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Abstract

The International Thermonuclear Experimental
Reactor (ITER) is a new tokamak design project with
joint participation from Japan, the European
Community, the Union of the Soviet Union, and the
United States. This paper examines the effects of a
quench within the toroidal field (TF) coils based on
current ITER design. It is a preliminary, rough
analysis. Its intent is to assist ITER designers while
more accurate computer codes are being developed and to
provide a check againat these more rigorous solutions.
Rigorous solutions to the quench problem are very
complex involving three-dimensional heat transfer,
extreme changes in heat capacities and copper
resistivity, and varying flow dynamice within the
conductors. This analysis addresses all these factors in
an approximate way. The result is much less accurate
than a rigorous analysis. Results here could be in error
as much as 30 to 40 percent. However, it is believed that
this paper can still be very useful to the coil designer.
Coil pressures and temperatures vs time into a quench
are presented. Rate of helium vent, energy deposition in
the coil, and depletion of magnetic stored energy are also
presented. Peak pressures are high (about 43 MPa).
This is due to the very long vent path length (446 m),
small hydraulic diameters, and high current densities
associated with ITER’s cable-in-conduit design. The
effects of these pressures as well as the ability of the coil
1o be self protecting during a quench are discussed.

Introduction

An analysig of pressure and temperature rise
versus time during a quench is done here for ore of the
present TF coil designs. Table 1 lists the TF coil
parameters used here. Hand calculations using
worksheets give a fair approximation of such
parameters as pressure and temperature in the
conductor, stored energy consumed by the quench,
amount of vented helium, ete. The purpose is to provide
design information for conductor design beforc a more
accurate computer analysis is completed and to serve as
a check against other analyses {1]. An additional
purpose is to provide insights into the quench vent
process that may aid the designer of protective devices.

Resulta

Figure 1 shows the various quench, flow-path
parareters versus time. Here we assumed the full
length of a twelve-turn pancake of the TF coil quenched at
time zero. Large time increments were used to speed
hand calculations, resulting in an estimated inaccuracy
of about +30%. However, major effects, such as increase
of resistivity and heat capacity with temperature, were
accounted for in the calculations. The analysis also
mesumes no active protection (dump resistors) are used.
‘The analysis used heat capacities of both the conductor
and conductor case, but not the insulation. The TF-coil-
current decay assumes energy from a TF coil is deposited
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in a single, fully quenched flow path (one-half pancake).
Only 10% of the coil stored energy is consumed after
about 20 s of quench. Peak pressures of about 43 MPa
result at about 16 s into the quench.

Table 1. Present ITER TF Coil Parameters
Used Here

Twelve turns per pancake

Twenty pancakes per coil

Length of turn—37.2 m

Helium path length (one pancake), 12 turns x
372 m—446 m

Initial current —40 kA

Conductor cross-section area—690 mm?

Flow area of helium (40% of conductor 630 mm2
cross section)—276 mm?2

Number of strands—588

Strand diameter—0.876 mm

Copper area of conductor—280 mm2

Metal area of conductor (60% of 690)—415 rum2
Metal area of case—915 mm?

Percent area of helium—276/(915+276) = 0.23
Percent area of metal—0.77

Stored energy per coil—1.0 GJ

Copper resistivity—estimated from resistivity curves
corrected for 10-T field:

3K 2.5 x 10-10 ohm-m
40K 4x10°10
50K 7x10°10
60K 1x109
100K 3x109
150K 6x 109
200K 1x108
Copper resistivity—continued:
300K 16x 108
400K 2.6x 108
600K 4x108
Copper or steel heat capacity—estimated from curve:
10K 103 JigK
WK 4x103
0K 9x10°3
0K 3x 102
60K 9x102 - - vy
100K 2x10-1 E;’ '
200 & up 4x101 "/'J!“JB L
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Figure 1.
ITER TF Coil Quench Parameters.
Table 3
Tahble 2. Unvented TF Coil Pancake i for Conductor Vented at Both Ends
1 2 3 4 5 6 k] 8 i 2 3 4 6
tme current PR %adsor dU UHe T P time P(novent) wvelocity density  adj. press
B kA J103 byHe e Jg K MPa s MPa m/s glem3 MPa
4 40 9 5 10 1 7.0 45 0.14 69
05 40 142 095 B 2T 12 45 2 117 4.7 0.137 114
1.0 40 142 0.90 k<) 8 17 70 3 16.0 58 0135 14.9
15 40 142 0.82 0 58 2 100 4 19.0 6.6 0.13 17.1
20 40 142 076 B8 T 2 18 5 225 72 0.126 19.6
30 40 142 074 7T W M 160 6 265 78 0122 222
4.0 40 142 0.55 20 19 41 190 8 35.0 85 0.118 270
5.0 40 23 0.35 21 190 48 225 10 410 9.5 0.109 288
6.0 40 40 024 % 16 5 265 12 510 10.2 0.100 324
80 ) 5.7 017 % 25 W 350 " 0.0 113 088 396
100 0 85 0.13 % 274 8% 410 16 86.0 134 080 43.0
120 40 125 0.11 » M6 107 510 18 96.0 14.6 070 413
14.0 40 28 0085 5 446 140 700 20 1120 153 060 41.6
16.0 B 34.0 0058 5. 548 172 860 2 1310 16.6 052 414
180 B 390 0053 53 654 197 960 Columns
200 37 488 0044 5 766 20 1120
220 37 585 0044 67 900 210 1310 1. Time into quench—s
Columns 2. Pressure in conductor of not-vented {from Table 1)—
MPa
1. Time inlo quench—s 3. Velocity of venting helium—rm/s
2. Conductor current —kA
4, Average density of helium left in conductor—g/cm3
3. Electrical heating per unit length (m) of conductor, .
5. Pressure in vented conductor—MPa

per unit time (8)—J

4. Percent of electrical heating adsorbed by helium in
conductor (balance adsorbed by conductor strands
and sheath)

5. Change in internal energy of helium per unit time—
Jig-8

6. Internal energy of helium—IJ/g
7. Temperature—K

8. Pressure of helium in conductor—MPa

The worksheets of Tables 2 and 3 provide a number

of insights helpful to ITER designers:

b.

Quench pressures rige rapidly with time and reach
large values. Canductor-sheath strength must
support this.

Although heat capacity of the helium predominates
below 20 K, the majority of heat is adsorbed by the



conductor and sheath at higher temperatures.
Consequently, the rate of helium venting has only a
slight influence on rate of temperature rise.

c. Ifonlyonep ke of a TF coil hes, as
assumed in this analysis, stored energy and curreat
drops slowly. Only 9% of the coil-stored energy is
used to raise the quenched pancake to 220 K. 1If,
however, the eatire coil of 18 pancakes quenched
together or nearly together, the coil would be self
protecting in that temperature rise would be less
than 200 K. We are looking at ways to induce total
coil quenching, possibly by back-pregsure build-up in
the header when a portion of the coil quenches.

d. The effect of mutual inductance between TF coils was
not considered in the analysis.

Analytical Approach

To determine the effects of a fully quenching
pancake, the process was considered in two steps. The
first step was to calculate temperature and pressure rise
in the conductor if it were not vented (i.e. the ends
plugged). To do this, a worksheet (Table 1) was made.
Using time incr of 0.5t0 2 ds, the effects of
electrical heating on conductor pressure and
temperature were calculated. NBS 631 helium tables,
curves for copper resistivity in a 10-T field as a function of
temperature, and curves for copper or steel heat capacity
as a function of temperature (Table 2) were used. Table 1
shows the results of this unvented, TF-coil pancake.
Heat capacities of both the conductor strands and the
case (conduit) were used, assuming negligible
temperature gradient radially through the conductor and
case. A hand calculation showed these radisl-
temperature gradients to be small.

The second step was 1o estimate the effect of
venting from both ends of the pancake winding on
temperature, pressure, and density in the coil. Average
flow resistance of the conductor was estimated by using
one-eighth the conductor length as a characteristic
length, and multiplying the friction factor in the piping
pressure-drop equation by 2.5 to correspond to empirical
data for CICC conductors [2,3]. Flow velocities were
calculated based on this resistance and pressures
developed by the quench. From this, the amount of
helium vented and the decrease in average density were
calculated. This new density in the conductor was then
used to calculate the adjusted pressure for each time
increment., Table 3 shows the worksheet for these
adjustments, Here the following equation is used:

Pyented = Pno vent (1 - % vented)

Figure 1 shows the plotted results for the vented
conductor, The temperature is not affected very much by
the vent because heat capacity of the metals, not the
helium, predominate during most. of the quench process.
In the early part of the quench, pressure ia not affected
strongly by the ve.'t because a conductor path as long as
the ITER TF coils limits vent rates. Flow velocities and
percent of helium vented were calculated based on
average density for the time increment. Expansion as

the helium undergoes pressure drop near the end of the
conductor will decrease mass flow somewhat below that
calculated. Consequently, reality will be between the
vented and unvented curves of Figure 1, but closer to the
vented curve.
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Work Sheet Calculations

Table 1. Columns

1. Time into quench—s

2. Time increment used

3. Coil current—I =Ip(E/Eg)0-5
where E =Ep- XAQL.At (i.e. initial energy
less energy deposited in quench
where AQ =Ir/Acy (ris from Table 2).

4. Energy deposited in conductor per unit length per
unit time—( AQ)

5. Percent of quench energy adsorbed by helium during
time increment:

%QHe = CvHepHe®AH/ACCupCn%ActCyHePHe P AHe)
(where %A includes conductor plus case area).

6. Energy adsorbed by helium per unit time during
time increment:

AURe = AQ%QH/AHePHe J/R)
7. Internal energy of helium - initial Uye + ZAUHeAL
8. Temperature in conductor;

THe = RpHeUHe) from NBS 631
9. Pressure of helium in conductor:

PHe = flpHoUHe) from NBS 631



10. Stored energy remaining in coil:
E=Eg- 2aQatL.
Table 3. Columns
1. Time into quench—s
2. Quench pressure if nct vented (from Table 1)
3. Velocity of venting helium:

V = (2gAPDy/pafL, )05 (piping pressure drop
equation), where Ly the average or effective c.on'ducmr
length for flow resistance is taken as Ly/8 (this is an
educated guess based on pressure distribution in the
conductor }

Dp, the hydraulic diameter, ia: 4 Apne/periphery of
strands = 0.68 mm

4fis taken as 2.5 times that given by the Moody
diagram, based on empirical data on CICC conductor

=0.06.
[For the above conditions, V = .63 {(AP/p)85 m/s where
P is MPa and p is g/em3|

4. The density p used in the above equation is

p = po(1 - %He vented).
5. Pressure adjustment due to the vent is:
Pyented = Prno vel\ting[l—(% He vented)]

Notes:

1. In Table 3, velocity and density are calculated using
values in the previous time increment.

Nomenclatire

Pvented—Ppressure in single flow path vented from both
ends to one atmosphere. This is an average pressure
which is close to maximum pressure under quench
conditions.

DISCLAIMER

!
Pron.vent—hypothetical pressure developed if flow path
(conductor) was plugged at both ends
E—stored (magnetic) energy of one TF ~ J

E,—initial stored energy at 40 kA

AQ-—quench heating energy deposited in conducto- per
m of length per unit time (s) - J

Le—length of single flow path (one-half pancake)
(12 turns) - m

Acy—area of copper in conductor
%Qpe—percent of heat going to helium
Cy —heat capacity at constant volume for helium

% Ape—percent aren of helium cross section in
conductor, excluding case

Ccy—heat capacity of copper or steel
pHe—density of helium in conductor

pcu—density of copper or steel

%Ac—percent area of metal, including strands and case
AUge—eonergy adsorbed by helium per unit time - J/g
Une—internal energy of helium

V—velocity of venting helium during quench

a N

or less one at phere at exit

AP—pressure in

Dp—hydraulic diameter of conductor = 4 x
area/perimeter

4f—pipe-flow friction factar

Ly —a length used as an average or effective length for
vent llow calculations
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