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1.0 Introduction :
Among other possible reasons, lack of cooling in the splice region may be the reason for inadequate quench performance of cos( dipole model magnets. The source of heat generation is resistive heating due to splice resistance in the splice between the Nb3Sn and NbTi cable. The current flowing through the splice which leads to I2R heating, in general, could be a combination of the transport current in the strands as well as eddy currents induced due to magnetic field variations during ramping. In the latest design of the dipole model magnet, the splice region has been moved inside the end saddle in order to ensure adequate mechanical support of the Nb3Sn cable during all stages of magnet fabrication and assembly. Although, from a mechanics standpoint this design is an improvement from the previous design where the splice region was outside the end saddle, it imposes more severe conditions in terms of He flow and cooling of the splice area. In case of a well impregnated coil with a surrounding mechanical structure that consists of aluminum spacers, stainless steel yoke and skin, there is almost no direct contact of liquid He with the splice region as shown in Fig. 1. The only areas of direct cooling are the outside surfaces of the mechanical structure and NbTi/Copper leads that emerge from the coil. The heat that is generated in the splice has to be conducted away through Nb3Sn/NbTi/Copper cables, insulation materials, epoxy and various components in the mechanical structure into the surrounding He. During this process local temperature rises in the Nb3Sn or NbTi cable may exceed the strand critical temperature of Nb3Sn or NbTi causing premature quenches.

The objective of this work was to perform 2D ANSYS simulation and predict temperatures rises in Nb3Sn and NbTi cables due to resistive heating in the splice assuming steady state conditions. Two modes of heat conduction were considered, namely, longitudinal heat conduction and radial heat conduction. Each of these was modeled as a 2D problem. The longitudinal heat conduction model is more realistic in terms of predicting temperature rise compared to the radial heat conduction. The radial model assumes that there is no heat transfer longitudinally through the leads which are directly cooled by He and is therefore extremely conservative in terms of predicting peak temperatures. Some remarks on the radial model are made later on in this report. Also, 2D models will in general predict higher temperatures than the real 3D situation since they assume adiabatic conditions in the third dimension. Some preliminary 3D ANSYS analysis of the same resistive heating problem carried out by Ryuji, et. al., [1] indicates that the heat conduction is predominantly in the longitudinal direction. Therefore more attention was devoted to the longitudinal model. The next section describes the details of the longitudinal model. 
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Fig. 1.  Cold mass assembly of model magnet #4 with current leads coming out of the coil.

2.0 Longitudinal Model and Boundary Conditions :

The basic governing 2D steady state heat conduction equation for the ANSYS model is:
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Where, kxx and kyy are the thermal conductivities in the x and y direction, respectively, T is the temperature distribution and Q is the heat generation per unit volume which in this case originates from splice resistive or ohmic heating.
Two separate cases of the longitudinal 2D model were considered. The first case (Case I) was the full mechanical structure including yoke and skin and the second case (Case II) included only the aluminum spacer as part of the mechanical structure. Case I simulated the condition of He cooling only on the exterior surface of the skin while case II simulated the condition of He cooling on the external surface of the aluminum spacer. In this case, the underlying assumption was that He could flow through the cooling holes provided in the yoke and also in the gaps between the yoke laminations and provide direct cooling of the outer surface of the aluminum spacer. Case I and Case II represented the best case and the worst case scenario, respectively, in terms of cooling and were expected to provide upper and lower bounds for the peak temperatures with the true solution somewhere in between. The geometry corresponding to these two cases is shown in Fig. 2. The corresponding finite element models along with boundary conditions are shown in Fig. 3. The 2D longitudinal sections were taken through the middle of the outer splice. The dimensions of the coil and various structural components were obtained from the cold mass assembly drawing (5520-ME-411237) for model magnet #4. The dimensions and configurations of various insulation materials in the model represented the “as-built” condition [1]. 
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                      CASE II

Fig. 2.  Geometry of case I and case II longitudinal models
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 CASE II

Fig. 3.  Finite element models and boundary conditions (case I and case II)
The splice length was 145 mm, the same as that in model magnet #4. A convection boundary condition was specified on the leads of the magnet in both case I and case II. The film co-efficient specified on the surface of the kapton insulation surrounding the cables corresponded to a nucleate boiling condition, assuming that the temperature difference between the surface and the surrounding He is less than 0.6 K. The magnet was truncated at a certain length, L, with a boundary condition of 4.3 K specified on the inner boundary as shown in Fig. 3. The length, L, was increased in multiples of the splice length until there was no more dependence of the results on the “psuedo” boundary condition specified on the inner boundary. The case I model consisted of about 50,000 elements while the case II model consisted of 29,000 elements. All elements were of type plane 55 chosen from the standard ANSYS element library. The heat generation per unit volume, Q, was applied to the volume comprised of the Nb3Sn and NbTi cables over the splice length. 

2.1 Material Properties :


The material properties which were input to the finite element model were obtained from a combination of various sources [3][4][5] as well as simple estimations based on volume fractions. The nominal properties used in the model are listed in Table 1. The coil at the ends is mainly comprised of bronze shoes and was modeled as a monolithic material made of bronze. The cable properties in the longitudinal model are relatively insensitive to effects of impregnation and the properties reported in Table 1 are those corresponding to an un-impregnated coil. Validity of material properties is very important in establishing accuracy of results. This process was accomplished through sensitivity studies performed by varying all input material properties by order of magnitude and observing the change in results. Large changes in results with small variations in material properties indicate that the model is very sensitive to material properties and that very accurate material properties are needed to produce accurate results. On the other hand, small variations in results with large variations in material properties indicates that the model is insensitive to changes in material properties. In such a case, one can afford more latitude in the allowable accuracy of the input material properties. The results of this study are reported in a later section.

Table 1: Material properties @ 4.3 K used in the longitudinal model

	Material
	Kxx (W/mK)
	Kyy (W/mK)

	Copper cable
	265
	50

	Nb-Ti cable
	160
	50

	Nb3Sn cable
	125
	50

	Bronze
	4.5
	4.5

	Aluminum
	5
	5

	Stainless Steel
	0.25
	0.25

	G-10
	0.068
	0.068

	KaptonHN
	0.0057
	0.0057

	Ceramic insulation (epoxy impregnated)
	0.057
	0.057

	Epoxy
	0.05
	0.05


3.0 Results from longitudinal model :  


The heat generation Q = 12.3 kW/m3 that is input to the model assumed a current of 10 kA which corresponds to the average quench current observed in model magnet #4 [1] and a splice resistance of 1 nano-ohm which was based on measurements of splice resistance made using the SC current transformer [6] on splice samples as well as direct voltage tap measurements made during magnet testing. The length of the model, L, was varied as a multiple of splice length until there was no more dependence of the results on L. The results of this study are shown in Fig 4 for both case I and case II. It can be observed that there is negligible effect of the finite boundary condition on the results at L/Lsplice = 5. For all further analyses the model length was set to L = 5*Lsplice = 750 mm. The temperature distribution (case I and case II) for the material properties listed in Table 1 is shown in Fig. 5 along a close-up view of the area that shows peak temperatures near the tail end of the splice and a close-up view near the lead end of the splice. The maximum temperature is about 4.8 K and 4.7 K for case I and case II, respectively, and occurs near the end of the splice. An important observation to be made is that the maximum temperature difference between He and the surface of the kapton insulation surrounding the leads is about 0.4 K implying that the condition of nucleate boiling prevails at the interface. The difference in peak temperatures between case I and case II is about 0.1 K  
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Fig. 4.  Dependence of results on model length with a 4.3 K boundary condition on the inner boundary
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Fig. 5.  Case I and case II temperature distributions for nominal material properties and Q = 12.3 kW/m3 (I=10 kA)
A study was performed by varying the quench currents and hence the heat generation inputs to the model. As mentioned before the transport current flowing through the splice may be augmented by eddy currents flowing through the splice. Since the eddy currents were hard to quantify, the analysis was performed assuming different levels of total current and consequently heat generation input. The results of this study are presented in Table 2. The last column lists the maximum temperature difference at the surfaces where the convection boundary condition is specified. It can be observed for a heat generation of 24 kW/m3  (I=14 kA), the maximum temperature difference exceeds the limit of 0.6 K where there is transition from nucleate boiling to film boiling. This transition is accompanied by a drastic reduction in the heat transfer coefficient. This condition was simulated in the model by specifying zero heat flux on surfaces where previously a convective boundary condition was specified. There is a dramatic increase in maximum temperature corresponding to this boundary condition for a heat generation of 27.7 kW/m3 (I = 15 kA). The contour plot corresponding to this case is shown in Fig. 6. The zero flux boundary condition may be overly conservative and a more realistic boundary  condition would be still a convective boundary condition but with a low convection coefficient, h ( 200 W/m2K.

Table 2. Maximum temperature as a function of splice current and heat generation input 

	Splice Current (kA)
	Heat Generation (kW/m3)
	Max. Temperature (K)

Case I/CaseII
	(T @ surface (K)

Case I/Case II

	10
	12.3
	4.8/4.7
	0.40/0.38

	11
	14.9
	4.9/4.8
	0.50/0.45

	12
	17.7
	5.0/4.9
	0.55/0.53

	13
	20.8
	5.1/5.0
	0.58/0.56

	14
	24.1
	5.2/5.2
	0.62/0.61

	15
	27.7
	8.1/6.9
	------
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Fig. 6.  Temperature distribution for Q=27.7 kW/m3 (I=15 kA) and zero flux boundary condition                  (case I and case II)

3.1 Sensitivity Analysis :


A sensitivity analysis was performed by reducing all nominal material properties by a factor of 10. The results for both case I and case II are shown in Fig. 7 for a heat generation rate of  12.3 kW/m3 (I=10 kA).  The analysis was performed with the reduced material properties and a heat generation rate of 27.7 kW/m3(I=15 kA). The results of this analysis are shown in Fig. 8 for case I and case II. Note that for the results presented in Fig. 7, a nucleate convection boundary condition was assumed and for the results presented in Fig. 8 a film boiling condition was assumed. 
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Fig. 7.  Results of sensitivity analysis for Q = 12.3 kW/m3 (I =10 kA) (Case I and Case II)
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Fig. 8.  Results of sensitivity analysis for Q =27.7 kW/m3 (I = 15 kA) (Case I and Case II)

4.0 Radial model :

For the sake of completion and to provide very conservative estimates for peak temperatures, a 2D ANSYS analysis of a radial model was performed (for case I, only). The geometry and finite element model of a radial section taken through the middle of the splice are shown in Fig. 9 along with a close-up view of the geometry in the splice area. Only one-half the geometry is considered exploiting symmetry. The close-up view shows the stack-up of the cables along with epoxy-impregnated kapton insulation, ceramic pad, inter-layer insulation and ground insulation. The boundary conditions are also shown in Fig. 9. The inner boundary has a specified temperature of 4.3 K everywhere except on the surface of the kapton insulation that is in contact with liquid He which has a convection boundary condition with h = 200 W/m2K. This value corresponds to a film boiling situation with temperature differences exceeding 0.6 K as was confirmed from a previous analysis of the radial model with a convection coefficient corresponding to nucleate boiling. The model had about 4200 plane 55 elements. The model assumed adiabatic conditions in the longitudinal dimension.  The nominal properties that were input to the model are shown in Table 3. 
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Fig. 9.  Geometry, boundary conditions and finite element model of the radial section

Table 3. Nominal material properties @ 4.3 K used in radial model 

	Material
	Kradial (W/mK)
	Kazimuthal (W/mK)

	Copper cable
	65
	50

	Nb-Ti cable
	40
	50

	Nb3Sn cable
	30
	50

	Bronze
	4.5
	4.5

	Aluminum
	5
	5

	Stainless Steel
	0.25
	0.25

	G-10
	0.068
	0.068

	KaptonHN
	0.0057
	0.0057

	Ceramic insulation (epoxy impregnated)
	0.057
	0.057

	Epoxy
	0.05
	0.05


4.1 Results from radial model :


The results from the radial analysis assuming nominal properties and a heat generation of Q = 12.3 kW/m3 (I = 10 kA) is shown in Fig. 10. 
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Fig. 10.  Results assuming nominal properties and heat generation Q = 12.3 kW/m3 (I = 10 kA)

As was done with the longitudinal model, a sensitivity analysis was performed by reducing the nominal properties by a factor of 10 at two different levels of heat generation Q = 12.3 kW/m3 and Q = 27.7 kW/m3 which correspond to I = 10 kA and I = 15 kA, respectively. The results from sensitivity analysis for the two different heat generation input levels are shown in Fig. 11.
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Fig. 11.  Results from sensitivity analysis for Q = 12.3 kW/m3 (left) and Q = 27.7 kW/m3 (right)

5.0 Conclusions :


2D ANSYS analysis was carried out to predict temperature distributions in the splice area due to resistive heating which could arise from a combination of transport current as well as eddy currents. The 2D analyses are conservative and should provide conservative estimates for maximum temperatures compared to 3D analysis. The longitudinal model is a closer representation of the realistic situation in the magnet due to its ability to capture longitudinal heat conduction through the leads and to the surrounding liquid He. The radial model is very conservative and the results obtained from the radial model should be interpreted as providing worst case upper limits for maximum temperatures. The two longitudinal models with and without yoke and skin are both analyzed so as to bound the true cooling condition. The main conclusions from this study can be summarized as follows :

· The peak temperatures in the longitudinal model with nominal properties and assuming a current of 10 kA (Q = 12.3 kW/m3) is about 4.8 K, with yoke and skin and 4.7 K, without yoke and skin. These temperature rises are well below the quench limits of Nb-Ti and Nb3Sn. 

· With a zero flux boundary condition on the kapton surface surrounding the leads corresponding to a film boiling situation, the maximum temperatures can be in between 8.1 K and 6.8 K for a current of 15 kA (Q = 27.7 kW/m3). 

· The peak temperature when the nominal properties are reduced by a factor of 10, at a current of 15 kA and with film boiling condition specified on the kapton surrounding the leads is between 15 K and 13 K. This would represent a worst case temperature rise for the longitudinal model.

· The maximum temperature in the radial model assuming nominal properties, a current level of 10 kA and a film boiling condition on the kapton surface in contact with He is about 6 K. 

· The maximum temperature in the radial model assuming a reduction in material properties by a factor of 10, at a current level of 15 kA is about 33 K. This situation is extremely conservative and would represent the worst case of all the variations described. 

· Based on various studies performed here by varying boundary conditions, current level in the splice and material properties it is possible that, for a certain combination of all these parameters, temperature increase due to splice resistive heating can reach values that are high enough to cause quenches. Therefore due care must be taken while designing end parts of the magnet by having provisions for additional cooling in the splice area. This could be accomplished by having cooling holes in the end saddles or groves in the aluminum spacers. Adequate instrumentation would aid in monitoring temperature increases in the splice region during magnet excitation.

· A more rigorous sensitivity study would involve varying material properties one at a time and studying the effect of each material property variation on the results.
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