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SUMMARY: The adiabatic hot spot temperature for an all aluminum cond-
uctor with RRR = 1500 and 1885 was calculated. (All
aluminum means that the heat was generated by all the current
being in the aluminum and that all the heat was absorbed by
the aluminum.) It was also calculated for the CDF aluminum-
copper composite conductor. The hot spot temperature
calculated from the coil inductance and fast dump resistance is
several times higher than that calculated from the measured
quench current decay.

INTRODUCTION

From Martin Wilson’s book, “Superconducting Magnets’, page 201: The
heat balance per unit volume of coil is

Heat generated = Heat absorbed

J(T) p(e) AT = q C(8) do (1)
where T = time (s), ¢ = temperature (K), J = current density A/mz )
p = resistivity (l-m), 7 = density (kg/m"), C(#) = specific heat (J/kg-K)

An adiabatic analysis ignores the heat capacity of the liquid or gas helium in
order to give a worst-case estimate of the hot spot temperature.

If the conductor has i components in parallel
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When the conductor has three components, e.g. aluminum, copper and
superconductor, as the CDF conductor does, the heat balance equation becomes
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Separating variables and integrating Eq. 1 for a single-component conductor,
we get Wilson’s Equation 9.4:
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CALCULATE U(m) FOR ALL-ALUMINUM CONDUCTOR

This calculation ignores the presence of the aluminum and the
superconductor; all the current during the quench is in the aluminum and all
the heat so generated is absorbed by the heat capacity of the aluminum. A
later section will consider the more general case.

Figure 1 gives U(@_) for aluminum conductors of several RRR values.
The curve for RRR ~ 500 is copied from Wilson’s Fig 9.1. I calculated the
curves for RRR = 1500 and 1885 using p(f) and C(6) from the “Handbook
on Materials for Superconducting Machinery”. The CDF coil has a measured
RRR = 1885, The curve for RRR = 1000 was taken from CDF Coil Design
Note #69. It was calculated by Bob Kephart during the shop test of the CDF
coil in Japan; the results appear in his logbook without details--the calculation
seems to be in error. The curve for copper, RRR = 50, taken from Wilson
is included for comparison.

The details of my calculations are given in the appendix.

COMPARISON TO MEASURED U((@m)

The “MIITS” curve was measured for a 10-inch length of CDIF conductor
and reported in CDF Coil Design Note #869. Tge MIITS data were converted
to U(6 ) data by dividing the measured [I“(T) dT by the area of the
aluminditi component of the matrix [(21/23)(3.89 x 20 mm®)]. When plotted
on Fig. 1 the measured points do not seem consistent with the all-aluminum
calculation. They lie close to the copper, RRR = 50, curve. The slope of
the measured curve at 250 K is approximately that of the copper curve.
Obviously, this suggests that the all-aluminum sssuwmption may not be Justified
for the CDF conductor. Of course, there may be a systemic error in the
measurements--the experiment is not trivial.

CALCULATE U (@m} FOR COPPER-ALUMINUM MATRIX
In his Equation 9.4, Wilson defines the quantities 9, C, and p to be
“averaged over the winding cross-section”. To understand what this means, I

looked at the two terms in more detail.

Heal generation term

For a three-component conductor, the LHS of Eq. 2 is
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Noting that Jﬁp = Izp/A.z = Vzp/(pl)z = "%72/;3129 where v is the
terminal voltage, Eq. (7) becomes

‘z"" v 3 ! W -
Power/cond vol =573 WJ” ‘

Py - m 2.4 (\

Since ]’Al = ICu = 1.

Power/ cond vol = .Y

LU S
23 (5 ce) / (9)

Since p << pyg ( ), the superconducting contribution to the
heating can é’e xgnme(? Tbe 8ssumpt10n that

(21/23)(1)p ;) + (1/28)(1/pp,) = 1/py, (10)
is good to about 10%.

9 The energy generated per unit volume of conductor is approximately

Al P41(0) 4T.

This discussion shows that Wilson’s “average” is an average weighted by
the ratio of the cross sectional areas, The large aluminum to copper ratio
justifies my using only the heat generated in the aluminum for the analysis of
the CDF conductor.

J

Heat absorption term

The RHS of Eq. 2 for a three-component matrix is
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Power/cond vol = [(21/23) Ta1 Cap + (2/23) Tou Col 949 (13)

Energy balance equation for CDF conductor

The energy generated and absorbed per unit volume for the CDF
conductor is

2

PpT) p0(0) AT = [21/23) 715 Cu1(0) + (2/23) 16, Cgy(0)] d0 (14)
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Calculation of U(ﬁml for CDF conductor

I calculated U(6_) for the CDF conductor using Eq. 15 and RRR =
1885 aluminum; the details are in the appendix. The results are plotted in
Fig. 2. The calculation shows that the copper does have a slight effect on
U(6._), about 10 K at 100 K. It is clear that the apparent discrepancy
between the measured and calculated U(6_ ) is not alleviated by including the
heat capacity of the copper component of the matrix.

ESTIMATING 8,,, FOR A CDF QUENCH
guess

For a first guess I would estimate the LHS of Eq. 2 as [J9(T) =

- 2 ; e - . ) . . . ;
J@ L/?RD (Wilson’s Equation 9.65, pg 219) where RD is the fast dump
resistance, which is assumed to be much larger than the resistance of the
normal zone. For Zﬁf@ = 4500 A and with all the current in the aluminum, 5(@
]

= 4500 A/(21/23)(3.89 x 20 Xﬂ;lﬂz) = 63.34 Mﬁ/mg = 6334 A;’@:mzo The

time constant, vsing the calculated/expected inductance, L/ R@ = 2.4 H/0.076

Q= 31585 T
U, ) = [3 (1 3.34 x 10%%(31.5) = 7.80 x 100 A%

At this point in the design the conductor area ratio would be known,
but not the aluminum RRR. My first guess therefore would be to get @m
from U (@m) for an all-aluminum, RRR = 1500 conductor:

@m = 110 K for E@ = 4500 A and 195 K for 5000 A.

Second guess

When a piece of conductor became available, the MIITS curve was
measured. Using [J (T) dT from the first guess and the measured u(e.),
@m = 107 K for EO == 4500 A and 150 K for 5000 A.

The large difference between the measured and calculated U (@m) is bothersome
because it makes a 30% difference in 0, at 5000 A. -



Third guess

When the completed coil was cooled down to 4.5 K for the first time,
the resistance ratio of the coil at 10 K was measured to be 1885. A
calculation found in the appendix shows that if the RRR of the copper is
between 100 and 250, an aluminum RRR = 2015 explains this measurement.
The U(8_) for the composite conductor Wiﬁh aluminum RRR = 2000 would
have been calculated and applying the [J7(T) dT from the first guess 9m
deduced. In my calculation of U(@ ) for the composite I used p(0) for
aluminum RRR = 1885. My third giésses, § = 86 K for 4500 A and 145
K for 5000 A, are therefore slight overestimates.

Final guess

During commissioning, the CDF coil was fast dumped from currents
ranging from 1 to 5 kA. These tests were described in the paper at CEC-87,
“Advances in Cryogenic Engineering’, Vol. 31, p.187. The effective time
constant for dumps from 1, 1.5, and 2 kA was 30.9 5. This led us to
conclude that the coil was superconducting throughout these dumps. I
furthermore think that this observed time constant is a good way to calculate
the actual inductance: L = (30.9 s)(0.076 Q) = 2.35 H. ( I did not search
the test records for the inductance measured during a constant-voltage charge.)

The effective time constant observed during fast dumps from various
currents is given in Table 1. The current at which the quench actually
started was less that the curvent at the beginning of the fast dump. For
example, during a fast dump from 5 kA the current decayed to 4.6 kA before
a quench began. The 0_ given in Table 1 for a 5-kA dump are based on an
initial quench current of 4.5 kA, all of which is in the aluminum portion of
the conductor., The 6_ for dump currents between 2.9 and 4.5 kA were
based on initial gquench Shrrents taken from a linear interpolation between the
points 2 kA/0 and 5.0/4.5 (figure in the appendix).

NOTES AND CONCLUSION

1. The CDF magnet has no temperature sensors on the coil so it is not
possible to measure §m directly.

2. From Table 2 one can see that the heat balance method gives a
factor-of-two over-estimate at the design stage.

3. T do not have a real explanation for the difference between the
measured and calculated U(6_).
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Temperature, K

FIGURE 4.1,1-53, SPECIFIC HEAT VERSUS TEMPERA TURE

| 2 FOR AL UMIN UM AsiD o HC
,,,,,, h A (:‘\,{/»./ P ,

| e

- B A {

Ty 4.1.1-6 (11/74)

Co PP LT



Temperature, F

4 =450 =400 =300 ~|00 32
T10 ! | N

29

RRR - 100

[eN

RRR -1000

RER- 1500

RRR =3000

RRR ~10000
- ,_
e §EYD
i o L
1075 ] L1 g | N .
! 10 20 do 6o 100 300

Temperature, K
gc:s







" D

20

3856 .32
4O el

D0

. i - ; i i I ' Q“’

Mo pnits en M speafic head w  vesisdul 9. He

f BBt | @ hon P L (S 1" i @,% . hL i ASEH w7 £, Te ‘“’?‘@"”f R A

L st ddwecle. bfj Lavea! . | TThas iz reiy iffy . becadse.

- %&g};g‘eﬁ%&? e Hal | Reb | deod el wnlRply kg e Cemzdte
Aot |57l Sl ? Mt denshte 15 net  ft  Same. a.S_ emiw

’ e

e cevizvetir avad. .

(1) The units avel net 0lav  be pause | Bob does upt qive.

(D ﬂﬁ,,e;i;;?js/f PO X 3.5 mm) N R L I Rt /lgz T &0 107"




Mensured | UlOmax) : (0DF foil Desigr Nek 89 |
- R B o |

 Omay B 57 i iR

AT

1

gexlob 0% ¥ 10!
. |

o L lzass . Yede
AdE ST |

07 U DS -1 /S N B A ).
]2  3Se | 673

| SRS 7/ R B B 272

e

) ( P ek
o8 x 389 2156 TP

)
b
D é':vmmﬂ“m vom
-

T =Y
M‘%ﬂ Fm‘ T gm '"’77@: T H S Wi’ﬁ;l{’ a
GSOWE XD Vo




S
¥
o

123% 10"

: ARG |

BRI

o [l 107

¢ ‘,l%s«f

67

T
ESEN

ZL Uy Cpo

S %?3 o
Lo By T
TR
£

£
A
GO S N
[N
“‘"ﬁ:«,

=5
s
B

lolf
| 3.7
EET RS e
| 170
(3

lobb L

i
i

QKR
/45 & ::@

4

e

s 16§ X 10

0l30

Jzo2

FErry

4G X 197 K5/

I

Y




§5

[RyrEe
€TEL Ly MONI Ly OL o1



tornposite CDE | lm ety
&QZ?&} W RRE = (£S5 fv;ég(&_«{'sc,

3
<
o
3
—
A
b
L
=,
| R
2 |
|
L
“+
?ugw
s
-2
3
o
;gi%
D
%\N/E«.
\\
Te)
o
—




s

bo

oy
o

CDE

et

...........

=

Ca vt £

=D

Do

PR
)
By




=

oo

.
H
i’“"”*m
g
.

8
3

%—?
0
i~
I
Y

L B fen e

Pt s S PR e




i
.
-
~

IR

RO

e

\ (a?? : Zf/%% o ‘”zf@ /}

P{Lﬁ 53@@)“ w;? %/5%/@

“5‘3 ~ /O M‘% %Qj - Wi Z

(3 ’fﬁm) = lﬂi’% )

<

Sk o WA

(et s

T R e

— L6322 x 107

.
N e DA
S0 A A S vy

N@%\m :\

ﬁ@@é @%g’i}

Q é ‘ f/%g Y
g tey™ efn .
(1‘57 S &4 to //);‘ S, 4R A

b %)




]

% (oK) =

| ; o
@”f/iff%w (i FF7E = 81

‘ ?M/[@B f? . mw;/} v

(Thorawt ) (r2am") o4 (rasxwrt) o

N e T Y —
G IEE e ot 2264 KQQ*’Q’M&)
““““““ T “’W'm*“:‘““”“”“‘””:z"'“*~~—~~-~~~-w-..-mm_w_\_\_‘\mm“\
Qr/xﬁ /EQCJ\) D200
- . s WP e
- /Oﬂ Oﬁé’é T y, %0 sl L

Pre 19

— . %‘;;“ - e :
§?§ ?53‘ X4 742 géié% fﬁgﬁ@@g}‘g fﬁéﬁ:}

Dre ] = L 6TT 4 /0

S
g
B

2.3 f‘@mﬁ%

' k4
2, ©@rS ¥ IiD

Joro0b x0T

- o X

]



|

M
g({w /. /}3@@) ~

- 17 /{Q} :

2.920% (0 %@emﬁ) . ‘

b

sty A

Bty

CUAAL @f{«&m\

@M ffﬁffﬁi = 0O

=

/1 {}) | —

e ﬁwx” R rneeelesl o

//01@)

Zéé)e /0

P

z Q@ X0

(1)

-+ 5, 561/@”?’9@&(/0)

- BTN ;
{ ggiwi@ P%

Lol x 07 o

M/@ : "’7 '
., 2 Lp (4
8.52x/0 4 ), 062 & /0 ﬁ@a/)

= -1 & . L
; . %(Zﬂ

1

e
-

: - /A0S x JO
5. 421 0! ‘

pt

Ry

et

2

: B 72 . 4 %\
. I, N oy A & L R
and ool md B
£ ’ : o

_iol




