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Abstract

A general optimization method for vapor-cooled current leads is presented with taking into account the effect of convection heat
transfer and extended surfaces. This analytical work is considered as a unified design method, since one formulation calculates the min-
imum heat load and the corresponding optimal design condition for arbitrary heat transfer condition, spanning two limiting cases—the
zero convection (or conduction-cooled leads) and the perfect heat transfer. It is clearly shown that the augmentation of the convective
cooling can reduce the heat load to a certain extent, but the optimum lead parameter required to minimize the heat load for the finite heat
transfer may not exist between the two limiting values. A new dimensionless parameter called the Ch number is introduced to conve-
niently incorporate the convection effect into the optimization. The present method is demonstrated for two specific lead designs that
have been recently developed for 10 kA level of applications.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Current leads are the key components that supply elec-
trical power from room temperature to a superconducting
magnet at cryogenic temperature. Since the heat leak
through the leads is a major source of cooling load for
many high field magnets, a great variety of lead designs
to minimize the cryogenic load have been developed over
the decades. The basic principles of optimization were
reported earlier, especially for two limiting cases; vapor-
cooled leads [1–4] and conduction-cooled (or uncooled)
leads [2–4].

A standard design of vapor-cooled metallic leads is
based on the assumption that the convection heat transfer
of the boil-off gas is perfect or the vapor has the same tem-
perature as the lead surface at any axial location [3]. Even
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though the ideal assumption may not be absolutely realized
in practice, numerous design efforts have directed to the
perfect heat transfer by fabricating the leads with greater
surface area (such as metal sheets, wires, and braids [4]),
adding the extended surfaces (such as longitudinal or
spiral-fins [5,6] and pierced sheets [7,8]), or controlling
the fluid flow (such as tortuous or porous passages and
flow agitators [4]). It is generally known that the improve-
ment of the lead-vapor heat transfer could reduce the heat
load at the cold-end of the leads [1,2]. It is very crucial,
however, to note that the reduction of the cryogenic load
is effective only if the leads are optimally designed in accor-
dance with the vapor cooling condition. In other words, a
simple enhancement of the vapor cooling without the cor-
responding modification of the leads does not guarantee
any save in the heat load, or may end up with even poorer
cryogenic design in some situation.

In spite of its significance, the effect of convection heat
transfer on the optimization has not been so widely studied
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Nomenclature

A cross-sectional area of lead [m2]
a short diagonal of hexagonal hole in pierced-

metal sheet [m]
b distance between hexagonal holes in pierced-

metal sheet [m]
Cp specific heat of vapor [J/kg K]
Ch convection heat transfer (Chang) number,

defined as Ch � �hP ekA=I2Lc

d hydraulic diameter of cooling channel [m]
f fraction of effective cross-sectional area in

pierced-metal sheet
�h average heat transfer coefficient [W/m2 K]
hfg latent heat of vaporization [J/kg]
I operating current [A]
I0, I1 modified Bessel functions of first kind
K0,K1 modified Bessel functions of second kind
k thermal conductivity of lead material [W/m K]
kg thermal conductivity of cooling vapor [W/m K]
L axial length of lead [m]
L0 Lorenz number as a function of temperature

[W X/K2]
Lc Lorenz constant [=2.45 · 10�8 W X/K2]
m fin parameter, defined as m �

ffiffiffiffiffi
2�h
p

=kt [m�1]
N number of cooling channels for roll of pierced-

metal sheet

Nud Nusselt number based on d
_m mass flow rate of vapor [kg/s]
P total perimeter of vapor cooling [m]
Pe effective perimeter of vapor cooling [m]
Pf fin perimeter of vapor cooling [m]
p pitch of spiral-fin [m]
Pr Prandtl number
q heat flow per unit current [W/A]
ri, ro inner and our radius of spiral-fin [m]
T temperature of lead [K]
Tg temperature of vapor [K]
t thickness of fin [m]
W width (perpendicular to the lead length) of

pierced-metal sheet [m]

Greek letters

l viscosity of vapor [Pa s]
q electrical resistivity of lead material [X m]
gf fin efficiency

Subscripts

H warm end of lead
L cold-end of lead
min minimum value
opt optimum value
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because of its analytical difficulties. An earlier theory is
quoted in Wilson’s book [1], where the effect of finite heat
transfer was treated approximately with heat transfer effi-
ciency. Buyanov [4] suggested a few simplified forms of
analytical expression for the temperature difference
between the lead and the cooling gas. Maehata et al. [5,6]
presented a design chart for spiral-finned lead made of cop-
per with different RRR values, derived from an engineering
correlation for turbulent flow through a tube. Chang and
Van Sciver [10] introduced an optimization theory for leads
weakly cooled by natural convection in a closed vapor-
filled space. A more systematic formulation was summa-
rized in a recent publication [2], yet no quantitative
information with a practical accuracy is available in the lit-
erature to our best knowledge.

This study has been proposed for a general design
method for arbitrary cooling condition of metallic leads.
In particular, we have tried first to examine the fundamen-
tal features of the convection heat transfer between the lead
and vapor, and then to develop a single optimization the-
ory that is applicable to any shapes of leads, any types of
extended surfaces, any flow conditions, and any tempera-
ture-dependent properties of the lead materials. These
results should be useful for the design of not only the
metallic leads, but also the warmer metallic section of
binary or hybrid HTS leads [2,8–11].
2. General analysis

2.1. Formulation

The steady energy balance equations are

d

dx
kA

dT
dx

� �
þ qI2

A
� �hP eðT � T gÞ ¼ 0 ð1Þ

for the lead, and

� _mCp
dT g

dx
þ �hP eðT � T gÞ ¼ 0 ð2Þ

for cooling vapor, as schematically shown in Fig. 1. In Eqs.
(1) and (2), k and q are the (temperature-dependent) ther-
mal conductivity and electrical resistivity of the lead mate-
rial, respectively, and Cp is the specific heat of the cooling
vapor. �hP e denotes the product of the (spatially) average
heat transfer coefficient and the effective perimeter defined
by

P e ¼ P 1� P f

P
ð1� gfÞ

� �
ð3Þ

where P is the total perimeter and Pf is the perimeter of
the extended surface. The fin efficiency, gf, is defined as
the ratio of the actual heat transfer to the maximum heat



Fig. 1. Energy balance in a vapor-cooled current lead.
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transfer that could be obtained if the extended surface were
at its base temperature [12]. Boundary conditions are given
as temperature at two ends of the lead and at the cold-end
of the cooling vapor.

T ð0Þ ¼ T gð0Þ ¼ T L ð4Þ
T ðLÞ ¼ T H ð5Þ

where the axial coordinate is measured from the cold-end,
and L is the axial length of the lead.

In order to obviate the implicit complexity due to the
temperature-dependent properties and coefficients, the
variables are now transformed from T(x) and Tg(x) to
q(T) (heat flow per unit current) and Tg(T). Since the heat
flow divided by the operating current is

qðT Þ ¼ kA
I

dT
dx

ð6Þ

Eqs. (1) and (2) becomes

dq
dT
¼

�hP ekA

I2

� �
T � T g

q
� L0 �

T
q

ð7Þ

dT g

dT
¼

�hP ekA

I2

� �
hfg

Cp

� �
T � T g

q � qL

ð8Þ

respectively. In Eq. (7), L0 is the Lorenz number as a func-
tion of temperature

L0ðT Þ ¼
kðT ÞqðT Þ

T
ð9Þ

and in Eq. (8), the mass flow rate of vapor, _m, is determined
by the boil-off rate of cryogenic liquid.
_m ¼ qLI
hfg

ð10Þ

where qL is the total heat load of the cooling liquid and hfg is
the latent heat of vaporization. So-called self-cooled condi-
tion is that the heat load of each lead is the only source of the
boil-off or qL = q(TL). In order to minimize the heat leak to
the cold-end, the heat flow at the warm end should be zero
[1–4] so that the boundary condition for an optimized lead is

qðT HÞ ¼ 0 ð11Þ
The boundary condition for cooling vapor is

T gðT LÞ ¼ T L ð12Þ
We note immediately in Eqs. (7) and (8) that there are

three parameters to determine the optimal heat flow
through the vapor-cooled lead, which are �hP ekA=I2, L0,
and hfg/Cp. The first one is the key parameter associated
with the convective cooling, while the second and the third
are the properties of the lead material and of the cooling
vapor, respectively. As the effect of lead materials has been
extensively studied [2,3,6] and the cooling vapor in practice
should be either helium or nitrogen, our discussion in this
paper will be focused primarily on the first parameter. In
general, all the three parameters are functions of tempera-
ture, thus the differential equations should be numerically
integrated over the temperature. It is interesting to notice
that the first and the second parameters have the same unit,
which can be made dimensionless by dividing the Lorenz
constant Lc.

2.2. New dimensionless number

The effect of convection heat transfer on the lead design
can be represented by a single parameter, �hP ekA=I2, which
is combined with the heat transfer coefficient (�h), the lead
geometry (PeA), the lead property (k), and the operating
current (I). For the purpose of convenience, we define a
new dimensionless number called ‘‘convection heat transfer
(or Chang) number’’ in the current lead design,

Ch �
�hP ekA

I2Lc

ð13Þ

The Ch number is an index to indicate the relative magni-
tude of the convective cooling to the heat generation due to
electrical resistance, because kq = LcT for a Wiedemann–
Franz material or

Ch �
�hP eT

qI2=A
� convective cooling per unit length

Joule heating per unit length
ð14Þ

From a thermal point of view, the steady state of a cur-
rent lead is established by three-way of energy balance,
involving the heat generation (Joule heating), the heat con-
duction through the lead, and the heat convection by cool-
ing vapor. The first two phenomena are very closely related
through the thermo-electrical properties of the lead mate-
rial, typically represented by the Wiedemann–Franz law
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Fig. 2. Optimum heat flow as a function of temperature for various Ch

numbers (Wiedemann–Franz leads cooled by boil-off helium).
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[1,2]. It is therefore the contribution of the convective cool-
ing that affects most significantly the lead design, when we
consider a variety of options in the lead geometry and the
vapor flow. The dimensionless Ch number is a useful
parameter with which this effect can be quantitatively
examined. If Ch is much greater than unity, the convective
cooling is dominant or a perfect heat transfer between the
lead and vapor may well be justified. If Ch is much smaller
than unity, on the other hand, the convective cooling is
negligible or the lead may well be considered conduction-
cooled. For a given lead, in general, Ch is not a constant,
but may vary along the axial position.

2.3. Numerical method and optimal lead design

The next step is to find the optimal heat flow distribu-
tion by a numerical integration of Eqs. (7) and (8) with
the boundary conditions, Eqs. (11) and (12), for a given
Ch number. Since the two boundary conditions are pre-
scribed at different ends, the equations should be solved
by trial and error (so-called shooting) method. With an
assumed value of qL, we integrate simultaneously Eqs. (7)
and (8) from TL to TH. In the integration of Eq. (8), the
assumed qL should be also substituted as a constant in
the denominator at the right-handed side. If the calculated
q(TH) is not equal to 0, a new qL is assumed and the same
procedure is repeated. We employed the fourth-order
Runge–Kutta method as a numerical integration scheme.

The lead parameter is the product of current density
(current per unit area) and lead length, whose optimum is
calculated by Eq. (6).

I � L
A

� �
opt

¼
Z T H

T L

kðT Þ
qoptðT Þ

dT ð15Þ

This relation is not directly dependent on any cooling con-
dition or extended surface, but the optimal heat flow distri-
bution, qopt(T), should be determined by the Ch number.
3. Simple case

The developed method is demonstrated first with a sim-
ple case that the Ch number does not vary over the lead
length and the lead material obeys the Wiedemann–Franz
law. We have two reasons for this presentation. First, the
essential nature of the convective cooling effect in the opti-
mization can be observed, before examining in detail the
complex temperature-dependency of heat transfer coeffi-
cient. Second, this simple analysis can provide a reasonable
estimate for many practical cases, if we use a temperature-
average value for the Ch number as demonstrated later.

Fig. 2 is a plot of the optimal heat flow, qopt(T), of a lead
cooled by boil-off helium (hfg/Cp = 2.956 K) for various Ch

numbers. It is noted that the heat flow at the warm end is
always zero or qH = q(300 K) = 0. The curve at the top is
the limit of Ch = 0 (adiabatic limit or conduction-cooled
lead), and a number of curves below illustrate how the heat
flow distribution varies as the Ch number increases. As Ch

increases up to approximately 1, the optimal heat flow
diminishes almost uniformly over the entire temperature
range. As Ch increases further, however, the heat flow con-
tinues to decrease slowly at temperatures near the cold-end,
but increases again for the most of temperature range. At
the asymptotic limit of Ch!1 (isothermal limit or perfect
heat transfer), the optimal heat flow distribution is a bulg-
ing curve whose peak is found at around 230 K.

Two significant observations should be carefully exam-
ined in the curves of Fig. 2. The first one is the behavior
of the heat flow at the cold-end (TL = 4.2 K), which is
the minimum heat load per unit current, (qL)min, for an
optimized lead and is plotted as a function of the Ch num-
ber in Fig. 3(a). The minimum heat load has its upper limit
at 46.9 W/kA for Ch� 1, which is identical to the case of
conduction-cooled lead made of Wiedemann–Franz mate-
rials [2,3,10]. The lower limit of the heat load is 1.12 W/
kA for Ch� 1, which is also clearly the case of perfect heat
transfer [2,3,5,6]. The key point of this observation is that
(qL)min is a monotonically decreasing function of the Ch

number, or any improvement in the convective cooling
should be able to reduce the heat load, but the reduction
effect becomes insignificant when the Ch number exceeds 5.

The second observation is the shape of the curves,
because the lead parameter is calculated with the optimal
heat flow in Eq. (15). The calculated optimal lead parame-
ter is plotted as a function of the Ch number in Fig. 3(b) for
copper with RRR = 60 [6]. Again, the lead parameter coin-
cides with the conduction-cooled case (38.5 kA/cm) for
Ch� 1, and with the perfect heat transfer case (227 kA/
cm) for Ch� 1. On the other hand, it is most noticeable
that the lead parameter is not a monotonically increasing
function of the Ch number, but has a peak value
(295 kA/cm) at around Ch = 2.0. The reason for this seem-
ingly peculiar behavior is that the heat flow curve in Fig. 2
falls and then rises again as the Ch number increases. Obvi-
ously, this result plays a crucial role in determining the
optimal lead parameter to minimize the heat load shown
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in Fig. 3(a). We think this is especially significant for
1.5 6 Ch 6 50, because the optimal lead parameter should
be clearly greater (not less) than its standard value for ideal
heat transfer.

The same procedure has been repeated for the leads
cooled by boil-off nitrogen, and the results are shown in
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Fig. 4. Optimum heat flow as a function of temperature for various Ch

numbers (Wiedemann–Franz leads cooled by boil-off nitrogen).
Figs. 4 and 5. The overall behavior is qualitatively identical
to above descriptions, but quantitatively different due to
the higher cold-end temperature (TL = 77 K) and the
greater latent-to-specific heat ratio (hfg/Cp = 183.9 K).
The upper (conduction-cooled) limit of (qL)min for
Ch� 1 in Fig. 5(a) is 45.4 W/kA, which is slightly smaller
than the previous one, but the lower (perfect heat transfer)
limit for Ch� 1 is 25.4 W/kA, which is considerably
greater. Since the rising up of the heat flow curve for
Ch P 5 in Fig. 4 is not so dominant as in Fig. 2, the peak
of the optimal lead parameter in Fig. 5(b) is less sharp. It is
again important for 1 6 Ch 6 50 that the optimal lead
parameter should be clearly greater (not less) than its stan-
dard value for ideal heat transfer. Even though the effect of
the convection heat transfer may be less substantial in
nitrogen cooling, an accurate optimization is still effective
in minimizing the heat load.

4. Two practical cases

We demonstrate the above analysis and optimization in
two practical cases of lead design. The selected leads have
been developed for high field magnets that require a cur-



Fig. 6. Configuration of spiral-fin lead [5,6].
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rent level of 10 kA. In both lead designs, an extended sur-
face is fabricated in order to increase the heat transfer area
Table 1
Dimensions of spiral-fin lead [5] and roll of pierced-metal sheet [8]

Spiral-fin lead

Operating current I 10 kA
Cold-end temperature TL 4.2 K
Cooling vapor Helium
Inner radius of spiral-fin ri 11.5 mm
Outer radius of spiral-fin ro 24 mm
Thickness of spiral-fin t 4 mm
Pitch of spiral-fin p 8 mm
Cross-sectional area of lead A 4.15 mm2

Hydraulic diameter d 6.06 mm
Total perimeter P 38.5 mm
Fraction of fin perimeter Pf/P 0.906
Lead length L 796 mm

Optimal lead length (present study) Lopt 1270 mm

Roll of pierced-metal sheet

Operating current I 11 kA
Cold-end temperature TL 77 K
Cooling vapor Nitrogen
Diagonal of hexagonal holes a 4 mm
Distance between holes b 4.8 mm
Cross-sectional area of lead A 8.85 mm2

Thickness of metal sheet t 2 mm
Width of metal sheet W 2500 mm
Hydraulic diameter d 1.14 mm
Total perimeter P 5000 mm
Fraction of fin perimeter Pf/P 0.690
Lead length L 328 mm

Optimal lead length (present study) Lopt 365 mm
(also the heat capacity) of lead and to provide the cooling
channels of boil-off gas. We pay a close attention to the
effect of the augmented heat transfer on the lead design.

4.1. Spiral-fin lead

Maehata et al. [5,6] designed and tested a 10 kA spiral-
fin lead in Japanese high energy program. Fig. 6 is the
structure of the lead and the dimensions are listed in Table
1. The spiral-fin is machined around a rod shape of lead
and boil-off helium flows through the cooling channel
between the fins. The cross-section of this cooling channel
is basically a rectangle with (ro � ri)x(p � t), where ro, ri, p,
and t are the outer radius, the inner radius, the pitch and
the thickness of the spiral-fin, respectively. Therefore, the
hydraulic diameter of the cooling channel is given by

d ¼ 2ðro � riÞðp � tÞ
ðro � riÞ þ ðp � tÞ ð16Þ

If the small inertial (centrifugal) effect of the vapor flow is
neglected, the average heat transfer coefficient can be calcu-
lated from the relation for a rectangular channel [12].
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Fig. 7. Optimized results of spiral-fin lead for 10 kA. (a) The Ch number
as a function of temperature and (b) optimal heat flow as a function of
temperature.
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�h ¼
kg

d Nud ðlaminarÞ

0:023
kg

d
2 _m

l½ðro�riÞþðp�tÞ�

� �0:8

Pr1=3 ðturbulentÞ

8<
: ð17Þ

For the dimensions listed in Table 1, the aspect ratio is
3.125 or Nud 	 4.85 [12] for a laminar flow. In this specific
situation, the flow must be turbulent all over the tempera-
ture range, as _m should determined (by trial-and-error)
from Eq. (10) at the end of optimization. In Eq. (17), kg,
l, and Pr are (temperature-dependent) thermal conductiv-
ity, viscosity, and Prandtl number of helium gas, respec-
tively. A computer code published by the NIST [13] is
incorporated for these properties. The effective perimeter
defined by Eq. (3) is

P e ¼
2p
p
½riðp� tÞþ ðr2

o� r2
i Þ� 1� r2

o� r2
i

pðri� tÞþ ðr2
o� r2

i Þ
ð1� gfÞ

� �
ð18Þ

The fin efficiency of a radial fin [12] is given by

gf ¼
2ri

mðr2
o � r2

i Þ
K1ðmriÞI1ðmroÞ � I1ðmriÞK1ðmroÞ
I0ðmriÞK1ðmroÞ þ K0ðmriÞI1ðmroÞ

ð19Þ

where I0, I1 and K0,K1 are the modified Bessel functions of
first and second kind, respectively, and m is defined as

m ¼

ffiffiffiffiffi
2�h
kt

s
ð20Þ
a/2

W

L

Fig. 8. Configuration of roll o
Eqs. (17) and (18) are now substituted into Eq. (13)
together with k(T) of copper with RRR = 60 [6] and
A ¼ pr2

i . The distributions of the Ch number and the corre-
sponding optimal heat flow are calculated and plotted as a
function of temperature in Fig. 7. The sharp peak of the Ch

number at around 25 K is contributed mainly by the ther-
mal conductivity of copper, and the averaged value of Ch

is approximately 9.59, as indicated by a dotted line in
Fig. 7(a). Since the Ch number is much greater than unity
in this case, the optimal heat flow is close to the perfect heat
transfer limit of Fig. 3(b). As a reference, the dotted curve
shows the optimal distribution calculated on the assump-
tion that the Ch number is a constant as the averaged value.

The minimum heat load of a 10 kA copper lead with
RRR = 60 is estimated at 11.0 W from Fig. 7(b). A fair
agreement with the analysis by Maehata et al. [6] is stated
in the minimum load. There is a notable discrepancy, how-
ever, in the optimal lead parameter, as indicated by two
dots in Fig. 5(b). An obvious reason for this is that the
effect of convection heat transfer is more accurately consid-
ered in the present study and the Ch number exists in the
range where the optimal lead parameter is greater than
its isothermal limit, as discussed earlier. Insofar as the pro-
vided information is correct, it is our claim that the optimal
length of this lead should be 1270 mm, which far exceeds
their design, 798 mm. With the suggested optimal length,
the heat load could be practically smaller and the thermal
stability for any off-design operation could be improved.
a

b

L

t

rolling

q

f pierce metal sheet [7,8].
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4.2. Roll of pierced-metal sheet

Miller et al. [7,8] developed recently a new design of
11 kA leads for the 45 T Hybrid at the National High Mag-
netic Field Laboratory in USA. This is a binary lead made
of an HTS section (between 4.2 K and 77 K) and a metallic
section (between 77 K and 300 K) in series, and a liquid-
nitrogen reservoir is installed at the joint of the two sec-
tions. The resistive element of the lead is a roll (they call
a ‘‘jelly roll’’) of pierced-metal sheet, cooled by boil-off
nitrogen. As shown in Fig. 8, a hexagonal array of holes
was produced on a copper sheet, and the pierced sheet
was rolled on a central tube. No metal is removed in the
piercing process so that the ‘‘crowns’’ play a role of spacers
to provide the cooling channel, as well as extended surfaces
to augment the convective cooling. The shape of each hole
was close to a square [8], but a hexagon is assumed for a
simpler analysis in this paper.

The cooling channel of this lead is somewhat tortuous,
but its cross-section may be considered approximately as
a rectangle with (a/2) · (b � a), as the sheet-to-sheet gap
of the roll is half the short diagonal (a) of a hexagonal hole,
and the center-to-center distance between two adjacent
holes is b, as shown in Fig. 8. The hydraulic diameter of
the cooling channel is therefore approximated by

d 	 2aðb� aÞ
2b� a

ð21Þ

The average heat transfer coefficient is calculated from
the relation [12]

�h ¼
kg

d Nud ðlaminarÞ

0:023 kg

d
4 _m

lNð2b�aÞ

� �0:8

Pr1=3 ðturbulentÞ

8<
: ð22Þ

For the dimensions listed in Table 1, the aspect ratio is
2.5 or Nud 	 4.45 [12] if the flow is laminar. In this specific
situation, the flow must be laminar all over the temperature
range. A computer code published by the NIST [13] is
incorporated for the properties of nitrogen gas. The effec-
tive perimeter defined by Eq. (3) is

P e ¼ 2W 1� a2

b2
ð1� gfÞ

� �
ð23Þ

because the perimeter ratio, Pf/P, is simply the area
fraction of the holes in the sheet. The fin efficiency of a
triangular fin [12] is given by

gf ¼
2

ma
I1ðmaÞ
I0ðmaÞ ð24Þ

where m is the same as Eq. (20). An effective cross-sectional
area can be expressed as

A ¼ f � ðW � tÞ ð25Þ

where f is the ratio of the active cross-section to the cross-
section before piercing. The f factor can be shortly calcu-
lated by a finite element analysis for the unit element shown
in Fig. 8. When b/a is 1.2 as given in Table 1, f is 0.177.
Similarly, Eqs. (22), (23), and (25) are substituted again
into Eq. (13) together with k(T) of copper with RRR = 60
[6]. The distributions of the Ch number and the corre-
sponding optimal heat flow are calculated and plotted as
a function of temperature in Fig. 9. The averaged value
of Ch is approximately 39.4, as indicated by a dotted line
in Fig. 9(a), which means that the convective cooling is rel-
atively more effective in this lead that in the spiral-fin lead.
As a reference, the dotted curve shows the optimal distribu-
tion calculated on the assumption that the Ch number is a
constant as the averaged value. The optimal heat flow dis-
tribution is generally close to Fig. 5(b), but the heat load at
the cold-end is smaller because of the temperature depen-
dency of the Ch number.

The minimum heat load of an 11 kA copper lead with
RRR = 60 is estimated at 254 W from Fig. 9(b), which
slightly smaller than the projected value by Miller et al.
[8]. On the other hand, the discrepancy in the optimal lead
parameter is not very significant, as indicated by two dots
in Fig. 7(b), because the convective cooling is good enough
to regard it as a perfect heat transfer. For the conditions
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listed in Table 1, our study suggests that the optimal length
of this lead be 365 mm, which is compared with 328 mm by
Miller et al. [8].
5. Conclusions

A comprehensive thermal design is presented for vapor-
cooled metallic leads with a special attention to the effect of
convection heat transfer. The developed method is applica-
ble to any heat transfer conditions from an adiabatic limit
(or conduction-cooled lead) to the perfect heat transfer
limit. A new dimensionless number, Ch, which is defined
as the ratio of the convective cooling to the Joule heating
in a lead, is very useful to incorporate the vapor-cooling
effect into the optimization of the lead. We conclude
through this rigorous analytical method that the minimum
heat load decreases as the Ch number increases up to 10,
but the reduction of the load by augmenting the convective
cooling is negligible for Ch P 10. It is also crucial that this
minimum may be achieved only if the optimal lead param-
eter is carefully determined, depending upon the magnitude
of the Ch number.
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