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When argon gas is introduced at the bottom of the tank, it pushes air up. Imagine this argon- air boundary as a piston, it moves up at the speed of 1.2 m/hr. Due to diffusion between the two gases, they will mix in the tank. This simulation is to compare the speed of diffusion and the speed of filling the argon gas, to see if we can get a pure argon gas in the tank. We assume the process is at 1 atmosphere (101325 Pa) and room temperature (300 K).
1. Diffusion coefficient
Let DAB be the diffusion coefficient between two gases A and B.
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kB is the Boltzmann constant, T is the temperature, P is the pressure, with molecular masses mA, mB and molecular diameters dA, dB.
kB = 1.38064852(79)×10−23 J/K, T = 300 K (room temperature), P = 1.01325x105 Pa (atmospheric pressure). We consider air diffusion in argon. 78% of air is N2, and 21% is oxygen. Therefore if we consider A = N2, B = Ar. mA = 28, mB = 40, We use covalent diameter as molecular diameter, dA = 150, dB = 194. 
When we talk about atom and molecule, the mass unit is atomic mass unit --- amu, A mole of this substance composed of 6.022140857(74)×1023 (the Avogadro constant NA) these small items, and its mass equals the atomic mass with unit of gram. For example, NA nitrogen molecules have mass of 28 grams. So each nitrogen molecule has 28/ NA g. The unit for molecular diameter is pm (10-12 m).
Substitute these numbers into the formula, we have diffusion coefficient between nitrogen and argon D = DAB = 4.54x10-5 m2/s. 
If we consider diffusion between oxygen and argon, A = O2, mA = 32, dA = 146. We have diffusion coefficient between oxygen and argon D = 4.48x10-5 m2/s. This is 98.66% of the diffusion coefficient between nitrogen and argon. The diffusion of nitrogen is a little faster than that of oxygen in argon. In following we consider only diffusion of nitrogen in argon.
The diffusion coefficient change with temperature according to T 3/2. It has value of 4.54x10-5 m2/s at 300 K, then its value at 100 K is 0.874x10-5 m2/s.
2. Diffusion equation
Let C be the concentration of air, the flux of air is , and the diffusion equation can be written as
.
3. Fill the tank
Now consider such a problem, in which, we have a vertical tube, filled with air on top and argon on bottom, separated by a thin film at x = 0. The tube is large enough, so that we don’t have to consider its boundary. At time t = 0, the film is removed. We calculate the air concentration for t > 0 and x > 0 (x direction pointing downward). 
This problem has an analytic solution 

It depends on one compound variable = . The solution is plotted in Figure 1. For  > 2.63, we have C < 100 ppm (1e-4). Let’s see how this front (C = 100 ppm) propagates in argon gas. 
For  = 2.63, we have  = . We see that at time t = 1 second, the front C = 100 ppm will be at x = 0.0354 m, and at time t = 4 second, the front C = 100 ppm will be at x = 0.0708 m.
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Figure 1. Solution to diffusion equation.
If the height of tank is 8 m, and the filling velocity is 1.2 m/hr. At the end of 6.67 hours, or t = t0 = 24000 second, we have air concentration 

This is plotted in Figure 2.
[image: ]
Figure 2. Air concentration at t0 = 24000 s.
For this solution, x = 0 is at the top and x = 8 m is at the bottom of the tank. At this time, the front C = 100 ppm is at x = 5.49 m. We calculate the velocity of this front. Since  = x/2(Dt)1/2 = constant, we have dx/dt = x/2t. For x = 5.49 m and t = 24000 s, the velocity of the front is 0.114e-3 m/s. Which is smaller than the filling velocity of 1.2 m/hr = 0.333e-3 m/s.
4. Continue filling
To get rid of the air, we have to continue the filling after t0. The calculation in previous filling uses the coordinate system which moves with the filling velocity. For continuous filling we use fixed coordinate system. Hence we have to introduce a convection term. Now the flux becomes vC , and the diffusion equation becomes 
.
Here v = -1.2 m/hr = -0.333e-3 m/s is the filling velocity. The solution previously obtained at t0 is the initial condition. The boundary conditions are


Figure 3 plotted the numeric solutions after 1 hour and 2 hours. Figure 4 plotted the air concentration at the top of the tank. After time t = t0 + 24e3 seconds, the air concentration will be less than 100 ppm. Remember the initial filling time is also 24e3 seconds, or 6 hour 40 minutes. After another 6 hour 40 minutes, the air concentration is the whole tank will be less than 100 ppm.
[image: ]Figure 3. Solutions for continue filling after t0

5. Conclusion
With the assumption that there is no gas flow other than the vertical upwards 1.2m/hour due to the filling of the tank, the mix of the air and argon is purely due to the diffusion effect, we calculated the filling process. We have the following conclusions: 1) at 300 K, the diffusion process is slower than the filling velocity. 2) After twice the filling time, total of 13 hours 20 minutes, the air concentration in everywhere in the tank will be less than 100 ppm.

[image: ]Figure 4. Air concentration at x = 0 (top of the tank)

6. Using Experimentally Measured Diffusion Coefficient 
The experimentally measured diffusion coefficient of nitrogen and oxygen in argon gas is about 2x10-5 m2/s. This is significantly smaller than what we calculated. For the diffusion effect the molecular diameter probably should be larger than what we used. No matter what, smaller diffusion coefficient means less air/argon mix, and that leads to short filling time to reach the 100 ppm goal. We compare these four cases of diffusion coefficient:
1) D = 4.54x10-5 m2/s ---- our calculated value;
2) D = 2.0x10-5 m2/s ---- experimentally measured value;
3) D = 1.1x10-5 m2/s ---- scaled to 200 K from experiment value;
4) D = 0.395x10-5 m2/s ---- scaled to 100 K from experiment value.
As before we divide the problem into two process. In the first there is no boundaries, air on top and argon on bottom at time t = 0, after that they diffuse into each other, till time t = t0 = 24000 s. In this process, the coordinates moves upward with velocity of filling 1.2m/hour. In the second process the coordinate system is fixed, and on the bottom of the tank there is no air, and at top of the tank there is no air diffusion into the tank from outside.
Figure 5 plotted the solutions at t0 for different diffusion coefficient values. Table I bellow listed the diffusion front position with air concentration 100 ppm at the time t0 and the velocity of the front.

[image: ]Figure 5. Air concentration at t = 24000 s for three diffusion coefficient values
Table I. Diffusion Front at t0
	Diffusion coefficient (m2/s)
	Front 100 ppm position (m)
	Front 100 ppm velocity (m/s)

	4.54e-5
	5.49
	0.114e-3

	2.0e-5
	3.64
	0.759e-4

	1.1e-5
	2.70
	0.563e-4

	0.385e-5
	0.608
	0.127e-4



Figure 6 plotted the air concentration at the top of the tank after time t0 for various diffusion coefficient values. Table II listed the total time (t0 + t1) needed to purge the tank. After this time, the sir concentration everywhere in the tank will be less than 100 ppm.
[image: ] Figure 6. Air concentration at x = 0 after time t0 for three diffusion coefficient values
Table II. Purge time (t0 + t1)
	Diffusion coefficient (m2/s)
	Purge Time (s)
	Purge Time (hour)

	4.54e-5
	47000
	13.06

	2.0e-5
	35500
	9.86

	1.1e-5
	31900
	8.86

	0.385e-5
	28030
	7.79
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