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The AC loss of Central Solenoid Model Coil of ITER is calculated in order to 

be able to determine the allowable excitation current shape in time with 

respect to the available cooling capacity at liquid helium temperature. 

In Part A the theory is summarized essential to present calculation. This 

covers a semianalytical integral formulation to calculate the magnetic field 

distribution in the cross-section of a coil and also 2D and 3D differential 

formulations for eddy current calculation of jackets and structural steel compo­

nents, respectively. 

In Part B the conditions and results of calculation are described in detail. 

Losses are calculated separately in different components. Also the different 

types of losses are separated, and only one of the followings is considered in 

the same time; eddy current loss, ferromagnetic hysteresis loss, superconducting 

hysteresis loss, coupling loss. 

The low frequency eddy current loss calculations of structural stainless steel 

components are carried out by ANSYS/EMAG code in 3D separately for tension 

rods, plates and beams. The problem of loop currents is briefly discussed, but 

the interaction between several components is not considered. 

In the case of Incoloy jackets of conductors a 2D ANSYS code is used with 

current force to obtain the eddy current losses. The ferromagnetic hysteresis 
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loss of jackets are also roughly estimated based on measurement data. 

The superconducting hysteresis and coupling losses of Nb3Sn strands are 

estimated using measurement data and a calculated flux density distribution in 

the cross-section of the model coil by a semi-analytical integral formulation. 

The coupling is not considered during hysteresis loss calculation and an ideal 

model is used for coupling loss calculation. 

The losses of Butt-type and Lap-typejoints and roughly estimated based on 

measurement data to make complete this study. Both the loss due to flux 

change and the loss due to transport current are considered. 

The individual loss components are summed up, compared and plotted in 

time. The followings are concluded. The coupling loss was found to be the 

largest 83% of the total AC loss supposing 50 msec characteristic time con­

stant. Also significant amount of heat is generated in structural steels, the 

largest amount in lower tension plates and inner tension rods. Therefore 

cooling is required for stainless steel structural components. The loss of joints 

is not large, however concentrated, therefore joints should receive attention. 

Specially Lap-type joints are critical components. 

The eddy current and coupling power losses can be significantly decreased by 

increasing the ramp-up time since they are proportional to the square of flux 

change rate, while superconducting and ferromagnetic hysteresis power losses 

decrease linearly with decreasing flux change rate. Joule losses are produced 

in joints even after the energizing process of the magnet, when it is driven by 

a constant excitation current. This propose us to keep the time of full power 

operation short. 

Keywords: CS Model Coil, AC Loss, Heat Generation, FEM, Eddy Current 

ii 



JAERI - Research 99-014 

B*~~~M~m~~M~m~.~I~$ 

Attila GILANYI*' f*~ 1!:A' J!;1:t ~flJ 

:;f~* ~ftx' .&fIJ . J± tf!t!. 

(1999 ~ 1 R 28 B ~~) 

ITER-CS-=t T)v . :1 1 )VO)~VTE1J{~ ~" ~i:,~~'ViiO)ff;*n~~~;O~ C? ~f?i¥-c ~ ~ JjJ}ja;f~£ ~f~ 

WT ~ t:.. ~Wt,fJf L t:.. 0 

1W~~A -c~±" :/-V "J'T r &U'xf;fm:@:;ft~:j£1:.T ~7rWJ~VTE~ 2*:7C&U'3*:7C~:-cmtJTB9 
~:*~~ t:..~O)~fiB~ i t ~t:..o 
f&fiB-c~±" CS-=tT')v':11 )vO)~1*B9~~VTE1J{~0)j£1:.:I:~i t~t:..o CS-=tT')V·:1 

1 )V ~:j£1:.T ~ 7rWJ~VTE1J{~" l::: AT 1) ~ A1J{~" *5~1J{~ ~ --t-n..p'n~J.HH:*~ 

xf;fm:@~ ~: j£1:.T ~ irWJ~¥JfE1J{~ ~±yfLffl 1f~~~~rt :1 - r ANSYS ~ ffl v l -c mtJT L t:.. 0 i 
t:.." $1*:/ -V 'T "J r :g:~O)irWJlI¥JfE1J{~ b ANSYS ~ ffl vl-cWtfJT L $1* -v'T ':J r :g:~0) l::: A0 

I) ~ A1J{~~±~JWtT'- 7;O~ C? *~ t:..o Jm~$~*!O) l::: AT 1) ~ A1J{:g:~ (:/ 3 1 /' r :g:~) ~: 

3"61:.T ~~~1E1J{~~*~t:..o 
~~tJTO)*5*" CS -=tT)V . :1 1 )v ~:3"61:.T ~*6~1J{~0)~U~;O~ft b * ~ <" ft*-C~~1JfE 

1J{~0)83% ~ r!:J~~0 i t:..irWJ~7JfE1J{~,: J: ~ '±" x~m:@~;O~C?j£1:.T ~ b O)iJ~x~c. 
B9-c~ ~ ~~~:r:g:BT /' ~ 3 /' . 7°v r t n1t-'j'n~m:@~iJ~ C? O)j£~;O~* ~ Vlo 

Jj~fiiJ1iJf~pJT: =r 311-0193 ~fJ!~Jj~fiiJWJj~fuJIHJ [OJ W801-1 

* 7' ~,,/'{;?:. 1'- If4*~ 

iii 

mailto:x~m:@~;O~C?j�1:.T
mailto:U'xf;fm:@:;ft~:j�1:.T


JAERI-Research 99-014 

Contents 

Part A ......................................................................................................... 1 


Overview of Theory 


1. 	 Introduction' ...... .... .............. ....... ..... ......... ....... ..... ... ... ............ ... .............. 3 


2. 	 Integral Approach···················································································· 4 


2.1 	 Current Carrying Circular Loop··················································· .. ··.. 5 


2.2 	 Field Distribution in the Axis of a Thin Solenoid .......... ... ... ...... ..... 6 


2.3 	 Field Distribution in the Entire Cross-section of a Current 

Carrying Circular Loop .. ... ............ ...... .................. ............ ... ........ . .... 8 


2.4 	 Field Distribution in the Cross-section of a Circular Coil with 

Rectangular Cross-section .................................................................. 10 


2.5 	 Integral Formulations for Nonlinear Numerical Evaluation ............... 10 


2.6 	 Low Frequency Eddy Current Loss in a Cylindrical Rod ······ .. ··· .. ··11 

3. 	 3D Eddy Current Loss Calculation by FEM Using 

Differential Formulation ........................................................................ 12 


3.1 	 Theoretical Background ..................................................................... 12 


3.2 	 Boundary and Interface Conditions ................................................... 13 


3.3 	 Post-processing ................................................................................. 13 


3.4 	 Time Derivative ................................................................................. 13 


4. 2D 	Differential Formulation ............................. eo ................................... 14 


4.1 	 Current Force in 2D ........................................................................ 14 


4.2 	 Solution in Cylindrical Coordinate System ....................................... 14 


5. 	 AC Loss of Superconducting Cables ...................................................... 15 


5.1 	 Characterization of Superconductors ................................................... 16 


5.2 	 Superconducting Hysteresis (Characterization by BH-loop) ............... 17 


5.3 	 Superconducting Hysteresis Loss ...................................................... 20 


5.4 	 Coupling Loss in Transverse Field ................................................... 20 


5.5 	 Self-field Loss .................................................................................... 20 


5.6 	 Summary·· .. ···· .................................................................................. 21 


5.7 	 Measuring the Loss ....................................................................... ····21 


v 




JAERI - Research 99-014 

Part B ...................................................... ···················································23 

Calculation Results 
1. Introduction···· ......................................................................................... 25 


1.1 Basic Consideration .................................................................. ·· .. ·····25 


1.2 Components of CS Model Coil (Electromagnetic Model) ..................... 26 


2. Magnetic Field Distribution ..................................................................... 28 


3. Eddy Current Loss in Structural Components ·.. ··· ...... ······ .. ·· .. ········ ...... ·31 

3.1 Eddy Current Loss in Electrically Insulated Components ······ .... · .. ·····31 

3.2 Eddy Current Loss Distribution .................................................. ·· .... ·39 


3.3 Eddy Currents in Connected Components ···· .. ···· .. ·· .... · .. ··· .. ···· ........ · .. ·39 


3.4 The Effect of BH-curve of Incoloy onto the Eddy Current Loss ··· .. ·40 

3.5 Loop Currents ................................................................. ··· .. ···· .. · .. ·····43 


3.6 Temperature Increase in Structural Components .............................. 47 


4. Loss Generated in Incoloy Jacket ·· .. ···· .. ··· .. ·· ...... ····· .. ···· .. ····· .. ···· .... · .... ·49 

4.1 	 Ferromagnetic Hysteresis Loss of Incoloy Jacket .......................... ····49 


4.2 	 Eddy Current Power Loss of Incoloy Jacket .................................... 51 


4.3 	 Eddy Current Power Loss Dependence on Specific Resistivity 
and Flux Change Rate ...................................................... ···············57 

4.4 	 Eddy Current Power Loss Distribution in the Winding ..................... 57 


4.5 	 The Effect of BH-curve of Incoloy onto the Eddy Current loss 

of Jacket .......................................................................................... 58 


5. AC Loss of Superconducting Cables .. ··· ............ ···· .... · ...... ··· .... ··· ...... · .... ·59 


5.1 Superconducting Hysteresis Loss in NbaSn Filaments ........................ 59 


5.2 Coupling Loss ............................................................................... ·····61 


6. Loss of Joints ............................................................. ··························62 


7. Summary of Loss Calculation·· .. · .. ···· .. ······· .. · .. · .. ················ .. ·········· .. ···· .. ·· 63 


7.1 Eddy Current Power Loss of Structural Elements .... ···· .... ····· .. ··· .... ·63 


7.2· Loss of Incoloy Jacket········ .. ···· .. · .. · .. ···· .. ·········· .. ······· .. · .. · .. · .. ·············· 64 


7.3 AC Loss of Superconducting Cable ··· .. ···· .... · .. ··············· .... ····· .. ······ .. ·65 

7.4 Loss of Joints ................................................................................ ····66 


7.5 Total Power Loss .............................................................................. 67 


7.6 Time History of Power Loss (without Insert Coil) ·.... ········· .. ······· .. ··68 
7.7 Decreasing the Loss ..... t·· .. •••• ............................................................. 69 


8. Conclusion ...................................................... ·······································70 


Acknowledgment ........................................................... ····················· .. ···· .. ··70 


References ................................................................................................... 71 


vi 



JAERI - Research 99-014 

§ 

A .x- :(,fiB ;­ tm§'A,M~.sa.
..:EPnu IJ!I rJ JiI, ••••••• ••••••••• •••• •• • •• • •••••••••••••• • •• • •••••••••••••••••••• ••• ••• •••••••••• ••• ••••••• 1 

1. ~ ................................................................................................... 3 


2. fi7:t:IJt1E:ttO)$A .............. ........ ... ............... .... ............ ..... ....................... 4 


2.1 ~~vtE~.:: J: ~m:ti ................................................................................. 5 


2.2 liJ"~ '/ v / 1 r" . :11 }vO)~.x.O)m:ti7:t:;fp ................................................ 6 


2.3 lffOO ~::ffT ~ flivtE~.:: J: ~m:ti ................. ................. ...... ...................... .... 8 


2.4 ~l!%lffOO ~::ffT ~ '/ v / 1 r" . :11 lvO) lffOOI*J O)m:ti7:t:1P ........................ 10 


2.5 ~F~%ft.M1JTO) t::. (/) O)fl7:t1it1E~ ......................................................... 10 


2.6 p:j~tl*J O)iiWr~vtEtl~ .............................................................................. 11 


3. ::ff~I~f{~1i~.:: J: ~ iIWr~vtEM1JTO)t::.(/)0)5E~1t .... ··· .......... ·· .. ·.. ··· .......... ········.. ·12 


3.1 x~r.:lJt1E:tt·· .. ·· .................................................................................... 12 


3.2 Jjl~~1tf:· ............................................................................................ 13 


3.3 M1JT0)1~~t1!· ...................................................................................... 13 


3.4 a;frdJ~7:t~O)t.&"~ ................................................................... ·.. ···········13 


4. 2 *.5C-c" 0) 5E:tt1t ....................................................................................... 14 


4.1 ~vtE5C (Current Force) O)$A· ........ · ........ ·· .. · ..................................... 14 


4.2 p:jfiij'~~*~.::j3~t ~-~M ................................................................·····14 


5. m~$$1*O)~vtEtl~ .................................................................. ·· .. ·.. ·····15 


5.1 m~$1*O)-tT }v1t ...................................................... ························16 


5.2 m~$1*O) 1:::: AT 1) ~ A . -tT}v ·· .. ···· .. ·········· .. ···· .. ···· .. · .. ···· .. ·.. · .. · .. ···· .. ··17 

5.3 m~$1*O) 1:::: A T 1) ~ A tl~ .......................................................... ···· .. ··20 


5.4 *~m:ti~.:: J: ~ *5-%tl~ ........................................................................ 20 


5.5 § Gm:titl~ .............................................................. ··· .. ·.. ···· .. ·.. ·.. ·.. ··20 


5.6 it(/)·· .............................................................................................. 21 


5.7 

B Iii 
tl~0)1AU5E~~ ...................................................... ······························21 

M1JT*fi" * .............................................................................................23 


1. ~ § ................................................................ ···· .. · .. · .. · .. ···· .. ···· .. · .. · .. ··25 


1.1 ~ ~ ...................................................... ·······································25 


1.2 CS-tT}v·:11 }vO)-tT}v1t ····· .. ·.. · .... ·· .. ···· .. ·· .. ·· .. ········ .. ·.. ···· .. · .... ······26 
2. m:ti7:t;;{fJ ...................................................................................... 28
0 ........... 0 


3. x;j;J:1fI1. €!IW 0) iiWr ~Vff.tl~ .............................. 0 ••••• 0 ...................................... 31 


3.1 ~~~~~ ~ nt::.x;j;J:tft€!lWO)iiWr~1At:tl~ ................................................... 31 


3.2 iIWr~vtEtl~ 0)7:t:1P ................................................................................. 39 


3.3 ~~ tfJ ~.:: m-% ~ n t::. X;j;J:tft€!IW 0) if9J ~Vff.m~ ............................................. 39 


vii 



JAERI - Research 99-014 

3.4 l' /':J 0 l' . :J /' ~ 'Y r O)~~Uf~~1J*~: J: .Q iimmEm~ ........................... 40 


3.5 RiJ IHJ 1!ttmE ............................................................................................. 43 


3.6 ~ :J;f:flll ji!!fWJ 0) i.il.lL It .... . . . . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 47 


4. l' 	/' :J 0 l' . ~ -t 'r 'Y r ~: 36-~T .Q 1J!i~ ...................................................... 49 


4.1 	 l' /':J 0 l' . ~ -t ':J 'r r ~:3e~T.Q 1:: A 1) Y Am~ ······························49 

4.2 	 l' /':J 0 l' . ~ -t 'r ':J r ~:3e~T.Q i~1!ttmEm~ .......................................... 51 


4.3 	 l' /':J 0 l' . ~ -t 'r 'Y r ~:96~T.Q i~tVfEffi~~:~T.Q 
.l:t~m})t V'm*~1t*0):J'j•........................................................... ·······57 

4.4 	 :J l' }v~*iI*J~:3e~T .Q ~1!ttVfEffi~ ......................................................... 57 


4.5 	 l' /':J 0 l' . ~ -t 'r 'Y r ~:3e~T.Q ~1!ttmEm~O)~*i~~1J* ·····················58 

5. mt~~1*O)~VfEffi~ ...................................................... ························59 


5.1 Nb3Sn m1!tt~1*0) 1:: A T 1) Y A m~ ...................................................... 59 


5.2 *5..g..m~·· ...................................................................................... ·····61 


6. t~:fi~$ (~3 l' /' r) 0) 0 A ............................................................... 62 


7. 1J!i~m:iff0) i c (f/) •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 63 


7 .1 ~:J;f:flll ji!!fWJ 0) ~1ItmEffi ~ ........................................................................ 63 


7.2 l' /' :J 0 l' . :; -t 'r ':J r 0) m~ ............................................................... 64 


7.3 m1!tt~~{i$:O)~VfEffi~ ................................................................. ··········65 


7.4 ~ 3 l' /' r O)ffi~ ...................................................................... ···········66 


7.5 CS -1:-f)v . :J l' )vO)m~ ......................................................···············67 


7.6 1J!i~0)~iJ.ltlS~ ......................................................······························68 


7.7 ffi~O)fItiJiJ(;tt ...................................................... ·································69 


8. i c (f/) •••••••••••••••••••••••••••••••••••••••••••••• ••••••••••••••••••••••••••••••••••••••••••••••••••••• 70 


m !$'..................................................................................................... 70 


~~J'(Wtt ...................................................................................................... 71 




JAERI- Research 99-014 

Part A 

Overview ofTheory 

-1­



JAERI - Research 99-014 

1. Introduction 

In Part A the theory essential to the loss ca1culation of CS Model Coi1 is summarized. 
In Section 2 integral approaches are reviewed. First a fonnula is given to determine the 

magnetic field in the axis of a circular current carrying loop. Next the field distribution is 
determined in the axis of a thin solenoid. This is fol1owed by a semi-analytical method using 
elliptic integrals applicable to the calculation of flux density distribution in the cross-section of 
a current carrying circular loop. Formulations for magnetic nlaterials are also briefly discussed. 

In Subsection 2.6 a simp1e formu1ation is introduced for low-frequency eddy current loss 
calculation of a conductive rod placed parallel to the magnetic field. The importance of this 
simple test case is to understand the frequency and specific resistivity dependence of power 
loss. 

In Section 3 the 3D differential formulation is discussed for the eddy current loss 
calculation of tension rods, beams and plates. 

In Section 4 some remarks are done for 2D eddy current ca1culations with differential 
formulation. The current force is introduced in order to make possible the 2D simulation of 
eddy currents in lncoloy jackets. To avoid problems with singularities in cylindrical coordinate 
system, two possible methods are briefly summarized. 

The AC loss of superconducting cables is reviewed in the last section. The focus is on the 
hysteresis properties of superconductors and on the coupling, because these phenomena 
produce the main part of the loss. 

-3­
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2. Integral Approach 

The ma!:,rnetic field of quasi stationer currents can be described by the foHowing set of 
Maxwel1's equations 

rot H == .J , 
div B == 0, 

B jJuH. 
Introducing the magnetic vector potential as B == rot A , we obtain 

rot rot A graddiv A M == Po.J . 
Se1ecting the divergence ofA to be zero 

M -PoJ 
The solution for the magnetic vector potential can be obtained in the fonn of 

A== __1 SMdV+_lfoA~dS _1 fA~~dS 
47T v r 47T s on r 47T s on r 

where S denotes the surface of volume V. If the components of A disappear enough far in the 
infinity, we can write 

-	 Po S.JA ==- -dV Eq.2.1
47T v r 

From now on the vectors will be notified with upper bars till the end of this section. For a 

current carrying circular loop introducing JdV == J Sdl == I dl we obtain 

A == 	 Pol fdl Eq.2.2
47T'1 r 

In a given point P the :flux density is 

- Pol ..(dl
B(P) == rotpA -rotpj­

47T 1 r 

U sing the identity 

rot(uv) = u rot v + J.:,Tf'ad u x v 

1 
and substituting u and v dl 

r 
dl 1 ] r 

-roldl + 6Tf'ad- x dl = --3 x dlrot 
r r r r 

because rot pdl O. By this we obtain the well-known Biot-Savart law 

H 	 !.-....(dl x r 
47T j r3 Eq. 2.3 

1 

which allows us to evaluate the magnetic field generated by a current carrying conductor with 
arbitrary shape. This is the starting point of many analytical and semi analytical fonnulations. 

-4­
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2.1 Current Carrying Circular loop 
First let us consider a circular loop with radius R and carrying current I as shown in Figure 2-1. 

Figure 2-1.: Circular current carrying loop 

The magnetic field in the axis of the circular loop will be evaluated starting from the Biot­
Savart law, Eq.2.3. Considering just a small section of the coil its contribution can be 
expressed as 

j dlxr
dH --­

41f r3 
Its axial component is 

R dl R 
dH =dH*sina=dH-=j--­

z r 41fr2 r 

Integrating for the whole length finally we obtain 
I R I R2 I R2 

H= fdH, = 4n -;;-27rr 27- 2 (R2 +Z2) 

-5­
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2.2 Field distribution in the axis of a thin solenoid 
Next let us consider an ideal cylindrical solenoid with radius R and length 2a as illustrated 

in Figure 2-2. Let N denote the number of turns. 

~r p 
.... 

S 
r-, 

a a 

z 

Figure 2-2.: Geometry of a thin solenoid 

Based on the previous result the field produced by a small section with de; length is 

NI 1 R2 
dH=-dS- 3 

2a 2 [R2 + (z _ ,;-)'j% 
The axial component of the magnetic field along the axis can be calculated by integration onto 
the total length 

-ta NI R2 

H(z) = f . 3 ds 


~Q 4a [R2 +(z -,;-fl% 
Substituting sh(t) = (z - () / R the final result is 

H(z) :~l~R2:~az_Z)2 + ~R2:;:+Z)2]= 

This expression can be further simplified introducing a l and angles as illustrated in Figurea 2 

2-3: 
NI 


Hz = 21 (cosa1 - cosa2 ) 


p 

-~-----------------­ ;7 
.­

~ _---- u, 

1 

Figure 2-3.: Simplified notation 

In the center the field intensity can be written as 

-6­
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NI 

H(O) = 2.JR2 +a 2 


and at the end of the winding 
NI 

H(±a)= I . 
2" R2 + 4a2 

As an example the profile of the flux density along the axis of a solenoid is plotted in Figure 2­
4 with the following parameters: a=0.9m, R=1.3m, N=540, I=46kA. 

Flux density distribution along the axis 

14 

12 

10 

E 8 

m 6 

4 

2 

0 

0 0.5 1.5 2 2.5 

X[m] 

Figure 2-4.: Flux density profile in the axis of a thin solenoid 
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2.3 Field distribution in the entire cross-section of a current carrying circular 

loop 

In this section the field distribution is determined in the cross-section of a cylindrical conductor 
by a semi analytical method after Simonyi [1]. Instead of the direct application of Biot-Savart 
law, the magnetic vector potential is introduced and we start from Eq.2.2. The magnetic vector 
potential has only azimuthal component Alp because of the axial symmetry. The source point is 
denoted as (r' ,z') and the observation point as (r,z) in the fol1owing. 

All' (r,z) = Pol f 1_ dl,\
47r 1 r - r 

A (r z) =piJ r'cos(qJ'-cp)dcp' 
tp, 47r 0 ~(Z_Z')2 +r2 +r,2-2rr'cos(tp'-tp) 

Setting tp 0 

f.Jo I 21f r'dtp' costp'

A (rz)=--fr================= 

rp' 47r 0 ~(z - z') 2 + r2 +r'2 -2rr' costp' 


Introducing a new variable p= 7r- tp'

2 


tp'= 7r- 2P, dtp'= -2dP 

costp '= cos(7r - 2fi) = - cos2P=2 sin 2 p - 1 

-7r 
P(tp' 27r) =­

2 
2 

A. (r,z) = Pol r' -r 2(2 sin fJ -1)(-2)dfJ 


47r ~ ~(z-z') +r2 +r'2-2rr'(2sin2 P-l) 


2 
A.(r,z) = Pol r' I 2(2Sin fJ-I)dfJ 


27r -~~(z-z') +(r+r')2 -4rr'sin 2 P 


I 2 
A.(r,z) =Pol r' (2sin fJ-I)dfJ 

27r ~(z-z'Y +(r+r')2 -~ 1- 4rr'sin2 P 
~(z - Z,)2 + (r +r')2 

Introducing JC as 
k 2 _ 4rr' 

. - (Z_Z')2 +(r+r')2 


f.JoI r' ~ (2 sin 2 P-l)dP

All' (r,z) I f --;=====­

27r v(z-z,y +(r+r~)2 -Yz .JI-k2sin 2 P 
The numerator can be reformulated as 

2 
k22 -k22 (I -k 2 22 sin fJ - 1= - 1 sin fJ) = k~ [(I - k22 J -( 1-e sin2fJ) ] 

and the magnetic vector potential can be written as 
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f.JoI r' 2 [( k 2J ~ dfJA(6 (r, z) = 2 2 1 - ­
27r J (z - Z') 2 + (r +r') 2 k 2 !Jl - k 2 sin 2 f3 

Finally the magnetic vector potential can be expressed in cylindrical coordinate system as 

A.(r,z) = 'i': J(z - Z')2 r+ (r +r')2 [(1- k;JF{~ ,k) E(~,k)] 
where FO and EO are first and second order complete elliptic type integrals, respectively and 

4rr' 
k 2 =------­

(z z')2+(r+r')2 

~ 
F(k) = df3f 


o ~1 - k 2 sin 2 p 
~ 

E(k) = f ~r--l--k-2-sin-2-fJ dfJ 
o 

The radial and the axial component offlux density formally can be obtained from the vector 
potential as 

oAtp 
Br(r,z) - oz 

1 0 Atp oAtp 
Bz(r,z) --(rA) -r+-;;-rr or tp u 

Instead of the differentiation it is easier to derive expressions directly for Br and Bz in similar 
way as for the vector potential. Without details the result can be written as follows: 

2
Polz 1 [ r +r'2+(z_Z')2]

B(rz)=-- -F(k) + E(k)
r' 2" r ~(r+r')2 +(Z_Z')2 (r-r'Y +(Z_Z')2 

Pol z 1 [ r'2_r2 (z Z')2 ]
B (r,z) -- F(k) + 2 2 E(k) 

z 2rc r ~(r+r')2 +(Z_Z')2 (r-r') +(z-zt) 

Unfortunately the above formulations are singular if r=O, therefore we apply the result obtained 
in Sec.2.2. in the axis: 

Atp (r 0, z): = 0 

Br (r = O,z): 0 
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2.4 Field distribution in the cross-section ofa circular coil with rectangular 
cross-section 

If the current distribution is given in the cross-section of a circular coil, the above 
formulation can be applied with enough fine discretization, summing up the contribution of 
individual sections. 

z 

r 

Figure 2-5.: Circular coil with rectangular cross-section 

rl Z2 J 

Br,coil(r,z) =fdr' fI Br(r,z,r' ,z')dz' 


rl Zl 

rz Z2 J 

BZ,Coil (r ,z) = fdr' fI Bz (r, z,r' ,z' )dz' 


rl Zl 

2.5 Integral formulations for nonlinear numerical evaluation 
Iterative numerical solution is required if nonlinear magnetic properties are also considered. 

Here two methods are listed if the nonlinearity is given as single valued monotonous BH curve. 

2.5.1 Magnetization current density 
The simplest is to introduce a magnetization current density component in addition to the 

source current density by 
=rotM,J M 

where 
B 

M=--H. 
Po 

To obtain the solution a simple iteration should be done applying the current density 
J=JS+JM 

to the elliptic integral method. 
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2.5.2 Solution method of Newman et al. 

An alternative approach is worked out by Newman et al. which requires the iterative 
solution of the following integral equation 

M(r) = x(r)[f J(r') x (r -r') dQ' _ V f M(r')(r -r')dQ'] 

4n OJ Ir -rf OM Ir -rf ' 


where M is the magnetization, J is the source current density and X is the magnetic 
susceptibility. Instead of this formulation a 2D differential formulation will be used to study the 
magnetic behavior of Incoloy jacket. 

2.6 	Low frequency eddy current loss in a cylindrical rod 

We consider a long cylinder made of ferromagnetic or non-ferromagnetic material. The flux 
density is supposed to be homogeneous and parallel to the axis. Moreover it is changing with a 
constant rate, 	dB I dt =const. The induced electric field can be written as 

! dCl> 
'! El (r)dl = - dt 

on a radius r where 
dCl> 2 dB 
-=r n-. 
dt dt 

Within the cylinder for r < ro
rdB 

E(r) = ---. 
2 dt 

Introducing p specific resistivity, the eddy current density J is given by 
rdB 

J(r)=---.
2p 	dt 

The power loss per unit volume of the material is 

P 	 (dB) 2 ro (dB) 21 	 ro 1 2 
-[Wlm3 ]=-2f2nrE(r)J(r)dr=--2 - fr 3dr=l-

V nrO 0 2pro dt 0 8p dt 


The power loss is proportional to the square of the frequency. It also depends on the specific 
resistivity and the radius of the bar, however does not depend on the permeability as long as 
the flux penetration is complete. 

As an example the eddy current power loss is evaluated due to the z-component of the field 
in inner tension rod. The total length of an inner tension rod is 4476mm and its diameter is 
165mm. Only a short part of it (l775mm) is placed inside the coils. First the field profile is 
calculated along the tension rod. The conductivity is set to a =2E6S 1m. 
Substituting and integrating we obtain 

p = Ar; i(dB(Z») 2 dz 
8p dt0 

A careful numerical integration results 53.2W power loss in one tension rod. This means 
53 .2W* 13 sec=692J energy loss in one tension rod during the energizing of magnet. 
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3. 3D Eddy Current Loss Calculation by FEM Using Differential 
Formulation 

A domain consisting of a conducting sub-domain without current source and a non­
conducting sub-domain with current source is considered. 

3.1 Theoretical background 
In present quasi static case the following set ofMaxwell's equations describes the field: 

V x H = J (3.1) 
{)B

VxE=-- (3.2)
{)t 

B = pH (3.3) 

J aE (3.4) 

where (j' denotes the conductivity. Its numeric value strongly depends on the temperature, 
which has to be considered. Following from eq.3.2 the magnetic flux density has to be 
solenoidal 

VB = O. (3.5) 
Eq.3.1 implies that 

VJ = O. (3.6) 
In practice this means that at interfaces between air and metal no normal component of current 
is present. The eddy current analysis is carried out using magnetic vector potential A, 
introduced by means of the relation 

B =V x A (3.7) 
satisfying identically eq.3.5. Introducing a scalar potential V, eq.3.2 is satisfied by defining the 
electric field intensity as 

{)A 
E - {)t - VV. (3.8) 

The governing equation for A and V in the eddy current region can be obtained from eqs. 3.1, 
3.7 and 3.8: 

1 ()A
Vx-VxA+a-{) +aVV=O. (3.9) 

p t 

In order to define A uniquely the Coulomb gauge is applied 

VA=O. (3.10) 
ANSYS [5] replaces eq.3.9 by 

1 1 ()A
Vx VxA-V-VA+a~{)+aVV 

p P t 
O. (3.11 ) 

after Biro [6] and in order to satisfy the solenoidal requirement 

VCT(~~J+vv=o 

is imposed. The non-conducting region is represented with the simple fonnula 

1 
Vx-VxA=Js (3.12) 

p 
where Js is the source current density. An alternative approach is to use magnetic scalar 
potential in the non-conducting region. In such a case the nonnal component of A also should 
be specified on the interface by the constraint 
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A·n=O, 
for the unique solution. 

3.2 Boundary and Interface Conditions 

F1ux-normal boundary conditions can be satisfied by setting the normal component of A to 
zero. Flux-parallel conditions has to be satisfied setting the in-plane components of A to zero. 
For far-field simulation infinite elements has to be used. Periodic or cyclic symmetry can be 
satisfied prescribing constraint equations or coupling the nodes. An imposed external field 
requires to set Ax, Ay, Az values to the necessary one. Finally a numerical value for V must be 
fixed somewhere within the conducting region. 

3.3 Post-processing 
The current density is calculated over an of the finite elements where the conductivity is 

different from zero. Next the power loss per unit volume is calculated and integrating for the 
total volume the power loss is obtained as 

P(I) =Jp[J(t)rdv [Watt]. 

v 


Integrating according to the time, the energy loss (Joule heat) can be w1;tten as 

E(t) =J
t 

P( r)dr [Jou/e]. 
() 

3.4 Time derivative 
If the solution is done in the time domain, the following simple scheme can be used 

. Ak+l_Ak 

0A k+1 +(1 0)Ak =--­

At ' 
where index k notes the previous solution step and k+ 1 the new solution step. The time step At 
should be enough small and constant 0 larger than 1/2 for a stable solution. We will use 

0=2/3. 
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4. 2D Differential Formulation 

2D differentia1 formulation will be applied to the eddy current loss calculation of lncoloy 
jackets in cylindrica1 coordinate system. The differentia1 formulation of 2D problems is widely 
used, therefore we do not repeat the derivations. However some remarks will be done on 
axisymmetric problems and current force. 

4.1 Current Force in 2D 
The one component magnetic vector potential is selected to describe the 2D eddy current 

problem. The governing equation can be written as 
1 

Vx-VxA Js-uA, 
fJ 

where Is is the source current density. This formulation provides only voltage forced solution. 
If the total current has to be prescribed in the cross-section ( current force) than the source 
current term should be substituted [7] by 

oA 
J + u-;;-dS 

T. 
f vI 

.ls = ~ 
I;:onductor 

where T conductor denotes the area of the cross-section of conductor in which the current should 
be prescribed. 

This is the situation in case of Incoloy jacket which carries only eddy currents, but the total 
current should be zero in the whole cross-section. Note, that the assembled matrix will include 
long lines at vector potential values belonging to the jacket. This slows down the solution 
procedure and a1so requires additional storage capacity. 

4.2 Solution in Cylindrical Coordinate System 
The energy related functional for axisymmetric problems is 

W(A)=27r!H~(8:;r + ~(8:;r -2JsAp +uA.Ap ]+ ;A. 8~. + ~ A:r 
There is a singularity in r=O, causing problem during the numerical solution. To eliminate the 
singularity the modified vector potential should be introduced as follows 

A A 
A' ~ or A "=~ rp .Jr rp r 

In this case 

W(A) =211Jr2[~(OArp'J2 +~(OA(,O'J2]dQ+~ f(A.fdQ+~frAp'~ 
Q fJ 0 Z fJ or 4fJ Q fJ Q or 

- 2f*ArpJdQ + (j frArpArpdQ 
Q Q 

An other way is to select integration points far enough from the axis during finite element 
processing. The solution in node points can be obtained by extrapolating the results obtained in 
integration points. 
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5. AC Loss of Superconducting Cables 

If an external field is applied to a bulk Type-II superconductor screening currents will 
appear. The change of external field results hysteresis loss because the screening currents do 
not decay themselves due to the zero resistance of supeconductor. 

Under some condition the critical state of a superconductor may be unstable, because flux 
motion generates heat and the critical field depends on the temperature. They may cause flux 
jump by positive feedback, which results in the loss of superconducting state abruptly. Against 
flux jump fine filaments should be composed. Superconducting hysteresis loss also decreases if 
fine filaments are applied. In the practice for magnet winding filamentary composites are used 
in which the fine filaments are embedded in a matrix of normal metal ( usual1y copper) having 
good electrical conductivity. The good ductility of copper allow us to wind a magnet, the good 
electrical conductivity along the strand also give protection against flux jump and protect the 
conductor from bum-out if the magnet quenches. However the good conductivity of copper 
matrix cause the coupling of filaments together in changing magnetic field by cross-over eddy 
currents, resulting in coupling loss. Due to coupling the superconducting hysteresis loss also 
increases, since the whole strand will behave like a thick superconductor. The coupling can be 
significantly decreased by twisting the filaments. In addition we have to find an optimum 
choice of electrical conductivity which is a compromise between the conflicting demands of 
low A.C. loss and good stability. In many case resistive alloy jacket is placed around each 
filament to increase the cross-over resistivity and hence decrease the coupling loss, but keep 
the good conductivity along the strand. 

The transport current itself produce a self-field. This is why the current flow is located in an 
outermost shelL 

From the strands conductors are constructed. The lager the magnet the lager the conductor 
in order to be protected during quenching. Strands are twisted together to reduce the magnetic 
coupling between them. They are also fully transposed to minimize a self-field effect. 
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5.1 Characterization of Superconductors 
To describe superconductivity several physical models were developed: 

• 1935 London theory 
• 1950 Ginzburg-Landau theory 
• 1957 BCS theory (Barden-Cooper-Schrieffer) 

There are also simple models used successful1y in engineering. They use the E-J constitutive 
equation. Here just a brief summary is given. 

5.1.1 Critical state models 
Bean mode1 applies an idealized E-J relationship 

R 
.I .Ie 11~1 if R"* 0 and 

dJ 
=0 if £=0dt . , 

generally referred as critical state model. 

Kim-model also takes into consideration the critical current density dependence on the field as 


where J eO and Bo are constants. 


Yasukochi model use an other relationship for the critical current density dependence 


5.1.2 Flux flow and creep model 

J 

E j(IJI)Df 


and 

, . (Uo 1J (- (J0 ) ifj(.1) =21~c sInh kT .Ie exp kT 

j(l) = Pc1e + Pf(.1 - .Ie) if .I> le 

where Pr and Pc denotes the flow and creep resistivity respective1y while if0 is the pinning 

potential. 
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5.2 Superconducting Hysteresis (characterization by BH-Ioop) 

In the following the hysteresis of superconductors is demonstrated. Let us consider a 
superconducting slab of thickness 2a which is placed into He external magnetic field. The 

average flux density above the slab can be written as 

B Po 
20

fH(x)dx
2a () 

and the equivalent ma!:,rnetization of the slab is 
B 

M -He. 
Po 

For the calculation of the magnetization, we should know the magnetic field distribution within 
the slab. The externally applied magnetic field induce a persistent current in the 
superconductor. Based on the critical state model the current density distribution has a 
rectangular profile in shape resulting a linear profile of magnetic field within the slab. In 
general rotH = .I should be applied, which is simplified now to 

dHy 

ez dx - -Jz,e 


Increasing the magnetic field from zero to He value, the penetration depth is given by 

8= He 

.Ie 


To achieve full penetration O=a an external field with amplitude 
Hp = .lea 

should be applied. The flux density over the slab in case of full penetration is 

B = J.lo 2JoJ xdx = J.loJca . 
p 2a e 2 

o 

The magnetization of the slab can be written as 
Bp .lea Hp 


Mp Po-Hp=T Jea= 2 =-2' 

Increasing the field from a virgin state up to a maximum value Hmax<lIp and next decreasing 
back to zero, the average flux density is lager than zero. The changes of the field profile is 
summarized in Figure 5-1 for increasing and decreasing external magnetic field. 

In CS Model Coil a cyclic trapezoidal unidirectional excitation current is applied which also 
produces a cyclic unidirectional magnetic field. The maximum value of the field is over the ful1 
penetration. Flux profiles within a slab superconductor under the same excitation conditions 
are plotted in Figure 5-2. 

In case of a cylinder perpendicular to the field the external field necessary to achieve full 
penetration is 

4J a 

Hp 

e
 

7r 

and the magnetization is 
4 .lea 

Mp = 37r 
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H 
 H He=O 

x 

H 

x 

Figure 5-1.: A virgin Bean-slab placed into increasing and decreasing magnetic field 
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DECREASINGINCREASING 
FIELDFIELD 

\ 


M=+Mp\ 

M=-Mp 

t 
M=Q 

M=+Mp 

I 

Figure 5-2.: Cyclic magnetization of a slab superconductor based on Bean model 
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5.3 Superconducting hysteresis loss 
The energy loss caused by superconducting hysteresis can be evaluated by the help of 

Pointing vector 

-f fEx Hdsdt = ffEJdtdv + PoIfHdM. 
s v v 

Where S is the sutface of the V volume under interest. After some manipulation the energy 
loss over a full cycle can be expressed as 

Q=-PofMdHe' 

The energy loss per unit volume for cylinders over ful] penetration can be evaluated by the 
formula [2] 

8 
Q -JcaBm,

37r 
where Bm is the amplitude of a fully reversed cyclic external field. The critical current density 
dependence on the magnetic field has to be also considered. 

5.4 Coupling loss in transverse field 
The coupling loss depends on the twist pitch length and the effective matrix resistivity, 

since they determine the time constant of the system, and also depends on the excitation. The 
time constant can be written as [2] 

Po (L) 2 

T 2Pet 27r 

Usually it is determined from measurements since it is difficu1t to calculate the effective matrix 
resistivity. If a trapezoidal excitation signal is applied with maximum value Bm and ramp up 
time T m which is large comparing to 1:, than the power loss and energy loss per unit volume can 
be calculated from [2] 

~ _ B~ _1_(~) 2 2B~ T 

V - J~ Pet 27r T;'J.lo 

Qc _ 4B~~ 
V- Po 1~ 

These loss formulas are derived with some ideal assumptions. In the practice the external layer 
of filaments carries critical current density and this zone propagates toward the inner part of 
strands if it is necessary. The loss produced during propagation is called penetration loss. This 
component of loss is not considered now. 

5.5 Self-field loss 
Even if the filaments are well twisted and the coupling is reduced between them, the 

transport current itself produce a circular field around the conductors which is associated with 
energy loss as welL The only method to decrease self field loss is to fully transpose filaments 
and strands. Also strand diameter should be small, presently it is 0.81 mm. 
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5.6 Summary 
In pulsed magnets the filaments should be as fine as possible because of two reasons. First 

to avoid flux-jumping, second to decrease superconducting hysteresis loss. The transverse 
resistivity of the embedding copper matrix should be as high as possible in order to decrease 
coupling loss. On the same time conductivity in the longitudinal direction must be high to 
provide dynamic stability and to protect magnet during quenching. The AC loss of twisted 
superconducting filamentary composits consist of 
1. 	 superconducting hysteresis loss (the critical current density dependence on magnetic field 

and the transport current should be considered), 
II. 	 coupling loss (current through the copper matrix, current through the peripheral layer of 

strand and eddy current in the peripheral layer ), 
III. penetration loss and 
IV. self field loss. 

5.7 Measuring the loss 
We can not measure the components of loss of a superconducting cable, only the total loss. 

Generally calorimetric method is used and calibrated with a resistive heater. In the practice the 
largest amount of loss consists of coupling loss and superconducting hysteresis loss. Other 
components may be neglected. The energy loss can be written as 

Q QH +Qc = cIBm +c2 BmBr 

Bm3Q 

-~"-~~----"---------. 

dB/dt 

Figure 5-3.: Enerb'Y loss dependence on flux change rate and maximum value of applied 
external magnetic flux density (Bm1<Bm2<Bm3) 
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PartB 

Calculation Results 
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1. Introduction 

The Central Solenoid (CS) Model Coil is designed to produce magnetic fieJd with 
maximum flux density of 13T in case of 46kA excitation current. The coil will operate in 
"pulse mode", Present interest is to determine the total heat-loss produced in different parts of 
the magnet, namely the eddy current loss of supporting structures, the AC loss of 
superconducting cables (including the superconducting hysteresis loss ofNb3Sn filaments, eddy 
current loss, coupling loss), the ferromagnetic hysteresis and eddy current loss of Incoloy 
jackets. Also the analysis of butt-type and lap-type joints is necessary. The produced loss can 
be categorized as follows: 

• Eddy current loss in Cu, Incoloy, stainless steel and other meta] structures 
• Superconducting Hysteresis loss in Nb3Sn material 
• Ferromagnetic Hysteresis loss in Incoloy 

1.1 Basic Consideration 
In order to calculate the AC loss of superconductors, the eddy current loss and the 

ferromagnetic hysteresis loss of the magnet, 
W;otal (BtotaJ ) = ~ddy_curre1ll (BtotaJ ) + Wsc (BtotaJ ) + WFe_Hysteresis(BtotaI) ' 

the total magnetic flux density (Btotal) will be decomposed into two components; an ideal one 
(Bideal) and a perturbed component (Bperturbed). The ideal component is generated by an ideal coil 
while the perturbed component is produced by eddy currents, superconducting hysteresis and 
ferromagnetic hysteresis phenomena: 

Btotal (Bidea1 , B perturbed) = B ideal + B perturbed (Bideal ) 

Neglecting the perturbed part of the flux density we may receive a good approximation of the 
loss. (Not the ferromagnetic hysteresis or other phenomena are neglected but only their 
contribution to the magnetic field.) The advantage ofthis simplification is, that we can consider 
the components by one by one interacting with the ideal field component and finally obtain the 
total loss by summing up the contribution of individual parts. A simple calculation can show, 
that the contribution of low frequency eddy currents to the perturbed field can be really 
neglected. The contribution of ferromagnetic behavior will be discussed. 
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1.2 Components of CS Model Coil (Electromagnetic Model) 
The arrangement of winding and metal components of supporting structure are plotted in 
Figure 1-1 and Figure 1-2. The winding consist of modules, namely Inner Module-A, Inner 
Moule-B and Outer Module. In addition an Insert Coil is also placed inside. Two grades of 
conductor are used. In Insert Coil and in Inner Module-A where the magnetic field is high 
CS I-type conductor is used, while in Inner Module-B and in Outer Module CS2-type 
conductor is applied. 

1/4 section of structure 

Figure 1-1.: Arrangement of Winding ofCS Mode1 Coil 
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The supporting structure is manufactured from SS316 stainless steel. Figure 1-2 illustrates one 
quarter of the structure without the winding. There are totally 16 inner and 16 outer tension 
rods in contact with 16 upper and 16 lower tension beams. Below tension beams tension plates 
are located. The lower plate support consist of 4 segments, called Lower tension plates 
hereafter. They are the most critical because of their large size. The upper side is much more 
divided, consisting of8 upper-inner tension plates and 16 upper-outer tension plates. 

1/4 section of structure 

Figure 1-2.: Arrangement of metal components of the supporting structure 
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2. Magnetic Field Distribution 

The major geometric parameters ofwinding and the maximum values of applied excitations are 
listed in Table 2-1. First the distribution of magnetic flux density is calculated in the cross­
section of the model coil and plotted for the center 1ine in Figure 2-1. Next a simplification is 
introduced. Instead of the complicated structure of Insert coil, Inner module and Outer 
module, a simple solenoid is used with homogeneous source current distribution. Its inner 
diameter is selected to be R j=0.785m, its outer diameter R,=1.81m and its height h=1.775m. 
The maximum value of excitation current density is set according to Table 2-2 to produce the 
same field in the center, as it is in the case of detailed modeL The field profile produced by the 
simplified solenoid is plotted in Figure 2-2. Within the winding there is some difference 
between the two profiles. 

Table 2-1.: Major parameters ofwinding 

Insert Coil Inner Module Outer Module 
Kind ofConductor CSI CSI CS2 CS2 
Inner Radius 0.716m 0.8m 1.03] 5m 1.377m 
Outer Radius 0.77m 1.0315m 1.347m 1.79m 
Height 1.81m 1.6596m 1.6828m 1.67776m 
Layer Numbers 1 4 6 8 
Turn Numbers 30.875 122.9375 206.0625 273.92 
Current per turn 40kA 46kA 46kA 
Average Current Density 14.53MA1m2 14.72MA1m2 17.85MA1n12 18.1845MA1m2 

Table 2-2.: Maximum current density of simplified coil 

With Insert Coi1 Without Insert Coil 
Bcentcr 12.137T l1.404T 
Jrnax 16.396 MAlm2 15.405 MAlm2 

Both rand z-component of the flux density are plotted along inner tension rod in Figure 2-3, 
along outer tension rod in FiblUre 2-4 and along tension beam in Figure 2-5. 
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Field Distribution Along Inner Tension Rod 
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Figure 2-3 

Field Distribution Along Outer Tension Rod 
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Figure 2-4 

Field Distribution Along Tension Beam 
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Figure 2-5 
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B in the Center of the Detailed Coil 

Rim] 

,Figure 2-1.: Field profile produced by the detailed coil 

B in the Center of the Simplified Coil 
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Figure 2-2.: Field profile produced by the simplified solenoid 
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3. Eddy Current Loss in Structural Components 

The heat loss produced by eddy currents is calculated in the following components: 
• inner tension rods 

• outer tension rods 

• upper tension beams 
• lower tension beams 
• upper-inner tension plates 
• upper-outer tension plates 
• lower tension plates 

The governing equation of the quasi static electromagnetic problem is expressed in terms of the 
magnetic vector and electric scalar potentials. The numerical calculation is done by 3D 
ANSYSIEMAG code. Only single components are considered, since it is supposed, that they 
are electrically insulated from each other. Since the specific resistivity of metal strongly 
depends on the temperature, a wide resistivity range is considered. However the temperature 
distribution is not taken into account within rods. 
For our convenience the current and current density change rates are defined as fol1ows 

dI *(46kAJ in Inner and Outer module 
dt n 13sec 

dJ (40kAJ in Insert Coil dt = n* 13sec 

dJ (16.396MAJ. .. .
-d n * 2 In the slmphfied solenoId 

t 13m sec 
where n is the excitation rate factor. The calculations are done for n=1. The results can be 
recalculated for other specific resistivity values or excitation rate factor n if the current 
distribution is not changed by the formula 

const. 2
P=--n 


p 


3.1 Eddy Current Loss in Electrically Insulated Components 

The assumptions and conditions for the numerical analysis were the following: 
• The specific resistivity is lager than [10-8 Om] 

• The specific resistivity distribution is homogeneous 
• The magnetic property of Incoloy is not considered 
• Only one metal component is present in every time 
• The current increases linearly in time and n= 1 or n=1.07922 
• The simplified solenoid is used instead of the detailed one 

Only the upper half of the CS model coil is considered because of the symmetry in axial 
direction. The model coil is placed in the center of a global cylindrical coordinate system in 
such a way that the axis of the solenoid is fitted to the z-axis and the origo is in the half 
symmetry plane. Moreover the <p 0 plane fits to the axis of an arbitrary chosen tension rod. 
The problem is cyclic in such that a slice of 22.5° degrees between tP = -11.25° and 

tP =11.25° can be selected. 
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Tetrahedral elements with midpoints are used. The element type is SOLID97 with 
AX,AY,AZ and VOLT degrees of freedom in the metal and AX, AY and AZ DOF in the air. 
INFIN III elements are used to model the infinite region with AX, AY and AZ DOF. The 
source current density as a body force is prescribed after rotating the element coordinate 
systems parallel to the global cylindrical one. 

Instead of the periodic boundary condition at the ¢l -11.25° and ¢l =11.25° degree 
planes, flux-parallel conditions are applied. This defonns only the field produced by eddy 
currents. This effect is small. Flux-nonnal conditions are applied at the z=0 plane. All of the 
flux parallel and perpendicular conditions are prescribed in the rotated nodal coordinate 
systems. At the axis AX, AY and AZ are set to zero. The external nodes of the infinite surface 
are marked by infinite surface flags. In one node of the tension rod the time integrated scalar 
potential is set to zero. 

The power Joss and energy loss are calculated by the time history post-processor. 

The eddy currents in tension rods behave like the current of a voltage forced RL-circuit. 
Therefore switching transients occur. The eddy current calculation is terminated after reaching 
the stationer power loss value. 
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3. 1.1 Tension Rods 

Table 3-1 Results of 3D ANSYS analysis 
, 

n=1 n=1.07922 Specific resistivity 

Inner tension rod 3248W 3783W ]08!lm 

Inner tension rod 32.48W 37.83W 10-6!lm 

Outer tension rod 535W I 622W ]0·-8 !lm 

Outer tension rod 5.35W 6.22W 10-·6 !lm 

Inner Tension Rod 
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Figure 3-1.: Time dependence ofpower loss in tension rod 
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Figure 3-2.: Power loss vs. conductivity in tension rods 
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Inner Tension Rod 
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Figure 3-3.: Power loss vs. resistivity in inner tension rod 
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Figure 3-4.: Power loss dependence on flux change rate in tension rods 

Table 3-2 Equations to calculate power loss for specific resistivity values larger than 10· 8 Om 

Inner tension rod 3.248*10-5 

p 3.248*10-5 a *n2 = * n2 
) ifn~l 

p 
Outer tension rod 5.35 * 10-6 

P =5.35*10-6 a *n2 * n2 
) ifn~l 

p 
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3.1.2 Tension Beams 

Table 3-3 Results of 3D ANSYS analysis of tension beams 

n=] n=].07922 Specific resistivity 

Upper tension beam 733W 854W ]0-8nm 

Lower tension beam 677W 789W ]0-8Om 

:~~~~~~~~~~~~~~ 

700 
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Time [sec] 

Table 3-4 Power loss as a function of time produced in upper tension beam (p = 10-8 Om) 
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Figure 3-5.: Power loss dependence on conductivity in tension beams 
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Upper Tension Beam 
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Figure 3-6.: Power loss dependence on specific resistivity in upper tension beam 
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"Figure 3-7.: Power loss dependence on flux change rate in tension beams 

Table 3-5 Equations to calculate power loss for specific resistivity values larger than 10-8 Om 

Upper tension beam 733*10-<> 
P 7.33*10-6 u *n2 = . *n2,ifn~1 

p 

Lower tension beam 677*10-6 

P =6.77*10-6u*n2 = . *n2 
, ifn~l 

p 
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3.1.3 Tension Plates 

Lower Tension Plate 2 
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Figure 3-8.: Power loss as a function of time in lower tension plate 
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Figure 3-9 
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Figure 3-10 
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Figure 3-11.: Power loss dependence on flux change rate in tension plates 

Table 3-6 Equations to calculate power loss for specific resistivity va1ues larger than 10-8 Om 

Upper, Outer Tension Plate 
p 4.47536*10-6 a * n 2 4.47536*10- 6 

2 f 
*n ,i n~l 

p 

Upper, Inner Tension Plate 
p 5.49839*10-5 a *n 2 5.49839*10-5 

2 
ifn~l*n , 

p 

Lower Tension Plate 
P = 4.71519*10-4 a*n2 = 

4.71519*10-4 
*n2 , if~l 

p 
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3.2 Eddy Current Loss Distribution 
The absolute value of eddy current increases toward the sides of a component. Therefore 

the eddy current power loss is also larger near sides. As an example the power loss distribution 
is plotted in the cross-section of an inner tension rod, at the center in Figure 3-] 3. There is also 
a distribution in power loss due to the inhomogeneous field distribution. This is illustrated in 
Figure 3-] 2 for an inner tension rod. 

Power Loss Distribution Along Inner Tension 
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Figure 3-13.: Power loss distribution in the cross-section ofan inner tension rod at its center 

3.3 Eddy Currents in Connected Components 
Introducing beams with plates together in the calculation the loss in beams increases a little bit 
while in plates decreases. Assembling the whole structure some loops can be also found. This 
is discussed in Section 3.5. 
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3..4 The Effect of BH-curve of Incoloy onto the eddy current loss 
In this section not the ferromagnetic hysteresis loss is considered, but the change in eddy 

current loss through the change of magnetic field distribution, because of the presence of 
ferromagnetic material. 

A 2D static nonlinear analysis is carried out with ANSYS code to obtain the flux density 
distribution in the cross-section of the magnet. For the nonlinear field calculation a single 
valued monotonically increasing BH curve was used plotted in Figure 3-14 instead of the 
hysteresis loop. A two-step solution sequence was applied to obtain the final solution. First an 
excitation ramped through five substeps was introduced, each with one equi1ibrium iteration. 
Next the final solution was calculated over one substep, with 15 equilibrium iterations. 

In the case of linear model the field profile does not change with increasing excitation 
current, only the scale. With non-linear model outside the winding, the field is almost the same, 
like in linear case, however within the Incoloy winding at low excitation current it is different. 
A series of flux density profiles are plotted in Figure 3-15, Figure 3-16 and Figure 3-17 at 
different excitation current values. 

Not the numeric value of the field itself determines the eddy currents but the flux change 
rate. We define two paths in the cross-section of the magnet. Path-l is in the mid-plane of the 
winding and path-3 is in the upper plane of the winding. Figure 3-18 shows the flux density 
change in time in inner tension rod, where path-l cross over it. Figure 3-19 and Figure 3-20 
are plotted for path-3. Figure 3-21 Figure 3-22 and Figure 3-23 are the same for outer tension 
rod. At the very beginning of the excitation, the flux change rate is slightly higher in case of the 
ferromagnetic model, however in the main part the curves run parallel with the curves of linear 
model. This means, that the flux change rate is the same and hence the eddy current loss is also 
the same. 

We can conclude, that the eddy current loss can be evaluated with the linear model in 
structuraJ steel components. The flux distribution is modified by the magnetic materiaJ. 
However the difference in flux change rate outside the Incoloy winding is small and hence the 
eddy current loss is not influenced in tension rods, beams and plates. 

BH Curve of Incoloy at 4K 

O~~~~~~~~~~~~~~~~~~~ 

O.OE+OO 1.0E+06 2.0E+06 3.0E+06 4.0E+06 5.0E+06 

H [AIm] 

Figure 3-14.: Single valued BH curve ofIn co loy applied in nonlinear numerical analysis 
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Figure 3-15.: Magnetic flux density distribution in the center of magnet in case of 
] .383 kA and 2.765 kA excitation current 
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Figure 3-16.: Magnetic flux density distribution in the center of magnet in case of 
5.53 kA and 22.1 kA excitation current 
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Figure 3-17.: Magnetic flux density distribution in the center of the magnet in case of 
44.21 kA excitation current with linear and nonlinear material models 
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B vs. time in inner tension rod, path1 	 B vs. time in outer tension rod, path1 
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Figure 3-18 


B VS. time in inner tension rod, path3 
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Figure 3-19 
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Figure 3-20 
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B vs. time in outer tension rod, path3 
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B vs. time in outer tension rod, path3 
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3.5 Loop Currents 

3.5.1 Frame 
Inner and outer tension rods together with lower and upper tension beams connected and 

fixed mechanical1y produce a frame, which is a closed loop electrically, as illustrated in Figure 
3-24. If magnetic flux changing in time path through the frame, electromotive force is induced, 
which generates a large loop current, because of the small resistivity of the frame. 

Rrnu 

~~h "h'//. '////. 

~~~ '//.'//~ 
~ ~ 
~ "//., 

~ ~ ~ 
~ ~ ~ ~~ "/.'/. 

RrnL 

Figure 3-24.: Frame and its circuit model 

To obtain the loop current (1), generated by a given EMF, the DC resistivity of tension rods 
(RrR), upper and lower tension beams (RTBU ,RTBL) is estimated based on their geometry: 

I 
R1X =PA 

I) 3.376m ]- - 158­( A TR - 0.02137m2 m 

I) 1.375m 1 
( - = =17396­

A TBll 0.52*0.152m2 . m 

I) 1.375m 1 
( - - 19.247­

A 1'8J, - 0.47 *OJ 52m2 m 


[J
1=------­

2RTR + RTBU + RTHL 

In Table 3-7 calculated resistivity values are listed, while in Figure 3-25 and Figure 3-26 loop 
currents and their densities are il1ustrated up to 0.05V electromotive force value. If loop 
current is present, the loop current density is superposed onto the eddy current density of 
tension rods and beams hence increasing the power loss. In case of p=5.3E-7Qm specific 
resistivity and electromotive force less than O.02V we may neglect the contribution of loop 
currents on the power loss. 
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Loop Current in the Frame 
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Figure 3-25.: Loop current in the frame 
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Figure 3-26.: Loop current density in frame components 

Table 3-7.: Loop current in the frame 

Specific Resistivity p ]E -80m P = 5.3279E' ­ 70m p=lE 60m 

Tension Rod 1.58E-6 Ohm 8.41E-5 Ohm ].58E-4 Ohm 
Upper Tension Beam 1.74E-7 Ohm 9.27E-6 Ohm 1.74E-5 Ohm 
Lower Tension Beam ],93E-7 Ohm ].03E-5 Ohm ],93E-5 Ohm 
R 3.527E-6 Ohm 1.878E-4 Ohm 3.527E-4 Ohm 
1(0.01 Vl 2.84 kA 53.25 A 28.4 A 
1(0.02V) 5.68 kA ]06.5 A 56.8A 
1(0.03V) 8.52 kA 159.8 A 85.2A 
I(O.04V) ] 1.36 kA 213 A 113.6 A 
I(0.05V) ]4kA 266 A 140A 
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In the design the flux is paral1el to the frame, so no flux path through it. However in the 
practice smal1 deviations may occur like: 
• Misplacement ofwinding-pack into vertical direction 
• Misplacement ofwinding-pack into horizontal direction 
• Miss-orientation of winding-pack 

First the induced EMF is roughly estimated in case when the winding-pack is miss-oriented. 
The maximum deviation of winding-pack from the horizontal plane is 2 mm over 3620 mm. 
From this the maximum angle between the plane of frame and the axis of winding-pack can be 
determined: 

slna 
3620 

Only field component perpendicular to the frame will induce loop current, which can be 
obtained as Bzsina. An effective area is calculated with respect to the field distribution. Inside 
the coil and in the coil cross-section the z-component of the field is relatively large as indicated 
with the shaded area in Figure 3-24. Therefore we consider only this area in the flux 
ca1culation and decrease the effective area to one fourth of the original one. Moreover Bz is the 
largest inside and decreases linearly toward the outer region, therefore the effective area will be 
further decreased to half value, AefIective=1I8* Aframe where An-ame=4.64m2

. Supposing 1 T/sec 
induction change rate in the decreased effective area the induced electromotive force is 
obtained in the frame: 

., ., d f dBz • 
1Ml' = dt BdA ~ dt SI n a Aeffective O.3m V . 

3.5.2 Inter-frame loops 

Frames are connected electrically with tension beams producing inter-frame loops. First only 
the radial component of field is considered. Permanent loops are ABCD and DKL (connected 
through EH and FG). 

C 

B 

K 

A 

L 

I 

Figure 3-27.: Two frames connected with tension plates 
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If the winding-pack is introduced precisely, no EMF is induced in these loops, because the 
radial component of field opposite in sign in the upper and lower regions. However if the 
winding-pack is miss-placed into vertical direction, flux will path through these loops. The 
distances between two inner tension rods (Be) and two outer tension rods OK) are 

22.51 
hI = 2RI sin a 1.130sin( 2) =0.221m 

22.5)h2 =2R2 sina =3.880 sin(2 =O.757m 

Ifwe move the winding-pack with x and suppose 1.8T at the upper tension beam and -1.8T at 
the lower tension beam, than EMF]=O.06x Volt, and EMF2=0.21x Volt. Even if x=5cm, 
EMF2=10mV. 

Next the z-direction of magnetic field is considered. Every upper outer tension plate is 
electrically connected only to one tension beam. However upper outer plates connect two 
frames and lower plates connect four frames. This cause an asymmetry with respect to the 
induced voltage. We have to consider GFJIEHLK loop which is plotted with thick line in 
Figure 3-27. The area what should be considered is 

1 1) 1( -1) 1(
T = OD Jl) =028155m2 

16 4 . 

The z-component of the induction in the place of upper outer tension plate is approximately 
]T, hence dB/dt=1 T/13sec. The induced electromotive force is EMF=22mV. 

For simplicity we will neglect the contribution of loop currents during loss calculation. 
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3.6 Temperature increase in structural components 
Before operation al1 components of the Model Coil is cooled down to liquid helium 

temperature. During the energizing process of the magnet the induced eddy currents heat up 
metal components. As a row estimation of temperature increase we consider one cycle of 
excitation which includes an increasing and a decreasing part both with duration 13 sec. 
The component under examination is supposed to be insulated from its neighborhood and an 
infinite large heat conductivity is supposed, which is realized by a homogeneous power loss 
distribution. The temperature increase is evaluated by the formula 

12 12

Jc( l)mdT = JPdt 
Ii t1 

The specific heat data is summarized in Table 3-8 and plotted in FibtUre 3-28. The density is 
supposed to be Pm = 7.86J~'3kg / m3 

• 

Table 3-8 Temperature dependence of specific heat of SS316 

Temperature Specific Heat 

4K 2.206734 J kg-1 K-1 

6K 3.08733199 J kg-l K-1 

8K 4.06794432 J kg-1 K-1 

10K 5.108969775 J kg-J K-J 

20K 11.0069417 J kg-J K-J 

77K 144 J kg- l K-1 

273K 435 J kg-1 K-1 
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.Figure 3-28 Specific heat vs. temperature of SS316 
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Table 3-9.: Adiabatic temperature increase estimation of structural steel components during 
one cycle of applied excitation (rho=5.33E-7 Ohm*m) 

Component P[W] V[m3 
] PN[W/m3 

] ICdT ~T 

Rod - Inner 60.95W 0.lm3 610W/m3 2.0178 0.84K 

Rod - Outer 10.04W 0.1m3 100.4W/m3 0.3308 0.148K 

Beam - Upper 13.76W 0.109m3 126W/m3 0.4168 0.186K 

Beam - Lower 12.7W 0.098m3 130W/m3 0.43 0.192K 

Plate - Upper, Outer 8.4W 0.03867m3 217W/m3 0.7178 0.316K 

Plate - Upper, Inner 103.2W 0.06689m3 1543W/m3 5.1041 1.917K 

Plate - Lower 885W 0.29146m3 3036W/m3 10.0428 2.341K 

The results of the adiabatic temperature increase estimation is listed in Table 3-8. It can be 
seen, that the temperature may increase significantly due to eddy currents if the magnet is used 
in pulse mode for a long time. Therefore cooling is required. The largest temperature increase 
occurs in lower tension plates and in the in-coil part of inner tension rods where significant 
power loss is produced. If the specific resistivity increases due to the local increase of 
temperature, than a coupled heat flow and electromagnetic analysis is required which take into 
account the distribution of specific resistivity. 
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4. Loss Generated in Incoloy Jacket 

4.1 Ferromagnetic Hysteresis Loss of Incoloy Jacket 

In ferromagnetic materials the area of a closed minor or major loop gives the heat Joss 
produced in unit volume and can be calculated by 

~()SS == ~HdB 
The hysteresis loss in INCOLOY is produced at relatively low field values because of the 
saturation. For an exact field and loss calculation mathematical hysteresis models can be used, 
however this is not essential for a row estimation. As a first step it is enough to estimate the 
loss based on low temperature hysteresis loop measurements. At 4.2K the hysteresis loss of 

:.l :.l .'INCOLOY908 was found to be W1oss=4.4mJ/cm'=4.4kJ/m' for rmld annealed plus heat treated 
and W1oss=4.1mJ/cm3=4.1kJ/m3 for mild annealed specimens, magnetizing them on the major 
loop (Goldfarb 1986). If a zero averaged trian!,YUlar shape wave-fonn is used to excite the CS 
Model Coil large enough to drive the total volume of Incoloy jacket into saturation, than just 
the total volume of Incoloy jacket used in CSI and CS2-type conductors detennine the loss. 

Table 4-1 Geometric data of conductors 

Location Length Type Cross-section Volume 
Insert coil 144m CSI 1440mm2 0.20736m3 

Inner module 
I_4th layer 

707m CSI 1 440mm2 1.01808m3 

Inner module 
5 - ] Oth layer 

1538m CS2 996mm2 1.53185m3 

Outer module 
10-I 8th layer 

2724m CS2 996mm2 2.71310m3 

Based on Table 4-1 the total volume is V=5.47m3 
. This would result in 24kJ heat loss per cycle 

in the total amount ofjacket. 

4.1.1 Magnetization History 
The hysteresis Joss depends on the magnetization history. A trapezoidal shape excitation (in 

the positive plane) applied repeatedly to the CS Model Coil magnetize the Incoloy jacket only 
on a minor hysteresis loop, 

The loss strongly depends on the shape and extreme field values of the minor loop. In 
present case the minimum value offield intensity produced by the excitation current is zero and 
the maximum value is large enough to magnetize the jacket up to saturation. Consequently one 
ending point of the minor loop is in saturation while the other one is located at field values 
between zero and -He depending on the location of an actual conductor. The reason why H is 
lowered can be explained by magnetic circuit models. If a closed magnetic circuit made of 
ferromagnetic material is magnetized by an external field and next the field is switched off, than 
we move back to the remanent induction point where H=O. However in the case of Incoloy 
jacket the circuit is not closed since every conductor is wrapped with a coil insulator (1 .5 mm 
thickness) and every layer is separated with a layer insulation (3 mm thickness). From magnetic 
point of view this means that the ferromagnetic substance is cut into pieces by a large number 
of air-gaps. In this magnetic circuit the constitutive equation and the Ampere's law have to be 
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satisfied in the same time. This results in the strong demagnetization of Incoloy jacket and a 
relative increase of loss comparing to a closed magnetic loop, as illustrated in Figure 4-1. 

In present row estimation the loss of minor loop is set to one third of a complete cycle 
1.46mJ/cm3 which results in 8kJ heat loss in the whole winding during a complete period of 
excitation. 

4.1.2 Characteristic Values of Hysteresis Curves 

Characteristic values of the hysteresis loop like coercive field and remanent induction also 
get importance in the loss calculation. Unfortunately present measurement data carried out by 
Goldfarb (1986) on INCOLOY 908 does not give information about details. Moreover the 
hysteresis loss calculated from the area of the MH-loop is not in agreement with the loss data 
(probably measured by calorimetric technique). One possible explanation can be, that· the size 
of the specimen was small (0.225 cm 3) and probably very thin in order to avoid eddy current 
effect. However in such a case the domain structure may be different and also the number of 
domain walls may be too small. During magnetization the so called microscopic eddy currents 
can be induced in the vicinity of domain walls, due to their fast movement. These microscopic 
eddy currents also produce loss. They may lose their importance in a larger specimen. This 
should be verified by measurement. 

The BH-curve measurements were carried out on mild annealed and aged specimens. 
However the conductor will be manufactured by a pull-down procedure followed by heat 
treatment. It would be important to measure BH-curve also on specimens prepared under the 
same condition as the jacket is produced. 

r-­

[] [] 

Closed 
Magnetic 
Circuit 

H 

[] B
Open 
Magnetic 
Circuit

[] 
- H 

Figure 4-1 
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4.2 Eddy Current Power Loss of Inco/oy Jacket 
Assumptions and conditions for the eddy current loss analysis of Incoloy jacket: 

a) 	 The superconductor is supposed to be insulated from the Incoloy jacket. This means that 
no eddy currents can be closed through the superconductor, they flow in the jacket. 

b) 	 Instead of the modeling of the complicated spiral structure of the winding the conductor is 
cut into pieces and only one tum is considered in the same time, spanned into the 
horizontal plane. By summing up the contribution of individual turns, the total loss is 
obtained. The basis of this simplification is the following: Let us consider one turn placed 
into a homogeneous magnetic field slowly changing in time. The len!:,1fh of a turn is 
relatively long and by further increasing it the power loss also increases linearly with the 
len!:,1fh. The eddy currents are parallel with the coil except the end regions. In the real 
magnet the field is not homogeneous, but there is a gradient along the length of coil 
resulting in a small eddy current component, which is not parallel to the coil. Since the 
gradient of field is sma11 along one tum, a good approximation of loss can be obtained by 
applying a piece-wise linear field distribution along the length of coil, where the field 
distribution is the same along one tum. 

c) 	 A simplified 2D axisymmetric model is applied to the cross-section of jacket. Only one 
jacket is considered in the same time for eddy current analysis and it is not excited from 
inside. The rest of winding is taken into account with its excitation current density and no 
eddy currents are considered. To satisfy the correct eddy current distribution in the cross­
section of the selected jacket, the total current ofjacket is forced to be zero. Since ANSYS 
can not apply directly the formula introduced in Part A for the current force, first an 
additional voltage degree of freedom was introduced to the nodes of jacket and next they 
were coupled. Final1y the current was prescribed in one node. 

d) 	 The simplified solenoid model was used for the numerical calculation of Insert coil jackets, 
Inner Module-B and Outer M'odule jackets, while the detailed model was applied to the 
Tnner Module-A jackets. 

e) 	 The specific resistivity was set to p = IE - 8Qm. The result can be recalculated for lager 
specific resistivity values or for smaller field rates. 

f) The specific resistivity distribution is homogeneous in the jacket and does not depend on 
the field. 

g) Only half of the magnet is considered because of the symmetry. 

For our convenience the layers are numbered as follows; Inner Module-A 1-4, Inner Module-B 
1-6, Outer Module 1-8. Conductors are also numbered starting from the center of the magnet. 
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As the magnet is energized eddy currents are built up through a short time transient. In 
Figure 4-2 the eddy current power loss is plotted in time generated in Insert Coil conductor 
Number 2. Following the transient, in stationer state the power loss does not change anymore 
if the resistance also does not change. (tn case of temperature increase or due to magneto­
resistance effect the resistance may increase.) 

Insert Coil No.2. (1 E-8 Ohm*m) 

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Time (sec] 

Figure 4-2.: Eddy Current Power Loss vs. Time in Insert Coil Jacket No.2 

The individual turns are subjected to different fields depending on their location. Not only 
the amplitude of flux density is changing but its incidence angle as well. Therefore several 
conductor were analyzed in every layer. The results are p]otted in Figure 4-3 for Insert Coil, in 
Figure 4-4 and Fi!:,rure 4-6 for Inner Module A and B and in Figure 4-8 for Outer Modu1e. The 
power loss values are aJso plotted aJong the radius in Figure 4-5, Figure 4-7, and Figure 4-9. 
The power Joss for the rest of conductors are interpolated and the totaJ power loss is obtained 
by summation and listed in Table 4-2, Table 4-3, Table 4-4, and Table 4-5. 
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4.2.1 Insert Coil 

Table 4-2.: Stationer Eddy Current Power Loss in Insert Coil Incoloy Jacket 
(CS I-type conductor, P= 10 8 Om, dJ / dt = 46kA /13 sec, simplified model) 

Conductor P [W] 
No.2 232W 
No.5 224W 
No.IO I9SW 
No.IS I43W 
Total in Insert Coil 6000W 

Eddy Current Loss of Winding in Insert Coil 

o 2 4 6 8 10 12 14 16 

Coil NOOIber (n, 

Figure 4-3 
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4.2.2 Inner Module-A 

Table 4-3.: Stationer Eddy Current Power Loss in Inner Module-A Incoloy Jacket 
(CS] -type conductor, p= ] 0-8 Om, dl / dt =46kA /13 sec, detailed model) 

Conductor Layer-l Layer-2 Layer-3 Layer-4 
No.2 219.83W 20S.8SW 190.60W 1 74.4W 
No.S 212.6SW 199.42W 18S.06W 1 69.84W 
No.lO. 184.06W 174.11W 163.84W lS3.08W 
No.1S 134.77W 134.89W 134.92W 134.S7W 
Total in Layer 5672W S38SW S07SW 474SW 
Total in Inner 
Module-A 

20877W 

Inner Module-A 
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Figure 4-5 
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4.2.3 Inner Module-8 

Table 4-4.: Stationer Eddy Current Power Loss in Inner Modul-B Incoloy Jacket 
(CS2-type conductor, p= 10-8 Om, dI / dt =46kA /13 sec, simplified model) 

Conductor Layer-l Layer-2 Layer-3 Layer-4 Layer-S Layer-6 
No.2 88.48W 6S.63W 34.16W 
No.5 86.95W 64.99W 34.67W 
No.IO 81.30W 63.06W 37.57W 
No.IS 74.47W 63.S4W 47.16W 
Total in Layer 2780W 2488W 2169W 3S36W 1340W 
Total in Inner 
Module-B 

12340W 

Inner Module-B 

2 4 	 6 6 10 12 14 16 

Conductor Number 

Figure 4-6 

Inner Module-B 
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Figure 4-7 
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4.2.4 Outer Module 

Table 4-5.: Stationer Eddy Current Power Loss in Outer Module Incoloy Jacket 
(CS2-type conductor, p= 10-8 Om, dI / dt =46kA / 13 sec, simplified model) 

Layer-l Layer-2 Layer-3 Layer-4 Layer-5 Layer-6 Layer-7 Layer-8 
Con. 2 19.44 6.6W O.39W 2.9W 8.16W 
Con. 5 20.43 7.9W 1.71W 3.96W 9.0W 
Con. 10 25.25 13.94W 7.69W 8.64W 12.64W 
Con. 15 38.41 29.26W 22.34W 19.41W 20.41W 
In layer 942W 750W 557W 442W 327W 334W 340W 458W 
In Outer 
Module 

4150W 

Outer Module 
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4.3 Eddy Current Power Loss Dependence on Specific Resistivity and Flux 
Change Rate 

Table 4-6.: Fonnulas for the calculation of eddy current power loss in modules 

Insert Coil 
P =6*] 0 5 U *n 2 6*]0 5 

*n 2 

p 

Inner Module-A 
2.0877*10- 4 u *n 2 = 

2.0877*10 4 

*n2p 
p 

Inner Module-B 
P = ].234*10-4 

U *n 2 = 
1.234*] 0·-4 

*n2 

p 

Outer Module 
4.15*10 5 u *n2 =

4.15*] 0-5 

*n 2p 
p 

In Table 4-6 analytical formulas are listed for the loss calculation in different modules as a 
function of current change rate and specific resistivity. In addition the power loss nlay also 
decrease with increasing field if magneto-resistance effect is significant ( Figure 4-10). 

p p 

tB 

Figure 4-10.: Power loss decrease due to magneto-resistance effect 

4.4 Eddy Current Power Loss Distribution in the Winding 
The disttibution of stationer eddy current power loss generated in layers is illustrated in Figure 
4-11. Now the numbering starts at Inner Module-A, layer-l and increases toward the Outer 
Module layers. A sharp drop in power loss can be observed between layer 4, where CS I-type 
conductor is used, and layer-5, where CS2-type conductor is applied, since the size of CS2­
type conductor is smaller than that ofCS]. 

Eddy Current Power Loss in Incoloy Jacket 

~ ___ : ....::.,c•• ·..·.•·.·.· ••.···..• ·.·······.:.··.··.·............ '.: .•• : ••.•. " ................................. > • 
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Figure 4-11.: Eddy current power loss distribution within layers 
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4.5 The Effect ofBH-curve of Incoloy onto the Eddy Current loss ofJacket 
Similarly to Section 3.4 the flux change rate is studied within the Incoloy jacket, see Figure 4­
12 and Fi!:,Yllre 4-13. At the very beginning of the excitation, the flux change rate is significantly 
higher than in linear case resulting in an increased eddy current loss. However over saturation 
it is the same as in linear case. Due to the small duration of the increased part we may neglect 
the difference and apply a linear model for loss calculation. 

B vs. time in the winding 
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!::. 
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Figure 4-12.: Flux density change in time inside the lncoloy winding 
during the energizing of magnet 
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5. AC Loss of Superconducling Cables 

We assume that AC losses consist only of hysteresis Joss and coupling Joss. The 
characteristic parameters of superconducting cables are summarized in Table 5-1. 

Table 5-1.: Characteristic parameters of strands and filaments 

Number of strands in CS 1-type cables 1152 Nb3Sn twisted filamentary composit 
NUInber of strands in CS2-type cables 720 Nb3Sn strand and 360Cu wire 
Composite diameter d=0.81mm 
Number of filaments N=8037 
Filament diameter 2a=2.8IJ.m 
Critical current density (for transport current) Jc(B=12T)=580Almm2=5.8 108A/m2 

Hysteresis loss for cyclic field W1oss(Bm=+-3T)= 110mJ/cm3 

Cufnon Cu ratio in strand 1.5 

5.1 Superconducting hysteresis loss in Nb3Sn filaments 
Type-ll superconductor, Nb3Sn is used in CS Model coil which exhibit magnetic hysteresis 

caused by the pinning of the filaments by lattice defects. The amplitude of the field which just 
penetrates to the center of the sample is small 

Bp := 2J1oJc 2% =< 0.11' 

comparing to the applied transverse field, 
Bm 

p B>100, 
p 

therefor the ener!,'Y loss per unit volume over the full penetration can be evaluated by 
B2 4 8 

Q 2 m 3p =3 JcaBm. 
jJo ' 1C 

The ener!,'Y loss generated below full penetration 

_ B~ kJ/
Qp - 0.623 < 2.5 / m3 ,

2110 
wi)) be neglected. However we have to take into consideration the dependence of critical 
current density on the actual magnetic field and evaluate the loss by the formula 

8 Bm 

Q -aJ.Jc(B)dB. 
31C 0 

If one knows the critical current density dependence as a function of magnetic field, can 
calculate the superconducting hysteresis loss. Not the critical current density given in Table 5-1 
will be used, but the measured hysteresis loss data. The modified Yasukochi-model is used in 
order to take into consideration the critical current density dependence on the magnetic field 

J cb ( IBI)2
.Ie (B) = .JiBf 1- Bc2 

where Bc2=23.5T will be used considering T=4.2K temperature and 8=-0.25% longitudinal 
strain. After integration 
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m8 lJ 1 ( B ) 2 8 [I 2 I ~ 1 1 5 ] lJ.Q=-aJ J- I - dB -2aJ B2 ___B2 + __-B2 

37l" cb () JB 23.5 37l" cb 23.5 3 23.52 5 


o 

Jch can be determined from the measurement result of a single filament placed in transverse 
magnetic field and next can be used to evaluate the superconducting hysteresis loss in the CS 
Model Coil. Since filament diameter may strongly scatter in a strand, for loss calculation a new 
constant, C is introduced which includes all of the unknown parameters 

8
C

'f 

=-2aJcb • 
37l" 

5.1.1 Single Nb3Sn strand in cyclic transverse magnetic field 
To determine the quality of Nb3Sn strands, the loss was measured in the case' of fully 

reversed cyclic excitation with 3 T amplitude. The hysteresis loss was found to be 110mJ/cm3 

projected to the non-copper volume. From this 
C=69.182*103 and 

Jcb=2.91 * 1 010AT1l2/m2. 


As an example the critical current densities at 5T and 12T are the following 
Jc(5T)=8*109Alm2 

Jc(12T)=2*109Alm2
. 

5.1.2 Superconducting Hysteresis Loss in the CS Model Coil 
The coupling between filaments and also between strands will be neglected during the 

hysteresis loss calculation. Moreover the loss in case of trapezoidal shape excitation is 
supposed to be half of fully transverse cyclic field. Also the effect of transport current is 
neglected. The total loss coming from the superconducting hysteresis is obtained by summing 
up the loss for all ofthe filaments: 3

1 [1 21 115]W =""Q.V = - "" C B2. ---B2. + ___B2. 2r.7l" A 
~ " 2 ~ m,I 23.5 3 m,I 23.52 5 m,I I 

where the total non-copper areas of strands are 
A=l 152Astrani2.5=237.45*I0-6 m2 for CSI-type cable and 
A=720Astrani2.5=148.4*10-6 m2 for CS2-type cable. 
(Astrand=0.81 21t/4=0.51 5299735mm2

). 

Table 5-2.: Superconducting Hysteresis Loss in CS Model Coil 
(the effect of transport current is not included) 

With Insert Coil Without Insert Coil 
P[kWJ (26sec) Q[kJ/cycle] P[kW] (26sec) Q[kJ/cycle] 

Insert Coil O.llkW 2.87kJ 0 0 
Inner M'odule-A 0.51kW 13.26kJ 0.51kW I3.28kJ 
Inner Module-B 0.64kW I6.66kJ 0.64kW 16.68kJ 
Outer Module 0.83kW 21.44kJ 0.82kW 21.40kJ 
Total 2.09kW 54.22kJ 1.98kW 51.36kJ 

-60­

http:21t/4=0.51
http:Astrand=0.81
http:Jcb=2.91


JAERI - Research 99-014 

5.2 Coupling Loss 
Let tm denote the ramp-up time and 't the decay time constant of coupling currents. In present 
application tm is set to 13 sec and 't is supposed to be 50 msec both for CS 1 and CS2-type 
conductor including Cu-wires. Since tm is large comparing to t, the coupling power loss 
density can be written as 

l~p ~(BmJ2 r= 2 B~ 13*10 3 =470.873B2 [~J.

V #0 1m 47il0-- 7 502 m m3 


The enerb'Y loss density for a complete cycle is 

Qcp J~p 2 [ kJ ]
-V = 2-1m = 12.243Bm 3 l .

V m'cyc e 

Next we have to sum up the contribution of conductors in CS Model Coil depending on their 
geometric positions; 

P=2:(P) 2lj7i A 
I V i 

Q= 2Ptm 

where 
A=] ] 52Astrand=593.625mm2 for CS I-type cable and 

2A=(360+720)Astrand=556.524mm for CS2-type cable. 

(Aslrand=0.8 1 21t/4=0. 5 I 5299735mm2). 


Table 5-3.: Coupling loss in CS Model Coil 

n=1, t=50msec With Insert Coil Without Insert Coil 
P[kW] Q[kJ/cycle] P[kW] Q[kJ/cycle] 

Insert Coil 6. 16kW I60kJ 0 0 
Inner Module-A 21.55kW 560kJ 21.95kW 570kJ 
Inner Module-B 20.36kW 529kJ 20.54kW 534kJ 
Outer Module 8.24kW 2I4kJ 8.I7kW 2I2kJ 
Total 56.31kW 1 464kJ 50.67kW I317kJ 

The results can be recalculated for other time constant or ramp up time with the following 
fonnulas: 

2 n r 
P(n, r) ---P(n = 1, r 50msec) , 

50msec 
nr 

Q(n, r) ---Q(n = 1, r 50msec).
50msec 

Measurements were carried out on a short piece of CS2-type conductor by K. M.atsui et. al. 
[3]. The estimated time constant was found to be t=13 msec including eu-wires. Time 
constant of CS I-type conductor is probably larger because it contains only superconducting 
strands. 
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6. Loss of Joints 

Two types ofjoints are applied in CS Model Coil, a Lap-type one and a Butt-type one. In 
Insert Coil and Inner Module only Lap-type joints are used, while in Outer Module Butt-type 
joints except the tenninal joints which are Lap-type. In' Inner and Outer Modules two 
conductors are winded parallel while in Insert Coil only one conductor is used. The number of 
conductors are (2n-l )+2 and n+ 1 in modules and Insert Coil respectively, where n denotes the 
number of layers. 

The loss has two origins. One part is AC loss due to the changing magnetic field, and the 
other part is caused by the large transport current. The following characteristic parameters will 
be used for loss calculation after the measurement and estimation of Superconducting Magnet 
Laboratory, (see also [4]); 

• AC Loss ofLap-type joint is 73W if dB/dt=OAT/sec 
• Resistivity ofLap-type joint is 6.4nO at 46kA and B=4.ST 
• AC Loss ofButt-type joint is 6.7W if dB/dt=O.4T/sec 
• Resistivity ofButt-type joint is 3.7nO at 46kA and B=4.ST 

Different joints are located at different geometric locations above and below the upper and 
lower tension plates and affected by different fields. In this simple estimation this will not be 
considered. O.2T/sec flux density change rate is supposed in outer module joints and O.4T/sec 
in inner module joints. The field dependence ofcontact resistivity will be also neglected. 

In Table 6-1 the numerical values of power loss are surrimarized. The loss increase is 
parabolic due to transport current up to h=13 sec, since the feeding current increases linearly; 

P(O<t<t1)=PAC+Pt_max*(t/13)2. 
Over h up to h the feeding current is constant (46kA) so no AC loss component is present; 

P(tl<t<h)=Pl _max. 
And finally between h and t3 in the case of decreasing field the loss behaves similarly to 
increasing case; 

P(h<t<t3)=PAC+Pt_DIaX*(13-t)2/132. 

Table 6-1.: Loss of Joints in CS Model Coil 

Type ofJoints AC Loss of 
Joints, PAC 

P1 max due to transport 
c~rrent (J=46kA) 

Insert Coil Lap-type 2 146W 20W 
Inner Module Lap-type 21 lS33W 284W 
Outer Module Lap-type 2 

Butt-type 15 
37W 
25W 

27W 
117W 

Total with Insert CoiJ 
Total without Insert Coil 

1741W 
1595W 

448W 
428W 

For other flux change rates the Joss can be recalculated with the following formulas: 
2PAC(n)=PAc(n=l )*n

Pl max(n)=Pt max(n=] )*n. 
The eddy currents caused by the changing ma!:,:rnetic field and the transport current are present 
in the same time, therefore their interaction should be also considered. The loss due to 
transport current and eddy current can not be simple superposed. Unfortunately this interaction 
cause further increase in the Joss. 
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7. Summary of Loss Calculation 

7.1 Eddy Current Power Loss of Structural Elements 

Table 7-1 Power loss in case of p= 5.3279*10-7 Om specific resistivity and electrically 

insulated metal components 

Component One piece Number of 
pieces 

Total with 
Insert Coil 

Total Without 
Insert Coil 

II'ension Rod - Inner 60.95W 16 975.2W 861W 

II'ension Rod - Outer 10.04W 16 160.6W 141.8W 

Irension Beam - Upper 13.76W 16 220.2W 194.4W 

Irension Beam - Lower 12.7W 16 203.2W 179.4W 

Irension Plate - Upper, Outer 8.4W 16 134.4W 118.7W 

iTension Plate - Upper, Inner 103.2W 8 825.6W 728.9W 

iTension Plate - Lower 885W 4 3540W 3125.3W 

Total structural steels 6059W 5349W 

Eddy Curren Power Loss In Structural Steels 

Tensic:n PIate-lcJt,Ner 
58% 

Tensic:n Rod-Inner 
16% 

Tensic:n Rod-Outer 
3% 

Tensial Beam-Upper 
4% 

Tensic:n Beam-lcJt,Ner 
3% 

Tensic:n Plate-Upper, Outer 
2% 
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7.2 Loss of Incoloy Jacket 

7.2.1 Eddy Current Loss of Incoloy Jackets 

With Insert 
Coil 

rwithout Insert 
Coil 

Insert Coil 120W 

Inner Module! A 418W 369W 

Inner ModuJeIB 246W 217W 

Outer Module 83W 73W 

Total in jackets 868W 766W 

Specific resistivity is supposed to be p= 5£ -7Om. 

Outer Insert 

Inner-B 
28% 

10% 14% 

Figure 7-1 

7.2.2 Hysteresis Loss of Incoloy Jackets 
8kJ/cycle; independent of excitation frequency. It is produced at the beginning and at the end 
ofexcitation cycle. 
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7.3 AC Loss ofSuperconducting cable 

7.3.1 Superconducting Hysteresis Loss 

With Insert Coil Without Insert Coil 
P[kW] (26sec) Q[kJ/cycle] P[kW] (26sec) Q[kJ/cycle] 

Insert Coil O.IIkW 2.87kJ 0 0 
Inner Module-A O.5IkW I3.26kJ O.5IkW I3.28kJ 
Inner Module-B 0.64kW I6.66kJ 0.64kW I6.68kJ 
Outer Module 0.83kW 2I.44kJ 0.82kW 21.40kJ 
Total 2.09kW 54.22kJ 1.98kW 51.36kJ 

Superconducting Hysteresis Loss 

Insert Coil 
5% 

Inner Module-A 
Outer Module 24% 

40% 

31% 

7.3.2 Coupling Loss 

Inner Module-B 

n= I, t=50msec With Insert Coil Without Insert Coil 
P[kWl Q[kJ/cycle] P[kWI Q[kJ/cycle] 

Insert Coil 6.16kW I60kJ 0 0 
Inner Module-A 21.55kW 560kJ 21.95kW 570kJ 
Inner Module-B 20.36kW 529kJ 20. 54kW 534kJ 
Outer Module 8.24kW 2I4kJ 8.I7kW 2I2kJ 
Total 56kW I 464kJ 50. 67kW I3I7kJ 

Coupling Loss 

Inner Module-A 
Inner Module-B 38% 

36% 
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Insert Coil 
11% 
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7.4 Loss ofJoints 

Insert Coil· 146+20*(tl13i [W] 
20W 
146+20*(t3-ti/132 [W] 

if O<t<tl 
if tl<t<t2 
ift2<t<t3 

PAVG=153W 

Inner Module 1533+284*(tl13i [W] 
284W 
1533+284*(t3-t )2/132 [W] 

if O<t<tl 
if tl<t<h 
ift2<t<t3 

PAVG=1628W 

Outer Module 62+144*(tJ13f [W] 
144W 
62+144*(t3-t)21132 [W] 

if O<t<tl 
if tl<t<t2 
ifh<t<t3 

PAVG=110W 

Total with Insert Coil 1741+448*(tJ13f [W] 
448W 
1741+448*(t3-t f/13 2 [W] 

if O<t<tl 
if tl<t<t2 
ift2<t<t3 

PAVG=1890W 

Total without Insert Coil 1595+428*(tl13f [W] 
428W 
] 595+428*(t3-t)21132 [W] 

if O<t<tl 
if tl<t<t2 
ift2<t<t3 

PAVG=1738W 

Table 7-2.: Power Loss ofJoints 
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7.5 Total Power Loss 

46kN13sec (n=l) With Insert Coil Without Insert Coil 
Eddy Current Power Loss of 
Structural Steel Components 

6059W 5349W 

Eddy Current Loss of Incoloy Jacket 868W 766W 
Ferromagnetic Hysteresis Loss of 
Incoloy Jacket 

308W (8kJ/cycle) 300W (8kJ/cycle) 

Superconducting Hysteresis Loss 2090W (S4.22kJ/cycle) 1980W (S1.36kJ/cycle) 
Coupling Loss 56000W S0670W 
Loss ofJoints 1890W 1738W 
Total Power Loss in CSM 67215W 60803W 

Table 7-3.: Average Power Loss ofCS Model Coil 

Power Loss in CS Model Coil 

Structural Steel 
Joints 90/0 Incoloy Jacket 30/0 

Coupling 

830/0 
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Superconducting 
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30/0 
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7.6 Time History ofPower Loss (without Insert Coil) 

46kA 

t : ~. t3
T2 2: Tl=13sec T3 t 

~.. ~:.. 

Eddv Current Power Loss in Structural Steels . .. . 

t 

Eddv Current Power Loss in Incolov Jacket 

~ 766W 

t 

Ferromagnetic Power Loss in Incoloy Jacket 

8kJ/2sec=4kW 

Superconducting Hysteresis Loss 

t 

t 

Power Loss ofJoints 

1595+428*(t!13)2 W 

428W 
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7.7 Decreasing the Loss 
Both the eddy current loss and the coupling loss is proportional to the square of flux 

change rate. They can be drastically decreased if smaller current rate is applied (by increasing 
the ramp up time). Examples are given in Table 7-4 and Table 7-5. 

The eddy current loss can be also decreased if materials having higher specific resistivity 
values are used. If we allow a temperature increase in structural steels this leads also to the 
increase of the specific resistivity and hence energy loss decrease. However the most effective 
method is to change the geometry, cut large size metal components into smaller pieces. 

The coupling loss can be decreased by increasing the cross-over resistivity or decreasing 
the twist-pitch length. 

In case of ferromagnetic hysteresis by careful heat treatment the area of BH-curve usually 
can be decreased or we have to select other material. An other possibility is not to decrease the 
excitation current back to zero, but keep it on a small level (about 2kA) if the power supply 
system allow it. 

Even if we do not decrease the loss, the energy balance should be kept. This can be done 
by the proper selection of the T 2 and T 3 time constants which determine the duration of the flat 
part of the trapezoidal excitation. The cooling system is supposed to operate with constant 
capacity. 

Table 7-4.: Power loss at decreased current rate (equivalent O.5T/sec) 

46kA126sec (n=O.5) With Insert Coil Without Insert Coil 
Eddy Current Power Loss of 
Structural Steel Components 

1515W 1337W 

Eddy Current Loss of Incoloy Jacket 217W 192W 
Ferromagnetic Hysteresis Loss of 
lncoloy Jacket 

154W (8kJ/cycle) 154W (8kJ/cycle) 

Superconducting Hysteresis Loss 1045W (54.22kJ/cycle) 990W (51.36kJ/cycle) 
Coupling Loss 14000W 12668W 
Loss ofJoints 510W 470W 
Total Power Loss in CSM 17441W 15811W 

Table 7-5.: Power loss at decreased current rate (equivalent O.4T/sec) 

46kA132.5sec (n=O.4) With Insert Coil Without Insert Coil 
Eddy Current Power Loss of 
Structural Steel Components 

970W 856W 

Eddy Current Loss of In co loy Jacket 139W 123W 
Ferromagnetic Hysteresis Loss of 
Incoloy Jacket 

123W (8kJ/cycle) 123W (8kJ/cycle) 

Superconducting Hysteresis Loss 836W (54.22kJ/cycle) 792W (51.36kJ/cycle) 
Coupling Loss 8960W 8107W 
Loss ofJoints 338W 312W 
Total Power Loss in CSM 11366W lO313W 
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8. Conclusion 

Comparing the AC loss components generated during the energizing process of CS Model 
Coil, the coup1ing loss was found to be the largest 83% of the total AC loss supposing 50 msec 
characteristic time constant. Its main part is generated in Inner Modules. 

Also significant amount of heat is generated in structural steels, 9% of the total AC loss. 
The largest contributions come from lower tension plates and inner tension rods, 58% and 
16% of the loss produced in structural steels, respectively. Present calculation shows that 
cooling is required for stainless steel structural components to avoid the production of hot 
spots during a longer operation. 

Joints should receive special care even if their contribution to the total loss is not so high, 
because losses are concentrated in a very small volume. An insufficient cooling may cause the 
quench of the whole magnet starting from joints. Problems may appear with Lap-type joints 
because of the large AC loss. 

The eddy current loss of lncoloy jackets is not significant with the supposed specific 
resistivity value, 5E-7Qm. However the real low temperature specific resistivity value should 
be determined from eddy current measurements and the eddy current loss has to be 
recalculated. Ferromagnetic hysteresis loss is also produced in Incoloy jackets at the very 
beginning and at the end of an excitation cycle. 

The eddy current and coupling power losses are proportional to the square of flux change 
rate, so they can be significantly decreased by decreasing the flux change rate. At decreased 
flux change rate hysteresis losses (superconducting and ferromagnetic) get importance, since 
the ener!,'Y loss does not change during a complete cycle. No AC losses are produced following 
the energizing process of the magnet, when it is driven by a constant excitation current. 
However Joule losses are produced on the nonzero resistivity of joints by the large transport 
current. This propose us to keep short the full power operation and increase the time of field 
free state. 
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