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Cooling and Temperature Rise in RHIC Dipoles 

1. Introduction

Report 4 looked at the temperature rise in RHIC dipoles arising from heat conduction only.   This report adds to that work by examining the temperature rise coming from conduction in trapped volumes of helium and from heat transfer to the helium coolant. 

2. Conduction through gas in cavities

As in previous reports, we assume that the primary cooling is provided by helium at the inner surface of the dipole.  If the cable is fully wrapped in Kapton, it is likely that this Kapton will ‘bulge’ away from the cable at the inner surface of the winding and create a bubble of trapped helium as sketched in Fig 1. 
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Fig 1: Gas bubble formed where Kapton wrap bulges away from cable at the edges.

The helium trapped in these bulges will essentially be stagnant and heat generated in the winding will have to be transmitted through it.  At the top of the winding, where the heat transmission will essentially be downwards, the only mechanism for heat transfer will be gas conduction.  Appendix 1details a calculation of temperature rise through a stagnant gas film, assuming the film to be 0.5mm thick.  Table 1 lists these temperature rises for different cables and cycles with helium at 1 atmos and 5 atmos, corresponding to cooling in a laboratory test or operation in the final ring.

In regions of the coil around the mid plane, where the helium cavity is vertical, the cooling will be assisted by natural convection as sketched in Fig 2.  
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Fig 2: Horizontal cable orientation gives vertical helium gap and natural convection
The temperature drop in this instance is calculated using the a correlation developed for double glazed windows  (‘Heat Transfer’:  A Bejan,  John Wiley,  section 7.4.2).
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which is valid for 2 < H/L < 10,   Pr < 105   and  RaH < 1013
where L = channel width, in this case taken to be 0.5mm and H = channel height, in this case the cable thickness.  The Prandtl number Pr is:
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the Rayleigh number for channel height H is:
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and the Nusselt number:
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where  = viscosity, Cp = specific heat, k = thermal conductivity, g = acceleration of gravity,  = volume expansivity,  = temperature difference across cavity,  = thermal diffusivity = k / Cp,   = kinematic viscosity = .  Note that this correlation makes it necessary to make a first guess about  and then refine it after a first round of calculation. 

The second part of Appendix 1 details calculations of natural convection drop for helium at 1 atmos and 5 atmos pressure.

Table 1 presents the results of these calculations for all cables subjected to cycles 2 or 4.  Table 2 lists the same for cycle 3.   For reference, the cycles are listed in Table 3

Helium properties are take from ‘Helium Cryogenics’ by S Van Sciver (Plenum 1986 ISBN 0-306-42335-9) and ‘Thermophysical properties of Helium from 2 to 1500K with pressures to 1000 atmos’ by RD McCarty  NBS Boulder COM-75-10334 (1972). 

Table 1: Temperature drops from conduction across cable, trapped helium and Kapton cycles 2 or 4

	cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	3.20E+04
	1.96E+04
	1.29E+04
	1.18E+04
	5.29E+03

	conduction across cablec
	0.12K
	0.08K
	0.05K
	0.05K
	0.02K

	conduction across Kaptonk
	1.04K
	0.64K
	0.42K
	0.38K
	0.17K

	conduction across 1 atmos helium g1
	8.33K
	5.10K
	3.36K
	3.07K
	1.37K

	convection across 1 atmos helium v
	2.75K
	1.68K
	1.11K
	1.01K
	0.45K

	total drop with 1 atmos He conduction tc
	9.49K
	5.82K
	3.83K
	3.50K
	1.56K

	total drop with 1 atmos gas convection tv
	3.91K
	2.40K
	1.58K
	1.44K
	0.64K

	conduction across 5 atmos helium g1
	7.32K
	4.48K
	2.95K
	2.70K
	1.21K

	convection across 5 atmos helium v
	1.83K
	1.12K
	0.74K
	0.67K
	0.30K

	total drop with 5 atmos He conduction tc
	8.48K
	5.20K
	3.42K
	3.13K
	1.40K

	total drop with 5 atmos gas convection tv
	2.99K
	1.84K
	1.21K
	1.10K
	0.49K


Table 2: Temperature drops from conduction across cable, trapped helium and Kapton cycle 3

	cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	7.67E+03
	5.29E+03
	2.98E+03
	3.80E+03
	1.52E+03

	conduction across cablec
	0.03K
	0.02K
	0.01K
	0.02K
	0.01K

	conduction across Kaptonk
	0.25K
	0.17K
	0.10K
	0.12K
	0.05K

	conduction across 1 atmos helium g1
	2.00K
	1.21K
	0.68K
	0.99K
	0.40K

	convection across 1 atmos helium v
	0.66K
	0.45K
	0.26K
	0.33K
	0.13K

	total drop with 1 atmos He conduction tc
	2.28K
	1.40K
	0.79K
	1.13K
	0.46K

	total drop with 1 atmos gas convection tv
	0.94K
	.64K
	0.37K
	0.47K
	0.19K

	conduction across 5 atmos helium g1
	1.75K
	1.38K
	0.78K
	0.87K
	0.35K

	convection across 5 atmos helium v
	0.44K
	0.30K
	0.17K
	0.22K
	0.09K

	total drop with 5 atmos He conduction tc
	2.03K
	1.57K
	0.89K
	1.01K
	0.41K

	total drop with 5 atmos gas convection tv
	0.72K
	0.49K
	0.28K
	0.36K
	0.15K


Table 3: Parameters for the synchrotron cycles

	cycle
	f
	Bi
	Be
	B`
	Ti
	Te
	Tr
	Tc
	1/Tc

	
	=Bi / Be
	T
	T
	T/s
	s
	s
	s
	s
	Hz

	2
	0.1
	0.2
	2
	4
	1.5
	0
	0.45
	2.4
	0.4167

	3
	0.05
	0.175
	3.5
	1.75
	1.5
	1
	1.9
	6.3
	0.1587

	4
	0.05
	0.2
	4
	4
	1.5
	1
	0.95
	4.4
	0.227


Given the lack of convection in the upper parts of the winding, where the coil inner surface faces downwards, it seems safest to take the conduction temperature drop as a criterion for acceptability.  With this criterion, it would seem that only the extremely low loss cable 10 in cycle 3 has an acceptable temperature rise when fully enclosed in Kapton.  

 3 Cooling by Forced Flow Supercritical Helium 

This section makes a preliminary assessment of cooling the synchrotron ring from a central refrigerator.  Clearly the design this system will be a substantial engineering project in its own right, here we merely look at some typical numbers to make a broad assessment of feasibility.  As a starting point, we take the basic design parameters of the RHIC cryogenic system:


Mass flow rate M 
= 100 g.sec-1

Temperature o 
= 4.3K


Pressure drop around the ring Pring 
= 0.5 atmos

Note that the actual pressure drop around RHIC turned out to be much less than calculated, but here we take the design value because we need a relatively high drop in order to get good heat transfer.

Details of the calculation are presented in Appendix 2.   We consider only the dipoles, but assume that all other magnets will add a similar length to the ring, thus we work in terms of ‘equivalent dipole’ lengths.   For optimum cooling of the winding, all the helium flow is confined to the space between the inner face of the coil and the bore tube.  We assume that all the pressure drop comes from the magnet cryotats, with essentially none in the connecting transfer lines, because they can be made of much larger cross section.   

As detailed in Appendix 2, flow in the magnets has a Reynolds number of ~ 2x105, so it is well into the turbulent region, where pressure drop is determined by the friction factor  f according to:
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where Dh is the hydraulic diameter = 4 A / pw , where pw is the wetted perimeter, A is the flow cross section and  the gas density.  Friction factor depends on things like the geometry and surface roughness.  Fig 3 shows some results from KfZ Karlsruhe (IIR commission A1/2 ‘Stability of Superconductors in Helium 1 and Helium 2’, pp33).   The points are experimental measurements on the internally cooled conductor for the Euratom LCT coil, ie a fairly congested flow path.  Probably for this reason, the experimental data are higher than the commonly used correlations, shown by the lower lines.  An empirical fit, shown by the uppermost line is:
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and this fit is used to calculate the pressure drop in Appendix 2.  

Taking the RHIC dipole dimensions of coil ID = 79.9mm and bore tube OD = 73.2mm, with the RHIC flow rate of 100gm/sec, we generally find a pressure drop around the ring which exceeds 0.5 bar.   The bore tube OD has therefore been reduced to give the required pressure drop of 0.5bar, as listed in Table 4.   It is likely however that the friction factor of the smooth annular space in a RHIC cryostat will be less than the LCT conductor, so this calculation is probably pessimistic and it may be possible to keep the RHIC bore tube size.   Measurements are needed here.

Table 4: Bore tube outer diameters to achieve a pressure drop of 0.5 bar

	cycle #
	bore tube OD

	2
	70.7mm

	3
	72.3mm

	4
	72.6mm
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Fig 3: Measurements of friction factor in the Euratom LCT internally cooled conductor 

Because the Reynolds number is  ~ 2 x 105 , the flow is turbulent and the heat transfer is given (Arp V  Adv. Cryo. Engineering Volume 17 pp342) by:
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where w is the wall temperature and b is the wall temperature so that ,as with natural convection, it is necessary to make a first guess of the temperature rise and then refine it.

From the previous section, it seems clear that the Kapton will have to be removed from the inner coil surface.  We therefore calculate the temperature rise coming from conduction in the cable and heat transfer at the helium interface.  Results for different cycles and cables are presented in Table 4, from which it may be seen that cooling is not a problem for any of the cables, provide the Kapton is removed.  As noted in the next section, we assume a helium inlet temperature of 4.3K and a rise of 0.2K, so the maximum cable temperature may be found by adding 4.5K to the values in Table 4. 

Table 4: Temperature drops between cable and helium

	cycle 2                                          cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	3.20E+04
	1.96E+04
	1.29E+04
	1.18E+04
	5.29E+03

	conduction across cablec
	0.12K
	0.08K
	0.05K
	0.05K
	0.02K

	heat transfer to 5 atmos helium ht
	0.36K
	0.22K
	0.15K
	0.12K
	0.06k

	total temperature drop tot
	0.48K
	0.30K
	0.20K
	0.17K
	0.08K

	cycle 3                                          cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	7.67E+03
	5.29E+03
	2.98E+03
	3.80E+03
	1.52E+03

	conduction across cablec
	0.03K
	0.02K
	0.01K
	0.02K
	0.01K

	heat transfer to 5 atmos helium ht
	0.07K
	0.05K
	0.03K
	0.04K
	0.01K

	total temperature drop tot
	0.10K
	0.07K
	0.04K
	0.06K
	0.02K

	cycle 4                                          cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	2.92E+04
	1.68E+04
	1.20E+04
	9.17E+03
	4.22E+03

	conduction across cablec
	0.12K
	0.08K
	0.05K
	0.05K
	0.02K

	heat transfer to 5 atmos helium ht
	0.26K
	0.15K
	0.11K
	0.08K
	0.04K

	total temperature drop tot
	0.38K
	0.23K
	0.16K
	0.13K
	0.06K


4 Temperature Rise of the Gas Stream

As the gas passes through each magnet, its temperature will rise slightly, as estimated for the different cables and cycles in part 3 of Appendix 2.   As shown in Appendix 2, the transit time of coolant through a dipole is 3.8 sec, ie longer than the synchrotron cycle.  In calculating the temperature rise, it is therefore appropriate to use the time averaged power loss in the magnets.  When the temperature rise becomes too great, it will be necessary to pass the gas stream through a re-cooler, as in RHIC.  Table 6 summarizes the results and, assuming a maximum allowed temperature rise of 0.2K, notes the spacing between re-coolers in terms of ‘equivalent dipoles’.  As noted earlier, we assume that the ring contains dipoles plus the same length of other magnets, so that 200Tm means 67 equivalent dipoles (3m long) with cycle 2, 38 with cycle 3 and 33 with cycle 4.  Finally Table 5 estimates the number of re-coolers per ring; note that RHIC has 36.

Table 5: Temperature rise of coolant gas and spacing between re-coolers,

  assuming 0.2K allowed temperature rise
	cycle 2                                         cable #
	5
	6
	8
	9
	10

	averaged power per equivalent dipole
	44W
	26W
	15.6W
	20.4W
	9.6W

	coolant temperature rise per dipole 
	0.13K
	0.077K
	0.046K
	0.061K
	0.028K

	No of dipoles between re-coolers
	1.5
	2.6
	4.3
	3.3
	7

	No of re-coolers per ring
	44
	26
	15
	20
	9

	cycle 3
	
	
	
	
	

	averaged power per equivalent dipole
	17.8W
	12.3W
	6.2W
	10.4W
	4.3W

	coolant temperature rise per dipole 
	0.053K
	0.036K
	0.018K
	0.031K
	0.013

	No of dipoles between re-coolers
	3.8
	5.5
	10.9
	6.5
	15.7

	No of re-coolers per ring
	10
	7
	4
	6
	2

	cycle 4
	
	
	
	
	

	averaged power per equivalent dipole
	46.1W
	25.6W
	16.3W
	18.7W
	9.4W

	coolant temperature rise per dipole 
	0.137K
	0.076K
	0.048K
	0.055K
	0.028K

	No of dipoles between re-coolers
	1.5
	2.6
	4.1
	3.6
	7.2

	No of re-coolers per ring
	23
	13
	8
	9
	5


5 Conclusions

a) For most of the cycles and most of the cables, the temperature drop from conduction across the helium bubble enclosed by Kapton at the edge of the cable is too great.  Although natural convection can improve matters, it will not happen in the upper regions of the winding, where the hot surface is on top of the cold.

For economic and reliable operation of the magnets, the Kapton must therefore be removed from the inner surface of the magnet.  Note that, to avoid local hot spots, the Kapton must be removed everywhere.  If for practical reasons, it turns out to be necessary to leave some Kapton in place, the maximum length of these Kapton regions should be less than ~ ¼ the cable twist pitch ie < 18mm.

b) Using the same mass flow rate as in RHIC, it is possible to cool the ring satisfactorily using force flow supercritical helium at 5 bar pressure.  All the helium stream must be made to flow past the inner surface of the coil, and this may create an excessive pressure drop with the existing RHIC bore tube.  For these calculations, the bore tube OD has therefore been reduced.  However this pressure drop calculation may be pessimistic; to sort it out, some experimental measurements of friction factor should be made on this geometry (do they exist for RHIC?).

c) Temperature rise of the coolant necessitates several re-cooling stations around the ring.  Low loss cables need fewer stations, thereby simplifying the cryogenic system and reducing its cost (as well as reducing the cost of the refrigerator).  This factor emphasises the point made earlier: that the ultimate choice of conductor specification should be made as part of a global cost optimisation.
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