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Introduction

The ANSYS Quench Simulation is capable of using ANSYS to fully simulate a quenching superconducting magnet.  It can compute the temperature distribution at any time step, store the current, voltage, MIITs, and power distribution, and compute the stress due to the temperature.  It comes with both 2D and 3D based models [1].

Features:

1. Temperature and stress analysis of a quenching magnet

2. Current, voltage, MIITs, and power distribution stored as a function of time

3. 2D or 3D programs available

4. Customizable material, magnet, and cable properties

5. Definable quench protection properties

6. Definable time step for temperature solution runs

7. Outputting results to multiple files over the course of a simulation to avoid file size limits

8. A macro to output temperature and simulation data to a Microsoft Excel .csv file

Required files:

1. heat3d.dat: the instructions for running the 3D quench simulation

2. heat2d.dat: the instructions for running the 2D quench simulation

3. magstress3d.dat: the instructions for running the 3D stress simulation

4. magstress2d.dat: the instructions for running the 2D stress simulation

5. wedge_3.txt: a file containing geometry information for the bronze wedges

6. mag2.txt: a file containing geometry information for the conductor configuration

7. exceloutput.dat: the instructions for outputting simulation data to a Microsoft Excel file

System requirements:

· ANSYS installation (tested on PC versions 5.7 and 6.1)

· For the 2D analysis, 64 MB of memory is required, but 256 MB is recommended, especially for stress analysis.

· For the 3D analysis, 256 MB memory is required, but at least 512 MB of memory is recommended for the fastest temperature run, and 2.5 GB of memory is recommended for the fastest stress run.

On a 2.2 GHz processor with 2 GB of memory, the default 3D temperature program requires 10 hours to run, and the 3D stress solution requires 30 hours.  On the same computer, the default 2D temperature program requires about 20 minutes, while the stress program requires 30 minutes.

Instructions

Running
To run the temperature simulation using the user interface in ANSYS:

1. Open ANSYS.

2. Select File-Read file.

3. Select heat3d.dat or heat2d.dat depending on which simulation you want.

To run the stress simulation using the user interface in ANSYS:

1. Copy the heat3dX.rth or heat2dX.rth file to the directory with the stress file, where X is the number of the file you want to analyze, and rename it to heat3d.rth or heat2d.rth (for an explanation on numbered files, see the Multiple result file section later in the Instructions section).

2. Open ANSYS.

3. Select File-Read file.

4. Select magstress3d.dat or magstress2d.dat depending on which temperature simulation you ran in step 1.

To run the temperature simulation as a batch job:

1. Open the ANSYS batch scheduler (TANSYS in UNIX, Batch in Windows).

2. Select to run heat3d.dat or heat2d.dat depending on which simulation you want.

3. Input any filename you desire to contain the output.

4. Press Run/Start.

To run the stress simulation as a batch job

1. Run the temperature simulation in the same directory as the stress simulation, or copy the heat3dX.rth or heat2dX.rth file to the directory with the stress file, where X is the number of the file you want to analyze, and rename it to heat3d.rth or heat2d.rth (for an explanation on numbered files, see the Multiple result file section later in the Instructions section).

2. Open the ANSYS batch scheduler (TANSYS in UNIX, Batch in Windows).

3. Select to run magstress3d.dat or magstress2d.dat depending on which simulation you want.

4. Input any filename you desire to contain the output.

5. Press Run/Start.

Analysis
Analyzing the data is mostly straightforward, and should follow standard ANSYS procedures.  However, there are a few areas that need explanation.

Multiple result files

Depending on the time step and complexity of the model, there might be multiple result files for the heat simulations.  This is because the 2D and 3D simulations can create result files that surpass the 4 GB file limit in FAT32 systems.  In order to avoid these situations, the program will automatically distribute the result data over multiple files when the number of results stored in a file reaches the number indicated by the parameter maxiterationsperfile (see the Parameters section).  When multiple files are used, the files are called heat3d0.rth, heat3d1.rth, heat3d2.rth, (or heat2d0.rth, heat2d1.rth, etc.) and so on for as many as are necessary.  The numbers at the end of the file name correspond to the order in which the files were created: a larger number in the file would indicate a file created later in the analysis, and therefore larger time values for the results stored in that file. For example, if there are 60 iterations stored per file, and there is a time step of 1 ms, then heatXd0.rth would store results between 1 ms and 60 ms, and the results stored in heatXd1.rth would be from 61 ms to 120 ms, and so on.  Viewing the results at different times within the simulation may also require changing the result files.

Current, voltage, MIITs, and energy distribution analysis

The current, voltage, MIITs, and energy distribution are stored in tables within the simulation, and therefore require a slightly different method to view.  If the analysis you wish to view was completed previous or in a batch job, ANSYS needs to read in the parameter file for the analysis you wish to see before they can be viewed or graphed.  To read in the parameters:

1. Open ANSYS in interactive mode

2. Select Parameters-Restore Parameters
3. Select heat3d0.parm or heat2d0.parm in the file selection window

This will load in all parameters, arrays, and tables so they can be graphed or viewed from within ANSYS.

After loading the parameter file, graphing the current, voltage, MIITs, and energy distrubition in ANSYS involves typing:

*vplot,,Y(1,0),Y(1,1)

into the command line while replacing the Y with a different word depending on which value you want to analyze:


Current:




Replace Y with “I”


Voltage:




Replace Y with “V”


MIITs:




Replace Y with “miit”


Total energy:




Replace Y with “total_e”


Energy dissipated in magnet:

Replace Y with “mag_e”


Energy dissipated in dump resistor:
Replace Y with “resist_e”

Microsoft Excel macro


For further analysis, there is also a macro file included with the program that will output 3 temperature values, current, voltage, MIITs, and energy distribution into a Microsoft Excel-readable format.  The macro file is called exceloutput.dat.  To use this macro:

1. Edit the exceloutput.dat file to select which 3 temperatures you want to output by changing the turnnum1, turnnum2, turnnum3, divnum1, divnum2, and divnum3 parameters, where turnnumX refers to the turn number for the ‘X’th temperature, and divnumX refers to the division number for the ‘X’th temperature (use 1 for 2D analysis).

2. Open ANSYS in interactive mode

3. Run the temperature simulation to completion, or read in the parameter values from a previously completed simulation using the heat3d0.parm or heat2d0.parm files.

4. Select File-Read file.

5. Select exceloutput.dat.

The values will be outputted to an Excel comma-separated values file called output.csv, which looks similar to the table below:

	4.5
	4.5
	4.5
	18536
	0
	0
	0
	0
	343583.3

	4.5
	4.5
	4.5
	18535.88
	0.23
	0.34
	4.32
	0
	343579

	4.5
	4.5
	4.5
	18257.64
	0.41
	0.68
	12.1
	0
	333341.3

	4.5
	4.5
	4.5
	17983.62
	0.3
	1
	17.59
	10000.24
	323410.6

	4.5
	4.5
	4.5
	17713.57
	0.59
	1.31
	28.37
	19702.56
	313770.4

	4.5
	4.5
	4.5
	17447.6
	0.52
	1.62
	37.67
	29115.67
	304418.8

	4.5
	4.5
	4.5
	17185.47
	0.82
	1.91
	52.18
	38248.23
	295340.4

	4.5
	4.5
	4.5
	16927.3
	0.77
	2.2
	65.58
	47108.44
	286533.5


Each row in the table represents a time step, starting from 0 seconds.  The columns correspond to the following items:

1. Temperature indicated by turnnum1 and divnum1 in exceloutput.dat
2. Temperature indicated by turnnum2 and divnum2 in exceloutput.dat 
3. Temperature indicated by turnnum3 and divnum3 in exceloutput.dat 
4. Current

5. Voltage

6. MIITs

7. Energy absorbed by the magnet/heater

8. Energy absorbed by the dump resistor

9. Total energy remaining in the magnet

Parameters

A variety of parameters exist within the input files for both simulations.  Modifying these parameters can change characteristics of the magnet or the simulation.  

Simulation parameters
timestep:
The amount of time that passes for each iteration of the program in seconds.

Default: 0.001

endingtime:

The time the program ends in seconds.

Default: 0.1

maglength:   

Length of the magnet in millimeters.

Default: 1000

quenchlength:
The length of the volume in mm that contains the initial quench (see the 3D simulation model section).  3D analysis only.

Default: 66

nonquenchlength:
The length of the volume that simulates the non-quenching half of the magnet (see the 3D simulation model section).  3D analysis only.

Default: 50

numdivisions:
Number of element divisions along the quenching portion of the magnet (see the 3D simulation model section).  It must be at least 2.  3D analysis only.

Default: 14

divisionlength:
The length of one division in millimeters.  This should not need to be changed.  3D analysis only.

Default: maglength/(numdivisions+1) in 3D

maxiterationsperfile:
Number of results that can fit in one result file.  This number will change based upon the complexity of the underlying geometry.  For example, changing the number of divisions will decrease the number required here.

Default: 60 for the 3D model with default for all parameters, and 900 for the 2D model.

Superconductor parameters

n_value:  
The n-value of the superconductor, used in resistance calculations.

Default: 25

Tco:

The critical temperature of the superconductor.

Default: 19

Bco:

The critical magnetic field of the superconductor.

Default: 20

Jco:

The critical current of the superconductor.

Default: 5.96e9

Cable parameters
Packing:
The percentage of the cable area that isn’t epoxy.  100 minus this value equals the percentage of the cable cross section that is epoxy.

Default: 88

Cu_SC_ratio:
Ratio of copper to superconductor in the cable.

Default: 0.9

RRR:

RRR ratio of copper.

Default: 10

Quench parameters

quenchheat:
The amount of heat in Joules emitted by the quenching volume for the first time step.  Used to raise the temperature of the turn beyond the temperature needed for the turn to quench.

Default: 0.0065

quenchturn:
The turn number of the quenching turn.

Default: 14

I_init:

The current in amps at the time of the quench.

Default: 18536

Quench protection parameters
detection:
The minimum calculated voltage required before a quench is registered in the program (see Simulation Theory section).  If it is set to 0, then the quench protection circuits will automatically activate after their delays have passed, regardless of when the actual quench was detected.  This is useful for large time steps where the delay would make a large difference.

Default: 0.01

resistor:
Resistance value of the dump resistor in ohms

Default: 0.03

r_delay:
How many seconds pass after the quench is detected before the dump resistor is activated.

Default: 0.001

heatpow:
The power of the heaters in W/m2
Default: 1500000
(=150 W/cm2)

heatdelay:
How many seconds pass after the quench is detected before the heater is activated.

Default: 0.03

Magnet parameters
inductance:
The inductance of the single bore magnet.

Default: 0.002

I_nom:
The nominal current of the magnet.

Default: 19740

The magnet information, such as magnetic field strength, are stored in the magstrength array.  See the heatXd.dat files for details.  The default values are in the following table:

	Layer
	Turn number
	Minimum magnet strength
	Maximum magnetic strength

	Outer 1
	1
	0.1417
	5.3846

	Outer 1
	2
	0.7521
	5.4173

	Outer 1
	3
	1.4388
	5.45

	Outer 1
	4
	2.1146
	5.45

	Outer 1
	5
	2.7795
	5.3955

	Outer 1
	6
	1.8857
	5.0903

	Outer 2
	7
	2.6051
	5.4609

	Outer 2
	8
	3.4117
	5.7334

	Outer 2
	9
	4.251
	5.9732

	Outer 2
	10
	5.1448
	6.3656

	Outer 2
	11
	6.0495
	7.2485

	Outer 3
	12
	5.1666
	7.2812

	Outer 3
	13
	6.0713
	7.9897

	Inner 3
	14
	8.2622
	11.6085

	Inner 3
	15
	7.6627
	11.0744

	Inner 3
	16
	6.8561
	10.4749

	Inner 2
	17
	7.1177
	10.9218

	Inner 2
	18
	6.1912
	10.9872

	Inner 2
	19
	5.2211
	10.9218

	Inner 2
	20
	4.3273
	10.7692

	Inner 2
	21
	3.5752
	10.4858

	Inner 1
	22
	3.4553
	10.4749

	Inner 1
	23
	2.8776
	10.6493

	Inner 1
	24
	2.6378
	10.7038


Conductor dimensions
These values should not need changing unless the geometry of the model is also changed.

condarea:
The area of the conductor in square millimeters

Default: 14.238*1.8

XA_s:

The area of the conductive material within the conductor in square meters

Default: (condarea*Packing/100)/(1000*1000)

XA_SC:
The area of the superconducting material in the conductor in square meters

Default: XA_s/(Cu_SC_ratio+1.0)

XA_Cu:
The area of the copper in the conductor in square meters

Default: XA_SC*Cu_SC_ratio
Material properties

The program uses nonlinear material properties defined at certain temperatures.  There are a total of 7 materials defined as follows:

Material 1:
Superconducting cable

Material 2:
Bronze wedges

Material 3:
Insulation (G10)

Material 4:
Aluminum collar

Material 5:
Aluminum connector

Material 6:
Iron yoke

Material 7:
Skin (same properties as iron except thermal expansion)


In future versions, epoxy will be added to the list of materials.

The specific heat and density of the cable is found using the specific heat and density of copper, Nb3Sn, and insulation/epoxy.  See the heat3d.dat or heat2d.dat files for details.

The following charts show the default material properties for the materials.

Specific heat: (J/kg*K)

	Temperature (°K)
	Nb3Sn
	Copper
	Cable
	Bronze
	Insulation
	Aluminum
	Iron

	4
	1.23
	0.091
	0.47
	0.091
	0.35
	0.261
	0.382

	6
	2.01
	0.23
	0.86
	0.23
	2
	0.5
	0.615

	8
	2.99
	0.47
	1.39
	0.47
	4
	0.88
	0.9

	10
	4.23
	0.86
	2.13
	0.86
	6.89
	1.4
	1.24

	15
	8.96
	2.7
	5.23
	2.7
	20
	4
	2.49

	20
	17.1
	7.7
	11.69
	7.7
	40.55
	8.9
	4.5

	25
	28
	16
	21.3
	16
	65
	14.5
	7.5

	30
	45
	27
	34.64
	27
	89.6
	31.5
	12.4

	40
	70
	60
	65.29
	60
	131.3
	77.5
	29

	50
	97
	99
	100.94
	99
	189.5
	142
	55

	70
	140
	173
	165.4
	173
	281.75
	287
	121

	100
	200
	254
	240.26
	254
	386.5
	481
	216

	120
	220
	288
	270.99
	288
	465
	580
	267

	150
	232
	323
	300.71
	323
	576.3
	685
	325

	200
	250
	356
	331.56
	356
	704.3
	797
	384

	250
	256
	374
	349.21
	374
	846
	860
	422

	300
	262
	386
	363.98
	386
	1022.8
	902
	447

	400
	274
	411
	394.84
	411
	1400
	980
	480


Thermal conductivity: (W/m*K)
	Temperature (°K)
	Cable
	Bronze
	Insulation
	Aluminum
	Iron

	4
	206.96
	21
	0.055
	34
	4

	6
	310.47
	32
	0.07
	51
	6

	8
	407.52
	44
	0.09
	69
	8

	10
	504.63
	56
	0.105
	86
	10

	15
	711.96
	90
	0.13
	130
	17

	20
	841.48
	122
	0.15
	170
	23

	25
	906.27
	153
	0.178
	200
	28

	30
	906.29
	183
	0.2
	230
	32.5

	40
	744.61
	240
	0.24
	270
	40.5

	50
	569.97
	280
	0.265
	280
	47

	70
	382.36
	370
	0.325
	250
	56

	100
	291.73
	470
	0.435
	210
	62

	120
	278.75
	230
	0.47
	205
	64

	150
	269
	625
	0.51
	200
	65

	200
	259.23
	750
	0.54
	200
	66

	250
	259.18
	850
	0.595
	200
	65

	300
	259.15
	900
	0.63
	200
	63

	400
	259.12
	950
	0.665
	200
	60


Density: (Kg/m2)

	Nb3Sn
	Cu
	Cable
	Bronze
	Insulation

	5400
	8960
	6802.76
	8960
	1948


Elastic modulus: (N/mm2)

	Cable
	Bronze
	Insulation
	Aluminum
	Iron

	0.038
	0.108
	0.017
	0.07
	0.21


Thermal expansion coefficients:

	Cable
	Bronze
	Insulation
	Aluminum
	Iron
	Skin

	1.21E-05
	1.21E-05
	8.00E-05
	1.47E-05
	7.00E-06
	1.03E-05


Simulation Theory

Algorithm
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The following chart illustrates how the program executes.  All of the boxes surrounded in thick lines indicate ANSYS processing.
The program begins with basic initializations, such as initializing the current and temperature.  Once this is complete, it initializes the heat generation rates for all turns.  Specifically, it gives the quenching turn enough heat generation to create the initial quench energy specified in the parameter quenchheat, while all other turns receive no heat generation.  Once this is complete, the program uses an ANSYS solution run to solve for the temperature distribution at the end of one time step.  While the solution is running, ANSYS will use smaller sub steps during periods of rapid thermal changes to increase the accuracy of the simulation.  These sub steps update the thermal properties of the conductor, such as temperature, thermal conductivity, and heat capacitance.  However, they do not update the resistance of a turn, the heat generation within a turn, or the current throughout the coil.  After the solution is complete, ANSYS writes the results at the end of the current time step to the current result file.  The program then takes over by retrieving the temperatures and calculating the resistance, current, and new power output.  It also checks to see if the quench protection circuits have detected a quench by seeing if the computed voltage has gone over the amount of voltage set with the detection parameter.  If it has, then it signals the dump resistor and heaters to activate after their delays have passed, specified through the parameters r_delay and heatdelay.  After all this processing is complete, the simulation then iterates back, restarting the ANSYS solution with the newly computed heat generation values for the next time step.  This cycle repeats until the program reaches the ending time.  Once the program reaches the ending time, it is possible to find the temperature distribution, plot current, voltage, or other values as a function of time, or run the stress simulation to get the stress distribution.

The stress simulation is much less complicated from a programming standpoint.  It reads in the temperature values from the last time step recorded in heat3d.rth or heat2d.rth, then computes the thermal stresses due to those temperatures.  Obviously, the stress simulation must be run after the temperature simulation has completed to work properly.  The result file from the temperature solution which contains the desired temperature distribution must be renamed to heat3d.rth or heat2d.rth so it can be read in by the stress simulation.

2D simulation model

The 2D geometry is shown below [2]:
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In the 2D simulation, every turn has its own values for temperature, resistance, and power generation.  When some calculations require 3 dimensions (such as resistance), the program assumes that the entire turn has the same temperature as the simulated turn in the model, and uses the magnet length as the z parameter.  Finding the total resistance is just finding the sum of the resistances of each turn.

The recorded temperature at every turn is the average of the recorded temperature at 3 nodes on the turn: one in the center, one on the left side, and one on the right side (the circled points in the figure on the right).  This value is used in all later calculations (such as resistance calculations), and is recorded in temparay.

The temperature model has two temperature loads other than the heat generation in the turns.  One of these loads is a 4.5( K temperature constraint along on the surface of the bore for cooling purposes.  The other load comes from three simulated heaters located along the outside of the outer turns within the insulation layer, used to simulate the quench protection heaters.  The power of the heaters is determined by the heatpow parameter.  There are no loads along the outer skin or holes.

The 2D stress analysis has two symmetry constraints that lie along the surfaces of the iron yoke along the x and y axes.  It also has gap elements between the aluminum collar and coil, the aluminum collar and iron, the aluminum spacer and iron, and the skin, iron, and alumimum spacer.  There are no constraints along the outer skin and holes in the steel.

The elements used in the temperature analysis are PLANE55, and the elements used in the stress analysis are PLANE42.

3D simulation model

The 3D geometry is shown below.


[image: image3.png]



[image: image18.png]



There are two separate volumes for the 3D model, each of which simulates one half of the full magnet.  The larger volume simulates the quenching half of the magnet, and it is heated by both the initial quenching energy (and the corresponding quench) and quench protection heaters.  The smaller volume simulates the non-quenching half of the magnet, where the only heating comes from the heaters.  They are separated because the quench should not affect the temperatures in the non-quenching half of the magnet (except in the situation when the quench occurs in the median plane).

The model uses symmetry to help keep the number of elements to a minimum.  Normally we would need 2 volumes, each 2 meters long, to fully simulate a 1-meter magnet.  However, using symmetry, we can reduce the size dramatically.  For the quenching half of the magnet, we only need to simulate one quadrant if we start the quench at the end of the volume used to simulate the quenching half of the magnet.  The simulation can use this geometry because we can assume that the other quadrant of the quenching half of the magnet has the exact same temperature as the simulated quadrant.  In real life, it would be similar to starting the quench in the center of a 1-meter magnet, then cutting the magnet in half through center of the quench.  Both sides would have the same temperatures due to symmetry, so we only need a single 1-meter section to simulate the quenching half of the magnet.  In order to compute the true effect of the entire quenching half on the current, voltage, and other values, the program merely multiplies the resistance values in the quadrant by 2 when computing the total resistance of the magnet.  The symmetrical temperatures also imply symmetrical resistances, so this simple solution is all that is necessary.  The non-quenching half of the magnet, on the other hand, has a uniform temperature throughout its interior since the only heating done to the non-quenching half of the magnet is through uniformly distributed heaters.  Therefore, we only need a very small section to simulate the non-quenching half of the magnet.  To get the small section’s true effect on the current, voltage, and other values when finding the total resistance, we multiply its resistance by the ratio of its size to the size of the magnet.  The size of the non-quenching portion is set with the nonquenchlength parameter.

There are some problems associated with the symmetry.  It is not possible to simulate quench propagation speeds in excess of 20 m/sec because each turn in the coil is assumed to be separate from all the others.  Therefore, a high quench propagation speed cannot be simulated accurately since it does not transfer to other turns.  Also, the model cannot simulate quenches along the median plane of the magnet transferring to the other half of the magnet since the quenching and non-quenching halves are assumed to be independent of one another.

For calculation and loading purposes, the quenching half of the magnet is divided into divisions along the z-axis.  The divisions can be seen in the mesh picture on the previous page, divided by vertical lines.  In terms of the ANSYS simulation, a division is one of the sets of elements along the z-axis created by the VEXT command.  Every turn within every division has its own recorded temperature, resistance, and heat generation.  The number of divisions can be set in the program through the numdivisions parameter.  The above picture has 14 divisions plus the quench division.  The non-quenching volume is set at only one division, and should not need changing.

The quench division mentioned earlier contains the portion of the quenching turn that receives the initial heat required to start the quench.  It is the rightmost division within the 3D model in the picture on the previous page, and it is always present in the model, no matter how many divisions are requested.  The size of the quenching division is set by the quenchlength parameter.


In all calculations involving 3 dimensions (such as resistance), the length of the division is used for the length along the z-axis.  The total resistance of the magnet is assumed to be the sum of all the calculated resistances multiplied by any symmetry corrections as needed.
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To record the temperature, we find the temperature at three locations on both ends of a turn within a division, and average them to find the temperature of the segment of the turn used in calculations (the circled points in the figure on the right).  Like the 2D calculation, this value is stored in temparay.


Like the 2D model, the 3D temperature model has one constant temperature load of 4.5( K along the inside of the bore to simulate cooling, and the three heaters along the outside of the outer turns to simulate the quench protection heaters.

The 3D stress model has the same symmetry constraints and gap elements as the 2D stress model.  It also has additional symmetry constraints on the two ends of the quenching and non-quenching volumes.

The elements used in the temperature analysis are SOLID70, and the elements used in the stress analysis are SOLID45.

Equations

The following section introduces the equations used in calculating the various aspects of the program [3-4].

Resistance and resistivity
Three resistivity equations and one resistance equation are used for the analysis.

1. Copper resistivity
The resistivity of the copper part of the cable is based on two functions, ρ0 for low temperatures (below about 30( K) and ρ1 for higher temperatures:
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Where 
[image: image6.wmf]]

m

[

10

67

.

1

8

300

×

W

´

=

-

K

r

, T is the temperature of the copper strand, and B is the maximum magnetic field of the turn.

Normally these equations would meet at a point.  However, to create a smooth curve for the resistivity, a linear smoothing function is used for the transition between these two functions:
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where T1 is 10˚ K less than the intersection between the two functions, and T2 is 10˚ K more than the intersection between the two functions.

2. Superconductor resistivity
The resistance of the Nb3Sn portion of the cable is defined in four parts:

· If the cable is superconducting, the resistivity is 0.

· If the cable is transitioning to the normal state, the resistivity is defined as:
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where (0 is 10-14 ((m, and n is given by the parameter n_value.

· If the cable is in the normal state, its resistivity is defined as:
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The transition between these two equations takes place at 201.98(K.

3. Cable resistivity
The resistivity of the cable is given as the following equation:
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where λ is the volumetric ratio of copper to the superconducting material, ρCu is the resistivity of copper, and ρSC is the resistivity of the superconducting material.

4. Cable resistance
The resistance of the cable is defined as the following equation:
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where ld is the length of a division, and AC is the area of the cable.

Critical Density

To determine the critical density of the superconductor, we use the following equation:
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where jc0 is the critical current of the superconductor, as determined by the parameter Jco, Bc0 is the critical magnetic field of the superconductor, as determined by the parameter Bco, and Tco is the critical temperature, as determined by the parameter Tco.

Current

 EQ The current used for a time step is updated according to the following equation:
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where ts is the time step, RD is the resistance of the dump resistor, Rtotal is the resistance of the coil, and L is the inductance of the magnet.  RD is used only if the dump resistor is active (past the delay time).  Rtotal includes the resistances of both the quenching and non-quenching halves of the magnet.

MIITs

The MIITs integral is calculated by:
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where I is the current of the magnet.

Future Improvements

1. Electro-magnetic forces will be incorporated into the stress analysis by adding force components to certain points on the stress model.

2. Simulate the eddy current and quenchback effect.

3. Create detailed end structures of the magnet, including circular turn structure.

4. Further enhance the computation of the thermal properties of the conductor by using the RRR ratio.

5. Estimate the ratio of the maximum achieved temperature versus the adiabatic temperature calculated with the MIITs value.
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