Single coil Quench Analysis- Hall D (Solenoid)

Probir Kumar Ghoshal and Renuka Rajput-Ghoshal (16th May 2013)
March 2013_Copper Channel as built
Version 6.0

This worksheet assumes that all the stored energy of the magnet is dumped into single coil.
For multi-coil system calculations should be repeated for all coils.

This document is based on all the formulas given in Martin Wilson's book (used for Magnet design)
This worksheet calculates the following parameters for quenching coils:

U-Function and how quickly the coils must discharge to avoid thermal damage

MPZ and MPZ energy, measures of conductor stability

Quench Velocities and quench propagation times

Quench decay time and predicted peak temperatures & voltages

It is important that these preliminary calculations are supplimented with a proper quench
model if the magnet is complex or has a large stored energy.

6. The is PRIMARILY CARRIED OUT BASE ON COIL #1A of HALL D solenoid

AWM=

Wen

r
L

Stabilizer width Wy := 7.62mm
Stabilizer thickness tg = 2.197mm
Channel width Wep, = Wgt = 7.62mm
Chanel thickness teh = 0.9398mm
RRR value for the matrix=100
RRRm = 100 RRRs = 120 RRR value for Stabilizer=120
Total conductor area including copper channel Acon
Acon = 2Wgllg + Wep(T, Acon = 40.644 mm2
Wire diameter d,, = 0.127mm [This is NbTi wire diameter]
Number of wires Ny = 87 Number of NbTi wire in conductor]
Material in the conductor S [This is matrix to superconductor ratiq
Wire Area A, =N [ﬁﬂ)m 2 = 1.102mm? No of starnds
W - W 4 W '
Channel ied by cabl = - 2 = Aon )
annel occupied by cable Ach = Wepllih = 7.161mm Ng:= round A_ =6
W
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Wire copper area

Wire NbTi Area

Solder area

Insulation radial thickness

Inter pancake insulation
Ground plane insulation
Width unit cell

Unit cell thickness

Unit cell area

Insulation area

Stabalizer area

Total Copper area

Over Unit cell

Cu to Sc ratio

check if all the ratio are correct

Winding Composition

2

mat
A = NJA,,J—— =5.29mm
WCu STWT 4 mat

1 2
Ant = NJA,, G—— =1.323mm
nt STWT 4 mat

_ _ 2
Ayo = Agh — B, = 0.549mm

ti = 1.02mm
tip = 2.34mm
tig = 5mm

Wy, = Wy + 2[ﬂi =9.66 mm

tu = 2tst + tch + 2[ﬂi =7.374mm

i _ 2
Au = wu[ﬂu =71.231mm

2 Insulation area is (unit cell

area -conductor area) and

Ag = Agon — Agh = 33482 mm2  stabilizer area is (conductor
area-channel area)

A; = Ay~ Agyn = 30.587mm

_ _ 2
Acyt = Ag + 6 q, = 65.222mm

A A
st wcu
A .= — =047 A = =0.074
st Au WCU Au
At = N+ Ay = 0.544 Avo -3
cu-~ st WCU . >‘vo = —— =7.704x 10
A u
nt A.
= —_— = |
Ang:= S = 0019 N = — = 0429
u A
N u
CuSc R:= —= = 29317
Ant

Nut Mt Aot A=1

The following materials make up the conductor:

Area of NbTi:
Area of Copper:

Area of Copper channel:

Area of solder

Area of insulation

W _ 2
ANbTI = Ant ANbTI = 1.323[m

_ _ 2
Acy= Away Ag, = 5.29m

A 2
Acych = Ag = 33.482mm

_ 2
AVo =0.549mm

A, = 30.587mm’
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Coil Parameters

Coil dimensions: Coil Parameters

The coil block dimensions for the smallest
coil in present solenoid design are:

I-pinner = 2nlRy

= 6:396x 10°mm

L pouter = 27R;

Ry:= Ry + AR R, =1192x 10°mm

Z,:=2,+AZ Z,=11714mm

_ 3
Lpi nner Lpouter =749x% 10" mm
L +L

_ ( pinner pouter) _ 3
Lpaverage = > Lpaverage =6.943x 10" mm
Coil dimensions: Layer to layer: H =Ry, -Rq H = 1740hm

Turn to turn: Wyi=25,-24 W = 117.1400m
Numbers of turns and layers:
Wr
Nt := round] ——— Nt =12
HL
Ny := round) ————— | N =24
2tSt + tCh + 2t|

Nc = NN, =288 AT := 432000[A

L = 6.943x 10°mm

p = Lpaverage

The coil unit cell area is then

and the area of epoxy glass is

= ANbTi ) Awcu
ANDTI = A
c

ANpTi = 0.019 Aoy = 0.074

Operating Conditions:

A = 71.2310m"°

AEG = Ac ~ ANbTi ~Acu ~ Acuch ~ Avo

2

Agg = 30.587(Hm
Ag

N =—
CuCh
Ac

s =c
ins:~
AC
. =0.429 Ao = 7.704% 107 °
NS ) VO )
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Operating current:

OI

| _
b= — Jo = 21.058AmM
AC

Maximum coil field: _

Effective total inductance acting on the quenching coil:

Operating temperature:

HI

. o 2 _ 7
Stored energy: Eq = Emtotmo Eq=323x100J

U-Function

Heat balance assuming adiabatic conditions:

Xt)p(6) @it = ~IT(6) d6

If the current density remains constant at the initial value for the whole of the decay time:

emax
2 ~IC(6)
T = D% do=u)  Chapter 9 of MNW's book equation 9.4
o p(6) ©)

99

Specific Heats
me Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\NbTi specific heat.xmcd

me Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\Copper specific heat.xmcd
me Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\Epoxy Glass specific heat.xmcd

Densities
= 6140kgn ° -3
"INDBTi = g NEG = 17400gin
_ -3 . -3
Ny = 8930Kgn Yo = 1Kgn

Overall Winding Density
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AcuchBicu * AcuPicu * ANbTiBINDTI -
_ *ApcHEG * AvoPivo
Yoy = .

C

gy = 5722x 10 kg >

Average Specific Heat Capacity

AcuchBcu@cu(® + AcyBicu@cou(® + ANpTiBINGTi CNbTi(6) -
AcuchBicu * AcuBicu * ANbTidINGT -
+AecHEG * AvolPivo

C(6) =

- 1
Cey(45K) = 0.164Tkg K © Cypyyi (451K) =0108; -3

1
Cpoy(4.5K) = 0.047——0
€9 kgK

Co(45K) = 0.14700kg K~ C,(295[K) = 505.105[0kg 'K

qrirlrririririnielririeirriririnirlrr i Rnrrcriccciriricrirrielrrrnr il
1 1
Ccy(9g) = 0.173——1 CnpTi(80) = 0.115——0
Cu( 0) kK Nle( O) kgK
1
Ceg(60) =0.05——0

kgK

Cay(60) =01560kg K ©  C,(295(K) = 595.10500kg K

Resistivities
[+] Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\Copper resistivity.xmcd

peen

assume the resistivity of NbTi and solder to be 100 times that of copper:

Anii(®) = poy(6, 1001100 pcy(20K,50) = 3518 % 10” @i

Po(®) = Py, (6, 100)[100

Cu magnetoresistance factor mg := 4010 11[.10_er Martin Wilson data

pCuB(G,RRR) = pCu(G,RRR) + mBEBmaX

pcup(0o-100) = 2888x 10° *mim
Average Resistivity
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Acuch * Acu * ANbTi
Acuch . Acu . ANbTI
pcup(8:200) + Apc(Bmay)  Pous(0:100) + Apcy(Bmax)  PNbTI(O)

Pa(0) =

P 4,(100[K) _ _
il = 1.023x 10 *mm t
Acon * ANbTi * Avo

pqy(100TK)

,=7101x 10 ‘0  [ESiStanceiperturnmmi

Acon * ANbTi * Avo

P (1000K)

L,NrN, =0204  [Fesistance of the coil: T
Acon * ANbTi * Avo

0 (o (o) () (o) (/[ (ol () (o (o) () (o] Lo ) (o] ol o) o (o (] L) (o Lol Cal (o Ll Ol [ Cd Cal (o] L O (o ) o) (o ) () (o L) (o (o] Co) ) () o) () () (ol [

Average resistivity of Cu calculation from MW's based on Room temperature
value only!:

- PRT -
prT = 167810 °0mn Pow = = 1678x 10 mm
RRR,
- PRT -
PeBw = Pow + MeByye = 2866 10 @i Poch = —on = = 1398 10 Ymm
s

PeBs = Poch + M By = 2586 10 mimn

Average over copper resistivity for Cu Matrix and Cu Channel:

Ay Ayt

o st WCU _ -10

Pegi= | — + Agyt =4409x 10 i
PcBs  PcBw

(o (o (o] (o (o (o (o (] (o (o (o (] (o (o (] Ca (o (] Ca Ca (o L L Lo Lo C Ll Lol (o L Lol o) Cf o) o) ) ol ) o o o o ol o () () (o () (o) () (o) [ [ [ [

U-Function using average winding density, average winding specific heat and
average winding resistivity.

0
Y aCay(0) Equation 9.4 from MW's book
ﬂde

0 := 4.2[K, 8[K.. 300K
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u(o)

0 100 200 300
0

To keep the peak temperature below 100 K, the decay time must be less than:

4

U(100K -
Tq:= Y(100%) U(100K) = 3.743 x 1016@\2an Ty =84.398s

2
Jo

U-Function using copper density, copper specific heat and copper resistivity.

k euTey(® Equation 9.4 from MW's book|

Ugy(0) = (

9
0 := 4.2[K,8IK.. 300K

1.5¢10°) | |
1x107)

Ugy(®)  sx10%

- 5x10"
0 100 200 300

6

To keep the peak temperature below 100 K, the decay time must be less than:

Ucu(100K) Uy (100K) = 6.345 x 10" A =m

cud -~ >

o

Toug = 143.081s

T

Quench Velocities
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1

2
V_JOEELO@sJ Equation 9.18 from MW's book

27T | 65~ 0

Mean Quench Temperature

6, is average of the generation temperature (when current sharing starts) and the critical
temperature when the conductor is fully normal.

1 (B )
Jo = M Jo = 1825x 10°AmM > JApyy = 2413x 10°A
A .
NbTi
Fld-Current Plot
4500
y =-487.14x + 4122.9
4000 L
3500 - B ® 42
B 4.603
3000 tinear(4-2)
?2500 Linear(4.603)
2000
¢ y =-462.82x + 3787.6

1500 R7=10.9999
1000

500

0 T T T T T T 1
0 1 2 3 4 5 6 7
Mag Fid (T)

00 = 9.35K Zero field critical temperature
Bep:= 14.05T Zero temperature critical field

|
I = 0 Jgo = 1.134x 1o3m\mnm_2 current density in the superconductor
A .
NbTi
0.59
B J
max sC
6.:= 6 1- 04:=6.—-(6.—6n|EF—
c c0 c c 0
EE BCOJ g ( ) Js
6. = 8.128K 0 = 5.937K (AOmargin = 0g — 80 = 1.334K )
6.+ 6
-_¢c 9 _
05:= — 05 = 7.032K

Longitudinal Quench Velocity

Lo:= 24510 °WohmK 2 Lorenz number

Adiabatic quench velocity for conductors which are not cooled, e.g., fully impregnated coil is given
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by equation 9.18 in MW's book
1

2

X Lo® .

v, = > V, = 2.006ms
'Yavmav(es) s~ 09

This estimate includes the specific heat capacity of the epoxy glass filler, however, MW
argues that this should be excluded and the heat capacity of the metal only should be used:

AcuchBcu@cu(®) + AcyBicy@cu(® + ANbTi BINGTiCCNbTI(6)
Acuchdcu * AcuBcu * ANbTidINBTI + AvoPivo

Cn(6) =

Cin(6g) = 05110kg K *

and we have:
1

2

(A Lo® _

Vo = > V= 191818
ﬁfav[([:m(es) s~ 09

Transverse Propagation
Thermal Conductivities

Use the conductivity at 4 K as representative of the range 1.8 K to 6.5 K scaled by the resistivity
to account for magneto resistance.

me Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\Copper thermal conductivity_v11.xmcd

E| Reference:J:\CLAS12 Magnet\Expe_Pers\Quench_RRG_PKG\Material data\Epoxy Glass Thermal Conductivity.xmcd

-1._-1
kcu(8o-50,3T) = 235.924Win K

Magneto resistance scaling factor with RRR.

] ) peu(0s 100) . N pou(%s 120)
Umag100 = P O Ry oy Umag200 = pcu(®s 120) + Apcy(Bray)

Cu = 0.509
Clmag100 = 0-555 mag200

_ -1_-1
ke = 0.05WH K

P Thermal conductivity for NbTi and Solder needs to
KnpTi = 1WIn K be verified!!!!

o -1 -1
kg = 1V K

0 (o (o) () (o) (/[ [l () (o T () (o] (o ) (]l (o) (o (o (o L) (o Lol () Ll Cal (o C Lol (o] Cf Ol (o Cnf ) (o C) o (] Cof ) (o) Cof ) (o) Co) (o) () (ol [ (o) (o) [ T/ ) [ Tl ) [ L) )
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Longitudinal Conductivity with solder and epoxy

B kcu(8sr 120, B) Ay chCumagzoo + kou(®s 100,B) Ay TUmag100 *+ KNbTi PNbTi

Ky :

Ac = Aec ~Avo

k, = 3615560WM K

AN EE AN AN AN AN
Turn to Turn Conductivity

The conductivity across the conductor can be estimated as:

_ kcu(8sr 120, B) Ay chCumagzoo + kou(®s 100,B)AcyTUmag100 *+ KNbTi PNbTi
Acuch * Acu* ANbTi * Avo

kc:

ke = 356.6750WM K

-1
ty t, -t
st st

kt = — + u I:ﬂu
ke  Keg

1

ke = 0.071W K

Turn to Turn Quench Velocity
1 1

2 2
B K _ -1 k)
V=V, Vi = 0.0290n(3 —| =00

yA

(o) () (o (o () (o (o (o (] (] (! (] Ca (] C (o L L Lo (o L L Lol Cl (o Lol (ol (o ol Lol Cf ol ! ! Cf ! Caf ol (] ) () L) () L) (o () L (o (o () (] (o (o] [ [

Layer to Layer Conductivity

-1

W, W,, — W,

s Wy~ Wa -1 -

= |— +——— | Wy kj = 0.237(W(m g1t
Ke KeG

Layer to Layer Quench Velocity
1

K|

2

V= Vo I— V= 0.054n3

I 2 I
Z

1

qriririririnrinririririnrirciricnAcricinAcrcrccAcricrA e rscrcrscr e el
Propagation Times

Quenches are most likely to start on the coil bore where the magnetic field is highest. The time
for the whole coil to become normal is then of the order of:

T,i=——  T,=1656s T = 1.991s

Ty=——
tt
2V
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H
L
T” = T” = 3.245s
Vil

(assumes the quench starts at the centre of the coil bore)
Minimum Propogating Zone

The radius of the minimum propogating zone is given by equation 5.10 in Wilson.

A = ANbTi F Aeu * Meuch t Ao (fraction of the winding occupied by the conductor)

My = 0571 Mec = ANBTi
| |
0 - 0 -

o= Jo = 1134x 10°AEM 2 3y=————  J,=36906AMmm >

ANDTi Ac~AEG
- Acuch * Acu
op-~
P Acuch Acu

"
pCuB(eo'lzo) + ApCu(Bmax) pCuB(eO’ 100) + ApCu(Bmax)

Pop = 4.007% 10 1Om>hmmn (resistivity at the operating temperature)
o P2 do
G, = _op" s X Gy = 1.811x 10°Wmn 2 (critical heat generation rate)
1-X
SC

Radius of MPZ is given by equation 5.10 from MW's book
1

2
k0. -0
MPZ := w%M} MPZ = 275.089m

G

(o (o (o (o (o (o (o (] (o (o (] (o (] (] Ca (o U Ca L (o L Ll Lol (o L Lol Cof Cf o) Cof ) o o) o o o o ) o o () () () () (] () () (o (o () (o (o (] [ [ [ (] [

Martin Wilson uses a different formula (Difficult to understand from where he take this formula)
to calculate X, (radius of MPZ), also instead of longitudianl thermal conductivity in his

calculations he takes only copper thermal conductivity. Calculations for Xq from other Martin
Wilson report shows slightly different values that is calculated here .

1

2k,1{0,, - 6)1°
MPZ = |~ MPZ,y = 93.54100m
c

Thermal conductivity over copper section from MW's

Lo 1 Lo
Koy = = 0.085 W Keon ©= AguF—— = 0.047 W
pCBW mm|:K2 pCBW mmiK
a ) _
Xgi= |2eon®— Xg = 88.987mm
c

(o (o (o (o (o) (o (o (o (o (o (o (] (o (o (] Ca (o (] Lo L (o L L Lol L (o Lol Lol (o Cof Lo Cf ol o) o) Cf o Cf o ol o (o () (o () () () () (o () (] (o (o () (o (o] [ [l
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B:= 0 B=0.29 a:=11,12..43 a is same as "m" in MW's book

v(a) = ll s g)ama_ D Equation 5.22 Wilson

4
ef@ = [ alp } du(@* + 380(2)° + 9m(@)2 + 1160(a) + 63 -1 Equation 5.21 Wilson
wlla-1)

a-1-8 Equation 5.25 Wilson, This equation has a typo in the book, checked
ap with MW on March 9th 2013.

n( =

4
en(@ = (%) tﬁ(s - gj 12603 In(a) + 183 (a)20a - 1) + () e - 1) + ey e - 1)} (2-1)

Equation 5.24 Wilson
&(d) = eg(a) + ey(a)

5 T T T

30" 7
&(ad

10~ 7

Guess a value of "a" for minimum value of e,

a=25
Given a>1 amin = Minimize(et,a) =1.713

Estimate specific enthalpies from specific heat capacities:

4 2
Ley® ®
_ | ~cuPo . Tcueo _ 3. -3
"Heu= ( 2 T, JE&CU AHy = 2297 x 10"
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4
3 -3[ % 33
HpT; = 45007 - NHNpTi = 7-891 % 107N
. Leg[@04 -3
Wins= | —,— |¥EG AHi g = 99.96903
3..-3
YHo = XeuFHeu * MNbTiBHNBTI * NindFHins YHo = 1.44 x 1070
Vil
o= a =0.019 a[MPZ = 5.2130nm
V.2
V4
4 _2_ 3 . \
Rg:= MPZ Eg:= ?@ Ry GHg Equation 5.20 from MW's book
Eq = 0.0450) 1.7 is the value of "a" for minimum e,

Etot = eg(""mi n) Eo

Energy density: €0t = i 2

6o = 141x 10 “mm”
aMPZ

This energy may be unrealistic if the width of the MPZ is less than the conductor width as in
practice it is likely that the whole conductor cross section would be at the same temperature. We
can address this either by calculating the energy required to send a MPZ length of conductor
normal or by calculating the length of conductor giving a volume equal to the MPZ:

Empz = €g{amin) AcRgFHg Eppz = 0.1270
4

C

Estimate the amount of movement required from a length of wire equal to the MPZ in order to
cause a quench:

E
Fot 0.165m _ _ MPZ__ _103mm

BmaxToMPZ or: BmaxToMPZ

Peak Temperature

2 2
90, ., [(6,)°A
To= (%) A To=247825

4arD04m>av(ep) @ZWZS

olr

Actual peak temperatures can be calculated from:
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4_ 2
0 — Jo T By
maest = T Omaxest = 44894K

2
U(ep)
Boundary Effects

Boundary effects are likely to be important as the normal zone stops expanding when
boundaries are reached, hence the decay time is prolonged. Boundary encounter times are:

T, = 1.6565 Ty = 1.991s T = 3.245s
2 2
9ou1toth(ep3d) B\
Tosg = Toag = 29.237s
° 4 4 (0] @ZW 3 °
[l Ej’av( p3d) z
Taking into account boundary encounters we can calculate a dimensionless decay time:
-1 -1 -1
LA 5 T, Te )" T, T T °
tyq = | 3F—— tyo = | —F——0HEF—— ty2:= | 2004 E E
di T 2712 Toaq T a3 Toag Tazd T
Q3d Q3d 'Qad Q3d 'Q3d 'Qad

(note td1 & td2 may have different arguments depending on the relative times)

ty:=tyz3 s appropriate.
tg=4888  t4Tqgq= 142911s

The peak temperature is now:

4_ 2 2
_Jo Ty Tzd Ppad
Oma = > B = 1824021
U(®pza)

Peak internal voltage:

3
25l [ T T T
tot z tt 1]
Vinax = EE E E j Vmax = 277.538olt

Tosd |\ Tosd Tad Toad

|
0
LiotB——— =301.341V
tyT
d7 Qad
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I
0
d- Q3d

dVv =23.804V
Mean Temperature
Coil mass: M, := H W55y M, =809.73kg

Mean temperature assuming the coil absorbs the stored energy evenly:

O = 44K, 14.4[K.. 300K

1x 1014 T T

M4(C,(6) d6
%0
100 200 300
6I'T'I

Omean = 80K 0 = 4.603K
Given O mean

Eg = J M 1[C.4,(6) do Eq=323% 10

%
Omeanerr = Miner(6mean) Omeanerr = 173.048K

In the time for the quench to fill the whole coil, what is the temperature rise at the initiation
point?

A6 = 80K
Given Ty o” = U(A6)
Abgy = Minerm(A8)  Abg, = 23.747K
] ] Pl AO
Coil resistance: Reoil = Mﬂl N IN Reoi] = 0-11892
Acy*t AnpTi P
Cu NbTi
Coil voltage: Reoillp = 177.228V
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