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Overview

Combustion is the prime process in many engineering systems such as engines and furnaces. To optimize

such systems, numerical approaches are increasingly used to complement experimental studies. Numerical

approach for combustion involves modeling the transport equation for each species and accounting for the

reactions between them. Appropriate prediction of flame stability in complex domain depends on its capability

to closely capture important combustion parameters such as ignition delay and laminar flame speed. Towards

this goal we study the combustion model capability established within the VizSpark framework.

Objective

Modeling capabilities for reactive flow with chemical reactions are embedded in the multiphysics framework

of VizSpark . To understand the accuracy of the established framework for combustion modeling, validations

are done in two stages.

1. Ignition delay in two different mixture of methane-oxygen-argon, for various ignition temperature (0D

validation).

2. Laminar flame speed in a stoichiometric methane-air mixture (1D validation).

Ignition delay in two different mixture of Methane-Oxygen-Argon, for various
ignition temperature (0D validation)

In the present study, combustion in a point domain with mixture of methane-oxygen-argon is simulated. The ob-

tained results are compared with the experimental results reported in Frenklash and Bornside (1984) [1] where,

the initial mole fractions are 3.5 % CH4 + 7 % O2 + 89.5 % Ar, and Spadaccini and Colket (1994) [2] where, the

initial mole fractions are 9.5 % CH4 + 19 % O2 + 71.5 % Ar. In both the experiments, equivalence ratio φ of 1

is considered. In this study, the finite rate chemistry for methane combustion is modeled using the 53 species

and 325 reactions steps adopting in GRI 3.0 mechanism [3] . The time delay between the onset of spark in the

fuel mixture and beginning of combustion is noted as ignition delay. The onset of spark in the fuel mixture

is specified by initiating the domain with appropriate fuel mixture and a spark temperature (1400 – 1900 K).

Whereas, the instance of maximum temporal gradient of temperature is considered as the beginning of com-

bustion. The ignition delay is calculated based on the time interval between the “spark” and the combustion

ignition. This ignition delay is compared to experiments.

Modeling conditions

A cube of 1 mm thickness in all sides is considered as the domain for the present study (see Figure 1). The

domain is meshed with one cell and the symmetry boundary condition is applied on all sides, which turns it into

a 0D domain representation. The symmetry boundary condition is applied on the faces since, the experimental

case is close to constant volume condition. The initial conditions for validating with the two experimental data

are detailed in Table 1. Based on the molar density and initial temperature, the initial pressure is calculated

based on ideal gas law.
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Figure 1: Domain and boundary conditions considered for the present study.

Table 1: Initial conditions.

Initial conditions for experimental data reported in

Frenklash and Bornside (1984) [1] Spadaccini and Colket (1994) [2]

Velocity 0 m/s 0 m/s

Molar density 20 mol/m3 49 mol/m3

Temperature 1400 – 1600 K 1500 – 1900 K

CH4 mole fraction 0.095 0.035

O2 mole fraction 0.19 0.07

Ar mole fraction 0.715 0.895

Results and discussion

The ignition delay for various temperature is compared with the data reported in Frenklach and Bornside

(1984) [1] in Figure 2. The ignition delay for various temperature is compared with the data reported in Spadac-

cini and Colket (1994) [2] in Figure 3. It is to be noted that the order of magnitude of time involved in the

experiments varies from 10 - 1000 µm. It can be observed that in both the cases, the VizSpark results compare

closely with the experimental data.

Laminar flame speed in a stoichiometric Methane-Air Mixture (1D validation)

In the present study, combustion modeling capability is validated, by simulating the flame propagation in a

premixed Methane-Air mixture. The obtained results are compared with the data reported in Glassman and

Yetter (2008) [4] . Equivalence ratio considered in the present study is 1. The propagating speed of the flame

through the unburned mixture and, the distribution of temperature and the mole fraction of various species

across the flame front are the parameters taken for comparison. It was found that all these parameters compare

well with the data report in Glassman and Yetter (2008). [4]

Modeling conditions

A 1D domain of length 20 mm is considered for the present study (see Figure 4). The domain is meshed with

1000 cells across the length. In the present study, the finite rate chemistry for methane combustion is modeled

using the 53 species and 325 reactions steps adopting GRI 3.0 mechanism [3] .
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Figure 2: The ignition delay for various temperature is compared with the data reported in Frenklach and
Bornside (1984) [1] .

Figure 3: The ignition delay for various temperature is compared with the data reported in Spadaccini and
Colket (1994) [2] .
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Figure 4: Domain and boundary conditions considered for the present study.

Table 2: Inlet and initial conditions.

X < 13 mm and inlet condition X > 13 mm

Velocity 0 m/s 0 m/s

Pressure 101325 Pa 101325 Pa

Temperature 298 K 2100 K

CH4 mole fraction 0.054824 0.00001

O2 mole fraction 0.218727 0.0125

CO2 mole fraction 0.000503 0.000503

Ar mole fraction 0.012176 0.012176

N2 mole fraction 0.71377 0.974811

The domain is initialized with a step profile as given in Table 2. The initial mass fractions were chosen

such that the resulting gas will be a stoichiometric mixture of methane and air. As the simulations proceeds,

the flame develops at the location where there is a steep change in the initial condition (at x ≈ 13 mm) and

propagates into the unburned mixture (Towards the left side (wall) in Figure 4).

Results and discussions

Propagating speed of the flame through the unburned mixture

Temperature profile across the flame front obtained at various time (i.e 7 – 9.5 millisecond) is depicted in the

Figure 5. All the data plotted are smoothened over five grid cells. It was observed that, within 7 millisecond

all the parameters such as temperature and the species fractions reaches a steady developed profile. Though the

profiles reaches a steady developed state, the flame front continues to move at constant rate into the unburned

mixture (Towards the left side (wall) in Figure 4) without disturbing the developed profile. Hence for the

comparison purpose, steady profile results (at 9 millisecond) are plotted in an offset flame coordinates such that,

the rise in the temperature across the flame front obtained with VizSpark , will coincide with the data reported

in the Glassman and Yetter (2008) [4] . From Figure 5, it can be observed that the flame front constantly moves

into the unburned mixture (left side of the domain), with a flame speed of 37.4 cm/s. This steady flame speed

predicted in the present study compares closely with the flame speed reported in Glassman and Yetter (2008) [4]

(i.e. 36.2 cm/s) with a difference of < 4 %.
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Figure 5: Temperature profile across the flame front obtained at various time.

Distribution of temperature and the mole fraction of various species across the flame front

Temperature and the mole fraction of various species across the flame front, obtained in the present study is

compared with that reported in Glassman and Yetter (2008) [4] . These results are shown in Figures 6, 7 and 8.

Mole fraction of various species obtained from present study are individually compared with the data reported

in Glassman and Yetter (2008) [4] and depicted in Figures 9 and 10. The offset coordinate fixed based on

matching the temperature profiles, is considered for comparing all the species mole fractions. It can be inferred

from the comparison, that the mole fraction of the species with higher composition compares (major species)

very closely. But the species with low composition (minor species) such as H, O and OH show some over

prediction.

Minor fluctuations in velocity profile

Velocity profile over the entire length of the domain for various instants in time is depicted in the Figure 11.

Even when ( after ≈ 7 millisecond) all the other parameters such as temperature and species fraction reach

a fully developed steady profile, the velocity profile is seen to have small fluctuations. Such fluctuations are

owing to the pressure wave reflections of the wall upstream of the flame. If the wall is replaced by an inlet

velocity condition closely matching the flame speed, then such spatial oscillations disappears and the flame

front becomes almost stationary with time.
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Figure 6: Temperature profile across the flame front, (a) obtained in the present study and (b) that reported in
Glassman and yetter (2008) [4] .

(a) (b)

Figure 7: Mole fraction of various major species across the flame front, (a) obtained in the present study and
(b) that reported in Glassman and yetter (2008) [4] .
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(a) (b)

Figure 8: Mole fraction of various minor species across the flame front, (a) obtained in the present study and
(b) that reported in Glassman and yetter (2008) [4] .
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(a) (b)

(c) (d)

(e)

Figure 9: Mole fraction of (a) Oxygen (b) Methane (c) water vapor (d) carbon dioxide and (e) carbon monoxide,
obtained from present study is compared with the results reported in Glassman and yetter (2008) [4] .
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(a) (b)

(c) (d)

(e) (f)

Figure 10: Mole fraction of (a) OH, (b) H, (c) O, (d) CH3, (e) CH2O and (f) 10 x HO2, obtained from present
study is compared with the results reported in Glassman and yetter (2008) [4] .
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Figure 11: Velocity profile over the entire length of the domain for various instants in time.
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