EFFECTS OF METHANE ADDITION ON THE LAMINAR BURNING VELOCITY AND
MARKSTEIN LENGTH OF METHANOL/AIR PREMIXED FLAME

Haiging SHEN?, Huihong LIAQ®, Qiyang WANG¢, Cangsu XU°®, Kai LIU®, Wenhua ZHOU®"
*Taizhou Vocational College of Science & Technology, Taizhou, China P.R.

®Vehicle Engineering Center-CAE Technology Development, Geely Automobile Research Institute,
Ningbo, China P.R.

‘College of Energy Engineering, Zhejiang University, Hangzhou, China P.R.
*Corresponding author; E-mail: zwh114@zju.edu.cn

Adding methane to methanol can solve the problem of difficult cold starts of
methanol engines. Therefore, it is important to understand the combustion of
methane and methanol fuel blends. Because of this, this study explores the
effect of methane addition on the laminar burning velocity and Markstein
length of methanol/methane premixed flames under stoichiometric
conditions at the initial temperatures of 353 K, 373 K, and 393 K, initial
pressures of 1 bar, 2 bar, and 4 bar, using methane addition ratios of 0%,
25%, 50%, 75% and 100% in a constant volume combustion chamber. The
results show that the laminar burning velocity decreases linearly with the
increase of methane addition ratio due to the linear decrease of the
Arrhenius factor. The sensitivity analysis revealed that the kinetic effect is
the main reason for the inhibition of laminar burning velocity, which is
insensitive to initial temperature but enhanced at a high initial pressure. The
Markstein length decreases with the addition of methane and the increase of
initial pressure, which is mainly caused by the high mass diffusivity of
methane and the decrease of flame thickness due to the increase of initial
pressure.
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1. Introduction

Methanol as an alternative fuel to diesel and gasoline in ICEs has attracted extensive attention
[1]. Moreover, in recent years, renewable methanol has helped methanol engines achieve almost zero
CO, emissions, showing greater advantages than other fuels. In general, methanol has unique
properties [2]. Its high oxygen content means that it requires less air for complete combustion than
gasoline or diesel. It has no C-C bond, so it is not easy to form long-chain hydrocarbons and particles
during combustion. It has good knock resistance and fast laminar burning velocity and can be used in
ICEs with a higher compression ratio without knocking, which is beneficial for thermal efficiency and
reducing engine size. It has a low adiabatic flame temperature, which means less wall heat loss and
NOx. Its high gasification latent heat also reduces in-cylinder and intake port temperature and
increases the intake density. However, due to its high low flammability limit (LFL) and low vapor
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pressure, cold starting the engine becomes difficult, which is a drawback for methanol engines [3].
Methane/methanol dual fuel engines are of particular concern because they are regarded as green fuels
and can reduce CO, emissions compared to traditional fuels. More importantly, on the one hand, the
addition of methane can eliminate the difficulty of cold starting methanol engines [4]. On the other
hand, the enrichment of methanol can improve the complete combustion of methane, leading to higher
thermal efficiency and lower HC and CO emissions [5].

Laminar burning velocity (LBV) embodies the diffusivity, heat release, and chemical reaction
rate of combustible mixtures, which is of great significance for verifying chemical reaction
mechanisms and guiding engine design optimization [6]. The LBV of binary fuel blends containing
methane or methanol has been extensively studied [7-9] but focused on adding methane or methanol
as an additive to gasoline and diesel [10-12]. Recently, Wang et al. [13] measured the laminar
combustion characteristics of methanol/methane mixtures under different working conditions and
performed chemical Kkinetic analysis. Although Wang et al. [13] measured the partially laminar
combustion characteristics of methanol/methane mixtures, they used the constant volume method to
calculate the LBV. Compared with the constant pressure method, this method has larger errors due to
the use of more assumptions [14]. More importantly, this method cannot measure the Markstein
length, which reflects the stability of the flame, and the high diffusivity of methane will significantly
affect the stability of the flame, which is very important in the application of ICEs. At the same time,
Wang et al. [13] only uses one mechanism for simulations, leading to very limited results. In addition,
although Kinetic effects have been shown to play an important role, the high diffusivity of methane
and the resulting change in the adiabatic flame temperature of the mixed fuel also have a potential
impact on LBV, which requires further analysis.

To sum up, methane addition is one of the best pathways to solve the problem of difficult cold
starting of methanol engines due to its high LFL and low vapor pressure. However, the influence of
methane on methanol LBV is still insufficiently studied, which is crucial to optimize the performance
of methane/methanol engines and is worthy of in-depth study. In this study, the LBV and Markstein
length of methane/methanol under different working conditions are measured by the constant pressure
method, the LBVs calculated by various mechanisms are compared, the factors affecting the
Markstein length are discussed, and the influence of fuel mixing on thermal effect, diffusion effect and
kinetic effect is analyzed using one-step overall reaction assumption. This study provides theoretical
knowledge for the application of methane in methanol engines.

2. Experimental and computational specifications

2.1. Experimental setup

Detailed experimental devices and steps can be found in Ref. [15] and Ref. [13]. The main
devices are briefly described below. As shown in Figure 1, combustion chamber is a cube with a
volume of 2.067 L, which can be heated by heating resistors installed inside it. A pair of quartz glasses
with a diameter of 105 mm are installed on its side for schlieren imaging. The temperature sensor and
precision pressure gauge are used to measure the initial temperature and initial pressure. Liquid fuel is
injected into combustion chamber through micro syringe, and combustible gas and air are inflated
through precision pressure reducing valve and mass flow controller. The ignition signal is sent out by
the ignition control module and the high-speed camera is triggered by the digital delay generator to
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shoot the flame image. The recording speed is 12800 fps and the resolution of flame images is 1024 x
1024 pixels.
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Fig. 1. Experimental setup

Methane and methanol are mixed by mole fraction, so the methane addition ratio X,,, can be
expressed by Xuy. = nepa/ (Mena + Newzon), Where neyson and ney, are the moles of methanol
and methane, respectively.Since methane enters combustion chamber by mixing with air in advance,
the mixing ratio of methane/air k., can be calculated as Ky, 4 = 0.21Xy/[2 — 0.5(1 — Xpe)].

2.2. Data processing

The method of calculating LBV used in current work has been widely used [16]. According to
the flame radius (7¢) in the flame image at different times (t), the stretching flame speed (S;) can be
calculated as S, = dry/dt. Then, calculate the stretch rate (K) of the spherical flame by K =
2.5, /7¢, and the unstretched flame speed is obtained by extrapolation according to Eq. (1) [17].
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where L, is the Markstein length. Figure 2 shows the extrapolation process, it should be noted
that according to the assumption of quasi-steady flame, a radius of 8-20 mm is selected for the
extrapolation to reduce the influence of ignition, pressure rise, and wall confinement of the
combustion chamber [18].
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Fig. 2. Extrapolation model for methanol/methane/air mixtures at the initial temperature
Ty = 353 K, initial pressure po = 1 bar and methane addition ratio Xy, = 50%
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The laminar burning velocity S? can be calculated by SP = S p,/py, Where p, and p,,
are the densities of the burned and unburned gases, respectively, calculated using CANTERA.
CANTERA was also used to calculate the numerical LBV of methanol/methane/air mixtures. The
multicomponent transport model was adopted and thermal diffusion was considered. The ratio, slope,
and curve settings were 3, 0.06, and 0.12, respectively. The well-validated methanol mechanisms,
including Li [19], San Diego [20], Zhang et al. [21], and Aramco 1.3 [22] were used.

2.3. Experimental uncertainties

In order to verify the experimental results and consider the experimental uncertainty, in a
pre-experiment for this study, the LBV of methanol was measured as shown in Figure 3, and
compared with experimental data in the literature [23-26] and simulation results for different methanol
mechanisms. The simulation results are greater than the experimental results, especially in the rich
mixture. Under the stoichiometric ratio, the deviation between the results of this experiment and the
average results of each experiment in literature is 6.17%. Among the results of each model, the
deviation from the Zhang model [21] is the smallest at 12.69%. Therefore, the error of this experiment
is within an acceptable range, but the model still needs further optimization. At the same time, each
experiment was repeated three times, so that the confidence interval of the data was within 95%.
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Zhang et al [24], Saeed and Stone [25] , Metghalchi and Keck [26]

3. Result and discussion

3.1. Laminar burning velocity

Figure 4 shows the change in LBV with X,,, under different working conditions. This study’s
data are compared to the experimental results of Wang et al [13] and the simulation results of different
mechanisms. There are some differences in the simulation results but the trend is the same, and the
experimental results are smaller than the simulation results, similar to Figure 3, which is caused by the
the experimental heat loss and overestimation of the key reaction in the mechanism [13]. In addition,
Zhang model results are closer to the experimental results under low X,,., while Li and San Diego
models are closer to the experimental results under high X,,.. Comparing the results of Wang et al.
[13] using CVM, it is found that the results of this study are generally smaller, which is similar to the
results of Omari et al. [27]. The LBV decreases with increasing p,, which is due to the enhancement
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of important three-body chain termination reactions and increased gas density [16]. In addition, LBV
increases with increasing temperature because of the increase in reaction rate caused by increasing T.
Both experimental and simulated LBV decrease linearly with increasing Xy, which is similar to
Refs. [13,28].

0.8 0.7

(a) p,=1 bar (b) p, =2 bar

.74 0.6 4

0.6 4
0.5

&> 0.5 = T
B B 04+ s
= = .9
; 0.4 4 ; g
a _ = 034 a
034 33K 33K 393K IBBK IBK 393K L]
Zhang — Zhang, e
s e R e S 02 il e iy
PR L Li
San Dicgo  —— - byl i San Dicgo - — - oo S
il Aramco 1.3 —-—-- - =0 —-—e- 014 Arameo 1.3 === —ims —imes
< Wang © o] o} Wang o o o
Fxperiment = = u Fxpetiment = = =
[}0 T T T T T ')0 T T T T T
0% 25% 0% 5% 100% 0% 25% 0% 75% 100%
‘X:\ie ‘X;\fe
0.6
(c) p,=4 bar
0.5
0.4 4
=
§
~
> 034
[aa]
—
353K 373K 393K a
0.2 4 Zhang e
Ll ..........
San Diego - - - --- ===
0.1 4 Arameo 1.3 —-—- i -
Wang < kel [}
Experiment ® u u
0.0 T T T T T
0% 25% 50% T5% 100%
X,

Me

Fig. 4. Measured and simulated LBVs of methanol/methane/air mixtures as a function of
Xye under different T, and (a) po = 1 bar, (b) po = 2 bar, (¢c)py = 4 bar

In order to explore the influence of methane addition on LBV, based on the detailed expression
of laminar burning flux [29] and the assumption of a one-step overall reaction, LBV can be
determined by [30] Eq. (2).

SP o (aLe)?exp(—T,/2Taq) ()

where T, is activation temperature (= E,/R), E, is the global activation energy, obtained by
—2R[0In(S?p,)/0(1/T,4)]. R is a universal gas constant, and T, is adiabatic flame temperature.
Le is the Lewis number (= a/D,,,), where « is thermal diffusivity, D,, is mass diffusivity. In fact,
the effective Lewis number of the mixed fuel is used here. The volume fraction weighting method [31]
is adopted as Lepix = Xyeleme + XyeonLemeorn, Where x is the fuel volumetric fraction and the
subscripts represent the corresponding substances. Since the equivalence ratio is 1 in this study, the
effective Lewis is simplified to fuel and oxygen’s average value as (Lep + Lenix)/2 [32].
(aLe)'/?, T,4, and T, represent diffusion, thermal, and Kkinetic effects, respectively [33]. Figure 5



shows the variation of (aLe)'/2exp(—T,/2T,y) With X, under different working conditions. The
effect of diffusion can be seen as (aLe)!/2, while the thermal and kinetic effects can be seen as a
combined Arrhenius factor, represented by exp(—T,/2T,;) [34]. It can be found that
(aLe)Y?exp(—T,/2T,4) decreases linearly with X,,, and the change trend with T, and p, is
consistent with LBV as shown in Figure 4. Therefore, Eq. (2) is verified. It should be noted that «
caused by the addition of methane actually increases, while Le decreases, (aLe)'/? is nonlinear as
shown in Figure 5, so the Arrhenius factor plays a leading role in the linear relationship.
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Fig. 5. Variation of (aLe)'/?exp(—Tq/2T4q) With Xy, at po = 1bar, 2 bar, 4 barand T, =
353K, 373K, 393K

In order to quantitatively determine the influence of each parameter change caused by methane
addition on LBV, the Kkinetics, diffusion, and thermal sensitivity factors were obtained by
differentiating Eqgs. (3)-(6) [33,34].

OlnSy = DF + TF + KF 3
0lnXye 3)
1 d(aLe) ’
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where DF, TF, and KF are diffusion, thermal, and kinetic sensitivity factors, respectively. These
parameters qualitatively represent the modifications of the diffusion, thermal, and kinetic effects due
to methane addition. Figure 6 shows the variation of each influencing factor with X,,, at different
working conditions. The impact of methane addition on LBV is mainly realized through kinetic
effects, which is consistent with the discussion in the literature [33,34]. KF is negative and decreases
with p,, indicating that it has an inhibitory effect on LBV and the effect is enhanced at high p,, but it
is not sensitive to Ty, mainly because E, increases with the increase of p,, but changes little with
T,. DF and TF are very close to 0, indicating the diffusion and thermal effect is very weak, and they
all change a little with T, and p,. Due to the increase of T,,; caused by the addition of methane, the



thermal effect has a weak enhancement effect on the LBV, while the reduction of Le suppresses the
LBV, so TF is positive and DF is negative.
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Fig. 6. Variation of Kinetics, diffusion, and thermal sensitivity factors with X, at p, = 1 bar,
2 bar, and 4 bar and T, = 353 K, 373 K, and 393 K

3.2. Markstein length
The Markstein length (L,) reflects the sensitivity of flame to stretch rate. In this study, the
theoretical Ly is calculated using Eq. (7) [32].

v2Ze(Le — 1) V1>
— Sy

Where y; = 26/(c/2+1) and y, =4/(c — 1) x[0¥/?2 — 1 — [In(c¥/?2 + 1)]/2], o is the
density ratio, obtained by p,/p,. Ze is the Zeldovich number, obtained by [Ty (Teq — To)]/ T2, ¢
is the flame thickness, obtained by (Tyq — To)/(dT/dx)max [31]. My is the Markstein number.
Figure 7 shows the theoretical and experimental L, under various working conditions. The
theoretical and experimental results have similar trends, that is, they decrease with the increase in X,
and pg, but is less affected by T,. It is noticed that under high pressure, L, decreases dramatically
after adding methane, which indicates increased flame instability. It should be noted that measurement
uncertainty of Lj is relatively large and L, measured by different researchers can even be greater
than 300% [35].
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According to the analysis of Law et al. [29] and Clavin et al. [36], the proportional relation
between L, and its relative parameters is L,~Ze(Le —1)oés. In order to further study the
influencing factors of L,, Figure 8 shows the variation of each parameter including Ma, Ze,
(Le — 1), o, &f with Xy, under different working conditions. Among them, Ma, Ze, (Le — 1), o
are normalized by the reference value of the parameter (p, = 1 bar, T, = 353 Kand Xy, = 0%), so
as to show the influence degree of the parameter. It should be noted that Ma is additionally
introduced into the discussion because it can control other variables and more clearly reflect the
influence of &y on L, under different conditions. The results show that Ma decreases with the
addition of methane, but basically does not change with T, and p,, while &5 decreases significantly
with the increase of p,, indicating that the decrease of L, with p, is mainly due to the decrease of
8¢. Also, & plays a positive role in maintaining the stability of the methane-added flame, as it
increases with X,.. It is worth noting that, although the value of (Le — 1) changes slightly, it still
has a greater effect on the L, compared with other parameters . Besides, Ze and o have little effect
on Ly, the former increases with X,,., while the latter decreases, and they are easily affected by p,
and Ty, respectively. Overall, the high mass diffusivity of methane and the reduced &y due to high
po lead to increased flame instability for methane/methanol/air mixtures.
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Fig. 8. Influence of Xy, po and Ty on the parameters related to L,
4. Conclusions

In this study, the effects of initial temperature, initial pressure, and methane addition ratio on the
laminar burning velocity and Markstein length of a methanol/methane/air premixed flame at the
stoichiometric ratio were investigated. The main results include:

The LBV of methanol/methane/air mixtures decreases linearly with the methane addition ratio
and increases with increasing initial temperature and decreasing initial pressure. The simulation results
are greater than the experimental results.

The reason why methane addition makes the LBV of the methanol/methane/air mixture
decrease linearly is the linear decrease of the Arrhenius factor. Furthermore, the influence of the
kinetic effect plays a dominant role, which is not sensitive to the initial temperature but is enhanced
under high initial pressure.

The Markstein length decreases with the addition of methane and the increase of initial pressure,
which is mainly caused by the high mass diffusivity of methane and the decrease of flame thickness
due to the increase of initial pressure.
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Nomenclature

Dy, Mass diffusivity, [m%/s] Toa Adiabatic flame temperature, [K]
E, Global activation energy, [J] To Initial temperature, [K]

K Stretch rate, [1/s] t Flame propagation time, [s]
kyey, Mixing ratio of methane/air, [-] Xue Methane addition ratio, [-]

Ly Markstein length, [m] X Fuel volumetric fraction, [-]

Le Lewis number (= a/Dy,), [-] Ze Zeldovich number

M, Markstein number (= L, /&), [-] (= Ty(Taq — To) /T2, []

Po Initial pressure, [Pa]

R Universal gas constant, [Jmol™K™]  Greek letters

T¢ Flame radius, [m] a Thermal diffusivity, [m%s]

Sy Stretched flame speed, [m/s] O Flame thickness, [m]

sP Unstretched flame speed, [m/s] Ob Densities of burned gases, [kg/m’]
sP Laminar burning velocity, [m/s] Pu Densities of unburned gases, [kg/m°]
T, Activation temperature, [K] o Density ratio, [-]
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