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1) INTRODUCTION

The TCV tokamak (fig.1) is designed to produce plasmas with
currents up to 1.2 MA with variable cross sections in order to study the
possibility of optimizing the plasma performances by shaping the
magnetic flux surfaces. This objective requires that the poloidal field
in TCV is controlled by many coils as shown in the fig. 2. The coils A,
B1, B2, C1, C2, D1 and D2 form the induction and ohmic heating coil
system. The coils E1 to E8 and F1 to F8 are the shaping coils that
control the plasma cross section. The coil set A, B1, B2, E1-E8 are part
of a single unit, the central column, already described in int.156.89. The
variable configuration of the plasma implies that the TCV coils must be
able to withstand very varied load conditions with considerable
electromagnetic forces reaching 100 to 200 tons on some of the coils.

In this report, the specifications and maximum load conditions of the
C, D and F coils are defined.




Fig. 1 General view of the TCV tokamak
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Fig. 2 Disposition of the poloidal field coils
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2) GENERAL SPECIFICATIONS OF THE C, D AND F POLOIDAL
FIELD COIL

Definition of the terms in table 1

Coil dimensions
R radius to the center of the coil
Z . vertical position of the center
H :  height of the coil (overall dimension)
W width (overall dimension)
Ns . effective number of turns
N| : number of layers
n r and insulation dimension

These values are given as an example. The final dimensions of the
conductors and insulation thickness will have to be defined by the
manufacturer. Only the external coil dimensions are fixed.

he : height of the conductor

We : width

Sh, d : xsection and diameter of the cooling hole. It is determined
from the conditions defined in the thermal characteristics.

Scu : copper xsection ( = hgxwg - Sy )

Lcu : conductor length (approximation, not including leads)

Mcu : mass of copper

ic : insulation thickness around the conductor

i : insulation thickness in between layers

ie : insulation thickness around the coil

Cr : filling coefficient = Scuy/(H x W)

Mij : mass of insulation (approximation)

Vw : volume of cooling water in the coil

Electrical char risti

Ro . electrical resistance for p=1.9 10°8 Q em

L : inductance
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Imax : maximum current

UDCmax : maximum DC voltage

uacti peak to peak ripple voltage at Upcmax

UAC2 : peak to peak ripple voltage at 0 Up ¢

f : frequency of ac voltage

UTmax transient maximum voltage. This voltage is given by the
power supplies protection circuits

Ugt : maximum DC voltage to ground

Ugo : maximum transient voltage to ground

Load conditions of the coils : The C and D coils are powered in series
with the B coils as shown in the fig. 3. The current in the B C D coils
flows always in the same direction than that of the A coil. All the F
coils (as well as the E coils) are powered independently and therefore

can have any distribution of currents.

Thermal characteristics.

Tmin : minimum temperature of the coil = minimum temperature
of the cooling water to avoid condensation.

Tmax : maximum temperature of the coil (given by the
insulating material )

ATmax : maximum temperature difference in the coil (given by
the cooling system ).

POmax ohmic power at Imax

PQav : average ohmic power over a cycle = PQmax “tomax/temin

tpmax maximum pulse duration at Imax

AEmax maximum thermal energy deposited in the coil at Imax =

(Pomax - tPmax)

temin minimum cooling time between pulses at Imax

ATad : adiabatic temperature rise at PQmax

AR :  increase in radius for AT = 40°C

AER : estimate of the thermal energy deposited in the coil during
a plasma shot.

ATn . estimate of the temperature rise during a plasma shot.

ton normal activation time of the coil during a plasma shot

En, AT et tpn are given only as an indication. They must not be used to
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design the coils.

number of cooling channels (in parallel)

n
ICC : length of the cooling channel

dw : flow of cooling water.

Vw : water speed.

Re : Reynolds number ( = v,,-d/v ) between 20 to 50 © C

Ap : water pressure drop in the coil (not including the leads).

The cooling parameters of the coils are determined by the following
conditions. The cooling water circulates with a ATmax = Tout-Tin
constant of 150C regulated by the heath exchanger (if the input
temperature of the water is larger than Tmin) ; a Ap of 10 bar and a flow
such that the cooling power multiplied by the minimum cooling time
tcmin Of a cycle is equal to the energy AE 54 deposited in the coil.
These conditions determine the minimum cross section of the cooling
hole and limit the temperature difference in the coil at AT 5y -

The formulas for computing the diameter of the cooling hole are

developed in the appendix.
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Table 1 CHARACTERISTICS OF THE POLOIDAL FIELD COILS CD F

C1-C2 D1-D2 F1 to F8
R [m] 0.62 1.175 1.308
7 [m] -1.11 -1.17  -0.77/-0.61/-0.31/-0.15

+1.11 +1.17  +0.77/40.61/+0.31/+0.15
H [m] 0.126 0.096 0.081
W [m] 0.072 0.072 0.126
Ng - 12 8 36
N - 3 4 9
he [mm] 28 42.8 16.75
We [mm] 20 14.5 11.33
Sh,(d) [mm2, mm] | 29.6 (T 6.14) 36.17 (D 6.79) 45.88 (@ 7.64)
Scu [mm2] 530 587.3 143.9
Leu [m] 47 59 296
Mcy [kg] 221 310 380
ic [mm] 1 1 1
i [mm] 0 0 0
i [mm] 3 3 3
Cr - 0.701 0.68 0.508
M [kg] 18 28 53
Vw [1tr] 1.4 2.14 13.6
Ro [MmQ] 1.7 1.91 39.6
L [mH] 0.31 0.34 7.42
Imax [kA] +26 +26 +7.5
UpCmax  [V] + 1400 * + 1400 * + 1240
UAC1 [V] 35 * 35 * 32
Uaco [V] 260 * 260 * 230
f [Hz] 1150-1440 1150-1440 1150-1440
UTmax [V] + 3000 * +3000 * +2700
Ui [V] 1400* 1400* 1240
Ugo [V] 3000* 3000* 2700
Tmin [OC] room temp. room temp room temp
Tmax [0C] 70 70 70




ATmax
Pomax
PQav
tPmax
AEmax
tCmin
ATad
AR
AEq
ATp
ton

nc x lc
dw

Vw

Re

Ap

[©C]
[MW]
[KW]
[S]
(MJ]
[S]
[0C/S]
[mm]
(MJ]
[0C]
[S]
[m]
[I/s]
[m/s]

[bar]

15
1.13
5.65
1.5
1.7
300

13.3
0.44
0.72

8.5
2
1 x 47
0.09
3.04
37000-74000
10

15
1.3
6.5
1.5
1.94
300

10.8
0.83
0.81

6.8
2
1 x 59
0.103
2.84
39000-78000
10
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15
2.2
11
1.5
3.3
300

15
0.93
0.5

3.4
2
2 x 148
2 x 0.0875
1.91

29000-58000
10

* The voltages indicated apply to the 6 coils Bi- B2 , C1- C2 , D1-D2
connected in series to the power supply as shown in the fig. 3.
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Electrical connection _of the B . C , D_coils

The six coils are connected in series. (The water cooling is however
connected in parallel on all the coils).

B1 C1 D1

T — QOO0 0000

i ?Ilbm—(mww

B2 C2 D2

Fig. 3 Electrical connections of the coils B C and D . A soft ground
is provided by two large resistors connected to earth.

Maximum DC voltage +1400 V
peak to peak ripple voltage (at UDC max) 35V
peak to peak ripple voltage (at UDC = 0 V) 260 V
AC frequency 1150 -1440 Hz
Maximum transient voltage + 3000 V
Maximum current + 26000 A
Maximum pulse duration at I35 15S
Maximum voltage to earth DC 700 (1400) V
" transient 1500 (3000) V

These voltages to earth suppose that the middle point is connected to
the earth. If the earth is connected to a pole of the power supply, these
voltages must be doubled (number in brackets). As an earth fault is
always possible, the doubled voltages must be used for the design as
given in the table 1. The same remark apply to the F coils.
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Table 2. PHYSICAL PARAMETERS OF THE COIL MATERIALS
Copper 99.9 % Cu 0.1 % Ag
Electrical 200 C fos 1.7 10-8 Qm
resistivity 500 C fos 1.9 10-8 om
Specific mass Pcu 8.93 103 kg/m3
Specific heat capacity Ceu 3.85 102 J/kgOK
Thermal conductivity You 3.7 102 W/mOoK
Thermal expansion coefficient Ooy 1.77 10-5 oK-1
Elastic modulus Yeu 1.2 1011 Pa
Shear modulus Goy 4.6 1010 Pa
Yield strength 0.2% Scu 2.4 108 Pa
Fatigue strength (3x10° cycles)  og 1.2 108 Pa
Insulation epoxy-fibre glass ( for Orlitherm or Vetresit )
Specific mass Pe 1.8 -2 103 kg/m3
Elastic modulus |I/L Yo 26-30 / 13 GPa
Shear modulus |/L Ge 13 / 4.2-45 GPa

. Tensile strength [|/L e > 3.5/1.0 108 Pa
Thermal expansion coefficient /L ag 1.5/4.4 10-5 oK-1
Thermal conductivity Ye 4 -4510-1  W/moOK
Maximum permitted temperature 150 oC

Copper - insulation interface

Maximum tensile stress 5-6 107 Pa
Maximum shear stress 4 -5 107 Pa

Cooling water

Specific mass Pw 103 kg/m3
Specific heath Cw 4.185 103 J/kgOK
Kinematic viscosity at 20 © v ~1 10-6 m2/S
Kinematic viscosity at 50 © v ~0.5 106 m2/S
Friction coefficient (Re>10%4) A(Re) ~7.1 103 -

for the cooling hole in copper conductors.
This is a value obtained from similar coils
built for the TCA tokamak.
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3) AXIAL AND RADIAL FORCES ON THE C D F COILS

The axial forces F, and the hoop forces FT = FR/2n resulting from the
radial forces, are given in the table 4 and 5 for the different loading
cases given in the table 3. The cases not mentioned on the list are not
relevant to the coils C D F.

The forces are the total net forces acting on the coils. The distribution
of forces in the coil is given in graphical form (fig.4, 5) for the loading
case 1 and the coil geometry of fig 6).

The loading cases correspond always to the maximum current flowing
in the coils. All the coils of the fig. 2 are included in the computation of
the forces.

The maximum forces are underlined. The cases 11 to 14 correspond to
current configurations that maximize the vertical force on the F coils.
The forces on the other coils are not indicated, they are smaller than
the maximum underlined forces.




+ + o+ o+ o+ o+ o+ o+ + o+ o+ o+ - - - - 0

- - - - +  + o+ o+ S - - - - +

¥4 uo "xew Z4 + o+ o+ o+ o+ - . + o+ o+ o+ o+ - - - +

£4 uo ‘xew Z4 + + o+ o+ o+ o+ - - + + o+ o+ o+ o+ - - +

24 uo ‘xew Z4 + + o+ o+ o+ o+ o+ - + + o+ o+ o+ o+ o+ - +

L4 uo ‘xew Z4 + + o+ o+ o+ o+ o+ + + o+ o+ o+ o+ 4+ o+ +

'vd ‘ed 4ns "xew 1y T + o+ o+ o+ o+ o+ o+ o+ +
24 ‘14 ins ‘xew 14 - - - - - - - - + + o+ o+ o+ o+ o+ o+ +
+ + o+ o+ o+ o+ o+ 4 S +

+ + o+ o+ - - - - + 0+ o+ o+ o+ o+ o+ % +

+ + + o+ - - - - + 4+ o+ o+ + + o+ o+ +

+ + + o+ - - - - + + + o+ - - - - +

+ + o+ o+ - - - - + +  + o+ - - - - +

d D uo ‘xew 1424 + +  + o+ + o+ + + + + + o+ + + o+ + +

gl

Sl

v

et

[N

[

as

ae

ac

s)yleway

84 Ld 94 64 vd e4 24 14 83 L3 93 S3 v3 €3 z3 13 Qdog v

s8sed buipeo] : g 9|qe]l

68°€9L eid



6ve |-

G98°0-

‘(e 'By) uolosuuOdIBlUL |BOIIIOB|S N1BY) JO 8SneO8q S[102

d pue D 8y} 10} 8nJ} Jou 1BABMOY SI SIY] [100 JBY} UO luaLInd

ey} Buisianas Ag paloAul 8q ued 100 B UO S82I0} |EOISA 8Y]

‘sBuipeo| juaund

|jeoulaWwWAs 10y InQ $4 O} L4 S|I0D 8y} UO S3DJ0} WNWiXew ay)
Uey} swes ay} aJe g4 O} G4 S|I0D 8Y} UO S82.0) WNWIXeW 8y} : Mewasy

0'b- €2°L- ¥0°k- 10°L- G8L°0- ¥16°0- G89°0- G2'I- | 84
€61°0- 2620 820°0- 98+°0- §50°0- 2LL'0 GS€'0 6820 2/v'0 vy2 0-| Ld
L1G70- [2€0 ¢8¥'0- LS'0- 625°0- €LE€0 OO0 2SY'0 +50 9€9°0-| 94
65€°0  S9'} B0E'0 992°0 €820 LL'b  GLL S8 681 €20 | Gd
LELO- [9°L- TEF 80€°0- 992°0- €82°0- €87}~ 6/°}- 16°k- /8L~ €2°0- | vd
6890 89€°0- &F ¢8¥'0 L[S0 6250 SSS°0- L9¥'0- L8S0- 66%°0- 9€9°0 | £4
Lg2'0 82v0- ELT 820'0 981°0 ¥SS0°0 L6S'0- ¥L¥'0- ¥2S0- +¥E0- ¥¥e 0 | 24
S€eL 1290 8T 0k €2h  v0'L 9850 S920 G900 680 S2L | L4

0  ¥02o 0 v.€0 2,0~ 0 9890- 0 8290-%160-|¢2aq
0 S50 0 v/e'0- 2,0 0 9¥L°0- 0 182°0- ¥I60 | La
0 2oso- 0  ¥9°0- 109°0- 0 S060- 0O 858°0- TOF- |29
0 6850 0  ¥9°0 1090 0 6¥Y20 0O €880 TOF | L2
91 Gl VL gL 2L LE 49 9 S ag € ag 4 | 24
[NW] U S83i0) Teonisp ¢+ v 9jqel
68°€91 Ul vid



68°¢91 1wl

siLd

G60°0 060°0 ¢cl'0 EYFO €800 €€0°0 LLO'O 6200 8000 8900 | 84
€00 LLO'O 6E€L°0 ¥FO LHO 9200 S200 G200 €200 600 | 24
S0 6S0°0 b'0 S0 €0 G000 SIOO LEO'O Le0'0O LOLO | 94
¢ch'0 L¥0'0 5910 €SL°0 ¥L'0 0LO'0- 2000 6000°0 €L0'0 20L'0 | G4
€EL'0 v20'0 G9F0 €SO0 ¥L'0 ¥90°0 2S00 €¥0'0 €00 2O0LO | tvd
§eL’'0 Iv0'0 910 SH0 €L0 ¥.00 ¥90°0 6v0°0 6E0°0 LOL'O | €4
21’0 8¥0°0 6€L'0 ¥YFO LL'O ¥$Z0°0 GL0°0 1S0°0 2500 600 ¢4
LL}'0 0€0°0 2cL'0 EYI'0 €80°0 S90°0 980°0 /Y00 8900 8900 | Ld
0 650°0- 0 ¥60°0- €L1°0 0 v.0°0 0 000 ¥II0 | zd
0 80°0 0 ¥60°0- €1L1°0 0 £€50°0- 0 S0°0- ¥IFO | L@
0 620°0 0 S00°0 9¢gt0 0 SEL0 0 €20 BFO |20
0 AV Y 0 S00°0 9€L'0 0 Lv0°0 0 8000 B8O 1O
91l Gl as 9 g q¢ € qe 4 I %4
[NIN] UT §39310F dooy s[isusl — © 6 3[qe]



Fhoop (N)

Fz (N)

Fig.

4

HOOP FORCES ON COILS C,D

16

40000
30000 - +
a
o a
a
20000 - + + x
o a a a
10000 - x X "
p ©
[ o °
0_
» »”®
-10000 1 T v T T
0 1 2 3 4
Turn nb.
AXIAL FORCE ON COILS C,D
200000
[0}
. Q
¥
X
+
100000 - 2
u
8
a
8
0 1 | | ]
0 1 2 3 4
Turn nb.

int 163.89

C Inner layer

C Middle layer
C Outer layer

D Inner layer

D Middle layer !

D Quter layer :

C Inner layer
C Middle layer
C Quter layer
D Inner layer
D Middle layer

D Outer layer

Forces on the C and D coils for the loading case nb. 1. The
xsection of the coils are divided as shown in the fig.6
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Forces on the F1 to F8 coils for the loading case nb. 1.
xsection of the coils is divided as shown in the fig 6 '

Fig. 5



18 int 163.89

COlLC COILD

Inner layer Inner layer

20

COILF

1 Jo
N 5

Fig. 6 Configuration used for computing the forces on the coils.

The coil xsection is divided differently than in the real coil for
computational reasons. This does not change the calculated net force
because the current density has the same value. The distribution of the
force within the coil has however to be scaled with the xsection of the
conductors. The turns have the same numbering for each layer.
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" 4) EVALUATION OF THE STRESSES.

In the table 6, the following stresses corresponding to the maximum
hoop forces (table 5) are given :

Ocu = F1/Swu : average tensile hoop stress in copper
Ge = Ocy- Ye/Yc : average tensile hoop stress in epoxy
insulation
T = (3—9%) -Omax : maximum shear stress in the insulation
cu -

parallel to the fiber glass tape in the region
of the electrical connection (at the electrical connection, the winding
is "open" and the hoop force is resisted only by shears in the insulation).
This shear is evaluated following the model described in int. 160/89. G
and Y are the shear and elastic modulus of, respectively, the insulation
and the copper, S;; the xsection of the conductor, p the copper-
insulation cemented perimeter, t the thickness of the insulation. and
Omayx the maximum hoop stress in the coil.

For the F coils, 3-D finite elements calculations have been conducted
to determine the stresses resulting from the bending of the coils in
between the 16 supports when a strong vertical load is applied. A
complete simulation with 36 turns and a cooling hole in the copper
conductor would require too many finite elements. Therefore, 3 simpler
coil geometries have been defined in order to compare the effects of the
model simplifications.

FE_a) The cross section is divided into 18 conductors separated by a
fiber glass reinforced epoxy insulation as shown in the fig. 7. The
symmetry of the problem allows to reduce the model to a 1/32 th of the
coil perimeter (including a half support). The circular shape of the coil
is taken into account, but there are no cooling holes to reduce the
number of elements. The load corresponds to the case 2 for the coil F5.
Each conductor is subject to its own vertical and radial forces.
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E _b) The cross section is as in F a) but with a cooling hole in the
conductor. The circular shape of the coil element is neglected which, by
symmetry, reduces strongly the number of finite elements. The load
corresponds to the same net vertical force than above but it is evenly
distributed on all the conductors.

F ¢) The model is similar to F b) but with 36 turns.

The stresses given in the table 6 are :

: the maximum Von Misses stress in the copper.

T, = (14,°+1,,%)"/2 : the maximum shear stress in the insulation in the
plane parallel to the fiber glass layers.

Ty : the maximum shear stress in the insulation
perpendicular to the fiber glass layers.

o : the maximum tensile stress in the insulation
parallel to the fiber glass layers

o, : the maximum tensile stress in the insulation
perpendicular to the fiber glass layers

The values listed in the table 6 give a consistent picture of the
stresses. 3-D finite elements calculations have not been done for the C
and D coils. However the maximum load on these coils is about half that
of the F coils. Therefore, it is not expected to have stresses larger than
those calculated for the F coils.

With the exception of t, all the stresses are within reasonable values
for the manufacturing technology foreseen for these coils. The
maximum shear =t at the electrical connections may require a_specific
design of the electrical feeds to reduce the shear value at around 10
MPa.
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Table 6 Stresses in the coils in MPa

C D F a) F b) F c)
Gy | 28.3 24.3 31.8 31.8 31.8
O, 6.13 5.26 6.89 6.89 6.89
T 21.9 18.1 16.8 16.8 16.8
Ocy - - 26.2 33 37.4
T - : 6.34 5.78 6.25
Tyy - - 0.85 0.36 0.36
o, : : 6.09 7.01 7.8
c, : - 0.48 0.49 0.45
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ANNEX TO INT. 163/89

Determination of the cooling parameters of the coils.

If not specified, all the parameters are as defined in int.163/89.

Reference : Heat, Mass, and Momentum Transfer
Warren, Rohsenow, Choi Prentice-Hall edition

Pr re dr
= 4.0MRe)-py-YE.lc 1
Ap MRe) - pw > ' d )
Vw = 0w/ (n- Sp) 2)
d=4-S,/Py is the hydraulic diameter, P, being

the hole perimeter

Leu/ N n being the number of cooling channels

le

A(Re) s the friction factor obtained from the attached graphic
Re = Vw'd / Vv 3)
v is the kinematic viscosity of water

For an helical coil of radius R the friction factor A is modified as
follow

A(Re) = Anelical = Astraight - (Re (=) 4)
2R
Energy balance
dw - Cw - pw- ATmax - tCmin = AEmax
AEmax = Ro- |§1ax - tPmax 5)

Rao = fes - Lew/Seu SCL;=hC'WC'Sh

0 = tPmax / tCmin
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Cooling_conditions.

The cooling system is set such that ATqhax , the difference in water
temperature between the coil input and output, is constant and the
water flow is such as to remove all the energy AEnax from the coil
during the cooling cycle of time length tcmia -

ling hole formul

Combining the relations 1) 2) and 5) gives :

d® = 32. MRe) - s - B - thax - (tPmax / tCmin)? 6)
n2 C& - pw- ATéax - Ap - S&y

This formula has to be iterated with :

SQ} =he-we - a®
. g2 (1)
Sg:} = hc'Wc - ‘1% — d(n)

To use this formula it is necessary to know the value of A(Re) .If it
is not the case, the formula has also to be iterated for A . Another
possibility is to use one of the fit shown in the graph such as :

A(Re) = 0.046 / (Re)%? 7)

(which should be valid in the domain 20000 < Re < 100000 for the
kind of pipe used) together with the relations 3) and 4). This gives
another formula for d :

0.15 . [2.85 2. 1.85
d4.75 = 0.14384' A4 IC ( rES lmax o ) 8)

p&,BS . (2 R)O1 . Ap Cw - ATmax . Scu
which must also be iterated as 6).

The TCV coil cooling parameters are computed using the formula
6) with a fixed friction factor : A(Re) = 7.1E-3. This value has been
obtained from similar coils designed for the TCA tokamak. A
comparison with the results obtained with 8) shows that 6) gives
a shlightly larger diameter and is therefore a safe design formula.

The values of v and ros are taken for T=50°C.
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