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Abstract

A reduction method for detailed kinetic mechanisms is
presented. The reduction procedure was performed by
using the ignition delay time as the target parameter.
Overall, good qualitative and quantitative comparison
was observed between the reduced mechanism results
and experimental parameters such as ignition delay time,
laminar burning speed, and concentrations in a jet-stirred
reactor. The resulting reduced mechanism was used in
multi-dimensional numerical simulations to predict the
ignition behavior and thresholds of reactive gas adjacent
to hot surfaces. Errors of less than 10% were observed
between the numerical and experimental ignition thresh-
olds indicating the adequacy of the reduction procedure.

1 Introduction

Accidental hot surface ignition is a problem of interest
in the manufacturing, nuclear and mining sectors, and in
aviation [1]. Significant progress has been made to exper-
imentally understand hot surface ignition, in particular as
it is applied to aviation safety [2, 3]. Typically, n-hexane
has been used as a single component surrogate of kerosene
since it exhibits a relatively high vapor pressure which
facilitates testing at ambient conditions. Collecting test
data is time consuming and costly since a large number
of hot surface geometries and mixture conditions mus be
tested. While performing multi-dimensional numerical
simulations is an appealing alternative to experiments;
predictive simulations require the use of detailed chemical
mechanisms to predict the ignition and flame propagation
events. Detailed reaction models for hydrocarbon fuels
typically consist of hundreds of species and thousands of
reactions. It is not feasible with existing computational
resources to use these mechanisms in direct numerical
simulations to model engineering tests or applications.
An alternative is to use a reduced chemical mechanism
that will still predict the appropriate target parameters
such as ignition delay time of a full detailed mechanism.
The current study describes the reduction for a n-hexane
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chemical mechanism. Comparisons are made between,
0D and 1D models that use the reduced mechanism and
experimental results, and finally the resulting mechanism
is applied to several multi-dimensional numerical simula-
tions of thermal ignition.

2 Materials and Methods

A modified version of the reduction procedure presented
in [4] was employed. The reduction is controlled by the
accuracy of one target phenomenon, the auto-ignition
process. More specifically, the target parameters are:
time to peak thermicity, maximum thermicity, equilib-
rium temperature, equilibrium mean molar mass, and
temporal profiles of, thermicity, temperature, and mean
molar mass. The reduction is performed as follows:

1. Calculate the error in the target parameters intro-
duced by deactivating one species and all associated
reactions; the error score at each deactivation step is
given by

(1)

¥
Sq = €q/€q,
where,

e =la—q'/q"". 2)

¢ is the target parameter calculated by using the
complete detailed mechanism, ¢ is the target param-
eter with the reduced mechanism, and e is a user
defined error limit. The error score is calculated
across various conditions of initial temperature, Tp,
initial pressure, Py, and equivalence ratio, ®. The
sum S corresponds to the Y s, across all the condi-
tions tested.

2. Reactive species and all associated reactions and re-
turn to step 1 to deactivate the next species, re-
peat until S has been computed for each deactivated
species.

3. Eliminate a single species with the lowest S value and
all associated reactions and return to step 1. This
sequence is applied until S reaches a user defined
value of S*.



The procedure described above was applied to the
detailed chemical mechanism of Mével [5] which consists
of 531 species and 2628 reactions. The mechanism
was reduced for the following range of conditions:
To = 800 — 1600 K, Py = 1 atm, and ® = 0.9. The
final reduced mechanism consists of 62 species and 223
reactions.

3 Results and Discussion

Several experimental parameters were compared against
calculations performed in Cantera [6] using the reduced
mechanism. Shock tube ignition delay time data were
compared against numerical values obtained in a constant
volume adiabatic reactor, experimental flame speeds were
compared against 1D freely propagating flame calcula-
tions and jet-stirred reactor (JSR) experimental mole
fractions were compared against perfectly-stirred reactor
(PSR) model calculations.

3.1 Ignition Delay Time

n-Hexane shock tube ignition delay time data were
taken from (7, 8]. Figure 1 shows comparisons between
the model and experimental results at & = 0.5 and
1.0. The experimental values lie significantly above the
model results at & = 2.0. Overall, at P = 350 kPa, the
root-mean-square error (RMSE), is 29 us, 131 us, and
132 ps at & = 0.5, 1.0, and 2.0, respectively.
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Figure 1: Experimental [7] (symbols) and model (solid
lines) ignition delay time of n-hexane-O2-Ar at P = 350
kPa. Argon mass fraction is 0.96.

Figure 2 shows experimental and simulated ignition
delay time results at P = 1.27 and 6.13 MPa at ® = 0.5.
The experimental values lie very close to the model
results at P = 1.27 MPa. At P = 6.13 MPa, the
model reproduces the ignition delay times at high
temperatures and deviates slightly from the experimental
values at lower temperatures. At P = 1.27 and 6.13
MPa, the RMSE is equal to 47 us and 107 us, respectively.

8.2 Laminar Burning Speed
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Figure 2: Experimental [8] (symbols) and model (solid
lines) ignition delay time of n-hexane-air at ® = 0.5.

After the chemical mechanism was reduced with the
ignition delay time as the target parameter, the re-
duced mechanism was applied to 1D freely propagating
flame simulations and the results are compared against
n-hexane-air experimental laminar burning speeds
obtained from [9, 10]. Figure 3 shows that the model
over-estimates the experimental values for lean conditions
and lies within the uncertainty of the experimental values
for rich conditions. The RMSE is 3.6 cm/s and 2.5 cm/s
when comparing the model against the results from [9]
and [10], respectively. Although the mechanism was
reduced by using the auto-ignition process as the target
phenomenon, reasonable agreement is observed between
the experimental laminar burning speeds and the 1D
freely propagating flame simulations. This suggests that
if the laminar burning speed is chosen as the target
phenomenon, then reasonable agreements between the
model and the ignition delay time would also be obtained.
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Figure 3: Experimental [9, 10] (symbols) and calculated
(solid line) laminar burning speeds of n-hexane-air at T' =
300 K and P = 100 kPa.

3.8 Jet-Stirred Reactor (JSR)

A perfectly-stirred reactor model was used with the
reduced chemical mechanism to compare against jet-
stirred reactor experimental results from [11]. The
experimental values were obtained for the oxidation of



n-hexane at P = 10 atm and ® = 1.0. The normalized
root-mean-square error (NRMSE) shown in Table 1 is
calculated for species mole fractions shown in Figs. 4 and

5.

Species  NRMSE Species NRMSE
’I’L-C6H14 0.35 H2 0.5
O2 0.15 CHy4 1.4
H>O 0.48 CH20 0.4
COq 0.7 CsHe 1.2
CcO 1.2 CH3CHO 0.6
CoHy 10.6 C4Hs-1 0.4

Table 1: NRMSE between jet-stirred reactor experimen-
tal values and model results.
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Figure 4: Experimental [11] (symbols) and modeling
(solid lines) results for n-hexane oxidation in a jet-stirred
reactor at P = 10 atm and & = 1.0; only major species
are shown.
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Figure 5: Experimental [11] (symbols) and modeling
(solid lines) results for n-hexane oxidation in a jet-stirred
reactor at P = 10 atm and & = 1.0; only minor species
are shown.

Based on the values of NRMSE, the model increases in
accuracy for the major species in the following order:
CQH4—>CO—>COQ—)HQO—)H-CGH14—)OQ. The model in-
creases in accuracy for the minor species in the following
order: CH4—)C3H6—)CH30HO—)H2—)CHQO—)C4H8-1

8.4 Multi-Dimensional Numerical Calculations

Finally, the reduced mechanism was applied to two-
dimensional numerical simulations of thermal ignition us-
ing the OpenFOAM framework [12]. The motion, trans-
port and chemical reaction in the gas were modeled us-
ing the variable-density, reactive Navier-Stokes equations
with temperature-dependent transport properties. Differ-
ential diffusion was included using a constant non-unity
Lewis number for each species. A detailed description
of the model can be found in [13]. The problem simu-
lated is ignition of n-hexane-air at ® = 0.9, Tp = 300 K,
and Py = 100 kPa, by heated surfaces of 6 — 10 mm
in size. Several configurations, shown in Fig. 6, were
tested. Filled contours of CO> mass fraction are shown
in Fig. 6; the images correspond to ignition events tak-
ing place when the surface temperature is at the ignition
threshold.

A commercially available glow plug (9.3 mm in height
and 5.1 mm in diameter) was simulated in Fig. 6 (a). A
temperature ramp of 220 K/s was imposed at the sur-
face; the heat from the surface diffuses into the gas and
is convected upwards forming a hot plume. Ignition oc-
curred in a stagnation point located above the top surface
of the glow plug. The concentration of CO2 was used to
pinpoint and visualize the ignition location. A moving
hot sphere (6 mm in diameter) was simulated in Fig. 6
(b). The sphere had a surface temperature of 1300 K and
was moving at 2.4 m/s. A thermal boundary layer devel-
oped around the moving hot sphere. At the temperature
and velocity given, the flow is laminar and axisymmet-
ric with a toroidal vortex in the wake. The flow also has
a separation region (marked by the high concentration
of CO2) due to adverse pressure gradients. It is in this
region of flow separation were ignition takes place. A ver-
tical cylinder with a heated area of 10 mm in height was
simulated in Fig. 6 (c). A temperature ramp of 220 K/s
was imposed at the surface. Thermal and hydrodynamic
boundary layers grow upwards along the cylinder surface.
Ignition takes place in the gas at a height corresponding
with the top boundary of the heated surface. Finally, a
horizontal cylinder (10 mm in diameter) was simulated in
Fig. 6 (d). A temperature ramp of 220 K/s was imposed
at the surface. There is growth of the thermal and mo-
mentum boundary layers from the front stagnation point
to the rear stagnation point. Ignition takes place in the
rear stagnation point where the temperature gradients are
smallest.

Geometry Exp. (K) Cale. (K) AT/Texp
Hor. CyL. [14] 1180 1093 0.07
Vert. Cyl. [14] 1270 1191 0.06

Sphere [3] 1224 1300 0.06
Glow Plug [15] 1275 1162 0.09

Table 2: Comparison of experimental and numerical re-
sults for all hot surface geometries tested.

Experimental and predicted ignition thresholds for all
the geometries considered are shown in Table 2. Nor-
malized differences, AT /Texp, were calculated between
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Figure 6: CO; mass fraction fields at the ignition event using a (a) glow plug, (b) moving sphere, (c) vertical cylinder,

and (d) horizontal cylinder.

the ignition thresholds obtained numerically, Tcac, and
experimentally, Texp; AT is equal to |Texp — Tcalc|-
Regardless of the geometric configuration of the hot
surface, the difference between the numerical and experi-
mental results was less than 10%. The multi-dimensional
simulations indicate that ignition can be predicted using
the reduced n-hexane mechanism presented in this study.

4 Conclusions

A reduction methodology for detailed kinetic mechanisms
was described and applied to obtain a reduced mechanism
for n-hexane. The reduced mechanism predictions using
a constant volume adiabatic reactor showed good quanti-
tative comparison with experimental ignition delay time
measurements. Although not reduced for flame speed
calculations, the reduced mechanism performs well when
applied to a 1D freely propagating flames. Jet-stirred
reactor results indicated good quantitative comparison
for the major and minor species presented. Finally, the
reduced mechanism was applied to a two-dimensional
simulation of ignition by heated surfaces and resulted
in differences of less than 10% when compared against
experimental ignition measurements.
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