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Abstract 
Thermal analysis of the FRIB cryomodule design is 

performed to determine the heat load to the cryogenic 
plant, to minimize the cryogenic plant load, to simulate 
thermal shield cool down as well as to determine the 
pressure relief sizes for failure conditions.  Static and 
dynamic heat loads of the cryomodules are calculated and 
the optimal shield temperature is determined to minimize 
the cryogenic plant load.  Integrated structural and 
thermal simulations of the 1100-O aluminium thermal 
shield are performed to determine the desired cool down 
rate to control the temperature profile on the thermal 
shield and to minimize thermal expansion displacements 
during the cool down.  Pressure relief sizing calculations 
for the SRF helium containers, solenoids, helium 
distribution piping, and vacuum vessels are also 
described. 

INTRODUCTION 
There are four primary configurations of cryomodules 

to be built for FRIB: 80.5 MHz =0.041, 80.5 MHz 
=0.085, 322 MHz =0.29 and 322 MHz =0.53.  The 

detailed FRIB cryomodule design is provided in [1] of 
this proceeding. 

Simulation and analysis are important to guide and 
verify the cryomodule design, which includes design of 
cold mass, cryogenic, thermal radiation shield, magnetic 
shield, and vacuum vessel sub-systems.  The thermal
simulations and analysis involved in designing a 
cryomodule include 
simula
pressure relief calculation of helium and vacuum system
flow calculation of cryogenic sub-system to determine the 
pressure, temperature and mass flow rate of helium.

In this paper, the heat load calculation, thermal shield 
simulations and pressure relief calculation will be 
presented. 

HEAT LOAD 
The static heat load contribution includes conduction 

through cryomodule supports, fundamental power 
couplers (FPCs), tuners, pressure relief pipes, beam line 
pipes, valves, magnet power supply leads, instrumentation 
wires and helium system bayonets, and radiation to 
shields and cold mass. 

The dynamic heat load contributions are from ohmage 
heating of the power couplers and RF losses in the 
resonators.  Details of the heat load calculation are 
documented in FRIB report [2]. 

Static and Dynamic Heat Loads 
The inverse Coefficient of Performance (COPinv) states 

how many watts of input power are required to produce 
one watt of cooling power.  The ideal COPinv is given in 
Table 1 and is normalized such that at 4.5 K the ideal 
COPinv is 1 for convenience.  In reality, more watts of 
input power are required to produce one watt of cooling 
power in 2 K.  Hence, the coefficient at 2 K is 3.  The 4.5 
K normalized cryogenic plant load is therefore calculated 
by 

.1.03 405.42 KKk qqqq ++=

Table 1: Coefficient of Performance

Circuit Temperature
[K] 

COP COPinv 
[W/W] 

4.5 K Norm.
[W/W] 

2 0.67% 149 3 

4.5 1.52% 65.7 1 

40 15.38% 6.5 0.1 

The calculated cryomodule heat loads are given in 
Table 2.  The components with conduction paths are 
intercepted with a thermosyphon loop supplied by a liquid 
helium bath at 4.5 K and a gaseous 40 K helium supply.  
Locations of the intercepts are calculated to minimize the 
cryogenic plant load.  Temperature of the intercepts 
considers the thermal resistivity from the intercepts to the 
4.5 K and 40 K cryogenic circuits and the heat loads to 
the circuits. 

Table 2: Cryomodule Static and Dynamic Heat Loads

Heat Load 
[W] 

=0.041 
(4 cavities)

=0.085 
(8 cavities)

=0.29 
(6 cavities)

=0.53 
(8 cavities)

2 K Static 4.6 8.2 6.8 9.7 

Dynamic 5.8 32.1 22.6 65.2 

4.5 
K 

Static 15.7 25.8 17.0 20.9 

Dynamic 2.7 7.1 7.3 12.8 

40 
K 

Static 120.8 141.8 129.5 139.7 

Dynamic 4.0 11.2 12.2 22.1 

Total 

2 K 10.4 40.3 29.4 74.9 

4.5 K 18.4 32.9 24.3 33.7 

40 K 124.8 153.0 141.7 161.8  ____________________________________________  

*Work supported by US DOE Cooperative Agreement DE-SC0000661  
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Figure 1

Figure 1: Heat load for different shield temperatures. 

-

Figure 1

For manufacturing and assembly considerations, the 
thermal shield is composed of three sections.  The shield 
is cooled via parallel 12.7 mm helium cooling tubes 
welded to the 1100-O aluminium sheet.    

Simulation of the thermal shield is performed for 40 K 
3 atm helium gas for mass flow rates of 0.1, 0.3, 1 and 3 
g/s.  The corresponding heat transfer coefficients are 38, 
92, 240 and 580 W/m2·K, respectively.  The change of 
temperature gradient on the shield with time is shown in 
Figure 2.  The larger the helium mass flow rate, the faster 
the cool down rate.  For example, temperature on the 
thermal shield reaches steady state within 1.7 hours with 
3 g/s mass flow rate, while it takes 2.2 hours for 1 g/s, 3.2 
hours for 0.3 g/s and 5 hours for 0.1 g/s. 

Temperature profile at the steady state is displayed in 
Figure 3.  The minimum temperature is 41.6 K, while the 
maximum is 43.8 K and occurs in the vertical plane where 
the heat conduction path is the greatest. 

Figure 2: Cool down rate for different mass flow rates. 

Figure 3: Temperature profile on thermal shield (half).

The maximum displacement of the shield is 6.1 mm 
after 3.3 hrs as shown in Figure 4.  The shield is 
supported from below on composite links.  During cool 
down the shield displacements are minimized by the 
division into one third of the overall length.  Each section 
of the shield shrinks toward its geometric center.  The 
three shield sections have 16 mm overlap providing 
shielding through cool down.  The thermal stress analysis 
during cool down is ongoing to determine the maximum 
cool down rate that the shield can accept. 

Figure 4: Thermal shield deformation. 
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Table 3

-

Table 3: Failure Modes and Pressure Relief Devices 

Failure of power 
coupler bellow 
FPC ceramic window 
break 

 Parallel 
plate 

Power coupler 
vacuum failure 
Vacuum vessel leak 

Relief 
valve 

Helium pipe leak 

  

  

Figure 5

Figure 

5

Figure 5: Pressure in helium vessel vs. relief pipe size.

The vacuum vessel shall be protected by a suitable 
pressure relief device such that it is not a pressure vessel.  
The minimum relief area is determined by the larger value 
of the discharge area of vacuum jacket required by [4] 
and the minimum helium relief area when cryogen lines 
in cryomodule rupture. 

The minimum discharge area of vacuum jacket required 
by [4] is 24 cm2 given a vacuum vessel volume of 7 m3.  
When helium pipes rupture, the maximum mass flow rate 
is 458 g/s.  To release this amount of helium to room 
temperature, the minimum relief area is 223 cm2.  Hence, 
the minimum relief pipe size for vacuum vessel is 16.5 
cm. 

Pressure relief devices are required for the helium 
piping between two adjacent valves for the failure case of 
a closed return valve for both thermal shield and cold 
mass helium pipes.  The PRDs require a flow capacity 
greater than 29 and 12 SCFM air at room temperature of 
thermal shield and cold mass helium pipes relief, 
respectively.  Therefore, 0.635 cm relief valves with set 
pressure of 3.7 atm are sufficient. 
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