Cool down of 33.5 Ton Prototype Cryostat
Erik Voirin – Fermilab – evoirin@fnal.gov – 630-840-5168 – May 30, 2012

Scope of calculations/cool down simulations:
Parametrically analyze and study the fluid flow and temperature characteristics of cool-down of the 33.5 Ton prototype cryostat using Computational Fluid Dynamics (CFD) methods.  Determine an acceptable way off cooling down the membrane without exceeding the manufacturer’s criteria for cool down rate, maximum 15 K/hr from room temperature to 200K and maximum of 10 K/hr below 200K.  Attempt to keep a fairly homogeneous temperature gradient in the gas space, as if cooling a TPC and frame.    

Cryostat Cooling Method:
[bookmark: _GoBack][image: ]	Instead of using cold argon gas, the cryostat will be cooled with liquid/gas sprayers.  These sprayers will spray liquid argon through the central hole and gaseous argon through the two angled holes.  This creates a flat spray pattern of cold argon gas and extra liquid which will evaporate in the fluid volume, creating additional cooling power.  Also additional straight gas sprayers will be used to provide momentum and mixing in a more efficient manner, causing the cryostat fluid space to have a relatively steady circulation pattern, and a forced convection dominated type flow.    Figure 1 shows one sprayer with water spraying through all orifices.  Figure 1: Liquid/gas sprayer spraying water through all orifices.






Model Details: 
Materials and Dimensions:
· Cryostat gas space dimensions are 2.7m x 2.7m x 4m
· 304 Stainless steel membrane modeled as 2.5mm thick instead of their actual thickness of 2mm to account for extra material in corrugations
· Fireboard (10mm thick) and Plywood (12mm thick) have nearly identical thermal diffusivity so they were modeled as a single material, (22.5mm) thick with their equivalent average properties.
· 0.3m thick polyurethane insulation. 
· Additional Information can found in APPENDIX B
(authored by Terry Tope and Mark Adamowski)
 
3D to 2D conversion:
· Solid materials with locations 0 < y <2.7 m (vertical walls between top surface of floor membrane and bottom surface of roof membrane) have the density and thermal conductivity increased by a factor of 2.481 (ratio of perimeter to width of those walls) to account for thermal mass of side walls which are not modeled, while keeping thermal diffusivity, and therefore, transient behavior constant.   
Material Properties:
· Argon Gas @ 15.33 psia - all properties temperature dependent and obtained from NIST RefProp. All solid material properties are temperature dependent and obtained from manufacturer specs, NIST cryogenic database, or other relevant sources.  More details can be found in APPENDIX A. 
Initial conditions:
· Transient model initialized from steady state solution of all materials at 293K, and a steady inflow of argon gas momentum at 293K. 

Boundary conditions:
· Rather than actually modeling the two phase evaporation of the liquid/gas sprayers, they were modeled as volumetric source terms applied to a “spray volume” which includes all the equivalent continuity, momentum, and cooling power of the sprayers themselves.  These sprayers were near the bottom left corner of the cryostat spraying directly to the right, see APPENDIX B. 
· The cryostat contained one outlet on the top.
· Outer insulation walls held at 293K

Parametric Simulation Results: 
The cool down was analyzed parametrically by varying the amount of liquid and gas sprayed into the fluid volume.  It was found the momentum must be high enough to overcome the buoyant effects of the gas.  To simplify everything, the only two parameters which determine the flow/temperature characteristics of the cool down, are the input momentum (from the high velocity gas) and cooling power (from the liquid).  Fortunately, each of these parameters can be controlled separately using the liquid/gas sprayers.  The input momentum provides the circulation, and this helps keep the gas space at a near homogeneous temperature, causing forced convection and increasing Reynolds number.  As the cooling power is increased, by consequence, the temperature difference between the gas and the membrane also increases, since it raises the Grashof number.  The Richardson number = Gr/(Re^2) describes the dominance of either forced convection or natural convection.  If the cooling power is increased too much, without increasing the input momentum, so increases the temperature gradient at the fluid-solid interface.  An increase in this temperature difference raises Grashof and Richardson, which can cause the fluid space to lose its steady circulation pattern since natural convection and buoyancy start to influence the flow. A buoyant flow pattern reduces the spatial homogeneousness of the entire temperature field, and a more stratified gas space temperature is seen.  As the Grashof and Reynolds numbers have no universal definition, using the parametric analyses, the length scale was tuned to cause Richardson to become greater than 1 at the onset of natural convection influenced flow.  Figure 2 shows the Richardson number with respect to gas space temperature for one simulation, and Figures 3a and 3b show the flow pattern of this same simulation before and after the switch to natural convection influence. An animation of this transient cool down can be seen in the attachment: “Fluid Flow Switch to Natural Convection.wmv”, where the onset of natural convection occurs at the end of the simulation, just before it was stopped.  The increase of Richardson with decreasing temperature is due to the volume expansion coefficient of a gas increasing with decreasing temperature, since density and temperature are inversely proportional.     
[image: ]
Figure 2: Tuned Richardson number of one simulation with respect to argon gas temperature.
[image: ]
[image: ]
Figure 3:  Steady flow pattern becoming influenced by natural convection as Richardson number becomes greater than 1.
Final cooling spray determination:
After thorough research in proper determination of the Richardson number, the amount of liquid and gas from the sprayers was adjusted to keep this value below 1 throughout the cool down, see Figure 4.   This resulted in the conclusion that values of the following would suffice to meet all required cooling parameters: (more detail shown in appendix A)
	Total Momentum:  	3.93 N*s/s   
	Total Continuity: 	36.04 gm/sec (equivalent argon gas as saturated temperature)
	Total Energy:		-1241 Watts (from additional cooling of liquid vaporization) 
This was achieved by spraying:
	Liquid spray:		22.158 gm/sec
Gas spray:		13.881 gm/sec (half of gas through straight nozzles)
[image: ]
Figure 4: Richardson number of final cooling simulation
Final Cooling Spray Simulation Results:
Cooling Power with respect to gas space temperature is seen in Figure 5.  Average temperature of gas space and membrane are shown in Figure 6; the cooling rate of the membrane is shown in Figure 7.   An animation of the cool down is shown in the attachment: “Final Cooling Simulation.wmv”
[image: ]
Figure 5: Cooling Power with respect to gas space temperature
[image: ]
Figure 6: Average temperature of gas space and membrane.
[image: ]
Figure 7: Cooling rate of the membrane.
Numerical Model and Convergence:
Turbulence Model: 	Shear Stress Transport
Energy Model: 		Thermal energy (high velocity gas kinetic energy subtracted from
cooling power to account for viscous dissipation and avoid using total energy model)
Transient Scheme: 	Second order - backward Euler
Advection Scheme: 	High Resolution
Turbulence numeric: 	High Resolution
Transient time steps: 	Convergence based adaptive time stepping (max 5 seconds)

Convergence for momentum/mass, energy, and turbulence are shown in Figure 8a, b, c; numerical grid is shown in Figure 9.   

[image: ]
Figure 8: Convergence for momentum/mass, energy, and turbulence; note MAX residuals not RMS.
[image: ]
Figure 9: Numerical grid for all domains. (close-up of boundary layer and interface).
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