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GAS/VAPOUR-COOLED BINARY CURRENT LEADS

COPPER PART

Emanuela Barzi

Abstract:

The copper section of binary copper/HTS current leads for the Tevatron magnets was modeled using a numerical approach. Both IGC and ASC 5kA power leads were studied under their normal operating conditions. 
1. INTRODUCTION
Current leads that transmit power from a power supply at room temperature to a superconducting magnet operating at cryogenic temperatures introduce heat into cryostats by thermal conduction and Joule heating. For a given current flowing in a metal lead, there exists an optimum ratio of length and conductor cross-section, leading to the minimum heat leak and boil-off rate of the cryogenic fluid * [1]. 

Shortly after the discovery of high Tc superconductors (HTS) with critical temperatures above the boiling temperature of liquid nitrogen, it was proposed to use HTS materials to build binary current leads [2]. Assuming HTS’s of sufficient length and critical current density and a liquid nitrogen bath or a heat exchanger at the warm end of the superconductor, the heat leak at the cold end can be considerably reduced with respect to the optimum value of about 1WkA-1 for normal conducting metals [3]. Use of HTS also has the potential to reduce the room temperature refrigerator power required to cool the lead [4], although this issue will not be considered here.

*
Making the cross-section of the lead smaller to reduce conduction will increase its resistance and therefore the Joulepower. Making the cross-section larger to decrease the resistance and the Joule power will increase conduction. Clearly, there is an optimum at which the heat leak into the cryostat is minimized [6].
2. STEADY STATE TEMPERATURE PROFILE


The following differential equation describes a steady state gas-cooled current lead in the case of ideal heat transfer. For a large cooled perimeter and a negligible temperature difference between coolant and conductor at the cold end *, ideal heat transfer is a good approximation.
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Where:

A = conductor cross section [m2]
I = current [A]
((T) = thermal conductivity [W/ mK] 

((T) = electrical resistivity [( m]
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cpgas(T) = gas specific heat [J/ kgK]
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By developing the derivative, equation (1) results in the following nonlinear ordinary differential equation of the second order:

In a gas-cooled current lead, the mass flow rate can be varied. In a vapour-cooled current lead, the boiled off helium or nitrogen is used for cooling the lead.

Equation (2) was solved for the copper part of both ASC (two different designs) and IGC 5kA power leads, nitrogen-cooled from 293K to 78K. The specific heat of nitrogen gas, cpgas, is conservatively assumed to be constant with temperature and equal to 1042 J/ kgK. An estimate of the length of copper section exposed to the nitrogen gas/vapour flow gives 0.216 m for the IGC lead, and 0.237 m and 0.264 m for the first and latest ASC design respectively. The cross sections of the current leads are taken to be 4.08(10-4m2 for IGC, and 2.23(10-4m2 and 2.95(10-4m2 for the first and latest ASC respectively. 

Equation (2) was solved numerically by developing a Fortran90 code. Since only the temperatures at the cold and warm end are known, the problem of designing current leads is a two point boundary value problem. The shooting method (globally convergent Newton-Raphson root-finding method [7]) was then used to transform the problem into an initial value one, where the cold end temperature and its derivative at the cold end are both available. Equation (2) was reduced to a system of coupled first-order differential equations, which was solved by a Runge-Kutta method (embedded fifth-order Cash-Karp Runge-Kutta [7]). The stepsize was adjusted over the integrator progress to achieve a predetermined accuracy (The fractional truncation error of the dependent variables was required to be less than 10-8.). 

*
This is true for both IGC and ASC current leads. However, in the case of a binary superconducting current lead, a coolant temperature below the conductor temperature at the cold end of the normal conducting part can be advantageous and in that case finite heat transfer would have to be considered.

To model ASC leads, a copper with a RRR of 100 was assumed, corresponding to a residual electrical resistivity (o of 1.68(10-10((m. For this kind of copper, the thermal conductivity ((T) and the electrical resistivity ((T) were obtained by cubic spline interpolation [7] from a set of known data points [5]. The resulting functions are shown in figures 1 and 2 respectively.

[image: image4.wmf])

5

(

)

(

)

(

)

(

)

(

)

(

2

2

t

T

T

T

c

A

I

T

x

T

A

T

c

m

x

T

T

x

c

p

gas

p

¶

¶

=

+

¶

¶

-

ú

û

ù

ê

ë

é

¶

¶

¶

¶

d

r

k

&

[image: image5.wmf]]

/

[

/

s

kg

rate

flow

mass

vapour

gas

m

=

&


Fig. 1: Spline interpolated thermal conductivity.
  

  Fig. 2: Spline interpolated electrical resistivity.

For the kind of copper used by IGC, the following linear temperature dependencies were suggested by the manufacturing company:

((T) = 0.39T + 225.  [W/ mK]

(3.1) ;

((T) = 7(10-11T - 2.1(10-10  
[( m]
     (3.2) .

[image: image6.wmf]The steady state temperature profiles along the lead at an operating current of 5kA and different gas flow rates (from 0 to 0.8g/s with 0.2g/s increasing steps) are shown for IGC and the two versions of ASC current leads in figures 3, 4 and 5 respectively. These can be compared with the results obtained in [11]. 

   Fig. 3:
Temperature profile along the IGC lead at 5kA and



different nitrogen mass flow rates.
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Fig. 4:
Temperature profile along the ASC lead


Fig. 5:
Temperature profile along the ASC

(first design) at 5kA and different nitrogen


 

lead (latest design) at 5kA and 

flow rates.





 




different nitrogen flow rates.

The heat leak at the cold end of the copper section versus the nitrogen mass flow rate are shown in the case of gas cooling for IGC and the two versions of ASC current leads in figures 6, 7 and 8 respectively, for different operating currents (from 500A to 5000A with 500A increasing steps).
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   Fig. 6:
Heat leak at the cold end of the IGC copper section vs. the nitrogen mass 

flow rate in the case of gas cooling for different operating currents. The 

intersection of the vapour cooling line with the appropriate gas cooling 

curve gives both the heat leak in the nitrogen bath and the mass flow 

rate in the case of vapour cooling.
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To insure that the HTS warm end temperature remain near 80K, both IGC and ASC current lead designs have a liquid nitrogen heat exchanger situated at the junction of the HTS and copper sections. In both cases, the heat exchanger is of the open flow type. The liquid nitrogen gathers at the bottom and the generated nitrogen vapour is used to cool the lead by constraining it to flow up the copper section. Whereas in the case of gas cooling the flow rate can have any value, in the case of vapour cooling the flow rate is given by the evaporation rate of the cryogenic fluid, which is itself determined by the heat dissipated in the liquid bath. If the heat flow down the conductor is the only cause of evaporation –as it predominantly is for the case of heavy current leads- then: 

where (ev is the nitrogen latent evaporation heat and Q0 is the heat leak from the cold end of the current lead. Line (4) is also shown in figures 6, 7 and 8. For a given operating current, its intersection with the appropriate gas cooling curve gives both the heat leak in the nitrogen bath and the mass flow rate in the case of vapour cooling.

[image: image11.wmf]   

   Fig. 7:
Heat leak at the cold end of the ASC copper section (first design) vs. the 

nitrogen mass flow rate in the case of gas cooling for different operating 

currents. The intersection of the vapour cooling line with the appropriate 

gas cooling curve gives both the heat leak in the nitrogen bath and the 

mass flow rate in the case of vapour cooling.

[image: image12.wmf]   Fig. 8:
Heat leak at the cold end of the ASC copper section (latest design) vs. the nitrogen mass flow rate in the case of gas cooling for different operating currents. The intersection of the vapour cooling line with the appropriate gas cooling curve gives both the heat leak in the nitrogen bath and the mass flow rate in the case of vapour cooling.

[image: image13.wmf]In the case of vapour cooling, for a given current and a given geometry (i.e. ratio of length and conductor cross-section), Q0 is uniquely determined. However, this does not mean that it is the optimized one, since an optimized lead must also have a zero heat flow at its warm end [1]. As an example, the following picture shows the heat flow at the warm end of IGC and ASC current leads versus the flowing current. It can be seen that none of the modeled copper sections are optimized for a current of 5kA. 

  




   Fig. 9:
Heat flow at the warm end of the modeled IGC 

and ASC current leads vs. the current.

3. STUDY OF TRANSIENTS

The copper parts of IGC and ASC (latest design) current leads were studied under their normal operating conditions only. The AC portion of the HTS Power Lead Test Procedure (March 20, 1997) [10] was taken into account. The transient behavior was studied by ramping the current four times up and down between 25A and 5kA with a constant ramp rate, and then holding the current constant at 5kA. In figure 10 this is shown for the maximum value of the ramp rate.
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Fig. 10: 
Simulated current vs. time. The period of the AC is

indicated with (.
[image: image15.wmf])
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Neglecting radial heat transfer, the time dependence of the temperature profile is described by the following nonlinear partial differential equation: 

where:

A = conductor cross section [m2]
I = current [A]
((T) = conductor thermal conductivity [W/ mK] 

((T) = conductor electrical resistivity [( m]
cpc(T) = conductor specific heat [J/ kgK]
((T) = conductor density [kg/m3]
cpgas(T) = gas/vapour specific heat [J/ kgK]
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For both IGC and ASC current leads, the mass flow rate is determined by the boiled off nitrogen used for cooling the lead:

where:
(ev = nitrogen evaporation heat (at atmospheric pressure) 199.3 kJ/ kg
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Q0 = heat leak at the cold end of the current lead in the nitrogen bath, given by:
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Writing all variables and parameters in dimensionless form leads to the following dimensionless equation, where the dimensionless independent variables are primed:
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 where:

[image: image23.wmf])

1

(

0

)

(

)

(

)

(

2

2

=

+

-

ú

û

ù

ê

ë

é

A

I

T

dx

dT

A

T

c

m

dx

dT

T

dx

d

p

r

k

&

and:    L = conductor length [m].


The temperatures at both ends of the copper section were taken as boundary conditions (5.2, 5.3) and as an initial condition the steady state temperature profile for a current of 25A was used (5.4):

[image: image24.png]ASC First Design - Ternperature Profile
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Equation (5.1) is a nonlinear parabolic equation [8]. To solve it, the method of finite differences was used. Finite difference representation of the terms in equation (5.1) requires that a set of mesh points be defined in the x’, t’ plane. The explicit procedure was chosen, being applicable to problems which have open integration domains. An explicit formula provides for a noniterative marching process for obtaining the solution at each present point in terms of known values at preceding and boundary points. For nonlinear problems, stability depends not only upon the structure of the finite difference procedure but also on the solution being obtained. Questions of stability are most crucial for explicit schemes.

Replacing the partial derivatives by a finite difference approximation:
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with:
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and solving for (i,j+1, equation (5.1) becomes:

whereas boundary conditions 5.2, 5.3, and 5.4 become respectively:
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[image: image31.wmf]
Equation (6.1) was solved by writing a Fortran90 code. Steps of 0.0125 s were used for the time mesh. For the space mesh, steps of 0.4 mm and 0.6 mm were chosen respectively for the IGC and ASC leads (latest design) *. For the thermal parameters already used in section 2 the same assumptions were followed. For the specific heat and the density of both IGC and ASC copper parts the following linear temperature dependencies were derived by approximating known data [5]:

cpc(T) = 0.973 T + 108.108 ;

( (T) = -0.3187 T + 9021.

[image: image32.png]ASC First Design
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Fig. 11: 
The temperature profiles along the copper section of the IGC lead are shown 





during the transient for a ramp rate of 350 A/s.


In figure 11 the transient behaviour of the copper part of the IGC leads for a ramp rate of 350 A/s is shown. The delay time of the system is ( (/4, after which the temperature profile rises monotonically until t = 3/4 ( is reached. Then a series of oscillations of period ( occur. They are as many as in the AC current behaviour and they end at t = 4¼ (. Finally the profile rises steadily until it reaches its asymptotic behaviour at approximately t = 4 min. 

* For the stability of this explicit numerical method, it is recommended that [9]:
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       Fig. 12:
The temperature profiles along the copper section of the ASC lead (latest design) are  




   
shown during the transient for a ramp rate of 350 A/s.
In figure 12 the transient behaviour of the copper part of the ASC leads (latest design) for a ramp rate of 350 A/s is shown. The delay time of the system is ( (/4, after which the temperature profile rises monotonically until t = 3/4 ( is reached. Then a series of oscillations of period ( occur. They are as many as in the AC current behaviour and they end at t = 4¼ (. Finally the profile rises steadily until it reaches its asymptotic behaviour at approximately t = 5 min. 
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