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INTRODUCTION 

Hadronic and electromagnetic cascades in the vicinity of the interaction regions 
deposit energy into the final focusing superconducting magnets as a heat load that varies 
radially, azimuthally, and axially. The helium used to cool the magnets convects heat axi
ally as it flows, thus, the temperature distribution at any point in the magnet depends on the 
previous history of the helium. A detailed map of the temperature distribution of the super
conducting coils is required to determine if the cooling is sufficient to prevent the magnet 
from quenching. 

A three-dimensional model is required to analyze the magnet temperature distribution 
due to the 3D heat load and the axial helium flow. A 3D finite element thermal model of a 
15 m magnet is not practical due to the large amount of CPU time that would be required. 
Therefore, a quasi.;3D model has been developed that divides the magnet into a la.tge num
ber of segments axially, then calculates the temperature distribution for each segment 
using a 2D finite element model with boundary conditions derived from the previous seg
ment by conservation of energy. 

* Operated by the Universities Research Association.lDc •• for the U.S. Department ofEneIgy under 
CooIract No. DE-AC35-89ER40486. 



FORMULATION 

Neglecting the end regions, the mechanical cross-section of the magnet is constant axi
ally whereas the material properties and heat loads can vary radially, azimuthally. and axi
ally. Axial conduction through the coils. collars, and yokes is assumed to be negligible. As 
currently implemented, the mass flow rates. or helium velocities, differ between the annulus 
and the bypasses, but have a constant axial flow rate. The basis of the method is to subdivide 
the magnet into short, and perhaps non-uniform, lengths over which the material properties 
can be taken as a constant. At the center of each segment a steady state 2D solution can be 
obtained using a finite element model if the helium temperatures in the annulus and bypass 
are known, as well as the interpolated heat generation rates. The helium temperature at the 
helium inlets (z=O) is known and the 2D steady state solution can be found for this section. 
An estimate of the helium temperature at the center of the next section can be found by com
puting the amount of heat absorbed by the helium in each flow path of length 5z, assuming 
that the heat load conditions are constant for that length. By repeating this process the tem
perature distribution can be calculated for the entire length of the magnet. 

If T z and T z + Oz are the absolute temperatures of the helium in a flow passage at two 
planes located at z and z + 5z, the rate of change of enthalpy between the two planes is 

(1) 

where A is the cross-sectional area of the flow passage, v is the helium axial velocity, p is 
the helium density, and C p is the specific heat of the helium. The distance 5z between the 
planes is chosen so that die change in density, pressure, and specific heat is small between 
the planes. 

In any longitudinal section of a helium flow passage energy is conserved. Neglecting the 
change in other forms of energy, such as kinetic and potential energies, the energy removed 
by the helium must equal the energy transferred into the helium across the flow passage 
walls. For a yoke bypass the power going through the walls for a section of length 5z is 

(2) 

where Tz is the bypass helium temperature at z, Ty is the average wall temperature of the 
yoke in contact with the helium at z, D by is the dWneter of the bypass, and h bv is the heat 
transfer coefficient between the bypass and the yoke. Setting the sum of the mput energy 
and the output energy to zero, then rearranging terms gives the bypass helium temperature at 
cross section z + 5z 
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For the annulus the geometry is slightly more complicated because there are three heat 
sources: the beam tube, the coil, and the collar. Setting the sum of heat transfer into the 
helium and the heat transported out by the helium to zero and rearranging terms gives the 
annular helium temperature at the z + 5z cross section 

(4) 



where the first term in the brackets is the coil to annulus heat transfer, the second term is for 
the collar to annulus heat transfer, and the third term is the beam tube to annulus heat trans
fer. For the coil term, a is the fraction of the circumference of the annulus that is supercon
ducting coil, hcoil is the heat transfer coefficient between the coil and annulus, D coil is the 
inner diameter of the coil (and collar), and T coil is the average temperature of the coil in 
contact. Similarly, hcoll is the heat transfer coefficient between the collar and annulus, and 
T coli is the average temperature of the collar in contact. For the beam tube term hbt is the 
heat transfer coefficient between the beam tube and annulus, D bt is the outer diameter of the 
beam tube, and T bt is the average temperature of the beam tube in contact with the annular 
helium. 

RESULTS 

This algorithm has been used to predict the steady state temperature profile of a hypo
thetical QL1 quadrupole, the final focusing quadrupole nearest the interation point. The heat 
load due to the hadronic and electromagnetic cascade on the 15 m long QL1 is approxi
mately 50 W, which is the highest heat load of any accelerator magnet in the sse. Prelimi
nary heat load data for QL1 is aVailable1 that varies both radially and azimuthally as shown 
in Table 1. The heat load is strongly peaked at the lead end of the magnet, farthermost from 

1able 1. Heat deposition data for the QL1 magnet (W/kg). 

axial distance 0-3m 3-6m 6-9m 9-12m 12-15 m 
from lead end 

beam tube 1.798x10-1 1.728xlO-1 1.486x10-1 1.228xlO-1 1.050xlO-1 

inner coil/collar 1.290x10-1 1.24Oxl0-1 1.066x10-1 8.810x10-2 7.536x10-2 

outer coil/collar 4.050x10-2 
3.894xlO-2 3.348x10-2 2.767x10-2 2.366x10-2 

collar/yoke 6.306x10-3 6.064x10-3 5.213x10-3 4.308x10-3 3.684xlO-4 

the interaction point, which is also the helium inlet end. A helium mass flow rate of 0.1 kg/s 
is used. 

Figure 1 shows the annular helium temperature and the average inner coil temperature 
for two cases in whieh the bypass diameter is either 3.2 em or 2.25 em. The primary effect 
of changing the bypass diameter is to redistribute the mass flow so that more helium goes 
down the annular space. For the 3.2 em bypass the annular mass flow rate was 0.0056 kg/s, 
with a total pressure drop of 42 MPa, whereas the 2.25 em bypass resulted in an annular 
mass flow rate of 0.0129 'q/s and a total pressure drop of 206 MPa. 

The model predicts that for a 3.2 em bypass the maximum temperature rise in the inner 
coil is 0.70 K, which leaves the magnet with an unacceptably low quench margin, 0.3 K to 
0.7 K, depending on the inlet helium temperature supplied by the cryogenic system. Increas
ing the annular helium flow by decreasing the bypass to 2.25 em results in a peak inner coil 
temperature rise of 0.51 K, a significant improvement in performance. Better performance is 
achieved principally because of the larger mass flow rate which keeps the annular helium 
temperature below the temperature of the inner coil. 
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Figure 1. Inner coil average temperature versus axial position for a 3.2 an diamecer bypass and a 2.25 em 
diameter bypass. Also shown is tbe mnular helium temperature versus axial positiOll for each case. 

This method is being extended to allow analysis of alternative cooling designs such as 
cross-flow cooling and multiple bypass channels for use in QLl. 
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