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Due to the complexity of modeling the combustion process in nuclear power plants, the global mechanisms are preferred for numerical simulation. To quickly perform the highly resolved simulations with limited processing resources of large-scale hydrogen combustion, a method based on thermal theory was developed to obtain kinetic parameters of global reaction mechanism of hydrogen–air combustion in a wide range. The calculated kinetic parameters at lower hydrogen concentration (Chydrogen < 20%) were validated against the results obtained from experimental measurements in a container and combustion test facility. In addition, the numerical data by the global mechanism (Chydrogen > 20%) were compared with the results by detailed mechanism. Good agreement between the model prediction and the experimental data was achieved, and the comparison between simulation results by the detailed mechanism and the global reaction mechanism show that the present calculated global mechanism has excellent predictable capabilities for a wide range of hydrogen–air mixtures.
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INTRODUCTION

Nuclear power as a clean and sustainable energy has ignited the interests of the researchers worldwide (Momirlan and Veziroglu, 2005). However, significant safety issues associated with hydrogen occur in pressurized water reactors and boiling water reactors of nuclear power plants (Yanez et al., 2015). The interaction of the melted core with the cooling water can generate large quantities of hydrogen during a severe accident, which can results in a flammable mixture being formed. The hydrogen can be ignited leading to explosion which will threaten the integrity of containment (I.A.E. Agency, 2011). Due to shorter time period and lower cost, numerical simulation appears to be an appropriate tool to assess the hydrogen risk, which emphasizes the importance of chemical reactions to combustion (Kuo, 2005). Therefore, the rational reaction mechanisms and kinetic parameters are significant to accurately reflect combustion process in the numerical simulation.

Nowadays, the detailed or global mechanisms can be used to simulate combustion process and provide insight into combustion phenonmena. Obviously, a detailed mechanism involving a large number of species and reactions requires high computational costs and performs highly resolved simulation slowly, which in turn a global mechanism is required to predict the combustion characteristics in great accuracy with limited processing resources (Kim et al., 2008). Global chemistry models are often implemented in large-scale simulations of combustion in nuclear power plants (Manninen et al., 2002; Baraldi et al., 2007; Kim and Hong, 2015; San Marchi et al., 2015).

Presently, several researches (Sung et al., 2001; Bhattacharjee et al., 2003; Lu and Law, 2005, 2009; Law, 2006; Brad et al., 2007; Fernández-Galisteo et al., 2009) paid attention on mechanism reduction to obtain one-step or skeletal mechanisms, which involves in eliminating unimportant reactions and species via several methods such as sensitivity analysis, application of partial equilibrium and quasi-steady-state assumptions, and directed relation graph. However, those methods require strong mechanism-dependent knowledge and are generally time-consuming due to the iterative procedure and validation process for eliminating species (Lu and Law, 2005). Therefore, it is necessary to establish a reasonable and simplified method to obtain single-step chemistry model.

The researches of mechanisms using laminar flame propagation velocity have been globally conducted. Egolfopoulos and Law (1990), based on the relationship between laminar propagation velocity and pressure, studied the laminar propagation velocity varying with pressure due to chain termination when the pressure exceeded a certain range. Bane et al. (2010) calculated overall reaction order, activation energy, and pre-exponential factor of hydrogen/air single-step model by constant-pressure and volume explosion model. However, the model was based on detonation velocity and thus the established mechanism ignored the effect of laminar flame. With the aim to simulate large-scale hydrogen combustion and explosion, Wang et al. (2012) established single step and transport models for fuel–air mixture. Nevertheless, the reaction order calculated from constant A[O]n−nFexp(−Ea/RT) appeared to be inaccurate and unreasonable since the oxygen concentration varies with fuel concentration. On the basis of thermal theory, Khaikin and Merzhanov (1966) proposed the relation between combustion velocities and reaction order, activation energy of gas–solid reaction under the condition of steady combustion, which was applied widely in heterogeneous combustion (Merzhanov et al., 1972; Azatyan et al., 1979; Kirdyashkin et al., 1981; Holt et al., 1985). The activation energy can be obtained by fitting experimental velocities at adiabatic flame temperature. However, these expressions are not suitable for homogeneous (gas phase) reactions.

In this paper, a method based on thermal theory was developed to obtain reaction rate parameters for global model. Using the calculated kinetic parameters, the model at lower hydrogen concentration (Chydrogen < 20%) was both implemented in our experiments carried out in a closed container and combustion test facility (CTF) facilities (Whitehouse et al., 1996) and validated by comparing flame front position of hydrogen–air mixtures. In addition, the model at higher hydrogen concentration (Chydrogen > 20%) was compared with the results simulated by detailed mechanism.

GLOBAL MECHANISM

The following assumptions are made for the detailed model establishment in this study:

(1) One-dimension, constant-area, and steady flow.

(2) Kinetic and potential energy, viscous shear force, and thermal radiation are neglected.

(3) The pressure rise across the flame is very small so that it can be neglected, that is, the pressure remains constant.

(4) Fuel and oxidant form products in a single-step mechanism.

(5) The temperature correction coefficient β is 0.

The thermal theory (Chatelier, 1883; Evans, 1952) deals with phenomena about heat release and propagation without taking the diffusion factors into account. In addition, the thermal theory lays barely on the physical process and couples the principles of heat transfer, chemical kinetics, and thermodynamics without referring to a great deal of mathematics. Therefore, in this paper, a method is developed for one-step hydrogen combustion mechanism and the activation energy and pre-exponential factor are derived based on the thermal theory.

The ignition process of mixture can be divided into two regions: preheating region and chemical reaction region. In preheating region, the gas is heated from the initial temperature T0 through heat conductivity and ignited on the boundary; in chemical reaction region the chemical latent enthalpy of gas transfers to sensible enthalpy of products.

The heat flux transferred by conduction between T0 and Ti is [image: image1], and the gas is assumed to have a constant specific heat capacity Cp. The heat transfer from burning side to unburnt mixture follows the principle of Fourier heat conduction, thus heat flux can be expressed as [image: image1]. In accordance with thermal theory, the energy balance equation is

[image: image1]

where Tf is the flame temperature;Ti is ignition temperature; δr is the distance in which the temperature rises from Ti to Tf; ṁ is mass flux.

Defining mass flux [image: image1], Eq. 1 gives

[image: image1]

where SL is the laminar burning velocity; ρ is the density of unburned gas.

Defining reaction time τr, the reaction length δr can be obtained by

[image: image1]

where [x] is the gas concentration of component x; p is the gas pressure; R is the universal gas constant; w is the rate of overall reaction; T is the combustion temperature.

Substituting Eq. 3 into Eq. 2 gives

[image: image1]

The rate constants of global reaction mechanism for hydrogen combustion can be expressed as

[image: image1]
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where A0 is the factor of the rate constant, Ea is the activation energy; a and b are the reaction orders; kG is the reaction rate constant; [H2] and [O2] are the concentration of unreacted hydrogen and oxygen, respectively.

Defining [image: image1] and extracting a root of Eq. 4, the following expression can be derived

[image: image1]

Defining [image: image1] and taking the logarithm of Eq. 8 yield

[image: image1]

Figure 1 shows the laminar burning velocities for hydrogen–air mixtures (Günther and Janisch, 1972; Andrews and Bradley, 1973; Liu and MacFarlane, 1983; Berman, 1984; Koroll et al., 1993; Aung et al., 1997). These experimental data have been validated by several researchers and considered to be the accurate laminar burning velocities which can be used to get kinetic parameters. In present paper, pre-exponential factor A, activation energy Ea, and reaction orders can be obtained by using least-square fit method from Eq. 9, which are given in Eqs 10 and 11. The kinetic parameters of global mechanisms can be calculated with the burning velocity measurements at low (Chydrogen < 20%) and high hydrogen concentrations (Chydrogen > 20%), respectively.


[image: image1]

FIGURE 1 | The laminar burning velocities for hydrogen–air mixtures plotted as a function of the hydrogen concentration: (A) Chydrogen < 20%; (B) Chydrogen > 20%.



The calculated best fits according to Arrhenius theory for hydrogen concentration lower than 20% and higher than 20%, are as follows [[image: image1] and [image: image1] are in units of kmol−0.5 m1.5 s−1 and kmol−0.4 m1.2 s−1, respectively]:

[image: image1]
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The reaction rate data, shown in Figure 2, indicates the kinetic parameters of the global mechanism, from very lean (12% hydrogen) to very rich (70% hydrogen concentration).


[image: image1]

FIGURE 2 | Arrhenius plot of overall rate constant data derived from the experimental data [symbols represent experimental data; the line is a least-squares fit of the form [image: image1]]: (A) Chydrogen < 20%; (B) Chydrogen > 20%.



MODEL VALIDATION

The steps of validation of the single-step model are as follows. First, a validation based on a lab-scale experiment of which the complete geometric details are given in Liu et al. (2016). In addition, to the author’s knowledge, there is rarely available lab-scale experiments measuring flame front position of hydrogen–air mixtures and the understanding of flame front propagation is necessary for the establishment of numerical models (Xiao et al., 2012). Second, the validation is implemented in experiments of CTF facility. Third, the flame front positions simulated by the global mechanism (Chydrogen > 20%) were compared with those using detailed chemistry mechanism (Marinov et al., 1995).

Numerical Work

Unsteady flows with premixed combustion are governed by the averaged Navier–Stokes equations. The mass, momentum, and energy conservation equations are shown as follows

Mass:

[image: image1]

Momentum:

[image: image1]

Energy:

[image: image1]

where u, v, and w are the Favre-averaged velocities, t is the time, p is the fluid pressure, μ is the dynamic viscosity, Su, Sv, and Sw are the source terms of momentum conservation equation, Cp is the specific heat capacity at constant pressure, λ is the thermal conductivity, ST is the source term of energy conservation equation including radiative, chemical reaction, and viscous dissipation.

The species transport equation takes the following general form:

[image: image1]

where ci is the concentration of species i by volume, Di is mass diffusivity coefficient of species i and Ri is the net rate of production of species i by chemical reaction in the system.

The standard k − ε model is used for the turbulence model as seen in Eqs 16 and 17, and the combustion model called eddy-dissipation-concept (EDC) is used in our simulation, which is able to handle the turbulence–chemistry interaction by including the ε and k into the source item

[image: image1]

[image: image1]

where C1, C2, σk, and σε are model constants, ε is the dissipation of turbulent kinetic energy. The kinetic parameters calculated in Eqs 10 and 11 are used in the global mechanism along with standard k − ε and EDC models.

The final mesh and time step used in this paper were 2 mm grid and 1 × 10−4 s via checking independence of grid and time step. The PISO method used for the pressure–velocity coupling was adopted, QUICK schemes are chosen for energy equation, and the second-order upwind numerical schemes are adopted to the spatial discretization for flow, species, and turbulence equations. The applied initial conditions involve initial concentration of gases and ignition positions. No-slip wall boundary conditions at the constant temperature are applied on the solid interfaces. Ignition is achieved by patching hot products at the center of igniter place, providing 0.01 J ignition energy corresponding to an ignition radius rk = 2.5 mm.

Experimental Work

In this paper, the geometry model considered is the same as the one studied experimentally by Liu et al. (2016). The lab-scale experimental setup for hydrogen/air combustion is shown in Figure 3. It consists of a cylinder-type reaction container with inner diameter of 0.4 m and height of 2.3 m. R-type thermocouples were aligned vertically at regular spacing to the axis of reaction chamber to get the gas temperature distribution in combustion process. In addition, E-type thermocouples and pressure sensors were located at the center of chamber to measure the initial temperature and pressure of mixture, respectively. Fuel-lean mixtures of hydrogen/air of various stoichiometric ratios were ignited by spark igniter at the bottom of the container.


[image: image1]

FIGURE 3 | chematic diagram of the combustion chamber/container.



Model Validation

Figure 4 shows the flame front position with the variation of initial steam concentration and ignition position. Exact parameters in the experimental measurements and simulation by the global mechanism are as follows, initially 373 K, 0.1 MPa, hydrogen concentration of 10%, and steam concentration from 0 to 30% for Figure 4A, and initially 373 K, 0.1 MPa, hydrogen concentration of 10% with top and bottom ignition without steam for Figure 4B. It can be seen that the global mechanism shows good agreement with the experimental data. Figure 5 shows the deviation of flame front position obtained from simulation and experiment and the deviation of flame front positions are within 20%.


[image: image1]

FIGURE 4 | Comparison between numerical and experimental results: (A) effect of initial steam concentration; (B) effect of ignition position.




[image: image1]

FIGURE 5 | Comparison of flame front positions between updated kinetics and experiments.



The single-step mechanism was further validated by CTF experiment (Whitehouse et al., 1996). Figure 6A shows the predicted results for hydrogen concentration of 12.8% at 0.1 MPa, initially 298.15 K. Figure 6B represents the deviations of flame front positions calculated by the global mechanism and obtained from experiments. It can be observed from Figure 6B that most of the deviations of flame front positions are below 20%. The results show that the global mechanism predicts the published experimental results reasonably well.


[image: image1]

FIGURE 6 | (A) Comparison of flame front position between numerical and published data; (B) comparison of flame front position between updated kinetics and experiments.



The agreements between experimental results obtained both from our container and CTF and numerical simulation were achieved, indicating that the current global model (Chydrogen < 20%) predicts experiments well.

To validate the global mechanism (Chydrogen > 20%), the simulation of flame front positions using the global mechanism versus the detailed model (Marinov et al., 1995) was conducted over a large range of concentrations in the container with the same geometric as Liu’s experiments (Liu et al., 2016). Figure 7 shows the comparison of flame front positions and flame temperature between the global mechanism and detailed model. The predictions with the global model were able to match those using detailed mechanism within 20% error over the range of hydrogen concentration from 20 to 70%.


[image: image1]

FIGURE 7 | (A) Comparison between global mechanism and detailed mechanism; (B) flame temperatures calculated by global mechanism and detailed mechanism.



CONCLUSION

A method based on the thermal theory was established to calculate values of reaction orders, activation energy, and pre-exponential factor of global mechanism over the entire range of concentration, from very lean (12% hydrogen concentration) to very rich (70% hydrogen concentration). This global mechanism (Chydrogen < 20%) was validated by the experiment carried out in a closed lab-scale combustion container and CTF facility. In addition, the predicted results obtained with the global mechanism (Chydrogen > 20%) were compared with that of the prediction with a detailed mechanism. The numerical data with the global mechanism are in good agreement with the results obtained from experiments and the detailed mechanism. These both provide a reasonable proof for the current model and indicate the model can be widely applicable for large-scale and complex structure simulation of hydrogen combustion.

NOMENCLATURE




	Roman Symbols



	A0
	factor of the rate constant [kmol−0.4 m1.2 s−1 or kmol−0.5 m1.5 s−1]



	C
	concentration by volume [%vol.]



	C1, C2
	turbulent model constants



	Cp
	specific heat capacity at constant pressure [J kg−1 K−1]



	Di
	mass diffusivity coefficient of species i [m2 s−1]



	Ea
	activation energy [kcal mol−1 or J mol−1]



	[H2]
	concentration of unreacted hydrogen [mol m−3]



	[O2]
	concentration of unreacted oxygen [mol m−3]



	Q
	Heat conductivity flux [J s−1 m−2]



	R
	universal gas constant [J mol−1 K−1]



	Ri
	net rate of production of species i by chemical reaction in system



	SL
	laminar burning velocity [m s−1]



	ST
	source term of energy conservation equation



	Su, Sv, Sw
	source terms of momentum conservation equation



	T0
	initial temperature [K]



	Ti
	ignition temperature [K]



	Tf
	flame temperature [K]



	a, b
	reaction order



	ci
	concentration of species i by volume



	[image: image1]
	reaction rate constant for H2 concentration lower than 20% [kmol−0.5 m1.5 s−1]



	[image: image1]
	reaction rate constant for H2 concentration higher than 20% [kmol−0.4 m1.2 s−1]



	ṁ
	mass flux [kg m−2 s−1]



	p
	pressure [Pa]



	rk
	ignition radius [mm]



	t
	time [s]



	u, v, w
	Favre-averaged velocities [m s−1]



	w
	rate of overall reaction [mol s−1 m−3]



	[x]
	gas concentration of component x



	Greek Symbols



	β
	temperature correction coefficient



	δr
	reaction distance in which the temperature rises from Ti to Tf [m]



	ε
	dissipation of turbulent kinetic energy



	λ
	thermal conductivity [W m−1 K−1]



	μ
	dynamic viscosity [Pa s]



	ρ
	density [kg m−3]



	σk, σε
	model constants



	τr
	reaction time [s]



	Φ
	equivalence ratio
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