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Abstract : Assessment of a reacting flow solver with large detailed chemical kinetics is extensively performed in terms of its
efficiency and capability. The present method solves the compressible Navier-Stokes equations with the chemical reaction
source terms in the operator-splitting form, i.e., the chemical reaction and fluid parts are solved separately during one time
step. For the chemical reaction, a dynamic multi-times scale (MTS) method is introduced for alleviating the stiffness. Several
zero- to two-dimensional combustion problems with methane, n-butane, and n-heptane reaction mechanisms are used for the
assessment of the present method. The ignition problems with the three reaction mechanisms demonstrate that the present
method provides the higher efficiency with smaller time step size and larger number of chemical species, compared to a
conventional implicit time integration method (VODE). The present method with MTS is 2~30 times faster than the method
with VODE for the ignition problems. The one-dimensional end-gas auto ignition problems with methane and n-butane
reaction mechanisms also demonstrate the higher efficiency and the capability of the present method for capturing the
interaction between combustion and compressibility, e.g., engine knocking-like behaviors. Further, the present assessment
indicates that, if efficient time integration methods such as MTS were applied, the fluid part becomes the limiting factor
for simulating reacting flows, because of the time-consuming calculation of the transport properties. The present problems
show that the fluid part turns out to be more time-consuming than the chemical reaction part with more than 50 chemical
species on the time step size of 1.e-8 s. As a result, the present method with MTS is 2~5 times faster than the method with
VODE for the one-dimensional problem. A detailed estimation of computational time for the transport properties is provided.
Finally, the present method is successfully applied to the two-dimensional end-gas auto ignition phenomena of n-butane with
available and reasonable computational resources.
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Fig. 1 A procedure of MTS: concept of time integration and grouping
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Table 1 Comparison of computational time between MTS and VODE.
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Fig. 2 Computational save rate by MTS against VODE for ignition
problems in the case of initial pressure of 10 atm.
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Fig.3 Temperature profiles and operation times of MTS and VODE on
CHa/Air ignition problem under constant volume and adiabatic
conditions.
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Fig. 5 Schematic of one-dimensional end-gas auto ignition problem.

Table 2 Computational conditions for end-gas auto ignition problem.
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£
o
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Fig. 6 Time histories of temperature profiles on 1-D end-gas auto
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Fig. 7 Time histories of pressure at three different locations.
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Table 3 Comparison of computational time between MTS and VODE on
1-D end-gas auto ignition problem.
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Save /%, VODE (L) & MTS (F) OFtHE
REfd (s)
7791 67837
CH, 60.5 70.0
3077 20412
18762 163137
n-C,H;o 59.3 71.5
7626 46566
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Fig. 8 Computational save rate by MTS against VODE for 1-D end-gas
auto ignition problems.
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{L2ERREL D B2 T FRAR L o s o (1 Z1F, LES
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Fig. 9 Comparison of computational times. CHEM denotes the
chemical reaction. In fluid, ADVCT is for the advection with the
time integration, and TRANS means the rest part, including the
estimation of transport properties.

100

80 CHEM, le-7s

o ook CHEM.1e-gs -
<
E -
S
& 40 FLUD,1e-8s
i + .......................
20 FLUID, 1.6-7 s
1 1 1 1 i I l | |
20 40 60 80 100 2o

Number of species

Fig. 10 Scaling of each computational part in terms of the number of
chemical species, where CHEM denotes the chemical reaction
part and FLUID denotes the fluid part.
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Fig. 11 Comparison of operational counts between Wilke model and an
empirical approximation.
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Fig. 12 Comparison between multicomponent and mixture-averaged
diffusion coefficients, where 7,,. denotes the computational time
for multicomponent model and ¢,,, for mixture-averaged model.
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Fig. 13 Comparison of computational time between viscosity (Wilke
model) and diffusion coefficients (mixture averaged model),
where #,;; denotes the computational time for viscosity and ¢ for
diffusion coefficients.
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Fig. 14 Sequential views of temperature distributions on two-
dimensional end-gas auto ignition problem.
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Fig. 15 Time histories of pressure at three different locations for
two-dimensional problem.
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