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CUDI: Users Manual
COPYRIGHT CERN, 2007, Version_131 (1st non-public version: Sept. 1992, 1st public version: Sept. 2005)
CUDI is the extended Fortran code to calculate the electro-dynamic and thermal behaviour of any type of Rutherford cable subject to global and/or local variations in field, transport current, and external heat release. I wrote the very first version of the program during my PhD in 1991-1995 partially at the University of Twente (NL) and partially at CERN (CH). From 1996 onwards, the program has been steadily extended with a thermal module, a user friendly input program, a magnetisation module (written by C. Vollinger, CERN), and a solid iteration scheme to guarantee convergence in almost all cases.
The model comprises a 3-dimensional cable geometry with incorporation of currents, resistances, temperatures, fields, heat flows (through the matrix, through the inter-strand contacts, and to the helium), and self- and mutual inductances. Time-dependent behaviour, thermal behaviour and quench behaviour can therefore be calculated. 

The internal parameters of the cable can be freely varied along the length and across the width, such as contact resistances, critical current, cooling etc. In this way, all the typical non-uniformities occurring in a cable, e.g. broken filaments, strand welds, cable joints, and edge degradation can be simulated. Also the characteristics of the strands in the cable can be varied from strand to strand. 

The model is much more advanced than some other models from the past that were basically written to calculate the inter-strand coupling currents under steady-state conditions, or calculate stability on small (2 or 3-strand) cables.
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Non-profit academic and scientific institutes are herewith granted a royalty free, non sub-licensable and non-exclusive object-code license to use this software, including user documentation (jointly referred to as ‘Software’) for internal and non-commercial purposes only. 
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1 GENERAL:

1.1 Introduction

CUDI is the extended Fortran code to calculate the electrodynamic and thermal behaviour of any type of Rutherford cable subject to global and/or local variations in field, transport current, and external heat release. 
The model comprises a 3-dimensional cable geometry with incorporation of currents, resistances, temperatures, fields, heat flows (through the matrix, through the interstrand contacts, and to the helium), and self- and mutual inductances. Time-dependent behaviour, thermal behaviour and quench behaviour can therefore be calculated. 

The internal parameters of the cable can be freely varied along the length and across the width, such as contact resistances, critical current, cooling etc. In this way, all the typical non-uniformities occurring in a cable, e.g. broken filaments, strand welds, cable joints, and edge degradation can be simulated. Also the characteristics of the strands in the cable can be varied from strand to strand. 

The model is much more advanced than some other models from the past that were basically written to calculate the interstrand coupling currents under steady-state conditions, or calculate stability on small (2 or 3-strand) cables.

The cable is modelled by a large network of nodes interconnected by strands and contact resistances. A strand section is the length of strand in between two nodes, with a (discretisation) length equal to about TLP/(2NS), with LP the cable transposition length, and NS the number of strands in a cable. For industrial cables this usually means a discretisation length equal to about twice the strand diameter. A strand section has constant parameters over its volume. Up to now there has been no need for reducing this discretisation length. 
The input parameters can be changed by means of a user friendly LabView program. The csv output data files can be read in Excel or other spreadsheet programs. Furthermore, a dedicated LabView program will probably be available in the future to visualize the data.
Chapter 2 discusses the cable geometry, and how the different strand section and other elements are numbered. This chapter is important for proper understanding of the results.

Chapter 3 and 4 deal with the electro-dynamic and thermal model. Especially when using the thermal options in the program, it is important to well understand the thermal model and the assumptions made.

Chapter 5 discusses the (iterative) solving algorithm and should be read in order to properly set the time steps to arrive to the correct solution.

In chapter 6 the input parameters are discussed and hints are given for selection of certain options.

Chapter 7 gives an overview of the various output files.
Chapter 8 discusses several cases, such as calculation of the coupling loss & currents, the time constants, the voltage-current relation, Ra&Rc estimation on a short cable piece, and stability in case of an external heat pulse. After reading this manual, it is strongly recommended to perform these cases in order to learn to use the program and get a quick feeling about the possibilities of the program, the format of the output files, and the typical running times.

References are given in chapter 9 and  a complete list of parameters is given in chapter 11.
Note that an overview of the material characteristics (such as heat capacity, thermal conductivity, etc), intrinsic in the program, is documented in the file ”Material characteristics.doc”.

In this manual the following print styles are used:

	
	Style
	Color
	Background
	Example

	Parameters
	Bold
	Black
	none
	LP

	Parameters in the input file
	Bold
	Pink
	none
	“Nr. of strands=28”

	File names
	Bold
	Green
	none
	“output.dat”

	Text written in the output files
	Regular
	White
	Black
	PaT

	Options in the input file
	Regular
	Black
	Grey
	“Additional longitudinal resistance”

	Pop-up windows in the input file
	Regular
	White
	Blue
	“Define Longitudinal resistivity”

	No/Yes selections in the input file
	Regular
	Black
	Green/Red
	“Energy pulse added” or 
“No energy pulse”


1.2 Brief description of its input features:

· Cable geometry: Exact 3D configuration of the cable, including cable length, cable width, keystone angle, mid thickness, and twist pitch. A so-called ‘return lead’ can be added to simulate the self-field in a bifilar sample stack.
· Applied field: The external field can be applied in any direction with respect to the cable. Variations in the amplitude along the length of the cable and across the width are possible. The applied field can vary in time in any way.

· 2nd applied field: On top of the main applied field, an additional external field can be applied in any direction with respect to the cable. Variations in the amplitude along the length of the cable and across the width are possible. This additional applied field can also vary in time in any way.

· Adjacent contact resistance R​a and cross-contact resistance Rc: These contact resistances can be varied along the cable length and across the width. Random distributions are possible as well as local variations. Special cables, such as soldered cables, zebra type cables, cables with non-uniform strand coating/oxidation and cables with a resistive layer, can also be simulated. 

· Critical current: The critical current can be set constant or can be calculated everywhere in the cable by means of the Ic(B,T) surface, where B is the sum of the applied field and the self field of the cable. Variations in the critical current per strand can be applied, as well as local IC variations (e.g. due to edge degradation, broken filaments etc).

· SC-normal transition: This transition can be simulated using the ‘n-power’ or ‘matrix resistivity’ models.

· Strand resistances R​s: Besides the strand resistivity related to the SC-normal transition, also local strand resistances can be added, simulating for example cold welds, broken filaments, broken strands, or a soldering to another cable.

· Voltage taps: Voltage taps can be connected anywhere on the cable, either on a single strand or in contact with all strands.

· Field line: The field generated by the strand currents can be calculated along a line in space, useful for example to simulate an array of Hall probes placed along the cable.

· Transport current: A time varying transport current can be supplied uniformly or non-uniformly over the strands at the ends of the cable. A non-uniform distribution is useful to simulate a non-uniform joint with the current leads to the cable.

· Energy pulse: a local or global energy pulse can be supplied to the cable, for example to calculate the Minimum Quench Energy. The smallest volume over which a heat pulse can be applied is one strand section.
· Cooling: The program models the heat flow between the strands and the helium (both transient and steady state), the longitudinal heat flow through the matrix, the heat flow to the adjacent and crossing strands, and the heat flow through the cable insulation. 
Note that the calculation is performed for any variation in time of the transport current, applied field(s), and external heat generation/pulse.

An example is given in Figure 1: first the applied field is increased from 5 to 8 T, then the transport current is ramped up to a plateau of 14 kA, and then a short Energy Pulse (EP) is applied.
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Figure 1.
Example of a possible simulation including a field ramp and plateau, a current ramp and plateau, and an external heat pulse
1.3 To RUN this program

Note 1: You don’t need a Fortran compiler to run the program! 

Note 2: You need a PC (not a Mac) to run the program! 

The latest version of the program can be downloaded from http://cern-verweij.web.cern.ch/CERN-Verweij/ .

All registered users will receive an e-mail notification when a new version is available.

After downloading, unzip all files and copy the files to the following subdirectories:


“C:\CUDI\Documentation” (containing Manual CUDI.doc)

“C:\CUDI\” (containing CUDI.exe and Input_CUDI.exe)

“C:\CUDI\CUDI_data\c01\c01-$v\input” (containing 35 files with extension .txt and names starting with “inp_”)

and in a similar way for the other 8 cases that have to be stored in:


“C:\CUDI\CUDI_data\c02\c02-$v\” to “C:\CUDI\CUDI_data\c09\c09-$v\”
with $v the version number.

Make sure that you have LabView installed on your computer or the latest version of the LabView RunTime Engine 
Run the file “C:\CUDI\Input_CUDI.exe” to change the input parameters. At the start of the program you are asked to enter the name of an existing directory (e.g. c01) and an existing case (e.g. 131) containing already a set of input parameters. Along with the program comes a set of cases that can initially be used as starting points for new simulations. After a while you will add yourself other simulated cases, and you can start a new simulation with a set of input data close to what you would like to have. Then you will be asked to enter the name of a not-yet existing new case (i.e. the name of the new simulation, e.g. 200). Note: it is very important that the name of the new case does not exist yet.
Run the file “C:\CUDI\CUDI_v$.exe” and enter the directory and case names (e.g. c01 and 200).
1.4 Program limitation

The program is limited to straight Rutherford-type cables. However, the field generated by the return lead (for example in the case of a bifilar cable sample configuration, such as in the FRESCA test facility at CERN or the cable test stations at BNL) can be taken into account.

The maximum length of the cable and the number of strands and time steps are limited by the internal memory of the computer. It is often worthwhile to make initial calculations with a short cable with reduced number of strands, before simulating the real cable.
At the moment the LabView input program excepts a maximum array size of 682, which means that the cable can have a maximum number of bands of 682 (see chapter 2), unless you edit some arrays by other means, such as an editor or Excel. However, a size of 682 is already quite a lot and is usually sufficient for most simulations.

The number of strands in the cable has to be (8 and even, and smaller than 80. A version for 6 strands is possibly available in the future in order to simulate for example “6-around-1” cables, or the 6 petals in a typical CICC cable.
The cable is modelled by a large network of nodes interconnected by strands and contact resistances. A strand section is the length of strand in between two nodes, with a (discretisation) length equal to about LP/(2NS), with LP the cable transposition length, and NS the number of strands in a cable. The program assumes uniform parameters (current, resistivity, temperature, heating etc) over the volume of a strand section. Up to now it seems that this discretisation length is small enough to obtain in all cases the correct solution. 

The material properties for copper, NbTi and Nb3Sn are incorporated. Rutherford cables consisting of other materials or having different matrix material can for the moment only be simulated with constant temperature.

1.5 Running time:

The running time is strongly increasing with increasing number of strands and increasing cable length. 
The running time is of course also strongly depending on the number of iterations required to obtain the solution, which depend strongly on the type of calculation: 
1. Constant temperature and all currents much smaller than the critical current. In this case, iteration is usually not required (or sometimes a few iterations in case of a strong self field) and each time step takes the same calculation time. 

2. Constant temperature and one or more currents close to or larger than the critical current. In this case, the temperature module is not used. Iteration of the strand resistivities is required. The convergence speed depends strongly on the steepness of the transition, the values of the contact resistances, time step and ramp rate of the transport current.

3. Variable temperature and all currents much smaller than the critical current. In this case the currents and temperatures are solved independently. The temperatures are solved through iteration with convergence speed depending strongly on the temperature, helium flow regime, time step and heating powers. The currents are solved in the same way as for case 1.

4. Variable temperature and one or more currents close to or larger than the critical current. Iteration in strand resistivities and temperatures is required with a convergence speed strongly depending on the steepness of the transition, the values of the contact resistances, time step, ramp rate of the transport current, temperature, helium flow regime, and heating powers. 

Calculations with non-constant temperature are usually faster for better cooling (larger heat conductivities along the strands and in between strands, and better cooling to the helium).

During the calculation, you can keep track of the progress and the convergence on the output screen.
2 CABLE GEOMETRY:

2.1 Cable and field direction

The x-y-z coordinate system is given in Figure 2.

The Rutherford-type cable is situated in the positive x-y quadrant and extends only in positive z-direction. A positive transport current is a transport current flowing in positive z-direction in the cable. Also the direction of the self-field (for positive transport current) is shown.
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Figure 2. x-y-z coordinate system, and direction of transport current (Ccable) and self field (BSF).

Two fields can be applied (Ba1 and Ba2) each with their own direction and longitudinal distribution.

The direction of field Ba1 can be set using the parameters “The_Ba1”, and “Phi_Ba1” (see input program STEP 2) corresponding to the angles θ and φ in Figure 2):


Ba1(x)=Ba1sin(The_Ba1)sin(Phi_Ba1)   (T( 
(also referred to as the parallel field component)  
(2‑1)


Ba1(y)=Ba1cos(The_Ba1)   (T( 
(also referred to as the perpendicular field component)
(2‑2)


Ba1(z)=Ba1sin(The_Ba1)cos(Phi_Ba1)   (T( 
(also referred to as the longitudinal field component) 
(2‑3)

The direction of the field change Ba1/t is of course the same as Ba1, so:


(Ba1/(t(x)=( (Ba1/(t)sin(The_Ba1)sin(Phi_Ba1)   (T( 
(also referred to as the parallel field sweep rate)  
(2‑4)


(Ba1/(t(y)=( (Ba1/(t)cos(The_Ba1)   (T( 
(also referred to as the perpendicular field sweep rate)
(2‑5)


(Ba1/(t(z)=( (Ba1/(t)sin(The_Ba1)cos(Phi_Ba1)   (T( 
(also referred to as the longitudinal field sweep rate)
(2‑6)

Similar formulas yield for Ba2 and (Ba2/(t.
The cable has a width w (“cable width”) and a thickness Th1 on edge 1 and Th2 on edge 2, and consists of NS strands, having a twist pitch LP. A keystone can be implemented by choosing Th1(Th2. Note that Th1 is located at strand section 2 and Th2 at strand section 2NS-1 (see chapter 2.3 for the numbering of the strand sections). The mid-thickness of the cable is given by ThAv=(Th1+Th2)/2. 


The aspect ratio of the cable is defined as the cable width divided by the average cable height (=w/ThAv), and is equal to NS/4 in the case of a non compacted cable having strands with a round cross-section. In industrial cables the aspect ratio is slightly larger.

A so-called ‘return lead’ can be added in order to take into account the self field generated by the other cable in a bifilar cable sample geometry. The transport current in the ‘return lead’ is opposite to the one in the simulated cable, and is assumed to be uniformly distributed among the strands. No coupling currents are present in the ‘return lead’. The return lead is oriented with opposite keystone with respect to the simulated cable (see Figure 3), and at a distance dRL as indicated.
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Figure 3.  Orientation of the ‘return lead’ with respect to the simulated cable.

2.2 Network model of a Rutherford-type cable

The cable is modelled by a three-dimensional network of nodes interconnected by strand sections and resistances (see Figure 4 and Figure 5). The strands are represented by lines with an infinitely small diameter. This implies that the distance between the line currents at both edges is equal to w(1-2/NS) and the average distance between the line currents in both layers is  ThAv. The resistances Ra and Rc represent the resistances between adjacent and crossing strands. A few of these resistances are shown in Figure 4.
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Figure 4.  Network model of a Rutherford cable.

The currents Ca and Cc are the (coupling) currents between the strands of the cable through the contact resistances Ra and Rc. The currents Cs are the currents in the strands, i.e. the sum of the strand transport current, the inter-strand coupling current (ISCC) and the boundary-induced coupling current (BICC). The sum of Ca and Cs (through any section of the cable) equals the cable transport current Ccable. At both edges of the cable the strands follow a skew path from one layer to the other. At edge 1 the strands go from the upper layer to the lower layer; at edge 2 the strands go from the lower layer to the upper layer. Note that these two sections are twice as long as the other sections. This direction of the transposition is sometimes referred to as S-direction. Note that it is not possible to change the direction of the transposition pitch (from S to Z).

The length of the cable is defined by the number of bands NB. Each band corresponds to a part of the cable equal to LP/NS. The start of band 1 is positioned at z=0. The end of band NB is positioned at NB*LP/NS, which is equal to the cable length (lcab).
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Figure 5. 
Artistic view of a Rutherford cable with in red the cross contacts Rc and in yellow the adjacent resistances Ra. The adjacent resistances at the edges (see also chapter 2.4) are not depicted. Lp,c denotes the transposition twist LP. Picture courtesy of R. de Maria, CERN.
2.3 Strand section numbering

See Figure 6 for an example of a 10-strand cable (i.e. NS=10).
Each band consists of (NS‑1) calculation cells and has (5NS‑3) unknown currents, namely:

· (2NS‑2) strand section currents Cs, (numbered from 2 to 2NS-1). The red coloured strands in Figure 6 are in the upper layer; the blue coloured strands in the lower layer. Strand sections 2 and 2NS-1 (=19 for NS=10) move from one layer to the other and are twice as long as the other sections.

· 2NS currents Ca between adjacent strands, (numbered from 1 to 2NS), see chapter 2.4.
· (NS‑1) currents between crossing strands Cc, (numbered from 1 to NS-1), see chapter 2.5.
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Figure 6.  Numbering of the strand sections and currents Cs in a 10-strand cable.
2.4 Numbering of the resistances Ra and the currents Ca
See Figure 7 for an example of a 10-strand cable (i.e. NS=10).
The red coloured resistances (and currents) are in the upper layer, the blue coloured resistances (and currents) in the lower layer. Note that there are 2 resistances Ra (and currents Ca) at each edge of the cable, namely with numbers 1 and 2 on edge 1, and numbers 2NS-1 (=19 for NS=10) and  2NS (=20 for NS=10).
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Figure 7.  Numbering of the resistances Ra and currents Ca in a 10-strand cable.
2.5 Numbering of the resistances Rc and the currents Cc
See Figure 8 for an example of a 10-strand cable (i.e. NS=10).

Note that all resistances Rc are positioned in the y-direction.
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Figure 8.  Numbering of the resistances Rc and currents Cc in a 10-strand cable.
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2.6 Strand position numbering

In chapter 2.3 it was shown that each calculation band contains (2NS‑2) strand sections , representing indirectly the NS strands.

In order to better interpret the results, the currents in the (2NS‑2) strand sections per band, numbered as:



3
NS+2
…
2NS-2


2




2NS-1



NS+1
4
…
NS

are converted to NS positions, numbered as:


1
2
3
 … 
NS/2


NS
…
…
…
NS/2+1

E.g. for NS=8:


Sections:






Positions:



3
10
5
12
7
14

1
2
3
4

2






15




9
4
11
6
13
8

8
7
6
5

and for NS=10:


Sections:








Positions:



3
12
5
14
7
16
9
18

1
2
3
4
5


2








19



11
4
13
6
15
8
17
10

10
9
8
7
6

The currents Cp in the NS positions are calculated from the (2NS-2) currents Cs in the sections by the average of 2 (or 1) value(s), as shown in Table 1:

Table 1.
Correlation between strand section numbering and strand position numbering for an 8- and a 10-strand cable.
	p_1
	p_2
	p_3
	p_ 4
	p_5
	p_6
	p_7
	p_8

	s_2

s_3
	s_5

s_10
	s_7

s_12
	s_14
	s_8

s_15
	s_6

s_13
	s_4

s_11
	s_9


	p_1
	p_2
	p_3
	p_ 4
	p_5
	p_6
	p_7
	p_8
	p_ 9
	p_10

	s_2

s_3
	s_5

s_12
	s_7

s_14
	s_9

s_16
	s_18
	s_10

s_19
	s_8

s_17
	s_6

s_15
	s_4

s_13
	s_11


In a similar way also the powers Pp, temperatures Tp, and resistivities p in the positions are calculated from the powers Ps, temperatures Ts and resistivities s in the sections.
2.7 Wire numbering

In order to easily see the characteristics along the same wire, the positions are rotated by one for each band. In this way the results of a given wire are printed in one column in the output file.

With increasing band number, wire 1 moves from position 1 to position NS to position (NS-1) to position (NS-2) to position (NS-3) etc, and in a similar way for the other wires.

In other words: Position Y in band X corresponds to the same wire as position (Y-1) of band (X+1).

So the formulas to convert position to wire (and vice versa) yield:


#wire=1+MOD(#band+#position-2,NS)

#position=1+MOD(NS+#wire-MOD((#band,NS),NS)

In the next table an example is shown for the correlation between positions and wires for a 10-strand cable.

Table 2.
Correlation between strand position numbering and wire numbering for a 10-strand cable

	#band
	p_1
	p_2
	p_3
	p_ 4
	p_5
	p_6
	p_7
	p_8
	p_ 9
	p_10

	1
	w_1
	w_2
	w_3
	w_4
	w_5
	w_6
	w_7
	w_8
	w_9
	w_10

	2
	w_2
	w_3
	w_4
	w_5
	w_6
	w_7
	w_8
	w_9
	w_10
	w_1

	3
	w_3
	w_4
	w_5
	w_6
	w_7
	w_8
	w_9
	w_10
	w_1
	w_2

	4
	w_4
	w_5
	w_6
	w_7
	w_8
	w_9
	w_10
	w_1
	w_2
	w_3

	5
	w_5
	w_6
	w_7
	w_8
	w_9
	w_10
	w_1
	w_2
	w_3
	w_4

	6
	w_6
	w_7
	w_8
	w_9
	w_10
	w_1
	w_2
	w_3
	w_4
	w_5

	7
	w_7
	w_8
	w_9
	w_10
	w_1
	w_2
	w_3
	w_4
	w_5
	w_6

	8
	w_8
	w_9
	w_10
	w_1
	w_2
	w_3
	w_4
	w_5
	w_6
	w_7

	9
	w_9
	w_10
	w_1
	w_2
	w_3
	w_4
	w_5
	w_6
	w_7
	w_8

	10
	w_10
	w_1
	w_2
	w_3
	w_4
	w_5
	w_6
	w_7
	w_8
	w_9



or:
	#band
	w_1
	w_2
	w_3
	w_4
	w_ 5
	w_6
	w_7
	w_8
	w_9
	w_10

	1
	p_1
	p_2
	p_3
	p_4
	p_5
	p_6
	p_7
	p_8
	p_9
	p_10

	2
	p_10
	p_1
	p_2
	p_3
	p_4
	p_5
	p_6
	p_7
	p_8
	p_9

	3
	p_9
	p_10
	p_1
	p_2
	p_3
	p_4
	p_5
	p_6
	p_7
	p_8

	4
	p_8
	p_9
	p_10
	p_1
	p_2
	p_3
	p_4
	p_5
	p_6
	p_7

	5
	p_7
	p_8
	p_9
	p_10
	p_1
	p_2
	p_3
	p_4
	p_5
	p_6

	6
	p_6
	p_7
	p_8
	p_9
	p_10
	p_1
	p_2
	p_3
	p_4
	p_5

	7
	p_5
	p_6
	p_7
	p_8
	p_9
	p_10
	p_1
	p_2
	p_3
	p_4

	8
	p_4
	p_5
	p_6
	p_7
	p_8
	p_9
	p_10
	p_1
	p_2
	p_3

	9
	p_3
	p_4
	p_5
	p_6
	p_7
	p_8
	p_9
	p_10
	p_1
	p_2

	10
	p_2
	p_3
	p_4
	p_5
	p_6
	p_7
	p_8
	p_9
	p_10
	p_1


In chapter 7 (Output data and files) is indicated which output format (“section”, “position” or “wire”) is the best to look at (that is easier to understand).
2.8 Contact surface between adjacent and crossing strands

In order to calculate the inter-strand heat flow, the contact surface between adjacent and crossing strands is given by the following empirical formulas, which are based on the cross-section of LHC dipole cables [2]:
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with:
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and x ranging from 0 to w (cable width), Th(x) the cable thickness at position x, and Sstr the cross section of the strand.
The values of Aadj and Across are printed in the output file “summary.dat”. Note that Aadj is twice as large for strand sections 2 and NS-1 because these sections are twice as long as the others.

Instead of using the above given empirical values, the user can also set the surfaces to a constant value, or use a linear increase across the cable width (see chapter 6.9).

It is possible to scale the contact resistances Ra and Rc to the inverse of Aadj and Across respectively, by using the options “Ra linked to contact surface” and “Rc linked to contact surface” respectively (see also chapter 6.5).
2.9 Contact surface between the strands and the helium, and helium volume inside the cable

The contact surface between the strands and the helium is given by the following formula, again based on the cross-section of a LHC dipole cable and assuming that the strands have an 8 sided cross-section, and that the strands are uniformly spaced over the width of the cable [2]:
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with wc(x) and wa(x) as defined in chapter 2.8.
The helium volume linked to each strand section is given by:
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The values of AHe and VHe are printed in the file “summary.dat”. Note that AHe and VHe are twice as large for strand sections 2 and 2NS-1 because these sections are twice as long as the others.

Scaling factors for the contact surface and helium volume are available in the input program (“Scaling factor for helium surface”, and “Scaling factor for helium volume inside the cable”, see STEP 8), to take into account the inaccuracy of the empirical formula and/or possible creep of surrounding materials (kapton) and/or presence of an internal core (see also chapter 6.8).
Instead of using the above given empirical values, the user can also set the surfaces and volumes to constant values or to any arbitrary variation along the cable width (see STEP 9 of the input program). The latter is useful to take into account the effect of the keystone and the edges of the cable.
3 EQUATIONS TO SOLVE THE CURRENTS IN THE ELECTRODYNAMIC MODEL
Using Kirchhoff’s laws the 5NS-3 equations (see chapter 2.3), needed to solve the currents in one band, can be set up. 

These consist of 3 types of equations:

· sum of voltages in each loop equals 0, 

· sum of all currents in each node equals 0,

· sum of all currents in z-direction equals the cable transport current.

Different voltages are present:

· Voltage over Ra, equal to Ca*Ra, with Ra independent of temperature, current and field.

· Voltage over Rc, equal to Cc*Rc, with Rc independent of temperature, current and field.

· Voltage over Rs, equal to Cs*Rs, with Rs a function of temperature, current and field.

· Inductive voltage over each section, depending on the currents Cs of the previous and actual time step.

· Voltage equal to A((B/(t) with (B/(t the field sweep rate and A the area of the loop perpendicular to (B/(t. 

For any loop with surface A one can therefore write the equation as:



[image: image18.wmf]å

å

å

å

¶

¶

´

=

+

+

+

t

B

A

V

R

C

R

C

R

C

ind

s

s

c

c

a

a

      [V]
(3‑1)

with:
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the field sweep rate perpendicular to A.

The inductive voltage over strand section i in band b is given by:
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with M[b,i][b2,i2] the mutual inductance between the strand sections [b,i] and [b2,i2], and Cs[b2,i2] the strand current in section [b2,i2]. Various expressions for the mutual induction between two wires of finite length placed in arbitrary positions are incorporated in CUDI (using the formulas of Grover, [3]). The summation has to be made over all the strand elements of all the bands, so over NB(2NS‑2) sections. 

In CUDI the time derivative of the strand current is represented by the difference in current between two discrete time steps <m> and <m-1>, so:
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Three cases can now be distinguished:

· Infinitely long cable (option “Infinitely long cable”)
· Finite cable (option “Finite cable with NB bands”) at steady state (i.e. “Nr of time steps=1”), so all inductive voltages are 0.
· Finite cable (option “Finite cable with NB bands”) with time variation (i.e. “Nr of time steps>1”).
3.1 Infinitely long cable

In this case Ca, Cc, and Cs are independent of the length and only one band has to be calculated.

A matrix A with dimensions (5NS‑3) by (5NS‑3)+1 is then set up, containing all the equations with Ca, Cc and Cs as the unknown currents.

The first equation of this chapter?? can then be rewritten so that the right-hand side is known:
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(3‑5)
The matrix is solved directly, and iteration is only required if one or more currents Cs are close to the critical current (see chapter 5).

3.2 Finite cable in steady-state condition

There are now NB(5NS‑3) unknown currents and in principle one could therefore set up an array with size NB(5NS‑3) by NB(5NS‑3)+1 (see Figure 9A??), and solve it directly. However, the currents in band [b] only depend on the currents in bands [b-1], [b] and [b+1], so the matrix contains large areas of zeros in the lower left and upper right areas. In order to reduce the computing time and internal memory, the equations are therefore written into a rectangular matrix B, and solved in a slightly different way. After optimizing the size of this array becomes  NB(5NS‑3) by (14NS‑2).
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Figure 9. 
Arrays A and B.
3.3 Finite cable in transient condition

Similar to the steady-state condition, there are also NB(5NS‑3) unknown currents and in principle one could therefore set up an array with size NB(5NS‑3) by NB(5NS‑3)+1 (see Figure 9A??), and solve it directly. But now the currents in band b depend on the currents in all the other bands (through the mutual inductance), so the matrix does not contain large areas of zeros and cannot be easily transformed into a reduced rectangular shape. Calculation time would become too long for large number of bands, and therefore the following two tricks are used:
Firstly, only the mutual inductances with strand sections that are located within NB,mut bands from band [b] are taken into account, neglecting therefore the inductive voltages of bands that are farther away. So, the inductive voltage is rewritten as:
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with q1=MAX(1,b-NB,mut) and q2=MIN(NB,b+NB,mut), and NB,mut an input parameter.

Note that if NB,mut=0 still the mutual inductances between strand sections in the same band are taken into account.
Secondly, the voltage is rewritten as:
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The second (and usually largest) term is implemented in the same way as shown in chapter 3.1. The other two terms are placed on the right side of the equation. The equations can now again be written in a reduced rectangular array. After optimizing the size of this array becomes NB(5NS‑3) by (16NS‑6). The array is now solved iteratively because the right hand terms contain currents Cs of the actual time step. 
Matrix.CDR
4 THE THERMAL MODEL

4.1 Generated heat

Heat is generated by:

· resistive heating Pa in the contacts Ra. The heat generated in each Ra is assumed to equally flow into 4 strand sections (partially in the same band as Ra, as well as in the adjacent bands [b-1] and [b+1]), see Figure 7. 

· resistive heating Pc in the contacts Rc. The heat generated in each Rc is assumed to equally flow into 4 strand sections (partially in the same band as Rc, as well as in the previous band [b-1]), see Figure 8. 

· resistive heating Ps in the strand resistances Rs. The heat generated in Rs equals Cs2Rs
· inter-filament coupling loss PIF,s
· externally applied energy pulse Pext. It is possible to apply an energy pulse during one or more time steps. The power of the heat pulse can vary in time.

4.2 The heat balance equations

The discretisation of the cable for the thermal model is the same as for the electrodynamic model, i.e. the strands are divided in sections with a length equal to LP/(2NS), except for the two edge sections that are twice as long. Contrary to the electrodynamic model, the strand sections in the thermal model have a given volume Vs=lsdstr2/4 with ls the length of a strand section and dstr the diameter of the strands. So for most Rutherford cables, the typical discretisation volume is about 1 mm3. The assumption is made that the material properties, temperature, heating and cooling are uniform over this volume, which is in first approximation correct, especially for strands having a matrix with high thermal conductivity. For a single strand section a thermal model can be set up considering heat flows to the helium inside the cable (hHe), heat flow through the insulation (if present, hins) and heat flows to the following five strand sections (see Figure 10 and Figure 11):

· Two neighbouring sections (with temperatures Ts-n1 and Ts-n2) of the same strand, with a contact area equal to the cross-section of the strand (=Sstr), and a heat conductivity kstr (which is temperature dependent) usually dominated by the heat conductivity of the matrix. This heat flow is denoted as hstr.
· Two sections of adjacent strands (with temperatures Ts-a1 and Ts-a2) , with a contact area Aadj (see chapter 2.8), and a heat conductivity kadj (which is temperature dependent), usually dominated by the contact surface, as shown lateron. This heat flow is denoted as hadj.
· One section of the crossing strand (with temperature Ts-cr), with a contact area Across (see chapter 2.8), and a heat conductivity kcross (which is temperature dependent), usually also dominated by the contact surface. This heat flow is denoted as hcross.
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Figure 10.  3D-view of the thermal model of one strand section.
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Figure 11.
2-D view of the thermal model of one strand section (in yellow) with the adjacent strands (light grey), crossing strand (dark grey), helium (blue), and insulation (black)

A given helium volume VHe is attributed to each strand section, which is for typical insulated cables about 5-10% of the strand volume Vs (see chapter 2.9). This volume is made up of 4 sub-volumes as shown in Figure 11, which are modelled in CUDI by one single volume. Heat flow is possible between this helium volume and the strand section, but no heat flow is possible between the different helium volumes that are attributed to different strand sections. During the simulation it is assumed that the volume and mass of helium in contact with each strand section remain unchanged, and that its temperature and pressure can vary. 
It is also possible to add an insulation layer around the cable. It is considered that the insulation has no heat capacity and that the temperature on the outside of the insulation remains equal to the bath temperature Tbath throughout the simulation. The heat flow through the insulation is therefore purely conductive. The thickness, heat conductivity, and contact surface between insulation and strand can be defined in the input program (see chapter 6.10), and can be different for the edges of the cable and the cable faces.
During a time step t=t<m>-t<m-1>, the temperature of the strand section will change by a factor Ts=Ts<m>-Ts<m-1> and the temperature of the helium volume by a factor THe,s=THe,s<m>-THe,s<m-1>. The heat balance for the strand section can then be written as:
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with:
FIS a scaling factor used to define which part of the ISCL is absorbed by the strands and which part by the helium.
Note that each strand section is in contact with 4 resistances Ra (see Figure 7) and 4 resistances Rc (see Figure 8). It is assumed that each power Pa and Pc enters evenly in 4 strand sections.

The heat balance for the helium volume attached to each strand section reads:
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with CV,He the heat capacity of helium at constant volume.

Note also that in a real keystoned Rutherford cable VHe and AHe vary across the cable width, which can be simulated in CUDI in 2 different ways (see chapter 2.9). Adiabatic cases are simulated defining hHe=VHe=0, and FIS=1, whereas open-bath cases are simulated with VHe=∞,  THe,s=0, and disregarding the insulation layer. These possibilities can be selected in STEP 8 of the input program (see also chapter 6.8).
The heat capacity of the strand is given by:
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with:


CP,SC=f(Bs,Ts,IC,s) the heat capacity of the superconductor, 

CP,mat=f(Bs,Ts) the heat capacity of the matrix. 

Accurate relations for the heat capacities of NbTi, Nb3Sn, copper and helium are incorporated in CUDI (see chapter 9.1). 

The 5 different heat flow components (hstr, hadj, hcross, hHe, and hins) will be discussed in chapter 4.3-4.7. 

4.3 The heat flow along the strand (hStr)
The heat flow along the strand (i.e. from section s to the neighbouring sections s_n1 and s_n2) can be written as:
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with:


Fh,str a dimensionless scaling factor

Smat the cross section of the matrix [m2] 


SSC the cross section of the superconductor [m2] 


kmat = f(B,T,RRR), the heat conductivity of the matrix [Wm-1K-1]


kSC the heat conductivity of the superconductor [Wm-1K-1]


d1 the distance between the centres of the strand sections s and s-n1 [m]

d2 the distance between the centres of the strand sections s and s-n2 [m]
The heat flow can be scaled up or down using the parameter Fh,str. The longitudinal heat conduction in the strand is usually dominated by the matrix; e.g. the heat conductivity of copper is about 400 W/K/m, whereas for NbTi it is about 4 orders of magnitude smaller. Data for heat conductivity are given in chapter 9.3. In very good approximation one can therefore often consider: kSC=0.
4.4 The heat flow to adjacent strands (hadj)
The heat flow to the 2 adjacent strands sections (s_a1 and s_a2) can be written as:
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The conductivity between two adjacent strands consists of a part through the matrix and a part linked to the thermal contact at the interface between the two adjacent strands. After some mathematics the factors Fa1 and Fa2 can be written in first approximation as:



[image: image33.wmf]1

1

a

mat

str

cont

mat

cont

a

A

k

d

k

k

k

F

+

=

      [WK-1]
(4‑6)


[image: image34.wmf]2

2

a

mat

str

cont

mat

cont

a

A

k

d

k

k

k

F

+

=

      [WK-1]
(4‑7)
with:


Aa1 the contact surface between sections s and s_a1 [m2] 


Aa2 the contact surface between sections s and s_a2 [m2] 


kmat = f(B,T,RRR), the heat conductivity of the matrix [Wm-1K-1]


kcont the heat conductivity of the contact between the two strand surfaces (in WK-1m-2)
The thermal contact conductivity can be written as:
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where Fcont and Pcont are constants that depend on the type of contact (see chapter 9.4 for typical values).
Using Fcont=1000 and Pcont=2.5 and taking kmat=400 WK-1m-1, dstr=10-3 m, and T=4 K, it is immediately clear that kmat>>kcont*dstr so that Fa1=kcont*Aa1 and Fa2=kcont*Aa2, i.e. the thermal resistance is dominated by the contact surfaces. Only at much higher temperatures will kmat start to play a role. 

4.5 The heat flow to crossing strands (hcross)
In a similar way as described in chapter 4.4, the heat flow to the crossing strand section (s_cr) can be written as:
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The conductivity between two crossing strands consists of a part through the matrix and a part linked to the thermal contact at the interface between the two crossing strands. After some mathematics the factor Fcross can be written in first approximation as:
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with:


Across the contact surface between sections s and s_cr [m2], see chapter 2.8. 

In a similar way as described in chapter 4.4, it can be shown that the thermal resistance is dominated by the contact surface. Only at much higher temperatures will kmat start to play a role. 

4.6 The heat flow to the helium

The heat flow between strand and helium is modelled in 2 different ways, depending on the state of the helium, being ‘normal’ (1 atmosphere) or ‘supercritical’.

4.6.1 ‘Normal’ helium at 1 bar
The heat flow between strand and helium is modelled by 6 different regimes, namely:
1. Transient regime (HeI and HeII)

2. Kapitza regime (HeII):
3. Film boiling (HeII):

4. Natural convection (HeI):

5. Nucleate boiling (HeI):

6. Film boiling (HeI):

CUDI will select the lowest regime, which gives convergence while of course at the same time fulfilling the limiting conditions of the given regime. Of course, if the bath temperature is 4.3 K then the regimes 2 and 3 are disregarded.

The transient heat flow regime is described by:
1. Transient regime:
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with AHe as defined in chapter 2.9.

Transient heat flow continues until a certain limit (Elimit) is reached, usually linked to the helium volume in contact with the strand. The user can activate the transient regime or not, and if activated he has the possibility to set the parameters atrans,  ntrans and Elimit.

Elimit can be set as:

- infinitely large (i.e. 1020 Jm-2).

- constant across the cable width, equal to C1 (in Jm-2).

- varying across the cable width, equal to C2*L 

     with L=Sstr*(VHe/Vs)/(AHe/ls)
             Sstr=cross section strand

             VHe=volume of helium per strand section

             Vs=volume of a strand section

             AHe=contact surface with helium per strand section (see STEP 9)

             ls=length of a strand section

             C2 in J/m3.

The transient energy limit (in J) per strand section is then defined by Elimit*AHe 
Setting C1 or C2 equal to 0 means of course that there is no transient heat flow.

The steady-state heat flow to subcooled Helium II is described by the following two regimes:

2. Kapitza regime:
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Kapitza cooling continues until a certain heat flow is reached (hlim_Kap), which defines the onset for film boiling.

The parameters aKap, nKap, and hlim_Kap can be adjusted by the user in the input file (see section 6.8).
Typical values are 200 W/m2/KnKap, 4, and 35000 W/m2 respectively.
3. Film boiling:
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The parameter aFB-II can be adjusted by the user in the input file (see section 6.8).

Typical value is 250 W/K/m2.

The steady-state heat flow to boiling Helium I is defined by the following 3 regimes:

4. Natural convection:
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Natural convection continues until a certain heat flow is reached (hlim_NC), which defines the onset for nucleate boiling.

The parameters aNC, and hlim_NC can be adjusted by the user in the input file.

Typical values are 500 Wm-2K-1, and 10 Wm-2 respectively [??,??]. 
5. Nucleate boiling:
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Nucleate boiling continues until a certain heat flow is reached (hlim_NB), which defines the onset for film boiling.

The parameters aNB, and hlim_NB can be adjusted by the user in the input file.

Typical values are 5·104 Wm-2K-2.5, and 104 Wm-2 respectively [??,??]. 

6. Film boiling:
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The parameter aFB-I can be adjusted by the user in the input file.

Typical value is 250 Wm-2K-1 [??,??]. 

The output file “Regime.dat” shows for all time steps and sections the cooling regime (1-6) in which a certain strand section is placed.
A solution for each section will be found so that the number of the regime is lowest, with the exception that a section cannot fall back into the transient regime (nr. 1) once it has been into a higher regime.
It is very likely that the real heat transfer from a strand towards the helium does not exactly follow the above given relations. Please contact me if you have suggestions or if you want other regimes to be added. 
During the time step t the temperature of the strand and the helium can change considerably, and hence also the values of the critical current, strand resistance, and resistive powers. All terms in the heat balance equations are therefore averaged over the time t; for example, the heat capacity of the matrix is a function of both the temperature at the previous time step and the actual time step. 

Similarly all powers are averaged from the power at the end of the previous time step tm-1, and the power of the actual time step tm. 

4.6.2 Supercritical helium
For supercritical helium the heat exchange is given by a single regime (defined as number 10), following [10], described by:
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Typical values for k, C, p , and ainf are 0.022 Wm-1K-1, 340000 JK-1m-3, -0.5, and 500 Wm-2K-1 respectively.
Note that in the case of supercritical helium the Cp of the helium is constant and equal to C, so Cp is not a function of temperature.

The variable t0 defines the start time and will vary for each section of the cable.
4.7 The heat flow through the insulation

The heat flow through the insulation is modelled by a simple conduction formula:
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with:

kins: the thermal conductivity of the insulation (e.g. 0.011 WK-1m-1 for kapton). 

Fins: a scaling factor to define which part of the cable surface is in contact with the insulation. A typical value is about 0.8 for a normally compacted cable.

Thins: the thickness of the insulation, typically about 0.1-0.2 mm.
These 3 parameters can be set independently for the thin edge of the cable, the thick edge of the cable and the large cable faces (see section 6.10).
Note that the insulation has no heat capacity, and that the outside of the insulation remains at a constant temperature equal to the bath temperature.

5 SOLVING ALGORITHM

5.1 The general procedure

The main structure of the program can be summarised as a nesting of 4 loops and 4 iterations, see the scheme below. 
· L-1 and I-1 form the QE module. 
· L-2 and I-2 form the electro-dynamic module
· I-3, L-3, L-4, I-4 form the thermal module. 
L-1.  Loop for all different QE currents

This loop is done only once except if the option “QE calculation” is selected, and the parameter Nr_QE_I>1 (see STEP 12)

I-1.  Iterate with different pulse energies until the QE-value has converged
This iteration is done only once except if the option “QE calculation” is selected

L-2.  Loop through all time steps

This loop is initially done “nr if time steps” times (see STEP 12). However, additional time steps can be added if no convergence is obtained in one or more of the loops 4-8. Calculation can also be stopped before all time steps are calculated if a threshold voltage has been reached (see STEP 12), or if a QE decision can be taken (only if the option “QE calculation” is selected).

I-2.  Iterate until the electro-dynamic module is accurately solved (i.e. until the strand resistivities and mutual inductances have converged)
At each iteration a matrix is set up?, containing all the relations as given in chapter 3.???? Many matrix components contain the resistances Rs, which are a function of the current Cs, the critical current IC,s(Bs,Ts), and hence also of the local field Bs and the strand temperature Ts. Furthermore, for non steady-state solutions the mutual inductance terms are also a function of the currents Cs (see chapter 3.3). This iteration is done only once if the strand resistivities are constant (see STEP 6) and no mutual inductances have to be calculated (i.e. “Nr. of time steps=1” or ”Nr of bands for m ut. ind. calculation=0”). The number of iterations increases quickly when one or more sections are close to the SC-n transition, especially if the transition is steep (i.e. for large “n-power”).
At the first iteration is good estimate of the currents and resistivities is made (based on previous time steps) in order to reach faster convergence.

I-3.  Iterate until all temperatures in the cable have converged
Iteration is required because the temperature of each section depends also on the temperatures of the adjacent and crossing sections. Iteration is faster for smaller inter-strand heat flow (i.e. for smaller parameters F and P in STEP 8).

L-3.  Loop over all the bands of the cable

This loop is stopped as soon as it becomes clear that convergence cannot be reached everywhere in the cable, in which case an additional time step is added.

L-4.  Loop over all the strand sections of a band

This loop is stopped as soon as it becomes clear that convergence cannot be reached everywhere in the cable, in which case an additional time step is added.

I-4.  Iterate until the temperature of the section and the helium next to it have converged
Iteration is required to find the correct cooling regime, and because the relations for heat capacity, heat conductivity, and heat flow to helium are very non linear. 

It is obvious that the total simulation time can vary enormously, depending on the number of loops and iterations that have to be performed. 
In order to have some feeling for the calculations times, one can roughly make the following distinction:

Short simulations.

These include usually calculations at constant temperature and at currents much smaller than the critical current, so that Ts=THe,s=0 and Rs=0. Steady-state cases (i.e. one time step in L-2) are calculated by solving the matrix only once (or a few times if the effect of the self-field cannot be neglected). Transient cases (2 or more time steps in L-2) are calculated by solving the matrix once or a few times if the self-field is not negligible or if mutual inductances of adjacent bands have to be taken into account). 
Intermediate simulations.

These include usually :

- Calculations at constant temperature (so that Ts=THe,s=0) and one or more currents close to or larger than the critical current. In this case, the temperature module is not used. In the ‘SC-to-normal’ transition Rs becomes a function of Cs and IC,s and the unknown currents Ca, Cc and Cs have to be calculated by iteration through I-2. The convergence speed depends strongly on the steepness of the transition, the values of the contact resistances, time step and ramp rate of the transport current.

- Calculations with varying temperature and all currents much smaller than the critical current, implying of course as well that all temperatures remain below the critical temperature. In this case the currents and temperatures can be solved independently. Convergence of the currents is usually obtained in one or a few iterations of I-2. The temperatures are solved through iteration I-3 and I-4. Convergence speed depends strongly on the temperature, helium flow regime, time step, heating powers, and inter-strand heat flow parameters. 
Long simulations.

The include especially iterations with varying temperature and one or more currents close to or larger than the critical current. In this case Rs is also a function of the critical current and hence of the temperature. Furthermore, the temperature is a function of the heating, the cooling and the heat capacities and hence a function of the currents Ca, Cc and Cs (i.e. the solution of the matrix), and the temperatures Ts and THe,s (i.e. the solution of the heat balance equations). Convergence speed now strongly depends on the steepness of the transition, the values of the contact resistances, time step, ramp rate of the transport current, temperature, helium flow regime, and heating powers. Currents and temperatures can in some cases not converge at all, especially if the time steps are badly defined by the user. In this case the program will add automatically intermediate time steps so that temperature and current variations are smaller. Furthermore, for smaller time steps the initial estimate of currents and temperatures is often more precise.

For short simulations it is usually no problem to simulate long cables or cables with many strands. For intermediate and long simulations I recommend to perform some calculations on small cable pieces first (small number of bands and/or smaller number of strands), and see if the results are representative for long cables. 

It is almost impossible to write an algorithm which solves the currents in a fast way for all possible simulation conditions. For example, an algorithm that works well for good cooling without external heat pulse, may be very slow (i.e. hardly converging) for adiabatic conditions with external heat pulse. 

Therefore, several parameters are present in the input program (see section 6.13), with which the iteration can be steered. This requires however a bit of experience.

5.2 Convergence / Non-convergence for iteration I-4
For a single strand section and the surrounding helium volume, CUDI will try to find a solution for the two heat balance equations in the temperature range between Ts<m-1>±Tincr and THe,s<m-1>±Tincr  with Tincr the parameter “Maximum temperature increase per time step” in the input program (STEP 13). 

There are 7 cooling regimes programmed in CUDI, namely 6 for normal helium:

1. Transient regime (HeI and HeII)

2. Kapitza regime (HeII)
3. Film boiling (HeII)
4. Natural convection (HeI)
5. Nucleate boiling (HeI)
6. Film boiling (HeI)

and 1 for supercritical helium

10. Time dependent cooling to supercritical helium
For a given type of helium (normal or supercritical) CUDI will select the lowest regime that gives convergence while of course at the same time fulfilling the limiting conditions of the given regime. If the bath temperature is 4.3 K then the regimes 2 and 3 are disregarded.
Note that the condition to be in the transient regime in time step <m> is based on the criteria: Etrans<m-1><Elimit
with:

· Etrans: the total energy transferred from the strand section to the helium in the transient regime from time step 1 up to time step <m-1> included.
· Elimit: the limit for the transient energy, see chapter 4.6.
Note that different sections of the cable can at the same time be in a different cooling regime.

Convergence is reached if all 4 of the following conditions are met:

1. Ts is calculated with an accuracy better than Ts,Acc (parameter “Required accuracy in Ts” in the input) within the allowed temperature range (Ts<m-1>±Tincr). 
2. THe,s is calculated with an accuracy better than Ts,Acc (parameter “Required accuracy in Ts” in the input) within the allowed temperature range (THe,s<m-1>±Tincr). 
3. (hs,pos-|hs,neg|)/(hs,pos+|hs,neg|)<hacc,rel  OR   (hs,pos-|hs,neg|)< hacc,abs
4. (hHe,pos-|hHe,neg|)/(hHe,pos+|hHe,neg|)<hacc,rel  OR   (hHe,pos-|hHe,neg|)< hacc,abs
with:

· hs,pos and hs,neg the positive and negative heat flows into a strand section (see chapter 4.2, eq. 4-1) including the enthalpy component, 

· hHe,pos and hHe,neg the positive and negative heat flows into a helium volume (see chapter 4.2, eq. 4-2) including the enthalpy component.
If convergence cannot be reached for one or more sections within the required temperature range, then this usually means that dissipated energies or cooling are so large in comparison to the heat capacity that the temperature will change with more than Tincr. In this case CUDI will stop the simulation of the actual time step and will add an intermediate time step.

5.3 Convergence / Non-convergence for iteration I-3
CUDI will iteratively go through those strand sections of the cable which can change temperature, and calculate the new temperatures for these sections. If all the newly calculated temperatures vary less than Ts,Acc (parameter “Required accuracy in Ts” in the input) from the calculated temperatures in the previous iteration, then the solution is considered to have converged.

If this condition is not reached within a defined number of iterations (parameter “Maximum nr. of iterations in Ts” in the input program) then convergence is not possible or too slow and CUDI will stop the simulation of the actual time step and will add an intermediate time step.

5.4 Convergence / Non-convergence for iteration I-2
Iteration of the electro-dynamic module is required if:

A. the strand resistivities depend on the current 

and/or

B. the mutual inductances of adjacent bands have to be taken into account

Concerning A.

One of the main reasons of divergence is the strong current dependence of the strand resistivity, which can lead for example to the following process:

initial estimate of Cs>>IC,s → very high s → very low calculated Cs → very low calculated s → very high calculated Cs>>IC,s → etc.

Such divergence can be avoided by defining the value of s based on the previous value (s,old) and the new value (s,new), so:


s=(1-Fconv)*s,old + Fconv*s,new        []
(5‑1)
Furthermore, to avoid sharp increases or reductions in s, additional limits are set so that for each newly iterated value:


s = MIN(s , s,old*FRsLim)


s = MAX(s , s,old/FRsLim)

with FRsLim a factor that can be set by the user in the input program (called “Factor for limiting the change in Rho_s”). 

It is clear that convergence is faster for smaller n-value and smaller current steps. 

CUDI will start with Fconv=1 and try to find a solution within a maximum number of iterations, to be set by the user in the input (called “Initial nr. of iterations in Rho_s”). If no converging solution can be found, then the program will reduce the parameter Fconv by a factor of 2 and increase the maximum number of iterations by 2 and repeat the algorithm. This will continue until convergence is reached or until the minimum value of Fconv is used (this minimum value can be selected in STEP 13 of the input file, choosing from the values 1, 0.5, 0.25, 0.125 and 0.0625). If convergence is reached, then CUDI will continue with the next time step. If no convergence is reached, then CUDI will add an intermediate time step. 

Note that the factor Fconv is the same for all sections in the cable.

Sometimes CUDI will stop the iterative process before the maximum number of iterations is reached, because it observes divergence in the last iterations.
Concerning B.

5.5 Overall convergence for a given time step
The total solution (i.e. both the electro-dynamic and thermal solutions) is considered accurate and converging if all the following conditions are met:
· All the temperatures Ts calculated in the actual iteration vary less than Ts,Acc (parameter “Required accuracy in Ts” in the input) from the temperatures calculated in the previous iteration. In other words: Iteration I-4 has converged to the required accuracy for all the strand sections. 
· All the temperatures Ts calculated in the actual time step vary less than Tincr (parameter “Maximum temperature increase per time step” in the input) from the temperatures calculated in the previous time step.
· All the strand currents Cs from the actual iteration vary less than Cs,Acc (parameter “Required accuracy in Cs” in the input) from the currents calculated in the previous iteration.
· All the strand resistivities s from the actual iteration vary less than s,Acc (parameter “Required accuracy in Rho_s” in the input) from the resistivities calculated in the previous iteration.
· All inductive voltages from the actual iteration vary less than “Required rel. accuracy for ind. voltage” in the input) from the resistivities calculated in the previous iteration.

Note that the simulation stops as soon as the average resistive voltage over the entire cable reaches the value Vstop*lcable.
If a certain time step does not converge or converges very slowly (i.e. CUDI adds many intermediate time steps) then the user should try to relax one or more of the required accuracies (see STEP 12 and 13 in the input program).

5.6 Convergence / Non-convergence for iteration I-1
Finding the correct QE implies that CUDI has to make a decision if, after a heat pulse, the cable has quenched or has fully recovered. Of course, such a decision can be easily taken by calculating for a long time after the end of the heat pulse (i.e. through many time steps in loop L-2), but this implies automatically a very long simulation time, especially because the calculation time increases strongly if many sections are in the SC-normal transition.
Following [7] some decision criteria have been entered in CUDI which enable a fast decision (quench or recovery).

QE iteration and QE decision-taking works in the following way: 
The user enters one or a set of currents at which he wants to calculate the QE, using the pop-up window “Define QE details”. For each transport current he has to enter the expected QE (E0), the expected regime (1, 2 or 3), the iteration factor (FQE), and the required accuracy (AQE). Furthermore he has to enter the parameters “QE_rho_NQ” (called Q), “QE_nr_sec” (called NQ), and “QE_rho_Q” (called NQ). 
Let’s define:


tP as the pulse duration,


w0 as the wire on which the heat pulse is released, 


w-1 and w+1 as the wires adjacent to w0, and w-2, 


w+2 as the wires adjacent to w-1 and w+1 respectively. 

CUDI will set at the beginning the minimum QE (QEmin) to 0 and the maximum QE (QEmax) to ∞. CUDI will perform the first iteration with an energy pulse equal to E0. Depending on the regime CUDI will try to make a quench decision after each time step as follows:
Regime 1: 
Recovery if t>tP and all w< NQ

Quench if at least NQ positions of wire w0 have w>Q   

Regime 2: 
Recovery if t>tP and all w< NQ

Quench if at least NQ positions of wire w-1 or wire w+1 have w>Q   

Regime 3: 
Recovery if t>tP and all w< NQ

Quench if at least NQ positions of wire w-2 or wire w+2 have w>Q   

If no decision can be taken at the final time step, then the iteration I-1 will be stopped. 
As soon as a decision can be taken the time loop L-2 will be stopped and a new simulation will be performed with a modified energy pulse. Let’s define:


Ei-1: Energy pulse of the previous iteration


Ei: Energy pulse of the actual iteration


Ei+1: Energy pulse of the next iteration

Modified energy pulse in case of decision “Quench”: 


QEmax=Ei

if QEmin=0 then Ei+1=Ei/FQE  else Ei+1=(QEmin+QEmax)/2 
Modified energy pulse in case of decision “Recovery”: 


QEmin=Ei

if QEmax=∞ then Ei+1=Ei*FQE else Ei+1=(QEmin+QEmax)/2 

Iteration stops if the required QE accuracy has been reached, i.e. if (Ei-Ei+1)/(Ei+Ei+1)<AQE.
The best estimate for the QE is then given by (QEmin+QEmax)/2.
5.7 Is the solution correct?

There are several possible reasons of having an incorrect solution:

· The input parameters are not correct. In other words, the solution is correct for the given set of input parameters, but the user has made an error in the input. Many input parameters have constraints in the input program, and also CUDI will check for obvious errors, and give warnings at the start of the program. The user should always check if the parameters in the output file “summary.dat” are correct.
· Material characteristics, intrinsic to the program (i.e. they cannot be changed by the user), such has heat capacities and conductivities of materials are different from the real cable. Formulas used in CUDI are given in chapter 9. If you prefer other relations, you should contact me, so that an additional material will be added with different characteristics.

· The cooling towards the helium or the heat flow through the inter-strand contacts is different from the model used in CUDI. In this case you should contact me, and different heat flow options can be added.

· The program has made an error. All software has been checked many times, but of course it is possible that some bugs are still present, especially because it has been too time consuming to check the results for all the different set of options that are available in the program. Contact me (and send all the input files) if you have doubts about a given calculation.
· Variations (in temperature, currents, powers etc) between different time steps are too large, so that the material properties and heat flows can no longer be considered constant during the time step. This error can be avoided by reducing the time step or by setting Tincr (parameter “Maximum temperature increase per time step”) to a rather small value (e.g. 0.2 K). One can check the effect of Tincr on the solution by performing 2 calculations with different value (e.g. 0.4 K and 0.2 K).
· The solving algorithm of the electro-dynamic module gets unstable. This can sometimes happen for cables with large number of bands, especially if there is a large variation in contact resistance over the cable. Reducing the variation of Ra and Rc along the cable can help stabilising the solving algorithm.
6 INPUT FEATURES

The LabView input file contains an online help function explaining briefly each input parameter (or referring to a given section of the manual). In this chapter some hints will be given to help the user with a proper setting of the options and parameters. 
6.1 Cable type and geometry (STEP 1)
Type of superconductor and type of matrix:

For the moment only the options ”1.NbTi” and “11/12/13. Nb3Sn” with matrix material ”1. Copper” are active, because the material properties of other types of superconductors and matrices are not yet fully implemented. However, this only concerns the thermal calculations. Electrodynamic calculations at constant temperature are independent of the choice of superconductor and matrix material.

Cable length:

Simulations can be performed for:

· “1. Infinitely long cable”: The current distribution in all the bands is the same. In this case only one band (NB=1) has to be calculated. This solution is considered as the solution for an infinitely long cable, giving Ca=Ca,inf, Cc=Cc,inf, Cs=Cs,inf. This option is for example useful to have a quick estimate of the coupling currents in the cable for given Ra and Rc and field sweep rate (and field direction). With this option one cannot use voltage taps, field line calculation, and external heat pulses.

· “2. Finite cable with NB bands”: In this case the user has to define the lengths of the cable using the parameter NB (knowing that a band has a length equal to LP/NS). The lengths of the cable and a single band are printed but cannot be directly changed by the user. These can only be changed by changing NB or the twist pitch of the strands. Note that the minimum value for NB is 3.
Cable geometry:

You can enter a custom geometry or predefined cable geometry, as listed in Table 3. If you have other frequently existing geometries, please let me know, and I will predefine them in the input file.
Table 3. Overview of the characteristics of predefined cable geometries
	
	NS
	w

[mm]
	Th1
[mm]
	Th2
[mm]
	dinner
[mm]
	douter
[mm]
	dstr
[mm]
	Lf
[mm]
	LP
[mm]
	

	LHC type 01
	28
	15.10
	1.736
	2.064
	0
	0.007
	1.065
	16
	110
	1.65

	LHC type 02/03
	36
	15.10
	1.362
	1.598
	0
	0.006
	0.825
	16
	100
	1.95

	LHC type 04/07
	36
	8.80
	0.77
	0.91
	0
	0.006
	0.48
	15
	66
	1.75

	LHC type 05
	34
	8.30
	0.78
	0.91
	0
	0.006
	0.48
	15
	66
	1.75

	LHC type 06
	22
	8.30
	1.15
	1.40
	0
	0.006
	0.735
	15
	66
	1.25

	8-strand with keystone
	8
	4.31
	1.736
	2.064
	0
	0.007
	1.065
	16
	31.4
	1.65

	10-strand without keystone
	10
	5
	2
	2
	0
	0.006
	1
	15
	50
	1.8

	20-strand without keystone
	20
	10
	2
	2
	0
	0.006
	1
	15
	100
	1.8


Mechanical strand properties:
“0. Equal CuSC and RRR per strand”: This is the most common option. The uniform values for the CuSC ratio and the RRR have to be given. The field dependency of the copper resistivity can be set with the parameter “Magnetoresistivity of copper”; a typical value is 0.5(10‑10 m/T.

”1. Different CuSC and/or RRR per strand”: You can define strands with different CuSC ratio and/or RRR values which might be useful for cables with non-uniform strands or for cables with partially normal conducting strands. The values can be edited using the pop-up window “Define CuSC and RRR per strand”. Setting CuSC>100 means that the strand is normal and its IC value is equal to 0. It is assumed that the normal strands have the same diameter as the SC strands. The resistivity of the normal strands is calculated from the resistivity of the matrix and is therefore temperature and field dependent. 
”2. Equal CuSC per strand, RRR from file”: Arbitrarily set RRR values per section can be defined by selecting the option. This might be useful for cables without final heat treatment where the strand sections in the thin and thick edges of the cable might have lower RRR than the average. The special RRR values should be given in the file “inp_RRR_per_section” with the following format:


Nr of special RRR values (N)


i, band, section, RRR-value


…


…


N, band, section, RRR-value

Note that several special variations in RRR can also be defined using specific options, see chapter 6.16, especially to define RRR degradation at the edges of the cable.

Important remarks: 
When changing the number of strands, one has to verify:

· the pop-up window “Define CuSC and RRR per strand”, if option ”1. Different CuSC and/or RRR per strand” is selected.

· the pop-up window “Define Ra and Rc per strand”, if option ”1. Systematic difference in Ra or Rc per strand” is selected (see chapter 6.5).

· the pop-up window “Define Ic per strand”, if option ”1. Different Ic and/or n per strand” is selected (see chapter 6.7).

· the pop-up window “Define transport current ratio’s per strand”, if option ”1. Non-uniform transport current per strand” is selected (see chapter 6.12).

· the pop-up window “Define Signals”, if Number of signals>0 (see chapter 5).

6.2 Applied field(s) (STEP 2)
The definition of the field direction can be found in chapter 2.1. The direction of the field Ba1 can be set using the parameters “The_Ba1” and “Phi_Ba1”.
Field variation along the cable:

 “0. Without long. variation of Ba1 (and Ba2)”: use this option if Ba1 and Ba2 are constant along the cable length. This option is automatically selected for “1. Infinitely long cable” (see STEP 01).
 “1. With long. variation of Ba1 (and Ba2)”: use this option if Ba1 or Ba2 vary along the cable length, for example if only part of the cable is exposed to a field. The relative values have to be entered using the pop-up window “Define longitudinal variations Ba1 (and Ba2)”. The values are relative to the absolute values of Ba1 (and Ba2) as defined in the pop-up window “Define time steps” (see chapter 6.12).
Field variation across the cable width:
“0. Uniform”: No variation.

“1. Varying from Ba1*F1_Ba1 at edge 1 to Ba1*F2_Ba1 at edge 2”: A linear variation with extremes at the edges. The parameters “F1_Ba1” and “F2_Ba1” (for field Ba1) and “F1_Ba2” and “F2_Ba2” (for field Ba2) can be set by the user. 
 “2. Varying from Ba1*F1_Ba1 in the centre to Ba1*F2_Ba1 at the edges”: A linear variation with extremes in the centre and at the edges. The parameters “F1_Ba1” and “F2_Ba1” (for field Ba1) and “F1_Ba2” and “F2_Ba2” (for field Ba2) can be set by the user.
“4. Read from file inp_B-posit.txt”: The field is given for the NS strand positions (see chapter 2.6). This option is especially useful to simulate a given turn in a magnet coil.

Field Ba2:

“0. Without additional field Ba2”: This is the most common option because it is usually sufficient to work with only one applied field. 
“1. With additional field Ba2”: A 2nd applied field can be defined by selecting this option. For example, for a cable in a global background field, subject to a local field gradient.
For the 2nd field Ba2 similar options 0, 1 and 2 are available as for Ba1 as described above.
Important remarks:

It is not possible to include Ba2 if the field variation of Ba1 across the cable width is read from file.
6.3 Self-field (STEP 3)
Self field:

”0. Without self-field calculation”: This option is recommended for calculations where no part of the cable is close to the transition, and where the change in self-field is relatively small as compared to the change in applied field(s). Neglecting the self-field will increase the calculation speed, and hardly affect the results in this case. 
“1. With self-field calculation”: Use this option if the self-field could play a significant role. In this case the user has to set the length (in number of bands, NB,SF) over which the contribution to the self-field should be taken into account. Usually NB,SF=NS is sufficiently accurate. Using NB,SF=NB will include the effect of all currents in the entire cable on the self-field (but will slightly increase the calculation time).

”2. With self-field based on predefined values”: this is a very special option which is available when simulating cables with less strands than in reality in order to reduce the simulation time. It is especially useful for MQE calculations. This option can only be used by experts since it requires additional input files in the subdirectory CUDI\Self-field\.

Return lead:
”0. Without return lead”: This is the standard option.

“1. With return lead”: The self-field of the return lead can be taken into account, which is especially useful for simulations of bifilar cable samples such as often used in cable test stations. When using this option, the user should define as well the ”Distance between the cable and the return lead” (see distance dRL in Figure 3 in chapter 2.1).
Note that the self-field generated by the current leads (at z<0 and z>lcable) is not included.
6.4 Inter-filament coupling (STEP 4)
The inter-filament coupling loss PIF,s in a strand section with volume Vs is calculated using the formula:
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with:

(Bs/(t: 
the time derivative of the applied field(s) Ba1 (and Ba2) and the self field. Only the field component perpendicular to the z-axis is taken into account.

IF: 

the effective time constant of the inter-filament coupling currents (“Time constant of the IF currents” in the input program). 
As guideline, “the” theoretical value for RRR=100 and B=0, given by:
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is printed in the input program.

By setting IF equal to zero, the inter-filament losses will be 0 and will not be taken into account for the heat balance.
6.5 Contact resistances Ra and Rc (STEP 5)
The contact resistances Ra and Rc depend in a real cable on several factors and circumstances, such as: 

· The level of oxidation of (bare) strands. An ultra-clean surface treatment gives small contact resistance. Oxidation (i.e. exposure time in hot air, so also curing) increases the contact resistance.

· The surface treatment of the strand. Applying coatings to the strands can increase or decrease the contact resistances depending on the resistivity, thickness and hardness of the coating.
· The pressure applied transversely onto the cable. 

· The matrix material. The contact resistances depend both on the matrix resistance and on actual surface resistance, of which the latter is usually dominant, at least for strands with a copper matrix. 

· The size of the contact surface. Plastic deformation (i.e. an increase in the contact surface) causes a decrease of the contact resistance. Hence, a decrease in void fraction, results in smaller contact resistance.

· The soldering of the cable. The solder in a cable fills the voids between the strands thereby causing a decrease of the contact resistance. 

· The presence of a resistive core/barrier. Insertion of a resistive core in-between the two layers of the cable strongly enhances Rc. 

In a cable/coil it is therefore likely to have a variation of the contact resistance, such as:

· variation across the cable width, mainly caused by the keystone of the cable (i.e. variation of the contact area) between adjacent and crossing strands, and the variation in pressure across the cable width.

· variation along the cable length, mainly caused by the soldered connections between two cables and the variation in pressure.

· variation from strand to strand, mainly due to mixing in a cable of strands with different coating thickness, oxidation level, etc.

The contact resistances Ra and Rc are defined once at the beginning of the simulation, and do not vary with field or transport current. Several distributions can be implemented.
Ra and Rc are calculated by following the next 7 steps:

1. Define longitudinal distribution
2. Define distribution across the cable width

3. define distribution among the strands

4. Define variations due to a resistive core

5. Define random distribution
6. Define pre-defined distributions
7. Define special local values
These steps are explained below.

step 1. Longitudinal distribution:
 “0. Ra and Rc constant along the cable”: Use this option if there is no systematic longitudinal variation of the contact resistances. In this case the average Ra and Rc should be entered.

 “1. Ra and/or Rc varying along the cable”. Use this option if there is a longitudinal variation. In this case the average Ra and Rc per band are set by using the pop-up window “Define longitudinal variations Ra and Rc”. 
step 2. Distribution across the width:
(Additional) Ra-variations over the cable width (especially useful for keystoned cables) can be set using the options:
“0. Ra constant across the width”: no variation in Ra across the cable width.
“1. Ra distribution given by FRaW”: Ra will change from (1-FRaW)*Ra on edge 1 to (1+FRaW)*Ra on edge 2. 
“2. Ra distribution linked to contact surface”: Ra is scaled to the inverse of the contact surface area Aadj (see chapter 2.8).

The Rc-variation can be independently set in a similar way. When the option “2. Rc distribution linked to contact surface” is selected, then Rc scales of course to the inverse of the contact surface area Across (see chapter 2.8).

step 2. Distribution among strands:

“0. No systematic difference in Ra and Rc per strand”: Use this option if all strands have the same surface condition so that there is no reason for systematic variations per strand.

“1. Systematic difference in Ra and Rc per strand”: Use this option if you want to define systematic Ra and Rc variations per strand, very useful for cables having strands with different coating thickness or different oxidation level.

In this case you should enter values “Fw,a” and “Fw,c” for each strand using the pop-up window “Define Ra and Rc per strand”. 

Each Ra and Rc value is then multiplied by a factor taking into account the above mentioned factors of the two wires that make up the contact resistance, so: 


Ra is multiplied by 0.5*(Fw,awire_1+Fw,awire_2). 


Rc is multiplied by 0.5*(Fw,cwire_1+Fw,cwire_2). 

step 4. Resistive core: 

“0. Without resistive core”: Use this option if the cable has no resistive core.

“1. With resistive core”: Use this option if the cable has a resistive core. In this case the Rc value of the core (“Rc of the core”) should be entered by the user, as well as the position of the core in terms of Rc contact numbers  “x1” and “x2” (see chapter 2.5). The largest core that can be put in a Rutherford cable has a width equal to w*(1-4/NS), and will go from Rc contact number 2 to Rc contact number NS-2 (i.e. “x1=2”, “x2=NS-2”).
step 5. Random distribution 
“0. Without random Ra distribution”: Use this option if you do no want to include random Ra values.

“0. With random Ra distribution”: Use this option if you want to add a random variations in Ra. The variation can then be set using the factor “FRaRand”. For more info on the random distributions see the file “CUDI\Documentation\R Random.xls”. Note that sigma is defined as FRaRand*Ra.

A random Rc-distribution can be independently set in a similar way.
step 6. Pre-defined distributions 
Some contact resistances can be attributed pre-defined values by using a specific option (see STEP 16 of the input file).
step 7. Special local values
Finally, one or more local special Ra and Rc values can be set using “Nr. of special Ra>0” and/or “Nr. of special Rc>0”, and entering the location in the pop-up windows “Define special Ra values” and/or “Define special Rc values”. See chapters 2.4 and 2.5 for the exact numbering of the positions of Ra and Rc.
If one or more of the options 2-7 are used, then it is recommended to check (after the calculation has finished) the files Ra.dat and Rc.dat to make sure that the distribution looks like the one you intended to have.
6.6 Strand resistivity (or: SC to normal transition) (STEP 6)
The strand resistivity always has a minimum value equal to min (“Minimum rho”) in order to keep the solution of the matrix stable. This value should be extremely small (recommended value is 10-24 m), so that it does not affect the results. Furthermore, each section has a maximum resistivity equal to the resistivity of the matrix mat(B,T). 
Three possibilities exist to define the resistivity s of the strand sections as a function of the current:

“1. Constant resistivity”: s is constant and equal to min throughout the entire simulation.
“2. n-power law”: n-power relation given by:
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where Ic (“Rho at I=Ic”) and n (“n-power”) can be entered by the user. IC,s is the critical current of the strand section, see chapter 6.7. In any case, the minimum value of s will be equal to min and the maximum equal to mat(B,T). Note that a higher n-value (i.e. sharper transition) will usually result in a slower convergence, and hence longer calculation time.
“3. matrix-resistivity relation”: ‘matrix-resistivity’ relation, given by
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(following from: mat*(Cs-IC,s)=s*Cs ). In any case, the minimum value of s will be equal to min.

It is recommended to use the option “Constant resistivity” for calculations under weak excitation (i.e. the currents in all strand sections are well below the critical current). This speeds up the calculation without affecting the results.

Special local resistivity values can be set using “Nr. of special Rho_s values>0”, and entering the location in the pop-up window “Define special resistivities”. See chapter 2.3 for the exact numbering of the strand sections. Note that the special resistivity values are not field dependent. 

A strand breakage can be simulated by defining a very high strand resistivity (e.g. 1 m) at a given position. Do not use an extremely large resistivity value because this will increase the calculation time without significantly changing the results.

Also a cold weld can be simulated by defining a local strand resistivity at a given position. If the length of the cold weld is small as compared to the discretisation length (=LP/NS) then the resistivity has to be scaled. For example, for a cold weld of 0.5 mm and a discretisation length of 3 mm, the local strand resistivity should be 2(10-10*0.5/3 m assuming that the cold weld itself has a resistivity equal to 2(10-10 m. 
Additional longitudinal resistivity:

“0. Without additional longitudinal resistivity”: Use this option if you do no want to include an additional longitudinal resistivity.

“1. With additional longitudinal resistivity”: Use this option if you want to add an additional longitudinal resistivity in all the strands for a one or more bands. The values can be defined in the pop-up window “Define longitudinal resistivity”. This option could be used to simulate the soldered connections with the leads.
The total resistivity of a strand section is obtained by adding the resistivity components linked to the transition, to the special resistivity and to the additional longitudinal resistivity.

6.7 Strand IC (STEP 7)
The critical current of a strand section is calculated by following the next 5 steps:

1. Define Ic(B,T)

2. Define the distribution among strands

3. Define pre-defined distributions

4. Define local values

5. Define reduction due to the IFCCs
These 5 steps are explained below:
step 1. Define Ic(B,T):
Firstly the critical strand current is calculated according to the selected option:

“1. Ic=IcCon”: IC,s is set to a constant value, i.e. IC,s=IC,con (“Constant Ic”)
“2. Ic=f(B,T) fit 2”: 
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This fit is recommended for higher fields. The parameters “C1” and  “C2” have to be entered by the user. Typical values for several cable types are given in Table 5.

Table 5. Overview of the parameters “C1” and “C2” used for “Ic=f(B,T) fit 2” 
	Cable geometry
	“C1” [A]
	“C2” [A/T]

	LHC type 01
	3449
	-257

	LHC type 02/03
	1930
	-148

	LHC type 04/05/06
	787
	-63.1

	LHC type 07
	2152
	-172


“3. Ic=f(B,T) fit 3”:
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This fit is recommended if also a proper IC,s value is needed for lower fields, for example if the option “1. Perform magnetisation calculation” (see chapter 6.14) is used. The parameters “C1” – “C6” have to be entered by the user. 

For the last two options TC(Bs) is a function of Bs and defined by:
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CUDI sets the values for TC0 and BC20 according to the “Type of superconductor” (see chapter 6.1). An overview of these values is given in Table 4.
Table 4. Overview of Tc0 and Bc20 for several types of superconductors

	Type of superconductor
	TC0 [K]
	BC20 [T]

	NbTi
	9.2
	14.5

	Nb3Sn
	18
	23.5

	BISCCO
	not yet implemented
	not yet implemented

	MgB2
	not yet implemented
	not yet implemented


For the options “2. Ic=f(B,T) fit 2” and “3. Ic=f(B,T) fit 3”, the field Bs is taken as the sum of the applied field and the self field (if this option is used, see chapter 6.3) at the location of the strand section, and Ts is the temperature of the strand section. 

Note that the critical currents are critical currents for a single strand and not for the entire cable.

One can use the excel sheet “Fit_Ic.xls” to try to find the best fitting parameters based on available strand data (IC or M measurements).

step 2. Distribution among strands:
“0. Same Ic and n for each strand”: Use this option if the Ic and n-values of all the strands are the same.

“1. Different Ic and/or n per strand”: Use this option if one or more strands have a different Ic and/or n-value. The relative values F2 can be defined in the pop-up window “Define Ic and n per strand”). This possibility is useful for a cable made of strands with different IC,s (or different Cu/SC ratio and the same JC).

step 3. Pre-defined distribution:
The critical current can then be multiplied by a factor F3 by using a specific option (see STEP 16 of the input file). Several options are available that are for example useful to take into account global filament damage in the edges of the cable.

step 4. Local values:
Any section can be attributed a special local Ic value, by entering “Nr of sections with a local Ic variation>1”. The critical currents of these sections are then multiplied by a factor F4. For each strand section, the factors F4 and locations (band and section) can be set using the pop-up window “Define local Ic variation”. 
This possibility is for example useful to define local IC,s degradation due to local filament damage.

step 5. Reduction due to the IFCC’s:
“0. Without reduction due to IFCCs”: Use this option if you do no want to include the reduction in Ic due to the IFCCs.

“1. With reduction due to IFCCs”: Use this option if you want to take into account the reduction of the critical current due to the IFCC's. In this case, all IC,s values are multiplied by a factor F5 (which is always <0) given by:
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with:


(Bs/(t: 
the time derivative of the applied field(s) Ba1 (and Ba2) and the self field. Only the field component perpendicular to the z-axis is taken into account.


IF: 

the effective time constant of the inter-filament coupling currents 
Resuming: IC,s=IC,s_step1*F2*F3*F4*F5

6.8 Temperature and cooling (STEP 8)
The following 4 options are available for the thermal calculation:

“0. Constant temperature”: Temperatures are not calculated. For the entire simulation all temperatures remain equal to the initial bath temperature, so Ts=THe,s=Tbath. Applying a heat pulse, while using this option, does of course not make any sense.

“1. Adiabatic conditions (no helium cooling)”: so hHe=0. The heat flow along the strand is given in chapter 4.3. The heat flow can be scaled up or down using the parameter Fh,str (“Scaling factor for heat flow along the strands”). The heat flow through the contacts is described in chapters 4.4 and 4.5. The 2 parameters (“Parameter F” and “Parameter P”) for this heat flow have to be entered by the user. The scaling factor “F_IS” (between 0-1) defines which part of the ISCL is absorbed by the strands and which part by the helium.

“2. Cooling with infinite helium amount”: In this case it is assumed that the helium remains at the initial bath temperature, so THe,s=Tbath.

“3. Cooling with helium in cable voids”: In this case it is assumed that some LHe is available with volume VHe given by the free space in between the strands. 
For the options “2. Cooling with infinite helium amount” and “3. Cooling with helium in cable voids” one can select either “0. Normal helium (1 atm)” or “1. Supercritical helium”. 

Normal helium:

The transient cooling regime can be selected if the option “2. Cooling with infinite helium amount” or “3. Cooling with helium in cable voids” is selected. In this case the 2 parameters (“Parameter F” and “Parameter P”) related to this regime have to be entered. Depending on the energy limit that is selected also the parameter “C1” or “C2” have to be specified. See chapter 4.6 for more details.
The parameters describing the steady-state cooling regimes 4-6 (“aNC”, “aNB”, “aFB_I”, “HF_lim_NC”, and “HF_lim_NB”) have to be entered if the option “2. Cooling with infinite helium amount” or “3. Cooling with helium in cable voids” is selected. If the bath temperature is smaller than 2.17 K than additionally several parameters for regimes 2 and 3 have to be entered, namely “aKap”, “nKap”, “HF_lim_Kap”, and “aFB_II”. See chapter 4.6 for a detailed description of these parameters.
Supercritical helium:

In this case the parameters “C”, “k”, “p”, and “a_inf” should be entered, which define the heat exchange (see section 4.6.2). Furthermore, the parameter “Delta T” (T), should be given which defines when the heat exchange starts, i.e. it fixes the variable t0 as the time at which the temperature of a section becomes larger than Tbath+T.   

6.9 Contact surfaces and volumes (STEP 9)
In this part you can define:

· The contact surfaces between adjacent and crossing strands, which are needed to calculate the inter-strand heat flows. You do not need to define them if the temperature is constant,  i.e. if you have selected in Step 8 the option “0. Constant temperature”.

· The contact surfaces between strands and helium, which are needed to calculate the heat flow between strand and helium. You only have to define them if helium cooling is possible, i.e. if you have selected in Step 8 “2. Cooling with infinite helium amount”, or “3. Cooling with helium in cable voids”. 
· The helium volumes inside the cable. These are only needed if you have selected in Step 8 “3. Cooling with helium in cable voids”.

For these surfaces and volumes you have 3 possibilities: 

“1. Constant”: The constant values (“Surf adjacent” and “Surf crossing”) should be entered by the user.

“2. Entered by user/file: Using the pop-up window “Define Surfaces and Volumes”. you can enter individual values for each contact. This option is useful to take into account the effect of the edges and keystone.

“3. Calculated internally by empirical formula”: see chapters 2.8 and 2.9 for details.

If you select the option “Entered by user/file”, or “Calculated internally by empirical formula”, you should also enter the factors FVol_He (“Scaling factor for helium volume inside the cable”) and FSurf_He (“Scaling factor for helium surface”). These factors can be used to take into account possible creep of the (kapton) insulation that reduces the free space on the outside of the cable. In this case these factors are between 0.5 and 1. They are also very useful in case of the presence of a resistive core in the centre of the cable. 

Note that FVol_He=0 gives the same result as the option “1. Adiabatic conditions (no helium cooling)”, while FVol_He»1 gives the same result as the option “2. Cooling with infinite helium amount”. 
6.10 Cable insulation (STEP 10)
“0. Without cable insulation”: This option has to be selected if you perform calculations with “0. Constant temperature” or  “1. Adiabatic conditions (no helium cooling)”.

“1. With cable insulation”: This option has to be selected if you perform calculations with “2. Cooling with infinite helium amount” or “3. Cooling with helium in cable voids”. In this case you can enter thickness, heat conductivity, and surface fraction for the thin edge, the thick edge, and the large cable faces.

CUDI assumes that the insulation has no heat capacity and that the temperature on the outside of the insulation remains constant and equal to the bath temperature. Cooling is therefore purely conduction type. See chapter 4.7 for more details.
6.11 Field line (STEP 11)
“0. Without field line calculation”: Defaults option and only possibility for a finite cable

“1. With field line calculation”: This option can be selected to calculate the field along a line. In this case the field is calculated for a given number of points (“Nr. of points on the line”) on a line starting at an initial (x,y,z) position (defined by the parameters “Initial x-position”, “Initial y-position”, “Initial z-position”) with fixed increments between the points (defined by the parameters “x-increment”, “y-increment”, “z-increment”). The field is calculated in x, y, and z-direction. Note that for a positive transport current, the self field will be in positive y-direction at (x,y)=(0,0.5*Th1) and in negative y-direction at (x,y)=(w,0.5*Th2), see also chapter 2.1. 

This field-line option is very useful to compare the calculated field with the field measured in an experimental set-up, using for example an array of Hall probes.

In the output files (see chapter 7.3) the fields are printed as well as the fields after compensation for the field given by the transport current, assuming that the transport current is distributed uniformly over the strands. In this way, the compensated field is directly linked to the non-uniformity of the strand currents in the cable.

6.12 Calculations in time (STEP 12)
Any pattern in time of Ba1, Ba2, transport current and External heat pulse can be defined (see Figure 1 for an example). The exact pattern has to be entered using the pop-up window “Define time steps”. 

Good selection of the number and duration of the time steps needs some experience. 

Some hints:

· Put in a realistic voltage threshold at which the calculation stops (parameter “Voltage per unit length at which the calculation stops”), to avoid very timely calculations above quench level.

· Set large time steps as long as the strands are far below Ic; reduce the time steps if the first strand approaches Ic, and reduce the time steps more and more as a larger part of the cable saturates.

· Make sure that you choose time steps that are in correlation with the characteristic times of the ISCCs and BICCs, and the diffusion time of copper.
Note that the program will automatically insert intermediate time steps if the time steps given by the user do not result in a converging solution.

Also the parameter NB,mut (“Nr. of bands for mut. ind. calculation”) has to be entered by the user. In most cases a value of 1-4 is sufficient (see also chapter 3.3). Note that the calculation time increases with increasing NB,mut. To cope with strong variations in inductive voltage between 2 subsequent time steps, one can use the attenuation factor “F_ind”. Smaller values will make the iteration slower but more stable.
The distributions of the transport current in bands 1 and NB are boundaries and have to be defined by the user. One can select:

“0. Uniform transport current per strand”: In this case all strands at the cable ends will have the same transport current, equal to the cable current divided by the number of strands.  

 “1. Non uniform transport current per strand”: In this case the ratio’s of transport current per strand have to be set using the pop-up window “Define transport current ratio’s per strand”. Using this option one can simulate non-uniform cable joints with the current leads. This option should also be used for modelling the well-known method of estimating the average Ra and/or Rc values in a cable by means of an electrical method on a short sample of cable (see chapter 8.4).
Three options are available when simulating energy pulses:

“0. No external energy pulse”: Default option if no energy pulse is present.

“1. Single external energy pulse”: Use this option if you want to simulate the transient thermo-electrical behaviour of the cable for a single externally applied energy pulse. In this case the user has to give the number of sections on which the heat is released (“Nr. of sections with an energy pulse”), and the “Nr. of times for the shape of the energy pulse”). Details then have to be entered using the pop-up window “Define energy pulse”. 
 “2. QE calculation”: Use this option if you want to iteratively calculate the quench energy (QE). The number of QE calculations can be set by the user using the parameter “Nr_QE_T. In this way an entire plot of the QE vs transport current can be obtained. Each individual QE calculation can be performed by iterating over the QE for fixed current or by iterating over the current for fixed QE. The QE details have to be entered using the pop-up window “Define QE details”. Also the parameters “QE_rho_NQ”, “QE_nr_sec”, and “QE_rho_Q” have to be given (see chapter 5.6 for more details). 

Note:

· QE calculation can only be performed for a heat pulse on a single strand section (i.e. “Nr. of sections with an Energy Pulse=1”).

· QE calculation can take a very long time. Results are usually almost independent of NS, so it is recommended to perform these calculations for small NS (8, 10, or 12). 

· If the pulse duration is very short (in theory towards the limit of 0 s but in practical situations between 10-100 s) then the QE is often called the Minimum Quench Energy (MQE), assuming that the QE has a global minimum at t=0 s. This approach is correct for quench regime 1, but for higher quench regimes, the real minimum in QE is located at t>0. See [7] for more details.  
6.13 Iteration parameters (STEP 13)
See chapter 5 for detailed information on these parameters.
Recommended values:

· “Initial number of iterations in RHOs=10”
· “Factor for limiting the change in RHOs=10”
·  “Required accuracy in Cs [A]”: <1% of the current variation you expect. E.g., if you calculate ISCCs with an amplitude of 0.4 A, then use about 0.001-0.004 A. If you calculate current redistribution during a quench (with a transport current of 300A per strand) than use about 1 A.

· “Required accuracy in Rho_s [m]”: use a value which is about 1-10% of the expected maximum resistivity during the calculation. E.g. if you calculate the UI curve up to a resistivity of 10-13 m, then use about 10-15 m. If you calculate the quench behaviour of a cable up to a resistivity of 10-10 m, then use about 10-12-10-13 m.
· “Min. conv. factor for Rs=0.25”
· “Maximum number of iterations in Ts”: about 10-50.

· “Maximum temperature increase per time step [K]”: about 0.1 - 0.5 K

· “Required accuracy in Ts [K]”: about 0.001 to 0.01 K.

· “Required relative accuracy in HF”: 1, only in case of convergence problems, consider to reduce it to 0.01-0.1.

· “Required accuracy in HF [W]”: 1, only in case of convergence problems, consider to reduce it to 10-9-10-3 W.

6.14 Magnetization (STEP 14)
This part is operational starting from version_0601.
This module has been written by C. Vollinger and a description of the calculation method can be found in [5].
Two options are available:

“0. Without magnetisation calculation”: Default option. 

“1. With magnetisation calculation”: In this case CUDI will calculate the magnetisation for each time step and for each strand position. 

 Important notes:

· The model assumes M=0 at the start of the simulation, and then calculates the magnetisation for each time step. There are no intermediate calculations between time steps. This implies that the calculation becomes more inaccurate if the variation in field between 2 time steps is larger.
· The field used for the calculation is the total field, i.e. the applied field plus the self-field (if the option “1. With self-field” is used). The direction of the field is not taken into account.

· It is important to have a good fit of the IC,s(Bs,Ts) surface. Recommended is the use of Fit Type 3 for IC (see chapter 6.7).
· It is possible to calculate the magnetisation for solid filaments (“Inner diam. fil.=0”) or hollow filaments (“Inner diam. fil.>0”)
At full saturation, the magnetisation of a solid round superconductor (with filament diameter dfil) is in principle equal to:
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with JC,SC the critical current density (in Am-2) of the superconductor.

So the strand magnetisation is equal to: Mstr=MSC/(1+) with  the copper to superconductor ratio.

One can of course also write: 
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with JC,str the average strand critical current density.
6.15 Print options (STEP 15)
In order to reduce the number of output files one can deselect some files to be created. This can save a lot of storage size and increase the running time considerably, especially for simulations with a large number of time steps. Note that some files will always be created, such as “progress.dat”, “summary.dat” and several other files that are relatively small. One can also use the parameter “NTSpr” to write not all time steps to file but only 1 out of “NTSpr”. Note that the files “progress.dat”, and “summary.dat” will contain the results of all time steps, independent of the value of “NTSpr”.
6.16 Specific options (STEP 16)
Several specific options are programmed in CUDI and can be used by selecting the appropriate “Option number” with associated parameters “C1”, “C2”, “C3”, and “C4”.

The following table gives a list of the various options. 
	“Option number”
	Description
	Comments

	20
	Sets the RRR values of the sections 2 and 2NS-1 in all bands equal to “C1”.
	

	21
	Sets the RRR values of the sections 2 and 2NS-1 in all bands equal to “C1”.

Sets the RRR values of the sections 3, NS, NS+1, and 2NS-2 in all bands equal to “C2”. 
	

	30
	Sets the IC,s ratio’s of the sections 2 in all bands equal to “C1”.
Sets the IC,s ratio’s of the sections 2NS-1 in all bands equal to “C2”.
	see also chapter 6.7

	31
	Sets the IC,s ratio’s of the sections 2 in all bands equal to “C1”.

Sets the IC,s ratio’s of the sections 2NS-1 in all bands equal to “C2”.

Sets the IC,s ratio’s of the sections 3 and NS+1 in all bands equal to “C3”.

Sets the IC,s ratio’s of the sections NS and 2NS-2 in all bands equal to “C4”.
	see also chapter 6.7

	41
	Sets the RRR values of the sections 2 in all bands equal to “C1”.

Sets the RRR values of the sections 3 and NS+1 in all bands equal to “C2”.

Sets the IC,s ratio’s of the sections 2 in all bands equal to “C3”.

Sets the IC,s ratio’s of the sections 3 and NS+1 in all bands equal to “C4”.
	see also chapter 6.7

	50
	Sets the RRR values of the sections 2, 3 and NS+1 in all bands equal to “C1”.

Sets the IC,s ratio’s of the sections 2, 3 and NS+1 in all bands equal to “C2”.

Sets the Ra values of the positions 1, 2, 3 and NS+1 in all bands equal to “C3”.

Sets the Rc values of the positions 1 in all bands equal to “C4”.
	see also chapters 6.5 and 6.7

	60
	Multiply all self and mutual inductances with “C1”.

Multiply all fields and field sweep rates in the input file (Define time steps) with “C2”.
	used for decay/snap-back calculations as fitting parameters


7 Brief description of the output data
7.1 Screen output

During the simulation you can see the following information on the screen.

#QE_I: 
Number of the current for which the QE is calculated, indicated by A, B, C, …  Usually equal to A except if the option “QE calculation” is selected with “Nr_QE_I>1”.
#ItQE: 
Iteration number to find the Qeunch Energy for a given current. Usually equal to 1 except if the option “QE calculation” is selected.

NTS: 
Actual number of time step that is being calculated (also called <m> in this manual)
ConvFR: 
The convergence factor for the resistivities (see chapters 6.13 and 5.4)

#ItRs: 
The iteration number of the outer loop (i.e. the iteration to find the correct resistivities), see chapter 5.1
#ItTs: 
The iteration number of the central loop (i.e. the iteration to find the correct temperatures), see chapter 5.1
#CsCh: 
Number of currents Cs that changed more than “Required accuracy in Cs” during the last iteration

#RhoCh: 
Number of resistivities s that changed more than “Required accuracy in Rho_s” during the last iteration

#TsCh: 
Number of temperatures Ts that changed more than “Required accuracy in Ts” during the last iteration

#IndCh: 
Number of inductances that changed more than “Required rel. accuracy for ind. voltage” during the last iteration

Note that convergence is reached if:

#CsCh=0 ( #RhoCh=0 ( #TsCh=0 ( #IndCh=0 
If convergence is reached very slowly, because one of these limits is not met, one should probably consider to relax the required accuracy (in Cs and/or  s and/or Ts and/or Vind) somewhat.

7.2 Output files for entire simulation

If the option “QE calculation” is not selected then all results are stored in the subdirectory /CUDI/sn/output with sn the simulation name as given at the start of the simulation.
If the option “QE calculation” is selected then a subdirectory /CUDI/sn/QE will be created, containing a sub-subdirectory for each current at which the QE is calculated, called /CUDI/sn/QE/A, /CUDI/sn/QE/B etc. The cases for which the energy pulse is just above and just below the QE are then stored in sub-sub-subdirectories, for example for current “A”: /CUDI/sn/QE/A/output_Q and /CUDI/sn/QE/A/output_NQ. Summary results for a given current are printed in the file /CUDI/sn/QE/A/output/CUDI_QE.dat, giving the energy pulse for each QE iteration.
Furthermore, a QE summary file for all currents (called /CUDI/sn/output/CUDI_QE_Sum.dat) is created, giving for each current the energy levels just below and above the QE.
For each simulation some general results are printed in the files:

“Summary.dat”:

This file contains a summary of:
· The main input data (corresponding to the step numbers in the input program).
· The geometrical values and positions.

· Heat transfer related parameters and heat capacities as a function of temperature.

· Resistivity and heat conduction values of the materials as a function of temperature.

· Critical current as a function of the field for T=Tbath.

· CPU times per time step

· Heat balance data per time step.

· Global and local powers per time step.

· Currents per time step.

· The voltages (inductive and resistive) between all the voltage tap pairs (including the n-values) per time step.

· The characteristic times.

· The start times for cooling to supercritical helium (only if this type of cooling is selected)

The file is created at the end of the simulation.
“Progress.dat”:

This file contains a summary of the main output data. After each time step, one line is added. The file can therefore be opened during a simulation (especially useful if you want to keep track of the progress during long simulations).
“Ra.dat”, “Rc.dat” []:

These files contain for each band and each position the values of the contact resistances. There are 2NS positions for Ra, and NS-1 positions for Rc. Note that the contact resistances are the same for all time steps.
7.3 Output files per time step

Table 6 gives an overview of all output files that are created during the calculation. The files contain the data of all time steps (if “NTSpr=1”, see chapter 6.15) or part of the time steps (if “NTSpr>1”). Files are only created for certain values of some parameters and if certain simulation and print options are selected, as specified in the last column of the table. The output files are stored in “C:\CUDI\PathWrite\output\”, with “PathWrite” the name of the simulation given at the start of the LabView input program.
All output data files are in csv format and can therefore be read with any type of editor or spreadsheet program.

Dedicated LabView programs are useful to view the data in time.

Table 6. Overview of the output files.

	Currents:
	
	
	Only printed with the options:

	“Ca.dat”
	A
	Currents Ca in the contact resistances Ra
	Print Currents

	“Cc.dat”
	A
	Currents Cc in the contact resistances Rc
	Print Currents

	“Cs.dat”
	A
	Currents Cs in the strand sections
	Print Currents, Print section data

	“Cp.dat”
	A
	Currents Cp in the strand positions
	Print Currents, Print position data

	“Cw.dat”
	A
	Currents Cw in the wires
	Print Currents, Print wire data

	“Ca-CaInf.dat”
	A
	Currents Ca minus the currents Ca for the infinite solution
	NB>1, Print Currents


	“Cc-CcInf.dat”
	A
	Currents Cc minus the currents Cc for the infinite solution
	NB>1, Print Currents 



	“Cp-CpInf.dat”
	A
	Currents Cp minus the currents Cp for the infinite solution
	NB>1, Print Currents, Print position data


	“Cw-Ctrans.dat”
	A
	Currents Cw minus the transport current
	NB>1, Print Currents, Print wire data


	Critical currents:
	
	
	

	“ICs.dat”
	A
	Critical currents IC,s in the strand sections
	Print Ic’s, Print section data,

	“ICp.dat”
	A
	Critical currents IC,p in the strand positions
	Print Ic’s, Print position data,

	“ICw.dat”
	A
	Critical currents IC,w in the wires
	Print Ic’s, Print wire data,

	Energies:
	
	
	

	“E_trans.dat”
	J
	Energies transferred to the helium around the strand section in the transient regime
	“Transient heat flow” selected

	Fields:
	
	
	

	“BTp.dat”
	
	Total field in the strand positions
	

	Field along a straight line:
	
	
	

	“BFLx.dat
	
	Field in x-direction generated along a line
	Calculate Field along a line

	“BFLy.dat
	
	Field in y-direction generated along a line
	Calculate Field along a line

	“BFLz.dat
	
	Field in z-direction generated along a line
	Calculate Field along a line

	“BFLx-BFLtr.dat”
	
	Field in x-direction generated along a line minus the field generated by the transport current
	Calculate Field along a line

	“BFLy-BFLtr.dat”
	
	Field in y-direction generated along a line minus the field generated by the transport current
	Calculate Field along a line

	“BFLz-BFLtr.dat”
	
	Field in z-direction generated along a line minus the field generated by the transport current
	Calculate Field along a line

	Field sweep rates:
	
	
	

	“BDOTs.dat”
	T/s
	Field sweep rates (Bs/(t in the strand sections
	Print section data

	Heat flows:
	
	
	

	“HF_adj.dat”
	mW
	Heat flow from the strand section to adjacent strands
	not “Constant temperature”

	“HF_cross.dat”
	mW
	Heat flow from the strand section to crossing strands
	not “Constant temperature”

	“HF_str.dat”
	mW
	Heat flow from the strand section to neighbouring strand sections
	not “Constant temperature”

	“HF_He.dat”
	mW
	Heat flow from the strand section to the helium
	“Cooling with infinite helium amount” or “Cooling with helium in cable voids”

	“HF_ins.dat”
	mW
	Heat flow from the strand section through the insulation
	”WITH cable insulation”

	Magnetisation:
	
	
	

	“Mp.dat”
	mT
	Magnetisation in the strand positions
	“Perform magnetisation calculation”

	Powers:
	
	
	

	“Pa.dat”
	W
	Powers Pa in the contact resistances Ra
	Print Powers

	“Pc.dat”
	W
	Powers Pc in the contact resistances Rc
	Print Powers

	“Ps.dat”
	mW
	Powers Ps in the strand sections
	Print Powers, Print section data

	“Pp.dat”
	mW
	Powers Pp in the strand positions
	Print Powers, Print position data

	“Pw.dat”
	mW
	Powers Pw in the wires
	Print Powers, Print wire data

	“Pa-PaInf.dat”
	W
	Powers Pa minus the powers Pa for the infinite solution
	NB>1, Print Powers

	“Pc-PcInf.dat”
	W
	Powers Pc minus the powers Pc for the infinite solution
	NB>1, Print Powers

	“Pp-PpInf.dat”
	mW
	Powers Pp minus the powers Pp for the infinite solution
	NB>1, Print Powers, Print position data

	“P_IFs.dat”
	W
	Inter-Filament Coupling Powers in the strand sections
	Print Powers, Print section data,

Time constant IF currents [s]>0

	“P_IFp.dat”
	W
	Inter-Filament Coupling Powers in the strand positions
	Print Powers, Print position data,

Time constant IF currents [s]>0

	“P_IFw.dat”
	W
	Inter-Filament Coupling Powers in the wires
	Print Powers, Print wire data,

Time constant IF currents [s]>0

	Regime:
	
	
	

	“Regime.dat”
	-
	Cooling regime of the strand section
	“Cooling with infinite helium amount” or “Cooling with helium in cable voids”

	RRR values:
	
	
	

	“RRRs.dat”
	-
	RRR values in the strand sections
	

	“RRRp.dat”
	-
	RRR values in the strand positions
	

	“RRRw.dat”
	-
	RRR values in the wires
	

	Saturation:
	
	
	

	“NrSATs.dat”
	-
	Saturated strand section (1) or not (0)
	

	Self-field:
	
	Generated by Cs
	

	“BSFp_x.dat”
	
	Self Field in x-position in the strand positions
	Self Field Calculation included,

Print self-fields, Print position data

	“BSFp_y.dat”
	
	Self Field in y-position in the strand positions
	Self Field Calculation included, 
Print self-fields, Print position data

	“BSFp_z.dat”
	
	Self Field in z-position in the strand positions
	Self Field Calculation included, 
Print self-fields, Print position data

	Strand resistivities:
	
	
	

	“RHOs.dat”
	10-14 m
	Resistivity s of the strand sections
	Print resistivities, Print section data

	“RHOp.dat”
	10-14 m
	Resistivity p of the strand positions
	Print resistivities, Print position data

	“RHOw.dat”
	10-14 m
	Resistivity w of the wires
	Print resistivities, Print wire data

	Temperatures:
	
	
	

	“Ts.dat”
	
	Temperature of the strand section
	not “Constant temperature”, Print temperatures, Print section data

	“Tp.dat”
	
	Temperature of the strand position
	not “Constant temperature”, Print temperatures

	“Tw.dat”
	
	Temperature of the wire
	not “Constant temperature”, Print temperatures

	“THs.dat”
	
	Temperature THe,s of the helium around the strand section
	not “Constant temperature”, Print temperatures, Print section data

	“THp.dat”
	
	Temperature THe,p of the helium around the strand position
	not “Constant temperature”, Print temperatures

	“THw.dat”
	
	Temperature THe,w of the helium around the wire
	not “Constant temperature”, Print temperatures

	“Ts-THs.dat”
	
	Temperature increase of the strand section, i.e. Ts-THe,s
	not “Constant temperature”, Print temperatures, Print section data

	“Tp-THp.dat”
	
	Temperature increase of the strand position, i.e. Tp-THe,p
	not “Constant temperature”, Print temperatures

	“Tw-THw.dat”
	
	Temperature increase of the wire, i.e. Tw-THe,w
	not “Constant temperature”, Print temperatures

	Voltages:
	
	
	

	“VRs.dat”
	V
	Resistive voltage over the strand section
	NB>1, Print voltages, Print section data

	“VIs.dat”
	V
	Inductive voltage over the strand section
	NB>1, Print voltages, Print section data

	“VTs.dat”
	V
	Total voltage over the strand section, i.e.
VTs=VRs+VIs
	NB>1, Print voltages, Print section data

	“VRp.dat”
	V
	Resistive voltage over the strand position
	NB>1, Print voltages, Print position data

	“VIp.dat”
	V
	Inductive voltage over the strand position
	NB>1, Print voltages, Print position data

	“VTp.dat”
	V
	Total voltage over the strand position, i.e.
VTp=VRp+VIp
	NB>1, Print voltages, Print position data

	“VRw.dat”
	V
	Resistive voltage over the wire
	NB>1, Print voltages, Print wire data

	“VIw.dat”
	V
	Inductive voltage over the wire
	NB>1, Print voltages, Print wire data

	“VTw.dat”
	V
	Total voltage over the wire, i.e.
VTw=VRw+VIw
	NB>1, Print voltages, Print wire data

	“VRwZ.dat”
	V
	Resistive voltage along the wire
	NB>1, Print voltages, Print wire data

	“VIwZ.dat”
	V
	Inductive voltage along the wire
	NB>1, Print voltages, Print wire data

	“VTwZ.dat”
	V
	Total voltage along the wire, i.e.
VTwZ=VRwZ+VIwZ
	NB>1, Print voltages, Print wire data


7.4 Subtraction of the ISCC’s

The currents Ca, Cc, Cs and the powers Pa, Pc, Ps all have a contribution due to the transport current, the ISCCs and the BICCs.

These 3 types of contributions interact but in many cases it is possible to distinguish them more or less.

This is done by solving per band the so-called infinite solution for the ISCCs and the ISCL, that is the steady-state solution assuming an infinitely long cable with characteristics equal to those of the given band. These currents and powers are called Ca,inf, Cc,inf, Cs,inf, Pa,inf, Pc,inf and Ps,inf and are calculated before the real simulation starts for:

· a direction of (Ba/(t given by “The_Ba1” and “Phi_Ba1” (see chapter 6.2)

· (Ba/(t =1 T/s
· Ra and Rc distributions as specified in Step 5 of the input program

· Strand resistivity equal to “Minimum Rho” (see Step 6 of the input program)

· No transport current

Output files “Ca-Ca_inf.dat”, “Cc-Cc_inf.dat”, “Cs-Cs_inf.dat”, “Pa-Pa_inf.dat”, “Pc-Pc_inf.dat” and “Ps-Ps_inf.dat” are created in which for each time step the infinite solution is scaled to the local (Bs/(t for that time step.

8  TYPICAL SIMULATION CASES
9 cases will be presented here, called c01-c09. For each case the input and one output file (only “Summary.dat”) are available in the zip-file, including the version number ($v) in the name of the cases, so case c01 for version 0701 is called c01_0701. If you want to run this case yourself (and obtain all the output files), then run CUDI.exe and simply enter: c01 and 131.

If you want to modify c01_131, then first run the LabView input program, and enter:

c01
131
test (for example)
You can then run your modified input using CUDI.exe and entering: c01 and test. The results will be stored in “C:\CUDI\CUDI_data\c01\c01-test\”.
8.1 Inter-strand coupling currents for an infinitely long cable (c01)
This is a very typical case were you have an immediate insight in the amplitude of the coupling currents and losses for a given cable. 

A standard case (c01) is set up for an LHC type 01 cable, having uniform Ra and Rc and subject to a continuous (steady-state) perpendicular field sweep of 1 T/s.
The coupling currents will be much smaller than the critical current, so for simplicity the options “constant resistivity” (STEP 6) and “Ic=IcCon” (STEP 7) are selected.

This will give maximum coupling currents: Ca_max=2.75 A, Cc_max=20.66 A, and Cs_max=192 A. 
The total coupling powers are Pa,total (or PaT)=1.616 mW (for one band), and Pc,total (or PcT)=63.56 mW (for one band) or PaT=0.411 W/m, and PcT=16.18 W/m. Note that one band has a length of LP/NS=0.110/28=0.00393 m.
The solution will be very close to standard formula’s for ISCCs in Rutherford cables, e.g. formula (4.17) in [1] gives for PcT a value of 16.10 W/m.
You can also check the distribution of the coupling currents over the cable width in the files “Ca.dat”, “Cc.dat” and “Cw.dat”. In the figure below the currents Cc and Cw are plotted vs. the Rc-position number (see chapter 2.5) respectively the wire number (see chapter 2.7).
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In order to understand the effect of several parameters on the inter-strand coupling currents and loss, you can then modify the input in numerous ways, and see the effect on the currents and powers. For example:
· Vary the cable geometry (STEP 1).
· Vary the field direction (STEP 2, through the parameters “The_Ba1” and “Phi_Ba1”).

· Vary the field distribution across the cable (STEP 2).
· Vary the contact resistances across the cable (STEP 5).

· Include a resistive core (STEP 5).
8.2 Time decay of ISCCs for an infinitely long cable (c02)
It is often important to calculate the characteristic time (sometimes called time constant) of the ISCCs, so that the loss, the amplitude of the currents and the time constant can be linked. 

Case c02 uses the same cable geometry as case c01 but now an additional time step is added in order to calculate the decay of the ISCCs in time. In this case are defined: “Nr. of time steps=1”, with “delta_t=0.316 s”, “dBa1/dt(<m>=0)=1 T/s”, and “dBa1/dt(<m>=1)=0”. 
Note that it is recommended to set the time step to a few times the characteristic time of the ISCCs. The results show a characteristic time of about 0.14 sec for Cs and Cc. Also note that the characteristic times of Ca and Cc vary strongly across the width. This value can be compared to formula 4.31 in [1] which gives about 0.13 sec. 

The power Pc vs time (extracted from the file summary.dat) is shown below, showing that Pc exhibits of course a 2 times smaller time constant than the currents Cc.
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You can now modify the input and see how the characteristic times change with varying parameters, such as:

· Cable geometry (STEP 1).

· Field variation parallel to the cable face (STEP 2).
· Variations in Ba1 across the cable (STEP 2).

· Variations in Ra and Rc across the cable (STEP 5).

· Inclusion of a resistive core (STEP 5).

It is important to mention that the characteristic times related to the ISCCs also depend on the number of cables that are stacked onto each other. Characteristic times in coils are therefore always larger than in a single cable. This effect is described in more detail in section 4.9 of [1].
8.3 UI-relation for a cable (c03)
Often the electrical characteristics of cables are measured in a sample holder with a bifilar geometry, being partially in a magnetic field and soldered to both ends to a current lead. Here an example will be given for an 8-strand cable of 0.785m length (=200 bands) with a perpendicular external field applied from bands 60-160. 
STEP 5: In order to take into account the soldered end parts, the contact resistances vary along the cable (“Ra=Rc=1 " for bands 1-16 and 185-200, “Ra=Rc=100 " for bands 17-184).
STEP 6: An “n-power law” UI relation is used with: “Rho at I=Ic=10-14 m”, and “n-power=20”
STEP 7: “Ic=f(B,T)” is selected with: “C1=3450 A”, “C2=-257 A/T”
STEP 12: Time steps are set in the following way: “Nr. of time steps=36” with: “delta_t(2-9)=10 s”, “delta_t(10-19)=5 s”, “delta_t(20-24)=2 s”, “delta_t(25-36)=1 s”, “dBa1/dt(1-36)=0”, “Ba1(1)=8 T”, “dI/dt(1)=0”, “dI/dt(2-36)=50 A/s”, “I(1)=0”
Furthermore “Nr. of bands for mut. ind. calculation=4”, with “F_Ind=0.2”, and “Required rel. accuracy for ind. voltage=0.01”.
STEP 13: The iteration parameters are set so that the solution is accurate without increasing the simulation time too much, so: “Initial nr. of iterations in Rho_s=10”, “Factor for limiting the change in Rho_s=10”, “Required accuracy in Cs=0.01 A”, “Required accuracy in Rho_s=10-15 m”.
STEP 15: Define some resistive voltages VRwZ.

Note that at low currents iteration is performed because NB,mut>0. At higher currents, the cable enters the resistive transition, and iteration is required because the strand resistivity depends on the actual current.
The results show a resistive voltage VRwZ=20.8 V and an n-value of about 23.0 at Ccable=7600 A. Note that the IC criteria (10-14 m) is reached before the cable IC (which is 7454 A at 8 T, see “summary.dat”), due to the self field of the cable (increasing the local field from 8 T to 8.42 T at Ccable=7600 A, see “BTp.dat”). As illustration VR is plotted below.
Note also that the voltage is very similar to PsT/Ccable which is given in “Progress.dat”.
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Next there are many possibilities to see the difference in result:

· Change some of the iteration parameters (e.g. use “Required accuracy in Cs=0.001 A”). 

· Switch the self field off (“No Self-field included”).
· Include an IC reduction in the thin cable edge (use “Nr_Opt=30”, “C1=0.94”, “C2=1” in STEP 16) for a 6% IC,s reduction in strand section 2).

· Change “Nr. of bands for mut. ind. calculation” from 4 to 0 (STEP 12).

· Include a local IC,s reduction (use “Local Ic variation”, with “NrIcLT=1”, and the values “1, 100, 2, 0.7” in the pop-up window “Define local Ic variation” for a 30% IC,s reduction in strand section 2 at band 100).

· Change the resistances Ra and Rc.

· Vary the critical current (and n-value per strand) using the option “Different Ic and/or n per strand”.
· Include a non superconducting spot in one strand, using “Nr. of special Rho_s values=1”.  It is now especially interesting to calculate the UI curves for different current ramp rates.
· etc. etc.
8.4 Estimation of the contact resistances by means of a voltage measurement on a short cable piece (c04)
A well-known method to quickly estimate the average Ra and/or Rc values in a cable is by means of an electrical method on a short sample of cable. In this method, current is supplied to one strand and extracted from another strand (usually the opposite one). By measuring the voltage on the various strands over the cross-section, an estimate of Ra and/or Rc can be made. The program VIRCAB, previously performing this calculation, is now replaced by an option in CUDI.
As an example, case c04 considers a measurement on a 157 mm long LHC type 01 cable (=40 bands), where a strand current of 100 A is used. The calculation is performed for constant Ra=10 , and Rc=100 . Only one time step has to be defined so “Nr. of time steps=1” with “dBa1/dt=0 T/s”, “Ba1=0”, “dI/dt=0”, “I=100 A”.
Select “Non uniform transport current per strand” and put all percentages equal to 0 except for:

· 100% in strand 1 in the first band.
· 100% in strand 14 in the last band. 

You should not put -100% in strand 14 in the first band (instead of +100% in the last band). From an experimental point of view this is of course the same, but CUDI requires that the sum of percentages in the first and last bands add to 100%.
The voltages along the wire can be seen in the output file “VRwZ.dat”, giving a voltage of 38.44 V between wires 1 and 14.
Interesting variations to this case in order to observe differences in voltage:

· Vary the Ra and Rc distributions (using a core, random variations, and systematic differences between the strands).
· Change the positioning of the current leads.
In many cases you will observe that the measurement is not representative for the average Ra and Rc value of the cable.

8.5 Effect of an external heat pulse on the stability of a cable (c05)

Here the case is calculated where external heat is released locally into one strand section. The case is simulated with a rectangular heat pulse of 0.035 mJ during 50 s (i.e. P_EP=700 mW). The total calculation time is divided in 120 time steps in the input file (click on: ”Define time steps”) varying in duration from 5 s to 20 s. The factor FIS is fixed to 1, denoting that all the ISCL is absorbed by the strands.
The file “Progress.dat” gives a good overview of the process: 

· During the simulation the program adds 6 intermediate time steps in order to reach a converging solution inside the required accuracies.
· The maximum temperature (about 6.1 K) is reached after 50 s, and at the same time we see a maximum in strand resistive losses Ps,total (or PsT) and a minimum in the local IC,s value (or ICs_min). Close to this time also Pa,total (or PaT) and Pc,total (or PcT) are maximum.
· After t=80 s all strand sections are again superconducting, i.e. everywhere ICs_min>Cs.

Loading this file in excel and plotting the data versus time gives a much better insight in the process, as shown in the graph below.
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The file “Regime.dat” shows that during most of the simulation the centre of the cable is in transient heat regime.

Note:

· The heat release should preferably be located in a band near the centre of the cable (i.e. at NB/2).

· Do not set the parameter “Required accuracy in Rho_s” too small. A value of 10-12 m is usually sufficient.

· It is very important to understand at which moment the cable can be considered to have quenched or to have recuperated (i.e. if the normal zone propagates or shrinks). This moment will be called the quench decision moment. The quench decision moment is usually clear at high current (i.e. I/IC close to 1) because quenching of 1 strand will usually cause so much heat that the other strands will quickly quench along. At relatively small currents (I/IC<<1) one can often see that the quench recuperates especially for good thermal contact between the strands or good cooling conditions towards the helium. Of course, one should avoid continuing the simulation too long after the quench decision moment because this will unnecessarily increase the calculation time.
· The number of bands should be chosen such that (X/(z(0 at the ends of the cable (band 1 and band NB) where X stands for the strand currents Cw, and for the strand temperature Tw. If this is not the case than the boundary conditions (Ts=Tw=Tbath, and Cs=Cw=fixed for band 1 and band NB) influence the result. If you are not sure, then repeat the calculation with a larger number of bands (e.g. 50% more) and compare the result. If you increase the number of bands, then don’t forget to also change the positioning of the voltage taps (if present) and the location of the heat pulse).
· Many stability calculations can be performed with a reduced number of strands (to speed up calculation time), especially for large I/IC. Of course you should then scale down as well the cable geometry (transposition length, width, thickness etc).

· Experience on Nb-Ti cables has shown that the quench decision moment is typically within a few ms. The duration of the time steps can usually be chosen around 1-10 s during the heat pulse, and going up to 10-100 s after a few ms.
By small modifications of the input file you can easily change the quench processes, for example:
· Change the cooling conditions to “Adiabatic conditions” or “Cooling with infinite helium amount” in STEP 8.
· Change the way the thermal conductivity along the strand is calculated in STEP 8 (based on NIST or Wiedemann-Franz)

· Remove the transient heat option, so select “No transient heat flow” in STEP 8.
· Change the factors for the inter-strand heat flow, e.g. change the first factor from 1090 to 200 in STEP 8.

· Change the RRR value of the matrix (STEP 1).

· Change the contact resistances, e.g. from 10  to 200  (STEP 5).

· Change the n-value, e.g. from 20 to 40 (STEP 6).

· Change the size of the heat pulse, e.g. from 0.035 mJ to 0.08 mJ (click on ”Define time steps” , enter EP=0.08 and then click on ”Load heat pulse data”).
· Change the transport current (click on ”Define time steps” and then change the current of time step 1).
· Change the duration of the pulse (e.g. from 100 s to 400 s, either by changing the values in the file “Inp_HeatPulse.txt” or by changing the duration of the first 10 time steps from 10 s to 40 s).
· Change the factor “F_IS” from 1 to 0.5 or 0 (STEP 8).

· etc etc

8.6 Calculation of BICCs in a short cable (c06)

Here the case is calculated where an external field sweep is applied on the central part of a cable sample, soldered on both ends. An LHC type 01 cable is taken with a length of about 1.6 m (400 bands). A steady state field sweep of 0.01 T/s is applied from band 200-300. Ra and Rc are 40  except in the cable ends where they are 2 .
Also the option ”Calculate field along a line” is selected (STEP 11) in order to calculate the field at 80 points next to the thin edge of the cable, spaced apart by 5 mm.
The results show that the maximum BICCs are about 37 A (see the file “Cw.dat”), and that the losses created by these BICCs are especially created in the soldered ends (see the files “Pa.dat” and “Pc.dat”), and hence not in the part exposed to the field sweep.

Looking into the file “BFL_y.dat” one can see that the BICCs create a field oscillation with an amplitude of about 10 mT.

Both Pc (sum per band) and BFL_y are plotted below.
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IMPORTANT: When working with large cables (i.e. large number of bands and large number of strands) it is possible that the solution becomes erratic due to a resolution problem in the routine that solves the (huge) matrix. Usually one can see this rather easily because the currents/powers look very irregular. You can observe this effect by repeating case c06 with a much larger Ra and Rc in the middle part of the cable (enter 4000  in stead of 40 ) from bands 30 to 370. Looking into the above mentioned 3 files, will show erratic differences between strands. 
Suggestions for similar simulations:

· Change the length of the applied field region in STEP 2 (in stead of 100 bands, use 107 bands or 114 bands).
· Use random variations of Ra and Rc (e.g. use “FRaRand = FRcRand = 0.2).
· Calculate the time constants of the BICCs by adding a few time steps with appropriate time steps (use steps of about 4 s to obtain a reduction of the BICCs of about 10% per time step). Keep “Nr. of bands for mut. ind. calculation=0” otherwise the iteration will make the calculation even longer.
8.7 Calculation of the magnetisation (c07)

Here the case is calculated where an external field cycle is applied on an infinitely long LHC type 01 cable. A (triangular) field cycle 0 T( 0.5 T ( 0 T ( 0.5 T is programmed with (Ba1/(t=0.01 T/s. The transport current is 0 A.
STEP 3: The option “No Self-field included” is selected.

STEP 6:
STEP 7: Fit 3 is used for the Ic(B,T) relation with parameters “C1=3376 A”, “C2=-256.1 A/T”, “C3=9403 A”, “C4=1.361”, “C5=37371 A”, and “C6=12.01”.

STEP 12: Time steps are set in the following way: “Nr. of time steps=151” with: “delta_t(2-152)=1 s”, “dBa1/dt(1-51)=0.01 T/s”, “dBa1/dt(52-101)=-0.01 T/s”, “dBa1/dt(102-151)=0.01 T/s”, “Ba1(1)=0”, “dI/dt(1-151)=0”, “I(1)=0”.
The results (file “Mp.dat” or “Summary.dat” and plotted below) show a maximum M of -44.6 mT. All strands have the same M because the self-field is not taken into account.
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Interesting variations to observe differences in M:

· Vary the filament diameter (“Inner diam. filam.” and or “Outer diam. filam.” in STEP 1) or the critical current relation (STEP 7). 

· Use the option ”Self-field calculation”, giving a slight variation in M among the strands because of the field created by the ISCCs.
· Use the option ”Self-field calculation”, while at the same time reducing Rc (e.g. from 10 to 0.1 ) in order to create a larger field caused by the ISCCs and hence a larger asymmetry in M among the strands. 
8.8 Calculation of the Magnetisation decay and “Snap-back” (c08)

At constant cable transport current the magnetisation can change (decay) due to a variation in the strand currents, causing a variation in the internal field, and hence in the local magnetisation. Strand current variation can be:

· a variation in the distribution of the transport current per strand, 

· a variation in the BICCs.

As soon as the cable current ramp is resumed (with the same sign as before the current plateau), then a so-called “snap-back” occurs where the magnetisation quickly snap backs to the value it had at the beginning of the current plateau.

Here a case is calculated which resembles the LHC field cycle. The field cycle is the following:

· Ramp from 0 to 8.1 T, 

· Plateau at 8.1 T (here a small decay takes place),

· Ramp from 8.1 T to 0.2 T,

· Ramp from 0.2 T to 0.54 T,
· Plateau at 0.54 T (here the main decay takes place),

· Ramp from 0.54 T to 8.1 T (here the snap-back occurs at the start of the ramp)

To reduce the calculation time, a 14-strand cable is used with half the width of a standard LHC type 01 cable, and carrying half the transport current. Furthermore a 2.2 m long cable is taken (again to reduce the calculation time) and the contact resistances are made rather small in order to get a result which is rather representative for a long cable with larger size.
STEP 3: The option “Self-field included” has to be selected because it is the variation of the self field that causes the decay and snap-back.

STEP 7: Fit 3 is used for the Ic(B,T) relation with parameters “C1=3376 A”, “C2=-256.1 A/T”, “C3=9403 A”, “C4=1.361”, “C5=37371 A”, and “C6=12.01”.

STEP 11: The option ”Calculate field along a line” is selected in order to calculate the field at 150 points (between z=800 mm and z=1400 mm) next to the thin edge of the cable, spaced apart by 4 mm.

STEP 12: Parameter “Nr. of bands for mut. ind. calculation=0”. This will increase the calculation speed (no iteration required) but will give slightly shorter decay times, but that will not be important for this illustrative example.
The magnetisation data are written in the file “Mp.dat”, but the brief overview of these data at the end of the file “Summary.dat” is easier to understand, especially if the data are imported in Excel and plotted as function of the time, as done below.
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Note:

· A first M-decay (from -0.87 mT to -0.16 mT) is visible at the start of the 8.1 T plateau. Another M-decay (from -6.47 mT to ‑5.35 mT) occurs at the start of the 0.54 T plateau. You can see in both cases the clear correlation between the M-decay and the decay of the BICCs.

· At the start of the last ramp up the magnetisation snaps back to about -6.34 mT before it starts to decrease.
· Changing the parameter “Nr. of bands for mut. ind. calculation” from 0 to 4 will create only slightly different results. However, the calculation time will increase significantly, because many time steps require several iterations to reach a converging solution, and often intermediate time steps have to be added. 
· The magnetisation is calculated based on the total field. The effect of the direction of the field (and possibly change in direction of the field) is not taken into account.

· The field calculated with the option ”Calculate field along a line” only takes into account the field created by the currents Cs. The field caused by the magnetisation currents is disregarded.

· Running this case with high Ra and Rc values will suppress the BICCs, and eliminate the decay and snap-back.

One can now easily see the effect of the current (and field) history on the decay and snap-back by changing:

· the field sweep rate (especially of the ramp from 8.1 to 0.2 T)

· the duration of the plateau at 8.1 T

· the duration of the plateau at 0.2 T

Note that it is also possible to edit the file “\input\inp_TimeSteps.txt” in Excel (or another program) and save the data in csv format. This is often faster and more user-friendly than using the pop-up window ”Define time steps”.
8.9 Calculation of the Quench Energy (c09)

Applying a heat pulse on a cable will cause the cable to quench or not, a process that depends on the current, temperature, cooling conditions etc. The line separating the ‘quench’ and ‘no quench’ areas in a multi-strand cable usually looks like the figure below. The lower part on the right of the kink is often denoted as the single strand regime, and the higher part on the left of the kink as the multi-strand regime. See [7] for more details.
In area A the energy pulse is too small to create a quench (i.e. a propagating normal zone) in one single strand.

In area B the energy pulse creates a quench in one single strand, which will cause the entire cable to quench.

In area C the energy pulse creates a quench in one single strand, causing the current in the quenching strand to be (partially) transferred to neighbouring strands. The surplus current in the neighbouring strands will not cause them to quench. The quenching strand will cool-down again and recover to the SC state. 

In area D the energy pulse creates a quench in one single strand, causing the current in the quenching strand to be (partially) transferred to neighbouring strands. The surplus current in the neighbouring strands (together with the heat transferred from the quenching strand to the neighbouring strands) will cause them to quench, finally resulting in a quench of the entire cable. 

Let’s define:

EPQ: 
An Energy Pulse that is large enough to quench the cable

EPNQ: 
The Energy Pulse that is too small to quench the cable

TCQ:
The Transport Current that is large enough to quench the cable

TCNQ: 
The Transport Current that is too small to quench the cable

CUDI can automatically calculate up to 26 points of this curve. Each point is calculated iteratively in either of 2 ways: 
1. for a given Transport Current, the Energy Pulse is modified in an iterative process until EPQ and EPNQ are within a certain accuracy.
2. for a given Energy Pulse, the Transport Current is modified in an iterative process until TCQ and TCNQ are within a certain accuracy.

Usually method 1 is faster for finding points on the flat parts of the curve, i.e. the lines between areas A and B and between C and D, while method 2 is faster for finding points on the kink (between areas B and C).

[image: image63]
The case is similar to case c05 except that in STEP 12 of the input program the option “QE calculation” is selected. Then enter the number of points on the curve (“Nr_QE_I”) and enter the QE details for each of these points in the pop-up window “Define QE details”. 
In this case I have used “Nr_QE_I=8” giving the results in the directories “CUDI/c09_$v/QE/A/” … “CUDI/c09_0701/QE/H/”, with $v the version number.

The main results are given in the file “CUDI/c09_$v/output/CUDI_QE_Sum.dat”, which is inserted below.
	 Case
	Exp TC
	Exp EP
	        QE_F
	      QE_acc
	      TC_min
	      TC_max
	     TC_aver
	      EP_min
	      EP_max
	     EP_aver
	       Error

	  (-)
	         (A)
	        (uJ)
	         (-)
	         (%)
	         (A)
	         (A)
	         (A)
	        (uJ)
	        (uJ)
	        (uJ)
	         (%)

	    A
	5400
	30
	1.2
	2
	5400
	5400
	5400
	24.479
	25
	24.74
	1.053

	    B
	5000
	40
	1.2
	3
	5000
	5000
	5000
	30.556
	31.944
	31.25
	2.222

	    C
	4600
	50
	1.4
	3
	4600
	4600
	4600
	35.714
	37.5
	36.607
	2.439

	    D
	4400
	100
	1.1
	3
	4400
	4620
	4510
	100
	100
	100
	2.439

	    E
	4400
	300
	1.1
	3
	4400
	4620
	4510
	300
	300
	300
	2.439

	    F
	4200
	1000
	1.4
	3
	4200
	4200
	4200
	663.265
	688.776
	676.02
	1.887

	    G
	3800
	1000
	1.4
	3
	3800
	3800
	3800
	821.429
	857.143
	839.286
	2.128

	    H
	3400
	2000
	1.4
	3
	3400
	3400
	3400
	911.079
	947.522
	929.3
	1.961

	
	
	
	
	
	
	
	
	
	
	
	


In the graph below the QE (i.e. EP_aver) is plotted as a function of the current (TC_aver) (PS: IC=5910 A).
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Note that the kink is very steep, and that the current at which the kink is located (4510 A, so I/IC=0.763) can be easily determined using method 2 (i.e. iterative process until TCQ and TCNQ are within requested accuracy).

Note:

· This calculation can be very long and it is recommended to first investigate some time in the size of the cable (NB and NS) that should be used to obtain correct results without needlessly increasing the simulation time. 
By small modifications of the input file you can easily change the shape of the curve (i.e. the amplitudes on both sides of the kink, and the current at which the kink occurs), for example: RRR value of the matrix (STEP 1), cooling conditions (STEP 8), contact resistances (STEP 5), duration of the heat pulse (STEP 12), etc.
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10   Nomenclature
A
Loop surface
[m2]

Aadj
Contact surface between adjacent strands
[m2]

Across
Contact surface between crossing strands
[m2]

AHe
Contact surface between strands and helium
[m2]

Ba
Applied field
[T]

Bs
Local field at strand position
[T]

BSF
Self-field
[T]

Ca
Current in the adjacent contact resistances
[A]
Cc
Current in the cross contact resistances
[A]

Ccable
Current in the cable
[A]

CP,mat
Heat capacity of the matrix
[J/(kg K)]

CP,s
Heat capacity of the strand
[J/(kg K)]

CP,SC
Heat capacity of the superconductor
[J/(kg K)]

CP,mat
Heat capacity of the matrix
[J/(kg K)]

CV,He
Heat capacity of the helium in contact with the strand
[J/(kg K)]

Cs, Cp, Cw
Current in the strand (sections)
[A]

Cs,acc
Required accuracy in Cs
[A]

dinner
Inner diameter of the filaments
[m]

douter
Outer diameter of the filaments
[m]

dstr
Strand diameter
[m]

d1, d2
Distances
[m]

Fxxx
Various scaling parameters
[-]
hadj
Heat flow between adjacent strands
[W]

hcross
Heat flow between crossing strands
[W]

hHe
Heat flow between strand and helium
[W]

kins
Heat flow through the cable insulation
[W]

hstr
Heat flow through the strand
[W]

kadj
Heat conductivity between adjacent strands
[W/(mK)]

kcont
Heat conductivity of an inter-strand contact
[W/(m2K)]

kcross
Heat conductivity between crossing strands
[W/(mK)]

kmat
Heat conductivity of the matrix
[W/(mK)]

kSC
Heat conductivity of the superconductor
[W/(mK)]

kstr
Heat conductivity of the strand
[W/(mK)]

lcable
Length of the cable
[m]

Lf
Twist pitch filaments
[m]
LP
Transposition length of the strands
[m]
ls
Length of a strand section
[m]

M
Mutual inductance
[H]

NB
Number of bands in the cable
[-]

NB,mut
Number of bands for mutual inductance calculation
[-]

NB,SF
Number of bands for self-field calculation
[-]

NS
Number of strands in the cable
[-]

Pa
Power in the adjacent contact resistances
[W]

Pc
Power in the cross contact resistances
[W]

Pext
Power of the external heat pulse
[W]

PIF,s
Inter-filament coupling power in the strands
[W]

PIF,s
Inter-filament coupling power in the strands
[W]

Ps, Pp, Pw
Power in the strands
[W]

Ra
Adjacent contact resistance
[]

Rc
Cross contact resistance
[]

Rs
Strand resistance
[]

Smat
Cross-section matrix
[m2]

SSC
Cross-section SC
[m2]

Sstr
Cross-section strand
[m2]

t
Time
[s]
Tbath
Temperature of the helium bath
[K]

THe,s
Temperature of the helium in contact with a strand section
[K]

Tincr
Maximum temperature per time step
[K]

Ts, Tp, Tw
Strand temperature 
[K]

Ts,acc
Required accuracy in Ts
[K]

th1
Cable thickness on edge 1
[m]

th2
Cable thickness on edge 2
[m]

thAv
Average cable thickness (or mid thickness)
[m]

thins
Thickness of the insulation
[m]

Vind
Inductive voltage
[V]
Vs
Volume of a strand section
[m3]

VHe,s
Volume the helium in contact with a strand section
[m3]

w
Cable width
[m]


Cu-non Cu ratio
[-]

s, p, w
Strand resistivity
[m]

s,acc
Required accuracy in s
[m]

Abbreviations
EP
Energy Pulse
[J]

QE
Quench Energy
[J]

TC
Transport Current
[A]

A





B





C





D





I/Ic





EP [J]
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