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DSMC Calculations of Binary Gas Mixing in Simple Micro-Sized Configurations

The Direct Simulation Monte Carlo (DSMC) method is employed to model and simulate the mixing of two non-reactive gas streams in a simple twodimensional micro-mixer. The efficiency of the mixing process in a mixer is related to the mixing length, which is the distance from the inlet where the mixture is found to be homogeneous. A new method to measure homogeneity is presented. It has been found that the boundary conditions at the walls and the inlets, the molecular models and the physical properties of the gas species may influence the mixing process at different scales. Their level of influence on the efficiency of the mixer is presented.

INTRODUCTION

Gas mixing in micro-scale is a problem of theoretical and industrial interest for development and optimal design of gaseous MEMS/NEMS (Micro/Nano-Electro-Mechanical Systems) devices [1]. The study of the effects on the mixing process for various configurations and different boundary conditions is essential for the design of these devices. The computational analysis of gaseous flows in MEMS devices operating under different thermal conditions in non-equilibrium flow regimes cannot be based on classical continuum models of fluid motion because the continuum assumption that the flow is locally in the near-equilibrium state is no longer valid. Thus, numerical methods that solve the Boltzmann equation such as the Discrete Velocity Method and the Lattice Boltzmann Method, as well as particle based methods such as the Molecular Dynamics and the Direct Simulation Monte Carlo methods are used instead. The Direct Simulation Monte Carlo (DSMC) method [START_REF] Bird | Molecular Gas Dynamics and the Direct Simulation of Gas Flows[END_REF] is arguably the most common and is employed in this work.

One of the first investigations of gas mixing in micro-configurations has been performed by Yan & Farouk [START_REF] Yan | [END_REF]. They investigated the dependence of the mixing length on the pressure ratio between the inlets and the outlets, between the inlets alone and on the inlet velocities. The tested configuration consisted of two parallel gas streams (H 2 -O 2 ) entering the mixing chamber. In the inlet region the two streams are separated by a splitter plate. It has been found that the mixing length is increased by increasing the pressure ratio between inlets and outlets and between the two inlets. In all simulations the outlet pressure is kept at 50 kPa. The same flow setup has been also examined by Wang & Li [4] testing the mixing of CO and N 2 while the outlet pressure is kept at zero (no backflow). They introduced the terms of relative density difference and mixing coefficient in order to describe better the mixing process. It has been found that the mixing length is inversely proportional to the gas temperature and the Knudsen number, while it is proportional to the Mach number. They have also shown that the wall characteristics have little effect on the mixing length when the rest of the properties are the same. Hassan & Le [5] studied the mixing of CO and N 2 at a T-shape micro-mixer by also keeping the outlet pressure low enough to prevent back-flow. It has been found that at higher Knudsen number the mixing length is reduced, while increasing the inlet pressure resulted in an increased mixing length. Also, increasing the flow rate and the wall temperatures reduced the mixing length, with the wall temperature effect to be more significant. Most recently, Darbandi and Sabouri [6] have investigated CO and N 2 mixing at an angle by applying Y-shaped inlets. They have also studied the effect of replacing a "larger" micro-mixer with many "smaller" ones.

In this work, following [4], the mixing of two parallel gas streams entering the microchannel is simulated using the DSMC method. Initially, the influence of different parameters, such as temperature and accommodation coefficients at walls, inlet pressures and molecular models, on the mixing process is investigated using CO and N 2 which have the same molecular mass. Then, in order to investigate the mixing process of gases with different molecular masses the mixing of the gas pairs of He-Xe, Ne-Ar, He-Ar and He-Ne is considered.

PROBLEM DESCRIPTION

The basic configuration of the micro-mixer with dimensions L/H = 10, H/d = 1, H = 1μm is shown in Fig. 1. The two gases enter from the left upper and lower inlets respectively. As "one" is considered the lighter species, which enters from the upper inlet, unless stated otherwise. For the case of CO and N 2 mixing the former gas is considered as one. Pressure at each inlet is 0.2 atm and temperature is set at 300 K, while vacuum is assumed at the outlet. Initially, vacuum conditions are assumed also inside the mixer. The accommodation coefficients at all walls are equal to unity, (fully diffuse reflection) and the inlet bulk velocity is zero. The area after the inlets is the "mixing chamber". The two species start mixing when they enter the mixing chamber. The mixing length is defined by the distance from the beginning of mixing chamber to a distance where the two species are found to be fully mixed. The mixture is considered as fully mixed when the concentration of the species across the channel's height is equal to the ratio between the upper and lower fluxes. One way to calculate the mixing length is by measuring the homogeneity of the mixture at different lengths across the channel [4].The proposed method reads as follows:
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Here, j a  is the relative density difference, which will be referred to as "RDD" in this paper, of species a at column j . Also, , j up a n and , j low a n correspond to the number densities of the same species at the same column as measured at the two cells adjacent to the upper and lower walls of the main channel (L) respectively. Across the length of the channel it is expected that the RDD of each species will reach a minimum value. In an ideal case it would be equal to zero but for practical reasons in this work it is set at 0.5%. The length at which each species is found to reach this minimum value it is the point that each species is considered to be uniformly distributed across that column. The lengths that this happens for each species might coincide or not. The larger of those two is chosen as mixing length.

Based on the same concept an alternative method is proposed in this work, where all intermediate cells are considered:
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is the number of cells at column j and , j avg a n is the average number density over the cells of column j . This approach is considered as more accurate since the average of the deviations of each cell number density of the column average is calculated.

In Fig. 2, the evolution of the RDD over the length of the mixing chamber computed with the present method and the one proposed in [4] is plotted. It is observed that the RDD evolution of both species based on the two methods is similar and this is justified by the same molecular masses of CO and N 2 . However, with the Wang & Li method the statistical noise of DSMC is very significant, since the computation is based only on the extreme cells across the channel. For both cases the minimum value of RDD is about 0.005 or 0.5% at wall length equal to 4.8 μm or at a mixing length equal to 2.8 μm. The sudden increase of the slope at the end of the RDD evolution (obtained with the proposed method) indicates enhanced separation, which is justified by the imposed vacuum at the outlet.

COMPUTATIONAL CONSIDARATIONS

The DSMC method, which is used in the present study, is a well-known particle based stochastic method that simulates gas flows very efficiently in transition and rarefied regimes. The main principle of the method is the decupling of the collisions and movement of particles. This is achieved by considering a time step smaller than the time a particle travels a mean free path at most probable velocity. Each simulated particle represents a huge amount of real molecules, usually greater than 10 18 . The computational domain is divided into cells. Particles are moving through the cells, collisions are occurring only between particles within the same cells and finally molecular speeds and number densities are sampled at each cell. This process is repeated at each time step. The simulation continues in time until a steady state is reached. There are two possibilities of averaging. The first is done by time averaging a large number of time steps after reaching the steady state. This averaging method is sufficient when only the steady state solution is of interest. However, in order to derive accurate results for the transient period, an ensemble averaging method is required as well, where many independent simulations are performed and results are additionally averaged at the same time steps by ensemble averaging over all simulations. An in-house DSMC code has been developed and employed in this work. For a rigorous mathematical description of the method, the reader is referred to [7].In Table 1, the basic DSMC configuration that has been applied in all simulations, unless stated otherwise, is presented. 

RESULTS AND DISCUSSION

The influence of the wall accommodation coefficient on the mixing length is depicted at Figures 3 (a) and (b). Figure 3(a) corresponds to the case where the accommodation coefficient is changed at all walls, while in Fig. 3(b)the accommodation coefficient is altered only at the upper wall while in all other walls is fixed to one. Results are provided with minimum relative density difference of 0.5% and 1% marked in red and blue, respectively. In Fig. 3(a) it is seen that the mixing length is greatly reduced when moving from fully specular to fully diffuse walls. In addition, the requirement for a higher accuracy of a 0.5% results in a larger mixing length (almost up to 1 μm). This becomes more evident at Fig 3(b), where when the RDD is 1%, the mixing does not reach the required threshold value for accommodation coefficient values in the range below 0.3, while when the RDD is 0.5% this is happening in a much wider range of values less than 0.7. It is evident that the wall material and the type of gas-surface interactions have a significant influence on the mixing process. Table 2 compares the mixing length for different temperatures at walls, while the temperature at the inlets is fixed at 300 K. While the temperature is increased at all walls at 1.5 and 2 times, from 300K to 450K and 600K respectively, only a very small decrease in the mixing length is observed. On the third column the optimum RDD achieved at this length is shown and its analysis suggests that although the length is reduced the relative density difference is increased which makes the mixture less homogenous. This remark is further strengthened by the average RDD at the end of the mixing chamber tabulated in the last column of Table 1. As the wall temperature is increased the separation effect of the mixture becomes stronger. [8]. In addition, the Variable Hard Sphere (VHS) and the Hard Sphere (HS) models, proposed by Bird [START_REF] Bird | MONTE-CARLO SIMULATION IN AN ENGINEERING CONTEXT[END_REF] have also been investigated and the results have been compared with the ones obtained by the VSS model. The readers are referred to [START_REF] Bird | The DSMC Method Version 1.2[END_REF] where a detailed and intuitive description of the phenomenological models is provided. Table 3 depicts the mixing length variations over the different models. It is interesting that even for the flow setups with isothermal walls there is a significant difference between the models. In order to better understand the origin of this difference a comparison of the corresponding velocity profiles is conducted. The velocity profiles of the mixture for the VSS case are plotted at the beginning, the middle and the end of the mixing chamber in Fig. 4 as the reference case. Then, a comparison is done at three different points on the center line at each length for each model respectively and Table 4 tabulates the differences in the velocities.

FIGURE 4.

Velocity profiles of the mixture, for the VSS case, at the start, middle and end of the mixing chamber respectively. Velocity reference is the most probable velocity of CO at 300 K (422.08 m/s). Although the differences are relatively small, the influence on the mixing process is large, which means that the velocity of the flow field is also a significant parameter. The authors in [START_REF] Yan | [END_REF]4] arrived in the same conclusion by investigating different inlet bulk velocities. This result supports the Koura and Matsumoto [8] conclusion that the VSS should be preferred in cases of gas mixture flows as a more reliable model.

The effect of the molecular mass difference has also been investigated by considering species with different molecular masses. In Table 5 the results of mixing lengths and RDDs are provided for the following combinations: He-Xe, Ne-Ar, He-Ar and He-Ne. Compared to the base case where the two species with similar masses are mixed, now the relative density difference evolves differently. Several interesting phenomena take place. The lighter species can achieve a much better uniform distribution having RDDs 0.5%-0.7% at a length of about 4.3 μm, while the heavier species never reach that good distribution, with a minimum RDD of about 1% and moving up to 2.4%. In addition, the lighter species is always influenced by the heavier one loosing very quickly its uniformity. Furthermore, the final mixing length is similar in all the cases. The main difference and influence of the heavier species lies on the RDD. This means that different cases may result in the same mixing lengths but with different homogeneity at those corresponding lengths. It is important to note that these species will never be "fully mixed" and only a best possible mixing can be achieved, depending on the boundary conditions. This can be better understood from Fig. 5, where the evolution of RDD for the case of He-Xe, are given with colors (red for He and blue for Xe). The two species are distributed at different rate and their RDD evolution lines never cross or coincide. In addition, at the same figure the RDD evolution of He-Xe mixture is plotted with green for He and black for Xe in a mixing chamber where its length has been increased by 4 μm (total length of the mixer becomes 12 μm). This is performed in order to investigate the influence of the length on the final results. The behavior is identical. In both cases both species reach the minimum value of RDD at the same point and after that they expand towards vacuum in a similar manner. 

CONCLUSIONS

The mixing process of two parallel gas streams of monoatomic, non-reactive species have been investigated in terms of the mixing length and homogeneity of the mixture. The boundary conditions at the walls and the inlets of the mixer, the molecular model and the molecular masses of the species have been shown to have different degree of influence to the mixing process. In order to describe correctly that process and compare the efficiency of different micro-mixers it is necessary to define along with the mixing length the corresponding measure of homogeneity. In this work a new type of measurement is proposed by evaluating how uniformly each species is distributed in space. By accepting a very small value, usually about 0.5% the condition of "fully mixed" flow practically is considered as fulfilled. Even a small change in that value can lead to errors. More predominantly for the realistic case of mixing species with different masses this value does not stay fixed; rather it varies differently for each species, giving as well a good indication of the separation effects that take place. Moving from specular to diffuse walls the mixing process is greatly improved. Increasing the wall temperature, with fixed inlet gas temperature, results in a small decrease of the mixing length on the account of the homogeneity. Simulations performed using three different intermolecular models of VSS, VHS and HS resulted in differences in the mixing length that should not be neglected. An explanation for that is related to the observation that the application of different molecular interaction models reflects in small differences in velocity fields of the gas components. Finally, the difference between molecular masses of the two species influences the mixing process mainly on the mixture homogeneity, while the mixing length remains almost unaffected.
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 1 FIGURE 1. Schematic of the parallel gas micro-mixer.

FIGURE 2 .

 2 FIGURE 2. Evolution of relative density difference of CO and N 2 calculated with both methods. At the upper right the evolutions based on the two cases are zoomed.

FIGURE 3 .

 3 FIGURE 3. Mixing length variation over different accommodation coefficients  at walls: (a) all walls have the same

FIGURE 5 .

 5 FIGURE 5. Evolution of relative density difference for the case of He-Xe for mixing chambers with total length of 8 μm (red and blue) and 12 μm (green and black).

TABLE 1 .

 1 DSMC properties

	Property	Value
	Collision scheme	NTC
	Molecular model	VSS (monoatomic)
	Time averaging	20 kinetic steps
	Total samples	500 (1 sample = 20 kin. Steps)
	Ensemble averaging	50 (simulations)

TABLE 2 .

 2 Influence of the wall temperature on the mixing length.

	Temperature [K]	Mixing length [μm]	RDD	Average RDD
	300	2.8	0.57%	0.76%
	450	2.7	0.67%	0.98%
	600	2.5	0.69%	1%
	All simulations have been performed by employing the Variable Soft Sphere (VSS) molecular model, proposed
	by Koura and Matsumoto			

TABLE 3 .

 3 Influence of the molecular model on the mixing length.

	Molecular	Mixing length	Relative Error
	Model	[μm]	VSS/VHS VSS/HS
	HS	3.3		
	VHS	3.15	12.4%	17.4%
	VSS	2.8		

TABLE 4 .

 4 Comparison of velocities for different physical models.

	Length in	Velocity (  422.08 m/s)		Relative Error
	Mixing				
	chamber				
	[μm]	VSS	VHS	HS	VSS/VHS VSS/HS VHS/HS
	2	0.1837 0.1885 0.1858	2.61%	1.14%	1.43%
	5	0.3133 0.3232 0.3172	3.16%	1.24%	1.88%
	8	0.7692 0.7785 0.7682	1.21%	0.13%	1.32%

TABLE 5 .

 5 Mixing lengths and RDDs for species with different physical properties

	Species	RDD1	Point 1 [μm]	RDD2	Point 1 [μm]	Mixing length [μm]	m1 / m2 d1 / d2
	He-Xe	0.6% -1%	4.23	1.4% -2.4%	4.16	2.23	0.03	0.404
	Ne-Ar	0.7% -1.1%	4.23	1%	4.16	2.23	0.506	0.659
	He-Ar	0.5% -1.1%	4.3	1.1% -1.6%	2.56	2.56	0.1	0.559
	He-Ne	0.7% -1%	4.3	1% -1.5%	2.5	2.5	0.2	0.845
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