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ABSTRACT

Achieving ultra pure argon without evacuation has been demonstrated several times at Fermilab by using the “argon piston,” where argon is slowly fed into the bottom of a tank originally filled with air.  The argon then pushes the air out the top of the tank, and molecular diffusion occurs at the interface of the two fluids during the purge.  The upward velocity must be great enough to overcome this molecular diffusion, but slow enough that it remains laminar and no mixing occurs, roughly 1 m/hr has shown be successful in previous gas purging experiments for this gas pair.  This document acts to explain the physics of a buoyancy assisted gas purge, and its applicability for achieving very pure gases without vessel evacuation. It further analyzes the applicability of the gas purge in the MicroBooNE cryostat, a complex shaped, varying cross section cryostat with internal obstacles.  Computational fluid dynamics code is used to numerically approximate the Navier-Stokes and mass diffusion equations and show the transient results for the gas composition of the cryostat space.     







Physics of the Buoyancy Assisted Gas Purge:

The buoyancy assisted gas purge works by strategically introducing a gas into a vessel and pushing the gas to be replaced out to other end.  It is termed “buoyancy assisted” since the density difference between the two gasses plays a key role in the purge by resisting convective diffusion, and attempting to keep the heavier gas below the lighter.  If one could imagine filling the tank with water we could see convective motion in the water and the air but they would behave as two separate control volumes and water would tend to keep a level surface due to it being much heavier than the air.  Water of course is a greatly exaggerated case has a much higher density difference, involves surface tension, and much lower diffusion coefficient than two gases; but this case is easily understood and explains the general physics of the buoyant flow.  The buoyant forces are of course reversible, so the purge could be used with any two gasses with a density difference, a lighter gas purge would of course have to be introduced at the top of the vessel and purge the heavier gas out the bottom.   
 
The forces on a fluids unit volume can described by a system of non-linear partial differential equations called the Navier-Stokes equations, which is shown for homogeneous, incompressible flow as equation #1.  For gas purging, the other body forces termed “f” are the buoyant forces caused by the density difference of the two gasses.  This term is expanded and given in equation #2, which in analogous to the Boussinesq model for buoyant thermal flow which is equation #3.
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Where:
is time
is velocity
is viscosity
is pressure
is the del operator
  is acceleration due to gravity
  is fluid density of the gas (more dense of the two gasses for binary mixtures)
is the temperature difference
is the concentration difference 
  is the thermal expansion coefficient
  is the equivalent specific volume expansion coefficient of the gas mixture
	         given by equation #4:
	
			       equation #4
Where:
is the specific volume of the gas mixture (a function of composition)
is the composition of the gas mixture

The units of  are then the inverse of the concentration units, so if using argon and air, and describing concentration in mass percentage air 0-100%,    would be %-1; the values using this scenario are shown in Figure 1.  At relatively high density and concentration differences, and very slow flows, this buoyancy term dominates the Navier-Stokes equations.  This term is what aids in distributing the heavier argon across the floor of a vessel and acts to keep the flow acting in a one dimensional manner throughout most of the purge, similar to the filling of water example.  

[image: ]
Figure 1: Equivalent volume expansion coefficient for argon and air gas mixture.

A density difference would not be needed in a one dimensional tank if one gas was introduced and exhausted in a perfect one dimensional manner, though in practice this is very difficult to do.  The buoyancy force is what makes the argon piston work even in complex geometries which are not vertically extruded shapes.  The shape and vertical cross sections should be somewhat unimportant as long at the walls are monotonic, meaning there are no inverted dishes or cavities in which a lighter gas would be caught.  Here they could only be removed by much slower molecular diffusion; think of an air bubble trapped on the roof of a water filled cavity.         

In addition to the convective motion of the two gasses, mass diffusion occurs at the interface where each gas diffuses into the other.  The rate at which the concentration changes with respect to time is governed by Fick’s second law, which is given as equation #5.  It should also be noted that as the two gasses begin to mix, the buoyancy effect is reduced as well since is lowering.   Care must be taken to ensure a purge velocity high enough to take advantage of buoyant effects where needed, yet not induce turbulent mixing.    
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equation #5

Where:
is time
is species concentration
 is a length in any direction
  is the mass diffusion coefficient which is given by equation #6

     	equation #6

Where:
is pressure
is Temperature
is the average diameter of the two diffusing molecules 
is the molecular mass of each diffusing component
is the temperature dependant collision integral

Since solving for the collision integral is complex and a separate topic of its own, we will not go into details in this document.  This equation was solved using kinetic theory methods and more details can be found in LBNE-Doc-3862.  At standard temperature and pressure the diffusion coefficient for air and argon is estimated to be ~0.173cm2/sec.  These few sets of equations are all that governs the flow field and diffusion, and with them the solution can be obtained.  To perform this complex task the fluid continuum was discretized and the transient solutions were approximated numerically using ANSYS CFX commercial CFD code. Past measurements for oxygen concentration at several elevations in of the tank during the purging process have agreed well with analytical calculations and computational fluid dynamics models, see Figure 2; more details can be found in LArTPC-Doc-88.  

[image: ]
Figure 2: Experimental vs. CFD results for LArTPC "milk tank" purge.

Implementation of the Purge on the MicroBooNE Cryostat:

Previous gas purging experiments, like the LArTPC one mentioned, were quite one dimensional in geometry, meaning an upright tank with vertical walls.  The MicroBooNE cryostat differs as it is a 150” diameter horizontal cylinder, meaning the flow will no longer be one dimensional or have a constant upward velocity since it has a varying cross section.  The MicroBooNE vessel purge is further complicated by the field cage having an impermeable wall on one side, which restricts the flow area on the bottom and top corners as seen in Figure 3, a half model of a cross section the cryostat.  In this analysis we test our previous statements about the robustness of the buoyancy assisted purge being successful even in complex geometries or involving flow restrictions.   
[image: ]
Figure 3: Half model of MicroBooNE cryostat which studies the most unpredictable and theoretically difficult to purge area of the cryostat, (flow restricted right side)

There are several other features in the cryostat such as the wires, porous media, and cylindrical bars on the top and bottom of the field cage which are omitted from the model.  Laminar flow through a porous media and around a cylinder is a well known flow, will not affect the analysis results, and is not the study of this analysis.  The cryostat shape and impermeable wall are the studies of interest, so the opposite side of the cryostat is not modeled as it does not contain the impermeable wall.  This 2D half model is the most unpredictable half and expected to be most difficult to purge.  All omissions are an attempt to speed computation time and improve grid quality while still accurately representing the most difficult  and unpredictable to purge areas of the cryostat. Model dimensions and boundary conditions throughout the transient analysis are as follows:

· Cryostat dimensions:  150" horizontal cylinder
· Field cage: 98" x 98" square centered in cylinder, right side impermeable
· Temperature: 293K
· Diffusion Coefficient: 0.175 cm2/sec 
· Time < 0: Ambient air flowing through cryostat at 12.8 Liters/sec (210000 ppm O2)
· Time > 0: Argon gas enters at bottom of cryostat at 12.8 Liters/sec (0 ppm O2)    
The volume flow rate of 12.8 liters per second was chosen as it produces an average flow velocity of 1m/hr across the widest cross sectional area of the cryostat.  We can see the natural single gas (or low density or concentration gradient) flow path through the cryostat at time t = 0 in Figure 4.  This flow can change during the purge depending on the geometry due to buoyant forces; though this flow pattern is important to note though as it will return as concentration gradients begin to decrease. Cryostat mirrored across symmetry plane to show multiple results. Animation 1 shows the transient results of the oxygen composition in parts per million during the purge.
[image: C://Users/HeadHPCNode/.cfx/CFX_TEMP_688/Figure001.png] 
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4
: Air flow velocities
 and oxygen concentration at one instance in time; (Purge Time = 0)
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Animation 1:  Transient results of the MicroBooNE cryostat argon purge. 
(double-click animation for playback)
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)[image: ]Figure 6 shows graphs of the oxygen concentration at eight points in the cryostat throughout the purge.  These eight points are shown in Figure 5; five points down the center of the cryostat with a vertical spacing of 0.75 meters, and three points at x = 1.5 meters using the same vertical spacing.  One can see the maximum value of oxygen, at the outlet, will reach 1 ppm in roughly seven hours, meaning a total of less than 2.5 volume changes. The argon purge proves very robust by successfully purging even this complex geometry.    
[image: ]
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Figure 6: Oxygen concentration at several points and maximum throughout purge, same data with linear scale and log scale.
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