Muon g-2 Outer Mandrel Cool Down Analysis

Erik Voirin – Fermilab – evoirin@fnal.gov – Feb 19, 2015

Scope of Calculations:
	
In this analysis we estimate the cool down time and calculate the thermal strain of the Muon g-2 Outer Mandrel and Coils.  The T6061-T6 aluminum mandrel is roughly 50 feet in diameter and weighs 3800 kg. The 100kg cooling tube is an aluminum box tube which wraps around the outside of the mandrel near the top, then back again to the starting point.  This counter flow geometry means the inlet helium will cool the exiting helium as it acts as heat exchanger against itself, reducing the cooling efficiency.  We employ ANSYS CFX, a commercial Computational Fluid Dynamics (CFD) code to solve the transient temperature of the helium and mandrel.  All material properties obtained from RefProp v9.1 or NIST Cryogenic Database.  

Cooling Method #1:

Helium gas flows in the inlet tube and through to the outlet at a constant mass flow rate of 10 gm/sec. The Inlet temperature is set by the control system based on the maximum measured temperature on the mandrel, which will be outfitted with temperature sensors.  The cooling steps are as follows:

Step 1 = 250[K]
Step 2 = 225[K] (When Maximum Mandrel Temperature is below 275[K])
Step 3 = 200[K] (When Maximum Mandrel Temperature is below 250[K])
Step 4 = 175[K] (When Maximum Mandrel Temperature is below 225[K])
Step 5 = 150[K] (When Maximum Mandrel Temperature is below 200[K])
Step 6 = 125[K] (When Maximum Mandrel Temperature is below 175[K])
Step 7 = 80[K]   (When Maximum Mandrel Temperature is below [K])
Step 8 = 5[K] 


Results of Calculations:

This method shows the cool down time should be roughly 10 days, in actuality is will take longer due to manual switching of controls at the steps during working hours.  Temperature and Cooling power results are shown in Figures 1-6.  Delta Strain between the minimum and maximum mandrel temperatures is shown in the subsequent calculations.  An animation of the cool down can be played by double-clicking the icon below:
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Figure 1:  Temperatures of Mandrel and Helium during 10 day cool down.
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Figure 2:  Delta T of Minimum and Maximum mandrel Temperature from the average mandrel temperature.

[image: ]
Figure 3:  Inlet and Outlet Helium Temperatures and cooling power during cool down.
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Figure 4:  Average Mandrel Temperature and Total Delta T in Mandrel during cool down.
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Figure 5:  Mandrel and Helium Temperatures after 6 hours of flowing 10 g/s of 250K helium. 
(Helium shown floating outside of mandrel on top and bottom) This time will be the point of maximum differential strain in the mandrel)
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Figure 6:  Mandrel and Helium Temperatures after ~1 day of flowing 10 g/s of 250K helium.  (Helium shown floating outside of mandrel on top and bottom)
Thermal Strain Calculations:
Linear Expansion of Al 6061 from 293K (source: NIST)
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Thermal Expansion Coefficient
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Calculate Maximum Differential Strain of Mandrel during cool down.
Differential Strain at 6 hours (highest differential strain)
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Differential Strain at 218 hours (highest total temperature difference)
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Comments:
Further Analysis could be done where the stress in the mandrel and coils could be analyzed at the 6 hour time point by importing the temperature results, but stress is expected to be very low since the spatial derivative of the strain is very low.   The simplified stress using the Duhamel-Neumann form of Hooke’s law shows only ~8.5 ksi of thermal stress.   







Cooling Method #2: Increase Flow Rate to 15 grams/sec:

Helium gas flows in the inlet tube and through to the outlet at a constant mass flow rate of 15 gm/sec. The Inlet temperature is set by the control system based on the maximum measured temperature on the mandrel, which will be outfitted with temperature sensors.  The cooling steps are as follows:

Step 1 = 250[K]
Step 2 = 225[K] (When Maximum Mandrel Temperature is below 275[K])
Step 3 = 200[K] (When Maximum Mandrel Temperature is below 250[K])
Step 4 = 175[K] (When Maximum Mandrel Temperature is below 225[K])
Step 5 = 150[K] (When Maximum Mandrel Temperature is below 200[K])
Step 6 = 125[K] (When Maximum Mandrel Temperature is below 175[K])
Step 7 = 80[K]   (When Maximum Mandrel Temperature is below [K])
Step 8 = 5[K] 


Results of Calculations:

This method shows the cool down time should be roughly 6 days, in actuality is will take longer due to manual switching of controls at the steps during working hours.  Temperature and Cooling power results are shown in Figures 1-6.  Delta Strain between the minimum and maximum mandrel temperatures is shown in the subsequent calculations.  An animation of the cool down can be played by double-clicking the icon below:
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Figure 7:  Temperatures of Mandrel and Helium during 6 day cool down.
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Figure 8:  Delta T of Minimum and Maximum mandrel Temperature from the average mandrel temperature.
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Figure 9:  Inlet and Outlet Helium Temperatures and cooling power during cool down.
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Figure 10:  Average Mandrel Temperature and Total Delta T in Mandrel during cool down.
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Figure 11: Mandrel and Helium Temperatures after 4 hours of flowing 15 g/s of 250K helium. 
 (Helium shown floating outside of mandrel on top and bottom) This time will be the point of maximum differential strain in the mandrel)
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Differential Strain at 4 hours (highest differential strain)
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