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Statistical Estimation of Quench Characteristics
of Quadrupole Magnets
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Abstract—Quench tests of 9 quadrupole magnets
for TRISTAN accelerator were performed at National
Laboratory for High Energy Physics (KEK).

Those

magnets, with same specifications, had different train-
=5

magnet has 4 coils of the

ing character S
same winding configuration connected in series, and,
in total, quench behaviors of 36 coils of the same con-
figuration were obtained. Quenches were considered
to be caused by conductoc motions. In the paper,
we explain the training behavior of the coils based on
our previously derived theory which statistically esti-
mates expected number of quenches for the magnet
current to reach a certain value. The theoretically es-
timated results are compared with the experimental
results and the validity of our theory is discussed. It
is also shown that the theory is useful to design stable

and high-current density magnets.

[. INTRODUCTION

To estimate the stability of a superconducting magnet,
it is common to experimentally or theoretically evaluate
minimum quench energics (MQEs) of the magnet conduc-
tor. However, there is not enough knowledge about how
much the MQE values should be to obtain a stable mag-
net, because it is hard to estimate the size of disturbances
occurring to the magnet conductor. It is widely known

that main disturbances causing quenches are abrupt con-
ductor motions. A minute conductor motion of 1 ~ 2 um
has enough energy to cause a quench of a high-current
density conductor. Therefore, it is considered that quan-
titative cstimation of the disturbance encrgy is difficult

istically cstimates sizes

We derive a theory which s
of disturbances due to conductor motions and training

characteristics(1]-[3]. In the theory, it is assumed that
supporting force of the magnet conductor fluctuates be-
cause of irregularity in conductor dimepsions and electric
nsulator thicknesses and that a conductor motion occurs
ceded by the electromag-

where the supporting lorce is e

e number of places along

Lic f<)arr; to the conductor.

the conductors where conductor motions causing quenches

97510.00

occur can be statistically estimated by assuming that the
irregularities in the conductor dimensions and the insula-
tor thicknesses follow gaussian distributions Therefore,
the expected number of quenches of the quadrupole mag-
nets can be estimated by the calculation. The theory takes
not only mechanical properties of the conductors but also
electromagnetic and mechanical forces applied to the con-
ductors into consideration. We already applied the the-
to study on the

ory to explain the experimental result
/een copper-to-superconductor ratio in SSC

relation betw
prototype conductors and the training char (;ct(:risucsil].
The theory was also applied to the field windings of the
model rotor of the superconducting generator(2], [3]. The

results, estimated based on the theory, reasonably agreed

with the experimental results

In this paper, we try to apply our theory to the re-
sults of the quench tests of 9 quadrupole magnets for the
TRISTAN electron-positron collider at KEK[4], [3]. Each
of the quadrupole magnets has 4 coils of the same config-
uration, and, therefore, 36 coils of the same configuration
in total were tested. Experimental results are therefore
statistically significant.

II. TRAINING CHARACTERISTICS OF
9 QUADRUPOLE MAGNETS

A cross-sectional view and specifications of the
quadrupole magnet are shown in Fig. 1 and Table I. Each
of the ¢ coils of the quadrupole magnet has pancakes of
24, 27, 37, and 41 turns in the order from innermost layer,
and copper wedges are inserted between the turns in the
inner doublepancakes. The 4 coils are connected in se-
rics. The conductor of the coils is the Rutherford type

TABLE [
SPECIFICATIONS OF QUADRUPOLE MAG

Length 1,450 nm
No. of coils 4 coils

No. of layers 4 Jayer /coil
Inner diameter 140 mm

Outer dian 3 218 mm
Nominal curreut 3,405 A
Maximum field 6T at 3,405 A

Collar
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the magnet just before a quench[4]. About 80 % of the

y f‘““-l""" Steel total quench events in the 9 magnets occurred in the inner
" Collars . . s A
pancake of the coil, therefore, we focused our attention on

the inner pancakes in the analysis. The training curves in

the inner pancakes of the coils of the 9 quadrupole mag-

nets are shown in Fig. 2. The magnet conductor current
g _ Outer Double- is limited to 4000 A because of the capacity of the power
X7 Pancake . Wt te e 93
/ supply. The current marked by "o" in Ilig. 2 is the sup-

oly limit, 4000 A. As shown in Ilu figure, training-quench
) &9

I\(-]m\'mrs of the nine magnets were different, through the
~ Inner Double-

Pancake magnets were based on the same design.

11I. THEORETICAL ANALYSIS

Fig. 3 (a) and (b) show the cross-sections of the winding
of a coil (half of the coil) and the corresponding analyt-
ical model of the winding. The coils were wound of the

Fiz. 1. Cross-section perpendicular to center axis of quadrupole

I magnet.
| ’ Rutherford type conductors wrapped with Kapton tapes
TABLE 11 coated with semi-cured epoxy resin and cured after the
SPECIFICATIONS OF CONDUCTOR AND STRAND winding, The conductors were fixed by the adhesive force
Condncton Rutherford type conductor between the epoxy and conductor. However, the adhe-
Height 3.09 mm sive force was easily exceeded by the electromagnetic force
:;9) :"::1: and the conductors were supported mainly by frictional
o b force. The [rictional supporting forces of the conductors
. more than 9,500 A at 5T are given by the compressive force applied to the con-
Insulation Kapton tape ductor surface by collars. Even if the fixing force by
‘JLT\‘“‘:‘L{HM Nmitd the collars and the electromagnetic force applied to the

©hi rasio, 1.8 conductors are uniform, the supporting force along the
Diameter 0.683 mm conductor fluctuates due to the irregularities in the con-
ductor dimensions and the thickness of the Kapton tape.
The irregularities in the dimensions can be numerically

conductor (made of 27 strands) having about 1 degree of

keystone angle. The specifications of the conductor and  calculated, assuming that the irregularities in dimensions
follow the random gaussian process and knowing the stan-

the strand are listed in Table 11

In the test, each the magnet was excited up to 4000 A dard deviation of the irregularity. In the analysis, we as-

al the rate of 10 A/sec. The quench-training character- ~ Sume that copper surface layers of the conductor sleu?(ls

| istics were observed. Quenches were caused by frictional and the Kapton tapes are deformed by the compressive
| leating caused by conductor motions. Because burst sig- force applied by the collars, because the stiffnesses of Cu
i nals from the AL sensors on the magnet were detected and Kapton are much lower than the stainless steel collar.
| with simultancous spike signals in the terminal voltage of The procedure to calculate the fluctuations in the conduc-

SR IHHI[ IIHHIIHTIIII ETTDT
1 40001 4 @O ..<I> oy .. I.,.o o I o® .!) PO Yol Jy
| s 044 44 ] 144 :242 o .23 ..2 e® )11 ]
2 3 £ 3 o3 2 24 |

3300_‘ 2 4 =

1 ° ° 1 .
3000+ 3 2 —
(1) (2) | (Magnet 3) 4) 5) (6) @) (Magnct 8) (9

2500 Ceect bbbl breen bl

- 2 4 2424(; 2 4 2 246 2 4 9 d 6

Quench number

Fig. 2. Training characte ristics of the nine quadrupole magnets at KEK.
(ﬂn. numerals in the figurc show which coil initiated the quenches.)
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(b) Analytical model

(a) Patt of magnet

Cle Schematic illustrations of analytical model
Fig. 3 3

o o o
H o &

o
N)

Minimum quench energy (mJ)

I
=

ﬂJUO 2500 3000 3500 4000 0
Conductor current (A)

Fig. 4. Estimated MQE and MML

tor supporting force are described in detail in [2]. Based
on the calculated fluctuations, we can statistically deter-
mine the length of the poorly supported part along the
conductor where the magnetic force exceeds the frictional
sed by the

supporting force. If disturbance energy, rele
conductor motion at the poorly supported part, is larger
than MQE of the conductor, the conductor quenches.

The relation between the length of the moving part of the
conductor and the size of disturbance energy can be calcu-
lated by our theory taking account of magnetic field, con-
ductor's Young's modulus and the geometrical moment. of
inertia of the conductor(7]-[9]. The length of the moving
part releasing disturbance energy equal to the strand's
MQE is the maximum movable lengih (MNL)[7]. [8]. 1T
the length of the pootly supporting part of the conduc-
tor is longer than MMIL, the moving part is a potential

sot

2 stranded conductor

rce of a quench. A quench of
h as the Rutherford type conducior is most probably
tiated by a qu There-
it is necess
nd. In the calcul !
th and duration time of

rand motion

urbance

185

and transient heat transfer characteristics of liquid helium
are taken into account. The details of the calculation of
MQE and MML are described in [6] and (7). [8]. respec-
The calculated MQE and MML of the strand of
listed in Table 11

tively.
the conductor whose specifications are

are shown in Fig. 4

AL ANALYS

1V. COMPARISON OF THEO
AND EXPERIMENTAL RESULTS

In the theoretical analysis, we assume that the diame-
s of the strands have irregularities following the Gaus-
indard deviation of 3o = 18 ~

sian distribution with the
20 p2m and that the frictional coefficient. at the interfaces
ands and Kapton tapes is 1 = 0.3 ~ 0.9

between the st

We assume that value of 30, because the allowance of the
strand diameter is £202m (design value)

crage training charz

cteristics of the

Fig. § shows the av

9 magnets and the theoretically estimated quench char-
acteristics. In Fig. 5, the tested quench currents of the 9

magnets at nth quench are averaged and the value is plot-

ted at the nth quench event and the theoretical results
for 30 = 18 pm and o = 0.9.

In the quench test, the quenched coil was
each quench event of the magnet as is shown in Fig. 2

are

identified at
We
can assume that cach of the 4 coils of the quadrupole mag-
net, therefore, 36 coils in total had independent training
characteristics. From Fig. 2, we can count the total num-
ber (my,,) of the coils, whose first quench currents were
less than a certain given value [40. ™y Vs. [go are plot-
ted in Fig. 6 (a). In the figure, the left side vertical axis
is the accumulated probability of quenches (m,4,/36) and
the right side vertical axis is the total number of quenched
coils (my,.). For example, in Fig. 6 (a) the total number
of quenched coils is 5 and the accumulated probability is
14 % at [0 = 3600 A (see the experimental curve), which
means that 5 coils out of 36 coils (14 % of the all coils)
had the initial quench currents less than 3600 A. Theoret-
ically calculated values of the accumulated probability of

O I I T T]
2 4000} .|
8 3500 =
5y
3000 — (O--Experiment) —
: [ (@ Theory)
<
2500 LI___L_L_l_li
Ist 2nd 3rd  4th  5th Gth  7th
Serial order of the quench event
Fig. 5. Theoretical and experitmental training characteristics of mag-
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= 103
E 20 (@ Theory) ;;
E (O-*Experiment) =

1 1 1 ik U =

0 1000 2000 3000 4000

Quench current [ (A)

(a) st quench

[ LN R

(26)
)
T

1 1

“Theory)

=T
O

Accumulated proba

Total number of quenched coils: m

]
-*Experiment) :1
)i

(=]

1 ' 1 I 1 ‘ 1
0 1000 2000 5000 4000
Quench current gy (A)

(b) 2nd quench.

Fig. 6. Total number of quenched coils and accumulated probability
ond quenches

of quench vs. [qo for the first and s

qenches based on the above theory are also plotted (for
= 18um and ¢ = 0.9) in Fig. 6 (a). BExperimental and
scond quench are

theoretical results for the case of the
dso plotted in Fig. 6 (b). manq is the total number of the
wils whose 2nd quench currents were less than [go. From
both Figs. 5 and 6, agreement of the theoretical and the
experimental results is reasonably good.

To increase stability of the magnet and Lo decrease the
number of training quenches to reach to a design cur-
rent, it is effective to decrcase the standard deviation o
[the irregularities in the dimensions of magnet conduc-
¢ Expected numbers of the training quenches for one
of the coils to reach to the nominal value of 3405 A are

dso calculated for various values of 3o based on the the-
ory described above assuming that clamping force to the
conductor is coustant and they are plotted in Fig. 7. From
the figure, the number of training quenches is effectively

eased

h decre

sing of 0

T T T T T 7

(Conductor current
= 3405 A)

] 1 T
12 16 20 24 28
30 (1m)

Fig. 7. Influence of number of training quenches on 37

V. CONCLUDING REMARKS

s of

We statistically analyzed the quench characteris
the quadrupole magnets for TRISTAN collider based on
cal data agreed

our previously derived theory. The theore
reasonably well with the experimental results and the va-
lidity of our theory was confirmed.

Magnet designer can use the theory to optimize the con-
for the given expected

ductor and winding configurations
number of quenches.
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TRANSIENT HEAT TRANSFER CHARACTERISTICS
OF LIQUID HELIUM
IN CENTRIFUGAL ACCELERATION FIELD
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ABSTRACT

insient heat transfer of liquid state helium in centrifugal acceleration fields up to
rated for studying the stability characteristics of the rotor field
dings of a superconductir

1 generator. In the experiment, temperature

sistive platinum-

0.5% cobalt (Pt-Co) thin wire was used as the temperature sensor and h

ater to measure the
heat transfer characteristics. The thermal mass of the Pt-Co wire was small enough to
observe the temperature fluctuation

to bubbling in the boiling heat transfer. In this
eleration on the transient heat transfer and its
1 the experimental results. [t was observed that, for step

paper, influence of the

mechanism are discusse

han maximumbheat flux at steady state nuc
nucleate boiling appeared also in centrifi

and

ate boiling,quasi-

galaccelerationfield at the begi

> boiling was not much d

nningof the heating,
dent on the
lained by bubb

duration of the quasi-nucleat

Id for relatiy

iwceeleration

high heat flux. This phenomenon was le formation

process in the boiling h fer

at t this study d video

, a high spe imera was used to

observe the relation of the bubble formation process and the temperature

> fluctuation of the
Pt-Co wire in the normal

INTRODUCTION

the rotor fi

most important issues for des

windings of a

generator is estimation of the stability. A major cause of an unexpected
perconducting windings is

1e to an abrupt wire movement

X 1489

60




Duration t

such a disturbance is very short,

ubiect

cool 1S 1S S to hig

I 4 quick-response
thin Pt-Co wire of 20pm diametera

s
nple with the Pt

to the .’wv:l.vlm ca

by putting a

©F

:riment, the heli 1 state

mstayed in liquid
It is known for the saturated liquid helium in normal gravity

step heating with heat flux higher than maximum steady state

boiling region, vapor bubbles begin to appear around the he

temperature rise of the heating surface is kept low as in the nucleate )mmnw r in the

steady state boilin cate boiling is followed by transition boiling
. 3.4

re rises rapidly [t is also known t ucleate

boiling regionthin liquid helium lay ith the bubble as is shown in Fi
1(a) and that, once a bubble starts

the bubble departs. Helium vapor is suy m.‘.”f to the bubble from this thin liquid layer and

i is not supplied to the thin |

the surface temperature rise is kept low because the surface is cooled by the latent heat of
the evaporation of the thin layer.> When the heat fluxis large, the liquid in the thin |

consumed until the bubble

region). Then, the heating surface is covered \\\lh v

t
wure 1(b)). In the film boiling, the heat transfer to 1hu ]n;md helium is deteri

ause of the vapor layer. The vapor layer grows to bubbles and the bubbles are departed
from the heating surface by their buoyancy. The buoyancy of the bubble is very I
gal acceleration field. Therefore, bubbles depart from the heating surface

d higher heat transfer fluxis obtained in the higher centrifugal

in
the high centrifu

more frequently

is understood from above discussions, the heat transfer is dqmnduﬂ on the bubbling
process affected by the centrifugal acceleration

The Pt-Co wire in our experiment could detect temperature fluctuations due to
bubbling in boiling heat transfer. In our study, highspeed video pictures of the bubbling
process around the wire synchronized with time trace of the temperature fluctuation of the

| gravity (1G). Based on these results, we studied the relation of

1 NOrma

wire were taken
the transient heat transfer characteristic
eleration field

and the bubble growing and departure proces

the highcentrifugal ac

liquid
b 7 bubbles
e Vi vapor laye
Al
| \ Y y |
| KB
/ ___ v
Y = -
(b) film boiling regio

Figure 1. Vapor bubble formation in boiling heat trai




(b) arrangementof measurement sample

hematic drawing of the measu

Figure 2. Cut-awa

EXPERIMENTAL ARRANGEMENT
Heat Transfer Measurement in Centrifugal Acceleration Field

ment 1s she

in Figure 2. A h nsfer measurement

The experimental arr tre

sample with a Pt-Co wire of 20um diameter and 48mm length (Figure 2(b)) was placed in
rotating cryostat illustrated in Figure2(a). Details of the rotating cryostat a

6

plained

The temperature-resistance characteristic of the Pt-Co wire is shown in Figure 3. The
thermal time constant of the wire was estimated as T = (a’c)/44 , where a is the radius and ¢
the heat capacity (~=9x10°J/m*K) of the wire. The thermal conductivity of the wire was
estimated as 2=~11W/mK from its electrical resistivity and the Wiedman-Franz relation
stimated value of tis 6x10%secat 42K and 2x10 The temperature was

etermined from the resistance of the wire measured by four terminal method and Figure 3

The response of Pt-Co wire was qui

enough for the purpose of our experiment

However, the temperature resistivity of Pt-Co wire is not so goodas a carbon resistor

semiconductor resistor which are usually used in the heat transfer measurementin liquid

helium
Pt-Co wire and the transient wave form of the

A step current of /(1) was applied to t
voltage ¥(f) between the voltage tap on the wire was recorded by a transient recorder

ve form. The surface heat flux g(r) was calculated as g(1)=/-VIS

er with the current
he surface area of the wire between the voltage taps. The Pt-Co wire was so

where 5 1S

thin that we could assume that the wire surface temperature was same as the wire

temperature. During the step heating, the current was kept constant. ¥(r) changed due to
h , q(1) changed. Our main concern is on the

the temperature change of t

We call ¢(1) at the beginning of the heating the initial

heat flux. Data we rotational speed of the cryostat from Orpm(1G)

inging t

o 3600rpm(1300G). By monitoring d helium level, the pressure of the helium



10: 18

Temperature (K)

tance characteristic of the Pi-(

Figure 3 perature

ire was calculated. In the experiment, the maximum pressure 0f the

around the Pt-Co

hel

m was 1.5%10°Pa at 3600rpm and the helium was in the liquid state

Observation of Bubble Formation by High Speed Video

We observed the bubble formation around the Pt-Co wire in liquid helium of normal

sured th

) and m

gravity by a high speed video camera (frame speed was 9000 frames/

1sfer characteristics at the same time. A n

surer sample arrangen

transient heat tr

similar to that shown in Figure 2(b) was used in this experime

EXPERIMENTAL RESULTS

Bubble Formation Process and Heat Transfer Characteristics in Normal Gravity

Figure 4 shows time trace of the temperature of the Pt-Co wire and high speed video

es of the vapor bubbles around the wire, where initial heat flux g,=35kW/m= and the

pic
gravity is 1G. Tt
(1)~(8) in the temperature time trac

There is a remarkable overshoot in the temperature trace at (2) in Figure 4(b), which is
and (4). At (2), the wire is covered by vapor sheath

> pictures (1)~(8) in Figure 4(a) show the bubbles at the times denoted by
hown in Figure 4(b)

followed by a temperature dip at (3 e
and heat transfer to the liquid helium is deteriorated because of the vapor sheath. After that
the vapor sheath swells and starts to undulate and be divid 10 bubbles, while convection

of the vapor around the wire begins and the wire temperature goes down. When these

ished and the wire is

bubbles depart from the wire, liquid helium around the wire is rep

cooled well having the temperature dip around at (3) and (4). After these relatively large
initial bubbles depart from the wire, relatively small vapor bubbles are formed and depart

as shown in Figure

The cycle of this formation and departure of the bubble is repea
4(a)(6)~(8). Obviously from Figure 4(b), there is cyclic fluctuation of the wire temperature

between (6) and (8) coinciding with the cycle of the bubble formation and departure

About 100msec after the start of the step heating, the steady state film boiling is
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as, ther
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take-off time is defined as the

ng to the time when
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ure lakes off due to the transition to film bx

from the
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wire temper

cleate boiling appears, the take-off time is not dependent on the value of

to the This

when the quasi-r
015

line ¢, =2.6x10% > ¢, is the initial heat fl

G and data can be

can be explained as follows, by assuming that the thickness of thin liquid layer ur

the value of G. When the

thin liquid |

the vapor bubble (Figure 1(a)) is not affe wer

s off and the film

is consumed before the initial bubbles depart, the wire ter

1 begins. The tir e-off time, 1s no

boili to consume the thin liquid layer,

on the

kness does not depe

fore the thin liquid layer is

dependent on the value of G because the thin liquid layer t

value of G. When the vapor bubbles depart from the wire

consumed, the nucleate boiling continues. In the high ce al field, the bubbles depart

earlier than in normal gravity because of larger buoyancy of the bubble, and nucleate tx iling

is sustained in higher heat flux

3. In the case of mode (iii), the steady state film boiling is established in less than Imsec
| for the centrifugal field higher than 400G, which is much faster than the case for 1G

ctuations in the w

4. In the
temperature
bubbles as was observ

film boiling region, there were cyclic fl

uations are supposed to be caused by cyclic departure of vapor

ieo camera in the normal gravity experiment

values of fluctuations were not much dependent on ¢(1)

The sndent on G!

plotted against in Fi The average cycle time is dep

dependence on G 13 was also observed by a direct optical observation of the cyclic bubb

departure time in other experiment conducted by using a flat heating, st

A temperatu overshoot as was observed
nning of the step heat in the cent fugal field except in relative low value of G (100G)

1d, the buoyancy of

5
t
The reason for this is considered as follows. In the high centrifi

the bubble is m

liquid anc
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-
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@
)
o
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from the

around the wire

ablished much faster and the initial bubbles d
before growing big. Without big initial bubbles accompanying te

film boi

th

supports the r

dy state right after the take-off in high centrifugal field. This

in the specific characteristic 3
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CONCLUDING REMARKS

['o the knowledge of the authors, transient heat transfer characteristics of liquid he

have been measured for the first 1at the

me. In the experiment, it was pointed out

{

nucleate boiling was observed also in the liquid helium in centrifugal acceleration

that the relation between the take-off time and t flux was same as that in the normal

avity

Due to the limitations in the rotating sp

ntrifugal

ration was limited up to 13006 and the pressure of the helium was up to 1.5x10°Pa

acce

e helium stayed in liquid state. Whereas, in the actual superconducting ator,

where tf

state of the coolant of the field winding

is supercritical helium of several atms and the

of several thousand G. Moreover, in our

ration field is in the rar

was a thin wire. As is known, the heat tr.

centrifugal

experiment, the nsfer characteristics of a

:nt from those of a flat surface and thick wire, Therefore, we

thin wire is somewhat diff
as the heat transfer data to analyze the stability

use our experimental results
er, our results give the following important information on the

can not

of the field windi
stability analysis

less than Imsec for high heat flux in 1300G because of the high centrifugal acc

he film boiling heat transfer reached the steady state in very short time

enhanced the convection of the coolant. Therefore, we may use the steady

ta measured in high centrifugal acceleration field for the stability analysis which

transfer d

fer characteristics in the time range of less than Ir

)
needs the heat tr
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Abstract — A
ining  characteristics
5{1\)L‘I’L’(}H[hllling generator is presented.  In the method,  of the conductor, the  property
energy of a disturbance due to a conductor motion and a  configuration of the winding
are statistically estimated.  We apply this  compliance of the winding pack by the fmite eler
method to a rotor of the 70M\Y class Superconducting  In the paper, the validity of the theory is shown by compuring
generator being developed in the Super-GM project and
study the dependence ol the stability on parameters of the
rotor conductors, such as amount of copper stabilizer,  rotor winding pack keeping the necessary stability
accuracy of conductor dimensions and operating current method of the stability is ¢
density.  To predict the stability, compliance of the rotor

winding pack is a key parameter and estimated by a finite I1. PRINCIPLE TO STATIS
In the study, it is shown that there is an
optimum value of ratio of copper to superconductor to
maximize the current density of the winding pack keeping A Disturbance Encrgy and Maximum Movable Length
Bascd on the study, a designing

method for stable and high current density rotor winding is The rotor windings

clement method.

necessary  stability.

INTRODUCTION

One of key issues in designing a superconducting generator
1 high current dumlv rotor winding

quench current surely exceed designed operation
However, a method to quantitatively estimate a quench current
of the winding has not been developed.  This paper is related
\1QE (Minimum Quench Eneray) is a well-
known measure of the stability of superconductors but cin not
of the stability of the superconducting
windings without knowledge on the size of disturbunce in the

be a proper measure

the theory, paramelers
anount ol copper s |l1||\/u of the conductor and configuration
winding pack are tuken into consideration togetl
apply this theory to TOMW class superconducting 1
crator under development in the Super-GM project. A key
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are usually wound of cable conductors

we

consider that a quench is most probably uiggered by & motion

of a strand of the conductors.

muainly supported by frictional forces

have irregularitics in their dimensions,
supporting lorces of the strands Nuctuate because contact forees
between the strands {luctuate along the strands
clamping force is applied to the windings

whose

urrent.

mouon occurs  at o [\UU!]\’
clectroma

supportir

-y 1<
as mechanical properties and 45E1,
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wetic force to the strands
force, and, a quench occurs when the energy

strand motion, 1 1s the strand current,
stramd, and [, is the geometrical moment ol inertia of the
stand, /, = ' / 64 for a round the radius o
Knowing the relation between E,
h (MML),
\\mr.x can move without

MOE and

The strands in the
The strands inevitably
hence,

the

windings we
frictional

even if untform

An abrupt strand

part

exceeds

ol

the

where

windings.  Therefore, it is important (o know quantitatively '

e size of the disturbance eneray (o estimate the stability of the strand, that is, that of the poorly supported pait.
Previously, we developed a theory to statistically predict the v

size of the disturbance caused by a conductor motion [1] In ~ ({”)LL

the

Irictional

released by the strand motion at the poorly supported part is
larger than the MQE of the strand
strand motion £, is determined by the length of the moving part

Energy released by the

[€D)]

where [ is the length of the moving part ol the stand. £ 15 the
ctic field component perpendicular o the direction of the

£ is Young's modulus of

the

we can me
the maximum leneth of «
a quench I'he

viven by



3 Prediction of Training Charact

ming that the random irre

illows the Guussian process, we te the expected
wmber of poorly supported parts
MML and this number is the expected number of quenches of
he windings.  The expected number of quenches depends on
e strand current because the MQE, MML and forces to the
and depend on the strand current.  We can consider that the
. qucnch occurs at the current when the expected number of
senches becomes | and that the next quench follows cvery

ed number of quenches

1s exceed the

S

at the current where the exg

ses by one Thas  waning  characienistics ol the

windings can be predicied
[I1. Cast Stubpy

By applying the method mention above, we estimate the
rining characteristics of the rotor developed by Mitsubishi
Electric Co. for the 7T0MW cluss superconduc generator as a
prt ol the Super-GM projects

Yo

A, Configurations of Rotor Winding and Conductor

The cross-scctional view of the rotor is shown in Fig. | and
the specifications of the rotor are listed in Table . The rotor
windings are placed in the slots No.I-5. A cross-scctionat
view ol the winding pack in the slot is illustrated in Fig. 2.
Detils of the rotor configuration are given in (2].  The cross-
section of the conductor made of 9 strands is illustrated in Fig. 3
nd the specilications of the conductor and strand wre listed in
Table 1. The winding packs arc surrounded by insulation
spacers as shown in Fig. 2 and the compressive forces ase
applied to the packs and conductors by the clamping forces o
the top insulation spucers.  The rotor shaft with the windings
in the slots was fitted in the rotor vessel by shrink-fit and the
camping forces were applied to the top insulation spacer by the
vessel.

8. Forces to Conductor and Strand

When the rotor rotales and the windings wre excited, the
centrifugal lorces and the elecuomagnetic forces are applicd o
te conductors in addition to the compiessive force from the
upper insulation sp The electromagnetic forces have two
womponents of circumferential and radial directions of the rotor
The circumferential component of the electromagnetic force
causes the strand motions.  The distributions of the magnctic
ficld and the electromagnetic forces to the conductors in the
slots wre estimated based on the analysis using the finie
tlement method.  The distribution of total forces o the

fry !

calc

tnductors in the slots can be

pliance of the winding pack in

@ aliciice af Roto
Compliance of Rotor Wi

anding contan

strand of t t
[herefore, stress-strain cl

; damper wedge

wirm damper

22
\ s LIRS
¥

cald damper

Fig. 1. Cross-section of rotor (pespendicular jo center axis, quaiter ol the rotor)

TADLE )
SPLCHICATIONS OF TOMW CLASS SUKRCONDUCTING GINERATOR

Rator

Number ol pule 2

Rotating velocity 1600 rpm

Diameter B90 mm

Jeating span 4900 num
Winding

No. of coils 10 (3 coilpole)

Maguctic ficld (i) 451 L 3000 A)

Conductor Y strand compacied cable

clmping torce

RER

top msulation spicer

slot cell

conductor side insulation spacer

bottom insulation spacer

Fig. 2. Cross-scctional view of the winding pack in the slat
B S P

winding pack in the radial direction were culculated for
different values of ratio of copper stabilizer and CulNi to NbTi
by the inite element method We call this ratio nonSc/Sc
after this,  In the caleulation, we changed nonSc/Sc by
changing the amount of outer layer copper stabilizer while
fixing the amount of CuNi.  The compliances were calculated
for the strand of same conl‘lgur.mm\ shown in Fig, 3 except
nonSc/Sc In the caleulation, stess-strain data of Cu, Nb'Ti
and CuNi were used and 1t was assumed that the core part of the
strand including NbTH filamentary region stayed in the claste
and that stabilizing copper reg

The stress-strain characteristics ol the insulating

ion went in the plastc

region

pton tape given in the reference (3] were also taken into

consideration The results are shown in Fie. 4 The
compressive forees to the strands Nuctuate wound the clamping
force.  Therelore, the compliance of the winding pack is

tain curve at the stress

mined [rom the slope of the stres
the clamping force,  Obviously from Fig. 4, the

mined b
wliance increases as the nonSc/Sc increase, because the

antount of solt copper stabilizer increases.




NbTi filament

core (Cu / CuNi)

Kapton tape CuNi  swbilizing Cu

1. Cross-sections of rotor conductor and strand

TABLE Il
SPECIFICATIONS OF CONDUCTOR AND STRAND

Conductor (compacted strand cable)
Size in cross section 29 mmx7.4mm

9 stands

5100 A (7.6 Hard2K

4900 A (7.3 T ata6K

No. of strands

Cntical current

Strand
Cu: CuNi: NbTI 2000
Diameter 1.6 mm
Young's modulus 130 GPa

Geometrical moment of inertia 32x 10" m!

3C S
30— 3
5 '

=

c/Sc

Stress (

|
0.4 0.6
Strain (%)

4, Stress-strain curves of winding pack of different nonSc/Sc conduciors.

Fi

D. Calculation of MQE and MML

We assume that a quench of the winding is initiated by a
quench caused by a strand motion in the conductor, therefore,
MQE of the single strand is calculated.  Details of calculation
of MQE are described in [4]. We assumed a point disturbance
of 0.5 msec duration [3] and 2 mm spatial length to calculate

MQE. The spatial length of the disturbance was determined
by the observation of the conductor configuration. MQE’s
were calculated in the static and rotating conditions.  In the

calculation. the transient heat transfer of liquid helium was
uken into account in the static condition. In the rotating
condition. data of the steady heat transfer of the supercritical
ielium in high centrifugal field [6] were used. because,
according fo our experiment. the steady state heat transfer was
established in very short time (7]

E. Caleulation of Expecied Number of Quenches and Training
i

haracteristics

We assume the irregularity in the dimension of the conductor

follows the Gaussian process of standard deviation ©. then the
i

imension irregularity of the winding pack also follows the
whose standard deviation is Zic . where n is
It can be

he layers of the winding pack

considered the contact forces between the conductors also
follows the Gaussian process whose standard deviation is k/mo
where & is the spring constant of the winding pack which can be
deduced from the compliance of the winding pack calculated by
the finite element method.  Then, we can numerically simulate
the distribution of the fluctuation of the contact force along the
conductor using the method explained in (1]. We can assume
that the contact forces between conductors are equal to that
between the strands of the conductor. Thus. by multiplying the
contact forces by the friction coefficient p between the strands,
we can estimate the distribution of the supporting force along
the strand and the number of the poorly supported parts whose
lengths exceed the MML for a given conductor current.  This
number is the expected number of quenches till the conductor
current reaches the given value.

F. Comparison of Predicted Training Characteristics with
Cxperimental Result

The quench test of the rotor winding which is case-studied
here was performed in the static condition.  nonSc/Sc of the
strand is 2.7. The validity of the prediction method can be
checked by comparing the predicted training characteristics
with the experimental result.  Using the parameters listed in
Table 11I, the accumulation of the expected number of the
quenches until the conductor current reached / was calculated
for the nonSc/Sc=2.7 for the static conditions. ©=33 um was
determined based on the specified dimension allowance of the
conductors and p=1.0 was determined based on experimental
value of the copper vs. copper friction [8]. Fig. 5 shows the
estimated training characteristics.  As seen in the figure, the
first quench current is 4.4 kA for the static condition.  Itis also
seen that the first quench is followed by many successive
quenches.

Result of the quench test in the static condition is shown in
Fig. 6. The current at the first quench is 4.3kA and many
quenches follows as is seen in the calculation result in Fig. 5.
Based on this comparison, we can assume that the method to
predict the training characteristics is valid.

G. Dependence of Stability on Amount of Copper Stabilizer

As nonSc/Sc increases, the spring constant & of the winding
pack decreases and the standard deviation of the contact forces
between the strands decreases.  Therefore, the number of the
poorly supported parts whose lengths exceed the MML
decreases and the conductor current reaches its critical value
with smaller number of the training quenches. However, high
nonSc/Sc sacrifices the current density.  On the other hand,
low nonSc/Sc strand causes large winding pack spring constant
and severe training effect.

From the standpoint of designing the rotor winding, it is
important that the first quench current is high.  Obviously
from the discussion above, there is an optimum value of
nonSc/Sc to make the first quench current maximum for given
clamping force to the winding pack and @.  Fig. 7 shows the
dependence of the first quench current on the nonSc/Se.  The
dependence is estimated for a conductor of same dimensions
shown in Fig. 3 for different values of o by the method
described above. The parameters for the calculation are same as
in Table I1l except 6. The critical current of the conductor /,
on the load line, depending on the nonSc/Sc. is also shown in
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7. 6. Result of training quench test

7.  For the case of g=33pm, the first quench current
omes maximum at nonSc/Sc=3.7 and is 4.6kA which is /, at
fe point.  For nonSc/Sc higher than 3.7, the conductor current
raches /. without quench but current capucity of the conductor
tecomes lower.

To obtain higher first quench current, it is necessary (0
kerease o for a conductor of lower nonSc/Sc to reach the
naximum first quench current.  The maximum values are
49kA for o=25pm at nonSc/Sc~2.7 and 5.1kA for 0=20pm at
nSc/Sc=2.1.  The first quench can be also increased by
nrease of the clamiping force to the winding but too high
thmping force deteriorates the conductor performance
“maging the conductor

IV. CONCLUDING REMARKS - DESIGNING STABLE AND HIGH
CURRENT DENSITY WINDING

Summarizing the study above, the following conclusions are
red.
Quantitative estimation of the first quench and desig
of the stability of the winding are possible by the method
described in the paper.

- For a given value of o and cl

6.2x10" N/mv/conductor (rotating condition)

v
- S

e

oo
Y
40—
([
oL —o—t
A=
| .
Foe
‘KJA;LAQQ;, o il cpe e
| 2 3 s 6 7

Copper 1o Super ritio (1onSe/Se)

Fig. 7. Dependence of first quench current an nonSe/Se Tor different values of o

winding, there is an optimum value of nonSc/Se to make
Low value of
. that is, high /, doces not necessarily make the
current density of the
nonSc/Sc contributes to the reduction of the conductor
cost by reducing the amount of NbTi

Data of the compliance of the winding pack are key of
our stability estumation method, we more
knowledge and data on the compliance of the winding

quench current maximum

winding high

need
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ABSTRACT

Transient heat transfer of supercritical helium in centrifugal acceleration field has been
measured for studying the stability characteristics of superconducting rotor windings of a
superconducti

rature resistive platinum-0.5% cobalt (Pt-Co) thin wire,

having small heat mass,

a temperature sensor and heater to measure the heat transfer

characteristics. It was observed that the s

dy state heat transfer of supercritical helium in
3600G (G: gravity acceleration) was established in 200psec. In the paper, data of transient heat
transfer of supercritical helium in centrifuga

acceleration field are shown and their specific
characteristics are studied comparing with those of liquid helium

INTRODUCTION

Premature quenches of superconducting rotor windings of superconducting generators are

mainly caused by abrupt tor motions. Duration times of such disturbances are very short,




supercritical state and

m coolant for the rotor wi

windings,

| acceleration re, for sta

trifugal field are necessary

tical helium in high ¢

Previously, we measured transient heat transfer characteristics of helium in centrifugal

ation ficld up to 1300G where the pressure of the helium was up to 1.5%10°Pa and the

{ the transient

helium stayed in the liquid s

transfer in the centrifugal field as follows,

:pendent on the valt

Take-off time, which 1s duration of quasi-nucleate boiling, was not
of centrifugal acceleration field in the range of 1G to 1300G and relation between the take-off
time 7 and the heat flux of step heating g, was given by g,=2.6x10't o

state film boiling was established in the high centrifugal field much faster than in the

o

Stead
of IG
the steady state film boiling region, the Pt-Co wire detected cyclic temperature

e time is

3. In

fluctuations due to cyclic departure of bubbles from the wire surface. Average cyc

only weakly dependent on the heat flux but proportional to the centrifugal acceleration

(proportional to.a'? ; a is the centrifugal acceleration)

In the previous experiment, due to the limitation in the rotating speed of the rotating
cryostat, the centrifugal acceleration was limited up to 1300G.  We conducted the heat transfer
experiment by increasing the rotating speed of the rotating eryostat and obtained the transient
heat transfer data of the cryogenic helium in the centrifugal acceleration up to 3600G where the
pressure of the helium was 2.4x10°Pa and the helium was in the supercritical state. We
observed the heat transfer of the supercritical helium had some specific charactenistics different

from those of the liquid helium

EXPERIMENTAL ARRANGEMENT

We used the same experimental arrangement used in the previous experiment Details of
the arrangement are described in the reference '.  Here, outline of the experimental arrangement
is described. The experimental arrangement is schematically shown in Figure 1. A heat
surement sample made of a Pt-Co wire of 20um diameter and 40mm length shown

The Pt-Co wire was

transfer me
in Figure 1(b) was placed in the rotating cryostat illustrated in Figure 1(a)
used as the heater and temperature sensor. Thermal time constant of Pt-Co wire is less than

10psec, the thermal response of the Pt-Co wire is sufficiently fast to measure transient heat
stics in the range of several tens psec. The temperature was determined from

A step current of /(r) was

transfer character
the resistance of the wire measured by the four terminal method
applied to the Pt-Co wire and the transient wave form of the voltage V(1) between the voltage tap
on the wire (length 40mm) was recorded by a transient recorder together with the current wave
The surface heat flux g(f) was calculated as q(0)=1V/S where S was the surface area of the

The Pt-Co wire has low thermal mass and we can assume that

form
wire between the voltage taps
the wire surface temperature agreed to the wire temperature During the step heating, the
current was kept constant but V(1) changed due to the temperature change of the wire, therefore,
1sient heat transfer characteristics for a few msec

g(1) changed. Our main concern is on the tre




direction of

entrifugal ace

Figure 1. Cut-away vies of (a) rotauonal cryostat and (b) schematic drawing of the measurement sample

after the step heating and in this time range, we assumed g(t) did not change. We call the value
of 4(r) at the beginning of the heating the initial heat flux. Data were taken by changing the
rotational speed of the cryostat from Orpm (1G) to 6000rpm (3600G). By monitoring the liquid

helium level, the pressure of the helium around the Pt-Co wire was calculated. The helium

uid state below 4000rpm (1600G) and became supercritical state at 6000rpm
(3600G).  The bath temperature and pressure of the helium in the rotating cryostat varied

49K -4

4.2K~4.7K and 1.0~2.4x10’ Pa depending to the rotating speed of the cryostat

EXPERIMENTAL RESULTS

Figure 2 shows temperature traces of the Pt-Co wire for step heating of 23kW/m’~47kW/m’
in various centrifugal acceleration ficld together with the case of 1G. It was found in our
previous work that the steady state film boiling was established in early stage of the step heating
for liquid helium in high centrifugal acceleration field and that cyclic temperature fluctuations
caused by bubbling of the liquid helium were observed. In the supercritical helium of 3600G,
the cyclic temperature fluctuations were also observed and the heat transfer reached steady state
earlier for the step heating than in the liquid state helium. The average cycle of the temperature
fluctuations 7T, in the supercnitical state are plotted against acceleration field a together with
those in the liquid state in Figure 3. 7,’s of the supercritical helium for a=3600G are shorter
than those of the liquid helium of lower a and on the line of 7,<a"” same as of 7,’s of the liquid

helium. Pressure of the supercritical helium at 3600G was about 2.4x10° Pa where the density

of the supercritical helium is strongly dependent on the temperature.  Therefore, it is considered

that quasi-bubbling occurred in the supercritical helium and that large centrifugal acceleration

aids departure of the bubble to shorten T,
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worse in the low heat flux region below 25kW/m? and better in the high heat flux re

1on above

26kW/m’ compared with that in the |

d state of 400G~1600G. The nucleate boiling oceurs
in the liquid helium even when the hel

m 1s subject to the centrifugal acceleration and good heat
transfer is obtained. On the «

r hand, the nucleate boiling does not occur in the supercritical
state and the heat is

moved from

: by free convection of the helium.  The heat

ansfer in the nucleate boiling region is be

tter than that by the frec convection even in the high

centrifugal field Therefore in the low heat flux range, the heat transfer of the supercritical state
is lower than that of the liquid state. When the heat flux in the liquid state ex

threshold,

eds a certain

maximum nucleate botlir

flux, the boiling moves to the film boiling where

heat the both

:ases and the free convection cooling becomes
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1sfer data of supereritical helium of 3600G plotted in Rayle vs. Nusselt

numbers

steady state heat transfer data for the supercritical helium of 3600G are plotted in a

Nusselt vs. Rayleigh numbers in Figure 6. Our data are on the line Nu=0.13xRa'®
which is derived from the steady state heat transfer data for a flat heating surface in the
supercritical helium in the centrifugal field.* The line in Figure 6 follows the well-known
equation which is for the convection cooling.’

Based on the above study, we conclude that the heat transfer of the supercritical helium in
high centrifugal field is dominated by the steady state free convection cooling and that the steady
state heat transfer is established in about 200usec after the start of the heating.  For the stability

nalysis of the superconducting rotor windings subject to disturbances caused by conductor

motions, we consider that the ste

state heat transfer data can be used
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Abstract — Previously we developed a theory to We also discuss a possible method to increasc the stability

timate the stability of a magnet by statistical estimation

of size of disturbance caused by conductor motion. In I1. LARGE BORE MAGNET AND ITS TRAINING BEHAVIORS

ihe theory, various conductor and magnet parameters

ych as mechanical properties and fluctuation in 5

§ ensions  of the conductor, clectromagnetic and A I}\rgc bore superconducting magnet was developed for a

dim test facility for large superconductors by JAERI.  The

mechanical forces to the conductors and configurations of (i et Tedlaod sted oF 34" donbl

{he magnet winding are taken into consideration together n);gncl 8 BPOLCODI oL J,m o ekl pdmf’kc
coils of 1.5m inner and 1.8m outer diameters.  Specifications

minimum quench ener; MQE). We applied this ot i :
with 1 £y (MOE) P S of the magnet are shown in Table I. The pancake coils were
fheory to a large bore magnet developed by Japan Atomic : = " 4
il Ry 4 i " tied together by clamping bolts with GFRP spacers between

gnergy Research Institute (JAERI) for a test facility for 5 E : : 5
g 2 - i . i the pancakes A schematic illustration of the magnet
jarge  superconductors. The magnet showed training ; ; e 5 ;

& windings is shown in Fig. 1. The magnet showed training

henomena at cxcitation tests. In this paper, quench 5 e et
p W ) s 3 behaviors as shown in Fig. 2 where two series of training,
characteristics of the magnet are quantitatively estimated -, = s A d - y i

; Al > Case | and Case 2, are shown. The Case { is for the first
gsing our statistical method.  The reasons for the ; i ~ee Y £l :

° . . series of training and the Case 2 for the second series after the
mexpected  quenches  are  studied and  possible : =y ;

: : e : clamping forces to thc pancake coils were increased by
modification of the magnet design is discussed to increase i 5
= narrowing the diameter of the bolts and more stretching the
the stability. 2 I f g
bolts. Compared with the Case 1, the quench currents were
increased in the Case 2. Acoustic sensors were attached on
1. INTRODUCTION the magnet and acoustic burst signals were observed just
before quenches, which suggested the quenches were caused
by conductor mations.

Critical current of the conductor vs. magnetic field is also
shown in Fig. 2. As seen from this figure, the magnet has
large current margin and potential to increase magnetic field
current density magnet is an abrupt conductor motion due to A key rpclhod to increase the S?ﬂbl(l(y against the conductor
clectromagnetic force applied to the conductor, Previously motion is to cnsuhrc the snppompg forces to the conductors.
we developed a theory lo quantitatively estimate quench In !hls1 magn}cl, !I c suppo;ﬂr;g or:j.c,\v 1o ,['m conduclors‘drz

e S cla ) . AT r o . 5
curents of a magnet by estimating size of a disturbance applied by the clamping bolts and, in this paper, require
= : - . mechanical properties of the bolts are quantitatively estimated
caused by a conductor motion and confirmed validity of the h G
R 4 3 for the quench current to exceed a certain required level
theory by applying it to various superconducting magnets [1])- &
B3]

In this theory, it is assumed that frictional supporting force

of a conductor fluctuates because of irmregularitics in

Stability of a supcrconductor is commonly measured by
MQE. However, MQE can not measure the stability of a
magnet properly without knowledge on disturbance energy.
tis widely accepted that a main cause of a quench of a high

dimensions of conductors and spacers even if uniform TABLE |
i e applie he winding and that the v
clamping force is applied to li S L SPECIFICATIONS OF THE LARGE BORE MAGNET -
conductor motions occur at poorly supported parts where Conductor Rectangular shape monalithic
el rce exceeds e ctional supporting force
lectromagnetic force exceeds the frictional supporting f Size 4.0mm width, 7.9mm thick

lo the conductor 3y counting number of places along the S )
conductor where conductor motions oceur and release energy MR ba2
.(csndmg MQE, training behavior of a magnet can be
satistically estimated. In this paper, we apply this thﬂorv‘lo Outer/lnner diameter of coil 1.8m/1.5m
n lest results
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rders of quench

111, PRINCIPLE TO ESTIMATE TRAINING

In the magnet studied here, the conductors are supported
against radial electromagnetic forces mainly by frictional
forces between the conductors and the GFRP spacers placed
between the pancake coils. The conductors and spacers
inevitably have irregularities in their dimensions The
frictional supporting forces fluctuate because contact forces
between the conductors and spacers fluctuate along the
conductors and poorly supported parts appear. An abrupt
conductor motion occurs at the poorly supported part and 2
quench occurs when the energy rel d by the conduclr
motion is larger than the MQE of Energ

of the conductor
E, can be calculated by the

released by the conductor motion £,
following equation (4]

(1)

of the conductor, 8

is the magnetic ficld component perpendicular to the direction
of the conductor motion, / is the conductor curment. £ is
Young's modulus of the conductor, and /, is the geometncal
moment of inertia of the conductar. /, = bk"12 for a
rectangular shape conductor whose width and thickness are b
and h respectively. By putting £, = MQE, we can determine
the maximum length of a part of the conductor which can
We define this length the Maximum
The MML is given by (4]

move without a quench
Movable Length (MML)

MML = {

The clamping force is applied to the winding by the flanges
and clamping bolts to axial direction (Fig. [). When the
magnet is excited, the coil windings shrink in axial direction
due to the electromagnetic forces and the clamping forces
Then the number of poorly supported parts and
The distributions of the

decrease.
chances of quenches increase
electromagnetic forces to the conductors can be calculated by
the finite element method, and the contact forces between
conductors and spacers can be estimated by knowing the
compliance of the windings and clamping bolts. We made
an analytical mode! as shown in Fig. 3 to calculate the contact
forces between the conductors and spacers. In the model,
compliance of the coil windings is expressed as a spring and
that of the clamping bolt also. & is the spring constant of one
layer of a double pancake for axial displacement. We
assume that the axial displacement of a pancake coil is
uniform in the radial direction. We assume also that the top
and bottom flanges are solid plates to which the 96 bolts apply
clamping forces and that the axial displacement of the flanges
are uniform in the radial direction. kg is the spring constant
expressing the total axial-direction compliance of the 96 bolts.
fu (i =1 ~ 68) is electromagnetic force to / th layer of the
pancake coils and £ is the clamping force the coils applied by
the clamping bolts.
We assume the irregularities in the dimensions of the
conductor and spacers follow the Gaussian process. Then,
the contact forces between the conductors and spacers
fluctuate according to the Gaussian process of a standard
deviation o ; 6F = kn'?0,, where n is the lotal number of
layers of the pancake coils (n = 68) and g, is the standard
deviation of the thickness irregularities of the double pancakes
and spacers. G is given by G, = (6.+0,))'?, where ¢_and g,
are the standard deviations of irregularities of thicknesses of
one double pancake coil and a spacer respectively. Based on
above assumptions and the model shown in Fig. 3, the
fluctuation of the contact forces can be statistically evaluated
along the conductor using the method explained in the
reference (5]. Multiplying the cvaluated contact forces by
the friction coefficient p between conductors and spacers,
statistical distribution of the supporting forces to the
conductors against the hoop stresses can be evaluated and we
can count the number of poorly supported parts of the
canductors whose lengths exceed the MML.  This number is
the expected number of quenches of the magnet. The
expected number of quenches depends on the conductor
current because the MML and forces to the conductor depend
on the conductor current. We can consider that the first
quench occurs at the current where the expected number of
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fig. 3. Winding model of the magnet to calculate contact forces between
\he conductors.

qenches becomes | and that the next quench follows every
ime at the current where the expected number of quenches
increases by one.  Thus training characteristics of the magnet
«n be predicted

V. ESTIMATION OF QUENCH CHARACTERISTICS OF LARGE
BoRE CoiL

Parameters of the conductor and magnet used in the
malysis are shown in Table II. G, is determined based on the
specified dimension allowance of the conductors and we put
16, = the dimension allowance. G, is assumed cqual to ..
1= 0.7 is determined based on experimental value of the
oxy vs. epoxy friction [6]. The Young's modulus of the
wil is determined by measuring the displacement of the top
flange against the bottom flange during the excitation of the
magnet using strain gauges attached on the clamping bolts
The Young's modulus of the bolts is that of the stainless steel
#4.2K. The large bore magnet was tested twice, Case | and
Casc 2, by changing the clamping forces as explained in the
section 11 In the analysis, changes in the clamping

TABL

PARAMETERS ON CALCULATION O R

G. .G,

n

Young's modulus of the conductor 130GPa
' 42%x10"m?
Young's modulu il 5GPa
Young's modulus of mping bolts 200GPa
Diameter of c Casel : 16

Ca

Clamping force o the 5 Cascl : 10.5MP

conditions in the two cases are taken into consideration by
changing clamping force f; and spring constant of clamping
bolts k. MQE of the conductor is calculated assuming a
point disturbance of 0.5msec duration and 20mm spatial
length that is width of the spacer. Details of calculation of
MQE are described in [7]. In the analysis, supporting forces
and electromagnetic forces to the conductors are calculated by
increasing  the current from zero and the
accumulation of the expected number of the quenches until
the conductor current reaches / is calculated by a way
explained in the section Ill. The results are plotted against /
in Fig. 4. In the analysis, it is assumed that dxsplaccr;xcm of
the conductor in a poorly supported area is limited when the
moving part of the conductor touches a conductor in the
neighboring  tum. We assume the limit of the radial
displacement of the conductor fluctuates also according to the
Gaussian process of standard deviation o, :

conductor

V. COMPARISON OF EXPERIMENTAL AND ANALYTICAL
RESULTS AND DISCUSSION ON COIL DESIGN MODIFICATION

Statistically estimated training behaviors obtained from Fig
4 and experimental results are compared in Fig. § \t,
obvious from Fig. 5, analytical results well coincide with
experimental results

In the calculation, it is shown in both of the Case | and
Case 2, the first quench occurred around a current where the
clamping forces applied by the flanges and bolts were lost by
increase of the clectromagnetic forces in the axial direction
Considering this fact, we can increase quench curent by
increasing initial clamping force or more effectively by
decreasing spring constant of the clamping bolts for the
clamping forces not to be lost even when the magnet current
reaches high level. The first quench currents are calculated
by changing k, while f; is fixed to the value in Case 2 and the
results are shown in Fig. 6. As seen in Fig. 6, quench current
can reach the critical current without training by reducing the
value of k, to 30% of that for the Case 2.k, can be reduced
by use of spring washers and longer clamping bolts. The
first quench current can be also increased by increasing the
initial clamping force but too high clamping force damages
the conductors and deteriorates the conductor performance.
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Fig. 5. Analytically calculated quench current and experimental results
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Fig. 6. Dependence of first quench current on total spring constant of
clamping bolts.  /; is fixed to the value of the Case 2

By decreasing G, and , G is decreased and the first quench
current can be increased. However, in this large bore magnet,
lack of the clamping force is main cause of conductor motion
Therefore an effective way to substantially increase the first
quench current is decrease of o.

V1. CONCLISIONS

The training charactenistics of the large bore magnet were
quantitatively analyzed by our statistical method and (he
analytical results well coincided with experimental results.
was also shown by the analysis that the first quench Curreny
could be increased by decreasing spring constant of the
clamping bolts for the clamping force not to be lost when (he
magnet current reached to a rated current

From results, we consider that our method g
statistically estimate stability of superconducting magnet can
e a powerful tool for designing stable magnets

these
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Abstract— Transient heat transfer characteristics
of liquid helium under centrifugal  acceleration
ficlds have been investigated using a Platinum-0.5
at% Cobalt (Pt-Co) thin wire. Step  heat inputs

ranging from I to 5 W/em® are applied to the 2 0 um

diamecter wire in

rotating cryostat containing

liquid helium The maximum centrifugal
acceleration is  around 1300 times  larger  than
gravitational acceleration at 3600 rpm.  The
temperature rise is measured by the resistivity of
the Pt-Co  wire. As the result,  the take-off time
(onsct of film boiling) can be described by a power
fit  of the heat fux The cyclic temperature
fluctuations have heen observed, the times of
which can be also deseribed by a power fit of the
centrifugal acceleration. These results are discussed

on the basis of the bubble departure time

[ INTRODUCTION
Superconducting generators have advantages of gencration

clficiency improvement, their redueed sizes and weights, and
higher power system s

ibility. In the case of superconducting
generators, superconducting ficld windings are affected by the
centrifugal acecleration and bubbles or lower density parts

caused by heating are moved away very fast by large
buoyancy. Thereafier, it is very important to investigate the
behavior of lignd helium under centnfugal acceleration to
estimate the stability of the superconducting ficld windings

Consequently it is well studied about steady state heat
transfer under centnfugal ficld (1], [2]

Itis also well known that the mechanical disturbance just
like a cracks in the stuctural
matenal m: r the normal transition of superconducting

wire movement

y ing

or micro

magnets, and these mechanical disturbances  are  happened
quickly, usually within 1 millisccond 3]
Considering these fact

it 1S very important (o investigate
the transient heat transfer charactenstics under (he centrifugal
In this paper, heat transfer
charactenstics of liquid helium under centnfugal accelertion
Pt-Co thin
the bubble deparure

acceleration ficlds transient

o the
results are discussed on the basis of

ficlds have been measured usir wire and

fime
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II. EXPERIMENTS

Fig. | shows a cut-away view of the high speed rotating
cryostat used 1n our cxperiment. The rotating  helium
cryostat is made from aluminum alloy, and is 20cm in
diameter and 20cm in height. The helium  cryostat can
be dnvenby fiber reinforced plastic (FRP) shafts connected
10 a base-mounted air turbine The maximum centnfugal
acceleration of the cryostat is 10,000 times larger than
that of normal gravity (1G=9.8 m/s™ ) at 10,000mm. Fig. 2
shows the configuration of a sample holder with the Pt-Co
thin wire placed on the disc in the rotating helium cryostat
Step heat inputs ranging from | to 5 W/em® arc applied to
the thin wire with 20 m in diameter and 48mm in length
The maximum centrifugal acceleration is around 1300 times
larger than gravitational acceleration at 3600 mm. The
lemperature rise can be known by the resistivity of the Pt-Co
wire. Fig. 3 shows the resistance-lemperature characteristics
of the Pt-Co thin wirc.
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Fig. 4 Temperature traces of Pi-Co wire for vanous power input
I11. RESULTS AND DISCUSSION

Fig. 4 shows temperature traces of Pt-Co wire for varying
power inputs under the various centrifugal acceleration ficlds.
Based on these results, specific characteristics of the transient
heat transfer were summarized in [4]. From these data,
take-off times can be plotted for various heat fluxes. Here the
take-off time is defined as the onset time of film boiling from
the start of the step heating.

Fig. 5 shows the take-off times versus heat flux. From
Fig. S, the take-off time, t,, can be described by a power fit of
the initial heat flux, q, as t,~ q,". Though Schmidt [5) has
proposed that this exponent of q, is -2 theorctically and -2.8

experimentally, this value is dependent on the bath
temperature. The higher the bath temperature is, the smaller
the exponent is in his data, for example, the exponent is -2.8

W

at 3.0K and -3.5 4.2K. In our the bath

temperature is around 4.3K by the adiabatic compression,
therefore our fitting line doesn’t deviate from his data. Other

at cxperiment,

paramcter to affect this exponent is helium pressure. The
pressure of the outer part of the rotor is higher than 1.013 bar
by centrifugal acceleration force, for example, the pressure is
1.2 bar at 2,000rpm
increased pressure [6], for example, the exponent is -2.5 at
1.02bar and -4 at 1.63bar

The cyclic temperature fluctuations in the wire are shown
in Fig. 6. These fluctuations arc supposed to be caused by
cyclic departure of vapor bubbles as was observed by the
video camera in the normal gravity [4). The average cyclic

The cxponent becomes smaller with

times were not much dependent on g, and arc plotted against
G at 42kW/m’ in Fig. 7. This cyclic time is dependent on
G, This dependence on G was also observed by a direct
optical observation for a flat heating surface in the same
cryostat [7). This dependence on G* can be cxplained
qualitatively as follows. Jacob (8] has proposed that D is
constant, where [ is the frequency of bubble departure and D
is the departure diameter of the bubble. Zuber [9] has also
proposed that D is dependent on G" Consequently the
cyclic time of bubble departure ( the inverse of the frequency)

-
is proportional to G,
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The cyclic temperature fluctuations have been observed, the
times of which can be also described by a power fit of the
centrifugal acceleration. This dependence can be cxplained
quantitatively by the frequency and the diameter of the bubble
departure.
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Abstract — Stability
of rotor windings of a superconducting generator in

and training characteristics

rolating condition are estimated and compared with
A cause of
unexpected quenches of the rotor windings is a

those in static condition. major
disturbance caused by an abrupt conductor motion.
We developed a method to statistically estimate the
quench characteristics of a superconducting coil
by We apply this

method to a superconducting rotor of the 70 MW

causcd conductor motions.
class gencrator developed as a part of Super-GM
projects. In the paper, the method

results of the stability

is explained and
estimation are presented.
I. INTRODUCTION

One of the most important issues of a generator with
superconducting field windings is how to estimate the stability
of the windings in rotating condition. A major cause of
unexpected quenches of the rotor windings is a disturbance
caused by an abrupt conductor motion.  The released energy by
the conductor motion depends on many factors, such as stiffness,
compliance and irregularities in dimensions of the conductors,
electnical and mechanical to the conductors, fixing
structure of the conductors. We developed a method to
statistically estimate the disturbance energy due to conductor
motion taking into account of these factors [1]-(4). Once the
disturbance energy is known, the stability of the windings can
be estimated by knowing MQE (Minimum Quench Energy) of
the conductor.  To calculate the MQE of the conductor of the

forces
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the
transient heat transfer characteristics of the helium coolant in
the rotating condition.

rotor winding in the rotating condition, we should know

We showed that the steady state heat
transfer characteristics were established in short time less than |
msec when the centrifugal gravity was high as was in the rotor
in the rotating condition [5]. By applying our mecthod to
statistically estimate the disturbance energ
state heat

andusing the steady
of helium coolant

transfer characteristics in the
estimate the stability and training

characteristics of the rotor windings developed as a part of the

rotating condition, we
Super-GM project in the rotating condition

[I. METHOD TO STATISTICALLY ESTIMATE STABILITY

Conductors in windings are mainly supported by frictional
forces. The conductors inevitably have imregulanties in their
dimensions, hence the frictional supporting forces to conductors
fluctuate because contact forces between the conductors
fluctuate along the conductors even if uniform compressive
force is appliedto the windings. Anabrupt conductor motion
occurs at a poorly supported part where the electromagnetic
force to the conductor exceeds the frictional supporting force,
and when the energy released by the conductor motion at the
poorly supported part is larger than the MQE of the conductor,
the conductor is quenched Energy released by the conductor
motion is determined by the length of the poorly supported part
and we can define the MML (Maximum Movable Length), the
maximum length of the conductor segment which can move
without a quench (6],[7] We developed a theory to
statistically estimate the number of the poorly supported parts
whose lengths exceed the MML, assuming that the random
irregularities of the conductor dimensions follow the Gaussian
process.

A. Mavimum Movable Leneth

The rotor windings whose stability we estimate are wound of
cable conductors composed of supercondicting composite
strands and we consider that aquench is most probably triggered

i)




by tion of a str

amo
The disturbance en
iven by the following e

nd motion canbe

o

(h

where [ is the length of the moving segment of the strand, 8
the magnetic field component perpendicular to the direction of

the strand motion. / the strand current, £ Young's modulus of

the strand. and /, th
I, =1cr' 1 64 for around strand of the radius ~.

e ceometrical moment of inertia of the strand,

When the released

energy £, is greater than MQE, a quench occurs.  The MML is
obtained by putting £,~MQE and given by
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B. Stcps for Estimation

To estimate the training characteristics of the rotor windings

by applying our theory. the following steps are taken.

. Calculation of the MQE of the strand of the rotor conductor
for given operating condition

2. Calculation of the MML based on the calculated values of
MQE of the stand.

3. Estimating the statistical distribution of the length of the
poorly supported pant for given stress conditions of the
supporting force, electromagnetic force, and centrifugal
force, by assuming that the dimension irregularity follows
the Gaussian process

4. Counting the number of the poorly supported parts whose
lengths exceed the MML.

11l. FORCES TO SUPERCONDUCTORS IN THE ROTOR WINDING

Forces to the conductors in the rotor winding should be
known to estimate the stability characteristics and are dependent
on the winding configuration, the rotating speed and the
disribution of the magnetic field in the slots

A. Configurations of R oror Windings

We estimate the stability of the rotor developed by
Mitsubishi Electric Co. for the 70 MW class superconducting

generator as a pant of the Super-GM projects. The cross-
sectional view of the rotor is shown in Fig. | and the
specifications of the rotor are listed in Table I.  The rotor

windings are placed in the slots No.I-3. A cross sectional
view of the winding pack in the slot is illustrated in Fig. 2
Details of the rotor configuration is given in (8]. The cross

section of the conductor made of 9 strands is illustrated in Fig.

listed in

3 and the specifications of the cond
Table I1.
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winding shaft

slot

Fig. I. Cross scction of rotor (perpendicular to center axis, quarter of the

rotor)

TABL
SPECIFICATION CF 70 MW CLASS SUPER

CONDUCTING GENERATOR

Rotor
Number of polcs 2
Rotating velocity 3600 rpm
Diamcter 890 mm

Bearing span 4900 mm

Winding

No. of coils 10 (5 coil¢/pole)
Magnctic ficld (maximum) 4.5 T (at 3000 A)
Conductor 9.sirand compactcd cable

compressive force

RER

top insulation spacer

|
slot cell
Lt
conductor side insulation spacer
bottom insulation spacer
Fig.2. Cross sectional view of the winding pack in the slot

B. Farces to Conductors in Winding

The winding packs are surrounded by insulation spacers as is
shown in Fig. 2 and the compressive forces are applied to the
packs by the forces to the top insulation spacers.  The rotor
shaft with the windings in the slots was fitted in the rotor vessel
by shrink-fit and the forces were applied to the top insulation
spacer by the vessel.

When the rotor rotates and the windings are excited, the
centrifugal forces and the electromagnetic forces arc applied to
the conductors in addition to the compressive force from the top
The centrifugal forces are in the opposite
The distribution of forces

insulation spaccer.
direction to the compressive forces.
to the conductors due to the compressive and centrifugal forces
in the slots can be calculated knowing the Young's modulus of
radial direction

estimated 68.8

The Young's
MPa.  The

the winding pack in the

modulus was measured and




TABLE []

CATIONS OF CONDUCTOR AND STRAND

S

Conductor (compacted surand cabic)
Size m cross section
No. of strands

Critical current

29 mm x 7.4 mm

9 strands

Strand
Cu : CuNi: NbTI 2405
Diameter 1.6 o
Young's modulus 130 GPa
Geometrical moment of incniia 3axiolmt

Cu / CuNi

kapton tape CuNi Cu

Fig. 3. Cross scctions of rotor conductor and sirand.

compressive force to the winding pack in the slot is estimated
5.2x10* N/m in static condition and 6.2x10° N/m in rotating
condition in this study. This dfference in the compressive
forces is due to the difference in the ways to apply the forcesto
the top insulation spacers. The electromagnetic forces have
two components of circumferential and radial directions of the
rotor. The circumferential component of the clectromagnetic
forces cause the strand motions. The distributions of the
magnetic field and the elecromagnetic forces to the conductors
in the slots are estimated based on the analysis using the finite
element method.

IV. STATISTICAL ESTIMATION OF EXPECTED NUMBER OF
QUENCH OF ROTOR WINDING

A. Coleulation of MQE and MM L

We assume that a quench of the winding is initiated by a
quench caused by a strand motion in the conductor. therefore,
MQE of the single strand is calculated. Details of calculation
of MQE are described in (9). We assumed adisturbance of 0.5
msec duration and 2 mm spatial length for the MQE calculation.
MQE s were calculated for the static and rotating conditions.
In the calculation. the transient heat transfer of liquid helium
was taken into account in the static condition. In the rotating
condition, data of the steady heat transfer of the supercritical
helium in high centrifugal field (10] were used becausc
according 10 our experiment. the steady state heat transfer was
established in very short time

The temperature of the helium coolantis 4.6 K
condition at the rated rotating speed and 4.2
condition

and the field to which the strand was subject.  Th

the strand in the places of highest and low
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windings are plotted against the conductor cument in Fig. 4.
The MML of the strand was calculated from (2) based the
calculated MQE andis afunction of the current and the placein
the slots as the MQE is.

B. Calculstion of Expecied Number of Quenches and Tra
) ! Z

Characteristics

We assume the irregularity in the dimension of the conductor
follows the Gaussian process of standard deviation ,, then the
dmension imegularity of the winding pack also follows the
Gaussian process whose standard deviationis ~no  , wherenis
the number of the layers of the winding pack. It can be
considered the contact forces between the conductors also
follows the Gaussian process whose standard ceviation is
k~/no, where k is the spning constant of the winding pack
which can be deduced from the Young's modulus of the pack.
Then, we can numerically simulate the dstribution of the
fluctuation of the contact force along the conductor using the
method explainedin [2). We canassume that the contactforce
between conductors are equal to that between the strands of the
conductor. Thus, by multiplying the contact force by the
friction coefficient p between the strands, we can estimate the
distribution of the supporting force along the strand and the
number of the poorly supported parts whose lengths exceedthe
MML for a given conductor current. This number is the
expected number of quenches.  Using the parameters listed in
Table III, the accumulation of the expected number of the
quenches until the conductor current reached / was calculated and
is plotted against/ in Fig. 5 for the static and rotating conditions.
Fig. 6 shows the training characteristics which is obtained by

assuming that a quench occurs at each time when the
accumnulation of the expected number of quenches increases by
onc. As is seen from the figure, the initial quench currents are
4.5 kA for the static condition and 4.2 kA for the rotaiing
The swability is deteriorated in the rotating
condition but the initial quench is expected to exceed the rated

condition.

current. It is also seen that afier the initial quench. many

quenches occurs successively in both conditions.
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V. COMPARISON OF ESTIMATION WITH
EXPERIMENTAL RESULTS

The quench test of the rotor windings was performed in the
static conditions and the result is shown in Fig. 7. As is
shown Fig. 7, in the static condition, the current at the initial
quench is 4.3 kA and many quenches follow.  In the rotating
condition, excitation test of the windings was also performed
and it was demonstrated no quench occurred up to the rated
current.  These results coincide
described above.

well with the estimation

TABLE 111
PARAMETERS ON CALCULATION O EXPECTED NUMBER OF QUENCH

m 1.0

68.8 MPa

5.2x10* N/m (static condition)
6.2x10* N/m (rotating condition)

o, 50.0 pm

Young's modulus of winding pack
compressive force to the windings

10,

ation of expected
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Fig. 6. Analytical result on training quenches of winding in static and
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Fig. 7. Training quenches of winding in static condition.
VI. CONCLUDING REMARKS
The method to statistically estimate the quench

characteristics of the superconducting rotor windings is
explained and it is shown that the method can be a powerful tool
for designing the rotor windings.  With this method, we can
figure out actual design parameters of the conductor and
windings such as MQE of the conductors, the allowance in the
dimensions of the conductor, and the compressive forces to
the winding packs. However more works should be done to

make the estimation more precise.
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Study on Designing High Current Density Rotor
Windings of Superconducting Generator and Relation
of the Stabilities in Static and Rotating Conditions

Mitsuho Furuse, Osami Tsukamoto, Shinji Torii, Shirabe Akita and Masatoyo Shibuya

Abstract__ |t is critically important to realize high current
density  superconducting rotor windings to make a
superconducting generator economically competitive to a
conventional one. High current density rotor windings inevitably
suffer from instability problems. Therefore, the rotor windings
should be designed for the quench currents to surely exceed the
maximum operational currents in the rotating condition. In the
next step of the Super-GM project, the current density required is
30% higher than that of the rotor winding developed in the former
Super-GM project. To test the stability of the rotor windings,
usually quench tests are conducted in a static and pool-cooled
condition for the simplicity of the test but presently the relation
between the stabilities in the static and rotating conditions is not
clear. In the paper, we study what information can be obtained
and how the stability in the rotating condition can be estimated
from the static test. Based on this study, we investigate a method
to design quench currents of high current density rotor windings
to exceed a required value and discuss what level for the quench
current to exceed in the static condition to satisfy the requirement
in the rotating condition.

Index Terms__(Conductor motion, minimum quench energy,
stability of superconducting rotor winding, superconducting
generator.

[. INTRODUCTION

ne of the most important issues in designing rotor

windings of a superconducting generator is how to d

high current density windings whose quench current
exceed a required value. In a high current density
superconducting coil, it is well known that the main causes of
unexpected quenches are conductor motions. We developed a
method to quantitatively ~estimate  training  quench
characteristics of superconducting windings by use of statistical
method [1]-[3]. In the method, energy of a disturbance due to
a conductor motion is estimated statistically and transient heat
transfer characteristics of helium coolant and compliance of the
winding packs are taken into account.  Using this method, we
estimated the quench current of one of the rotors of the 70MW
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class superconducting generator which was developed in the
Super-GM project and the estimation well explained the results
of the excitation tests [2].

In the next step of the Super-GM project, the operational
current density of the rotor winding pack required is 30%
higher than that of the winding pack developed in the former
project for the superconducting generator to be economically
competitive to a conventional one. In this paper, based on our
method, we study how to modify the design parameters of the
superconductors and windings to satisfy the requirement in the
next step of the project.

To test the stability of the rotor winding, quench test is
usually performed in a static and pool cooled condition for the
simplicity of the test. However, in a rotating condition, the
forces to the conductor and heat transfer characteristics are
different, and therefore the stability characteristics are different
from the case of the static condition. In this paper, we discuss
also the relation between the stability characteristics in static
and rotating conditions by studying the differences of the
supporting force of the conductors and heat transfer
characte cs. Based on this discussion, required quench
characteristics of the winding in the static condition is estimated
to verify the stability in the rotating condition.

[I. PRINCIPLE OF METHOD TO ESTIMATE QUENCH
CHARACTERISTICS

The rotor of the Super-GM superconducting generator is
wound of cable conductors composed of copper stabilized
superconducting composite strands. We consider that a
quench is triggered by a motion of a strand of the conductor.

The strands are mainly supported by frictional forces. The
stands and conductors inevitably have irregularities in
dimensions. Therefore, the frictional supporting forces of the
strands fluctuate because contact forces between the strands
fluctuate along the strands even if uniform compressive force 1s
applied to the winding pack. An abrupt strand motion occurs
at a poorly supported part where the electromagnetic force to
the strand exceeds the frictional supporting force, and a quench
occurs when the energy released by the strand motion at the
poorly supported part is larger than the Minimum Quench
Energy (MQE) of the strand. Energy released by the strand
motion is given by the following equation by knowing the
length of the moving part,

. (B1)(1/2)

‘ 45E1,
where / is the length of the moving part of the strand, B is the
magnetic field component perpendicular to the direction of the
strand motion, /, is the strand current, E is Young’s modulus of
the strand, and /, is the geometrical moment of inertia of the

(1




strand, /,= 7' /64 for a round strand of radius 7. To determine
the length of the poorly supported part, we ime that the
irregularities in conductor dimensions follow Gaussian process
and that its spectrum density is proportional to the spatial
frequency to the —4th power. The standard deviation of the
dimension irregularity of the winding pack is given by viio |

where ¢ is standard deviation of the dimension irregularity of

the conductor including the insulation layer and # is the number
of layers of the winding. It can be assumed from the above
assumption that the contact forces between the conductors
produced by the compressive force applied to the winding pack
follow the Gaussian process whose standard deviation is kvnc
where & is the spring constant of the winding pack. Based on
the above assumptions, we can numerically simulate statistical
distribution of the frictional supporting forces of the conductors

and strands. Thus we can statistically determine the length of

the poorly supported part and count the expected number of the
parts whose lengths exceed the maximum movable length
(MML). This number is the expected number of quenches.
MML is the maximum length of the strand segment which can
move abruptly without a quench and calculated by putting £, =
MQE

MQE’s of the strand of the rotor windings in static and
rotating conditions are calculated by numerically solving a one
dimensional thermal equilibrium equation for a strand subj
to a point disturbance. In the calculation, transient heat
transfer characteristics of liquid helium are taken into account
for the calculation of MQE in static condition. Data of steady
state heat transfer of supercritical helium in high centrifugal
acceleration field are used for the rotating condition because,
according to our experiment, the steady state heat transfer is
established in very short time, less than 200usec in rotating
condition [4].

Based on the theory explained above, we can estimate
quench characteristics of the rotor windings.

III. DISTRIBUTION OF FORCES IN ROTOR WINDINGS AND
PARAMETERS USED IN ANALYSIS

To estimate the quench characteristics, we should know the
distributions of forces applied to the conductors and strands in
the winding. The conductors and strands are subject to
electromagnetic forces and centrifugal forces. The former
forces can be calculated by numerical calculation of the
magnetic field distributions in the winding by use of the finite
element method. The later can be calculated from the formula
of the centrifugal force. From these force distributions, the
supporting forces of the conductors and strands are calculated
using an analytical model of the winding explained in the
following.

In the calculation, we assume that the cross-sectional
configurations of the rotor windings and conductors are the
same as those developed in the former Super-GM project.

A. Configurations of Rotor Winding and Conductor

The rotor windings are placed in the slots of the rotor shaft
Cross-sectional views of the winding pack and the conductor in
a slot are illustrated in Fig. 1. The conductors are made of 9
strands. Details of the rotor configuration are given in [5]
The winding packs are surrounded by insulation spacers and the
compressive pressures are applied to the winding packs by the

clamping forces to the insulation spacers placed on the top of
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the winding packs. The winding shaft with the windings in the
slots is fitted in the rotor vessel by shrink-fit and the clamping
forces are applied by the shrunken vessel

B. Model to Calculate Distributions of Forces

Distributions of contact forces between conductors can be
calculated by an analytical model shown in Fig. 2. In the
model, a conductor is described as a mass point m connected to
the neighboring conductors with two springs of spring constant
k2n which represent elastic deformation of the conductor by
the contact forces, and electromagnetic force and centrifugal
force to the conductor are applied to the mass point. We
neglect force interaction in the circumferential direction
because deformation of conductors in circumferential direction
by circumferential compressive force is considered to be
smaller than that in the radial direction. When the rotor rotates
and the windings are excited, the windings shrink in the radial
direction by radial electromagnetic forces and centrifugal forces
and depart from bottom insulation plate at a certain conductor
current. In this case, the component of the radial force to the
conductor due to the pre-compressive forces which are initially
applied to the winding pack disappeared. We assume the
contact forces between conductors are uniformly conducted to
the strands composing the conductor. We assume also that a
strand moves abruptly in circumferential direction when the
circumferential force to the strand exceeds the frictional
supporting force produced by the contact forces between the
strands.

Clamping force
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Top insulation
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Slot cell
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Conductor s 4 d
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Fig. 1. Cross-sectional view of the winding pack in the slot of winding
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Fig. 2. Analytical model to calculate distribution of contact forces

between conductors




C. Compliance of Rotor Windings

As mentioned above, the contact forces between strands
fluctuate along the strand around the value calculated by the
spring model because of the irregularity in dimensions of the
conductors and insulators he standard deviation of
fluctuation of the contact force is kviic .  Stress-strain
characteristics of the rotor winding pack in the radial direction
were calculated for different values of ratio of copper stabilizer
and CuNi to NbTi (nonSc/Sc) by finite element method
Details of calculation are described in [2]. The calculation
results are shown in Fig. 3. We determine the value of & from
the slope of the stress-strain curve at the stress determined by
the compressive force to the winding pack.

We measured, in liquid helium, compliance of a test winding
pack which simulated that of the rotor windings. Measured
results are also shown in Fig. 3. As seen in Fig. 3, there is
hysterisis, but the slope of the stress-strain curve is almost in the
same level as the calculation results. Therefore, we consider
that the calculation results are valid. The value of k used in the
analysis is determined by A=Kx2.9mm/7.4mm/n where K is the
slope of the stress-strain curve of winding pack shown in Fig. 3

D.Parameters Used for Numerical Calculation

Parameters of the conductor, strand and winding pack used
for the numerical analysis are listed in Table I. Dimensions of
the conductor and strand are the same as those used in the rotor
winding developed in the Super-GM project. Three cases of
external field dependence of the conductor /. , the standard case
and high cases | and II, are assumed as shown in Fig. 4 (at
4.6K). The load line of the windings is also shown in Fig. 4.
Lyaxo=3-6kA and I,,;=4.7KA in Fig. 4 are maximum operation
currents of the former and next step Super-GM projects,
respectively. The performance in the standard case is in the
same level as that of the conductor used in the former
Super-GM. [, at 7.3T and 4.6K is assumed 30% higher in the
high case 1 and 50% higher in the high case II than that in the
standard case. In Fig. 4, non Sc¢/Sc is assumed 2.7. In all of
those cases, the conductor and strand dimensions are the same.

Distribution of frictional supporting force can be given by
multiplying the numerically calculated contact force
distribution by the frictional coefficient p between the strands.
Analytical results show that the quench currents are not
sensitive to [ in the range of p=0.5~1.0. Therefore, we put
p=0.7. ©=33 um is determined based on the specification of
dimension allowance of the conductors.

[V. ESTIMATION OF FIRST QUENCH

We consider that the first quench current of the rotor winding
is an important measure of the stability. By counting expected
number of strand segments where circumferential
electromagnetic forces to the segments exceed the frictional
supporting forces and their lengths exceed MML, we can
estimate the expected number of quenches. The first quench
current is determined as the current where the expected number
of quenches exceed 1 during the excitation of the winding.

A. Dependence of First Quench Current on Non-super to
Super Ratio and Methods to Increase Winding Current
Density

Fig. 5 shows first quench currents estimated for various
values of nonSc/Sc for the standard case and high cases I and 11
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TABLE |
PARAMETERS OF CONDUCTOR, STRAND AND WINDING PACK
ASSUMED IN CALCULATION

Conductor (compacted strand cable)
Size i cross section 29 mmx 74 mm
No. of strands 9 strands

Standard deviation

of dimension irregulanty ¢ 33 pm
(including insulation layer)
Strand
Cu : CuNi: NbT1 1.0-53:05-14:1
Diameter 1.6 mm

Young's modulus 130 GPa
32% 10" m*

Frictional coefficient p 0.7

Geometrical moment of inertia

Winding pack

Spring constant k
gl @ 37GPa/m ~ 81GPa/m

(depend on nonSc/Sc)

Compressive force

18Mpa ~ 21MPa

[ atasx High case 11" o
T nonSc/Se=2.7 High case | |
=, 6| \
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2 < =
g 4 I maxi
§ R s
o = \
3 2| : 0
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Magnetic field [T]

Fig4. [, vs. B characteristics used in the numerical analysis.

assuming that the pre-compressive pressure to the winding pack
is 18MPa. In the estimation, we assume configurations of the
windings and conductors including the dimensions in the cases
I and 11 are the same as those in the standard case.

As non > increases, the spring constant of the conductor
decreases and the standard deviation of the contact forces
between the strands k/nc decreases. Therefore, the number
of the poorly supported parts whose lengths exceed the MML
decreases and the first quench current increase. However, high
nonSc/Sc sacrifices the current density of the conductor. On
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Fig. 5. Dependence of first quench current on nonSc/Se

the other hand, low nonSc/Sc strand causes the spring constant
of the conductor to be large and the first quench current to
decrease. As is shown in Fig. 5, there is an optimum value of
the nonSc/Sc to make the first quench current maximum. In
the standard case, the first quench current reaches critical
current /,=4.8kA at the nonS¢/Sc=3.2.

To satisfy the requirement of 30% increase of the current
density of the rotor winding, the first quench current should
surely exceed 4.7kA. Obviously from Fig. S, the conductor of
the standard case is hard to exceed the required level but the
conductors of the high cases I and Il can well exceed the
required level if proper values of the nonSc/Sc are selected.

B. Relation between Stabilities in Static and Rotating
Conditions

In the rotating condition, centrifugal forces are applied to the
conductors. The direction of the centrifugal force is opposite
to the compressive force and the contact forces between strands
become smaller in rotating condition than that in static
condition, Bath temperature and heat transfer characteristics
which affect MQE are also different in the static and rotating
conditions. Fig. 6 shows MML vs. conductor current in the
static and rotating conditions for the conductor of the high case
1 and nonSc/Sc=2.7. Values of MML are not much changed
except in the range near to /,’s as shown in Fig. 6. In Fig. 6, /,
dependence on the bath temperature 7} are considered
(T,=4.2K and 46K for the static and rotating conditions
respectively). Therefore, the contact force between the strands,
that is related to the supporting force of the conductor,
dominates the difference between the stabilities in the static and
rotating conditions. The supporting force of the conductor
directly depends on the compressive force to the winding pack.
Fig. 7 shows the first quench currents vs. the pre-compressive
pressure to the winding pack in the static and rotating
conditions for the conductor of the high case | with
=2.7. Knowing the first quench current in the static
condition, we can estimate the effective value of the
compressive force and the first quench current in the rotating
condition from Fig. 7. For example, for the first quench to
exceed 4.7KA in the rotating condition, the first quench current
should exceed 5.2kA in the static condition.

V.CONCLUDING REMARKS
The first quench currents of the superconducting rotor
windings are quantitatively estimated for various cases. In this
study, the following are shown
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Fig. 6. MML vs. conductor current n static and rotating conditions.
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Fig. 7. Dependence of first quench current on compressive force

1. The current density of the winding can be improved by
properly selecting the amount of the copper of the
conductor because the conductor motions are suppressed.

2. The quench test in the static and pool cooled condition
gives information on the pre-compressive forces to the
winding pack and the quench currents in the rotating
condition.

3. The requirement of the 30% increase of the operating
current density can be satisfied by 30% increase of the
critical current density of the conductor and by proper
selection of the nonSc/Sc and the pre-compressive forces to
the winding packs
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