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A point-kinetics model has been used to investigate the dynamics of the International Thermonuclear Experimental
Reactor (ITER). Four different confinement scaling have been tried. The analysis shows the ability of the reactor
to approach a steady state operation. It also shows the sensitivity of the reactor dynamics to the confinement scaling.
It has also been found that the reactor power can be increased either by increasing the rate of the injected fuel or

by decreasing the energy of the injected fuel.
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|. INTRODUCTION

Although it is not clear at this time whether the first
generation reactors will be pulsed or steady state systems, it
is expected that some of them at some point will operate in
i steady state mode. For such systems, the question of
dynamics is very important.

Bian [1] developed a simplified approach to determine the
dynamic and stability properties in a fusion system. His
approach s based on the determination of the system transfer
finctions. He restricted his analysis to a tokamak-type
system that follows a trapped ion scaling law. Oda et al. [2]
¢gxamined the dynamic behavior and controllability of fast-
fission D-T tokamak hybrid reactors. A hybrid reactor is a
reactor concept which contains fissionable materials in its
blanket surrounding the plasma.

In this paper, we investigate the dynamics of a tokamak
reactor by solving the dynamic equations which govern the
temporal behavior of the fusion system. As will be seen, the
different terms in the dynamic equations depend nonlinearly
on the plasma parameters. In addition, the dynamic behavior
of the system 1s very sensitive to the confinement scaling
considered. Section 2 contains the dynamic model of a
fusion system as well as the method of solving the time-
dependent dynamic equations. Section 3 applied the model
to the International Thermonuclear Experimental Reactor
(ITER) to investigate the effect of the rate and energy of
injected fuel on the output power as well as on the plasma
parameters such as density and temperature. The conclusions
of this study are contained in Section 4.

2. DYNAMIC MODEL

The dynamic equations of fusion system with confined
plasma are given as [3]
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In this model, the fusion plasma is described by a mean
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concentration n;, and a mean temperature Tj for each species while the rate of the energy transfer from ions to electrons
followed in the reactor. To preserve the quasineutrality can be written as [3]
property of the plasma, the electron density is given by
13 20 (T -T) 3
n, () =n (&) + 2n, (). -W,; =W, =-5.1 %10 :};T_'_KeV/cm sec,
e

In Egs. (1) - (5), the energy-averaged fusion reaction rate
<ov > is given by [3] The bremsstrahlung loss terms is given by [3]

= *1015027Z T12KeV / cm®

<ov > —37*10l2b(t)T'2/3exp( )cm /sec, Py » JARIEE " & TpilleY. L5 5%,

I where =Y n; ziz /'Y n;z; is an average charge number in
where ions ions
the plasma.
The synchrotron radiation loss rate takes the following 3
. " forms [3]
1 ifT, < 50KeV
1+(,’_('))‘~3]‘l ifT; =50 -500KeV. P,=41%*102% T1?B2° ( - )°5 KeV / cm® sec,
for T, < 50 KeV, and
1.20€-01¢
| 0.5 25 J1-Regs 3 '

" st Py = 700,73 T8 B2 (—=)°7 KeV /om’ sec, |

B g ‘/-\ for T, > 50 KeV.

3 [ Ll Q. the alpha particle energy is equal to 3.5 MeV for D-T
=0 fusion plasma. The different particle and energy confinement
$ times will be discussed in Section 3.

: g cooc-ore | ' In Eq. (5), since the injected electron energy V. is much
B smaller than the injected ion energy V in a neutral bean
g i system, and typically the electron energy injection rate SV,
exhat s § is mush smaller than the energy transfer rate from alpha
£ ooy particles to electrons W . [1], the electron injection energy
~‘ 00084000 et bieek BL S S T L S e R e Veisignored.

Ll 'ton ’:.,m::.-;(::. (':gv\m iy With some algebra, Eq. (1)-(5) can be reduced to the

following set of equations
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Figure 1. <o» > versus ion temperature. ot LB : dn; .
_ %:—i—%n?<av>+s, (6)
T
The rates of energy transfer from the fusion alpha particles ' B
to the electrons and ions of the plasma can be written as 3]
dn, oy . B L 3
==- +-n <oy >, (7
13 D ta (T ~ 1} d "pa
W, .=2.7 +10 __._&_KeV/cm sec, -
| T :
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2 (wae*wa i) (8)
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i
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— + & Bt S -W.-P. - Vv
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Egs. (6)- (10) are a set of simultaneous nonlinear first order
fifferential equations which can be integrated numerically to
gve the time dependence of the plasma parameters (n;, n,,
T, T, and T,). In this work, the numerical integration
wis performed using Runge-Kutta method [4].

Released in each D-T reaction are a 3.5 MeV alpha
paricle which is confined by the magnetic field and a 14.1
MeV neutron which escapes from the plasma and is
ihsorbed in the neutron blanket. Since the alpha particles are
liermalized inside the reactor core and neglecting the energy
multiplication obtained from breeding tritium in the neutron
blanket, we can write the reactor power output as

Pn=%ni2<a »>Q,V,

vhere V = 2 7% o A is the plasma volume and
0, =14.1 MeV.

3 RESULTS AND DISCUSSION

3.1 Validation of the Method

Calculations are performed using the reference reactor
considered by Kammash [3]. Table (1) gives the parameters
of this reactor. For the confinement scaling, we consider the

momalous scaling law (drift wave turbulence) namely

Table 1. Reference reactor parameters.
B = 6 Tesla =2m

Table 2: ITER parameters
B = 4.85Teslaj a=2.15m

A=279 q=3.1

R, =90 % D-T fuel

7, 10 g2,3

for both ions and alpha particles. The different energy
confinement times are approximately equal to the particle
confinement time. The steady state reactor power has been
calculated for different values of the fueling rate. The results
obtained are shown in Figure (2) as well as the curve
obtained by Kammash. As can be seen from the figure, our
results are in good agreement with Kammash curve.
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Figure 2. Steady state reactor power versus fueling rate
as compared with Kammash results.

3.2 ITER application

The model has been applied to the International
Thermonuclear Experimental Reactor (ITER) [5] - [7]. In
this work, we adopt the physics phase parameters which are
summarized in Table 2. As auxiliary heating a scenano of
75 MW, 1.3 MeV neutral beam was proposed. For the
confinement laws, we used four different scaling which are:

1. ITER (89) L-mode power law confinement scaling

TEERS‘) =P =O.04810'85 Rl'?'aO‘Br_xg(')l BO.Z(Ai KX/P)A).S 3
2. ITER (89) L-mode off-set linear confinement scaling
TR0k 0,064 190R 14630810  BOS A M K25 P+ 0.04 1SR 04 A K O

3. ITER (89) ELM-free H-mode confinement scaling

g 0 H = (LM - free) =0.0641°FR 1 #1a 013, ¥ BOIS A DK 1 ¥0p 08!
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4. ITER ELMy H-mode confinement scaling
7g(ELMyH -mode) ~ 0.75 7 (ELM free H - mode)

where P is the net heating power in MW, defined as P ~
P # B~y 1, is the electron density in 10 m?, In
the calculatlons I, A; and K, are set equal to 22 MA, 2.5
and 2.22 respectively. For each one of the above
confinement scalmg, o and 7; are set equal to 107g while
Tei» Tge and 7g,, are set equal to Tg.
This simulation starts whit steady state values for the
plasma parameters corresponding to S = 6.6 * 10!! cm™
sec! and V; = 1.3 MeV. For the FLM-free H-mode
conﬁnement scahng, these values are n; = 0.26 * 10'4 cm'3
= 0.98 * 1013 cm, T; = 100.2KeV, T, = 33.6 KeV
and T, = 95.6 KeV. The value of the fuelmg rate, S, has
been perturbed keeping V, fixed. The plasma parameters as
well as the reactor power have been plotted versus time for
a period of 50 sec. These plots are shown in Figures (3)-(8).
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Figure 4. Alpha particle density versus time fi

different values of S.
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Figure 3. Ion density versus time for different values of S.

The figures show that the reactor power and the plasma
parameters except the alpha particle density approach new
steady state values within this period of 50 sec. As S
increases, they reach higher steady state values but in longer
time. The dip observed in the alpha particle density, n
Figure (4) can be explained by the behavior of n; and T,
shown in Figures (3) and (5) respectively. For higher S, T,
is higher but in this ion temperature range, <o >
decreases leading to a decrease in the fusion rate and
subsequently in the rate of production of alpha particles.
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Figure 6. Electron temperature versus
different values of S.
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This effect is contradicted by the increase of n; with S
in Figure (3) leading to higher production of alpha
icles. Up to about 10 sec, the decrease in <oy >
inates and alpha particles escape more than they are
ed while the increase of n; dominates after that
ing the dip to appear.

hnFigure (9), the reactor power at 50 sec is plotted versus
Sand V,. As can be observed, the increase in S leads
increase in P but the increase in V; leads to a decrease
P, This dependence on V; can be attributed to the same
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fact explained above. An increase in V; leads to higher ion
temperature but lower fusion reaction rate causing the
reactor power to decrease.

Figure 9. Reactor power versus S and V.

Figure (10) presents the time variation of the different
energy confinement scaling considered taking S and V; equal
to 6.6 * 10! cm?® sec’! and 1.69 MeV respectively. In all
the cases, 7 remains almost constant and is in the range of
the required values which are [7]

7g (ITER (89) L-mode power law) = 1.9 sec
g (ITER ELM-free H-mode) = 5.5 sec
7g (ITER ELMy H-mode) = 4.1 sec
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different ITER confinement scaling (S = 6.6 * 10 ¢m
sec’! and V; = 1.69 Mev).
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In Figure (11), the reactor power for the different
confinement scaling with the same values of S and V;, as
above, are plotted versus time. As can be expected, P,
depends on the scaling considered and is higher for the
longer confinement time.
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Figure 11. Reactor power time for different ITER
confinement scaling (S = 6.6 * 10'! em™ sec”! and
V; = 1.69 Mev).

4. CONCLUSIONS

The dynamic behavior of ITER has been studied using
point-kinetics model. A simulation of the plasma p.
and the reactor power for a period of 50 seconds shows i
operation in a steady state mode can be achieved. It shoi
also that the dynamics of ITER depend strongly on the for
of the confinement scaling considered as well as on
behavior of <oy > with the ion temperature. It has
been found that the reactor power can be increased I
increasing the rate of the injected fuel while increasing
energy of the injected fuel causes the power to decrease.

|
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