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Abstract—The note examines the effect of cooling conditions on two-layer and four-layer quadrupole magnet designs with non-uniform radial and azimuthal heat deposition in the coil. The modeled geometry is same as that of the Fermilab’s LHCIRQ two-layer magnet design. The four-layer design is simulated by splitting the inner and outer coils of the two-layer design into two halves by introducing a layer of Kapton in between. The heat loads for all considered designs are same as that expected for the LHCIRQ magnets. 
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1. Introduction
Inner triplet quadrupole magnets in two high-luminosity LHC IRs will be exposed to high radiation caused by secondary particles coming from the interaction point [1]. Heat depositions induced in magnet coils by these particles will heat the coil and (if coil cooling conditions are not sufficient) may lead to coil overheating above the critical temperature. Coil temperature depends on magnet design, thermal properties of materials used and HeII distribution. 

Two different IR quadrupole designs have been developed and now being produced by Fermilab and KEK [2,3]. The Fermilab’s design is based on a 2-layer coil concept while the KEK design uses a 4-layer approach. Both magnet types will be exposed to radiation heat depositions and will be cooled by superfluid helium. 

A finite element analysis of the effect of cooling conditions on 2-layer and 4-layer magnet designs has been performed. The results of this study allow us to compare operation margins for the KEK type and Fermilab IR quadrupoles. These results also provide us guidelines necessary during the design phase of a magnet cross-section for the next generation of LHC IR quadrupoles, so as to judiciously choose between the competing 2-layer and 4-layer designs and to select the appropriate cooling conditions between the layers. 

2. Magnet cross-section, materials properties and boundary conditions

The studies were performed using the cross-section of the quadrupole magnets developed at Fermilab for the interaction regions of the Large Hadron Collider (LHC) [4]. Figure 1 shows the cross-section of such an HGQ magnet (or LHCIRQ). The relevant coil cross-section dimensions are provided in Table 1 and can also be obtained from Fermilab drawings MC-344118 (Coil Cross-Section), 369658 (collared coil assembly), and 369659 (coil insulation assembly). 
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Figure 1. HGQ cross-section (left) and ANSYS area plot (right) for a 2-layer HGQ model showing the inner and outer coils, wedges, and Kapton insulation thicknesses. Note that the total cable radial insulation buildup is 0.004”, which for example is modeled at the inner bore. The interlayer insulation, which is modeled as 0.027” thick layer comprises of 0.019” thick interlayer insulation plus 2 layers of 0.004” thick cable insulation buildup. Similarly, the outer layer of insulation, modeled as 0.022” thick Kapton layer, includes 0.004” thick layer of Kapton cable insulation on the outer coil surface.

Table 1: Coil cross-section dimensions (in mm) for Fermilab’s HGQ magnet.

	Inner coil
	Outer coil

	Inner radius
	Outer radius
	Inner Radius
	Outer Radius

	35.000 mm
	50.603 mm
	51.086 mm
	66.689 mm


Two-dimensional finite element thermal models of the magnet cross-section were developed using ANSYS code. The thermal properties of the various elements used in the thermal models are provided in Table 2. Note that whereas the azimuthal coil thermal conductivity includes cable’s Kapton insulation, the radial thermal conductivity does not include cable’s Kapton insulation. Therefore, we have separately modeled Kapton layers in the radial direction. For instance, at the inner bore we have modeled 0.1 mm of Kapton insulation. Similarly, the interlayer insulation is modeled as 0.7 mm thick Kapton layer to include 0.5 mm of Kapton build-up for interlayer insulation plus two 0.1 mm thick layers to represent radial cable insulation.

Table 2: Thermal conductivity for collared coil elements at 2 K.

	Material
	Thermal Conductivity at 2 K (W/m/K)

	Inner Coil Azimuthal
	0.018

	Outer Coil Azimuthal
	0.016

	Inner Coil Radial
	4.54

	Outer Coil Radial
	6.45

	Copper (wedges)
	140

	Kapton (ground and cable insulation)
	0.005

	Stainless Steel (collar)
	0.1


The applied thermal boundary conditions are as follows and depicted in Figure 2. At the inner bore side, a constant heat transfer coefficient of 300 W/m2/K (or 0.3 mW/mm2/K) is applied to the Kapton surface with a bulk temperature of 1.9 K. At the coil-collar surface, we have applied a constant temperature of 1.9 K. Note that previous studies have indicated that there is very little superfluid helium penetration into the coil [5]. Therefore all our calculations in this paper assume that the spaces between the superconducting coils are closed by cable insulation (i.e., “channels closed” worst case scenario is assumed). Multilayer magnet designs can incorporate cooling channels between the coil layers by using for instance fish-bone spacers between the layers. We have modeled this by applying a temperature boundary condition of 1.95 K between the coil layers and a layer of 0.1 mm thick Kapton on both sides of the 1.95 K region to model cable insulation.
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Figure 2: ANSYS element plot for a 2-layer HGQ model showing the applied boundary conditions. A constant temperature of 1.9 K is applied on the collar surface, indicated by yellow colored symbols. At the inner bore side, a constant heat transfer coefficient of 300 W/m2/K (or 0.3 mW/mm2/K) is applied to the Kapton surface with a bulk temperature of 1.9 K.

3. Heat depositions in magnet coils

The heat depositions in the coil for all considered designs are same. The heat loads are applied as elemental body loads, which are a function of the element’s radial and azimuthal location and determined by the following equations:
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(3)
r – radial coordinate in cm; 

 - azimuthal coordinate in radians. 

The above equations are based on the expected heat loads for the LHCIRQ magnets [6]. We have used ANSYS Parametric Design Programming Language to apply the heat loads. This was achieved by writing a “do”-loop statement to loop through all elements to compute the element centroids and then using formulas (2) and (3) to determine the appropriate body loads to be applied at each element centroid. Figure 3 shows a contour plot of the applied elemental heat loads. The radial and azimuthal dependence of the heat loads is illustrated in Figure 4, whereas Figure 5 shows a 3-D plot of the heat load distribution. 
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Figure 3: ANSYS element plot for a 2-layer HGQ model showing applied heat loads (in mW/mm3) on coil elements in the form of a contour plot.
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Figure 4: Graph of applied heat loads (in mW/cm3) as a function of coil radius (in cm) for different azimuthal locations theta (in degrees). This graph is obtained using Equations (2) and (3), where ‘r’ is in cm and ‘’ in radians.
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Figure 5: 3-D plot of the applied coil heat loads obtained using Mathematica. The plot shows that the deposited heat load decreases with an increase in radius and azimuthal angle. [image: image10.png]CYlindricalPlot3D[0.579 + 7+ Exp[- (£ -3.5) / 1. 7] v (1-6.1ephi + 13.1 +phi®2 - 9.3+ phi*3), (r, 3.5, 6.72},
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4. Two Layer Models

4.1 Two-layer model without interlayer cooling

Figure 6 shows a contour plot of temperature distribution for the applied heat loads and boundary conditions discussed above. Figure 7 shows a vector plot of flux distribution for this case. The maximum temperature is observed in the outer layer, as seen also in Figure 8, which plots the temperature along the midplane nodes as a function of the node radius. Note that we have applied a boundary condition of 1.9 K at the coil-collar interface.  

[image: image11.png]me

2.0
1.998

2.195

2.293

2.391

2.489

2.588

2.784





Figure 6: Contour plot of temperature for the 2-layer HGQ model. Maximum temperature is observed in the outer layer.
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Figure 7: Vector plot of heat flux for the 2-layer HGQ model. Flux is larger for the inner coil than the outer coil indicating larger thermal resistance in the path of heat flow for the outer coil.
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Figure 8: Temperature distribution along the midplane nodes for the 2-layer HGQ model.

We have also modeled the problem with the boundary condition of 1.9 K applied to the collar’s external surface. Figure 9 shows the area representation of this model, while Figure 10 shows the finite element mesh with the applied boundary conditions. The contour plot of temperature for this case is shown in Figure 11. 
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Figure 9: Area representation of the 2-layer HGQ model with collar.
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Figure 10: Finite element model of the 2-layer HGQ design with collar showing the applied boundary conditions. A convection film coefficient is specified at the inner bore while a fixed nodal temperature of 1.9 K is applied at the collar’s external surface as indicated by the yellow-colored arrows.

[image: image17.png]NODAL SOLUTION

STEP=1
suB
TIE:
TERP (avE)
RaT:

s
i

163

.04

2.321

2.602

2.862

ANSYS

DEC 18 2002
16:06:56

3.163





Figure 11: Contour plot of temperature for the 2-layer HGQ model, for the case where the 1.9 K boundary condition is applied to the collar’s external surface. The maximum coil temperature in this case is 3.16 K as compared to 2.78 K for the case where the 1.9 K boundary condition is applied to coil-collar interface.

We have compared the results of the above two discussed cases by plotting the temperature along the midplane nodes for the two cases in Figure 12. As expected, a larger temperature rise is observed for the case where the 1.9 K boundary condition is applied at the collar’s external surface. However, the general temperature profile remains the same. The maximum and minimum nodal temperatures along the midplane for the two cases are listed in Table 3.
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Figure 12: Temperature profile along the midplane nodes for a 2-layer HGQ model with and without collars. A larger increase in coil temperature is observed if the 1.9 K boundary condition is applied to collar external surface rather than at the coil-collar interface. The observed increase in temperature is larger for the outer coil than that for the inner coil.

Table 3: Maximum and minimum temperature along the midplane nodes for the inner and outer coils of the two-layer model: (a) without collar, and (b) with collar.

	 
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Inner Coil
	2.7166
	2.6631
	53.5

	Outer Coil
	2.784
	2.764
	20

	 
	
	
	

	Inner Coil
	2.7983
	2.7326
	65.7

	Outer Coil
	3.1627
	3.1508
	11.9


Note that the Fermilab design has periodic gaps in the collar packs to allow the superfluid helium to reach coil’s outer surface. Further, the collar packs used do not have a 100% packing factor. This leads to the presence of small micro-channels between individual collar laminations along which the superfluid helium can penetrate easily and reach the coil’s outer surface. Due to the aforementioned reasons and relatively small effect of boundary conditions on the coil outer surface, all subsequent models are based upon applying 1.9 K boundary condition to the coil-collar interface. 

Also note that we have presented the temperature profile along the midplane nodes because the maximum temperature rise is along the midplane. To illustrate this, we have presented azimuthal temperature profile for the 2-layer model in Figure 13 at four different fixed radius: inner coil inner radius, inner coil outer radius, outer coil inner radius and outer coil outer radius. The maximum coil temperature is observed at midplane (azimuthal angle of ~0 degrees) and the temperature is observed to decrease with an increase in the azimuthal angle. This is further illustrated by plotting normalized temperature and normalized temperature rise (i.e., delta T) as a function of the azimuthal angle in Figure 14, which illustrates similar behavior in the azimuthal direction for all coil radii. We have also plotted the normalized applied heat loads in this figure. Our results show that the maximum temperature rise is observed close to midplane. Therefore, for all further models we have presented plots of coil temperature for the midplane nodes only.
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Figure 13: Azimuthal temperature distribution for fixed radius for the 2-layer HGQ design.
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Figure14: Comparison of normalized azimuthal absolute temperature (left) and delta temperature (right) distributions with normalized azimuthal heat deposited (obtained from Equation 2 and 3) for the 2-layer HGQ design. The absolute azimuthal temperature distribution for a fixed radius is normalized by the maximum temperature at that radius. It is observed that the maximum coil temperature is obtained at midplane and that the temperature decreases with an increase in azimuthal angle. The delta T (or the temperature rise) in the coil is obtained by subtracting 1.9 K from the coil temperature shown in Figure 13 and then normalizing this delta T with the maximum temperature difference observed for the fixed radius.

4.2 Two-layer model with interlayer cooling between layers 1 & 2

To study the effect of interlayer cooling between layers 1 & 2 for the two-layer model, we modified the modeled geometry in Figure 2 by applying a temperature of 1.95 K for all nodes that previously comprised the interlayer insulation (see Figure 15). Further, to model cable insulation, we introduce a layer of Kapton insulation of effective thickness 0.1 mm on both sides of the interlayer insulation region. This 0.1 mm thick Kapton layer around the interlayer insulation at a temperature of 1.95 K is modeled in ANSYS by applying a thermal conductivity of 0.0125 W/m/K to a layer of elements with an element size of 0.25 mm in the radial direction as shown in Figure 15. The other boundary conditions were the same as that for the two-layer model without interlayer cooling. This is also shown in Figure 16. We deleted the applied heat generation loads for the layer of elements that represents 0.1 mm thick Kapton layer in this new model. Figure 17 shows the temperature distribution for this two-layer model with interlayer cooling. The maximum temperature now shifts to the inner coil from the outer coil for the case of the two-layer model without interlayer cooling. 
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Figure 15: ANSYS element plot for the 2-layer model with applied cooling of 1.95 K between the inner and outer coils. This model is obtained from the element plot in Figure 2 by applying a fixed temperature of 1.95 K at the interlayer insulation region and introducing a layer of Kapton of effective thickness 0.1 mm on both sides of the interlayer insulation at 1.95 K to model cable insulation. Note that the 0.1 mm thick Kapton layer around the interlayer insulation at 1.95 K is modeled in ANSYS by applying a thermal conductivity of 0.0125 W/m/K to a layer of elements with an element size of 0.25 mm in the radial direction. Also note that the other applied boundary conditions are the same as those shown in Figure 2. 
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Figure 16: Applied temperature boundary conditions for the two-layer model with additional cooling between the inner and outer coils. A fixed temperature of 1.9 K is applied at the coil-collar interface and a temperature of 1.95 K is applied at the interlayer insulation area. 
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Figure 17: Contour plot of temperature for the 2-layer HGQ model with additional cooling between the inner and outer coils. In contrast to the results with no additional cooling, the maximum temperature is now observed in the inner layer.

To compare the two cases, we have plotted temperature distribution along the midplane nodes as a function of node radius in Figure 18. The temperature of the inner layer is observed to decrease by approximately 450 mK and that of the outer layer by approximately 600 mK for the case of the two-layer model with interlayer cooling. We have provided the maximum and minimum temperatures along the midplane nodes for the inner and outer coils for the above two cases in Table 4. The difference between the maximum and minimum temperature in a coil is observed to decrease by a factor of 2 when interlayer cooling is provided.
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Figure 18: Temperature plot for the midplane nodes for the two layer models without and with interlayer cooling. Note that the two vertical lines in the figure represent the region of interlayer insulation

Table 4: Maximum and minimum temperature along the midplane nodes for the inner and outer coils of the two-layer model: (a) without interlayer cooling, and (b) with interlayer cooling.

	 
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Inner Coil
	2.7166
	2.6631
	53.5

	Outer Coil
	2.784
	2.764
	20

	 
	
	
	

	Inner Coil
	2.2573
	2.2338
	23.5

	Outer Coil
	2.1642
	2.155
	9.2


5. Four-layer models

5.1 Four-layer model without interlayer cooling

We have modeled the four-layer geometry from the two-layer geometry by inserting additional layers of interlayer insulation between the inner and outer coils of the two-layer model as indicated in Figure 19. As shown in Figure 1, the total thickness of the interlayer insulation is 0.7 mm, which includes 0.1 mm of cable insulation on both sides. We have modeled this in ANSYS by applying a thermal conductivity of 0.001786 W/m/K to a layer of elements with an element size of 0.25 mm, as shown in Figure 19. The applied heat loads were removed from this layer of elements that represents Kapton insulation now. The applied boundary conditions for this model were the same as those for the two-layer model. 
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Figure19: ANSYS element plot for a 4-layer HGQ model. The model is derived from the 2-layer model shown in Figure 1 and 2 by introducing additional layers of 0.7 mm thick Kapton between the inner and outer coils. This additional layer represents 0.5 mm of interlayer insulation and 0.2 mm of cable Kapton insulation. Note that we have modeled this in ANSYS by applying a thermal conductivity of 0.001786 W/m/K to a layer of elements with an element size of 0.25 mm. 
Figure 20 shows a contour plot of the temperature for this 4-layer model without interlayer cooling, while Figure 21 plots the flux distribution for this case. The temperature along the midplane nodes is plotted in Figure 22. 
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Figure 20: Contour plot of temperature for the 4-layer HGQ model. The applied boundary conditions for this model were the same as that for the two-layer model.
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Figure 21: Vector plot of heat flux for the 4-layer HGQ model.
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Figure 22: Temperature distribution along the midplane turn for the 4-layer HGQ model.
To compare this 4-layer design with the 2-layer design, we have plotted the temperature distribution along the midplane nodes for the two designs in Figure 23. It is observed that although layer 1 of the 4-layer design has a lower temperature rise compared to the temperature rise for the similar region in the 2-layer design, layers 2 & 3 for the 4-layer design have significantly higher temperature rise (~700-900 mK) than that observed for the 2-layer design. We have provided the maximum and minimum temperatures along the midplane nodes for each coil layer in Table 5. 
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Figure 23: Comparison of temperature along the midplane nodes for the 2-layer and 4-layer designs, without interlayer cooling. A lower temperature rise for the innermost coil is observed for the 4-layer design. However, the other layers have higher temperature rise then that observed for the 2-layer design. 

Table 5: Maximum and minimum temperatures along the midplane nodes for coils of the four-layer model, without any interlayer cooling.
	 
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Layer 1
	2.6264
	2.5776
	48.8

	Layer 2
	3.6154
	3.6
	15.4

	Layer 3
	3.514
	3.5008
	13.2

	Layer 4
	2.8222
	2.8009
	21.3


5.2 Four-layer model with interlayer cooling between layers 2 & 3

In order to compare the 2-layer design with interlayer cooling with the 4-layer design with comparable cooling conditions, we modified the 4-layer model shown in Figure 19 to provide interlayer cooling between layers 2 and 3. The methodology to do so was similar to that for the 2-layer design and is detailed in Figure 24. The applied boundary conditions are shown in Figure 25, while Figure 26 shows the contour plot of temperature distribution for this case. 

We have plotted the temperature distribution along the midplane nodes for the 4-layer design with cooling between layers 2 & 3 and for the 2-layer design with cooling between layers 1 & 2 in Figure 27. Also, the maximum and minimum temperature for each layer is listed in Table 6. Note that these results are in contrast to similar comparative results between the 2-layer and 4-layer designs without any interlayer cooling, where a lower temperature rise is observed for the innermost coil layer of the 4-layer design. For the present case, the innermost coil of the 4-layer design has a higher temperature rise than that for the 2-layer design. The results suggest that such a cooling scheme is not an efficient cooling scheme for the 4-layer design. This is because the innermost coil, which has the highest magnetic field and the highest heat deposition, is generally the most critical coil layer from the point of view of temperature margin.
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Figure 24: ANSYS element plot for a 4-layer HGQ model with cooling between layers 2 & 3. The model is derived from the 4-layer model by applying a boundary condition of constant temperature of 1.95 K at the interlayer insulation between layers 2 & 3, as shown in the Figure. The cable insulation is modeled as 0.1 mm thick layer of Kapton around this intermediate cooling channel. Note that the 0.1 mm thick Kapton layer around the cooling channel is modeled in ANSYS by applying a thermal conductivity of 0.0125 W/m/K to a layer of elements with an element size of 0.25 mm.
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Figure 25: ANSYS element plot for the 4-layer HGQ model with cooling between layers 2 & 3 showing regions where the constant temperature boundary condition is applied.
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Figure 26: Contour plot of temperature for the 4-layer HGQ model with cooling between layers 2 & 3.
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Figure 27: Comparison of temperature along the midplane nodes for the 2-layer design with interlayer cooling and the 4-layer design with cooling between layers 2 & 3. Note that these results contrast to similar comparative results between the 2 –layer and 4-layer designs without any interlayer cooling, where a lower temperature rise is observed for the innermost layer coil of the 4-layer design. For the present case, the innermost coil layer of the 4-layer design has higher temperature rise than that for the 2-layer design. The results suggest that such a cooling scheme is not an efficient cooling scheme for the 4-layer design.

Table 6: Maximum and minimum temperatures along the midplane nodes for the coils of the four-layer model with interlayer cooling between layers 2 & 3.
	 
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Layer   1
	2.337
	2.3231
	13.9

	Layer 2
	2.1963
	2.1799
	16.4

	Layer 3
	2.137
	2.1287
	8.3

	Layer 4
	2.2502
	2.2466
	3.6


5.3 Four-layer model with interlayer cooling between layers 1 & 2 and 3 & 4

We next modified our 4-layer model to provide interlayer cooling between layers 1 & 2 and 3 & 4, as shown in Figure 28. Note that this cooling scheme is similar to the one adopted by KEK
 (Japan) for their LHCIRQ magnets. Figure 29 shows the contour plot of temperature distribution for this particular case, while Figure 30 provides a comparison among temperature distribution along the midplane nodes for this case along and that for the 4-layer design with cooling between layers 2 & 3 and the 2-layer design with cooling between layers 1 & 2. The maximum and minimum temperatures for each coil layer for this case are listed in Table 7.

As expected, the temperature rise for this scheme for all layers is lower than that for the 2-layer design with interlayer cooling. The results suggest that for a 4-layer design providing interlayer cooling between layers 1 & 2 and 3 & 4 is an efficient means of magnet cooling and that such a scheme of cooling is better than cooling the 4-layer design between layers 2 & 3 or cooling a 2-layer design between layers 1 & 2.
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Figure 28: ANSYS element plot for a 4-layer HGQ model with cooling between layers 1 & 2 and between layers 3 & 4. The model is derived from the 4-layer model by applying a boundary condition of a constant temperature of 1.95 K between the coil layers as shown in the Figure. The cable insulation is modeled as 0.1 mm [0.004”] thick layer of Kapton around this intermediate cooling channel. Note that the 0.1 mm thick Kapton layer around the cooling channel is modeled in ANSYS by applying a thermal conductivity of 0.0125 W/m/K to a layer of elements with an element size of 0.25 mm.
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Figure 29: Contour plot of temperature for the 4-layer HGQ model with cooling between layers 1 & 2 and layers 3 & 4.
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Figure30: Comparison of temperature along the midplane nodes for the 4-layer design with cooling between layers 1 & 2 and 3 & 4 with the 2-layer design with interlayer cooling and the 4-layer design with cooling between layers 2 & 3  These results indicate that for a 4-layer model, a cooling scheme based on interlayer cooling between layers 1 & 2 and 3 & 4 is more efficient than that based on interlayer cooling between layers 2 & 3 alone.

Table 7: Maximum and minimum temperatures along the midplane nodes for the coils of the four-layer model with interlayer cooling between layers 1 & 2 and 3 & 4 
	
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Layer 1
	2.1308
	2.1248
	6

	Layer 2
	2.1923
	2.1828
	9.5

	Layer 3
	2.1057
	2.0984
	7.3

	Layer 4
	2.0257
	2.0241
	1.6


5.4 Four-layer model with interlayer cooling between layers 1 & 2, 2 & 3, and 3 & 4

Next we investigated additional temperature margin achieved by cooling a 4-layer model between all coil interlayers (viz. layers 1 & 2, 2 & 3, and 3 & 4) as shown in Figure 31 and Figure 32. A contour plot of temperature distribution for this case is plotted in Figure 33. We have compared the results for this case with that for the 4-layer design with cooling between layers 1 & 2 and 3 & 4 in Figure 34. The maximum and minimum coil temperatures for each layer are listed in Table 8. 
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Figure 31: ANSYS element plot for a 4-layer HGQ model with cooling between all layers as shown in the next figure.
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Figure 32: ANSYS element plot for the 4-layer HGQ model with cooling between all layers showing regions where the constant temperature boundary condition is applied. A 1.95 K temperature boundary condition is applied between layers 1 & 2, 2 & 3, and 3 & 4. For the coil-collar interface, a constant temperature of 1.9K is applied.
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Figure 33: Contour plot of temperature for the 4-layer HGQ model with cooling between all layers.

The results indicate that by providing additional cooling between layers 2 & 3 in this case, the temperature rise for coil layers 2 & 3 is further reduced by approximately 75-125 mK. Note that the temperature rise for layers 1 & 4 (for midplane nodes) for this case is same as that for these layers for the case of a 4-layer design where interlayer cooling is not provided between layers 2 & 3. Thus, no additional benefit is obtained for the most critical innermost coil layer for this case. Therefore, a 4-layer design with interlayer cooling between all layers would be a desired design if an increase in temperature margin is desired for the 2nd coil layer. Figure 35 provides a comparison between the normalized temperature distribution along the midplane for this case and the normalized radial heat deposited (obtained using Equation (2)).
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Figure 34: Comparison of temperature along the midplane nodes for the 4-layer design with cooling between all layers with the 4-layer design with cooling between layers 1 & 2 and 3& 4. The results indicate that additional cooling between layers 2 & 3 affects the temperature rise of layers 2 and 3 only. No difference is observed for layers 1 & 4 for the two considered cases.

Table 8:  Maximum and minimum temperatures along the midplane nodes for the coils of the four-layer model with interlayer cooling between all layers.
	 
	Maxm. Temp. (K)
	Min. Temp. (K)
	Delta T (mK)

	Layer 1
	2.1308
	2.1248
	6

	Layer 2
	2.0687
	2.0646
	4.1

	Layer 3
	2.0249
	2.023
	1.9

	Layer 4
	2.0257
	2.0241
	1.6
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Figure 35: Comparison between the normalized increase in temperature in radial direction for the case of a four-layer model with cooling of all interlayers and the normalized heat deposited in the radial direction.

6. Conclusions

A finite element thermal analysis of the effect of cooling conditions on 2-layer and 4-layer magnet designs has been performed. The salient results from this study are summarized below:

1. A 4-layer magnet design without any additional interlayer cooling does not provide significant benefits of increased temperature margin as compared to a 2-layer magnet design. In fact, without additional interlayer cooling for the 4-layer design, significant reduction in temperature margin is observed for layers 2 & 3. The results suggest that interlayer cooling is a highly desirable requirement for the 4-layer magnet design due to the added thermal resistance provided by the Kapton interlayer insulation.

2. As expected, the temperature margin for a 2-layer design can be increased by providing interlayer cooling between layers 1 & 2.

3. For the 4-layer magnet design, interlayer cooling between layers 1 & 2 and 3 & 4 is a more efficient cooling scheme than one based on cooling between layers 2 & 3 alone. Further, such a scheme provides a larger temperature margin than one based on cooling of a 2-layer design between layers 1 & 2.

4. A 4-layer design with interlayer cooling between layers 2 & 3 does not provide increased temperature margin for coil layer 1 when compared to a 2-layer design with cooling between layers 1 & 2.

5. Similarly, cooling of all interlayers for the 4-layer design does not provide increased temperature margin for coil layer 1 when compared to a 4 –layer design with interlayer cooling between layers 1 & 2 and 3 & 4 only.

In a forthcoming technical note, we will perform magnetic analysis of the various designs and quantify the temperature margin for each layer, rather than discussing it qualitatively, as we have, in this note.
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[�] However, also note that although the cooling scheme is similar to KEK’s cooling scheme, the coil cross-section dimensions are not. For instance the Fermilab built magnets have cross-section dimensions presented in Table 1. The KEK magnets are larger in size and have the radius (in mm) of 35, 45.2, 45.7, 57.9, 58.4, 69.6, 70.1 and 81.3 for the four coil layers.
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