomposition of the fuel prior to ignition the
temperature of the injected fuel is typically lower than that of
the incoming air-stream [8].

Although Santoro [13] performed temperature measurements
in the FR-test section – reporting a uniformity of the mean-temper-
ature within ±5 K – the instantaneous temperature field at the fuel
injector exit has so far not been measured. To assess the influence
of potential temperature perturbations that, for instance, can be in-
duced by unsteady heating, turbulent heat-transfer from the hea-
ter to the air-stream, or localized hot-spots or heat-losses, a
series of simulations is conducted in which different levels of tem-
perature perturbations are prescribed at the inlet of the computa-
tional domain. In the following, five configurations are considered
that differ only by the initial particle temperature distribution. The
particle temperature is sampled from a Gaussian PDF with a mean
temperature of 850 K, and temperature fluctuations between 0 and
100 K are considered.

Results for the spatio-temporal evolution of cross-sectionally
averaged temperature profiles for different initial values of tem-
perature fluctuations are illustrated in Fig. 5. To provide a qualita-
tive comparison of these simulation results with homogeneous
reactor simulations, we also present results in which the initial
temperature is specified as fTg0 � T 00 (corresponding to one stan-
dard deviation). These results are shown by blue dashed curves
in Fig. 5. From this comparison it can be seen that the ignition pro-
cess is unaffected by temperature inhomogeneities below approx-
imately 25 K. However, with increasing levels of temperature
fluctuations the ignition location moves upstream. An analysis of
the temperature PDF and instantaneous particle trajectories
showed that this is caused by stochastic ignition events that are
initiated from hot particles near the boundary layer. This is further
illustrated in Fig. 6, showing the temperature PDF at the time
t ¼ 0:4 s. The black solid line identifies the ignition location via
the criterion of Eq. (3) and the dashed line corresponds to the equi-
librium temperature. From this figure it can be seen that within the
first 15 cm the initial temperature inhomogeneities decay due to
the enhanced turbulent mixing. However, high-temperature parti-
cles that are located in the boundary-layer are less affected by the
turbulent mixing process, and therefore retain their enthalpy and
act as localized ignition spots. This can be seen from Fig. 7, compar-
ing the instantaneous particle temperature field for the cases with
T 00 ¼ 0 K (top view) and T 00 ¼ 75 K (bottom view). From these re-
sults the presence of ignition kernels upstream of the reaction front
and in the vicinity of the boundary layer for the case with strong
Please cite this article in press as: H. Wu, M. Ihme, Combust. Flame (2014), ht
temperature perturbations is evident. This figure also shows a
nearly planar flame-front for the case with T 00 ¼ 75 K, which is a re-
sult of the turbulent mixing and reduced ignition delay, moving the
ignition location closer to the fuel injector.

The suppressed mixing process in the boundary layer can also
explain why spontaneous ignition is typically observed in the
wall-near region. This observation would also suggest that, in the
presence of large temperature-perturbations, an active cooling of
the reactor-wall (as utilized in Ref. [11]) might mitigated these
spontaneous ignition events.

These parametric studies also show that the reduction in the
ignition delay becomes increasingly sensitive to temperature per-
turbations above T 00 ¼ 50 K. This is illustrated in Fig. 5(d), showing
results for a case with inlet temperature perturbations of 75 K. For
this case, the ignition time and location is reduced by a factor of
four compared to the case with T 00 ¼ 50 K. The cross-sectionally
averaged temperature profiles exhibit pronounced temperature
variations, which can be attributed to the distributed ignition re-
gion and localized ignition events.

3.4. Discussion

The Arrhenius plot in Fig. 8 summarizes the main results from
this investigation, showing the ignition delay time as function of
the initial temperature. Measurements are shown by black sym-
bols, and the simulation results obtained from the particle method
are presented by the colored symbols. The dashed line corresponds
to homogeneous reactor results. These results show that, in the
case of an initially homogeneous mixture, the particle ignition pro-
cess is fairly insensitive to the underlying flow-field. Under these
conditions the ignition location can directly be related to the par-
ticle residence time, and is therefore only dependent on the parti-
cle velocity. By considering initial temperature fluctuations, the
results indicate that the ignition process exhibits a strong sensitiv-
ity to temperature perturbations. For the operating conditions that
are investigated in this study, it was observed that ignition is initi-
ated in the boundary layer.

In a separate study, the effect of compositional variations was
investigated by considering the special case of a homogeneous
mixture (that is Pð/Þ ! dð/� f/g0Þ) and T 00 ¼ 50 K. For this limit-
ing case, we did not observe any significant changes in the ignition
location, indicating that the ignition point exhibits a greater sensi-
tivity to temperature perturbations. As such, the ignition behavior
of this weakly perturbed mixture composition is different from
autoignition in non-premixed and partially-premixed flames [21],
in which ignition is initiated at conditions corresponding to the
most-reactive equivalence ratio (or mixture fraction) and local
strain. This aspect will be further examined in the context of an
Eulerian model-formulation in Section 4.2.

The present study is limited to a single mean-temperature con-
dition due to the computational expenses of the particle method.
Furthermore, this study only provides indirect insight in relevant
tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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Fig. 5. (Color online) Cross-sectionally averaged temperature profiles at different time-instances for (a) T 00 ¼ 0 K, (b) T 00 ¼ 25 K, (c) T 00 ¼ 50 K, and (d) T 00 ¼ 75 K; red curves
indicate the ignition state, and blue curves correspond to results of an idealized homogeneous reactor simulation; blue dashed lines represent homogeneous reactor results in
which the initial temperature is set to fTg0 � T 00; H2/air-mixture with f/g0 ¼ 0:4 and /00 ¼ 0:135; fTg0 ¼ 850 K, and fpg0 ¼ 20 bar.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

800

1000

1200

1400

1600

1800

2000

2200

1.0E-01
1.0E-02
1.0E-03
1.0E-04
1.0E-05
1.0E-06
1.0E-07

T
[K

]

x [m]

Fig. 6. (Color online) Temperature PDF, PðT; x; tÞ, at t ¼ 0:4 s for the case with
T 00 ¼ 50 K; the black solid line identifies the ignition criterion (Eq. (3)) and the
dashed line shows the equilibrium temperature.

Fig. 8. (Color online) Comparison of computed and measured ignition delays for
hydrogen/air mixtures. Measured ignition delays from shock tubes (ST) and flow
reactors (FR) are adjusted to a pressure of 20 bar; the dashed line shows results of
homogeneous reactor computation. (See above-mentioned references for further
information.)
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time-scales of competing physical processes that are associated
with scalar and turbulent mixing, induction chemistry, and
flame-propagation. These aspects will be addressed in the follow-
ing section by considering a computationally efficient parabolized
model-formulation.
0 0.25 0.5 0.75

-0.02

-0.01

0

0.01

0.02

x

r
[m

]

Fig. 7. (Color online) Instantaneous ignition process in flow reactor, showing (top) pa
distribution at t ¼ 0:08 s for the case with T 00 ¼ 75 K, showing the presence of stochastic i
is shown in gray-scale, and particles are scaled and colored by temperature.
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4. Parabolized Eulerian flow reactor model

This section complements the Lagrangian analysis and a para-
bolized Eulerian model is developed to describe the flow reactor
1 1.25 1.5 1.75
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0
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rticle-distribution at t ¼ 0:4 s for a homogeneous temperature field and (bottom)
gnition events upstream of the main flame front; turbulent velocity field at Re ¼ 104
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ignition behavior over a wider range of operating conditions. Com-
pared to the Lagrangian approach this method utilizes a three-sca-
lar statistical approach, resulting in a computationally efficient
model that can be employed for engineering design analyses of
flow reactors. This model enables the exploration of a larger
parameter space that is not accessible using the Lagrangian formu-
lation. This model exploits the fact that diffusive transport along
the upstream axial direction is negligible due to the intrinsic reac-
tor design [11]. The turbulence/chemistry coupling and composi-
tional inhomogeneities are presented using a PDF-closure in
conjunction with a tabulated chemistry formulation, and the reac-
tion rates are obtained from homogeneous reactor simulations. The
turbulent velocity field is evaluated from the large-eddy simula-
tion that was also used in the Lagrangian model.

4.1. Mathematical model

The following model considers the spatial evolution of a sta-
tionary flow-field inside a flow reactor. The governing equations,
describing the conservation of mean and variance of mixture frac-
tion Z, reaction progress variable C, and chemical and sensible en-
thalpy h, are approximated in the high Reynolds number limit so
that molecular transport and diffusion along the stream-wise
direction can be omitted (since @2

x � Re@2
r ). Written in cylindrical

coordinates, the resulting parabolized equations can then be
written as:

qeu@x
eZ ¼ 1

r
@r raT@r

eZ� �
; ð9aÞ

qeu@x
eC ¼ 1

r
@r raT@r

eC� �
þqfxC ; ð9bÞ

qeu@x
eh¼ 1

r
@r raT@r

eh� �
; ð9cÞ

qeu@x
gZ002 ¼ 1

r
@r raT@r

gZ002� �
þ2aT @r

eZ� �2
�C/

lT

D2
gZ002 ; ð9dÞ

qeu@x
gC002 ¼1

r
@r raT@r

gC002� �
þ2aT @r

eC� �2
�C/

lT

D2
gC 002 þ2q gx00CC 00 ; ð9eÞ

qeu@x
gh002 ¼ 1

r
@r raT@r

gh002� �
þ2aT @r

eh� �2
�C/

lT

D2
gh002 ; ð9fÞ

where aT is the turbulent diffusivity, which is assumed to be equal
for all scalars, and determined from the Schmidt-number relation:
aT ¼ lT=ScT with ScT ¼ 0:7. The scalar-to-mechanical time scale is
set to the standard numerical value of C/ ¼ 2, and D is the filter-
size. The turbulent viscosity lTðrÞ and the axial velocity-componenteuðrÞ are obtained by averaging the three-dimensional unsteady LES-
results over homogeneous directions. The unclosed chemical source
term fxC and the progress-variable/source-term correlation gx00CC00

are described using a presumed joint PDF:

fxC ¼
ZZZ

xCðZ;C;hÞePðZ; C;hÞdZdCdh; ð10aÞ

gC 00x00C ¼
ZZZ

C � eCh i
xCðZ;C;hÞ � fxC
� �

� ePðZ;C;hÞdZdCdh; ð10bÞ

and xC is precomputed from constant-pressure homogeneous reac-
tor (HR) simulations. The progress variable is defined from the
water mass fraction, resulting in a unique parameterization of the
HR-ignition trajectories.

Since Z; C, and h are independent, the joint PDF can be repre-
sented in terms of marginal PDFs for each scalar. In the following,
it is assumed that each scalar is represented by a beta-distribution,
so that the presumed PDF can be written as:

ePðZ;C;hÞ ¼ q2

q2 bðZ; eZ ;gZ002ÞbðC; eC ;gC 002Þbðh; eh;gh002Þ; ð11Þ

for
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Z 2 ½0;1�; C 2 ½0;Ceq�; h 2 ½0;1:5eh�; ð12Þ

and

bð/; e/;g/002Þ ¼ Cðaþ bÞ
CðaÞCðbÞ ð/� /�Þa�1ð/þ � /Þb�1ð/þ � /�Þ1�a�b

;

ð13Þ

where / 2 ½/�;/þ�; C is the Gamma function, and

a ¼
e/ � /�

/þ � /�
c; b ¼ /þ � e/

/þ � /�
c; c ¼ ð

e/ � /�Þð/þ � e/Þg/002 � 1:

ð14Þ

The system of parabolic partial differential equations represents
an initial value problem that is solved by integration along the ax-
ial direction. The computational domain in radial direction is dis-
cretized using a second-order central differencing scheme, and
the radial mesh is identical to that of the LES-computation (con-
sisting of 400 grid-points with Dr=R ¼ 1:0� 10�2 at the centerline
and Dr=R ¼ 3:4� 10�4 at the wall). A splitting scheme is used to
integrate the non-stiff radial diffusion operators and the chemi-
cally stiff reaction source term. For storage-reasons, the computa-
tional source-terms are directly evaluated during the computation,
and the turbulent diffusivities and mean velocity are obtained from
the LES-mean-flow results. Comparisons with homogeneous reac-
tor results and grid-convergence studies have been performed to
confirm grid-independence of the simulation results.

4.2. Results

The following section extends the analysis of Section 3.3 by con-
sidering a wider range of operating conditions. The initial mean
temperature and its fluctuation vary between 700 and 1200 K
and between 0 and 100 K, respectively. The mean and the variation
of the scalars at the inlet follow uniform profiles in radial direction
without the consideration of mixture inhomogeneities. The results
are analyzed using the diagnostics that was introduced in Section 2,
with Cig ¼ 0:99 and T ig ¼ 1:1T0.

Profiles of the spatial evolution of the progress variable for four
different initial temperature conditions are illustrated in Fig. 9. For
these simulations, a homogeneous mixture composition without
fluctuations are prescribed at the inlet. Using the expression
t ¼ x=Ub, the axial distance is transformed into a temporal coordi-
nate, and t is normalized by the ignition delay of the 0D homoge-
neous reactor simulation, sHR. The solid curve denotes the ignition
front of the homogeneous reactor simulation in the absence of ra-
dial transport, sig ¼ xigðrÞ=euðrÞ. With increasing temperature, the
chemical time-scale decreases so that turbulent transport becomes
insignificant. In this high-Damköhler limit, the flow reactor can be
adequately represented by an assembly of isolated plug-flow reac-
tors that evolve with the local velocity euðrÞ. This can be seen in
Fig. 9(a), showing that the predicted ignition front agrees with
the plug-flow reactor results (solid curve). However, with reduced
initial temperature, the importance of the turbulent transport in-
creases, resulting in a reduction in the ignition location as shown
in Fig. 9(b)–(d). The competition between convection, diffusion,
and reaction progress will be further investigated in the context
of a time-scale analysis in the following section.

Effects of initial temperature fluctuations and Reynolds-number
on the ignition delay are presented in Fig. 10. These simulations are
performed without considering inhomogeneities in mixture com-
position. Initial conditions for enthalpy are evaluated from the pre-
scribed temperature condition. In agreement with the results from
the Lagrangian particle method, the parabolized Eulerian model
shows that the initial temperature perturbation can significantly
accelerate the ignition process and the ignition delay becomes
tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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Fig. 9. (Color online) Mean profile of the progress variable for (a) fTg0 ¼ 1050 K, (b) fTg0 ¼ 950 K, (c) fTg0 ¼ 850 K, and (d) fTg0 ¼ 750 K; initial temperature fluctuation is set
to zero; black curves indicate the ignition front of the homogeneous reactor and the time is normalized by the ignition-delay time of the homogeneous reactor under the
corresponding condition; Re ¼ 1:0� 105;H2/air-mixture with f/g0 ¼ 0:4, and fpg0 ¼ 20 bar.
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more sensitive to the temperature perturbation as T 00 increases. Ef-
fects of the Reynolds number are only prominent at low tempera-
ture fluctuations, and differences decrease with increasing level of
T 00 due to the enhanced turbulent mixing and early ignition onset.
However, it is expected that the impact of the Reynolds number on
the ignition onset would be more pronounced for turbulent pre-
mixed combustion, which is only incompletely represented with
this model formulation. This will be further investigated in the
next section.

A parametric study is performed to investigate effects of
the temperature fluctuations on the ignition delay for
775 K 6 fTg0 � 1200 K. Due to the extended computational do-
main and run-time limitations, lower temperature conditions have
not been considered in the present study. In agreement with the
results from the particle method is the observation that with
increasing initial temperature fluctuations the ignition delay con-
tinuously decreases. This trend is most prominent for initial
mean-flow temperatures above 900 K. For lower temperatures,
the ignition-curves show a plateau, and the time-scale analysis
that is presented in the following section indicates that this can
be attributed to the presence of deflagrative ignition regimes.

The effect of initial mixture inhomogeneities on the ignition
behavior is investigated by treating the initial temperature
and mixture fraction fluctuations as uncorrelated quantities.
A parametric study is performed for fTg0 ¼ 850 K and
0 K 6 fT 0g0 � 100 K, and the range of mixture fraction fluctuations
Fig. 10. Comparison of ignition delay times predicted by the parabolized Eulerian
flow reactor model for different initial temperature fluctuations at Re ¼ 104 and
Re ¼ 105; the initial mean temperature is fTg0 ¼ 850 K, H2/air-mixture with
f/g0 ¼ 0:4, and fpg0 ¼ 20 bar.
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that are imposed at the inlet of the flow reactor is Z00=fZg0 6 0:3.
Such values are comparable with experimental data (see Fig. 1
and Ref. [13]). Simulation results obtained from this parametric
investigation are presented in Fig. 12. The results show that the
ignition delay exhibits only a moderate sensitivity to mixture-frac-
tion fluctuations, and inhomogeneities in temperature have a more
pronounced effect on the ignition. Only for conditions of T 00 � 50 K
is an effect of mixture perturbations on sig observable. Interest-
ingly, the results for T 00 ¼ 0 K indicate that the ignition is delayed
for 0:025 6 Z00=fZg0 6 0:15. An analysis showed that this behavior
is a result of the nonlinear competition between ignition and def-
lagration (see Fig. 11).

4.3. Discussion

To further examine effects of the competing combustion-phys-
ical processes on the ignition behavior in flow reactors, a time-
scale analysis is performed. Five relevant time-scales can be iden-
tified that require consideration in flow reactors. The first time
scale is the convective time-scale, which is defined as

sconv ¼
x

Ub
: ð15Þ

For ideal flow reactors sconv is in balance with the characteristic
chemical time-scale, sHR, which is determined from a homogeneous
reactor simulation using the ignition criterion discussed in
Section 2:

sHR ¼ argmintðTHRðtÞP afTg0Þ; ð16Þ

where a ¼ 1:1. The third relevant time-scale is the turbulent diffu-
sion time-scale,

sdiff ¼
d2Sc
mT

; ð17Þ

which is here defined with respect to the characteristic boundary-
layer thickness d since the turbulent mixing is controlled by veloc-
ity-gradients in the near-wall region. In addition to the chemical
time-scale that is evaluated from the homogeneous reactor simula-
tion, a chemical time-scale associated with the reactant consump-
tion can be identified. This time scale can be evaluated from the
turbulent flame-speed sT :

scons ¼
R
sT
; ð18Þ
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Fig. 11. (Color online) Parametric study of ignition delay times for different levels
of initial temperature perturbations, and illustration of characteristic time scales.
Measured ignition delays from flow reactors [8,23] are adjusted to a pressure of
20 bar. Please refer to Fig. 8 for legend.

Fig. 12. (Color online) Parametric study of ignition delay times for different levels
of initial temperature and mixture fraction perturbations at Re ¼ 105; the initial
mean temperature is fTg0 ¼ 850 K, H2/air-mixture with f/g0 ¼ 0:4, and
fpg0 ¼ 20 bar. Ignition delay is normalized by homogeneous reactor results.
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where R is the radius of the flow reactor, which is here taken as the
characteristic length-scale. To define sT , we consider the regimes of
corrugated flamelets (CFs) and thin reaction zones (TRZs). Peters
[24] developed models for turbulent flame-speeds for both regimes.
To the limit of the corrugated flamelets regime,

sCF
T

s0
L

	 1þ u0

s0
L

� �1=2

; ð19Þ

where s0
L is the laminar flame speed and u0 is the root-mean-square

of the turbulent velocity. To the limit of the thin reaction zones re-
gime [25],

sTRZ
T

s0
L

	 aT

a

� �1=2
; ð20Þ

where a is the molecular diffusivity. The laminar flame speed can be
estimated by the following expression [26]:

s0
L 	 2

m
Sc

xCðTÞ
h i1=2

with T ¼ 1
4

3Tad þ fT0gð Þ; ð21Þ

where Tad is the adiabatic flame temperature.
Among these different time-scales, sHR exhibits the strongest

sensitivity to the initial temperature, while the consumption
time-scales scons that are evaluated from sTRZ

T and sCF
T have consider-

ably weaker temperature-dependencies. The turbulent diffusion
time-scale sdiff is only a function of Reynolds number. To assess
the competition between these different scales, we estimates all
time-scales from the simulation-results. Results from this analysis
are presented in Fig. 11. From the ratio between these different
Please cite this article in press as: H. Wu, M. Ihme, Combust. Flame (2014), ht
time-scales the following three regimes can be identified, namely
(i) the fast-chemistry regime for which sHR 
 scons 
 sdiff , (ii) the
slow-chemistry regime with scons 
 sdiff 
 sHR, and (iii) the interme-
diate ignition regime, where scons 
 sHR 
 sdiff .

In the fast-chemistry regime, the thermal run-away and igni-
tion process are so rapid that turbulent diffusion cannot effectively
stir the reactive mixture so that the mixture ignites homoge-
neously. On the other hand, if the flow reactor is in the slow-chem-
istry regime, the mixture is locally well stirred by turbulence
transport so that ignition and deflagration kernels are suppressed,
and the reaction progress resembles a plug flow reactor. In the
intermediate ignition regime, sHR is shorter than sdiff , which facil-
itates the formation of localized ignition kernels. The propagation
of the resulting ignition front will accelerate the ignition elsewhere
since scons 6 sHR. The Arrhenius plot of Fig. 11 summarizes the pre-
dicted ignition delays and their relationship with respect to the
three characteristic ignition regimes. This plot shows that two dis-
tinct mechanisms are capable of accelerating the ignition process:
the initial temperature perturbation and the deflagration mode. It
can be seen that the simulations predict the transition between
homogeneous ignition and propagation regimes, as evident by
the reduced ignition-slope for 750 K 6 fTg0 6 850 K. In this range,
the predicted ignition delay deviates from the homogeneous reac-
tor results. This deflagrative ignition mode also explains the dis-
crepancy of the Eulerian combustion model and the particle
method observed in Fig. 8. Specifically, at low T 00, the ignition-pro-
cess falls in the intermediate regime, and with increasing temper-
ature perturbation, the ignition process transitions to the fast-
chemistry regime.

Comparisons with experimental data [8,23] show that the mod-
el-predictions are in qualitative agreement for the temperature
range between 750 K and 825 K. Most notable is that all the exper-
imental data fall in the range bounded by sCF

cons and sTRZ
cons. Although

this observation does not provide sufficient evidence for the pres-
ence of a deflagrative ignition modes, these results motivate the
need for further experimental and computational confirmation.
In particular, spatial measurements of the ignition process in con-
junction with the characterization of the inflow-condition could
assist in delineating the transient ignition dynamics and potential
correlations with mixture and temperature inhomogeneities. Mod-
eling assumptions associated with the description of the flow-field,
and the omission of dilatational effects and turbulence/chemistry
coupling have been introduced to enable a parametric analysis of
the ignition process in flow reactors. By improving the model-fidel-
ity, for instance by providing an improved description of the inter-
action between turbulence and heat-release, specific flow-reactor
geometries, and experimentally informed input conditions, quanti-
tative predictions of ignition processes in flow reactors can be
obtained.
5. Conclusions

The influence of hydrodynamic effects and fluctuations in tem-
perature and mixture composition on the autoignition of a lean H2/
air mixture in flow reactors was investigated. Two different mod-
eling approaches were developed to represent the turbulent mix-
ing and ignition in these low-temperature flow reactor
environments, which are of interest to gas-turbine applications.
The reaction chemistry was described using the high-pressure
H2/O2-mechanism of Burke et al. [16]. Different velocity profiles
were considered, including laminar, plug-flow, and two fully-
developed turbulent profiles that cover the range of conditions
found in flow reactors. The investigated parameter space is ex-
tended by also considering fluctuations in temperature and
tp://dx.doi.org/10.1016/j.combustflame.2014.02.007
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mixture composition. From the results, obtained from these para-
metric investigations, the following conclusions can be drawn:

� In the case of an initially homogeneous mixture, the particle
ignition process is fairly insensitive to the underlying flow-field.
Under these conditions the ignition location can directly be
related to the particle residence time, and is therefore only
dependent on the particle velocity.
� A Hagen–Poiseuille mean-flow profile leads to a spatially

extended reaction zone, which is due to the parabolic velocity
profile. Compared to the plug-flow velocity profile, a turbulent
velocity field slightly delays the location at which ignition is
observed; with increasing Reynolds-number the ignition loca-
tion converges to the plug-flow reactor results. Following the
ignition process, the turbulent mixing leads to a broadening of
the reaction front.
� Simulation results confirm that the spatial extent of the induc-

tion period depends on the underlying reactor flow-field, and
should not be considered in flow reactor studies. This result is
consistent with findings from previous investigations [20].
� It was found that for the operating conditions considered the

ignition delay exhibits a stronger dependence on initial temper-
ature fluctuation than mixture inhomogeneities.
� A time-scale analysis identified the significance of three differ-

ent processes, which are associated with the turbulent mixing,
the homogeneous ignition, and flame-propagation. Qualitative
comparisons with measurement support the presence of defla-
grative ignition modes at low-temperature conditions, motivat-
ing the need for further experimental investigations to confirm
this observation.
� Simulation results suggest that temperature perturbations play

a critical role in flow reactors. To further substantiate these
findings it is therefore necessary to experimentally quantify
the magnitude and distribution of the temperature fluctuations
in flow reactors. To our knowledge, such measurements have so
far not been conducted.
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