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0.8 INTRODUCTION

Magnet systems consisting of multiple, inductively coupled coils can
experience substantial changes in their usual operating load patterns in
the event of a fault condition such as a short circuit followed by a rapid
system discharge. The methods for determining the load changes are
straightforward, but time consuming and the number of cases requiring
consideration grows rapidly as the number of coils and circuits in a system
increases, -

As magnet systems become larger and more complex, the electromagnetic
load redistiribution or other effects such as excessive temperature rise can
become so severe that a thorough fault condition examination is essential.
The Magnet Technology Division at the Plasma Fusion Center has been
developing codes to improve the efficiency and turn around time for model
construction and fault condition analysis. In this report the codes were
applied to a system of 24 coils in nine circuits which constitute MFTFB+T,
a jJoule mirror fusion system under consideration by LLNL. The process
begins by system field/force model construction using sufficient detail to
analyze parameters selected as indicative of the severity of a fault
condition (e.g. — total load in a particular direction on a coil or load per
unit length at a point in a coil), but not so detailed that turn around
time is unattractive. If a severe condition is found it is assumed that
the design croup will investigate the condition with a more detailed model.

An estimation of "severity" of a fault condition requires a well
defined set of "usual’ operating conditions for comparison. MWe define the
latter as the extreme maximum or minimum values of the critical parameters
for any combination of the circuits in a fully "on" or "off” condition. In
itself, this magnetostatic analysis is nontrivial in a complex system. For
example, for the nine circuits in MFTFB+T, there are 512 (2 to the ninth
power) usual operating conditions. It should be emphasized that these
represent feasible conditions since it is conceivable that any combination
of circuits zould be fully charged during shakedown tests or system
operation. Tiis is indicative of the need for an efficient procedure and
codes for fault analysis since the number of credible faults is often many

times the nunber of usual operating conditions in a multiple coil/multiple
crrouat sntam,

In this report, the fault conditions which have been selected arise
from assuming that all circuits are charged to their operating level, a
short circui~ occurs across one coil and a discharge of the entire system
follows. Each case requires a transient circuit analysis required by em
load determination as a function of time because, in general, the extreme
loads do not necessarily occur at the time a discharge current in a circuit
passes through its maximum value,




. cases zhould continue.

In general, the four C-shaped magnets at each machine end (WM2, WMi,
WT2, and WT1) experience the worst case loading under static current -
conditions. The central cell solenoids (WS6, WSS, WS4, and WS3) exper ience
their peak loads during discharge transients with a neighboring coil
short-circuited. The coils at the machine center (WS2, WS1, WCC1, WTDFS2,
etc.) have peak axial loads that occur primarily in the static condition.
However, the peak radial loads occur during the discharge transients.

The current scenarios chosen for the analyses were by no means
exhaustive from a fault condition standpoint. An entire class of faults
which requires consideration involves system behavior during discharge
execution with a section of one of the superconducting coils in the
resistive state. Even though the coils are designed to be stable under
usual conditions, that is, complete LHe coolant immersion, a resistive
region is possible in the event of a fault in the form of a low helium
level. The temperature rise in a resistive region which is not immersed is
strongly dependent on the coupled discharge character of the circuits and
the level of operating current and dump voltage selected.

Substant ial progress has been made in the ability to turn around
certain classes of fault conditions as evidenced by the cases treated in
this report. Hs indicated above, however, other classes of severe
conditions ex.st and development of codes for rapid turnaround of these




1.0 SUMMARY

This report presents the results of work performed to date on the
estimation of the Lorentz forces acting on the various coils in the MFTFB+T
mirror machine. The analyses include: (1) static loading under normal
operating conditions; (2) transient loading during a normal discharge; and
(3) transient loading for one coil short circuits with all coils
discharging. For the purposes of this memo, normal operation is defined as
any possible® combination of circuits fully charged to their operating
current level or at zero current. This definition would then include any
possible scenario for the entire system or partial system at full operating
current.

Figure 1.1 shows both an isometric and side view of the coils in the
machine. Twenty four coils are shown and consist of two large central
solenoids, two high field choke coils, and twelve identical solenoids in
the central cell. Each of the machine ends has four coils: two transition
coils and a yin-yang pair. Only the coil centerlines are shown.Super-
imposed are the coordinate system, the coil numbering system and coil
nomenc lature adopted for this effort. The coils are numbered consecutively
from the coil with the largest positive axial (z) coordinate (cail 1) to
the largest negative coordinate (coil 24). Table 1.1 lists the coil number,
name, their circuit number, and full operating current. The circuit
numbering is arbitrary, but collects the 24 coils into nine circuits
corresponding to the expected power supply configuration for this machine.
Note that each of the four yin-yang coils are in an independent circuit
whereas other similar coils are in series in the same circuit. Results may
change considerably if different current levels or circuit configurations
are postulated. '

The models of the coils and circuits are described in section 2.0. The
results fror the static analyses are given in section 3.8. The transient
analyses are presented in section 4.8. The remainder of this section
summar izes the results.

Table 1.2 summarizes the peak values of the net axial force which can
act on each coil out of the possible normal operating conditions. Both the
largest positive and largest negative loads are given along with the
current scenario that produces those forces. The current scenarios are
~givern 33 3 nine digit number. Each digit represents the current multiplier
in each circanit. For example, the current scenario 110011091 implies that
circuits 1,2,5,6, and 9 are at tull current, while circuits 3,4,7, and 8
are at zero current. The forces given represent the total axial load acting
on the coil.

It can be seen that, except for the two end coils, the worst case
losdings do ot occur when all coils are at full operating current.
Similarly, none of the cases of the single circuit on - all others off
generates ma<imum or minimum forces. In general, the worst case loading
ocours when 3s many coils as possible to one side of the coil under
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Table 1.1 Coil/Circuit Numbering and Nomenclature

coil coil Circuit Operating
#* name # Current (R)
1 WM2 1 4403
2 WM1 2 - 3872
3 WT2 3 5206
4 WT1 4 2328
5 Wse S 1823
6 WSS 5 1823
7 WS4 S 1823
8 WS3 S 1823
9 WS2 5 1823
10 WS1 S 1823
11 WCC1 6 107190
12 WTDFS2 7 8200
13 ETDFS2 7 2% %%
14 ECC1 6 187190
15 ES1 5 1823
16 ES2 S 1823
17 ES3 ) 1823
18 ES4 ) 1823
19 ESS S 1823
29 ES6 ) 1823
21 ET1 4 2328
22 ET2 3 5286
23 K 8 387
24 EmMz 9 4403




Table 1.2 Peak fixial Loads Under Normal
Operating Conditions

coil coil Max imum Current Minimum Current

#* name Fz (MN) Scenar io Fz (M) Scenariox
1 W2 (%] - -5.27v 111111111
2 LML 4.75 110200009 -5.082 11111111
3 WT2 4.96 111000069 -1.51 221111111
4 WT1 1.084 111100000 -9.48 02111111
5 WS6 a - -4.44 2308011111
6 WSS 9 - -2.17 2g0311111
7 WS4 a - -1.63 200811111
8 WS3 0.43 111110000 -1.84 200811111
9 Wse 1.41 111110008 -2.80 200011111
10 WS1 3.91 111110000 -4.82 000311111
11 WCCL f.21 111111000 -1.68 PA0B1111

12 WTDF'32 a - -102. 002200111
13 ETDF52 182, 110000100 2 -

14 ECC1 1.68 1100901100 -8.21 231111011

15 ESt 4.82 116911109 -3.91 0991110011
16 ESe 2.80 110011100 -1.41 291110011
17 ES3 1.84 110011100 -9.43 221110011
18 £S4 1.63 119011100 7} -

19 ESS 2.17 110011100 7} -

28 E£S6 4,44 110011100 (%] -

21 ET1 8.48 119111109 -1.84 991109911

22 ET2 1.51 111111109 -4.96 201000011

23 £mM 5.82 111111110 -4.75 P0000001 1

24 eme 5.27 111111111 (5] -

+ each digit -~epresents a circuit on (1) or off (@)
2.g. 118211100 means circuits 1,2,5,6,7 are on and circuits 3,4,8,9 are off




consideration have zero current and as many as possible on the other side
have full current. Due to the connection symmetry of most of the circuits
the worst case load does not correspond to all coils on one side on and all
coils on the other off.

Forces that are listed as @ imply there is no scenario that gives a
force of that sign or direction on that coil. For example, WS6 (coil #5)
has a zero maximum (positive) force. This means that there is no possible
combination of circuits completely on or off that produces a net force on
WSe that is away from the machine center. However, there are several
combinations that produce a net force on WSE toward the machine center. The
worst case load is —-4.44 MN and occurs when circuits 1,2,3 and 4 are off
and circuits 5-9 are on (i.e. a current scenario of B20011111).

Figure 1.2 shows the same information in bar chart form. The worst
case maximum (positive) and minimum (negative) net axial force on each coil
is shown. For scaling purposes the forces on the large solenoids have been
clipped and the peak value written adjacent to the bars. There is
anti-symmetry about the machine center, as is expected.

Table 1.3 summarizes the peak radial loading per unit length acting
on each coil for normal operating conditions. In a solenoid, the forces per
unit length are indeed radial. For C-shaped coils, these forces are local
running loads (N“m) which contribute to the lobe-opening forces. For the
purposes of this memo these forces are denoted as radial for all coils.
There ares two values presented. The first is in the X=8 plane; the second
in the V=0 plane. The two radial force directions are illustrated in Figure
1.1 for a typical C-shaped magnet and for a typical solenoid. MNote that
the torce in the X=0 plane is y-directed and the force in the y=8 plane is
x—directed. In a purely solenoidal system, these two forces would be
equal. The lack of equality is a function of the non-solenoidal fields
produced by the C-shaped magnets in the system. The radial forces are
pusilive for all cases and are usually extreme for all circuits on.
However, som2 of the coils (e.g. WT2) experience the worst case radial
loading when an ad jacent coil is off and unable to hold the axial flux from
the system away from the winding in question.

Figure 1.3 shows the information from this table in bar chart form.
The sclid lines represent the radial forces (per unit length) in the X=0
plane; and the dashed lines the Y=0 plane. Only the C-shaped coils at the
machine ends experience a significant loading difference in the two planes.
The end solenoids do experience a slight difference in force, but the
difference it too small to see at this scale and the solid lines hide the
dashed ones. R more detailed discussion and presentation of some of the
individual current scenarios for usual operating conditions can be found in
section 3.8. The cases considered in detail were all coils on, and
individual circuits off with all others on.
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Figure 1.2 Peak Axial Loads - Static



Table 1.3 Peak Radial Loads per Unit Length Under

coil coil
# nam?
1 Wi
2 WMl
3 WT2
4 WT1
S WS6
B WSS
T 1154
8 ki5d
9 Wse
16 WS1
11 WCCL
12 LTDI"S2
13 ETDITS2
14 ECCH
15 E51
15 £S2
1 Fad
13 54
19 £55
20 £s5
21 ET1
22 ET2
23 Ml
24 EM2

UILUH&&&&{SJHH

X=0 Plane
Fr (MN/m)

Current
Scenar ioX

111111111
111111111
101111111
111111111
111011111
111011111
111111111
111111114
111111111
1111108111
111111111
111110111
111110111
111111111
111110111
111111111
111111111
111111111
111111111
118111111
111111111
111111111
111111111
111111111

Normal Operating Conditions

Y=0 Plane
Fr (MN/m)

5.41
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% each digit represents a circuit on (1) or off (8)

‘e.q. 110011100 means circuits 1,2,5,6,7 are on and circuits 3,4,8,9 are off
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Current
Scenar iox

111111111
111111111
111111111
111111111
110111111
111111111
111111111
111111111
111111111
111110111
111111111
111110111
111110111
111111111
111110111
111111111
111111111
111111111
111011111
111811111
111111111
111111101
111111111
111111111
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Figure 1.3 Peak Radial Loads Per Unit Length - Static



The next set of analyses investigated the coil loading experienced
during discharge transients. The lumped circuit parameter model used is
discussed in section 2.0. The scenarios considered were: (1) all coils on
and then discharged simultaneously, and (2) all coils on then a single coil
short—circuited with all others discharging. The extreme loads on different
coils can occur at different times during the transient, and, therefore,
cannot be used to represent a subsystem loading - e.g. peak axial loads on
coils 1 and 2 (WM2 and WM1) cannot be summed to get a worst case loading on
the set. Such an assumption would be conservative, but possibly too much so.

Table 1.4 presents the worst case axial forces acting on each coil
for the normal discharge case. Some coils actually experience a load
reversal during discharge, because all coils do not discharge at identical
rates. Figure 1.4 shows the same information in bar chart form. Table {.5
and Figure 1.5 present the worst case radial forces per unit length in the
X=0 plane (solid lines) and Y=@ plane (dashed lines) for the normal
discharge case.

Similarly, Tables 1.6 and 1.7 and Figures 1.6 and 1.7 present the
worst case loads on each coil for all the single coil short-circuit
transients. Each coil from 1 to 12 (WM2 to WTFDS2) in turn was assumed to
have a short across the entire coil with a short resistance of 1 micro-Ohm.
The other coils discharge through their dump resistors. The case numbers
correspond to the coil number that contains the short during the worst
transient for the coil. Case @ is the normal discharge of all coils. The
notation @+ implies a small load (order of kN). WT2 experiences a small
load reversal in the radial force per unit length in the X=@ plane. Since
only half the coils were shorted individually because of the system
symmetry, the worst case forces on the coils are tabulated for coils 1-12
only. The loads on all the coils are presented in the figures.

A more detailed discussion of the transient analyses is given in
Sectiun 4.d. Riso presented are the loadings for the individual current
scenarios.

Finally, Tables 1.8 and 1.9 list the worst case loadings for each coil
from all the usual and fault current scenarios investigated. If the load is
from a static scenario, the scenario is given as the nine digit number
describing which circuits are charged and which are not. If the load arises
during a coil short—circuit transient, the coil being shorted is given.
Only the first 12 coils are listed. The peak forces on the other coils will
hawe the espected symmetry or anti-symmetry. These worst case loads are
shown tn Figures 1.8 and 1.9. All coils are shoun.

-11-




Tabl: 1.4 Peak Axial Loads Under Normal
Discharge Conditions

coil coil Max i mum Minimum
* name Fz (MN) Fz (M)
1 W2 %} -5.27
2 WMt 7} -9.28
3 KT2 3.44 %)
4 WT1 B.56 a
S WS6 (%] -3.89
6 WSS 9 -1.84
7 WS4 B -1.46
8 WS3 %} -1.74
9 Ws2 a.15 -2.75
10 WS1 2+ -4.78
11 WCC1 (%] -1.47
12 WTDFS2 %) -99.3
13 ETDFS2 99.3 7}
14 ECC1 1.47 (%)
15 ES1 4.78 2+
16 ESe 2.79 -8.15
17 ES3 1.74 )
18 ES4 1.46 7}
19 ESS 1.84 (7}
20 ES6e 3.89 7}
21 ET1 a ‘ -0.56
22 ET2 (%] -3.44
23 EML 0.28 2
24 EM2 5.27 7}

P+ denotes a small force on the order of kN.
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Table 1.5 Pesk Radial Loads per Unit Length Under
Normal Discharge Conditions

coil
name

WM2
Wil
WT2
WT1
Wse
WSS
WS4
WS3
Ws2
WS1
WCC1
WTDFS2
ETDFS2
ECC1
ES1
ES2
ES3
sS4
ESS
ES6
ET1
ET2
M1
EM2

W
H

ol SN AN U O R N

w
NWrRrooO000r-~,L

»=0 Plane
Fr (MN-m)

.95
.85
.47
.87
.64
.75
.82

a2

.a1
.18
.0

28.
2a.
.0

.18
.01
.90
.83
.75
.65
.66

1
1

34

.99
.41

Y=0 Plane
Fr (MN/m)
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BN RRIREG O P R8BARRREE
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Table 1.6 Peak Axial Loads On Coils Due to Single
Coil Short-Circuits

Coil Coil Max i mum Case Minimum Case
# Name Fz(MN) L Fz(MN) *
1 WM 9 - -5.27 12
2 WM1 1.89 1 -1.39 3
3 Wre 3.60 2 -1.12 4
4 WT1 9.56 2 -0.04 4
S (436 2+ 4 -3.99 S
6 WS a.56 5] -2.29 6
7 W 8.75 6 -1.86 8
8 W3 .89 7 -2.10 B
9 W2 1.12 8 -3.06 9

10 W1 1.85 9 -4.83 10

11 W.C1 a - -1.47 12

12 WI'DSF2. 9.90 10 -90.3 12

Table 1.7 Peak Radial Loads Per Unit Length On Coils
Due to Single Coil Short-Circuits

X=0 Plane Y=0 Plane
Coil Coil Max i mum Case Minimum Case
# Naine Fr(MN/m) # Fr (MN/m) L
1 W2 4.95 7} 5.41 e
2 WMt 6.03 7 4.13 l
3 WT 8.51/~.83~ 32 1.34 e
4 WT3. 9.87 (%] " 0.66 %}
5 WSE 1.15 s 1.15 )
6 WSS 1.53 6 1.53 6
7 WSl 1.78 7 1.78 rd
8 W3z 2.85 8 2.85 8
9 WSe 2.46 9 2.46 9
10 Ws1 3.23 10 3.23 10
11 WCC1 45.0 11 49.0 11
12 WTDSF2 308.4 12 3.4 12

@+ denotes a small force on the ordef of kN.

~ a slight force reversal
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Table 1.8 Peak Axial Loads Under Rll Conditions

coil coil Max i mum Current Minimum Current
# name Fz (MN) Scenar ioX Fz (MN) Scenar jox
1 W2 a - -5.27 111141111
2 WL 4.75 110200000 -5.82 21111111t
3 Wi2 4.96 111000000 -1.51 P21111111
4 Wil 1.64 111100000 -9.48 000111111
S W6 o+ short 4 -4.44 000011111
6 Kes B8.56 short 5 -2.29 short 6
7 Wa4 02.75 short 6 -1.86 short 8
8 W3 8.89 short 7 -2.10 short 8
=) Wee 1.41 111110020 -2.80 020011111
10 We1 3.91 111110000 -4,83 short 10
11 WCCL 8.21 111111000 -1.68 000001111
12 WIDFS2 9.9 short 10 -102. 200000111
Table 1.9 Peak Radial Loads Per Unit Length
All Conditions
coil coil X=0 Plane Current Y=@ Plane Current
* name Fr (MN/m) Scenar ioX Fr (M\/m) Scenar iox
1 W2 4.95 111111111 S5.41 111111111
2 W1 6.83 111111111 4.13 short 2
3 Wre 9.80/-.83~ 101111111 1.34 111111111
4 WT1 9.87 111111111 A.66 111111111
s Wde 1.1S5 short S 1.15 short S
6 Was 1.53 short 6 1.53 short 6
7 Wei4 1.7 short 7 1.78 short 7
8 W3 2.85 short 8 2.85 short 8
9 Wai2 2.46 short 9 2.46 short 9
10 Wil 3.23 short 10 3.23 short 10
11 W(C1 49.0 short 11 49.0 short 11
12 WIDFS2 30.4 short 12 30.4 short 12
%* each diﬂit represents a circuit on (1) or off (@)
e.g. 116011100 means circuits 1,2,5,6,7 are on and circuits 3,4,8,9 are off

@+ denotes a small force of the order of kN.

~ force regversal for short 2.
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2.8 COIL AND cmq:un MODELS

The individyal coils in the mirror machine were modeled with lumped
current filaments made up of piecewise straight segments or sticks. The
number of filaments used to represent the coil cross—section varied from
coil to coil. Filaments were used in the soclenoids for convenience. Checks
on the accuracy of both inductance and force were made using uniform
current density splenoid models.

Figure 2.1 shows the typical coil geometries for a C-shaped and
solenoid magnet. Also indicated are the necessary inputs to generate a
stick model of the coil. Table 2.1 lists the inputs and other critical
parameters for each coil in the machine. In addition to the geometry, the
table also lists the overall current density, the ampere-turns, the full
operating current, the number of turns, the size of the dump resistor, and
the coil self-inductance.

The model usppd for both the inductance and force calculations is shown
in Figure 2.2. Thp coils WM2, WM1, EM2, and EM1 were modeled’with 6
filaments (2 by 3). The other four C-shaped magnets were modeled with 4
tilaments (2 by 2). The central cell solenoids were modeled with 2
filaments (radiallly). The choke coils each had 4 filaments (2 by 2). Each
layer of the large solenoids was modeled with 2 filaments (axially). Each
filament was broken up into 48 sticks for both solenoids and C-shaped
magnets.

The effect of the number of filaments on the calculation is shown in
Figure 2.3. The ayial field profile is shown for both the model described
above as well as {for a single filament model for each coil. Note that the
peak field under the choke coils decreased from 14,7 to 12.7 T. The primary
effect of a finer|model is to determine more accurately the peak fields
under the choke amd C-shaped coils. Since the model was to be used for
calculating induc?ances and fields at the coils, the finer model was used.

!

The fine mod¢l was used to construct three force influence coefficient
matrices. Each element of these 24 by 24 matrices represented the force on
a coil (or force ger unit length at a point) due to another coil. The terms
were per unit current in all coils. Therefore, given a current scenario,
the necessary multiplication yields the axial force. That is:

i

24

F(K)=Itk) I fCk, X1y

J=1

where I(k) is the current in the kth coil. f(k,3j) is the force on coil k

per unit current in coil k due to a unit current in coil ). Similar
expressions hold for the radial forces per unit length.
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Model of a C-Shaped Magnet
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Figure 2.1.a C-Shaped Magnet Model
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Solenoid Input
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Figure 2.1.b Solenoid Magnet Model
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ial force calculations are on a coil basis. That is, the J x B
nsities are integrated over the coil volume to obtain a total
dial forces, on the other hand, are a local force calculated
running length basis. The integrated radial force is, of

The radial forces per unit length were calculated at two

th coil. These points are in the X=B and Y=0 planes and

' local y-directed and x-directed forces, respectively. In a
idal system, these forces (per unit length) would be equal

e axial symmetry. The presence of the C-shaped coils perturbs

o
]

and on the closest solenoids.

The sta
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coils.
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This m

above.
the lumped ci

calculated us

current casze.

time behavior
multiplies th
maximum and m

transient to
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ic load analyses discussed in section 3.0 used these matrices
static current scenario vector to determine the forces on the

i
i

ctance matrix was calculated using the fine model discussed
atrix was used in the transient load calculations along with
rcuit model discussed below. The transient currents were

ing an eigenvalue/eigenvector expansion for each transient
These expansions were used to determine the current versus

of each coil. These current versus time behavior then

> force influence matrices to get the force versus time. The
inimum forces for each scenario were calculated throughout the
jletermine the extreme loads.

The cir¢uit model for the machine is shown in Figure 2.4. As can be

seen there areg
yin—yang pairg

two transitioc
machine to th
one circuit.

large solenoi

nine independent circuits. The four coils that form the two
at either end of the machine are on individual circuits. The
. (C-shaped) coils at either end are connected across the
- mirror image coil at the other end. The ten solenoids are on
he two choke coils are on a single circuit as are the two
Rlso shown are the circuit parameters assumed for the

s.

transient analyses. The only transients considered for this effort were

full coil sho

dump resistors.

L-R circuits
coil.

ts with all other coils discharging through their individual
Under this assumption the circuits become 24 independent
oupled only through the mutuals inductances from coil to
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3.0 MAGNETOSTATIC LOAD AMALYSES

The first set of analyses performed investigated the worst case
lnading on the {zoils under various static normal operating conditions. A
normal operatinyy scenario is defined as any combination of one to nine
circuits at fulll current and the remaining circuits at zero current. The
data obtained fiom this analysis are summarized in Tables 1.2 and 1.3 and
Figures 1.2 andE 1.3.

in presents the loading for a few of the individual current
cenarios given are: (1) all circuits at full operating
certain circuits at full current with all others at zero
re not necessarily the worst case scenarios.

This secti
scenarios. The
current; and (2
current. These

In the following set of figures, the axial force on each coil is
presented in one figure. For scaling purposes, the bars representing the
two large solendids are clipped and the peak values written. The two radial
forces per unit |length are presented in one figure. The radial force in the
X-0 plane is sh%wn as a solid line and the force in the Y=0 plane as a
dashed line. Fori coils with little or no difference in the two forces, the
dashed line is hidden by the solid one. Shown at the top of each figure is a
side view of the machine with the coils numbered. The coils that have zero
current are denoted with an asterisk ().
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4.8 TRANSIENT LOAD ANALYSES

The transient load analyses consisted of a sequence of runs in which
all coils start from a fully charged condition; each coil from 1 to 12 (WMi
to WTDFS2) was assumed to have a short across the entire coil while the
other coils are assumed to discharge through their individual dump
resistors. The two choke coils are resistive and have an internal
resistance (rather than an external dump resistor.

Figure 2.4 shows the nine independent circuits in the machine. For a
discharge s:enario, the nine circuits become 24 independent LR circuits
coupled through the coil to coil mutual inductances. The matrix set of
first order ordinary differential equations to be solved for the unknown
current versus time is given by:

[LICICE)) + [RICIL)) = (@)

where [L1 is the system inductance matrix. [R] is a diagonal matrix of coil
dump resistors. The initial condition for these runs was that each coil is

at full operating current. For a coil short, the dump resistor value in [R]
is replaced by a small number (@ is unacceptable from a numeric standpoint).

If the terms in the [L] and [R] matrices are constant, the set can be
solved using an eigenvalue/eigenvector approach. The current at any time
can then be found from the eigenexpansion. Figure 4.1 shows the set of
currents versus time for the normal discharge case. Only the currents in
1-12 are shown since by symmetry the currents in 13-24 are identical. It
can be seen that the current in coil 10 (WS1) initially increases. Because
the force on a coil is a product of a row of the influence coefficient
matrix and the current vector and then multiplied by the coil current, it
is not obvious from the current plot when the peak forces occur. In order
to find the peak forces during each scenario, the eigenexpansion was used
to calculate currents at various times. The forces were calculated at each
of these times and the maximum (positive) and minimum (negative) values
found.

The forces versus time are shown in Figure 4.2 through 4.4 for the
normal discharge case. Only the forces on coils 1-12 are shown. Figure 4.2
shows the peak axial force acting on each coil. It can be seen that certain
coils actually experience a force reversal during the discharge (e.g. coil
#18, WS6). Figure 4.3 shows the radial forces per unit length acting on the
coils in the X=0 plane and Figure 4.4 the radial forces per unit length in
the Y=8 plane (dashed lines). '
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One of the more interesting cases was a short circuit across coil 2
(WM1). There is a slight radial force reversal in coil #3 (WT2) in the X=0
plane. The current versus time for the coils is shown in Figure 4.5. The
net axial lpad versus time for coils 1-12 is shown in Figure 4.6. The
radial force per unit length in the X=@ plane for each of the coils is
shown as a function of time in Figure 4.7. There is indeed a small reversal
for this radial force in coil #3. Figure 4.8 shows the radial force per
unit length in the Y=8 plane for coils 1-12.

The remaining figures in this section are the peak loads during
discharge for single coil shorts. The figures have a side view of the
machine with coil numbers superimposed at the top. The coil with the short
is denoted by an asterisk (%). The case number in the plot title
corresponds to the coil with the short. Both the worst case axial forces
and radial forces per unit length are shoun. The radial force per unit
length is the X=0 plane is denoted by a solid line; the the force per
unit length in the Y=0 plane by a dashed line. The worst case loadings
across all transient runs are summarized in Tables 1.7 and 1.8 and in
Figures 1.7 and 1.8.
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5.8 CONCLUSIONS

A large number of possible normal operating and fault conditions for
the MFTFB+T mirror machine have been investigated to estimate the worst
case coil loadings. The results from these analyses are summarized in
section 1.0. More detajled results are presented in sections 2.8 through
4.0.

In general, the four C-~shaped magnets at each machine end (WM2, WMi,
WT2,and WT1) experience the worst case loading under static current
conditions. The central cell solenoids (WS6, WSS, WS4, and WS3) experience
peak loads during discharge transients with a neighboring coil short-
circuited. The coils at the machine center (WS2, WS1, WCC1, WTDFS2, etc.)
have peak axial loads that occur primarily in the static condition.
However, the prak radial loads occur during the discharge transients.

The axial loading investigated was the net force on a coil and tells
nothing of the distribution of the load. The radial loading was considered
at two points within the coils as an indicator of when the worst case load
probably occurti. The load conditions are predicated on a certain
coil/circuit configuration. If this configuration changes or if a coil
operating current is altered, the new static and transient load scenarios
should be reconsidered.

The current scenarios chosen for the analyses were by no means
exhaustive from a fault condition standpoint. An entire class of faults
which requires consideration involves system behavior during discharge
execution with a section of one of the superconducting coils in the
resistive state. Even though the coils are designed to be stable under
usual conditions, that is complete LHe coolant immersion, a resistive
region is possible in the event of a fault in the form of a low helium
level. The temperature rise in a resistive region which is not immersed is
strongly dependent on the coupled discharge character of the circuits and
the level of operating current and dump voltage selected.
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