Appendix 25-5(2):  Part of  ‘Coupling current losses in composites and cables: analytical calculations’ by Duchateau J-L, Turck B, Ciazynski D, [1]  
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It is to be noted that, for a given field variation, the losses are highly dependent on the time constant
6,. High loss levels are connected with high values of ;. Composites are designed to adapt the time
constant to the field variation rates. Modern composites are often not simply constituted by a filamentary
zone surrounded by a copper shell but are more generally represented as in figure B4.3.4 by a central zone
without filaments, surrounded by a filamentary zone and two shells of different materials such as Cu-Ni
and Cu.

The exact treatment of this composite has been made by Turck (1979a).

The Laplace equation written in cylindrical coordinates, for a composite, yields the voltage at a given
point (r, ¢)
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Figure B4.3.3. Loss correction coefficients f(a) and Figure B4.3.4. A schematic diagram of a multizone
g(er) versus aspect ratio. multifilamentary composite.

In the two external shells, i = 1 and i = 2, the solution is given by
B;
Vi(r,p) ={ Air + — ) cosp.
r

The boundary conditions account at each interface (between a zone i and a zone i + 1) for the
continuity of the azimuthal component of the electrical field and for the continuity of the radial component
of the current density

E,(R)) = Eq(Ry)
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where p; and p, are the resistivities of zones 1 and 2 respectively and R; is the interface radius between
zones 1 and 2.
Two other conditions are required to solve the problem

B;
V(Ry, 9) = 2—pr~ cosp  from (B4.3.1).
/4
Along the circle of outer radius R;, the current is azimuthal: E,(R;,¢) = 0. The voltage in the

central zone can be derived similarly.
The time constant associated with the loss power per unit of volume of composite is

O = (051 + 02 +0f +6:).
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(a) Central zone 0.
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where p. is the central zone resistivity.

(b) Filamentary zone
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where p, is the filamentary zone resistivity.
(c) First shell (subscript 1)
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where p; is the first-shell resistivity and p, the second-shell resistivity.
(d) Second shell (subscript 2)
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(e) Time constant due to eddy currents

The normal eddy currents in the copper outer layer generate another time constant. The power associated
with this time constant has to be added to the power resulting from the coupling time constant. The time
derivative of the internal magnetic field B; induces in the normal metal a z component of the electric
field E, = rsingB;. It generates normal eddy currents with a loss power density in the normal metal
P, = EZ2 /pn. The integration of this power in the different normal zones leads to the expression

w(RE, — R}
6, = Mo Z@_(_%_—l) (B4.3.12)
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where 7¢,, is the copper ratio in region i and

b 2B%6,
Ho

where P is the eddy current loss power per unit volume of composite.
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B4.3.3 Evaluation of the transverse resistivity

The evaluation of the transverse resistivity of the composite needs to have a good electrical model of the
strand.

The evaluation of the transverse resistivity is of great irnportance for the time constant evaluation and
is generally not so easy to calculate. Significant traps have to be avoided.

The classical and most common situation is represented in figure B4.3.5. The filaments are surrounded
by a layer of thickness e;, and of resistivity p,. These plated filaments are immersed in a matrix of resistivity
Pm. For the case where the thickness e, is very small compared with the filament radius ry, the following
formula has been given by Ciazynski (1985) in good agreement with Carr’s results

A=+ xA+1
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and A is the nonmatrix proportion in the filamentary zone. Extreme cases can be found from this formula.

where

Pb 1-2
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This describes the classical case of copper-plated filaments in a cupro—nickel matrix, i.e. low-loss
composites associated with high transverse resistivity.

Pb 1+ A
) — > X — & Pp = Pm———.
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This describes well the case of cupro—nickel-plated filaments in a copper matrix.

Figure B4.3.5. Typical mesh associated with the representation of a multifilamentary composite.

Equation (B4.3.13) is also of great interest for the practical calculation of the transverse resistivity of
pure copper Nb-Ti composites, assuming a pure copper resistivity does not lead to values in agreement
with experiments. As a matter of fact, in this case it can be shown that a resistive intermetallic interface
exists between the filament and the matrix, the value of which can be estimated (Turck 1982b).

ppe =6 x 10715 @ m?. (B4.3.14)
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