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Optimization of Peltier Current Leads Cooled by Two-Stage Refrigerators
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ABSTRACT: A theoretical investigation to find thermodynamically optimum design conditions
of conduction-cooled Peltier current leads is performed. A Peltier current lead (PCL) is com-
posed of a thermoelectric element (TE), a metallic lead and a high temperature superconductor
(HTS) lead in the order of decreasing temperature. Mathematical expressions for the minimum
heat flow per unit current crossing the TE-metal interface and the minimum heat flow per
unit current from the metal lead to the joint of the metal and the HTS leads are obtained. It
is shown that the temperature at the TE-metal interface possesses a unique optimal value
that minimizes the heat flow to the joint and that this optimal value depends on the material
properties of the TE and the metallic lead but not the joint temperature nor electric current.
It is also shown that there exists a unique optimal value for the joint temperature between
the metal and the HTS leads that minimizes the sum of the powef dissipated by chmic heat-
ing in the current leads and the refrigerator power consumed to cool the léad, for a given
length of the HTS. .

Tt

Nomenclature ——————— Greek symbols
A : cross-sectional area [m’] e! . Seebeck coefficient [V/K]
COP : coefficient of performance p  : electrical resistivity [Q-m]
I : electric cui-re_nt [A] : T : dummy .variable
J : electric current density, 7/A [A/m’] "
k  : thermal conductivity [W/(m-K)] _ Subscripts
L : length [m] ' :
P : power [W] 1 : first stage of two-stage refrigerator
Q  : heat flow or heat transfer rate [W] 2 : second stage of two-stage refrigerator
q ! heat flow per unit electric current, Q/I C :cold end
[W/A] crit . critical
T  : temperature [K] diss : ohmic heating
VvV : Voltage [V] H  : warm end
z : axial coordinate defined in Fig.1 [m] HTS : high temperature superconductor
I . interface between TE and metal lead
J : joint of metal and HTS lead
m ! metal
+ Corresponding author min : minimum
Tel.: +82-2-320-1676; fax: +82-2-322-7003 opt : optimal

E-mail address: esjeong@hongik.ackr P . Peltier (or thermoelectric) element
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ref @ refrigerator
tot : total

1. Introduction

Current leads, which supply power from pow-
er sources operating at room temperature to
superconducting magnets operating at cryogenic
temperature, represents the major source of
heat leak into the magnets. The heat conduc-
tion through current leads and the heat gen-
eration due to the Joule heating in the leads
are the two primary modes of such leak.(l'Z)

The heat leak through conventional current
leads can be substantial since they are made
of normal metals such as brass or copper with
high thermal conductivity and high electrical
resistivity. A binary or hybrid current lead,
which replaces the lower temperature part of a
conventional metallic lead with a high tempera-
ture superconductor (HTS) current lead, can help
reduce the heat leak since HTSs are perfect
electrical conductors with much lower thermal
conductivities than the normal metals.> Another
configuration of the current lead proposed by
Yamaguchi et al.,m is called the Peltier current
lead (PCL) since it utilizes the Peltier effect to
reduce the heat leak. The PCL has a thermo-
electric element (TE) inserted into a conven-
tional metallic lead or a hybrid current lead at
the room temperature end.(m

A number of studies have shown that the
heat leak through current leads and the elec—
trical power required to cool the leads could be
reduced significantly by using the PCLs.(Z'H)
Xuan et al® numerically obtained the opti-
mized geometric factors, that is, the ratio of
the length to cross-sectional area, of both the
metal lead and the TE of a conduction-cooled
PCL. Sato et al.(s) suggested the required rela-
tion between the temperature and the heat flow
rate at the TE-metal interface to minimize the
heat leak through PCLs cooled by boil-off he-
lium gas. However, these works > may - not

provide enough understanding of the mecha-
nism of heat leak reduction as well. as in-
formation on the optimal design conditions of
PCLs hecause the thermal behaviors of PCLs
were analyzed by numerical calculations and
the temperature at the metal-HTS boundary
was always kept at 77 K. .

In this paper, the optimal conditions of both
the TEs and the metal parts of conduction-
cooled PCLs were investigated analytically and
the optimal temperature of the joint between
the metal and the HTS leads that minimizes
the power consumption of a two-stage re-
frigerator was obtained numerically. Also, the
theoretical minimum power consumption of a
Peltier current lead was compared with those
of a conventional metallic lead and a hybrid
current lead.

2. Analysis model

Figure 1 shows the schematic diagram of a
superconducting magnet system containing PCLs.
Each PCL is composed of a TE, a metallic
lead and a HTS lead in the order of decreas-
ing temperature. For a refrigerator-cooled sys-
tem the joint of the metal and the HTS leads
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Fig. 1 Schematic diagram of a superconduc-
ting magnet system with PCLs.
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is cooled by the first-stage of a-two-stage re-
frigerator. while the cold ‘end of the HTS lead
is cooled by the second-stage of the refﬁgera—
tor. The temperature at the warm end, 7, can
be assumed-to be held constant at room tem-
perature, but’ 7, and T¢ are variables depend-
ent on the heat flow through the current lead
and the first- and second-stage refrigeration
capabilities of the two-stage refrigerator. The
temperature at the TE-metal interface, 77, is a
variable to be determined to minimize the heat
leak into the joint. The heat flow from the
warm end to the cold end is defined to be
positive.

Heat flow along the lead and electric current
can be written as follows.(&

- _pg 8T

Q= kAdxialT o))
-_Alav 4T
= p(da: adz) @)

Here, a is zero for both the metal and the
HTS. The sign in front of o is positive for a
p-type TE and negative for an n-type TE.

Only the heat flow along the PCL with the
n-type TE will be considered here. Seebeck
coefficient(a) for a TE is assumed to be in-
dependent of temperature throughout this pa-
per. For an infinitesimal length of the lead
shown in Fig.1l, the one-dimensional energy
balance is given as follows:

dQ+ V=0 3

By combining Egs. (2) and (3) we can obtain
the following expression.

.
d(Q+ aIT) :ﬁj- T (4

Substituting Eq.(1) into Eq.(4) gives the
following relation.

(Q+alIT)d(Q+alT)= — pkI’dT (5)

Equation (5) reduces to Eq.(18) in Chang and
Sciver” if « is zero for both the metal and
HTS.

2.1 Optimization of thermoelectric elements

Integrating Eq. (5) over the TE gives

[(Qr+ apITy)? = (Qu+apiTy)?] =

Nlr—-

: ®6)
Tl

- / ppkpdT
Ty

where the variables with subscript P denote
the material properties of the TE (or the Peltier
element). Equation (6) can be rearranged for
the heat flow from the TE to the metallic lead.

Ty
Q= \ﬁQ,,+a,»,1T,,)2+212/T ppkpdT
1

—aplT; (7)
Equation (7) shows that @; has its minimum
when Qg taplTy is zero for given Ty and 7.
It can be observed from Eq. (1) that the axial
temperature gradient at the warm end of the
TE should be zero to minimize @ Thus, the
minimum heat flow per unit current crossing the
TE-metal interface can be written as follows.

(QI)min = (Q]I‘)mm

Ty
= 2/ PPdeT _apTl
7,

The optimal heat flow at any axial location
on the TE, where the temperature is 7, can be
obtained by integrating Eq. (5) from the warm
end to that location and letting @u + apITy =0.

(8

Ty .
(Qplopt = 1\/ 2 f , pp (T kp(r)dr —apIT  (9)

Substituting Eq. (9) into Eq.(1) and then in-
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tegrating the resultant equation over the TE
gives the optimal geometric relation for the TE
as follows.

H T) .
P Jopt o ‘/2/ ”pp(r)kp(r)dr

T
2.2 Optimization of metallic leads

The following expression can be obtained by
integrating Eq.(5) over the metal lead. The
terms containing o has disappeared since « is
zero for normal metals.

12 2 2 [T
— Q35— =7 k,dT
Q(QJ Q7) /T, Prm K an

Equation (11) can be rearranged to obtain the
heat flow from the metal lead to the joint of
the metal and the HTS leads.

T;
Q= \/Q12+212fT pmkndT  (12)

Equation (12) shows that @; has a minimum
when €; is minimized for given 7y and 7.
The expression for minimum &; can be ob-
tained by substituting Eq. (8) into Eq. (12).

(@7)min = (%)min

Ty 2 7;
= 2/ ppkpd T — o p T, +2f ok dT
T; T

The optimal heat flow at any axial location
of the metallic lead, where the temperature is
T, can be obtained by integrating Eq. (5) from
the TE-metal interface to that -location and
letting @r= (@Pmin and a =0.

13

(Qm )opt =

1\/(1/2/:"ppk,,dT—a,,T,

2 T (14)
+2 k,,d

Substituting Eq. (14) into Eq.(1) and then
integrating the resultant equation over the me-
tallic lead gives the optimal geometric relation
for the metal lead.

(Lm])
m Jopt
km(j)

T
[ —
J H . r
J(‘/zf pPdeT—a,,J}) +2f D k. dr
T, T

2.3 Optimal temperature at TE-metal interface

(15)
ar

In sections 2.1 and 2.2, the TE and the met-
allic lead have been optimized for given Tx, 77
and 7. The temperature at the warm end, 7%,
is usually the room temperature or the cooling
water temperature if a water cooler is used,
and the temperature at the joint of the metal
and the HTS leads, 7y, is determined by the
heat flow to the joint and the first-stage re-
frigeration capability of the two-stage refrig-
erator. However, the temperature at the TE-
metal interface, 7}, can be readily controlled
by adjusting the geometric factors of the TE
and the metallic leads. Hence, the next step to
further optimize PCLs is to determine the op-
timal 77 which minimizes the heat flow from
the metallic lead to the joint, @.

Equation (13) can be rewritten as:

2
am = 2 [ orkpdT —apT
47/min = TPPP aply
r

. . (16)
+2/ pmkde—~2/ Pk dT
4K 4K

It can be observed that minimizing (¢/)mi is
equivalent to minimizing the sum of the. first
and the second terms on the right-hand side
of Eq.(16) since the last term is constant for
given 7. Hence, (T))op: which minimizes (¢/)min
does not depend on electric current 7 and 7,

‘but depends on the thermal conductivities and

electrical resistivities of the TE and metallic
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parts. But {¢/)min increases as 77 is lowered.
Equation (10) shows that the optimal ratio of
the length to.the cross-sectional area for a TE
does not depend on 7, but is inversely pro-
portional to the electric current 7.

2.4 Heat leak through a HTS

Heat leak through a HTS is constant in ax-
ial direction since the heat generation due to
the Joule heating is zero in a HTS. Heat flow
through a HTS can be obtained by integrating
Eq. (1) over the HTS and using o=0 for a
HTS.

- Apgrs
Qe= )7 / kyrsdT an
HTS

Heat flow per unit current can be written as
follows.(a)

Q¢

1 fTJ ~
= L [ VkedT (8
=T " TarsLars J o, 77

Equation (18) shows that ¢¢ gets smaller as the
current density Jxrs increases. The current den-
sity Jars should not be larger than the critical
current density Jeri for the HTS not to lose its
superconducting property. The critical current
density of Bi-2223 can be represented reason-
ably well by the following relation.

T
Jcrit = JCO (1 - T ) (19)

crit
where Joo =10,000 A/em” and Tipse =104 K.°
2.5 Power consumption

The electrical power consumed by a current
lead in a superconducting system is the sum
of the power dissipated by ohmic vheating in
the TE and metallic parts and that consumed
by a refrigerator which cools the current leads.

For a system using hybrid current lead or
Peltier current lead a two-stage refrigerator is
used to cool both the cold end of a HTS lead
and the joint of the metal and the HTS leads.

The power consumed by ohmic heating can
be obtained by integrating Eq.(3) over the TE
and metallic leads.

J J .
Pun=~ [ 1v= [ 40=0-0s @0

As shown in section 2.1 @y =—aplTy for op-
timally designed Peltier current leads and @y =
0 for optimally designed hybrid current leads.
The minimum’ value of @, can be obtained by
substituting (7). into 77 of Eq. (13).

The first sta‘g‘ve of a two-stage refrigerator
cools the joint of the metal and HTS leads
and the second stage cools the cold end of the
HTS lead. The refrigeration powers of the first
stage and the second stage can be expressed
as follows.

_ (QJ_ QC)

Freta= —cop, @
Q¢

Pref,2_ COP2 (22)

The COPs of the first and the second stage of
a two-stage refrigerator are obtained from the
relation suggested by Chang and Sciver.(S)

- T,(0.4198 T;+ 2.740)
(Ty— TH(T,+1115)

cop, = (23)

T4(0.1202 T+ 1.316)
(Ty— To)(T,+84.81)

cop, = (24)

3. Results and discussion

The material properties of the TE used ir}
this work are @p =019x10"° V/K, pp=0.85x10"°
Q'm and kp =190 W/(m-K).” Pure copper with
residual resistance ratio (RRR) of 100 is used
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as the metal lead, and the electrical resistivity
and the thermal conductivity of the copper as
functions of temperature have been obtained
from Maehata et al.(m) and NIS’I‘,(m respectively.
The thermal conductivity of Bi-2223 was ob-
tained from Herrmann et al.(m The length of
the HTS lead is 0.2 m. The warm end temper-
ature, Ty, and the cold end temperature, 7¢,
are 300 K and 4.2 K, respectively.

Figure 2 shows the effect of the temperature
at the TE-metal interface, 77, on the minimum
heat flow to the joint of the metal and the HTS
leads per unit current, (@;/Dmin, when T,=77
K. It can be clearly seen that there exists an
optimal 7} which minimizes (@;/Dnin since the
first term on the right-hand side of Eq. (16)
increases but the second term decreases as 7
increases. Figure 2 shows that the optimal val-
ue of T is about 219K, which does not depend
on 7; as described in section 2.3. It can be
seen that the TE is thermally decoupled from
the metal lead when 7 is about 237K since
(@)/ Duin is zero at this temperature. It is ob-
vious from Fig. 2 that the optimal condition for
a PCL is not the condition which thermally de-
couples the TE from the metallic lead, sug-
gested by Gehring et al.,m but the condition
which minimizes Eq. (13) or (16).

The optimized geometric factor, that is, the
ratio of the length to cross—sectional area of
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Fig. 2 Effect of the TE-metal interface tem-
perature on the minimum heat flow to
the joint (77 =77 K).

the metallic lead of the PCL, is compared with
that of the conventional metallic lead without a
TE in Fig.3. It shows that attaching a TE at
the warm end of the metallic lead reduces
(L I/ Ap)op: significantly since the warm end
temperature of the metal lead of the PCL,
(Tp)ope =219 K, is far lower than that of the
metal lead without a TE which is Ty =300K.
The ratio of the length to cross-sectional area
of the TE, (LpI/Ap)sy, is far smaller than
that of the metal lead and it does not vary
with 7 since the temperature difference be-
tween the warm end and the cold end of the
TE is kept constant. (Zpf/Ap)y calculated
from Eq.(10) using the material properties of
the TE used in this work is 6018, For a TE
with Ap=225x10"°m’ the optimal length is
00135m when current /=100 A and the opti-
mal length is 0.0027 m when /=500 A.

Figure 4 shows the effect of the temperature
at the joint of the metallic lead and the HTS
lead, 7, on the power consumed by a PCL.
The power dissipated in the TE and the met-
allic lead due to ohmic heating is negligible
compared with the power consumed by the first
stage of the refrigerator and does not vary with
T;. The power consumed by the second stage
of the refrigerator is far smaller than that con-
sumed by the first stage when 7 is below
100K, but it increases rapidly when 7 is

6 10° ——————— 7 7000
510° B (LmI/A ) for conventlonal lead j 6500
_ R R S S
E 4100 _m‘m\;'\_@{h_ (L IIAPvmnfor PCL ] s000 7
= E : E —_— >
B 3100 P e e T =| 5500 a‘-«
< L lIA) forPCL so00 T
e M
110° Lo ........... T = 4500
0 1 l t i 1 l L l 1 ] 4000
20 40 60 80 100 120
T,k

Fig. 3 The optimal geometric factors for a
PCL and a conventional metallic lead
as a function of the joint temperature.
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Fig. 4 Minimum power per unit current of
Peltier current leads.

above 100 K. Equation (18) shows that the criti-
cal current density decreases rapidly as 77 in-

creases beyond 100K. Hence, the cross-sec--

tional area of the HTS should increase for the
current / to be kept constant and the heat flow
per unit current increases. There exists an op-
timal value of 7; at which the total power
consumption has a minimum since the refrig-
eration power consumed by the first stage de-
creases and that by the second stage increases
as Ty increases. The optimal value of 7 is
about 97K and the minimum total power con-
sumption per unit current is about 2.10 W/A.
Figure 5 compares the minimum total power
consumption of the PCL with those of the
conventional metallic lead without a TE and
the hybrid current lead. The electrical power
consumption of a current lead is defined as the
sum of the power dissipation due to the ohmic
heating in the lead and the refrigeration power
needed to remove the heat leak through the
lead as described in section 25. The TE and
the metallic part of the lead satisfy the optimal
geometric relations given in Eqgs. (10) and (15),
respectively. It can be seen that the use of a
hybrid current lead or a PCL instead of a con-
ventional metallic lead reduces the total power
consumption significantly. The minimum total
power consumption per unit current o_f the bi-
nary current lead is 275 W/A when Ty is 98

1000

M

ropnd

Ll

60
T, K]

Fig. 5 Comparison of minimum total power of
metal, hybrid and Peltier current leads.

K and that of the PCL is 210 W/A when 7
is 97 K.

The effects of the HTS length on the opti-
mum junction temperature, 7, and the mini-
mum total power are shown in Fig.6. As can
be seen in Eq. (18) the magnitude of the axial
temperature gradient in the HTS increases as
Lyrs decreases. Hence, the heat leak through
the HTS and the total power consumption in-
crease as Lyrs decreases. It can be seen that
the optimum junction temperature of the PCL
is about 1K lower than that of the hybrid lead
and that the optimum junction temperature in-
creases as Lgrs increases. The minimum total
power decreases as Lg7g increases, but it does

12 110
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Fig. 6 Effects of the HTS length on the mi-
nimum total power and the optimum
junction temperature.
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not decrease significantly as ZLazs increases
beyond about 0.1 m.

4. Conclusions

In this paper an optimization method to min-
imize the total electrical power consumption of
a Peltier current lead, which is conduction-
cooled by a two-stage refrigerator, has been
proposed. Mathematical expressions for the op-
timal geometric relation, that is, the ratio of
the length to cross-sectional area, were ob-
tained for both the TE and the metal part of a
Peltier current lead. It was shown that the
TE-metal interface temperature has a unique

optimal value which minimizes the heat flow -

from the metal lead to the joint and it does
not depend on the electrical current or the
joint temperature but depends on the material
properties of the TE and the metal lead. There
exists an optimal value of 7, at which the to-
tal power consumption is minimum. It was
shown that the use of a hybrid current lead or
a PCL instead of a conventional metallic lead
could reduce the total power consumption sig-
nificantly. The minimum total power consump-
tion per unit current of the Peltier current lead
was lower than that of the binary current lead
by about 23.6%.
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