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ABSTRACT

This paper describes the energy storage and transfer system
for the compression coils of a linear theta-pinch hybrid reactor
(LTPHR) . High efficiency and low cost are the principal require-
nnents for the energy storage and transfer of 25 MJ/m or 25 GJ for
a 1-'km LTPHR. The circuit efficiency must be ~90%, and the cost
for the circuit 5-6 ¢/J. Scaling laws and simple relationships
between circuit efficiency and cost-per-unit energy as a function:
of the half cycle time are presented.

An important consideration concerns the pulse repetition rate
of 2.25 pulses per second, 70 x 10 shots/yr, or 1.7 x 10% shots
over the 25-yr plant life. Current interruption to initiate en-
ergy transfer is not feasible at this rate. We consider, there-
fore, a simple ringing circult with contactors to make and break
at the periodically uccurring zero-current instances.

I. INTRODUCTION

Next generation large fusion devices are of such a size that new technologies are needed
tc meet the requirements for the delivery of pulsed energy: The ohmic heating coil of the
Tokamak experimental power reactor (EPR) requires transfer of a few GJ within 0.5 to 2 s at a
repetition rate of one shot every few minutes. The toroidal reference theta-pinch reactor
(RTPR) requires 60 GJ delivered in 30 ms at a repetition rate of 1 shot every 10 s. A l-km
linear theta-pinch hybrid reactor (LTPHR) requires the delivery of 25 GJF in 2 to 3 ms at a
repetition rate corresponding to 0.4 s per shot. Gas laser flash lamp supplier rejuire de-
livery of 10 MY in 0.2 to 1 ms at a repetition rate of 1 to 10 pulses/secend.

A desiqn estudy of the homopolar energy storage and transfar system (HETS) for the RTPR
was completed by a group from the University of Texas at Aur~in, Westinghouse Electric Corp.,
and Los Alamos under the auspices of the Electric Power Research Institwvt2. The concepturl
desiyn of a 1.3-GJ homopolar HETS evolved from this +-_.. o The Jusign of a scaled 10-MJ
homopolar machine is presently being undritakc. .y that qroup. Construction of the 10.u>
chine at Westinghouse with d=llv.., by mid-1979 and a tesc facility at ivs alamos for homo-
polar machines and related switchgear are planned.

The design study for the LTPHRIz] reported in this paper is based on the experience

?g:ined from thn RTPR design stniy and Fram (he e=aian a,d construction of a 150-kJ, 1.2-ms
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ABSTRACT

This paper describes the energy storage and transfer system
for the caompression coils of a linear theta-pinch hybrid reactor
(LTPHR) . Righ efficiency and low cost are the principal require-
ments for the energy storage and transfer of 25 MJ/m or 25 GJ for
a l-km LTPHR. The circuit efficiency must be ~90%, and the cost
for the circuit 5-6 ¢/J. Scaling laws and simple relationships :
between circuit efficiency and cost-per-unit energy as a function
of the half cycle time are presented.

An important consideration concerns the pulse ropotitton rate
of 2.25 pulses per second, 70 x 106 shots/yr, or 1.7 x 109 shots
over the 25-yr plant life. Current interruption to initiate en-
ergy transfer is not feasible at this rate. We consider, there-
fore, a simple ringing circuit with contactors to make and hreak
at the periodically occurring zero-current instances.

. INTRODUCTION

Next generation large fusion devices are of such a size that new taechnologies are needed
o meet the requirements for the delivery of pulsed enargy: The ohmic heating coil of the
okamak experimental power reactor (EPR) requires transfer of a few GJ within 0.5 to 2 & at a
epetition rate of one shot every few minutes. The toroidal refarence theta-pinch reactor
RTPR) requires 60 GJ delivered in 30 ms at a repetition rate of 1 shot every 10 s. A l-km
inear theta-pinch hybrid reactor (LTPHR) requires the delivery of 25 GJ in 2 to 3 ms nt a
epeticvion rate corresponding to 3.4 s per shot. Ges laser flash lamp sapplies require Jde-
ivery of 10 MT in 0.2 to 1 ms at a repetition rate of 1 to 10 pulses/secend.
' A design study of the homopolar energy storage and transfer system (HETS) for the RTPR
as complated by a group from the University of Texas at Aurtin, Westinghouse Electric Corp.,
nd Los Alamos under the auspices of the Electric Power Research Institn+z. TLe concwotuil
esign of a 1.3-GJ homopolar HETS evolved from this w-_. i The Jusign of a scaled 10-M)
smopolar machine is presently being undrit«ixi. .y that group. Construction of th~ 0.:7
hine at Westinghouse with dellv<., by mid-1979 and a test facility at wuo alamos for homo-
slar ma~hines and related switchgear are planned.

The design study for the LTPHRIZ] reported in this paper is based on the experience
1ined from tho RTPR design »thdv and Fram . he emaien a,d construction of a 150-kJ. 1.2-ms
Lscharge machine at the University of Toxas at Austin.

considerations of fundamental importamce are concerned with endurance LeqHLLCLdHLa, Py
1it efficiercy, and cost. The 1.3-GJ HETS, for example, has been designoed for BO x 10 _
nots over a 25-vear plant life, 953 circuit efficiency per cyclg, and 1 ¢/3. The latter was

[Pl

ased on the premise of an existing mass production experien;g._'Thq_LT?HB_gy ‘em described
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in this paper reguires 1.7 x 109 shotu over 1 29=year plant life, ~90% clrcuit efficiecy
per cycle, anu 5.6 ¢/J. For the '+ tur, a hundred production units of the homopolar machine
are assumed.

He conaid..r 4 simple ringing circuit with contactors to mako and break at tho periodi-~
call. ou.curring zero-current instancos. Evan this simple operation will require consicderable
devclopment effort for an inexpensive and rcliable contactor that may be replaced during an-
nual plant maintenance.

Wo consider capacitors and homopclar machines as eneryy storage elements with both func-
tioning basically as capacitors. The advantage of the homopolar machine in this application
is its relatively low cost, whervas that of capacitors is better efficiancy.

The drum-type homopolar machine is best for endurance considerations and it was there-
fore chosen for tha HETS and its 10-MJ scale mocel. These machines use upckes to support the
drum from inner oil journal bearings. ThLe spokes requirc considerabls material developaent
whose results will not be available for the scale model machine. The latter is designed,
thorefore, with disks instead of spokes. The disks unfortunately prevent convenient brush
access.

For the LTPHR system with its extremely severe endurance requiremant, the spokes have
been eliminated in favor of outer bearings. The benefit or brush access has thus been real-
ized. Gan is rejuired as the bearing lubricant because of tha conflicting requirements of
low loss on one hand and the large diameter of the outer bearing housing accommodating the
drum rotor on the other.

The severe endurance requirementy result from the 1.7 x 109 shots over the 25-year plant
lifo and tha fast acceleration which the spokes of the 2-) ms discharge machine would be ex-~
posed to, as compared to thosc of the 30-ms HETS machine.

II1. EFFICIENCY AND COST REQUIREMENTS

The total plant cost is not to exceod 1000 $/kWo. If 908 of this cost is needed for
plant components other than the compression coil capacitor bank, then the capacitor bLank
should not cxceed a cost limit. per unit stored energy of 5.3 ¢/J.

These nurhers may scrve as guidelines, but need existed for an efficiency-vs-cost rela-
tionship useful for optimizing the overall LTPHR system. Such a relationship is given in
this paper.

For the given pulse rate, we consider only the simplest type circuit requiring no cur-
rent interruption which is shown in Fig. 1. With capacitors, we assume a circuit afficiency
of 94% and 14 ¢/J. Overall system analysis is required to determine whether homopolar ma-

chines or capacitors best serve the requirements of the LTPHR.

IIT. HOMOPOLAR MACHINE OPERATING PRINCIPLE
Operation of the homopolar machines is based on the induction principle. The equivalent

capacitance of the machine is given by

c= 0(;”"--)" : eq. (1)

o

where 0 1s the moment of inertia of the rotor. w the angular frequency, and VB the no-load

i o s e
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Fizure 2 {llurtratis the topological configurations that nave b.-n sonsidaered for fast-
schar 1ing homopolar nachines. 1The relative mevitn of thege topulogicn ere discussed in
£. 2.

The relative advantages of the spuol (Fig, loc-d) ane drum (Fig. 2c0-f) confiqgurations can
st b¢ suwnarized as follows:

- The drum configuration hae tha potential of minimum internal irxpedance and maximum on-

durance strength;
- The disk and spool configurations have the potential for maxieus flux linkage.
The drums typs has therefore baen chosen for ii.2 LTPH applicacion.

FLUX AND EXCITATION SCALING

The proportions of coil and iron have empirically been optimized to within a few percent
! ann apparent optimum. The coil's inner radius was kapt constant at e * 118 ca, vhereas
e ratio of iron length to coll length and the total sector langth ware varied. Ve ussumed
wat tho coil was enclosed in a toroidal dewar with 2.5-cm wall thickness.

Tho optinized set of linear proportions (in cm) as shown in Fig. ) follows.

re = 118 €y ® 170 w = 18 L, =109 16 =113 Lt = 228 £, 136

The variable in the scaling problca for systcm optimization is thae linear scaling factor
operating on all linear dimensions.

Wo denote the reference dimensions by the subscript O and define ¢ = flux effective at
ollector radius, B = maximum flux density in the coil. B8y equating excitation ampere-turns
ith flux ¢ and with maxioum flux density B by way of the scaling facteor A, and relating flux
ensity B to current density J for a NLTIL condu:torljl with copper arma to superconductor

rea ratio 2.9, the following relationships are obtained.

s B, 1o '
8o -]} - B tn'A Ho' and
eq. (2)
.L-lz_
o 0

there B = 4.4T as shoun in Ref 2,
For a given scaling factor A, the flux density B is thus uniquely determined by the

[irst part of Eq. (2), and ¢ by the second part.

For a given scaling factor A, the flux linked by a rotor with collector surface radius

r. varies like ¢ =« rz'JJ as shown in Ref. 2.

B B
The voltage maxizum obtained when the machine oparates as a capacitor equivalent in an

L-C en¢rgy transfer circuit with angular rotor frequency L and witlhi n rotors connected in

serics is therefore given by
v .3)
v 22 -3 .
VO n n A ’0 (lllo) eq. (3)

wiere ¢ * 36.3 vh,
The circuit equations are glvean in Ref. 2. The voltage drop per brush is assumed to be

~.8 V. Ton percent was added to the comprecsion coil inductance and resistance to account
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The cireuit efficicncy is given by the vultage rel:rsai rate squared. The coasting
loews e aro e b addurd Lo Lha wiscuit Lnse) thuew cAnuier Af hruoh fEACEION '-~w, LEATLNY
losa, refriceration loss, ard charging loss to yicld the total loss per pulse cycla.

The los: eguationi and the electrical and mechanical design equations have been devel -
oped i Ref. 2 where they are discussei. Some of the discussions are crucial for the concep-
tual deszign of a fast-discharge miuchine with low loss and high endurance. These topics are
conccrnod with

~ the stressces in a drum rotor reinforced with a composlte wrap:

- the losses in gas bearings of the hydrottatic and hydrodynamic types:

- the brush ac*uvating machanieém and frictinon loss.

Gas bearinys of the propouir type require development because no experience exists pres-
ently with hydrudynamic gas boarings operating in the turbulent flow regime (for sufficient
rotor cooling) «ith the rotor zpinning at a surface spaed of approximately 280 m,'s, althoughr
this opecrating regime and the spced are known to have been studied separately.

Econvnic rcasons require that for short discharge times many LTPHR compression coils
mist ba connected in parallrl to a multisection homopolar machine, which may result in sever-
al meganmperes of dischar;e current. Double compensation will then be required to limit the
radial eloctrolvn-.aic load baetween the return conductors and the dium. More than half the
current will return through the inner return conductor and the balance will return through

the atlitional coaxial path in the space between coil and drum as shown in Fig. 3.

VI. COST EQUATICNS
The fellowing cost formula appearsi to be rcalistic for the production of a hundred homo-

polar maa hines:

s:o: -[l.? nHrc Sra 4 nMc sc + nABSB + nMcoil scoil + n\'He sHe + n!m(IN) Ssc
eq. (4)
* (npref’°.7 sref + m? sduwarJ ’
where HFc = iron weight
MC = weoight of drums and rcturn conductors
AB n brush-to-collector contact area
Mcoil = weight of stabilized superconductor (i.o., 0.4 x coil volume x 8.9 g/cm3)
VHe = volume of liquid helium inventory (i.c., 0.6 x coil volunme)
(IN) = gxcitarion ampere-turns
ﬁm = mcan turn length
\ = scaling factor
n = numher of machine sections in scvics
SFe = 1.59 §/kq (stator iron)
S¢ - 9.0 $/kg ircturn conductor and drum)
S = 4.00 S/cmz (brush systuvn)
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~ the brush actuating mechanism and friction loss.

Gas bsarings of the proposcd type require development beccause no experience exists pres-
ently with hydrodynamic gas bearings operating in the turbulent flow regime (for sufficient
rotor cooling) with the rotor spirning at a surface spaed of approximately 280 m/s, although
this opcrating regime and the speed are known to have been studied separately.

Economic reasons require that for short discharge times many LTPHR copression coils
must be connected in parallel to a multisection homopolar machine, which may result in sever-
al mecamperes of discharge current. Double compensation will then Le required to limit the
radial alectr dynamic load between the return conductors and the drum. More than half the
current will return through the inner retura conductor and the balance will return through:

the adiitional coaxial path in the space between coil and drum as shown ia Fig. 3.

VI. COST EQUATIONS
The following cost formula appears to be rcalistic for the production of a hundred homo-

polar nachines:

sto: -[l'z nHFe sPe * nMC sC * nABSB * nMcoil scoil + ane sHe * n!n(IN) ssc

cq. (4)
* (npret)o.7 sref + m? sdewarJ '
where Hr. = jiron weight
MC = weight of drums and return conductors
AB = brush-to-collector contact area
Ncoil = weight of stabilized superconductor (i.o., 0.4 x coil volume x 8.9 q/cna)
Vhe = volume of liquid helium inventory (i.c., 0.6 x coil voluma)
(IN) = gxcitation ampere-turns
ﬁn = mcoan turn length
A = gcaling factor
n = pumber of machine sections in series
SF. = 1.59 $/kg (stator iron)
Sc = 9.0 $/kg (return conductor and drum)
SB = 4.80 S/cm2 {(brush system)
$oil ™ 17.5 $/kg (coil construction)
sHo = 2.0 $/5 (liquid helium inventory)
SSC = 0.00165 § A-lm_1(0.5 mills/A-ft) (ruperconductor)
Song - 8400 sw 0’ (refrigeratnr cost)
Jdc‘dar TP {(dawar cose)

- ——
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The factor 1.2 in Eq. (4) accoants for the assenbly cost, which should be 1.25 in those
cases where double compensation is required.

(4]

The refrigeration power is given elsewhere. The cost rate sref is that given in Ref.

4, multiplied by a factor 1.2 for escalation.

V'I. OPTIMIZATION

Figure 4 1s a plot of circult efficiency n vs cost rate c in ¢/J for N = 32, 36, and 40,
tH = 3 ms, where the parameter n = 32 and 36. The plot shows that efficiency and cost rate
increase with increasing radlus.

The curves in Fig. 4 move up and to the left, indicating decreasing cost ani inc;aasing
efficiency with increasing number of rotors (for a given number of parallel coils) to an op-
timum beyond which the trend reverses. Henre, with each N, there is assoclated an optimum n,
and for this set of I'coil' nco:ll' and Icon values, the optimum nopt o N.

The figure shows that a substantial number of coils must be paralleled for short dis-
charge times, which may result in large currents requiring double compensation.

With each 'r,’ value a set (N n) is assoclated wvhere N gy n = n, exists. This optimm

pt
characteristic fits within an error altcll < 0.5% the celationship

n=Hy (1 - exp (-c/Kp)] eq. (5)

The parameters Hp and XKp in Eq. (5) have been plotted in Fig. 5 for compression coils
with 25 weber-turns each. The variable c is constrained to

1.9 for TH = 1.5 ms 6 for TH = 50ms
1.5to0 3.5 < c/Kg € ~1.9 to 15 3 for Ty = 2.0 ms 9 for 15 = 10.0 ms
5 for T, = 3.0 ms 13 for 15 = 30.0 ms

where the upper limit is set by the flux modal. 1In other words, if c/Kg increases beyond 2
to 15, then the flux density, which is scaled in accordance with the first part of Eq. (2),
will exceed our arbitrary but j ‘actical limit of 8 7, as a result of A > 1.2. The lower
limit in the c¢/Kg constraint corresponds to the minimum rotor radius for which structural
stability in the drum-composite structure exiests, with a 1.5 factor of safety. Optimization
could be carried ro A > 1.2 if B is kept constant at 8 T; hovever, this was not done.

The loss and cost elements of ona pocint design, i.e., one with ¢
4.84 v/J) are listed in Table I.

cycle = 0.9, ¢c=
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Figure 1

Flgure 2

Figure 3

Figure 4

Figure 5

FIGURE CAPTIONS

Compression coil circuit

Alternative topological configurations for fast-discharging hamopolar
machines

Definition of dinensions for the drum-type machine with double com—
pensation (i.e., inner and outer current return).

Efficiency n = 1 - !21 +f 1k V8 cost rate (¢/J3) for number of
parallel coils N = 32, 5’5, 4B

Optimization characteristics
n = number of machine sections in series
Hg = efficliency limit
Kp = logarithmic cnst decrement va discharge time )y
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TABIE I

LOSS AND COST SUMMARY ON THE DESISN FOR n cycle

r, »~ 102.5 cm, and ) = 0.899

Los.2s in Percent of 1/2 cv% for 0.4-s Pulse

Period

Drum joule loss

Return conductor joule loss

Brush joule loss (voltage drop)
Brush friction loss

Bearing loss » windage loss
Refrigeration loss

Pover supply loss (charging loss)
Compression coil loss

Total loss incl. compression coil

Costs in Percent of Total Machine Cost

Izon (nHr. $. /S

Fe tot
Supercond. coil [n(mcon scoil + vHe sHe + lmlussc
Refrigeration [(npre£)°-7 $Ser * nxzsdem“]lstot -
Return conductor, drum("'-'c Istot

Current collection (nA S |S

Asgembly (1 - 1/1.2) =

Total machine cost stot = 12.4 M$

tot

n 0.899, ¢ = 4.84 ¢/J,

o~ooor~OOW
NINNOBR_WRN

[

12.3%

] = 44.4
3.4

6.2

17.4

16.4
100s

)Istot

.Aasuning that the brushes make contact for 9 ms at an average
pressure of 0.7 bar superposed with an electrodynamic load

peaking at 8 Lar.
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