Eddy Current Heating of NCSX Vacuum Vessel – A Preliminary Study

A. 0-D Model for AC Frequency, Maximum Coil Current and Resistive Heating Power  

a) A simple circuit model.

Let Iv be the induced current in the vacuum vessel,  the vessel resistance, L the vessel self-inductance, Vm the maximum voltage on the vacuum vessel induced by flux change due to current swing in driving coils with alternating frequency M the mutual inductance between driving coils and vessel, and Ic the coil current, the one-loop circuit equation is
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Here,  is an arbitrary phase angle.  For =0, we have
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b) Vessel resistance/inductance and time constant.

For the induced current flowing mostly in a long way around the torus (driven by current change in PF), the self-inductance can be estimated by
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Here, R~1.45 m, is the vessel major radius and A is the vessel aspect ratio. For a vessel volume of  ~10 m3, A is ~2.4. Hence, L=2.2 H. 

The resistance  is    
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where  is the vessel thickness and  is the resistivity of Inconel 625, which is about 1.30 -m.  Given ~0.01 m, is~340 , and the time constant of the vessel, =L/, is ~6.5 ms. This time constant is shorter than the expected period of current oscillation in heating coils. Therefore, the transient solution of equation (1) may be ignored. Similar conclusion may be drawn for the induced current flowing mostly in a short way around the torus.

c) Solution of induced current in vessel and the power requirement.

The steady-state solution of Eq. 1 may be written as
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The average power is
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Let W and Cp be the weight and the specific heat of the vessel, respectively, and T be the intended temperature rise and  the heating time, the energy balance leads to
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For induced currents flowing mostly in the toroidal direction,
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Here,  is the density of Inconel 625 and Ploss is the time-averaged power loss through radiation, convection or any other loss mechanism. It is interesting to note that Eq. 13 involves only the basic material properties, , , and Cp, but is independent of the size and the thickness of the vessel other than its major radius as long as the time constant is short, i. e., 2L2/2 << 1 and other power losses are negligible. (For the induced current flowing mostly in the poloidal direction, R on the right hand side of Eq. 13 is replaced by R/A).

For Inconel 625, Cp~0.1 Btu/lb/oF, or 0.2326 J/g/oF and =8.44 g/cc. To bakeout the vessel to 350 oC from 20oC, T=594 oF, we have

Vm2 ~ 2.5x105 + 2 ·Ploss    J-, or
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Here, N is the number of heating cycles. From Eq. 5, 
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For =60 Hz, N~300,000 cycles (8 hour heating), we have Vm ( 4 volts if Ploss(10 kW, and if M~1 H, Ic,m(65 kA. Clearly, the larger the number of heating cycle is and the higher the alternating frequency is, the less current will be required.

Another issue related to the alternating current is the skin effect and its consequence on the resistance and self-inductance of the conductor.  The 1/e skin depth, , is 
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Owing to the high resistivity of the vessel material,  >>  for  < 60 Hz, so that the skin effect may be ignored in our application.

B. Power Density Variation in the Vacuum Vessel

One important consideration in eddy current heating of the vessel is whether it can be heated uniformly.  Because of the twist of the vessel in both the toroidal and poloidal directions, local area elements may not experience the same EMF when currents are changed in the driving coils. To find out the steady state, resistive current distribution on the vacuum vessel, we have carried out SPARK calculations using a unit current change in various coils as the driver (dI/dt= -1 A/s).  The vessel model was that of the PDR configuration provided by A. Brooks. Fig. 1 shows the current flow distribution on the vessel where only currents in regions whose magnitude is greater than 50% of the maximum is shown for a unit current change in OH (PF1+PF2), PF3, PF4, PF5 and PF6, respectively.  It is seen that currents whose magnitude is within a factor of 2 of the maximum are restricted in only a fraction of the total vessel area.  This means that the vessel cannot be heated to a temperature uniform within a factor of ~5 without additional conduction or convection mechanism. Fig. 2 shows the corresponding heating power density in the vacuum vessel whose magnitude is greater than 20% of the maximum. The heating is not uniform. There are areas that receive small power input regardless of which coil is used to drive the system. 

The uniformity may be improved by combining EMF from different coils. Figure 3 illustrates the power density due to two obvious combinations of EMF, i.e., from OH, which heats the vessel on the in-board side, and PF5, which heats the vessel on the out-board side, and from PF3, which also heats the inboard side, and PF5. While most areas receive heating power within a factor of 5-6 in those combinations, there are regions that receive considerably less input.  Because the vessel is thin with thickness only on the order of 1 cm, conduction in the direction parallel to the vessel surface may not be efficient and may not be adequate to even out the non-uniform temperature distribution even with a prolonged bakeout. 

Further improvement of the uniformity of power density may be possible by including more coils. Figure 4 shows that the region near the top port opening where the power density is low when using only OH and PF5 may be improved by including an additional EMF from PF4. To take advantage of the possible cancellation of local EMF forces so that better uniformity may be attained when more coils are included, we have devised a nonlinear Levenberg-Marquart algorithm to search for the best PF coil combinations that provide the most uniform power density. Figures 5 and 6 illustrate two possible combinations, and figure 7 gives the perspective views of the vessel heating from outboard and inboard for the case given in figure 6. Because the numerical system using the present model is overly over-determined, the algorithm turned out to be impossible to find a unique optimal solution. Nevertheless, in the two cases found, most of the vessel areas have the power density greater than 10-15% of the peak value. The peaking factor (ratio of peak to average power density) is 6.5 and 6.7 for the cases given in figure 5 and 6, respectively, and the volume fraction that the heating power is within a factor of 2 of the maximum is about 5% and the fraction that the heating power is with a factor of 4 of the maximum is about 22%. 

Still further improvement in input power uniformity may be achieved by including toroidal coils. Including either the conventional TF or the modular coils may not be practical, however. 

Finally, SPARK solutions in all the studies showed that the ports will not be able to receive much resistive heating power. Auxiliary heating methods probably will have to be used for the ports if eddy current heating is used to bake out the vessel. 
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Figure 1.   Plain views of resistive current distribution in the vacuum vessel due to 1 A/s change in (a) OH, (b) PF3, (c) PF4, (d) PF5, and (e) PF6.  Currents whose magnitude is less than a factor of 2 of the maximum are not shown. 
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Figure 2.   Plain views of resistive power density distribution (with arrows pointing to the direction of the current flow) due to a unit change in coil current. (a) OH, (b) PF3, (c) PF4, (d) PF5, (e) PF6.  Power densities less than a factor of 5 of the maximum are not shown.      
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Figure 3.   Power density distribution due to (a) dI/dt=25 and 1 A/s in PF3 and PF5, respectively; (b) dI/dt=2.5 and 1 A/s in OH and PF5, respectively. Current lines in regions with power density less than one-sixth of the maximum are omitted in plots.
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Figure 4. Power density distribution due to dI/dt=2.5, 3.5 and 1.0 A/s in OH, PF4 and PF5, showing the “hole” of the low resistive heating in the neighborhood of the top port opening in fig. 3b may be covered by adding the EMF from PF4.
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Figure 5. Power density distribution with dI/dt=-0.54, 15.8, 0.2, 1.0 and –0.5 A/s in OH, PF3, PF4, PF5 and PF6. Left plot: P/P_max> 0.17, right plot: P/P_max > 0.111.
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Figure 6. Power density distribution with dI/dt=1.7, -8.0, 3.2, 1.0 and –0.5 A/s in OH, PF3, PF4, PF5 and PF6. Left plot: P/P_max> 0.17, right plot: P/P_max > 0.111.  
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Figure 7. Perspective view of power density distribution of fig. 6 with P/P_max>0.111 plotted.
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