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COIL PROTECTION FOR A UTILITY SCALE MWC‘%)
SUPERCONDUCTING MAGNETIC ENERGY STORAGE PLANT

R. J. Loyd
S. M. Schoenung
Bechtel Nstional, Inc,
San Francisco, California

W, V. Hassenzahl
Lawrence Berkeley Laboratory
Berkeley, California

Abstract =~ Superconducting Magretic Energy Storage

(SMES) 1s proposed for electric wutility load
leveling. Attractive costs, high diurnal energy effi-~

ciency (% 92%), and rapid response are advantages
relative to other epergy atorage technologies, Recen:
industry-led efforts hsve pro’uced a conceptual design
for a 5000 MWh/1000 MW energy storage plant which is

technically feasidle st commercially attractive
estinated costs. The SMES plapt design includes a
protection system which prevents damage to the

wagnetic coil 1f events require a rapid discharge of
stored energy. This paper describes the design and
operation of the coil protection system, which 1s
primarily passive snd uses the thermal capacity of the

coil {1teelf to abdsord the stored electromagnetic
energy.
INTRODUCTION

The operstion of s SMES plant for utility 1load
leveling, as has been descrided previously (1),
invoives charging a supercorducting coil from the
utility system during off~peak hours to store energy
in the form of an electromagnetic field. The AC grid
1o connected to the DC magnetic coil througn a power

coaversion systes (PCS) that 4ncludes &n dnverter/
rectifier. Once charged, the suprrconducting coil
conducts current with virtually no energy loss.

During hours of peak losd, the stored energy is dis-
charged through the PCS back to the grid as 1line
quality AC power., The coil s wmaintained at a
superconducting temperature by immersion Iin a bath of
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Fig. ) Schematic diagram of SMES operating principles
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1iquid helium. A schematic dfagram indicating the
principles of operatfon of a SMES plant s shown in
Fig. 1.

Industrial Jleadership in the development of SMES
technology bdegan in 1981. Efforts since that time
[2,3,4] have resulted in a conceptual design for a
5000 MWh/1000 MW SMES plant, which consists of a 556
turn, four radial layer, superconducting soleno!dal
coil plua all necessary support systems. The 19 =
high, 1 m wide, 1000 m diamcter coil 1g conmstructed in
an open trench, Pigure 2 4s a cut-away viev showing
the coll and related components, The coil employs a
200 kA conductor made of copper/niobium-titamium
superconductor stabilized by high purity aluminum,
The conductor 4s positioned dn an alloy sluminum
structure (conductor support assembly) which supports
the conductor againat magnetic loads. The ceil
operates in a superfluid helium bath at a nominal
tenperature of 1.8 K and a porinal pressure of one
atooaphere.

Each of the 556 coil turns consiste of a conductor
in a conductor support assembly, as shown in Figs. 3
and 4, The coil turns are electrically fsolated from
one another by vertical and horizontal dinsulator
sheets., The conductor consists of numerous I-mm
superconductor strands imbedded in the surface of a
rectangular, high-purity alumioum stabilizer,

COJL PROTECTION

A SMES plant must be equipped with a reliadle pro-
tection syastem that tan dissipate the atored energy to
insure that damage will not occur 4in the unlikely
event of an dmminent or actual loss of eupercon-
ductivity, The only events which could lead to a lose
of supcrconductivity I{n a coil that s well designed
for cryogenic atability are falling 1liquid helium
level resulting from a helfum vessel breach, or large
thermal loads cauaed by a rapid loss of vacuue. If
efther of these eventa were to occur, there would be
no time for “diacharge of the coil to the wutility
asyatem, so that the cofl energy aust be dinmipated by
other means. Dinssipation of energy vis an external
resistor ie not possible because 1t would result {n
unacceptably high voltages across the coil. There~-
fore, the stored energy must be diwsipated resfatively
as heat within the cofl ftself, To avoid damage from
high voltsges and/or high temperatures, this dnternal
disaipation must be pearly uniform, This process,
called a coil protective energy dump, places a number
of requirements and conatraints on the plant and cofl
design., Theae include the ability to rapidly remove
the 1%quid helium coolant from the cofl, good current
end h-at tranafer frow the conductor to the conductor
support asmembly, and adequate thermal capacity of the
structure,

A syntrs that can rapidly and reliadbly dump the
rofl's Inventory of 1liquid helium coolant has  bern
Cemcribed previoualy [3). It containe only s few
active covponenta (valves) to Inttiate the enerpy dunmp
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sequence and these are accessible for maintenapce
vhile the coil is operating. After the helium dump
system has been activated, the coll protective energy
dump process is fully passive.

The bhelium dump process requires aboutr 20 s and
leaves the conductor in & rcsistive state. (When mo
longer superconducting, the conductor 1is termed
“norsal”.) The desigo of the conductoer and conductor
support assembly assures good electrical contact
betvean these components, so that once the
superconductor 1s nmormal, the coil currest is shared
betwveen the conductor and the conductor suppert
asasendbly in inverse proportion to thelr resistauces at
their respective temperatures. The stored energy is
resistively converted to heat, which is absorbed by
the conductor, the conductor support asseably, and an
inexpensi’e heat asbsorbing material that is contained
in the enclosed voids of the conductor support
asaemdly.

During an energy dump, the temperatures of the
conducter and the copductor aupport assembdly rise
closely together, primarily because of gooed electri.al
and thermal contact. The coil varms to a safe tem-
perature, near amdient, . because adequate thermal
capacity s provided by the coill materials. The
thermal capacity of the aluminum components of the
conducter wsupport sasexbly, vwvhich are sized for
struciural functions, 4is oeupplemented by heat
absording material, such as tar, vhich provides adout
half of the total required thermal capacity. Addi-
tienal wuolid alwminum for this purpese wvould da
prohibitively expensive. The resulting coil consists
of approximately 73,000 tons of sluminum plus
35,000 tons of ‘tar. Aluminum fins, 2 percent by
volume of the heat abaorbing materisl, serve as heat
paths inte the tar. Tar block time conatants for
several structure-to-tar block helium gap sires and
aluminum fin  volume fractions wvers eatimated
analytically. These are ahowvn in Fig. 8.

COIL PROTECTIVE ENERGY DUMP MODPL

The coil behavior described in the following text
and figures was analyred using the computer code CPED
(Cotl Frotective Energy DI awp) developed specifically
for this purpose. Quantities calculated by the CPED

code are:?
= Stored energy:
E=112/2
where E fa the (oll magnetic cnergy, L is the

coil tnductance, and 1 fe the tutal current fn
each cotl tuin,
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Fig. 3 Estimated tar block time constant vs. mean
temperature for various configurations

= Current aharing bhetween structure (») apd con-
ductor ()3

(I)g = (M),

where I is current, and R is resistance.
~ Joule heating per time step, dtt

dx = [(12R), + (I2R) ] de

vhere 4t {3 the tine step,

=~ FHeat transfer per time
structure!

step froam conductor to

‘Qc. o h A (Te - T., de.

vhere h 1s the thermal contact conductsnce
betveen the conductor and conductor support
asaenbly and A is the contact area per unit
circunference.,

= Hest transfer per tine step from structure to heat
absorbing material (tar, T)t

dQer =~ C1 [TT(t+dt) = T7(e)] de

vhere Cp 1s thermal capacity of the tar and
the ‘wean t-r tempecature, Tr, lags the
structure teaperatura as determiped by the
time constant, tau, vhich 1a defined by:

Tr(trde)=Tp(e)¢[Tg(t)-Ty t) ¢ [1-exp(dt/tau)].

Variable time

ateps
stable solutions.

are calculated to assurec

The abeve equatfons model the local aversge con-
,ductor, structure, and heat nblqbln; tuterial tem-
prratures. The CPFD code also accomnodates cir-
cunferentfal or axial thermsl conduction and allows
for circumferential or axfal varfations fn material
area croas sections and inft{al tenprratures.

The CPFD code wvas used 1o investigate the effects
of numerous parameters on tecperatures and voltages
orcurring during a protective energy duap.



THERMAL EFFECTS

Calculated results for energy decay, temperatures,
and fraction of total current In the structure are
shown in Fig. 6. Assumptions for this “base" case are
that the entire coil fs driven uniformly normal at
2.95 K, that the thermal contact conductance, L,
betwveen the conductor and structure equals
1.0 W/cm2-X, and that the heat absorbing material
time constant follows curve B in Fig. 5. KRR refers
to the electrical resistivity of the conductor
stabilizer, which ia discussed later in this section,
Thermal and elecirical property data for aluminum are
taken from Ref, 6 and the estimated apecific heat of
the tar blocks is given in Tadble 1. The tim: required
for half of the coil energy to be converted to heat ias
about 2.2 minutes. The temperatures of the conductor,
structure, and tar increase at nearly equel rates and
reach 296 K when sll of the coil's electromagnetic
energy has been dissipsted. By the time half of the
coll energy has been diesipated, the conductor support
assemdbly 48 carrying over 83 percent of the total
current remaining. This current shift from the con-
ductor to ihe conductor support ascembly occurs
because the relative resistances of these twvo
components shifrs with increasing temperature.

Effect of Thermsl Conteci Conductapce. The thermal

conta~t conductance, h, represents hov well the con-
ductor is thermally coupled to the conductor support
assembly. A value of h = impliec perfect thermal
coupling, i.e., the tvo components are at the same
temperature at all times. A value of h = 0 implies
that the conductor and structure are thermally
isolated, 1.e., there is no heat transfer Between them
The case of thermal {solation leads to high conductor
temperatures vhich would probadly cause damage. Fig.
7 shows the conductor and structure temperature vs.
time for various values c¢f h, The value of h = 1,0
W/cm2-K used for the “base” case is a conservative
value, estimated from publisheé data for thermal
contact conductance, The conclusion to de drawvn f{s
that no severe temperature gradients occur betveen the
cunductor sund structure for any reasonable values of h.

Effect of Tar Time Constsnt. The effect of tar time
constant on the temperdtures of the conductor, con-
ductor support assewbly, and tar during a protective
energy dump 1s shcwn in Fig, 8, usiog the time con-
stant vs. temperature curves plotted in Fig. 5. The
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Table 1. Estimated specific heat of tar, which {s
proposed ad heat absorbing material.

Temperature, K Specific Heat (J/g)

1.8 0.0170
4 0.0195

10 0.024

20 - 0.10

50 0.3%

100 0.70

200 1.18

300 1.52

—m— OO DALY OR IC)

(X
IHIAMALLY
HBOLATY D)

TEWPERATUSE. &

o

(L]
(AP ICT OO Py Y

v.gv - - .:, BN ~»71 A

p——

—

L LLER 1)
S YAR T CONMETANT I

2000 ve BAY

ou
PO ALGAIN U P i VOLUME,

OF & ARE OrPORTY DY

TiIME MINUTES

e CUAVIYFOR CACK BT BeivE VAL

(L TIV,, |

rig. 7 Coi) temperstures ve. time tor variovs thermal

contact conductances during an energy

)

dump

L2
-d




TAU SROW
"wa
6 On Wie GAP.

COM DL LT ORIL) =

BTAUCTLALEE) —e

00
¥
-
:
: » ARR - 37
! onat miemd i
e
CURYES POR FACK SUCCENRVE Toasl
CONETANY SEY ARE 0P POET BY 1 MUTE
‘e \ 1 3 . 'Y s 1 4 .
Tt MINUTES
Pig. 8 Coil temperatures vs. time for various tar -
thermal time constants during an energy dump
results indicate that the conductor and structure Ron-uniformities in cross sectional areas, which
tegperatures are fairly insensitive to time constant might be expected as a repult of manufacturing
over the range vhich is expected, tolerances, also do not lead to major hot spots. A

local reduction c¢f S percent in the cross section of

=3 . The CPED the structure causes the local conductor temperature

code accommodates initis]l temperature nonumiformities to exceed the average conductof temperature by a
over a selected circumferential segment of the coil. maximum of only 20 K. Vairiations i{n conductor and tar

The results shown in Fig. 9 4indicate that inicial area cross sections hrve g amaller effect. Theae
temperature hot-spots do not grov during an energy results are shovn in Fig. 10.

dump. Rather, hot spots shrink because heat capacity

incresses witkh temperature faster than elactrical bil{zer Resioti7isy. The electrical
reaistance. Circumferential thermal conduction has reaistivity at cryogenic temperatures of high purity
cnly a minor smoothing effect. The fact that hot aluminum, puch as that used as the conductor stabi-
spots shiink rather than grov in magnitude is very lizer, i1a a strong function of both temperature and

significant because unsta®le growth vosld lesd to coil  purity. Conductors used at cryogenic tempe-atures
darmage. .
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by the ratio of resistivity
at 273 K to that pear 0 K. This ratio ia called the
residus]l resistivity ratie (RRR). The conductor
stabilizer currently propesed for SMES is RRR 1000
aluninum. A range of effective RER is expected for an
operating SMES conductor because the resiastivity also
{9 affected by magnetic field and Jocal atrain,
Hewever, the corductor temperature behavior during an
energy duzp ia not noticeably dzpendent on RRR over
{ts cxpected range. This is because the resistivity
of high purity aluminum {s nearly independent of RRR
once the temperature _-'eds 40 K. Therefore, a con-
servative value of RRR 3., vas used in this analyais.

often are characterized

COIL VOLTAGE

For those calculations described so far, for which
the area cross sections and initial temperaturs were
unifora ovar the coil height, there was no voltage
gradient in the coil. Howaver, because the 1liquid
heliua coolant removal occurs over a finite period of
time, in reality there will be au szial temperature
gradient in the coil. The axisl voltrsge caused by the
thermal gradient wmust be limited to a wsafe range.
Fig. 11 shows schemsticsally the inductive, resistive,
ard total voltage in one radial layer of the coil at a
time vhen the 1liquid helium $s draining fros the
heiium vessel. The exposed normal turns of the coil
generate a resistive voltage. As energy ie resis-
tively dissipated, an ipductive voltage of the
vpposite sign results. The algebraic sum of these two
conponents is the voltsge vhich the ins Jation between
the enil and the heliua vessel sust withstand, A
volrage differential parsists as long as there is an
& {al <epperature gradient. The magnitude and axial
location of the point of maxiwum voltage depends on
the .empersture profile and coil current at any given
tive, A consequence of the coll winding pattern
(psrallel helix) is that the peak coil veltage that
would othervise occur during an energy dump is reduced
by a factor equal to the numbar of radisl layers, in
this case by 4.

Effect of Helifus Duwp Time and Initial Temparatura.

Fig. shovo pea voltage as a function of
beliyn dump time apd {fnitfal, or “kick-off” tem~
perature of pevly uncovered conductor turns. The

Rickoff temparsture is assuned equal to that of cthe
helium gas vhich displaces the 1fquid, and the con-
ductors are asssused to jump inptantly to the kickoff
tenperature as they are axposed. Above about 40 K,
the econductor kick-off tesmperature has a stronger
effect on peak coil voltage than helium duasp time.
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Pig. 11 Cotl voltage behavior durin’, an encrgy dump

Belov about 30 K, the kick-cff temperature of newly
exposed conductor turns ham little effect. For the
SMES plant dezign reported here, 28 K helfum gas 1
used to ipitiate the energy dump.

Coil vwoltage s a wvesk function of helium dump
time, as showvn in Fig 12. While a paxioum coll volt-
age of 20 kV is thought to be acceptable, the heliua
duzp system is designed for a dusp time of 20 o,
resulting in a maxioum coil voltage of only 10 kv,
This is Just slightly above the peak cofl voltage of
9.4 kV wbich occurs during normal charge/discharge
operation of the coll.

Figure 13 shovs the temperature difference detveen
the top and bottom turns of the coil as a finccior. of
heliva dump time, based on a conductor kick-off
temperature, Tc, of 20 K. For a 20 s helium 4 2p, the
maxisum tempesrature &iff -rence s 80 K, vbich is not
enough to damage the coi.. (The curves in Figa. 11
and 12 wvere calculated Zu. the condition that the
conductor suppert structure and tar vere kicked off at
temparatures of 0.9 T, and 0.3 T, respectively.)

Lffect

fonstant. The effects of thermal contact conductance
betveen the conducter and the conductor support
asppambly, and of the tar time coustant on maxiowm
voltage sre shovn in Figa. 14 and 13, Both shov that
bettar heat transfer results in lover voltage,
although the results are rather insensitive to eithar
paramater,
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CONCLY. ON%

The conceptual design of the coll protectionm system
and analysis of the helium and energy dump processas

to the felloving conclusions, wvhich are

important to the advancement of SMES.

The diassipation of energy in the coil during a
protective energy dump proceeds nearly wmiforamly.
The maximum temperature folloving an energy dump
is lov encugh that no damage to the coll results.
Initial temperature differences in the coil dv not
grev, but rather shrink, For a modeat rats of
1iquid helium removal, excessive coll voltages do
not occur.
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The development of a mostly passive system for an
emergency energy discharge vhich is relisdble and
results in no dapage to the coil resolves a major
concern regarding the technical visbility of SMES
for electric utility load leveiing.
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