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Designs for 25-kA and 40-kA Vapor-Cooled Bi2223/Copper Leads with
the Bi2223 Section Operating in the Current-Sharing Mode

Haigun Lee*, Ho Min Kim*, Yukikazu Iwasa* and Keeman Kim**

Abstract - This paper presents reference designs for vapor-cooled HTS/Copper leads rated at 25 kA
and 40 kA and that satisfy a protection criterion. Each HTS section is cooled by the effluent helium
vapor boiling from a 4.2-K bath. Each HTS section is based on a design concept in which a short por-
tion of its warm end (77.3 K) operates in the current-sharing mode; such operation results in a consid-
erable saving for HTS materials required in the HTS section. Two designs of “fully superconducting”
vapor-cooled HTS sections, one rated at 25 kA and the other at 40 kA are also presented as comparison
bases for the new HTS sections. Each warm end of HTS sections is coupled to an optimal vapor-cooled
copper lead rated at the same current as that for the HTS section. The extra coolant required at 77.3 K
at the coupling station, an optimal length of the copper section will be shorter than that optimized for
helium-vapor cooling between 4.2 K and room temperature.

Keywords: high-temperature superconducting (HTS) current lead

1. Introduction

A “large-scale” superconducting magnet, cooled in a
bath of liquid helium, generally operates at a current in
the range 5-50 kA. High-current vapor-cooled leads
based entirely on copper are well established and readily
purchasable from vendors. However, since the discovery
of high-temperature superconductors (HTS) in the 1980s
it has been agreed that replacing the cold section (4.2-
77.3 K) of a vapor-cooled copper lead with an HTS sec-
tion would substantially reduce the total heat input of the
lead to the 4.2-K bath. Hull has classified altogether 11
types of lead configurations depending on how each
HTS/normal-metal lead may be coupled [1].

In this paper we present reference designs for vapor-
cooled copper/HTS leads rated at 25 kA and 40 kA,
based on a design concept in which over a short length at
the warm end of the HTS section is operated in the cur-
rent-sharing mode [2-4]. The current-sharing mode op-
eration of for our HTS sections, each comprised of paral-
leled Bi-2223/Ag-Au tape, results in a significant saving
of the superconducting materials (Bi-2223/Ag-Au)
needed to construct the HTS section compared with that
of a HTS counterpart that operates fully superconducting
over the entire HTS section.

Altogether eight designs are presented, four each for
the two rate currents. Of the four designs at each rated
current, the first is for a fully superconducting (FullSu-
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per) version, presented here as a base line for the three
remaining “current-sharing” (CurShare) versions. Also,
for each rate current, the cold-end heat input, Q, , of

each of the three CurShare versions is set equal to that
of the FullSuper counterpart. The required quantities of
Bi-2223/Ag-Au for CurShare versions chosen for the
study are ~70%, ~60%, and ~50% of the FullSuper ver-
sion rated at the same current.

Strictly speaking, both LTS and HTS are dissipative
when carrying a current, AC or even DC, albeit at rates
much smaller than those for normal metal. Therefore, all
HTS leads may be considered resistive. What distinguish
our HTS lead from other HTS leads are: 1) design prem-
ise; and 2) degree of dissipation. Thus, our HTS section
is deliberately designed to operate, though only over a
small portion at the warm end, in the resistive mode with
its Joule dissipation rate roughly of the same order as
conduction heat flow from the warm end to the cold end,
the sum of which is balanced by the effluent helium
warming from 4.2 K to 77.3 K. In contrast, fully super-
conducting HTS sections dissipate Joule heat at most in
the milliwatts range and the effluent helium devoted en-
tirely to balance the conduction heat.

in 2

1.1 Basic Configuration

Fig. 1 shows a schematic drawing of the configuration
of our vapor-cooled HTS/Copper lead that spans from 4.2
K (liquid helium) to room temperature (293 K). The lead
is comprised of an HTS section which is coupled to a
copper section at the 77.3 K station. As stated above, the
HTS section comprises of paralleled Bi-2223/Ag-Au
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tapes, each of active length /. The HTS section injects
heat, Qi,, into liquid helium, generating effluent helium
vapor, of mass flow rate iy, , that absorbs over its tem-
perature range, most of conduction heat and Joule dissi-
pation generated in the current-sharing part of the HTS
section.

Between T; and room temperature, the HTS section
rated at I; is coupled to an optimal vapor-cooled copper
section rated also at I,. Because (Q;, of the HTS sec-

fion is necessarily smaller than that of an optimal vapor-
cooled lead rated for the same rated I;, the helium flow
rate ry, generated by the HTS section is insufficient
for the Cu section. The extra coolant is thus introduced at
the 77.3-K station, as indicated in Fig. 1. Note that an op-
timal vapor-cooled copper lead is designed to transport
stably at a minimum LHe boiloff rate. The cold-end
heat into the bath of an optimal vapor-cooled copper lead

operating between 4.2 K and room temperature is
~IW/kA or ~25W for an optimal 25-kA copper lead and

~40W for an optimal 40-kA vapor-cooled copper lead [5].

1.2 Unique Features of HTS Section

There are two unique features in our HTS section.
1) Its @, the cold-end heat input, may be set either

equal to or less than that of a FullSuper counterpart. Note
that in either our or FullSuper version, Q; can be set at
a fraction of that for an optimal vapor-cooled copper lead
of the same rated current.

2) If desirable the quantity of Bi-2223/Ag-Au tape
may be selected to be a fraction of its FullSuper counter-
part.

2. Reference Design for 25-kA and 40-kA HTS
Sections

The design procedure for four versions each of 25-kA
and 40-kA leads, a FullSuper and three CurShare ver-
sions, 1-3, are described first.

2.1 Design Procedure-Iteration 1

Given below is a step-by-step procedure for design of
the four HTS sections. In Iteration 1, a protection crite-
rion is not included in the design; it will be included in
“teration 2.

Step 1: Parameters of Bi-2223/Ag-Au Tape Key pa-
rameters of Bi-2223/Ag-Au tape are: 1) overall dimen-
sions: width; thickness; and Bi-2223 filling (volume,
in %); 2) critical currents in self field: i.(;) and i.(Tp),

3) Ag-Au alloy: Au content; cross sectional area, a,,; 7-

averaged thermal conductivity, km, in the range Tp-Ti;

these parameters of Bi-2223/Ag-Au tape manufactured
by and T-averaged electrical resistivity, 7, . Table 1 pre-
sents American Superconductor Corp. (AmSC).

Room Temperature (293K)

COPPER SECTION

COOLANT

HTS SECTION

Fig. 1 Schematic drawing of a vapor-cooled HTS / Cop-
per lead with HTS Section couple at 77.3 K to
Copper Section.

Table 1 Parameters of AMSC Bi-2223/Ag-Au Tape

Parameters Value
Overall width [mm] | 4.064
Overall thickness [mm] | 0.203
Bi-2223 filling (volume) [%] | 42
Au content [wt%] | 5.3
Ag-Au cross section, a; [mm?] | 0.479
{ atp (1ape cross section)} [mm?] | 0.825
io(T} ) (@773K @B, =02T) [A] | 100*
ic(Th)(@42K @B, =0.2T) [A] | 500t
tm (4.2~77K) [W/em K] | 0.327
Pm (4.2~77 K) [uQcm] | 1.0

* 1-uwV/em criterion. 1 Estimated.

Step 2: Bi-2223/Ag-Au Quantity Because I.(T}) =
Nyic(Ty), where I.(Ti) is the critical current at the
warm end and Ny, is the number of paralleled tapes and
ic(T; ) =100 A, values of N, are 250 (25 KA) and 400
(40 kA) for FullSuper versions. For CurShare Versions
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1-3, Ny ’s are, respectively, 70%, 60%, and 50% of 250
and 400.

Step 3: Current-Sharing Temperature Once i (T} )
is selected, the current-sharing temperature, 7., , may be
determined. For this, it is assumed that 1.(T)= Nyic(T) is
a linear function of 7, decreasing linearly from
I(Ty) = Niyic(Ty) to ic(Ty ) . From this linear function, we
may determine T, at which point I; =1.(Ts) .

Step 4: Design of FullSuper Version First, design a
FullSuper counterpart for a given combination of Qj,
and I, which are related by:[3,4]

Q" - km’émhL ln CP(T; ~Tb)+1 (1)
Cpl h

In Eq. I Anis the total cross sectional area of the Ag-

Au alloy, given by Ayn = Nyan . Note that by definition

Np =11/ic(Ti ), because the FullSuper HTS section, carry-

ing I, is superconducting even at the warm end (T;).
For rated current of 25 kA and 40 kA, because
ic(Ty) =100 A, values of Ny, are, respectively, 250 and
400.

With h;, =204 J/g (liquid helium at 42 K); C,=
5.280 J/g:K (helium vapor, 4.2~80 K); 7p= 4.2 K; and

=77.3K, avalue Qi, of may be computed from Eq. 1
for a given choice of 7. For ! =20cm: Qy;=0.199 W
for 25 kA and 0.319 W for 40 kA. Because standard
America Magnet Inc. (AMI) vapor-cooled copper leads
rated 25 kA and 40 kA have (, values, respectively, of
~30W and ~48 W, the corresponding HTS/Copper leads
reduce Qi from those of the copper leads by a factor
more than 100.

Step 5: Protection Criterion Before proceeding fur-
ther, it is appropriate at this point to introduce a protec-
tion criterion in the design. Here we review a fault-mode
scenario for protection of a vapor-cooled current lead:

flow stoppage.

We may analyze this condition by assuming the adia-
batic condition in which Joule heating is converted to
raising the lead temperature: [S]

P n (T) ] m (t) Ctp (T)

where p(T) and [ (t) are, respectlvely, the resistivity
and current density of the matrix; Cg(T) is the heat ca-
pacity of the tape (Bi-2223 and Ag-Au); and T (t)is the
matrix temperature. Based on the assumption that
Criz223(T) == Cupa(T), with the 58 %/42 % = 1.38 to take

into account the volumetric ratio of this tape, we may as-
sume Cy,(T) == 1.38C,(T) and integrate Eq. 2 in time
and temperature as given below:

1 C (T)

Dar 2132 ET)

[72wdt=1. 38j

P
where AH, (T, Ty is the total change in enthalpy of the
matrix between T; and T The second approximation of
Eq. 3 is valid for alloys whose resistivity is nearly con-
stant over this temperature span. The left-hand side of Eq.
3 may be divided into two time segments, first between ¢
= 0 (start of flow stoppage) and r = 14, (delay in dis-
charge action), and second between ¢ = T, and ¢ = Ty, +
Tas,» Where Ty, is the exponential discharge time constant.
From Eq. 3, we may derive a protection criterion for an
HTS section:

AH \T; T
Jr%wfdel +%J,%,o‘td,‘s S1.38% 4
m

where J,,, = I/A,, is the matrix current density in at 7 = (.

We apply Eq. 4 to the FullSuper HTS section, which
for A, = 250a,, = 1.20 cm® (25 kA) and A,, = 400a,, =
1.92 cm’ (40 kA) has a value of J,,, = 20.83 kA/cm’. The
left-hand side of Eq. 4, for 14, = 5 s and 14, = 15 s, for
example, is thus 54.2x10% A? s/em®.

With T; = 77 K, Ty =200 K, and §,, = 1x10-6 Qcm,
the right-hand side of Eq. 4 is 3.6x10® A%s/cm® for the
enthalpy and density of silver. Clearly, the protection cri-
terion of Eq. 4 is not met even by the FullSuper version,
rated at 25 kA and 40 kA. This obviously implies none of
CurShare versions 1-3 would meet the protection crite-
rion.

2.2 Design Procedure - Iteration 2

Step 0: Parameters of Bi-2223/Ag-Au Tape The pa-
rameters of Bi-2223/Ag-Au tape are identical to those in
the Iteration 1 design given in Table 1.

Step 1: Protection Requirement—lLeft-Hand Side of
Eq. 4 Because even the total matrix cross sectional area
of 1.20 cm? (25 kA) and 1.92 cm? (40 kA) for the Full-
Super HTS section are utterly inadequate to satisfy the
condition of Eq. 4, it is necessary to introduce in each
HTS section an additional normal metal (NM) element,
thereby to reduce J,,. The total NM cross section area,
A,n, may be determined from Eq. 4. By neglecting A,,
we may express the left-hand side of Eq. 4 as:
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= Tdel+l L) Tiis = = (Tdel""l‘fdi:j )
A, 2| A, 4, 2

Right-Hand Side of Eq. 3 This normal metal must
have the following properties.
1) Low T-averaged electrical resistivity, g, . Note that

a low value of p,, will enhance the right-hand side of
Lq. 4.
2) Low T-averaged thermal conductivity, T . Note

that ky,, will appear in a new expression for Q, simi-
lar to Eq. 1.

3) Common material and readily available in tape form.

4) Easily solderable to Bi-2223/Ag-Au tape.

A potential candidate for this metal is brass, key prop-
erties of which are as follows.

1) Pum = 2.84x10° Qcm in the range 77-200 K;
2.25x10° Qcm (4.2~77 K) [4].

2) knm =0.35 W/K-cm in the range 4.2-77 K.

Approximating brass (Cu-Zn) as copper, we obtain for
T;=77TKand T; =200K:

2
1 1
[—A"'m ) (T,M +5rd,.x]s1.14x108[A2s/cm"] ©®

With 1, = 5 s and T4, = 15 s: A,,, = 8.28 cm? for 25-
%A and 13.25 cm’ for 40 kA lead. These are also applica-
ble to CurShare versions 1-3.

Step 2: Bi-2223/Ag-Au Quantity The numbers of
tapes in a FullSuper version and the new 6-kA leads are
the same as those of the Iteration 1 design.

Configuration Because this extra NM element re-
¢uired by protection should also be vapor-cooled and be-
cause Bi-2223/Ag-Au is in the form of paralleled tapes,
this too should be in the form of paralleled tapes, each
KM tape soldered preferably soldered to each supercon-
ductor (SC) tape to enhance heat exchange performance.

Dimensions of NM Tape A thickness of 0.508 mm is
chosen for each NM tape. The width, same for 25-kA and
40-KA sections, varies according to Ny, and Ay, .

For FullSuper versions it is 16.3 mm for both 25 kA
and 40 kA; for CurShare versions 1-3, they are, respec-
tively, 23.3, 27.2, and 32.6 mm.

Step 3: Current-Sharing Temperature This step is
identical to that in Iteration 1. For CurShare versions 1-3,
values of T, are, respectively, 72.2, 65.1, and 59.0 K, for
25 kA and 40 kA sections. For the FullSuper versions, a
value of 77.3 K may be assigned, implying, by definition,
existence of no current-sharing region in the FullSuper

versions.
Step 4: FullSuper Version With this normal metal in-
cluded, Eq. 1 is modified to:

Qi = (E”‘A”' +~E”'"A"'" )' L ln|: Ce(n _T°)+1} N
Cpl L

Equation 7 gives: Q= 1.90 W for 25 kA and 3.04 W
for 40-kA, nearly 10 times greater than those computed
in the Iteration 1 design. The new values of i, are still
less than 1/10 those of corresponding AMI standard va-
por-cooled copper leads.

Step 5: Current-Sharing Regime The current shar-
ing regime spans fromz =/ toz=1(Tpisatz=0and 7,
at z =[). Normalized to /, z becomes &, [ to 1, and [ to &,
As detailed in earlier papers [3,4], £, may be determined
by satisfying the following equation, in which the only
unknown is &, for a given set of o, and B, defined be-
low :

42 S

i {ﬁm(l—ém)}zﬁm(e"“—1)(T,—Tm) ®)

“ sin o
aCSe : (T‘CS —]:))

cs

where

Ocs = 4= MheCflm =In cp (Tcs — TO) +1 (9)
(kmAm + knmAnm) hL

Because of the presence of the normal metal element,
B. is modified [3,4]:

fm ‘ _ dll—te) ke (10)
Voot tenund Bt Bl T-Te9) 4| oot

Step 6: HTS Section Length The total HTS section
length, /, may be given by I = /€, where £ is deter-
mined from Eq. 8 and [, is determined from the first ex-
pression of Eq. 9 for a given value of s, which is
equal to Q./h;.

Step 7: Heat Exchange Requirements Stable opera-
tion of a vapor-cooled lead, HTS section or copper sec-
tion, is possible only when the total required cooling
power is properly heat-exchanged with the active element
of the lead. One parameter that can gauge heat exchange
performance is an effective cooling flux, g, in the lead.
q.r may be given by the total cooling power divided by
the total surface area of the element exposed to cooling.
Based on performance of standard AMI vapor-cooled
copper leads, g,, values 100 mW/cm’ or less are consid-
ered adequate [7].
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Table 2: 25-kA & 40-kA HTS Sections-Iteration 2

25-kA FullSuper CurShare 1 CurShare 2 CurShare 3
#1apes, SC & NM (V) 250 175 150 125
I(T) (@77.3K) [kA] 25 17.5 15 12.5
Ag-Au area, A,, [em’] 1.20 0.84 0.72 0.60
O W] 1.90
NM tape area, A,,, [em®] 8.28
40-ka FullSuper CurShare 1 CurShare 2 CurShare 3
# tapes, SC & NM (V) 400 280 240 200
I(T) (@77.3K) [kA] 40 28 24 20
Ag-Au area, A, [em®) 1.92 1.34 1.15 0.96
Qin W] 3.04
NM tape area, A, [em’] 13.25
25-kA & 40-kA FullSuper CurShare 1 CurShare 2 CurShare 3
T, K] 773 722 65.1 59.0
! fcm] 200 193 191 188
-1 {mm] 0 4.4 11 17
Prs Prim (1Qcm] 1.0;2.25

[W/Kem]
Ko; Ky 0.327;0.35
NM tape width [mm] 6.5 9.3 10.9 13.0
Cooling flux [mW/em®] 11 11 12 12
Required HTS tape 0.68 0.57 0.47

1 For tape thickness of 0.508 mm. i Normalized to FullSuper.

For each HTS section, g,; may be given by:

_ rneCp(T - T)

o Niplwam

an

where w,,, is the NM tape width. In Eq. 11, it is assumed,
to enhance heat exchange (or to reduce g.p), that each su-
perconductor (SC) tape is soldered to an NM tape; each
NM tape may thus be regarded as a fin to the SC tape.

Note that in Eq. 11, to be conservative, N,,iw,,,, which
represents one half of the total surface of NM tapes theo-
retically exposed to the cooling vapor, is used to compute
q.r. For each of four versions (25 kA or 40 kA), the val-
ues of g.;computed, 11-12 mW/cm’, are well below ~100
mW/em?. If q.r values turn out to be greater than ~100
mW/cm?, then it may require another iteration process.

Table 2 presents key parameters of 25-kA and 40-kA
HTS sections based on the Iteration 2 design: FullSuper
in Column 2; CurShare versions 1-3, respectively, Col-
umns 3-5. The table shows that the amount of HTS tape
required by the CurShare versions 1-3, for the same Q;,
as that of the FullSuper versions, are 68 %, 57 %, and
47 % of those required by the FullSuper versions.

As inferred from the table, tape length becomes shorter

as Ny, is reduced — more saving of SC is possible. Be-
cause ¢, is essentially determined by A,,,, which in turn
is dictated by protection requirements, it is possible to
reduce N, even further than 50 % without violating either
protection or heat-exchange requirements.

3. Copper Section

For the copper section we begin by choosing standard
AMI vapor-cooled leads, one rated at 25 kA and the other
rated at 40 kA, each with a specific combination of active
area, A, , and length, /., with the ratio r,i.,/A., opti-
mized for use with the cold end extended to liquid helium
temperature. We then proceed to determine a required
cooling flow rate and consider if each lead can meet pro-
tection and heat exchange requirements. For a coolant to
be introduced at the cold end of the copper section at 77
K, which is the cold-end temperature used in this analysis,
there are three choices: 1) gaseous helium; 2) gaseous
nitrogen; and 3) liquid nitrogen.

The objective here is to determine an appropriate value
of mass flow rate, mg, for a given coolant. Let us use a

standard AMI 25-kA lead as an example to estimate mass
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flow rates for the three coolants. Note that this lead has
Cig == 30 W at the 4.2-K cold end, which, when divided
by h =204 /g, gives my, =~ 1.5 gfs.

Gaseous Helium If 77-K helium gas is introduced at
the cold-end of the copper lead, its mass flow rate, my,

1ust obviously be equal to my,.: mg ==1.5 g/s. Note that

between 77 K and 293 K, this flow rate generates a total
cooling power, Qe =my.Cp (293K —~77K) ~=1708 W.

Gaseous Nitrogen If 77-K nitrogen gas is introduced
at the cold-end, its mass flow rate must give the same to-
tal cooling power between 77 K and 293 K as the helium
gas. With nitrogen average specific heat, C 7 =1.042
JigK: mp==7.59 g/s.

Nitrogen Liquid Because liquid nitrogen’s latent heat
of vaporization is 199.3 J/g, its contribution is included in
the cooling power and we have: mg==4.0 g/s.

3.1 Coolant Fluid Flow Rate

To better understand the thermal behavior of the cop-
per section, we present here results of an analysis per-
tormed on two standard AMI vapor-cooled 25-kA and
40-kA copper leads selected for the copper sections of
our integrated HT'S/Copper leads. The analysis is divided
into two parts: 1) gaseous coolants (helium or nitrogen);
dnd 2) liquid nitrogen.

These leads have the following values of A, and 1,:
3.58 cm” and 66.0 cm for 25-kA lead; 13.73 cm® and 66.0
cm for 40-kA lead [7].

Gas For a copper lead the following value of 7, and

cooled with fluid mass flow rate, rmyg, an expression of

the steady state (dT/dt =0) power density equation may
te given by:

In Eq. 12, &, is the T-averaged copper thermal con-
Cuctivity (77-293 K); C 7 is the fluid T-averaged specific
leat; yq, and poare, respectively, the resistivity tem-
perature coefficient and resistivity at Ty is the cold-end
t2mperature, set at 77 K for this analysis. Although Eq.
12 is solvable in closed form, because over most of the
77-293 K range the last term in the left-hand side of Eq.
12 is negligible compared with the third term, we shall

neglect it here in order to obtain simpler closed-form ex-
pressions. Thus:

T 2
key ——mgCg—+—""~T-Tp)=0 13
Acy d22 maCna p + Ao ( 0) (13)

With a boundary condition of T=7; at z=l, ,
0(z)=T(z)-Ty may be given by:

00 = sin(fon)  (14)
[ Sm(ﬁculcu)
where
Oy = mNﬂCﬂ (15a)
2kcuAcu

12 iaCa Y

Beu = =t | L (15b)
keyAcw | 2keuAcy

We may force O, to occur at z=I[, by setting
d6/dz =0 and obtain:

1., ~ ~
Emﬂcﬂ + kcuAcu Peu cot(Beyley) =0 (16)

For a given set of parameters, i.e., Ay, I, Its Cc fls
Yeu » there is a unique value of iz that satisfies Eq. 16.
Note that because the cot(8..l.,) becomes negative in
the range 90-180° , 8.« occurs not at Bl =x/2, as
Eq. 14 may imply, but beyond =/2.

Conduction Heat & Joule Dissipation The cold-end
heat input, Qy , is given by:

49| _ keuAcubi, Beu
dz |, e“le) sin(Boylcn)

Qo =I?cuAcu =0 (17)

Qo =0 because of a large exponential term—due to
l., =66cm —in the denominator and a small value of
Bc,in the numerator. This will be shown numerically

later.
The warm-end conduction heat, @y, is, by definition,

zero (Eq. 16). That is, because no heat enters or leaves
the lead by conduction from either end, the coolant is
used entirely to remove the Joule dissipation, Q;, gener-

ated in the lead, which is given by:

o Itz')/cu Lo
0, =Ll joe(z)dz (18)
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Combining Eqs. 14 and 18, we obtain:

- Irz')/cuelw
Acue®! sin(Bul)

_ I#ye8i,, { iaCp
Acu (02, + B2) | 2kcuAcs

ll.'ll >
o, J et sin( e, 2)dz
0

= Bew cot(Beulcw ):]

+ (terms containing e %l )

~ maC
= kcuAcuelw |:‘_,:u - ﬂcu COt(ﬁculCu ):|

cuficu

1. ~ ~
=5mﬂcﬂ91m —keuAcuOl,, ﬁcu cot(Beuleu) (19)

myp(Eq. 16) and Q; (Eq. 19) may be computed for the
25-kA and 40-kA leads with the following parameter
values: ko =4 Wiem K; 7. =0.903x10° QenvK;
c 7=1.042 J/g K (nitrogen) or 5.280 J/g K (helium).

Mass Flow Rate for 25-kA Lead After a few trials
and errors, we find a cotangent angle of 159.75° to sat-
isfy Eq. 16, with cot(B.l) =-2.7077 and
Beulew =2.7878. Thus:

JUN
lJf—?Z%—[—Qf’C—ﬂ] =27878 (20)
keuAiuw | 2kcuAcu

From Eq. 20, we obtain: rg=7.532 g/s for nitrogen
and 1.486 g/s for helium, each entering the cold and as
vapor at 77 K and exiting the warm end at 293 K
(61, =216 K).

mpg =7.532 g/s must also satisfy Eq. 16. With
Beuley =2.7878 and  cot(Beulcy) =2.7007: mp=7.534 gfs
from Eq. 16, which agrees well with 7.532 g/s computed
from Eq. 20. Equations 16 and 20 thus give a self consis-
tent value of . Note that mass rates of 7.53 g/s and

1.49 g/s computed, respectively, for nitrogen and helium
agree well with 7.59 g/s and 1.5 g/s estimated at the outset.

Joule Dissipation Inserting appropriate parameter val-
ues into Eq. 19, we obtain: Q;=1696 W, which agrees
well with Qg =maC g6, =1695 W, nitrogen or helium.
That is, everything, as it must, is consistent.

As noted above in reference to Eq. 17, Q=0 be-
cause of the experimental term, el and Beu . For
m =153 g/s, we have, from Eq. 153, a,, =0.1143 cm,

which for I, =66 cm gives e%w/= = 1890. Combined
with B, =0.04224 cm and sin(Beules) = 0.3464, we

obtain: @y = 0.48 W, which is indeed negligible.

Liquid Nitrogen When 77-K liquid nitrogen is intro-
duced at the cold end at a mass flow rate of mg, it gen-
erates a cooling power, Q2 =rphy, at the cold end,
where h,0 = 199.3 J/g is the heat of vaporization of the
liquid at 77 K.

When a vapor-cooled copper lead is operated down to
the liquid helium environment, as is usually the case,
Qi (heat input at 4.2 K)is matched by mgh;, where
iy, = 20.4 J/g is the liquid helium heat of vaporization. A
mass flow rate of the helium vapor thus generated is suf-
ficient to keep the entire lead in stable condition. Because
hyy is nearly 10 times greater than h; and more im-
portantly because Qp =0, as our example above illus-
trates, the cooling power of mgh,, cannot be matched
at the cold end.

What actually happens is that mgh,, would be used
to soak up the Joule heat generated over the lower por-
tion of the lead, from the cold end to a distance of I, .
This extended 77-K portion of the lead, because it is re-
sistive, generates Joule heating Qj,, which is matched

by rmphy. Noting that the last term in the left-hand side

of Eq. 12, neglected in the above, cannot be neglected at
77 K, we have:

1211 .
0jig =22 iy gy 1)
Acy

where pp=0.22 x10"° Qem. In Eq. 21, %, and g are

still unknown values.
With the lower portion of the lead, from z=0 to z=1,,

kept at 77 K, the effective active (vapor-cooled) length of
the lead becomes. shorter: [, -/, and Eq. 16 thus

becomes:
%mﬂgﬂ + ];;'uAcuﬂcu COt[ﬂcu (lcu - llq )]= 0 (22)

There is a unique combination of mg and I, that

satisfies both Eqs. 21 and 22.
Mass Flow Rate for 25-kA Lead For our 25-kA cop-
per lead, a combination of mp=3.75 g/s and {, =46.64

cm gives a unique solution to Egs. 21 and 22. That is ,
only the top 19.36-cm long portion of the lead remains
dry and vapor-cooled. Note that a mass rate of 4 g/s esti-
mated at the outset agrees quite well with the computed
rate.

The result implies that if only vapor (N, or He) is to be
used as a coolant, a copper lead with the same A. and
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an active length of 19.36 cm would not only operate
stably but require mg of only 3.75 g/s rather than 7.53

g/s computed above for the 66.0-cm lead.

Joule Dissipation in Dry Portion The 19.36-cm long
portion of the lead remains dry and its total Joule dissipa-
tion, Q;, must be equal to the total cooling power pro-

vided by the vapor: m ﬂé‘ 716, =844.0 W. For an active
length of 1., —I),, Eq. 19 becomes:

Qj = %mﬂaﬂalm - ECMACMBICM ﬁcu COt[Bcu (lcu _llq )] (23)

Equation 23 gives Q;=843.6 W, which agrees well
with a cooling power of 844.0 W.

Table 3 Parameters of Copper Leads

25kA | 40kA
Operating range K] 77-293
Active area, A, [cm’] 858 | 1373
Active length, [, [cm?] 66
Cooling area* fem’] [ 151,000 [ 242,000
Cooling Mass Flow Rate
N2 vapor, mg [g/s] 7.53 12.05
He vapor, rp [g/s] 1.49 2.38
maC 76 Wi 1950 3120
N2 liquid, rnpg [g/s] 3.75 6.0
maC a6l W] 844 1350
Effective Heat Flux
Vapot, gef (mW/em’] 13
Liquid, gef [mW/cm’] 19t

4. Protection of Copper Lead

The Protection criterion of Eq. 6 with an appropriate
value for its right-hand side may be used for these copper
sections. Because the warm end is operated at 293 K, its
fault-mode temperature should be limited to ~373 K. For
copper, regardless of its impurity content, the right-hand
side of Eq. 6 between 293 K and 373 K is ~10°® A’s/cm*
[5]. Thus:

2
1 1
[Actu ] (Tdel +5‘L‘d[j ]S 1x108[A2%s/em*] 24)

with I,= 25 kA and A, =8.58 cm? the left-hand side

becomes 1.06x10° A%s/cm*—a combination of I,= 40

kA and A, =13.73 cm’® gives the same value, That is, Eq.

24 is nearly satisfied. Because this criterion is quite con-
servative, we may conclude that the protection criterion
is met for both rated currents.

4.1 Heat Exchange Performance

As with HTS sections, g, is computed for each lead:
ger values are below 100 mW/cm?2. Table 3 presents key
parameters of our 25-kA and 40-kA copper leads.

4.2 Remarks on Copper Section

As the thermal analysis presented above has shown,
our choice of standard AMI vapor-cooled copper leads,
rated 25-kA and 40-kA, are not necessarily optimized for
copper sections of our vapor-cooled HTS/Copper leads.
Namely, a vapor-cooled copper lead with the ratio
Il ! A optimized for operation in the range 4.2-293 K
is not necessarily optimized for use in the range 77-293 K.
The analysis further demonstrates that the lead parameters
depend on coolant type of vapor, nitrogen and helium, in
terms of thermal performance there is no distinctive advan-
tage of one over the other. However, because these leads
are designed for vapor cooling, liquid cooling, particularly
over a relatively long distance as has been shown to be the
case in our 25-kA (and 40-kA) leads, may not be suitable:
the fluid in this region, by necessity, will be in two phases,
and a resultant pressure may prove to be too excessive for
arequired level of g,

5. Conclusions

Reference designs are presented for 25-kA and 40-kA
vapor-cooled HTS/copper leads operating in the range 4.2-
293 K. As demonstrated by these reference designs, each
HTS section, based on a design concept in which a short
portion of its warm end (77.3 K) operates in the current-
sharing mode, requires HTS counterparts. The exira cool-
ant flow rates required at the HTS-copper coupling station
to provide sufficient cooling are computed for 25 kA and
40 ka copper sections. Our thermal analysis shows that if
liquid nitrogen is introduced at 77 K at the coupling station,
an optimal length of the copper section will be shorter than
that optimized for helium-vapor cooling between 4.2 K
and room temperature. Summarized below are key results
for both HTS and copper sections.

HTS Section The design procedures for HTS sections,
based on a thorough analysis, may be used to determine
key parameters of an HTS section that meet specific re-
quirements for a given rated current, the most important
of which include: @;,;l; and protection.

Copper Section Another analysis presented here for
the copper section may be used to design an optimal cop-
per section that meets specific requirements. Here impor-
tant parameters are: I, ; To(assumed 77 K in the analy-
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sis); coolant (vapor or liquid nitrogen).
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