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FOREWORD

The Division of Magnetic Fusion Energy within the U.S. Energy Research and
Development Administration has initiated within the fusion development program
for tokamak power reacfors a series of systems studies aimed at the definition
of subsequent generations of tokamak devices leading to a commercial prototype
reactor. Since April, 1976, a design team composed of representatives from

the ORNL Fusion Energy Division and the Westinghouse Fusion Power Systems
Department has been engaged in scoping studies associated with the definition
of The Next Step (TNS) in the tokamak program after the TFTR. Provisional goals
established for TNS include:

° achievement of ignition
° demonstration of burning dynamics

° évaluation of design requirements and solutions for long pulse
operation

@ features which extrapolate to.é viable power reactor .

@ ~ availability in the mid-to-late 1980's

It is in this context that the work reported herein was performed.



THERMAL DESIGN AND ANALYSIS OF SUPERCONDUCTORS
FOR THE TOROIDAL FIELD COILS OF TNS

Abstract

The toroidal field coils in two of the four TNS field coil design options are
superconducting. NbTi superconductors are used in the low field design option
and Nb3Sn superconductors are used in the high field design option. The prelimin--
ary conceptual design parameters of the coils and the superconductors have been
developed. The selected coil shape is the pure tension D-configuration. The
superconductors are the multifilamentary,cabled design and are cooled by forced
flow supercritical helium. Thermal stability analyses were performed for the
superconductors. The cryogenic recovery capability of the NbTi superconductors
is more than ]05 J/m3 of conductor plus helium volume and that of the Nb,Sn is
more than 3 x 105 J/m3.

Introduction

The Next Step (TNS) ignition tokamak is currently being studied with four
toroidal field coil design options. The four options are: (1) TNS-1 with
water cooled copper coils; (2) TNS-3 with NbTi superconducting coils; (3) TNS-4
with Nb3Sn superconducting coils and (4) TNS-5 with hybrid water cooled and NbTi
superconducting coils. The merits, costs, risks and technology development
requirements for each design option to achieve the ignition test reactor objec-
tives are discussed in References (1) and (2). The superconducting coils require
new technology developments and laboratory demonstrations. The thermal design
of these coils to meet stability requirements are of interest to coil designers.
The thermal analysis of the superconducting coils is the subject of this

paper.

The selection of reference parameters for thermal analyses was made on the basis
of an early scoping point design, prior to the development of the final design
point selections described in Reference (1), The early design point chosen is
considered representative and was used as the basis for the development of
component models for the overall tokamak system as described in Reference (3) .



The primary objective of the thermal design of the superconducting coils is that
the superconductors satisfy the cryostability requirement. The present stability
requirement specifies that the superconductor shall be ab]e to recover to 1ts fully
superconducting state, after an event in which an amount of heat of 105 J/m
conductor plus helium volume is suddenly deposited in the conductor along a

“maximum of one half of a turn of the conductor winding, driving that length of the
conductor to a normal resistive state. ' The superconductors and the cooling system

are, therefore, to be designed to meet this criterion. The -design -parameters of the
two superconductor options are described and the results of the stability
analysis are presented in the following -sections of this paper.

Coil Shape and Superconductor Design Parameters

Based on the toroidal field coils design studies for the PR for Dee and

oval shape coils, the TF coils for the TNS are selected to be the pure tension
Dee shape design with trapezoidal cross section, The inner 1egs of the coils are
wedged against a bucking cylinder to resist the centering force. The central ohmic
heating coils are located inside the bucking cylinder and are enclosed by an
inner common dewar. The outer portior of each coil is enclosed by a separate
dewar. The individual outer dewars mate with the central dewar outside the
vertical legs of the coils. Because of the significant influence of size of the
ohmic heating coils on the cost of the OH power conversion system and the ]/R
dependence of the magnetic field, the optimum major radius. of the device was
determined to be about 5m. The overall dimensions of the reference NbTi and
Nb3Sn coils selected for this analysis are listed in Table 1. The algorithms

for determining the device cost as a function of size are discussed in detail in
Reference (3).

For the superconductors a multifilamentary and cabled design was selected. Copper
is used as the stabilizing matrix. The cables are encapsulated by a thin stain-
less steel jacket. The conductors are cooled by forced flow supercritical helium
through the interstices of the strands. The conductors are pancake-wound around the



stainless steel coil support bobbins. These types of superconductor design and
cooling method have been shown to be viable for large scale magnetic coils in

various analyses and experiments. References (6) and (7) are two examples. The

cabled design provides a large heat transfer surface area to strand volume ratio

to enhance heat transfer. Forced flow cooling provides flexible control of

coolant flow rate to assure cryogenic stability, in spite of the added power
requirement for coolant pump work. The major design parameters of the superconductors
are shown in Table 2. ‘

The cross sections of the two superconducting coil options are shown in Figure 1.
Multiple conductors are wound in parallel along the spiral slot in a bobbin,

but are in series to those in the next bobbin. As shown in the figure for

the TNS-3 there are five slots in a bobbin with four HbTi superconductors'

in a slot. The conductors are not graded radially. For TNS-4 there are eight
slots in a bobbin with three Nb3Sn superconductors in a slot. The conductors

are graded into 3 radial zones to reduce the cost of superconductors. The‘
conductors in the same slot are to be cooled by a system of parallel hydraulic
channels. The coolant would enter the parallel channels near the innermost

turn of the coil where the magnetic field is the highest and exit at the outermost
turn to a common plenum. One difficulty in this type of parallel channel cooling
would arise when one conductor within a parallel flow system is driven to a normal
state while the others in the same system remain superconducting. Thé transition
from superconducting to normal increases the resistancé to the coolant flow to

the faulted channel. The total system coolant flow will be redistributed with the
faulted channel receiving less than the design flow and the others receiving more
coolant flow. The cryostability analysis to determine the coolant channel inlet
flow rate in order to meet the stability requirement should therefore be performed
based on a parallel channel fluid flow analysis. The stability analysis method

is to be discussed in the following section.

Stability Analysis

For superconducting TF coils the superconductor and the cooling system are designed
to be cryostable. The cryogenic recovery capability of a given conductor design
is defined as: from what initially imposed normal zone temperature (driven to that



temperature by a sudden heat deposition in the conductor) and normal zone Tength
the conductor can recover to its fully superconducting state. As mentioned
previously the stability analysis should include the hydrodynamics of the

channel flow in a parallel flow system. The method of solution consists of a
coupled heat conduction and fluid flow calculation solving the following equations.

1. Heat conduction in the conductor composite:
= ﬂ 11 4
v(kvT) =oCp g5 - Q (1)
k2 = pa (T-T) @ channel wall | (2)
" an S b :

where n is the outWard‘norma1 to the boundary at the channel wall.

2. Axial fluid flow in the cooling channel:

G, 3
8x+36 ~0 ’ (3)
3(GH) , 3leH) 1 ap _ QP _ 4 (4)
X 30 J 28 A
2
3p, 136 .1 3(Gy) +1 =0 (5)
X g 9m 9 aX
| . 2£ 62 y . .
_where t = frictional term = g and the other symbols in the equations are

defined in the notation section. In addition, the equation of state for the helium
is réquired to determine the fluid properties. For this purpose the MBS helium
thermophysical properties data and computer subroutines8 were used in the analysis.
The above equations are solved by a finite difference procedure in a large scale
computer.

Temperature dependent thermal properites for the conductor materials and current
sharing between the superconductor and the copper substrate are also included
in the analysis. In Equation (1) the heat generation term Q"™ includes all



components due to nuclear heating, ac losses, joint losses and Joule heating.
The Joule heating is the most important cdmponent in recovery analysis. The
resistive heating depends on the fraction of the transport_current in the copper
substrate as shown below:

II »p : ' . ‘
AQ"' = cu Cu (6)
I2R f A2
C ¢
where
I, * ;, when T 3-Tcr (7)
(T - > . .
I = I| ¥——— , where T__ < T<T ’ (8)
cu Tcr'Tcs cs cr
Icu = 0, when T 54Tcs (9) .
where
Tcr = recovery temperature at a given magnetic field at zero current
T = the threshold temperature at whi&h current sharing begins at a

cs '
‘ given magnetic field and superconductor operating current density

For the NbTi coils with a channel inlet coolant temperature of 4K and a
superconductor operating current density of 25 kA/cmz, at the peak field location
(channel inlet) TCr = 5.6K and TCS = 4,9K. For the Nb3Sn coils with a channel
inlet coolant temperature of 5K, at the peak field zone where the magnetic
field is 12 Tesla ‘and the supefconductor operating current density is 65.2 kA/cm

TCr = 7.5K and TcS = 6.5K. At the other two zones these two temperatures are

considerably higher. Considering a linear variation of magnetic field from 8

2

Tesla at' the channel inlet to zero at the channel outlet for TNS-3 and similarly,
from 12 Tesla to zero for TNS-4, the Tcr and Tcs temperature profiles along the
conductor channels for the two coil options are shown in Figure 2. The area
between the Tcr and TcsAcurves is the current sharing region.

?



In a parallel flow system the channel pressure drop is governed by the

system inlet and outlet plenum pressures. A way to simulate the parallel flow
analysis is to model one conductor only. The flow boundary conditions specified
in the calculation are the channel inlet and outlet pressures (channel ap) and
coolant inlet temperature. When heat is being added to the channel during the
recovery transient, the channel inlet flow rate required to satisfy the channel
Ap can be determined. At a given initial channel inlet flow rate, if the con-
ductor can recover from an assumed initially imposed normal zone temperature and
normal zone length, another higher initial normal temperature is tried until it
will not recover. This maximum recoverable initial normal temperature represents
the recovery capability of the conductor at the given initial inlet flow rate.

The calculation procedure is first to determine the channel pressure drops of a
given conductor design at various channel inlet flow rates under normal operating
conditions (all conductors are superconducting). An example of the operating

map at normal oherating conditions for the NbTi superconductors is shown in Figure 3.
In this figure the pumping power required per channel is plotted as a function of
channel inlet flow rate for three different cabling combinations. The slanted
straight 1ines are the channel inlet pressures required for a channel length

of 120 m to ‘have an exit pressure of 3 atm. This graph also serves the purpose

of comparing the pumping power of the different cabling combinations. The 3x7x7
strand combination was selected for the NbTi superconductors. The channal AP

at a given inlet flow rate is therefore, obtained from this graph and inputted to
the recovery calculation. For example, to determine the recovery capability at

an initial channel inlet flow rate of 11 g/s for the WbTi superconductors, a channel
inlet pressure of 4.5 atm and outlet pressure of 3 atm together with the coolant
inlet temperature of 4K are specified as the flow boundary conditions in the
calculation. In the computations the following major conservative assumptions

were made:- (1) the channel pressure drop friction factor was based oh Hoenig's
experimental data on -triplex cab]esg; (2) the heat transfer coefficient on the
channel wall was evaluated using Giarratano's correlation on smooth tube]O and

(3) the pump efficiency was assumed to be 50% in calculating the refrigeration
pumping work. The details of the method of solution are described in Reference (11).



The results of a sample calculation for the NbTi conductor design with an initial
coolant inlet flow rate of 11 g/s are shown in Figure 4. " The calculated peak
conductor temperature and the coolant temperature profiles during the recovery
transient, after the conductor was driven normal to 15.5K, are shown in the
figure. Two cases of anlaysis are shown. The solid curves show the case in
which one half turn of the conductor winding was driven to 15.5K initially and
the dashed curves show the other case in which the entire conductor length was
driven to 15.5K initially. The calculated coolant inlet flow reductions due to
the ‘heat additions during the transient are also shown in the figurel When oh]y
one half turn is driven normal, the heat addition is small. The inlet flow re-
duction amounts to 2.3%. The conductor recovers at about 50 ms. On the other
hand, when the entire conductor is driven normal to the same initial normal
temperature the heat addition is large. The maximum inlet flow reduction amounts
to 12%. The conductor did not recover. This indicates that the hydrodynamics

of the fluid flow is quite important.-and should be included in the recovery ana]ysis.‘

By the method described above, the recovery capabilities of the NbTi and Nb3Sn
superconductor designs for the TNS-3 and TNS-4 were determined and shown in

Figure 5. In this figure the initial heat deposition in J/m3 of conductor plus helium
volume was plotted as a function of the channel initial inlet mass velocity instead

of the maximum initial normal zone temperature. It is also hoted that the recovery
capabilities shown in this figure are for the case when only one half turn of the
winding was assumed to be driven to normal initially. This is one of the design
.ground rules assumed for the desiyn ol TNS superconductors.

Because of the greater thermal margin of the Nb,Sn superconductor, the recovery

capability of the Nb3Sn coils for TNS-4 is much3greater and the required coolant

flow is much smaller than the NbTi coils for TNS-3. The ideal pumping power require-
ments at the various channel inlet flow rates are shown in Figure 6. The design
points for the two superconducting options are shown by the circles in the

two figures.



Summar

Preliminary conceptual designs for the two representative NbTi and Nb3Sn supercon-
ducting TF coil options for the TNS Tokamak have been performed. Cryogenic
stability analysis results show that the superconductors have thermal stability
margin more than the required value of 105 J/m3 of conductor plus helium volume,
after one half of a turn of the winding is driven to a normal state. The

physical parameters for each of the two options selected represent a feasible
design rather than an optimized one. Once a reference configuration is determined
by the cost and performance studies, detailed optimiiations can be performed to

arrive at a reference design which meets the thermal, structural and magnetjc
design requirements. “ -

Notation
A = . channel flow area
AC = cross sectional area of conductor
AS = heat transfer surface area
Cp = specific heat at constant pressure
D - hydraulic diameter
f = .fanning friction factor
fC = fraction of copper in the composite
G = flow rate per unit area
g = gravitational constant
H = enthalpy
h = heat transfer film coefficient
I = conductor transport current
ICu = current portion in the substrate
J = work-energy conversion factor
k =v thermal conductivity



TCP

TCS

XY sZ

cu

- channel wetted perimeter
pressure :
heat flux
volumetric heat generation rate
conductor temperature
fluid bu]k temperature
superconductor critical temperature at zero transport current
threshold temperature at which current sharing beginS<
specific volume
Cartesian coordinates
densify

electrical resistivity of substrate (copper)

time
B 40 43
X oy ~ oz
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TABLE 1

MAJOR DESIGN PARAMETERS OF THE NbTi AND
Nb,Sn TF COIL OPTIONS FOR TNS

(VALUé% SELECTED FOR THERMAL ANALYSIS)

+

TNS-3 A TNS-4

(NbT1i) (Nb3Sn)
Major Radius, Ro’ m 5.50 4.75
Minor Radius, a, m 1.2 1.0
Peak Field at Winding, Bm’ T 8.3 11.6
Field at Axis, Bt’ T 4.3 5.8
No. of Coils 20 20
Horizontal Bore, m , 5.2 4.9
Vertical Bore, m 7.4 7.8
Mean Coil Circumference, m 22.8 23.8
Outer Radius of Vertical Leg, m ' 3.1 2.6
Radial Build of Coil, m 0.63 0.82
Coil Cross Sectional Area, m’ 10.8 1.6
Volume of Conductor, m3 98.9 . 100.3
Volume of Structure, m> 17.7 216.6
Stored Energy, MJ 8901.1 14341.3
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TABLE 2

MAJUR DESIGN PARAMETERS OF THE MbTi AND Nb3Sn SUPERCONDUCTORS

FOR THE TNS-3-AND TNS-4 COIL OPTIONS
(VA&UES SELECTED FOR THERMAL ANALYSIS) .

TNS-3 (NbTi) ’ TNS-4 (Nb3Sn)
o o Zones
1 2 3

Nominal Peak Field, T \M: 8.0 12.0 9.8 . 7.0
Overall Average Current Density .- A 2.86 - 2.85 - 3.75 4.65 .

X 10 A/m - ' .
S/C 0perat1ng Current Dens1ty, 0.25 0.65 1.25 2.40

x 10° A/m o
Conductor Plus He Area, x 107% m?  3.72 5.26 4.0 3.23
Superconductor ‘Area, x 10°% m? 0.4 0.23 0.12 0.0625
Void Fraction ~ 0.4 0.3 0.35 0.4
Cu:Bronze:Nb3Sn‘Ratio 4.6:1(]) 12:3:1 17.7:3:1 27:3:1
Strand Configuration 3x7x7 - 3x7x19.:
Strand Diameter, mm 1.39 1.084 0.911 0.786
Wetted Perimeter, m 0.524 0.947 0.859 0.793
Percent Compactness 20 30 25 20
Hydraulic Diameter, mm 1.14 0.67 0.65 0.65
Nominal Channel Length, m 120 45 50 102
Coolant Inlet Temperature, K 4 5
Approximate Total No. of Parallel

Channels 2280 1233
Estimated Refrigeration Load(z) 88 0@ 4K 38 @ 5K

NOTE: (1) Value indicates copper-to-NbTi ratioc for TNS-3

(2) Includes pumping power with 50% efficiency, nuclear heatlng, ac
losses and heat leakages.
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TNS-3 (NbTi) TNS-4 (Nb,SQl

Total MA-T T 118.5 - 137.4
I, kA | 10 15
Conductor/Coil ' ‘ 292.4 457.9
Bobbin/Coil- , 29.6 . 19,7
Slots/Bobbin =~ - , 5 ‘ 8
Conductor/Slot - 4 . : 3

Structural/SC Area Ratio 1.19 2.16

2 g A
Zone 3
. ||
§ | I 0.814m
- B =77
0.632m ~ max nn
Zone 2 HERN!
: : p—y p—y
9.8T | |
— Zone 1 1~
Y Brax =87 | H 2T L
NbT1 Nb3Sn

Figure 1. "~ Pancake-Wound TF Coil Cross Sections of
TNS-3 and TNS-4
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Figure 2. Critical (Tcr) and Current Sharing Threshold
(Tcs) Temperature Profiles for TNS-3 and TNS-4.
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TEMPERATURE, K OR CHANNEL INLET FLOW RATE, g/_s

7

16 +—

] o N o
1 | T T

] 1 T | 1 T L | 1 A

.INITIAL NORMAL ZONE LENGTH

1/2 TURN OF WINDING
— — — — ENTIRE CONDUCTOR

T CONDUCTOR, MAX

CONDUCTOR
STRANDS

o
T

(o)
{

——

NORMAL ZONE PROPAGATION z '

GRS g sy aaata M S Sm—

5 b CURRENT SHARING REGION J

4 TCOOLANT, MAX POINT OF RECOVERY —

3 1 1 1. 1 1 1 { 1 | |

-10 0 10 20 30. 40 50 60 70 80 90 100
TIME,ms

Figure 4. Temperatures and Flow Rate During Recovery Transient
from an Imposed Initial Temperature of 1%5.5 ¥ and
Initial Inlet Flow Rate of 11 g/s for NbTi Superconductor
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SUDDEN HEAT DEPOSITION, j/m3 OF CONDUCTOR PLUS He VOLUME
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Figure 5. Recovery Capability of NbTi and Nb3Sn Superconductors
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Figure 6. Ideal Pumping Power Requirements of NbTi and
Nb3Sn Superconductors.
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