CHAPTER 11

QUENCH CALCULATIONS

11.1 Cmench Codes

The quenching of the magnet has bem madeled nrng & wermion of the program QUENCH
coeatecd by MN. Wilsen [1]. Program QUENCH simulates the auenching of 4 miperean-
dusting magnet by propagating an ellipeaidal normal zone thronghont the wlume of the
quaching cnil. K caleulates the ohmic heating and adiabatic temperatire rise of the ani
while the miromt decays Ar the sbooed enecgy of the magoet in disdpated. Foom a gisen
sharting paink the normal zane volume 18 expanded by three arthogenal queanch seonities
in finite fime stepa. The quench weocity in the longitudinal divecticn of the condnctar is
eAlenlated foom the thermal and ariticsl properties of the mpereonductor, the operating tem-
pecatire of the magnet, and the cnreent density in the eoil. The veacities in the arthogonal
direrticns are sealed from the lngifidinal welecity by the one half poseer of the ratios of
the thermal canductivities in the winlings. The temperatire depadent properties of sach
material maling up the eoil in provided, an in the tofal mlme of the mail | AR AL
equivalent paralldapiped], and the resistive characheristics of the external cirenit. QUENCH
ernveniently notem the Hme at which the current han decreasesd ta Lfe of itn ariginal waloe,
an¢l the fime at which the eohire mlume of the il has become normal. Becaiuse QUENCH
anmimes adiabatic eonditionn the peal temperature of the eqil ocmre at the paint where
the quench war stached. It in cooeervative to spedfy the starting poiot of 4 quench &t aoe
(phymically meaningfil] edge of the cail parallelapiped to abtain the least amennt of ool
driven narmal per unit tme during the quench.

11.2 Quench Study

QUENCH war madified [2] tn Allow the speeification of mare than ane oirrenh deosity in the
windings sn that the winding desigo of the DY magoet conld be accnmmaodated. In Figire
11.1 in eeen the teeilte of the erlenlations for the magnet, quenching inta A fil millichm
protecticon resistor. An BRE of BN was used for the aluminnm skabilizer, and the presence
af the auter mpport oplinder wan igoored. The quench wan initiated at coe eod of the eni
winding. The aggregate time cansbant of the decay 18 11 seconds (LR for the sysbem pricr
ta the quench in 0ARALOB] = 9.6 secnnds), the maximnm teamparatire of the el s B8 K
an¢d the cqil resintanes rises to BL millinhme,

The spreading of the normal zone from the starting paint is echematized in Figure 11.2,
The renirtivities of the Alumimm and copper in the onil are shown in Figore 113 The
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HRE of the alnminum is seleched to aecmnt for magnetoredativity And & realiskie Amaomt
af enld wark in the material. In Figuoe 11 .4 are shown the apecfic heat caparities of the el
materials.

The enlenlations ignore the heat capacity of the auter mppart eylinder Ar wdl ar the
pamibility of "quench hack®™ [3] errents being indueed in it. Thus the prediched final peal
temperatioe of les than &0 K in mively coneervatise. That quenches propagate for cectain

ignaring " equench back™ efects] in magnes of this type in oot greatly in denbt. Beth the

CDF [1] and Zeuns [§] medel magnets claarly showedd rapid quench propagation independent,
of the quenchback effect. And of come quenchback afectn are seen in actial quenches of
the full-rized maznetn patberned after theee madels, an wdl An io ofber thio aolenoids with
closely conpled mppart cplindem.

11.3 Varying the Protection Resistor

The maodified quench poogram wan ueed to poedict quench ehavior far diffecent; walues of
the protection resintar. The cases with & protechion resetar of 0, B, W, 2k, and B8] milliokme
were shlied and the reelin are shown in Figmires 115 threngh 118, and 111 reepectivdy.
The maximum temperatire. wltage and ceastivity for all casee Are Aummarized in Table
11.1. Inall capee the peak oail teropera fire srmained below W K and the maximnm miltage
leen than 481 V. Evidently for this range of dump resiatom the salenaid will quench safdy.
Even far the cane of oo pratection redetar the peak onil temperatiire did oot reach LN K.
Thin in telaw the tempera tioe wheoe dgnificant thermal Atoeeses can oocnr. Porthermare the
franseo internal wltage in the ooil did ook eaeeed 48] ¥ during the quench and this walue
iR leem than half the sltage the ool il be teated o priar to apecatiom,

The dintribution of the stoved energy of the salmaid following the calenlabed quenches
in phewn in Table 112, 'With a Bl m dump resigter anly 18.7 percent of the initial staoed
energy I8 deporited ioha the eqail. As was noted in Chapter 4 thin ceenlt greatly asdste in
shortening the renonling fime after & qench

11.4 Adiahatic Estimate of Conductor Maximnum Temperatnre

The samplexdtiem of the QUENCH program and the simplifications it males in madeling the
quach pracesn for A enil cAn give riees to conceroa that; it does oot indeed seflect ™ worat case™
Aemumptione. An alteroate caleulaticm is masde which awids cerhain of thees abjeckions. It
merelT eqiaten the nhmic heat genecated in & nnit wlume of winding with the eothalpy of
that salume @
= " i)
jl:" o= [ T

Armming Adiabaticity And A given time depeodencs to the airredt decay
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A simple aodde MITTS [f] wan used to calenlate the value of 8, for the magnet fallowing
thin farmulaticn. Bines the Grade I eonduetor han small erves section (and thias higher
earrent density], thin eanductor was sidied with the MITTS program. In the formola, « is
the density, (7p(#] the specific heat, J the eurrent denrity, and o #] the rmistivity, of the aail

The calenlates] reenilta for thin enoductar with a dump resstor of M millichme earpe-
rponding to the time congtant of 9.8 seconds, And with initial et of 4835 A, is shown
in Figire 11 8. The peak tempeaatire Ao predicted by MITTS in approximately 1M K
In Figure 114 the reaistanes, energy. and beat capacity for & segment of condmetor 1 em in
length are displaged. ¥ an BRE of 1A% far the aliminnm wece naed then MITTS predicts a
maximnm temperatire of G2 K.

11.5 Charging and Discharging the Solenoid

Charging ar dircharging the INY salencid geoecaten eddy current heating in the exheroal
mppart orlinder. The rate of thin beating and the total energy dimipated in the mippart
eylinder during the charge or discharge of the mazoet, are debamined by the rate of the
charge ar dincharge. Clearly, the rate of charge must be limited s that the heating in the
mippart arlinder daea oot quech the magnet. Alsa, it is deasirable to select & alow discharge
rerirtar that mables the magnet to be discharged in & reasnna ble ime withot quenching the
onil. Furthermaore it in dedicable to sdect & Ik discharge cedisbar that quarantees that the
magoet will "quenchback™ [4] ie. will be quenched by the heating in the mippart oflinder
pann After the delitwrate initiation of A discharge This protection mechanism gnaraohees the
nnifarm absarptinn of the partion of the magnet shared eoeegy oot extzacked by the external
pedirtar withant depeoding an the propagation of the quench in the eail windings to drie
the onil narmal. Such & fast dischange woild be ioitiated for ewample if 4 quench has een
eletected, ar if some ather npeet condition that requuices rapid magoet discharge ez lomof
eonling of the wapar ceoaled leads, in detectesd.

11.5.1 The Coupled Coil and Support Cylinder

It in straightforeard to salve the similtaneome differeotial eqiations for the flow of cnrrent
in A primary circait conpled ta A secondary eirenit by A moitual indnetance, where the eirent
reeitAncen Ave canetAant. Talding the salencid to be the primary civenit and the mppart
aylinder ta e the seeandary cirenit and aemming the eail and mppart eylinder are pefectl 7
ampled and there in oo quenching in the aoil, far the case of magoe: discharge the enrrant
in the eqil aben

I'l. = In wp E—h:l
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where I in the mureent in the magoet before the discharge, and

(BoRa) /(I R+ Loy
L +m).

A

The current in the mppeart eylinder ol

MAL
with I the ixluctanee of the il B, reistance of the protection pemintar, and Io and By
the indnetanee and reeintance of the mppart oflinder, reepectively. & = LR aod M =
Wil
The instanhaneos prerer dereaped in the Ruppert eylinder by thin enrreot in jusk Py(t] =
IZRy. The tatal mecgy dismipated in the mppert eylinder in just the integral of thin poses
eluring the discharge, and minee I, = [LfZ]L, 1}, thin beenmes

_ BBV L L 4
R o il P N Fww ]

Far the values of the parameters which perfain to the IN? magnet A, < Jg, and I, /Ty = A7
whera N in the numher of fiiroe in the salenaid so that
A
[y e U‘R,—_-{ﬂ'
This heating mnet e campared fn the available soaling of the mippart elinder and the
thermal margin defined by the critical propecties of the mpeonnductar.

11.52 <Looling the Solenoid

An wan shown in Chapher 4, ANSYS madding of the conling fiibe and eail mppart genmetr
cm the eoil mppart erlinder indicates that the maximmm conductar temperatire expachesd
during steady-state operation of the magnet in about 4.8 K. The temperatiura of the balinm
in the eaoling tnbing is fixed at 4.7 K as precicted by the fow calmdatioos far the conling
tiibe gyetem. This (1.2 K temperatire desaticn of the condiuckar abose the temperatiirs of
the caaling tubes in caneed by beat conduction ta the mppart cylinder from the mippart
membwrs Andd radiation from the shidd.

TTniform adeditional ateady heat generation can be added fo the mippart eylinder in the
ANEYS meodel and the added elesation of the condictar tamperaties die fn this beating
abtained from ANSYS.
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In Figure 11.11] i peen the earrelation poedicted by ANEYS for additional heating in the
mppart erlinder and the eonduchar tempera e elesation cansed by it. For eg. A8 Watta
ardded ateady heating in the mippart grlinder it is seen that the conduetor tempera e i
expected to be Aevated abent 1.4 Kdvios, tn An aperating tempera fime of abant 53K

11.5.3 ~Charging the Solenoid

Far the cape of A uniform charging wiltage B oo the miperconducting end, the coipled
eqiationg ield the salintiong

I'I. = i‘l—li
ME,
B = 55 lwi-dat) -1

The pewer disipated in the mippart exlinder during rieh a chargenp in just Bt =
T(t13R,. Fer the values of the parameters pertaining ta the DEY magnet, the term in sqiace
bracketn approaches mimim 1 almeost immesliakely and = hawe

By =+ (L3R x E2

Far a steady heating pawer of ez, A8 Watts, the charging wmltage in 12.1 Yalts.

Faor a chaice of eritical parameters of the auperoanduckar mich that the apecating eurreot
in RiT¥, of the critical enrrent at the nominal opecating temperature the eurrent sharing
tempera fime of the snpercondnctar in apprrodmately 8.8 K, abont 19 K aleree the nominal
aperating temperatuee of the eonduckar. Even with this specification and Figoee 1110, it
remAainn jidgmental o chaose & safe charging wltage. Given the poteobial for variabiity in
the quality af the eondnetar and the aperational stability of the crmzenic spmtem A charging
woltage of & V' in pelechecd (with perhape an even lower waltage when near the final apecating
earrert:].  The actial weltage sdected may alen be meduced during the initial chargeap
depending on the frequency and amplitude of Aoy eondnetor mation pertirba Hons obeereed.

For A fixed 8% charging rate the full aperating eurrent of the magoet i reached in Abent
mx mimiten. Arwan sheen in Chapher L0+ he poseer mpply will have to provide approxima bely
an addditicmal 8 W at full curcent far the s remistanes to the ool likion hall.

11.5.4 Discharging the Solenoid

A mlewr dincharge that in cnoreniently rapid bat ret does oot cruse the magnet to quench is
degired for normal tnm-aff of the magnet. Chienches will canes A meamire of npeet fo the

eryngenis Aprtem And requiire re-coaling of the magoet bafore it can be repowered. Amoiding
theee somplicatinne during normal discharge of the magnet in deeirable.
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An indicated abowe it shauld be coneervative to discharge the magoet foom full eurceat
with 1f Watta initial eddy mirrent heating in the hare tihe.

From the discharging equation for f3 abowe the ioetantanems power diepated in the
mppart aylinder during & magoet discharge can e eraluated. For the range of valiues of the
dircharge reaintar &) between (LOOLE And (.08 Ohme this pawer peals rapidly in aboant ane
pecansd ar lees after the initiation of the discharge then decays alowl 7 therenfier aconxding ta
the time constant Tq /Ry of the primary cirenit. In Fignre 11.11 i seen this peak power an
A fimetion of the wale of the discharoe drmit resrtanes. Evidently we can choose the alow
dircharge resintanes fo be (L0028 (hme ar lees (carreponding to & peal pawer of abant 45
Wattn ar lees) and T ammivedd that the magnet will nat quench.

With a alow discharge reaistanes of (LNEL OYhme the magnet is discharged to lee than
Il amperes in abemt A mimites.

Weean ignore the caaling pawer provided by the ermgenic ayetam during A discharge and
naing the discharge equatioon calenlate the total eoecgy dismipated in the mppart exlinder for
varicne valuea of the reristor . Uring the athalpy of the Alnminnm in the mppart exlinder
marn, we clmilate the final taoperatire of the mppart cplinder doe to the mergy depomited
in it (Figure 11.19). Eridenfly for ewen the meast rapid discharges the mippert eplinder
tempera fires n oot Approach tempecatires whers thermal stresses need b crmmicdered.

Chwench calenlatinns have hesn made which indicate that far rearonable modeling of the
quench welocities in the el windings the magoet will quench rafely. To awmid rigk doe ta
the noeertain natiee of theee calmilations A fast discharge reastance can te epedfied that
in certain to cAnee A TApid mquench vian the quenchback effect. A fast discharge is in fact
derirable to mmire the safety af the wapor eoaled leads and ieweork in the chimney in the
everh 1pesta are detected in thees components an detailed in Chaphems @ and 10

I Figures 11.13a And 11.13b are shown the time afber the bemiming of the discharoe
at which the mippart erlinder har reached §.2 Kelvios asnming oo heat remesal from the
mppeart eylinder during thin eaereine, A8 & finetion of the Hime constadk of the decay. (Figure
11.12b in a restriched parfion of 11.14%. The disretized] time salies in the expanded-scale
plat af Figure 11.130 are caneed by the finite time stepe seected by the program which
ealerlaten the mppert exlinder warmp)].

From Figure 11.13 wn specify that o faet discharge seaintar > (104 Ohma e provided to
emmire that the cail will he protechad by the quench back effect.

In Figure 11.14 werhaw the total fime for dircharging the magnet to lees than 10 amperes
AR A function of the chaics of discharoe resirtor. For the fast discharge resistor selected, the
magnet in discharged in Alightly lees than 2 minntes.

11.5.5 Fast Discharge Quench Threshold

Fara cheice of fart discharge reeistar of 01060 (Ohme & dircharge from SN0 Amperes in cactain
tn case o quench from the quenchbac: afect. The wecy hizh heating rate in the mppart
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eylinder cannem ite temperatiire ta rise eyond the eritical temperatire of the mpercondnetar
within & half second ar sa.

k in inAtruckive to eetimate what the curcent threehald in below which a fant discharoe
in ook expeched to canee A quench. For the eonduetar specified in Section 2.3 the eurrent;
sharing temperatire of the mpereonductar at full field is appoximatdy 1.6 K abawe the
aperating tempera tice of the magoet. From the sbeadyatate heating airve in Figwe 1110,
extrapalated to o T of LRK, it i e that the correepanding heating rateis abant LA Watha.
From the expresaion for the power dissipated in the mppeart eplinder during a discharge, the
peak power 18

5o BB
By N2

An initial enrrent of 485 amperes will therefare et in a peak discharge power of LA Waths.

(The 183 alnmimm mppart eflinder has a resistaoes of appreximatdy 3.8 2 02 Ohoms,

oot strangly temperature depeodent belaw - 100 K.

Thir reemilt noderestimates the actial quenchback threahald enrrent ecpected mnee for a
enurrert of 4185 Amperea the eurcent sharing temperatire in mbatantially more thao LE K
abowe the aperating temperatiie  Almast 3.6 K in fack; alea, the quenchback power cderismd
in the pealr peweer during the discharge, oot the steady-state power required by Figuoe 11110

By inteerating the quenchback power thooghaut the discharge and equating it to the
erthalpy of the mppart elinder plus coe lager of the onil nearest the mppeart exlinder it in
epeen that far initial cnrrents below bt 1771 Amperes the temperatire of this portdon of
the eald mamm oever ceaches the muret sharing temperatire of the candnetar; just abam
thin threshald murrent the mreent sharing temperatiee is oot seached nokil W seeonds of the
dircharge have elapeed.

The degren ta which thin last eetimate for the quenchback threehald is eonrervative ar ook
depends on what effect iznoring the caaling power af the eooling sygten during the discharge
han. Far an initial current of LR amperes the peak power 1o the mippart exlinder is abvnnt
XN Watks. It in oot easy to eetimate the ingbaokaoeons eooling pawer asailable foom the
anoling syetem, bt it rheady-state sooling capability in much lees than this. It in likely then
that ignaring the canling during the discharge daoes oot conetitite a large effect and that the
quechhack threshald for the camdnetor specified in nat far from LA amperes.

I may b desira ble during normal slow discharges ta in fact trigger A faet dircharee when
the magnet current has fallen below thin lewel to safely hasten the slowe discharge.

11.6 Protecting the Mapgnet Buses

The sapar eaaled curcent leads in the magoet contral dewar are conoected to the magoet
br mpacondicting buses nearly 14 meters long. Each s is made of & parallel pair of
magnet conductom thermally anchared ta the belinm mipply fiibe in the magoet chimney
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bt electrically ivnlated fram it. After the magoet has heen caaled to apecating taoperatire
anel proper vapar flow im eetablinhes] in the sapor eoaled leads. the baees in the chimnes
hecnme miperenndocting permitting charge-up of the magnet. Subeeqient upeets to the
anoling in the chimner must eoable magoet power-down withont the lom of integrity of
thess imes.

Th detamine the apeeating margion of ooe of the mpemandicting busea after it has
left: the mpercandneting state wa coneervatively Asmme that it is oot coaled by the belinm
mpply tube ro that ohmic heating in it by the magoet current cantributes divectly fo the
temperatire riee in it. A dincharge reeistance [ ar equivaleotly & decay time constant] for
the magnet in selected And the magoet curcent is Allowed to decay accardingly. The peak
wltage drop an the bue during the discharge in calonlated, Aris the final tAmpecatire At the
and af the dircharge

Naote that ignaring heat eonduckion along the bus the final teanpeacatire calenlated i
indepensdet of thelength of the serment of the bus that has gone normal. The peak miltage
drop caleulated boweser armmes that the eotive length of the s, 1.7 metems, has gone
nermal.

In Tahle11.3 are preeeobes] the final temperatire And peak mltage drop af the e where
the s conriata of aoe, teen, or three of the magoet conductars in parallel, for sesecal cheices
of dincharze remistor. (Crmporing the s of milkiple magnet condietom in for convenience;
the total amannt of low-resintivity Ahumimim in the bus in what i af isme]. The coset of
the decay inchosen to begin after the sltage doop of 0.08EE Y s ceached.

The final temperatiuee And peal miltage drop are amitted from the table if the tempera-
fire eneecded] BN twfore the dircharge was completed. In geoeral the table shaws that it
in helpfil ta add etra oormal eanduekars to the ases to protect theamn from avecheating in
the eweok of An upeet. Far the faster discharges eren the mingle-condnctar b is aafe, And
the addition of one eatra conductor gives All the protection of thres or mare conduetom for
All bt the sloweat discharoes.

The peak mltagedropin typically amall bt adequate for triggering the magnet discharoe
relinhly  The time elaipeed before the desired wltage drop ie reached 18 indicatesd; it in
natewarthy that: it depends anly an the sizeof the b (and the chaice of voltage drop hefore

F insbead of 0025 ¥V, 108 ¥V is chosen for the wmltage doop necessary to trigger the
dircharge the aAbave table in alishtly madified: the final tempecatires rise & few deorees, And
the peak wltagedrops (for all ik the Rlowest discharae and the ringle canduetar s clamp
&t (LM ¥ rather than the 103k V shown in the table. Alen. the delass become 26 seoondn
far the mingle-condnstar bus, 195 seeonds for the donble-cnndnickar bus, and 571 seconds for
the triple-conductar b, Evidently, the threeheald selected for the triggering of the discharge
neecdn't e set noreasonably low And the woltage drop an the bas will teod to damp at
the thoeshald walue sdected. The temperatiire rise in the e is very mixh famter than the
wltage drap - the conductor reaches the tranmition temperatire for NbTi in typically lees
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than ane seennd or ea.

In Figure 11.1 in shaown the calenlates] tampeeatioe ries and sl tage deop for A discharge
af the magonet inta & (.0 Olm pratectinn ceairbar. It in amumed that any ineideot that
amld drive any particn of the s leads normal waild rapidly lead ta the sotice leoghh of
the s bwing driven normal. If this #ere ook the case the woltage deops measired wonld e
aarrerpandingly emaller.

k in oot eary to specify what type of incddent sanld lead to upeet in the magnet s
leads. Lemm of helinm flow in the chimnoey is the anly credible upest made that comes o
mind, triggered by loms of preemire in the mipply dewar ar by misoperation of the J'T Al
in the mibeaaler drmit. In Aoy case, fow mebem will Agoal thin npeest aod within o fer
peancdn trigomer A fARt discharoe of the magnet. A calenlation shows that theee in mifficient
liguied helinm in the chimnes pipe aberee the biees ruch that 2 minites eapes aftee fowr shape
hefare the heat laad in the chimoey geoerates somigh vapar to dirplace the liqud down ta
the lerd of the buses themselwes.
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Takle 11.1: QUENCH Calculated Resulis

Protection | Maximmm | Maximim Maximnm
Besintar [mi}] | Temp [K] | Valtage [V] | Remstanee [mid]
1 o 4] &

h L ] A1 A0
1l BT Ash 1Rk
ih ™H i) k[

1) BB b1 | AR

Takle 11.2: QUENCH Energy Sharing
Beaintor [mi}] | In Cail In Hesirtor

0 Lix] nan

R BR.0 L

il A L

il 47 .2 R2R

RO 1.7 LA
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Takble 11.3: Superconducting Bus Safety

Protection | Ovoe Unit | Teeo Units | Thoee Ulnits
Reaintor (0] | [0.738m2] [ [LATen?] | [2.21em?

11500 YK ALK K
(033Y) | (kW) (V.022E v

1141504 MK K MK
(ML048 W | (EE W (LR

11180 MK HEK MK
[EL1Y] [[IRIETRY (M.122RY

RN i i f K 14K
hbbkk (1L v (MLIEE

ik bk #hbk bk 119K
ik ke ek ek (044 V)
Delay L1 Sex L7 Sex A48 Bec
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