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ABSTRACT 

The Tokamak Ignition/Burn Experimental Reactor (TIBER) is being 
designed to provide nuclear testing capabilities for first wall and blanket 
design concepts. The baseline design for TIBER II is to provide steady-
state nuclear burn capabilities. These objectives must be met using 
reactor relevant components, such as state-of-the-art current drive schemes 
coupled with superconducting toroidal field (TF) and poloidal field (PF) 
coils. The design is also constrained to be cost effective, which forces 
us to make the machine as small as possible. This last constraint limits 
the nuclear shielding in TIBER. Therefore, the TF coils will have a high 
nuclear heat load of up to 4.5 kW per coil. The cooling scheme and the 
thermal analysis for this design are presented. 

INTRODUCTION 

The Tokamak Ignition/Burn Experimental Reactor (TIBER), a fusion 
reactor design study, is a steady-state machine in which the plasma current 
is driven by neutral beams or other means. TIBER U3es toroidal field (TF) 
and poloidal field (PF) coils wound with cable-in-conduit conductors (CICC) 
made of Nb,Sn superconductors to produce the high fields needed for 
confining and controlling the plasma. The TF coils will be subjected to 
high nuclear heating. Design margins in TIBER allow a possible total 
nuclear heat load of 72 kW to the 16 TF coils, although estimates of the 
actual nuclear heat load are approximately 27 ktf. The helium In the CICC 
must remove the nuclear heat and maintain the superconductor at low enough 
temperatures to provide adequate operating stability margins. 

We evaluated the TF coil design operating with the high heat loads. 
Our analysis is based on solving coupled differential equations, which 
describe the evolution of helium pressure p and temperature T. vs distanc 
s along the flow paths. Appropriate models are used to describe the flui 
friction and the nuclear heat generation. Once the helium temperature is 
known along s, the current-sharing temperature T and stability margin AH 
are determined. The following sections will describe the physical model, 
the analytical models, and the results of the calculations. 
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COIL DESCRIPTION 

The geometry of the D-shaped coil must be known so that s along the 
coil can be related to the heat flux and magnetic field generated within 
the torus. For example, the peak nuclear heat load on the coils is 
specified as a function of the poloidal angle e, which is measured from the 
plasma center located at a radius of 3.1 m. We define 9 to be zero at the 
midplane on the low-field side of the TF coil. The geometrical relations 
expressing s as a function of 6 and turn number i are straightforward but 
tedious; and therefore, they are not be presented here although they are 
included in the analysis. 

The TF coil conductor for TIBER was designed using a separate 
calculation, wnich is described by Miller et al. 1 This calculation 
optimises the fractions of conduit, helium, conductor, and copper in the 
conductor for specific operating conditions. Pertinent parameters of the 
TF conductor design are given in Table 1. This design is based on a slngl 
point along the helium flow path through the CICC. As such, the 
appropriateness of this design must be checked along the entire flow path 
of the helium. 

The conductor is pancake wound to form the TF coil. Helium inlets are 
connected to the conductor at the crossover turn in the low-field region 
inside the TF coil. From there, the helium flows through both halves or 
the pancake to outlet connections outside the torus. Therefore, the flow 
direction for the helium is from the "hot" or heated inner turns to the 
"cold" outer turns. We distinguish between the inner and outer turns 
because the neutron flux decays exponentially through the windings. 
Most heating occurs in the turns nearest the plasma inside the torus. The 
nuclear heat per unit volume generated in each turn can be determined if 
we multiply the heat going into the coil as a function of 6 and turn number 
N by the exponential loss per turn, that is; 

q'"(B,i) - q'"(6)exp ( ^ (i - 1)). (1) 

HELIUM-FLOW ANALYSIS 

The following equations govern the state of the supercritical helium 
flowing in a heated channel 2: 
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Table 1. TF Conductor Parameters 

Operating current (I) 36.16 kA 
Conductor area ( Acond> 901 « 10' 
Cable space area ( Acs» 510 x 10' 
Fraction of conductor- ( fcond> 0.6 
Fraction of copper <fCu> 0.6 
Wire diameter «V 1.0 x 10 
Cooled perimeter <PHe> 1.18 m 
Mean length of a turn (L) 18.55 m 

The helium properties are local variables that must be evaluated alcng 
the flow path. An analytical solution to Equations 2 and 3 is impossible 
because of rapid and significant variation of the helium properties. We 
solve these coupled differential equations using a Runge-Kutta fourth-order 
numerical integration scheme. The helium properties are calculated at each 
increment using HEPR0P subroutines by Hands,' with modifications by 
Arp." The only variables that we still lack are the friction factor f and 
the heat flux q into the helium. 

The friction factor for cable conductors has been experimentally 
investigated by Lue et al. 5 Their results showed that the CICC has a 
friction factor approximately two to three times greater than that for 
smooth tubes. The increased friction results from the tortuous flow 
produced by the twisted, cabled conductor inside the conduit. Hooper' used 
the results of this experiment to write an empirical relation for the 
friction factor given by 

In f - 13.15 R e " 0 - 3 6 - 1.338 (10 < Re < 10 H), (1) 

where Re is the Reynolds number. 

The peak nuclear heat load vs e was estimated by El-Guebaly.7 

This calculation shows a broad maximum in the peak heating that occurs 
along the straight leg of the torus for e between 120" and 210°. The 
heating on the high-field section is approximately three orders of 
magnitude higher than heating on the low-field section. This difference is 
primarily due to relatively thin nuclear shielding on the high-field 
sections, which is thicker on the low-field side. Another effect is that 
the surface area of the torus increases with radius, so the neutron flux 
must decrease with r. The shape of the heating function is periodic with 
minima at 9 equal to 0 and 2n and a maximum at n. This shape can be 
approximated by an eleventh-order Fourier series. The comparison between 
data points taken from Ref. 7 compared with the analytical curve is shown 
in Fig. 1. The heat flux into the helium q" is found by multiplying q''' 
by the area of the conductor and dividing by the cooled cable perimeter. 
For this analysis, we assumed only the variation of q" and q'" with B and 
turn number. The normalization is determined separately, to set the total 
heat into the TF coils at either 27 or 72 kW. 
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Fig. 1. Comparison between discrete data points taken from Ref. 7 and an 
eleventh order Fourier series. 

The analytical heat flux equation, friction factor, and helium 
properties are combined with Eqs.(2) and (3) to predict p and T. as a 
function of s. The inlet temperature is set at 1.5 K, and the inlet 
pressure is adjusted so the entire flow remains single phase. We also 
maintained the outlet pressure greater than 0.2 MPa to simplify the 
refrigeration system. These requirements resulted in an inlet pressure of 
2.5 MPa for a heat input of 72 kW. The inlet pressure was reduced to 2.0 
MPa for the 27-kW heat input. As helium enters the conduit, the nuclear 
heating and the Joule-Thompson (JT) effect cause the temperature to rise 
initially. As the flow continues through the conduit, the nuclear heating 
diminishes and the JT expansion cools the helium. This cooling can produce 
a maximum in T &; for example, when the total heat load is 27 kW, the 
maximum temperature is 7.3 K. 

Since T nearly doubles from inlet conditions, we must carefully 
determine T. as a function of s (Fig. 2). Large temperature increases 
occur in the first several turns of the coil and have a step-like 
appearance. This shape is caused by the coil heating that is localized to 
the inboard straight-leg region. The step-like pattern is seen only in the 
first few turns along the helium flow path because the heating decays 
exponentially with distance into the coil. 

Temperature, Current, and Stability Margin 

The TF conductor mus* be designed with adequate margins to stabilize 
it against energy releases of about 100 mJ/em within the coil. If adequate 
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Fig. 2. Helium temperature along the flow path. 

margins are not provided, these perturbations can quench the coil. We 
define the temperature margin as: 

where T is the current-sharing temperature. We estimate the eurrent-

(5) 

sharing temperature for Nb,Sn by: 

T c ( B > l 1 ' A f „ .(1 - f. )J (B) 3 

cs cond Cu cO 
(6) 

where: 

T 0(B) - T o 0 (, (7) c20 

[m(i -jT^-)]2 

J c O ( B > J'2 
c20 , n6 x 10 C8) 

CO 18 K; B c 2 Q = 27.8 T 

The 9 variation of B around the torus can be approximated with 
sufficient accuracy using the first five terms of a Fourier cosine series 
in which the even terms are zero. The field is assumed to drop linearly to 



zero with turns into the winding (a good approximation in the inboard 
leg). The full dependence is then: 

N - (i - 1) 
— [(B - B . ) F(e) + B . ] l max min m m J (9) 

where F(e) is the Fourier series: B is 11.91 T; and B . is 6.19 T. 
max m m 

The flow direction through the coil is radially outward because we 
feel that the large swings in A T and the absolute minimum, which occur In 
the inner turns, can be better controlled when p and p are high and T f c is 
low. The characteristic shape of IT for radially outward flow Is shown in 
Fig. 3 for 27-kW heat Input. The periodic nature of the curve results from 
the helium flow path around the torus in which B changes by almost a factor 
of 2. The change of B causes T to be small in the high-field regions of 
the coil. As T decreases, T. increases so that the AT must decrease, cs b m 
The smallest value of AT occurs near the end of the straight leg where m 
both the B-field and T are high. This effect is shown in Fig. 3 by the 
nonsymmetrical shape or the lobes of the periodic curve at the minimum in 
the first turn. At distances further into the coil where the nuclear 
heating is negligible, the lobes become symmetric. The step on the upper 
part of the curve is a result of the transition from turn to turn that 
causes an abrupt decrease in field at this point. The minimum value of AT 
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Fig. 3. Temperature margin along the flow path for heat input of 27 kW. 



throughout the coil is determined by the relative rate of decrease In B 
radially across the ceil and the Increase in T along the flow path. For 
72-kW heat input, the minimum occurs in the second turn. 

To guarantee an adequate stability margin in the design, we have 
specified that the stability margin, defined by 

cond 
fcond ' 

p C dT , 
TB " 

(10) 

be not less than 300 mJ/cnr. The relation between iH and s is shown in 
Fig. 1 Tor 27-kW heat Input. The shape of this curve is similar to Fig. 3, 
since the integration is over the range of I to T . For this heat input, 

b cs 
the minimum value of iH ia 1000 mJ/cm , whereas for 72-kW heat input, the 
minimum is 300 mJ/cnr. 

The ratio of operating current to the critical current (I/I ) is also 
calculated. This ratio is small when T is large, and it goes to one as 
T approaches T . Therefore, the relation between the current ratio and s 
is 180° out of phase with our temperature and stability margins. The 
largest value of I/I is 0.52 for 27-kW heat Input and 0.79 for 72-kW 
heat Input. 
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Fig. 1. Stability margin along the flow path for heat input of 27 kW. 



CONCLUSIONS 

A TF coil conductor has been designed for TIBER to operate at a 
nominal heat input of 27-kW. The design can tolerate a total heat input of 
72 kW. The design was verified in calculations using details of the helium 
temperature and pressure as a function of flow distance through the winding 
pack. Details of the friction and nuclear heat input into the coil are 
included in the calculations, as are the compressibility effects in the 
helium. The temperature and stability margins and the current ratio were 
calculated over the length of the flow path, and the results verified that 
the stability margins we established are adequate for operating conditions 
in TIBER. 
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NOTATION 

Acond Conductor area J c Critical current density 
Acs Cable space area K Compressibility coefficient 
B Magnetic field Nt Total turns in flow path 
C
P 

Specific heat P Pressure 
D Hydraulic diameter PHe Cooled perimeter 
dw Wire diameter q" Heat flux 
f f cond 

Friction factor 
Conductor fraction in arcs 

q'" 
Re 

Heat per unit volume 
Reynolds number 

fCu Copper fraction in dw s Distance 
G 
AH 

Mass flow 
Stability margin 

T 
T b 

Temperature 
Bulk temperature 

I Operating current Tcs Current-sharing temperature 
lo Critical current i Tm Temperature margin 
i Turn number 

GREEK SYMBOLS 

B Expansion coefficient p Helium density 
î  Joule-Thompson coefficient e Decay length (0.065 m) 
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