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ABSTRACT
A sizing and costing code has been written for highly irradiated normal magnets, such as those used in
accclerators and fusion reactors. Organic and inorganic insulators have been modeled. Thermal, electrical and
structural sizing are included. Costing includes the magnets, as well as there associated power supplies and
cooling systems. Radiation effects modeled include leakage current, heating, and increased copper resistivity
due to transmutations and lattice displacements. A trade study for typical reactor parameters indicates the

desirability of lightly shielded, low impedance magnet designs.
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A. Introduction

In. fusion reactors, employing magnetic confinement of thermonuclear plasmas, there is always a trade-
off involved with nuclear shielding of the magnets. Lighter shielding allows less stored energy and less magnet
current for any desired field pattern at the confined plasma, but also causes higher nuclear and gamma heating
- of the magnet as well as integrated damage to the magnet conductor and insulation. Because of the obvious
desirability of limiting recirculating power in a fusion reactor, most designs attempt to incorporate sufficient
shielding to permit operation of cryogenically cooled magnets. However, in some cases, the economies of light
shielding favor magnets with normal conductors. For tokamaks, these applications include bundle divertor -
magnets, internal poloidal field coils, ripple trim coils, "throw-away" (Riggatron grade) toroidal field coils, and -
neutral beam field compensating coils. Relatively short-pulse experimental fusion reactors, such as TFTR, JET

| and ZEPHYR, also favor lightly shielded normal magnets.

In a heavily irradiated normal magnet, insulation integrity is usually considered to be the most limiting
factor in determining magnet shielding requirements. Limitations of 10° rads for organic insulation and 10'2
rads for inorganic insulations are frequently used as a basis for conceptual design, although neither design
limit has much substantiation from magnet operating experience. Because of the importance of insulation
sclection in determining the overall magnet design, models of different insulation systems are included as
an option in the code. At present, jacketed MgO conductors and unjacketed G-10 conductors are modeled.
Leakage currents and temperature rises due to irradiation are modeled within the code. Lifetime radiation
limits,' however, arc not included. Life limitations can be modcled implicitly by the specification of the exter-
nal shield thickness. However, the integrated failure mechanisms, particularly for organic insulations, are not
well enough characterized at this time to warrant imposing limits within the body of the code [SC80)}.

| Another option in the code is a choice of coil shapes between circular coils and an I-shaped saddle coil.
The I-shaped saddle coil is currently the favored shape for bundle divertors and ripple trim coils, while circular
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coils are the favored shape for internal poloidal field coils.

The sizing code includes a rudimentary sizing of the magnet case structure, based on allowable pulsed.
stresses. Radiation effects on thermal and electrical sizing are modeled by calculating direct nuclear heating,
irradiation induced leakage currents and increased conductor resisitivity from transmutation, lattice displace-
ments and elevated temperature. The costing code includes the magnet, its power supply and its cooling
systcfn. Each of these is costed as a stand-alone item, and the cooling system in particular should be integrated

with the overall plant cooling system in a systems sizing code.

B. Description of Method

The basic method of the code is to input the required ampere-turns in the coil, the lengths which define
‘its perimeter and the allowable tempceratures at the copper and insulation hot-spots. The conductor size and
the current density in the copper are input. These are considered to be free parameters, rather than allowables,
and finding good values for the conductor size and the current density are among the principal goals of this
code. The code then determines the size of the coolant channel needed to reach the temperature allowables.
There is never any failure to converge, no matter how small the conductor or how high the curernt density
in the chductor, because the code increases the channel area at the expense of the conductor area, until tﬁe

conductor current is reduced to an acceptably small quantity.
The allowable hot-spot in the insulation can be significantly higher for inorganic insulations than for G-

10. Typical values for the hot-spot temperature in the insulation (C) is given by:

Thotins = Thotrgo = 150 ; (1)

where ThotMmgo 1S the hot-spot temperature in the MgO insulation (C), and

Thotins == ThotGlO =70 (2)

when the insulation is G-10.

The hot-spot temperature in the copper (C) is given by:

letcu = Thotins - ATins . (3)
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where AT}, is the design temperature drop across the insulation (C)

The first guess at the wall temperature on the outlet side (C) is given by:

Twallguess = Thotcu — 30 (4)

" The average temperature in the copper (C) is given by:

Tav — (Tiballguess2+ Tfiotcu) (5)

The purpose of the following iteration is to self-consistently size the conductor and the case. We already
" know the forces on the case, but we don’t know its moment of inertia and, therefore, its thickness, until
we know the cross-section area of the conductor. Similarly, we don’t know the achievable current density
in the conductor until we know the attenuation of neutron and gamma irradiation by the case. Both the
case thickness and the conductor cross-section are second-order dependent on each other, so a few iterations,
substituting the latest calculated values of those two parameters, should relax to a self-consistent solution in all
cases. The first guess is that the cross-sectional area of the conductor package is twice the conductor copper

area. The area required by all the turns of the coil (m?) is given by:

2.0Am
Acondtolal = ___7&117_13 (6)
cu

where J.,, is the current density in the copper (A/m?), and Ampyy,ns is the number of ampere-turns in the
coil (A-T).

Equations model case thickness for the option of a constant thickness case about the magnet. The most
limiting clearance affecting the toroidal ripple on axis is the case thickness about the vertical leg closest to the
plasma. Other casc thicknesses are not calculated here. For modeling purposes, we are assuming that the force
due to the interaction of the main toroidal ficld and the vertical current is dominant. The case is assumed to be

rigidly supported at top and bottom. The radial force supported by the case (N) is given by:

Fregse = Btvleg Vlcg AMPiyrns (8)
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where V¢, is the height of the vertical leg of the magnet (m), and Bt is the toroidal flux density at the

vertical légs of the magnet (T). The design stress in the case (Pa) is given by:

OYass .
Odesign = o (9)
SMjatigueles

where 0y, the yield strength of the case steel (Pa), is 350 X 108 and SMatigueles, the safety margin vs. yield
strength for 10° cycles is 3.

The bending moment applied.to-the case (N-m).is given. by:

F Tcase Vleg

Mcase - 8 (10)

We iterate a few times to solve self-consistently for the two equations for the moment of inertia of the
case and the stress in the extreme fiber.

The width of the square conductor winding package (in) is given by:

Wcond =V Acondtatal (12)

The overall width of the case (m) is given by:

Wcase = Veond + 2tcase (13)

The moment of inertia of the case about its vertical axis (m?) is given by:

(Wgase - W?ond (14)
12.0

Icase -

The height of the extreme "fiber” from the neutral axis (m) is given by:

vvcond

Cfiber = —2—0"' + tease (15)

The bending stress in the extreme fiber of the case (Pa) is given by:

Mcase Criber
Obend = —5———

(16)

IC(LSC




The iteration is ended with equation 19 by setting the case thickness equal to half the sum of the smallest

guess that is too high and the largest guess that is too small. The case thickness (m) is given by:

MAZgmall + MM,
tcase == ( - 2.0 1?) (19)

. The neutron energy attenuation of the case ( ) is given by:

Qzase =exp(* 13t504e). (20)

Notice that an inverse e-folding distance of 13 cm™! is inserted on the assumption that the case is made
p

of stainless steel. If the shield material is stainless steel, the attenuation coefficient ( ) is given by:

Atten = 13 (21)

If the shield material is WTiH; or W, the attenuation coefficient () is given by:

Atten = 11 (22)

The attenuation of any additional shielding, surrounding the case ( ) is given by:

Qghietg = exp(™ Attenionicia) (23)

where tgp;eiq 1S the thickness of the shield (m). The neutron fluence at the surface of the coil (n/cmz)‘is given

by:

Fluence = .44 X lOlGPwau duty.avail Years Qeqse Ashield (24)

where years is the lifetime of the magnet (), avail is the integrated availability of the reactor ( ), duty is the
local duty factor of the reactor (), and Pqy is the neutron wall-loading near the magnet (W/m?2).
The atomic density of copper (atoms/cc) is given by:
6.023 X 108 x 8

Atomgens = 64 o (25)




The e-folding distance of neutron capture in copper (cm) is given by:

efoldc,, = 10.

The density of transmuted atoms in copper (atoms/cc) is given by:

Fluence
cfaldc

The atomic parts per million of transmuted atoms ( ) is given by:

Transmugens =

Transmugens X 108

Appm =
PP Atomgens

The volumetric nuclear and gamma heating (W/m?) is given by:

Nucheat = 18.8 Pwall Qcase Ashield

(26)

(27)

(28)

(29

Equations (34-120) are iterated to find the only self-consistent solution for the ratio of the coolant channel

to the conductor height. The method is to take half the difference between a guess that is too low and a guess

that is too high. The initializations of the incorrect guesses are:

Amazlow = 001

The minimum guess at a,yerp that is too high () is given by:

Aminkigh = 1.0

The initial guess of the ratio of coolant channel to conductor height () is given by:

Gopern = 0.5

The flat-to-flat height of the coolant channel (m) is given by:

a= haoverh
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(31)

(32)

(34)




The thermal conductance of the thermal circuit (W/m-K) is given by:

2a

G= 4kc“((h—-——55 + .54)

(35)

from McAdams text on Heat Transmission [Mc64], where k¢, the thermal conductivity of copper, is 350

(W/m-K).

The cross-section area of copper in the conductor (m?) is given by:

Aoy =h%*— a?

The jacket thickness (m) is given by:

h
T'ac A T T T Ao
jock ™ (16 X 1.63)
The insulation thickness (m) is given by:
h
Tins = %‘

The flat-to-flat height of the jacket. (m) is given by:

-H:jaclc =h + Tins + Tjack

This is 2.07 X h/1.63 in todays conductors, where h is the flat-to-flat height of the conductor (m).

The area of the conductor insulation and jacket. (m?) is given by:

2
Acond = Hja,ck

The dissipation per unit length duc to nuclear heating (W/m) is given by:

Qnuc =N 'U-CheutAcond

The overall packing factor, copper/conductor ( ) is given by:
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(37)

(38)

(39)

(40)
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AC‘U

cond

Pacsoe =

The overall current density in the conductor and jacket (A/m?) is given by:

Jcond = quPacjac ‘

The current density in the copper (A/m?) is given by:

Jeond
J — con
7 Pac fac

The conductor current (A) is given by:

Lond - quAcu

The area required by all the turns of the coil (m?) is given by:

Ampturns

Acondtotal = 7
cond

If the coil shape is circular, the length of a single turn (m) is given by:

Liyrn = 2.7 Reoil

where R, is the coil radius for the circular coil option (m).

If the coil is an 1-shaped saddle, the length of a single turn (m) is given by:

Liyrn =2 (Vleg + IT{legtar + }Ilegrad)

(m), and Heyyo, is the length of the horizontal leg in the toroidal direction (m).

The number of turns required () is given by:

N, — Ampturns
turns = _j"*"“
cond
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(43)

(44)

(45)

(46)

(47)

(48)

where, for the example of a bundle divertor, Hiegraq is the length of the horizontal leg in the radial direction

(49)




The minimum permissible bending radius (m) is given by:

Minbend = 12 Hjge (50)

The expected displacements per neutron after annealing ( ) is given by:

dpn = 60 . (51)

The expected lattice displacements per atom (dpa) is given by:

dpa = dpn Appm1.0 X 10— (52)

If the expected displacements per atom are less than 0.001, the displacements are unsaturated, and the

electrical resistivity of the copper (€2 — m) is proportional to the irradiation.

d
Dlottics = EZ())_GI 0.4 x 108 (53)

At 0.001 displacements per atom, the amount of the displacements that copper can support saturates, and

resistivity due to displacements no longer increases with irradiation.

Plattice == 0.4 X 108 (54)

The badness ratio of additional resistivity duc to a single transmutation over that due to a single lattice

displacement ( ) is given by:

Badsyans = 3.5 (55)

The Joule-Thomson cocflicient -dT/dP at constant enthalpy. (C/Pa) is given by: The elcctrical resistivity

of the copper due to transmutations of the copper into zinc and nickel (€2 — m) is given by:

Badyran, Appm (L0148 X 10—8)
Piransmu = 300 (56)

The clectrical resistivity of copper as a function of temperature. (€2 — m) is given by:
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Premp = (1.48 + .00754T,,)1.x10~8

The total electrical resistivity of the copper ({2 — m) is given by:

Peu = Ptemp + Plattice + Ptransmu

The power/volume dissipated in the conductor (W/m?) is given by:

—_ 2
quuarep - Pqucu

The resistance of one turn of the coil () is given by:

pcuLturn

Rturn =
Acu

'The electrical power dissipated per turn (W) is given by:

Turndisse = Lturn Acu -]:squarep

The electric power dissipated per coil (W) is givlen by:

Cm:ldz'sse = Turndisae Murm

The normalized average tempcerature in the MgO insulation (C) is given by:

(Thotins + T;lotcu)
200.

Tnorm =

The thermal conductivity of MgO. (W/m-K) is given by:

84.835 62.696 16.23
T + T3

Tnorm norm norm

knrgo = — 1728 +

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

The thermophysical propertics of MgO are taken from Kingery,Bowen and Uhlmann [K176], The correlation

is by the author. The conversion factor, scaling from the RTPR design, for a ceramic facing combined neutron

and gamma radiation from W/m? to Gray/s (Gray/s/W/m?) is given by:
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RTPR o, = .05 . (65)

¢ maximum radiation absorption in the magnet insulation (Gray/s) is given by:

Magra.d = RT-PRcon'u Pwall (66)

‘The electrical conductivity in ceramic insulation due to irradiation (mho/m) is given by:

Maga\®
OMgOrad = 5.X 1078 (T%—i) (67)

The correlation is based on Clinard’s contribution to the LASL 1979 Special Purpose Materials Annual

Progress Report [CL79].

The electrical conductivity of G-10 insulation due to irradiation is given by:

300. X 10—'2 Mag,qq

rad = 2.0 X 10712 68
0G10rad X1 + 200 (68)
_If the insulation is MgO, the heat flux in the insulation (W/m?) is given by:
2.0 ATl k[\{ o) ’
Qins = T = g (71)
ins
If the insulation is G-10, the heat flux in the insulation (W/m?) is given by:
Q= 28Tkt )
ins
The power density in the MgO due to leakage currents (W/m?) is given by:
Piny = Zine (73)

Tins
The current density in the MgO (A/m?) is given by:

Jins =V Pinsomd (74)
The electric field in the MgO (V/m) is given by:
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iy = Jins (75)
Orad
The ratio of peak charging voltage to steady-state voltage () is given by:
Vengr = 1.4 (76)
since a ratio of 1.4 is typical of exponentially charged normal magnets.
The peak coil terminal voltage (V) is given by:
Vierm = EinsTins (77)
The resistive terminal voltage at the coil (V) is given by:
Vrter'm = Yé’fﬂ (78)
chgr
The terminal voltage, if all the coil turns were in series (V) is given by:
. Vseries = NturnthurnVchngcond (79)

The number of paraliel lead pairs () needed to achieve the design value of temperature drop in the

insulation is given by:

V...
N. nirs = series 80
P Vtcrm ( )

rounded down to the nearest intcger uniess the ratio is less than one.

The power per unit length due to leakage currents (W/m) is given by:

Powplins =4 PinsTins}Ijack (82)

The power dissipated per single turn (W) is given by:

Turngiss = Liyrn (Aqusquurep + AcondNuCheqar + Powplina) » _ (83)
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The power dissipated per coil (W) is given by:

COild iss — Turndisslvtu'rns - (84)

The heat flux into the water-cooling channel (W/m?2) is given by:

Turng;ss
_ 85
@n (@ Lowrn) (85)
The wetted perimeter (m) is given by:
P,=4a . (86)
The area of the coolant channel (m?) is given by:
The hydraulic diameter (m) is given by:
4 Achan
Dy = ——= 88
Tk P. ( »)

The viscosity of water as a function of temperature (kg/s-m) is given by:

Visc = » (89)
3600((Zin + 20)°( %5 + 1))
where Ty, is the inlet temperature of the coolant water (C).
The mass flow rate/unit area (kg/m?2-s) is given by:
Gm = proov (90)
where ppy20, the mass density of water, is 1000 (kg/m?).
The Reynold’s number ( ) is given by:
G,.D,
R — m t
¢ Vise , (91)
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The Prandtl number () is given by:

. Visc C PH20

P. (92)

ker20
where C'pyo0, the specific heat of water, is 4178 (J/kg-C), and kg0, the thermal conductivity of water is 0.61
(W/m-K).

The initial guess at the wall drop AT (C) is:

ATy = 10 (93)

Equations (95-96) are iterated to avoid having to find an analytic solution for AT wai.

The hcat-transfer coefficient according to the Dittus-Boelter correlation as modified by Giarratano

(W/m?-K) is given by:

kiroo T; 716
Hgior = 0.259( 2222 Re°~8P~4( i ) 95
¢ ( Dy ) "\(Tin+ ATwau) (85)
- The wall drop (C) is given by:
. n
ATyeu = Fom (96)

The difference between the outlet and inlet temperature due to Joule heating (C) is given by:

Turng;ese
ATjouie = 9
Joule (U P1120 Achan CPH20) ( )
The H20 temperature rise from nuclear heating of the conductor (C) is given by:
NuchcatAcondLiurn
AT = , 98
" (vpH20AchanCPI20) 8
The water temperature rise due to insulation leakage currents (C) is given by:
AT = PowytinsLiurn (99)
ins —

(vP1120AchanCPII20)
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The friction factor, good for clean steel pipe, when Re <10°. () is given by: The Reynold's number ( )is

given by:

0.04
(Reo.ls)

The friction factor, good for Re >2000 in smooth tube ( ) is given by: The Reynold’s number () is given

by:

ﬁowRe = (100)

125

Jrighre = .0014 + Ros? (101)
The friction factor () is given by:
zf(Re > 1'64); f z‘fhighRe (102)
or
Zf(RC < 1'64): = flowRe (103)
The pressure drop per unit length (Pa/m) is given by:
9 2
Ap = 2fpraov” (104)
Dy
The ideal pump power per unit length (W/m) is given by:
Powy = vAhandpy (105)
The pressure drop per hydraulic channel (Pa) is given by:
Pyay = AplLturn (106)
The Joule-Thomson coeflicient -dT/dP at constant enthalpy. (C/Pa) is given by:
ki2o
Y= ' 107
(p1120CP1120) (107)
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The temperature rise due to isenthalpic expansion (C) is given by:

AT[L = Pdeltu'

The difference between the inlet and outlet water temperature (C) is given by:

AT = ATjoule + ATu + ATnuc + ATins

The temperature difference across the copper (K) is given by:

(2-Powp1ins + NucheatAcond + quua-repAcu)

Tdiffen = e

The outlet temperature of the water (C) is given by:

Tout = Tin + ATio

The wall temperature, calculated starting at the water inlet (C) is given by:

Twairi2o = Tout + ATwau

The wall temperature, calculated starting at the insulation (C) is given by:

Twallcu = Thutcu - Tdiffcu

(108)

(109)

(110)

(111)

(112)

(113)

If the temperature of the wall, calculated starting from the water inlet is higher than the temperature of

The copper wall temperature at the outlet (C) is given by:

(TwallH?O + Twallcu)
2.0

Twall =

The average temperature in the copper (C) is given by:
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the wall, calculated starting from the conductor hot-spot, then the coolant channel is too small. A revised guess

is made of ayyesn, the ratio of coolant channel height to conductor height, and equations (34-120) are repeated.

(117)




T — (Twall+ Thotcu)
av 2.0

The copper hot spot temperature with the specified water velocity (C) is given by:

Thot = Touwt + Taifsen + ATwan

The average temperature in the copper (C) is given by:

Taiffeu
2.

The stress in the jacket due to the water pressure. (Pa) is given by:

Tav = Thot -

_ Piara
OpH20 = (_h———_a_)

The pump power per coil (W) is given by:

Ppump = PowplLturnMurns

The efficiency of the pump motors () is given by:

Npump = 0.7

The electrical power need for the pump motors (W) is given by:

Poump

Elecpymp =
Npump

The efficiency of the bundle divertor power supply () is.given by:

Nps = 0.8
The total clectrical power for the system (W) is given by:

Cm:ld i33e

Ptotal = Elecpump "I"
Mps
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(121)

(122)

(123)

(124)

(125)

(126)




The overall packing factor, copper/conductor ) is given by:

Pacpee = —=

cond

The mass of a conductor (kg) is given by:

Mcond = pmcuLturnMurnsAcu

where pcy, the mass density of copper, is 8900 (kg/m?>).

The mass of the case (kg) is given by:

Mcase = 40 Pmss Lturn tcase (‘/Vcase - tcase)

where p,,q,, the mass density of stainless steel, is 7800 (kg/m?).

The mass of the magnet (kg) is given by:

]Mmagnet = Mcond + Meose

The cost of the magnet case ($) is given by:

Costmse —_ 31.3 Mcaee

(127)

(128)

(129)

(130)

(131)

For example, the fabrication of the various TF case pieces in TFTR cost $6.7 M and the pieces weighed

670 thousand pounds. If EDIA césts for the case were proportional to hardware costs as a fraction of total

EDIA, then the EDIA charge was $1.5 M. Contingency is expected to be 10 to 20 % . Therefore, [ estimate an

approximate total cost of $9.5 M or $31.3/kg. The cost of magnet fabrication, including winding ($) is given

by:

COStmagfab =113 A{{magmt

(132)

For example, fabrication of the TFTR TF coils cost $4.24 M. If EDIA was was split proportionately to

hardware cost, the EDIA cost was §1 M. Contingency was 20 % . Since the case plus conductor for the system
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weighs 1.16 million pounds, this is a specific cost of $11.3/kg. The cost of the magnet support pedestal ($) is
given by:

Costped = 0.6 Mimagnet (133)

- Although the July, 1979 ETF bundle divertor magnet was supported through the TF case, there should
still be some sort of magnet pedestal, connecting the magnet to the floor. The TFTR pedestal cost $300 k and

supported 1.16 million pounds: The cost of conductor insulated by MgO ($) is given by:

CosteondMmgo = 15.TMeond (134)

This is based on a 1979 quote from Pyrotenax of Canada [HA79]. The cost of G-10 insulated, internally

cooled conductor is taken to be:

Costcondclo = 6-94Mcond (135)

For example, the TFTR TF conductor cost $1.578 M for 500,000 1b of conductor.

The volt-ampere requirement of the dc power supply (W) is given by:

Ppsva = VtermNpairsIcond (136)

The total cost of the magnet ($) is given by:

COStmagnet = CO'Stcond + COStcase "l" COStmagfab + Costped (139)

The cost of the rectifier-transformer (3) is given by:

Costypmr = 00125 Poyyq (140)

For example, most of the TFTR transformers were purchased at $40,000 for transformer with a 2 kV x
24 XA, rectified output. However, the last four transformers cost $60,000, so the higher price is used. If the

terminal voltage is greater than 1 kV, the cost of the solid-state controlled rectifier ($) is given by:
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Costrect = .004 Ppyo (141)

If the terminal voltage is less than 1 kV, the cost of the solid-state controlled rectifier ($) is given by:

Costres = 4Npairs-[cond (142)

The cost of rectifiers is a controversial term, which has engendercd many arguments, ever since the
LASL/Westinghouse evaluation of the EPR Ohmic Heating system [HE76]. The basis for the controversy is
that large controlled rectifiers have been sold to industry and the fusion program with specific costs ranging
from $3/kW to $100/kW, with no apparent explanation due to economies of scale. Most studies have as-
sumed specific costs of about $30/kW, which eliminates the use of solid-state switches for ohmic heating
circuits and makes ohmic heating power supplies the dominant cost item for the whole reactor, when the
aspect ratio is made too small. However, I advocate the more optimistic specific cost of $4/kW for relatjvely
low voltage supplies. All of the large 1,000 V supplies procurcd by the fusion program cost in the range of
$4/kW, including the TF supplies for Alcator C and Ormak and the PF and TF modules for TFTR.

The cost of buswork, one magnet ($) is given by:

Costyys = 50.0 Npqirs Ieond (143)

The total cost of the power supply (3) is given by:

Costys = Costyys + Costypmy + Costre (144)

The cost of the water pump ($) is given by:

COStH2Opump =007 COildisa (145)

The cost of the water purifier (3) is given by:

COStpun'f = 0015 C'Oildiss . (146)
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The cost of the heat exchanger ($) is given by:

Costp, = 004 Coily;qs (147)

The cost of water piping, assumed to be SS-316, 2 cm OD ($) is given by:

Costro0pipe = 100.0 Bus,yy, - (148)

where Bus, ., is the bus length from the magnet to the power supply (m).
Cooling system costs are taken from schedule 22.03.02 of the fusion reactor standard costing document

[SC79]. The cost of the water cooling system ($) is given by:

Costeoot = Costy20pump + Costpuris + Cosths + Costyropipe (149)

The total cost of the bundle divertor magnet system ($) is given by:

Costpdmagsys = Costps + Costrmagnet + CoSepol (150)

The annual on-time of the magnet (s) is given by:

ton,annual = dUty avail X 3600 X 24X 365 (151)

The annual electrical energy usage (J) is given by:

Eannual - Ptolal ton,annual (152)

The annual electricity usage in kW-hr (kW-hr) is given by:

Eann ]
Eyr,kwhr = m'}%—s (153)

The annual cost of electricity ($) is given by:

Costeteeyr = 0.06 Eyy kuohr (154)
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C. Results

Of all the fusion applications which might require high inagnet irradiation, the bundle divertor appears
to benefit the most from the elimination of shiclding, because of the high order dependence of magnetic field
ripple enhanced transport on the magnetic moment of the divertor magnet. The use of ceramic insulation
to reduced shielding requirements has been considered previously by Schultz [SC80]. Typical magnet require-
ments for an INTOR or ETF scale bundle divertor magnet in a four magnet system might be § million
ampere-turns, 4 tesla toroidal field at the front vertical leg and front leg heights and lengths of 1.2 m. Keeping |
allowable stresses and temperatures fixed, we examined the effect of varying conductor size, copper current
density, shield thickness, and the allowable temperature rise in the insulation. In order to look at the overall
tradeoff of current density, recirculating power and system code, we assumed that a current density over
the envelope of 2 kA/cm?, a recirculating power of 25 MW in one front magnet and a cost of 25 M$ were
each equally intolerable and adopted the sum of the ratioes of the actual design values to those three "equal

badness” values as a normalized overall cost figure.

As seen in figure 1, the overall economics of the system appear to improve as water velocity is increased in
the range of 2 to 15 m/s, While the cost of the system is increased by increased water velocity, due to increased
water pump costs and increased recirculating power to drive the pumps, the overall conductor current density
increases by 50 % , as the water velocity is increased from 2 to 16 m/s. However, lifetime limitations causéd
by magnet erosion and vibration have not been modeled. Since improvements in magnet performance are very

small in the velocity range of 7 to 15 m/s, we sclected 7 m/s as the reference velocity.

For a water. velocity of 7 m/s, the optimum conductor size is about 5 ¢m, as shown in Figure 2. In fact,
the optimum is broad between 5 and 10 cm. Since this size range is somewhat beyond the limits of what is now
commercially available, a value at the low end of the optimum size range was selected. Unlike my previous
study [SC80], which suggested that many electrically parallel turns should be employed (as well as hydrauli-
cally paralleling every turn), in order to avoid thermal runaway with reasonably small conductors, this trade
study suggests that it is better to use larger conductors that avoid the need for paralleling. This is apparently
caused by the relatively high heat removal and thus high pumping and electric power requirements of the
water pumping system, which are a nontrivial fraction both of total system cost and recirculating power. Since

pump power increases with the cube of the water velocity, these costs are reduced when larger conductors are
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used, instead of paralleling.

Up 1o a flat-to-flat height of 4 cm, the current density over the envelope of the magnet and its case
improves, as the increased temperatue drop in the copper is more than balanced by the improved cooling
effectiveness of the larger cooling channels. Above 4 cm, there is no significant improvement. The total
electrical power also declines as the flat-to-flat height increases because of the decrease in pumping power, but
the improvement is not significant over a broad range of conductor sizes. The total cost of the bundie divertor
magnet system has a.minimum.at a conductor height of 4.2 cm. This minimum is fairly sharp, since above 4.2
cm, bus and power supply costs increase linearly with current (or with the square of the height), and these are
dominant costs of the whole system, as shown in Figure 3. The sharp downward transitions in cost represent

decision points, where the number of parallel electrical connections is reduced by one and there is a quantum

drop in the bus and power supply costs.

With a coolant velocity of 7 m/s and a flat-to-flat height of the conductor of 5 cm, an insulaiion tempera-:
ture drop of about 5 C is about optimum, as shown in figure 4. A higher temperature leads to a signiﬁcant
fractioﬁ of the total power dissipation in the conductor being caused by leakage currents in the insulation.
Because the insulation is thin and has a relatively large surface area, being on the outside of the conduétor,
a proportionally large amount of power can be dissipated without a very large change in the temperature
drop across the insulation. This justifies the code’s use of average values of temperature dependent physical
properties, such as thermal conductivity. As shown in figure 4, once it is possible to use a single pair of
leads at AT}, above 4 C, there is no advantage to allowing the temperature across the insulation to increase
further. As shown in Figure 5, the cost trade-off is totally dominated by the high bus currents needed to
achieve a very low temperature drop across the insulation. Once the number of parallel leads has been reduced
to a single pair, further increasing the temperature drop just increases the thermal load on the system, with
concomitant increases in the cost of the water cqo]ing system, as shown in Figure 5. Another reason favoring
the selection of a lower temperature drop is the lower terminal voltage, as shown in Figure 5. Although low
voltage per se does not save any money, the high degree of uncertainty about the breakdown behaviour of
highly irradiated magnets favors designs with low enough voltages that it may be difficult to sustain an arc
under any circumstances (<< 1, 000V). At a temperature drop of 4 C, the terminal voliage is 300 V, which is

not guaranteed safe, but is less risky than the 700 V corresponding to a drop of 20 C.
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The most controversial and significant conclusion of the trade study is shown in figure 6. In this study,
copper current density and conductor size were held constant, while the shield thickness was decreased.i
Despite insulation leakage, increased copper resistivity due to lattice displacements and transmutations and
increased neutron and gamma heating of the conductor, there is an obvious improvement in the overall
"goodness” of the bundle divertor, down to zero shiclding. The overall current density over the envelope im-
prdves by more than a factor of three as the shield is decreased from 30 cm to nothing more than the structural
case, and it cannot be improved that much by any other parameter, such as increasing the currrent density in
the copper, as shown in Figure 8. The total electrical power for the system actually declines a little bit with
decreased shielding. Presumably the increased nuclear and gamma heating opens up the coolant channels, in
order to maintain constant allowable temperatures, and the decrease in pump power slightly outweighs the
increase in Joule heating. As shown in Figure 7, this same eﬂ“gct also leads to counterintuitive increases in the
costs of the power supply and the magnet, as the shiclding is increased. The cost of the power supply increases

by 15 % and the cost of the magnet by 6 % as the shield thickness increases from 0 to 30 cm.

Reducing the shielding is the only parameter change that causes a dramatic improvement in system per-
formance. This conclusion has perhaps been obvious to plasma designers [HI180] for some time, but is certainly
not obvious to magnet designers. We will explore a magnet design in the region of overall optimum goodnesss
in more detail, in order to gain more insight about the validity of the conclusion that all shielding other than

that provided by the magnet case should be eliminated.

With conductor size fixed, the most desirable value of the current density in the copper is shown to
be approximately 2 kA/cm?, as shown in figure 8. Higher current density decreases ripple, while increasing
recirculating power. Because of the need for a casc and a shicld, the overall current density over the magnet
envelope does not increase nearly as rapidly as the current density of the copper. For example, with a 20
cm shield, as the copper current density increases a factor o% ten from 5 to 50 MA/m?2, the envelope current
densitygonly increases by a factor of 3. However, with no shield other the the structural case, the current
density over the envelope increases by a factor of 5 from 3 MA/m? to 15 MA/m?, over the same range of
copper current density. The recirculating power is also a first-order function of the current density in the
~ copper and increascs from 8§ MW to 65 MW in a single coil, over the same range. The system cost showns an

optimum at about 1.5 kA/cm?, but it is not as important a factor as the current density and the recirculating

26




power. Even with a copper current density of 5 kA/cm?, the divertor system cost is only 11.5 M$ for a front
coil. The power supply is only 2 million dollars at the optimum current density of 2 kA/cm? in the copper,
as shown in the Figure 9. Again the paradoxical result that the cost of the coolant system declines at higher

current densities is seen in Figure 9, again probably a function of the larger coolant channels.

D. Worked Exa'mple with Low Overall Cost Figure

We look at an example with a low cost figure in Tables I through XXIX. The overall coil dimensions
are shown in Figure 10. In this example, the inputs include a conductor copper height of 5 cm, a water
velocity of 7 m/s, current density in the copper of 1.38 kA/cm? and a temperature drop across the insulation
of 5 C. There is no shield, other than the structural case. The structural case is 4.4 cm thick and provides
slightly less than a factor of 2 attenuation of the neutron and gamma flux. These dimensions give an overall
conductor current density of 1.38 kA/cm? and a current density over the coil envelope, including the case, of
1.1 kA/cm?®. The case must be considerably thicker on the top and bottom than around the vertical leg.

Because of the high coil irradiation, the code selected a low impedance design. Two parallel conductors
carry 41 kA apiece, while the peak voltage during charging is only 356 V, with a peak resistive voltage of
'254 V. Despite the low impedance and the limitation of the temperature rise in the insulation, the power
dissipation density in the MgO is 53 MW/m3 vs. 21 MW/m? due to nuclear and gamma heating and only 1.1.6
MW/m?3 due to Joule heating. The electric field in the insulation is 1.42 X 10° V/m, or 3 V/mil, which would
represent a conservative design in an unirradiated environment,

The condu'ctor dimensions arc shown in Figure 11. The 5.44 cm flat-to-flat dimension of the outer
jacket is larger than any conductor manufactured by Pyrotenax of Canada with MgO insulation, but does
not represent any significant extrapolation in copper conductor technology as such, being smaller than any of
the three toroidal field coil conductors in the next generation of tokamaks, TFTR, JET and JT-60. With the
manufacturcr’s recommendation that the radius of curvature should be no smaller than 12 times the flat-to-flat
height, the radius of curvature would be restricted to 60 cm, which would leave the 1.2 m long legs rather more
circular than square. However, in the ficld at Los Alamos, the larger conductors are routinely bent to 6 times

the flat-to-flat height, so hopcefully the conductor could be bent to 30 cm or better, if desired.
A major caveat is that the sizing code, as it is now written, docs not take into account that a noncroding
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sleeve may be necessary between the water and the copper to prevent rapid erosion of the copper by radiolysis
products. Steel cladding of thinness down to 1 mil is routinely used in the nuclear industry [SC81], and may be

useful here without serious degradation of heat removal or achievable bending radius.

The inventory of temperature drops through the system is shown in Table II1. The water inlet tempera-
ture is 25 C. It rises 13 C due to Joule heating, 34 C due to nuclear heating and 16 C due to leakage currents
in the insulation, giving an outlet temperature of 88 C, which will require a modest amount of pressurization
to avoid any cavitation. These temperature rises. are achieved with a Reynold’s number of 184,000, a heat
flux into the water channel of 135 W/cm? and a pressure drop of 1.3 atmosphere. The temperature rise
across the copper at the hot outlet end is 57 C, giving a copper hot-spot temperature of 145 C, 5 C below
-the manufacturer’s recommendation. The rise of 5 C across the insulation brings the systém hot-spot tem-
perature to 150 C. This is considerably higher than the insulation hot-spot temperature of 70 C permitted
with G-10 insulation. The resistivity of the copper has risen from the nominal room temperature value of
1.67 X 10780 — m t0 2.9 X 10750 — m. Two-thirds of the risc is due to the elevated temperature and the
rest due to lattice displacements. Transmutations add only a little, because of the low integrated duty factor of

the FED application.

| The electrical dissipation of a single coil is 24 MW, while the total electrical and thermal dissipation is
102 MW. With the addition of the electrical power needed for the cooling system, the system recirculating
electrical power is 26.4 MW. Since the rear coils of the bundle divertor can have a considerably lower current
density than the front coils, without adversely affecting the toroidal ripple, the coil system recirculating power
should be signiﬁc;antly more than 50 MW, but significantly less than 100 MW. Because of the low duty factor

of FED, the additional annual cost of clectricity should only be $278 K.

The largest and dominant component of the magnet system cost is electrical buswork, costing $4 M. The
total cost of the electrical power supplies is only $4.46 M, us}ng the low cost of rectifiers, justified above. The
coolinngystem is costed at $1.3 M, while the magnet, despite its comparatively expensive conductor, is only
$725 K. This implies a total cost of the four magnet system somewhere in the neighbourhood of $15 M.

The use of optimization techniques, using weighted cost figures or figures of merit, generally has no
| justiﬁcatioh in rcal designs. However, in this case, the technique scems to have selected a reasonably sensible
design. Having examined the "optimum” design, 1 would opt for an cven lower impedance design. If we
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doubled the parallel current, the cost of the bus and power supply would increase by about $10 M, but the
heat generated by leakage currents would decrease markedly. What is more important, designing in the face of
uncertainty, we would be much closer to achieving a conservative design. If dielectric breakdown were now to
occur, it would have to occur with only 150 V to sustain an arc and only 1.5 V/mil to drive leakage currents.
The principle reason for using MgO insulation in FED is in order to some possibility of a conservative
design for a reasonable service life. While there are currently uncertaintics with all candidate technologies,
I believe that the development of a larger MgO insulated conductor and the characterization of leakage
current in MgO under neutron and gamma irradation represents an RDAC program of modcrate cost and
duration, while the debates over the lifetime of organic insulation will never be resolved without considerable
field experience. Over the short run, organic insulations, such as G-10, will always outperform MgO with
any shielding thickness, because they have much less leakage current under irradiation and they have good
mechanical properties without the need for a jacket. It is only with a high intcgrated fluence that the superior
parametric stability of the MgO insulation dominates. Therefore, I believe that the low electric field design
approach is the most consistent with this conservative philosophy. If one is wifling to take risks with either the
ripple in the plasma or the life of the insulation, then an organic insulation with a normal or superconducting

conductor should be selected.

E. Conclusions

o A sclf-consistent code has been developed which can be a powerful tool in the design and analysis of
highly-irradia[cd copper magnets.

o The overall performance of a bundle divertor magnet can be improved by eliminating the shielding,
without imposing severe lifetime limitations on the magnet.

¢ For a typical bundle divertor, application the optimum current density in the copper is about 2
kA/cm?,

e Decsigning with a low electric field across MgO insulation is a conservative approach to near-term
magnet design under intense irradiation.
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. AMpyyrne
Btyieq
Bus,yn -

AT;ns

G10
Hiegrad
Hiegtor
Jeu
MgO
Puan
Reoir
ThotG10

ThotM g0

Ti n

circle

INPUT VARIABLES

Description

number of ampere-turns in the coil

toroidal flux density at the vertical legs of the magnet
bus length from the magnet to the power supply
design temperature drop across the insulation

is G-10 insulation

length of the horizontal leg in the radial direction
length of the horizontal leg in th_e toroidal direction
current density in the copper

is MgO insulation

neutron wall-loading near the magnet

coil radius for the circular coil option

hot-spot temperature in G-10 insulation

hot-spot temperature in the MgO insulation

inlet temperature of the coolant water

height of the vertical leg of the magnet

integrated availability of the reactor

is a circular coil
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Units

(A-T)
(M
(m)
©
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(m)
(m)
(A/m?)
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©
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O
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Parameter

duty

h
insulation
l-coil
shape
shield
Ushield

v

years

INPUT VARIABLES - Continued :

Description

local duty factor of the reactor

flat-to-flat height of the conductor
specifies the insulation technology selected
is an I-shaped coil

specifies the shape of the magnet

shield material -

thickness of the shield .

velocity of the coolant water

lifetime of the magnet
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Achan

Acond
Acondtotal
Acu

Appm

- Atomgens
Atten
Badyrans
Coily;ss
Coilyigse
Costroopipe
Costraopump
Costygmagsys

C Ostbw,
Costegse

COStca’ndG 10

ASSIGNED VARIABLES

Description

area of the coolant channel

area of the conductor insulation and jacke‘t.

area required by all the turns of the coil

cross-section area of copper in the conductor

atomic parts per million of transmuted atoms

atomic density of copper

shield material attenuation coefficient

resistivity badness ratio of transmutation vs lattice displacement
power dissipated per coil

electric power dissipated per coil

cost of water piping, assumed to be SS-316, 2 cm OD
cost of the water pump

total cost of the bundle divertor magnet system

cost of buswork, one magnet

cost of the magnet case

cost of the conductor

cost of conductor insulated by G-10
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(atoms/cc)

0O

O

W)
(W)
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CosteonamMgo
Cost oo
Costejecyr
Costy,
Costrmagfab
Costimagnet
Costpeq
Costps
Costyyris
Costrect
Costyimy
Cprao
Ap

ATypau
ATins

AT;
ATjoute
AT,

ASSIGNED VARIABLES - Continued

Descriptjon

cost of conductor insulated by MgO

cost of the water cooling system

annual cost of clectricity

cost of the heat exchanger

cost of magnet fabrication, including winding
total cost of the magnet

cost of the magnet support pedestal

total cost of the power supply

cost of the water purifier

cost of the solid-state controlled rectifier

cost of the rectifier-transformer

specific heat of water

pressure drop per unit length

wall drop

water temperature rise due to MgO leakage currents

difference between the inlet and outlet water temperature.

difference between the outlet and inlet temperature due to Joule heating.

temperature rise due to isenthalpic ¢cxpansion.

Units
®
%)

(%)

%)

%)

($)

(%)

(%)

($)

$)

)
(J/kg-C)
(Pa/m)
©
©
(K)
©
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AThue
Dy
Eannual
Eins
Elecpump
Eyr Jewhr
Fluence
Fregse

G

Gm
Hgiar
I-Ijack,
Lose

Icand
Jcond

Jeu

Jim

quuarep

ASSIGNED VARIABLES - Continued

Description

H20 temperature rise from nuclear heating of the conductor
hydraulic diameter

annual clectrical energy usage

electric field in the MgO

electrical power need for the pump motors

annual electricity usage in kW-hr

neutron fluence at the surface of the coil

radial force supported by the case

thermal conductance of the thermal circuit

mass flow rate/unit area

Giarratano’s heat-transfer coefficient

flat-to-flat height of the jacket.

moment of inertia of the case about its vertical axis
conductor current |

overall current density in the conductor and jacket
current density in the copper

current density in the MgO

power/volume dissipated in the conductor
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(m)

0

(V/m)
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(kW-hr)
(n/cm?)
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(kg/m?-s)
(W/m?K)
(m)

(m?)

(A)
(A/m?)
(A/m?)
(A/m?)
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Ltu'rn

M 00rad
Megse
Mcond
Minbend
Mmagnet
Npaira
Niurne

N UCheat
ton,annual
Pacyoc

P delt

P, ins
Powy,

P OWplins
P psva

Poump
P,

ASSIGNED VARJABLES - Continued

Description

length of a single turn

maximum radiation absorption in the magnet insulation

bending moment applied to the case

mass of a conductor

minimum permissible bending radius

mass of the magnet

number of parallel lead pairs

number of turns required

volumetric nuclear and gamma heating

annual on-time of the magnet

overall packing factor, copper/conductor
pressure drop per hydraulic channel

power density in the MgO due to leakage currents
ideal pump power per unit length

power per unit length due to leakage currents
volt-ampere requirement of the dc power supply
pump power per coil

Prandt! number
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Py
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Qi ns

Q‘n uc
RTPReony
Re

Rturn
SMjatigueles
OG10rad
OMgOrad

z pH20
Orad

Tav
Taiffeu
Th.ot

Thotcu

Thot ins

T;

ASSIGNED VARIABLES - Continued

Description

wetted perimeter

heat flux into the water-cooling channel

heat fiux in the insulation

dissipation per unit length due to nuclear heating

conversion factor from W/m? to Gray/s.

Reynold’s number

resistance of one turn of the coil

safety margin vs. yield strength for 103 c_ycles

electrical conductivity of G-10 due to irradiation

electrical conductitivity in ceramic insulation due to irradiation
stress in the jacket due to the water pressure.

insulator electrical conductivity due to irradiation

average temperature in the copper

temperature difference across the copper

copper hot spot temperature with the specified water velocity
hot-spot temperature in the copper

hot-spot temperature in the insulation

insulation thickness
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(m)
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Parameter
Tiack
Toorm

P, total

Tout
Transmugens
Turngiss
Tu'rndiase
Twall
Twaur20
Twallcu
Twallguess
Vchgr

Visc
Vrterm
Vaeries

Vterm

Wcase
vvcond

ASSIGNED VARIABLES - Continued

Description

jacket thickness

normalized average temperature in the MgO insulation

total electrical power for the system

outlet temperature of the water

density of transmuted atoms in copper

power dissipated per single turn

electrical power dissipated per turn

copper wall temperature at the outlet

wall temperature, calculated starting at the water inlet
wall temperature, calculated starting at the insulation
first guess at the wall temperature, outlet side

ratio of peak charging voltage to steady-state voltage
viscosity of water as a function of temperature
resistive terminal voltage at the coil

terminal voltage, if all the coil turns were in series
peak coil terminal voltage

overall width of the case

width of the square conductor winding package
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Parameter

a

Qcase
Qshield
Omazlow
Qminhigh
Qoverh
Cfiber
dpa
dpn
efold.,
nps ’
Npump
f
.ﬁtighRe
flowRe
kcu
kcio

k20

ASSIGNED VARIABLES - Continued

Description
flat-to-flat height of the coolant channel

neutron energy attenuation of the case

attenuation of any additional shielding, surrounding the case

maximum guess at a, e, that is too low

minimum guess at ayyerh that is too high

ratio of coolant channel to conductor height

height of the extreme "fiber" from the neutral axis
expected lattice displacements per atom

expected displacements per neutron after annealing
efolding distance of neutron capture in copper
efficiency of the bundle divertor power supply
efficiency of the pump motors

friction factor

friction factor, good for Re >2000 in smooth tube

friction factor, good for clean steel pipe, when Re <10°.

thermal conductivity of copper
thermal conducitivity of G-10

thermal conductivity of water
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(m)
0

0

0
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0
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knmgo

u

P20

pC‘U
Plattice
pmcu
Pmas
Ptemp
Ptransmu
OYas
Obend
Odesign

tcaee

ASSIGNED VARIABLES - Continued

Description

thermal conductivity of MgO.

Joule-Thomson coefficient -dT/dP at constant enthalpy.
mass density of water

total electrical resistivity of the copper -

electrical resistivity of the copper

mass density of copper

mass density of stainless steel

electrical resistivity of copper as a function of temperature.

clectrical resistivity of the copper due to transmutations
yield strength of the case steel

bending stress in the extreme fiber of the case

design stress in the case

case thickness
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(W/m-K)
{C/Pa)
(kg/m?)
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Length

Reoil
Vleg
I'Ilegtor
I{legrad
Lshield

Busyyn

€foldeu
h
tiase
"Vcond
Wease
a
Tjack
T;
I{jack
Lturn
M inbend
Py,
D,

TABLE1
LENGTHS

Description

coil radius for the circular coil option

height of the vertical leg of the magnet

length of the horizontal leg in the toroidal direction
length of the horizontal leg in the radial direction
thickness of the shield

bus length from the magnet to the power supply
efolding distance of neutron capture in copper
flat-to-flat height of the conductor

case thickness

width of the square conductor winding package
overall width of the case

flat-to-flat height of the coolant channel

jacket thickness

insulation thickness

fiat-to-flat height of the jacket.

length of a single turn

minimum permissible bending radius

wetted perimeter

hydraulic diameter
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Value

1.000 m

1200m -
1200m -
1.200m

0.000m -
100.0m -
160.0 mm
50.00 mm
4421 mm
604.8 mm -
692.7mm
21.25 mm-
1.917 mm
2.500 mm
54.42 mm
7200 m

653.0 mm
84.99 mm
2125 mm




Dimensionless Variable

duty
avail
years
SMfatigu.ele5
Qcase

| Qshield
Qoverh
Pac fac
Niurns
Npairs
Re

Pr

f

Npump

Nps

TABLETI
DIMENSIONLESS-VARIABLES

Description

local duty factor of the reactor - »
integrated availability of the reactor

lifetime of the magnet

safety margin vs. yield strength for 10° cycles
neutron energy attenuation of the case
attenuation of any additional shielding, surrounding the case
ratio of coolant channel to conductor height
overall packing factor, copper/conductor
number of turns required

number of parallel lead pairs

Reynolds number

Prandt] number

friction factor

efficiency of the pump motors

efficiency of the bundle divertor power supply
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Value

0.0400
0.500
5.000
3.000
0.528
1.000
0.454
0.618
1233.
2

184200.

5531
0.00383
0.700
0.800




Temperature

Taifieu
T;
ATins .
Thotins
Thoteu
Tao
AT,
ATwan
AT,
ATjoute
AT
AT;
Tout

Twal!

TABLE III:

Temperatures

Description

temperaturc difference across the copper
inlet temperature of the coolant water

design temperature drop across the insulation
hot-spot temperature in the insulation
hot-spot temperature in the copper

average temperature in the copper ... .

temperature rise due to isenthalpic expansion.

~wall drop

difference between the inlet and outlet water temperature.
inlet-outlet temperature difference due to Joule heating.
H20 temperature rise from nuclear heating of the conductor
water temperature rise due to MgO leakage currents

outlet temperature of the water

copper wall temperature at the outlet
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Value

50.91K
25.00C
5.000C
150.0C
145.0C
1199C
0.019C
6.691C
629K
1294C
34.17C
1566C

" 8779C

9429C




Costs

Costegse
Costmagsab
Costpeq
CosteondMgo
Costeondc10
Costeond
Costmagnet
Costzms
Coétmt
Costyy,
.C'ost],,,3
Costy0pump
Costpurif
Costy,
Costyaopipe
Costeoot '

Cos tbd magsys

COStelecyr

TABLE IV:
COSTS
Descﬁptidn
cost of the magnet case

cost of magnet fabrication, including winding
cost of the magnet support pedestal
cost of conductor insulated by MgO

cost of conductor insulated by G-10

_cost of the conductor

total cost of the magnet

cost of the rectifier-transformer

cost of the solid-state controlled rectifier

cost of buswork, one magnet

total cost of the power supply

cost of the water pump ;

cost of the water purifier

cost of the heat exchanger

cost of water piping, assumed to be SS-316, 2 cm OD
cost of the water cooling system .

total cost of the bundle divertor magnet system

annual cost of electricity
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Value

2016 k$
255.6 k$
13.57k$
254.0k$
1123 k$
254.0k$
7248%$
3643 k$
278%$
4.097 M$
4.461 M$
7151 k$
153.2k$
408.6 k$
10.00 k$
1287 M$
6473 M$

277.5k$




Heat Flux

P wall
Qi ns
@r

Current Density

Jeu
Jcoﬁd

Jins

Area

Acond total
Acu
Acond

Achan

TABLEV*
HEAT-FLUXES -

Description

neutron wall-loading near the magnet
heat flux in the insulation

heat flux into the water-cooling channel

TABLE VI -
CURRENT DENSITIES

Description

current density in the copper

overall current density in the conductor and jacket

current density in the MgO
TABLE VII
AREAS
Descripﬁon

arca required by all the turns of the coil
cross-section area of copper in the conductor
area of the conductor insulation and jacket.

area of the coolant channel
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Value

2.000 MW/m?:
131.9 kW/m?
1.354 MW/m?

Value

2.00 kA/cm?
1.38 kA/m?2
371.0 A/m?

Value

0.365 m?

20.49 cm?
29.61 cm?
4515 cm?




Pressure

Odesign

Obend

OpH?20

Power Density

N ucheat
T%p

Pina

Thermal Conductivity

kM gO

TABLE VHI!
PRESSURES

Description

design stress in the case
bending stress in the extreme fiber of the case
pressure drop per hydraulic channel

stress in the jacket due to the water pressure.

TABLE IX
POWER DENSITIES

Description
volumetric nuclear and gamma heating

power/volume dissipated in the conductor

power density in the MgO due to leakage currents

TABLEX
THERMAL-CONDUCTIVITIES

Description

thermal conductance of the thermal circuit

thermal conductivity of MgO.
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Value -

116.7 MPa
117.5 MPa
1323 kPa
97.73 kPa

Value - -
21.16 MW/m?

11.58 MW/m3
52.771 MW/m3

Value

2.825kW/K
3298 W/m-K




Loss/Length

Qnuc
P 0Wpiins

Powy;

Resistivity

Plattice
Ptransmu

Ptemp

pC‘U

Power

Turngisse
Coilyisse
Turng;es
Cotly;ss
P, pump

P, epump

P total

Ppsva

TABLE XL
LOSS/UNIT LENGTH

Description

dissipation per unit length due to nuclear heating
power per unit length due to leakage currents

ideal pump power per unit Ieﬁgm
TABLE XII

RESISTIVITIES

Description

copper resistivity due to lattice displacements
copper resistivity due to transmutations
copper resistivity as a function of temperature.

total electrical resistivity of the copper
TABLE XIII

POWERS

Description

clectrical power dissipated per turn
electric power dissipated per coil

power dissipated per single turn

power dissipated per coil

pump power per coil

electrical power nced for the pump motors
total electrical power for the system

volt-ampere requirement of the dc power supply

48

Value

62.67 kW/m

28.72kW/m
58.05W/m

Value

40000 —m

113600 — m

23820} —m.

2896n — m

Value

170.9 kW
21.06 MW
828.8 kW
1022 MW
51.52kW
73.59 kW
2640 MW
29.14 MW




Conductivity

OMgOrad

OG10rad

Voltage

Vterm
Vrterm

Vseries

nil

Mcand

M, magnet

TABLEXIV.
CONDUCTIVITIES

Description

MgO conductivity due to ‘irradibation

G-10 conductivity due to ;rradiaﬁon
TABLE XV\
VOLTAGES

Description
peak coil terminal voltage

resistive terminal voltage at the coil

terminal voltage, if all the coil turns were in series
TABLE XVI
MASSES

Description

mass of conductor

mass of the magnet
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Value

2.608 mmho/m
750.0 nmho/m

Value

3556V
2540V
719.6 V

Value

16.18 Mg
22.62 Mg




Energy

Eannual

Eyrkwhr

Ampere-Turns

Ampturns

Flux Density _

Btvleg

TABLE XVII
ENERGIES

Description

annual electrical energy usage

annual electricity usage in kW-hr

TABLE XVIII
AMPERE-TURNS

Description

number of ampere-turns in the coil
TABLE XIX
FLUX-DENSITIES

Description

toroidal flux density at the vertical legs of the magnet
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Value

166.5 GJ
4.625 MkW-hr

Value

5.050 MA-T

Value

3.000T




Velocity

Force

F rcase

Moment

Mcaae

Current

Icond

TABLE XX
VELOCITIES

Description

velocity of the coolant water
TABLE XXI
FORCES

Description

radial force supported by the case
TABLE XXII
MOMENTS

Description

bending moment applied to the case

TABLE XXIII
CURRENTS

Description

conductor current
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Value

7.000 m/s

Value

18.18 MN

Value

6441 kN-m

Value

40.97 XA




TABLE XXIV
MOMENTS OF INERTIA

Moment of Inertia Description Value

Loge moment of incrtia of the case about its vertical axis 8.041 mm*
TABLE XXV
FLUENCES

Fluence Description Value
Fluence neutron fluence at the surface of the coil 4953 X 10'%n/cm?
TABLE XXVI
RESISTANCES
Resistance Description Value
Riurn resistance of one turn of the coil 101.8 Q2
TABLE XXVII
RADIATION ABSORPTION

Absorption Description Value

Magrqq maximum radiation absorption in the magnet insulation 100.0 kGray/s
TABLE XXIX

ELECTRIC FIELDS
Electric Field . Description Value
Eine electric field in the MgO
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142.3kV/m




Overall current density in the conductor and jacket vs. velocity of the coolant
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Total badness of the system vs. flat-to-flat height of the conductor

Current density over the envelope vs. flat-to-flat height of the conductor «— «= =
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Total cost of the power supply vs. flat-to-flat height of conductor

(millions $)

Cost, p.s.

Total cost of magnet vs. flat-to-flat height of conductor = — —
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Total cost of the bundle diverter magnet system vs. design temperature drop across the insulation

Current density over the envelope vs. design temperature drop across the insulation = = -
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Total cost of the power supply vs. design temperature drop across the insulation

Total cost of the magnet vs. design temperature drop across the insulation
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Total electrical power for the system vs. thickness of the shield
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Total cost of the bundle diverter magnet system vs. current density in the copper

Total badness of the system vs. current density in the copper — a

12 ¢ T T T T T T Y Y 7
&
11 e
S
[/}
}
10 6 s
1 9
— [ }]
7~ 2
" 9 °©
C ~
2 -
= [ ]
= @
E 8 5 £
- g
2 2
L 7 -
“ n
- [o]
g (8]
© 6 4 2
N
©
5 E
(=]
z

4 3

25 30 35 40 45 50
2
qu (MA/m™)
Current density over the envelope vs. current density in the copper

Total electrical power for the system vs. thickness of the shield = = —

T T T 1 T T T I 7.e7
14
7
n /7 -1 6.e7
7
12 - / //
7/ —~ 5.e7
- = 7
“e 7 —
Py 10 / 4 ver =
s e 3)
o} t . = 3]
% s L // shield - 3.e7 %
‘é P AT, =5C a
- B 7 h=5cm
6 // - 2.e7
B s v= 7m/s
N/
~ 1.e7
s ¥
T W U W SUSN S SO 0

2
qu (MA/m*%)

Figure 8




W?

Total cost of the power supply vs. current density in the copper

Cost of the water cooling system vs. current density in the copper = = —
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Overall current density in the conductor and jacket vs. velocity of the coolant

Total badness of the system vs. velocity of the coolant water = = = —
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Front Bundle Diverter Coils in a Tokomak Reactor Example
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