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A.SUPERCONDUCTING DIPOLE IlAGNET FOR THE UTSI MlD FACILITY 
. , --. 1 

S-T; Wang; R.' C; Niemann; .L; R. Tu.rner, L. Genens, .W. P e l c z a r s k i ,  
J,. Gonczy ,. J.. Hoffn~an, Y.-C. Huang, N.. l iodjeski, .  and E. -Kraft* 

ABSTRACT 

The Argonne Nat ional  Laboratory i s  designing and 
w i l l  bu i ld  a  l a r g e  superconducting d i p o l e  magnet sys- 
tem f o r  use i n  t h e  Coal Fired Flow l4HD Research 
F a c i l i t y  a t  the  Universi ty  of Tennessee Space 
I n s t i t u t e  (UTSI). Presented i n  d e t a i l  a r e  t h e  con- 
c e p t u a l  design of the  magnet geometry, conductor 
d e s i h ,  c r y o s t a b i l i t y  eva lua t ion ,  magnetic p ressure  
computation, s t r u c t u r a l  design,  c r y o s t a t  design,  and 
t h e  cryogenics  system design. 

I. INTRODUCTION 

The UTSI Superconducting Magnet System (UTSI 
SQIS) w i l l  c o n s i s t  of t h e  superconducting magnet, mag- 
n e t  c r y o s t a t ,  a  complete helium l i q u e f i e r l r e f r i g e r a -  
t i o n  cryogenic f a c i l i t y ,  a  magnet power supply,  an 
i n t e g r a t e d  ins t rumenta t ion  and c o n t r o l  system includ-  
i n g  a  computer f o r  magnet opera t ion ,  d a t a  a c q u i s i t i o n ,  
system s t a t u s  and d iagnos i s ,  and magnet p r o t e c t i o n .  

The UTSI SCMS w i l l  have an on-axis peak f i e l d  of 
6  T with an NllD channel warm a p e r t u r e  of 80 cm diame- 
ter a t  MtlD channel i n l e t  and of 100 cm diameter a t  t h e  
end of t h e  e f f e c t i v e  f i e l d .  The on-axis f i e l d  p r o f i l e  
is  shown i n  Fig. 1. The e f f e c t i v e  f i e l d ,  def ined a s  
4 .8  T a t  i n l e t  and 4.8 T a t  o u t l e t ,  w i l l  have a  f i e l d  
l e n g t h  of 3.0 m. 

The UTSI SCMS w i l l  c o n s i s t  of four teen  l a y e r s  of 
c i r c u l a r  sadd le  c o i l s .  The l a y e r  th ickness  wi.11 be 

J 
3.8 cm and t h e  winding bu i ld  w i l l  be 0.53 m.  S i g n i f i -  
can t  magnet system parameters a r e  l i s t e d  i n  Table I. 

..% . It is  recognized t h a t  t h e  UTSI SO1S must se rve  a s  
. .. a model wi th  t h e  design s c a l a b l e  t o  f u t u r e  l a r g e  Em 

magnets t o  be used i n  t h e  Engineering Test  F a c i l i t y  
(ETF) and i n  t h e  f u l l - s i z e  base load systems. The 
success fu l  experiences  gained i n  designing and f a b r i -  
c a t i n g  t h e  U.S. S C E I S ~  a r e  c a r e f u l l y  examined, u t i -  
l i z e d ,  and extended t o  improve t h e  cons t ruc t ion  
technique and t o  i n c r e a s e  t h e  r e l i a b i l i t y  of t h e  mag- 
n e t  performances. 

TABLE I 
Magnet System Parameters 

On-Axis MHD F ie ld  I n l e t  a t  4.8 T, Peak a t  
6  T, Out le t  a t  4.8 T 

E f f e c t i v e  Nagnetic Length 3 .0  m 
Ripple  Along F ie ld  Tape A 2.5% of On-Axis F ie ld  

' Cross-Sectional F ie ld  
Uniformity 52 of On-Axis F ie ld  

: C o i l  Winding Bore (Smallest)  119 cm 
a Co i l  Bore Tube Thickness 

(Thickest ) % 6.3 cm 
Winding Type C i r c u l a r  Saddle with 

Intermediate  Crossovers 
I Operat ional  Current 4000 A 
. Peak F ie ld  6.8 T 
I Winding Build 0.53 m 

I 
I ! Layer Thickness 3.8 cm 

1 No. of Layers ! 14 
: Ampere Turns 4000 x 3620 
. T o t a l  Conductor Length 39,000 m 
: Average Current Density % 3300 ~ / c m ~  i n  Copper 

. , 
1 . . 2000 ~ / c m ~  i n  Winding 
i C r y o s t a b i l i t y  0.135 w/cm2 

i 
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Stored Energy 168 W 
. Inductance 21 H 
Maximum ~ r a n s v e r s e  Force 29,706 kglcm 
4.2 K Cold Mass IJeight 124,078 kg 
4.2 K Cold Mass Dimensions % 3 .1  m d i a . x 5 . 1  m long 
Vacuum Vessel  Dimensions % 3.6 m dia .x6.4 m long 
T o t a l  Magnet Ideight '1. 156,348 kg 

11. COIL CONFIGURATION AND LAYER STRUCTURE 

The c o i l  c o n f i g u r a t i o n  and f i e l d  p r o f i l e  a r e  shown 
i n  Fig. 1. The magnet is  of t h e  c i r c u l a r  s a d d l e  shape 
wi th  four teen  l a y e r s .  The c r o s s  s e c t i o n  of t h e  c o i l s  
is chosen such t h a t  t h e  ampere-turns a r e  e f f i c i e n t  
whi le  reducing t h e  azimuthal  f o r c e  bu i ldup  on t h e  i n n e r  
l a y e r s .  

A Micar ta  c o i l  form s i m i l a r  t o  t h e  one used f o r  
. t h e  U.S. SQlS c o i l  f a b r i c a t i o n  i s  planned f o r  t h e  
sadd le  c o i l .  The c o i l  form w i l l  be 3 . 1  cm t h i c k  and 
s l o t t e d  t o  a l low i t  t o  conform t o  t h e  s u b s t r a t e  c i r -  
cumference. The s l o t s  w i l l  be f i l l e d  w i t h  g l a s s  beads 
and epoxy t o  s u s t a i n  t h e  curved shape.: 

The l a y e r  s t r u c t u r e  i s  shown i n  F ig .  2. Experi- 
ence with t h e  U.S. SQiS magnet f a b r i c a t i o n  has  shown 
t h a t  sadd le  c o i l s  a r e  b e s t  assembled by s p i r a l  banding. 
Therefore ,  each l a y e r  of c o i l s  w i l l  b e  assembled on t h e  
bore  tube by s p i r a l  banding of 3 .8  cm p i t c h  l e n g t h .  
The banding w i l l  cover 50% of t h e  c o i l  s u r f a c e .  The 
banding proposed w i l l  be 1.525 cm x 0.35 cm 7075-T6 
aluminum a l l o y .  Since t h e  b u r s t  f o r c e  s h a l l  be taken 
by r i n g  g i r d e r s  i n s t e a d  of bore  tube ,  t h e  banding w i l l  
be  s t r o n g  enough f o r  c o i l  assembly bu t  t o o  weak t o  
t ransmi t  t h e  b u r s t  f o r c e  t o  t h e  bore  tube.  The banding 
w i l l  be i n s u l a t e d  with e i t h e r  Formvar c o a t i n g  o r  Mylar 
t ape .  The banding i n s u l a t i o n  w i l l  be r e i n f o r c e d  f u r -  
t h e r  with 0.175 cm t h i c k  U-shaped pu l t ruded  f i b e r g l a s s .  
For t h e  c o i l  end reg ion ,  Micar ta  b l a n k e t s  0.175 cm 
t h i c k  w i l l  r e p l a c e  t h e  U-shaped pu l t ruded  f i b e r g l a s s .  
The blanket  w i l l  be s l o t t e d  l i k e  t h e  f i n g e r s  of an  out-  
spread hand i n  o rder  t o  provide free-f low l i q u i d  helium 
channels i n  t h e  c o i l  end. reg ion .  

111. CONDUCTOR DESIGN AND TURN-TO-TURN INSULATION 

An opera t ing  c u r r e n t  of 4000 A i s  chosen t o  mini- 
mize both t h e  winding c o s t  and t h e  induced v o l t a g e  i n  
t h e  winding should t h e  magnet become normal and a l s o  t o  
keep t h e  hea t  l e a k  requirements  comparable w i t h  cryo- 
s t a t  hea t  l eak .  

As  shown i n  Fig.  3 ,  t h e  s e l e c t e d . c o n d u c t o r  w i l l  b e  
3.10 cm high wi th  conductor th ickness  vary ing  accord ing  
t o  f i e l d  grades.  The turn- to- turn i n s u l a t i o n  w i l l  be  

a ' p u l t r u d e d  f i b e r g l a s s  wi th  keystoned c r o s s  s e c t i o n  a s  
shown i n  Fig. 3 .  The keystoned f e a t u r e  e l i m i n a t e s  t h e  
t ed ious  l abor  of i n s e r t i n g  c o r r e c t i o n  wedges dur ing  t h e  
c o i l  winding and a s s u r e s  b e t t e r  s a d d l e  c o i l  q u a l i t y  

i than t h e  U.S. SQIS. 

a , A peak f i e l d  of 6.8 T occurs  on t h e  innermost  
I l a y e r  of t h e  magnet, on t h e  s a d d l e  of s u b c o i l  1A (See 
: . F i g .  2) which i s  near t h e  high f i e l d  c r o s s  s e c t i o n .  
! ' 

The conductor w i l l  b e  graded i n t o  t h r e e  g rades .  
; The high f i e l d  grade w i t h  a  s h o r t  sample of 4500 A a t  
' 7.5 T w i l l  cover conductor wi th  6 .8  T peak f i e l d .  The 

medium f i e l d  g rade ,  w i t h  a  s h o r t  sample of 4500 A a t  
. 6.5 T ,  w i l l  cover 6.0 T peak f i e l d  and t h e  low f i e l d  

. g r a d e ,  4500 A a t  4.5 T, w i l l  cover 4.0 T peak f i e l d .  
] The cur ren t  d e n s i t y  i n  t h e  conductor ,  a t  4000 A ,  is  
" 

3140 ~ / c m ~ ,  3310 ii/cm2, and 3450 ~ / c m ~  f o r  h igh  f i e l d  1 .  
grade,  medium f i e l d  grade,  and low f i e l d  g rade ,  respec-  / t i v e l y .  The o v e r a l l  c u r r e n t  d e n s i t y  i n  t h e  c o i l s  i s  

: assumed t o  b e  2000 ~ / c m ~  i n  t h e  f i e l d  computation. 



\ . . .  . -. . .. . 
. - 

:. IV. CRYOSTABILITY EVALUATIONS .'- , 
The design of conductor, turn-to-turn insulation, 

and layer structure allows a 50% edge cooling and more 
than 50% internal face cooling. The conductor is 
cryostable with a required steady state heat transfer 
of 0.14 w/cm2. This low heat flux assures the uncon- 
ditional stability for the UTSI S M S  superconductor. 

The cryostability of the conductor is enhanced by 
the cooling channels. Recovery current for two con- 
ductors was studied. With the same amount of super- 
conductor and otherwise the same except for the height 
of 2.54 cm and 3.10 cm, the computation ignores turn- 
to-turn heat transfer, which should make the recovery 
current even higher. 

Further calculations show that the 3.10 cm high 
conductor is absolutely cryostable with a recovery 
current of 4080 A; that is, with such a current, the 
conductor will recover from a perturbing heat flux of 
any given magnitude and any extent in space and time. 
This absolute stability assumes an adequate replenish- 
ment of liquid helium coolant; recent experiments at 
~r~onne2 suggest that adequate replenishment does in 
fact occur. Under various conditions, the recovery 
currents for both the absolute stability and condi- 
tional stability are computed as shown in Fig. 4. 

V. MAGNETIC FORCES AND NAGNETIC PRESSURES 

The conductor in the high field cross section A-A 
in' Fig. 2 exerts a force of 30,000 kg/cm outward on 
the girders; a force of 26,385 kg/cm pushes the two 
halves of the magnet together. The radial magnetic 

:.pressure per 5' azimuthal increment totaled over 14 
I .  coils and the accumulated azimuthal pressure for each 

layer, calculated in the high field cross-section is 
shown in Figs. 5a and 5b, respectively. 

A decentering force of 0.2 x 106 kg resulting 
from the asymmetric field distribution, is supported 
by the high field end flange and the step in the cold 
bore tube. 

VI. MECHANICAL DESIGN 

A series of outer ring girders form the contain- 
' ment structure for the lateral burst force. Each ring 
girder, as shown in Fig. 6, is made up of four circu- 
lar segments, each subtending a 45' angle. These seg- 
ments are connected to each other by pins utilizing an 
offset finger arrangement to interlace with adjacent 
segments and provide sufficient shear area of the 
pins. 

The predominant stress in the ring girder sec- 
' tions is a bending stress. The bending of the ring 
girder causes its diameter parallel to the field 
direction to shorten. However, force transmission to 

: the bore tube due to this shortening is avoided by 
providing a predetermined gap between part of the 

. , inner surface of the ring girder and the outer surface 
of the filler layer. 

Over the effective field region, each of the 
eleven ring girders is made up of two stainless steel 

, segments adjacent to the coil and two aluminum seg- 
I ' ments opposite to the coil. The cross section of the 

stainless steel segment is an I-beam, while that of 
t the aluminum is a solid rectangle. The maximum stress 
in the peak field region is 2.4 x lo6 ~ / m ~  (49 kpsi) 
in the stainless steel and 1.7 x 106 ~ / m 2  (35 kpsi) in 

, the aluminum. 
I The bore tube, as shown in Fig. 6, will either be 
I completely forged 316 L stainless steel or the forged 
' 316 L stainless steel in the tube section and the end 
I flange cast of 316 L from ACI Gr. CF3PfA. The end 
1 flange is an annular plate reinforced with radial ribs 
; and supported at the inner boundary by the bore tube. 
1 The bending moments transferred by the end flanges to 

the bore tube are supported by providing ribs on the 
bore tube section outside to the flange. 

VII. CRYOSTAT, COLD EMSS SUPPORT, COOLDOWN, CRYOGENICS 

The cryostat will be designed with a liquid nitro- 
gen shield'and multilayer superinsulation. The heat 
leaks of the helium vessel will be 13.4 W. The 124 
metric tons of cold mass is supported at each end by 
four epoxy fiberglass tension supports. The conceptual 
cryostat configuration is shown in Fig. 7, and the 
cryostat design criteria are listed in Table 11. 

The cold mass support system will employ low heat 
leak fiberglass composite tension member-type support. 
The support members will be heat intercepted at an 
intermediate point by thermal connection to the thermal 
radiation shield. The support system will be config- 
ured with four support hangers affixed to each end of 
the extended cold bore tube. The connection to the 
cold bore tube will be by means of an extension of the 
cold bore tube. This eliminates the welding of support 
.lugs during assembly and additional loading of the end 
flanges. 

In order to avoid the development of potentially 
high thermal stresses due to differential contraction, 
during cooldown and warmup, between the high mass cold 
bore tube and coil assembly and the relatively low mass 
helium vessel shell, the rigid end flange of the helium 
vessel will be terminated at the outer boundary of the 
coil assembly and a.thin shell will then connect the 
outer shell of the helium vessel. The thin shell will 
act as a membrane and will flex to compensate for pos- 
sible differential contraction. In addition, the thin 
shell will have formed into it during manufacture an 
annular corrugation for enhanced axial flexure. 

A refrigerator/liquefier will be employed to cool 
down the magnet cold mass from 300 K to approximately 
15 K, to initially fill the helium vessel by direct 
transfer to the helium vessel and to provide liquid for 
the steady state operation of the magnet system. The 
refrigeration capacity will be as required by the mag- 
net cooldown period. The liquefication capacity will 
be 50 L/ht; i.e., approximately three times the esti- 
mated total ~ H e 4  average use rate. Multiple com- 
pressors will be employed to provide for maintenance 
and operating downtime periods. 

The liquid for the steady state operation of the 
magnet system will be stored in and transferred from a 
single intermediate ~ H e 4  dewar. The dewar will be 
equipped to receive liquid from the refrigerator/ 
liquefier and external supply dewars. The capacity 
will be 7500 L; i.e., approximately 1.6 times the mag- 
net cryostat L H ~ ~  inventory. 

Cold bore tube and coil assembly will be cooled . 
by supplying gas to four axial distribution manifolds 
located on the surface of the bore tube. The cooling 
will then be by outward gas conduction through the 
helium channels in the conductor. The ring girders 
will be cooled through tubes imbedded in or otherwise 
in good thermal contact with the girders. Manifolding 
will permit the cooling helium gas to be divided among 
the coil region and the girders as required. 

VIII. POWER SUPPLY INSTRUMENTATION AND CONTROL 

The magnet power supply will have an output char- 
acteristic of 20 V-4000 A. A 0.05 R dump resistor 
submerged in a water tank will be used to safely dis- 
charge the 168 MJ magnet energy in the event of emer- 
gency. Therefore, the fast-time constant for charge 
will be about 70 min and the fast-time constant for 
discharge will be 7 min. The maximum discharge termi- 
nal voltage will be 100 V with respect to the grounding 
center tap of the energy dump resistor. 

The system will incorporate an integrated control 
system. The control system will provide functions for 



both normal operation and the various fault conditions. 2. J. Harrang, S-T. Wang, Y-C. Huang, L, R. Turner, 
-.- A computer will be employed to permit programming of and J. W. Dawson, "Stability Simulation of Cryo- 

cooldown, magnet energization, etc. A data logging stable Superconductors Under Transient Mechanical 
feature will be included along with facilities for data Perturbations," (to be submitted to this 
storage, transmission, and printout. Conference). 

Parameters to be maintained include the following: 
Voltages within the magnet, current, accelerations, 
temperatures, gas flow rates, cryogenic system opera- 
ting points, liquid levels, and structural loading.' 

TABLE I1 
UTSI SQlS Cryostat Parameters 

4 I. He Vessel 
A. Design Pressures 2.45 x lo5 N/m2 (50 psi) 

internal. 1.03 x 105 N/m2 
(15 psi) external and 
2.07 x 105 N/m* (30 psi) 
at device relief 

B. Weight Total 124,078 kg 
1. Conductor 40,905 kg 
2. Bore tube and 

end flangcs 11,817 kg 
50,000 kg 3. Ring girders 

4. Helium vessel 
outer shell 7,090 kg 

5. Coil form, coil 
end filler and 
blankets . 7,135 kg 

6. Banding 1,363 kg 
7. Insulator 1,227 kg 

C. Heat Loads 13.4 W or 19 L/h 
D. Liquid Helium 

Inventory 4710 L - 
11. Thermal Radiation Shield 

A. Type .. Conduction cooled with 
load into LN2 reservoir 
multilayer insulation on 
both sides 

B. Weight 2000 kg 
C. Heat Loads 135 W or 3.2 L/hr 
D. Material 304 SST and copper 

111. Vacuum Vessel and Support 
A. Design Pressures 1.38 x lo5 N/m2 (20 psi) 

internal, 1.03 x 105 
N/m2 (15 psi) exte nal E and 1.38 x 105 N/m (20 
psi) internal pressure 
emergency vent 

B. Weight 30,270 kg . 
C. Material 304 SST 

IV. Dynamic Loading . . 
A. O~eratina 

0 I I I 4 1 
LCHGTH ALONG AXIS IN VLICRS 

- 
1. 3 n vertically down 
2. 1 g verticall; up 
3. '1 g lateral 
4. '1 g axial 

; B. Shipping 
1. f1 g vertical 
2. 21 g lateral 
3. fl g axial 

. . 
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