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Abstract. The present paper illustrates some models and methods for the kinetic evaluation of neutron multiplying
systems. After introducing the general physical features of time-dependent neutronics, the simple point kinetics
model is analysed, giving details on the physical meaning and mathematical structure of the equations. The spatial
characterization of the neutronic transient is then investigated, with special regards to source-driven systems. It is
evidenced that in a source-dominated structures, the space transients are less important than in systems departing
from near criticality. The factorization technique used for quasi-static analysis is then presented and extended to
source-driven systems and some considerations on the problem concerning the choice of the weghting function are
made. The paper is concluded by a discussion of the physics of fluid-fuel systems, a consistent model is described
and the factorization procedure is applied.

1. Introduction

The study of the neutron evolution in nuclear systems is a challenging mathematical physical problem
and it constitutes a fundamental topic in the design of critical and subcritical reactors. The need to study
subcritical multiplying structures driven by an external neutron source which are being proposed for
long-lived products transmutation and for safe and acceptable energy production is introducing new and
interesting features which need to be properly accounted for. These lectures are specially devoted to
source-driven systems. However, a general description of reactor kinetics is obviously needed to settle
the basis for such a specific application. Therefore, the body of the lectures is divided in the following
chapters:

* General aspects of neutron time-dependent problems
* Point kinetics and its features

* Spatial characterization of neutronic transients

* Factorization methods and quasi-statics

* Extension of models to source-driven systems

* Developments: the multipoint scheme

* A harder problem: the modeling of fluid-fuel systems

The numerical results presented are intended to enlighten some specific physical aspects of the material
presented.



2. General aspects of neutron time-dependent problems

The evolution of the neutron population within a multiplying system is strongly characterized by broadly
different time-scales. Specifically, the different physical phenomena determine the appearance of the
following typical scales:

* prompt neutron scale, connected to the lifetime in the multiplication process of prompt neutrons; it is
a very fast scale (10~%-1076 s);

* delayed emission scale, connected to the evolution of delayed neutron precursors (1071-10% s);

* thermal-hydraulic scale associated to feedback, connected to the evolution of temperatures and hy-
draulic parameters (10~1-10? s);

* control scale, connected to the movement of masses in the system (control rods, poisons); it can range
very broadly from seconds to hours;

* nuclide transmutation scale, connected to neutron transmutation phenomena (from > to > 102 s).

The simultaneous existence of so many different time characteristics makes the physico-mathematical
problem stiff. This fact implies that numerical methods have to be specifically tailored to the problem
needs. Often one is not interested in obtaining information on all the aspects of the evolution. In the
following presentation, the interest is focused mainly on the neutron evolution determined by relatively
fast phenomena. Therefore the long-term effects due to the nuclide transmutation are not accounted for.

The neutron evolution in a nuclear reactor is strongly affected by the delayed emissions from the ra-
dioactive decay of some fission products. Although the fractions are usually rather small, the effect is of
slowing down the evolution of the neutron population, thus making the system controllable [1]. Several
different precursors have been identified. They are grouped according to similar decay characteristics,
usually in six families [2]. Recently, a IAEA endeavor has been undertaken to review existing data for
delayed neutrons and evaluate and compile new and more up-to-date data coming from recent experi-
mental activities [3]. It has been advised a regrouping of the delayed precursors in eight families.

Each family is characterized by:

6
* the fraction of fission neutrons 3; appearing in the i-th family (3 = Z B.);
i=1

* the decay constant \; [s71];

* the emission spectrum Y;, which is much softer that the prompt spectrum, thus significantly changing
the contribution of delayed neutrons to the chain reaction process.

The delayed fractions depend dramatically on the fissile nuclide being considered.

The neutron evolution is governed by the time-dependent Boltzmann transport equation including de-
layed neutrons [4]:

on(r,B,Q,t) : xi(E)
——5 = Bt)n(r, B, Q) + 2? o Cilrt) + 8(r, B,0,0), "
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which is a linear version of the general non-linear equation written for gases by the great scientist Ludwig




Boltzmann (1844-1906) [5].

The operators appearing in Eq. (1) can all be time dependent, since the properties of the neutron diffusing
material can in general change in time. The change can be a linear effect, when it is not driven by the
neutron population itself but is driven by external (known) causes, or non-linear, when it is determined
by a functional of the neutron distribution. They are named and defined as follows:

* balance operator:
B(t) = L(t) + My(2); 2

* leakage operator:
i) = —Q - Vo(E) — X(r, E, t)o(E) + / dE j'{ dYu(B)So(r, B — B, -0,0); ()
* prompt multiplication operator:
X%(E) i\ g j /
M,(t) = i /dE’j{dQ’v(E’)(l — ﬁJ)VJ(E’)Z;(r,E , 1), 4)
- T
J

where the sum is carried out over all fissile nuclides;

* delayed multiplication operator:

M;(t) = @ / dFE' ]{ dYv(E') 81 (B (r, B 1); (5)
J

* total multiplication operator:

6
M(t) = My(t) + > My(t); 6)
i=1
* effective emission spectrum for each fissile nuclide:
X (E) = (1= B)x5(E) + ) Bx(B). @)
i=1

Some considerations are in order. The solution of the Boltzmann equation (1), associated to initial con-
ditions for the neutron flux and delayed neutron concentrations and to boundary conditions for the flux
(usually zero incoming neutron flux for a system exposed to vacuum) is a formidable task. Moreover,
it may yield too much physical detail, since in real systems only integral quantities can be observed.
Consequently, it is suitable to construct simplified models (multigroup, diffusion, ...) based on some
adequate physical assumptions and then is it required to develop numerical algorithms (discretizations,
expansions). These necessary steps introduce some approximations which need to be assessed in order
to establish their adequateness for the problem considered.

3. Point kinetics and its features

Certainly the simplest model is point kinetics. Its formulation dates back to the early times of reactor
physics [6], [7], [8]. It has proved to be a powerful tool for many reactor evaluations, both in operation
and in safety transient situations. The name itself indicates that the neutron distribution is supposed to
evolve as a point, in the sense that each point is representative of the whole system. For a system that is
source free this is perfectly equivalent to saying that only the fundamental eigenfunction of the kinetic
operator appears in the neutron distribution at all instants. This statement is not true when the system is
injected by an external source, in which case the distribution is dominated by the source injection and
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may involve a superposition of many eigenfunctions. In this situation the point-like behavior amounts
to saying in a quite general fashion that the neutron distribution can be factorized in the product of an
amplitude function (time-dependent only) and a shape function (time independent, but dependent on all
phase space variables).

How is it possible to derive point equations consistently starting from the balance transport model (1)
or one of its approximations? This question is differed a while to the section 5.1, while it is useful and
instructive to consider some applications to deepen the meaning of a point behavior.

Let us consider a simpler and easier problem, i.e. space one-group diffusion in a homogeneous slab
geometry with one delayed family and time-constant properties. The basic equations are the following:
10®(x,t) O?®(z,t)

= D Erc Yo®(z,t) + (1 — B)vXs®@(z,t) + NC(z,t) + S(x,1),

% = “A\C(z, 1) + BvS,0(z, 1),

with boundary and initial conditions, as:

®)

) = ®(H,t>0) =0,

) = @o(z), ®
0( = 0) = Co(z).

0
0

This physical problem can be given an exact solution by an eigenfunction expansion [9], [10]. The
Helmholtz eigenfunctions constitute a complete and orthogonal system, the most suitable base for rep-
resenting the solution of the diffusion problem

d290n<x) _ 2,
¢n(0) = ¢ (H) = 0.

Hence the space functions appearing in Eq. (8) can be expanded as:
)= an(t)pn(z)
no:OO
=D an()pnl2), (11)
n;O
S<x7 t) = Z STL(t)SDn(x)v

n=0
where the source components are known time-dependent functions given by:

H

snlt) = / dzS(z, ), (z) = (¢, (1)) . (12)

0
Also the initial conditions can be expanded:

Zanoson )= (¢n o) (),
n=0

00<x) :ZCnOSDn Z 50n700 Spn )
n=0

n=0

(13)



After introduction of the above expansion into problem (8), making use of the orthogonality of the
Helmbholtz eigenfunctions, the system of equations for the components of the unknown solutions can be
given a compact matrix form introducing the vectors:

) = | ) e =| ), (14)
 Jra(©)) = Vo [an()) + Isn(0), 1s)
where
- v[(1—B)vE; — DB2] v\
M, = < [ )ﬁyzﬁ ] i\ ) : (16)

The solution is expressed in terms of the eigenvectors of the characteristic matrix M,,. To this purpose
the following direct and adjoint eigenproblems are solved:
My |un) = wp |un),
. a7
(tn| My, = wy, (un|,
where the eigenvalues w,, are the solutions of the algebraic generalized inhour equation associated to
each spatial eigenfunction:
det <Mn - wn§> =0, (18)
In this case there are two (seven, when six families are considered) distinct real eigenvalues ng ), 7=
1, 2. The un-normalized eigenvectors turn out to take the form:

1
|un> = ﬁI/Ef > 9
wn + A (19)
VA
=(1 .
wl=(1 255
In conclusion, the analytical full closed-form solution is:
2 , . t , . ,
2a() =Y 75T on .)1 o [@S{') |2n (0)) ¢ + / at' (u?]sn(t)) ewﬁf%tw] u?) =
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The explicit form for the neutron flux is:
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A point reactor is here defined as a system evolving according to the fundamental eigenfunction ¢ only.
In this situation any of the following statements is true:

* no space distortion appear during the transient;
* the evolution is space-time separable;

* any point is representative of the whole system.



Obviously, this can be realized only if the source is distributed according to the fundamental eigenfunc-
tion.

When six delayed families are considered, it is straightforward to generalize the point solution as:

7 -1
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(z), (25)

where w(?) are solutions of the inhour equation:

wA
—5=0 2
1—|—wA+1—|—wAZw—I—/\ P k (26)

The following integral kinetic parameters can be deﬁned.

korr — 1
p=—L - reactivity (27)
Kes
/2
kepr = 1U—|—f7L/25§ multiplication constant (28)
1
A= prompt neutron lifetime 29)

v, (1+ L?Bj)
It is worth-while to remark on some features of the real roots w(?) of the inhour equation (26):

* six roots are close to and approach each —\; as subcriticality increases;

x the seventh one, w("), is much larger in absolute value and negative and it determines the prompt
response of the neutron population connected to the inverse of the prompt lifetime;

* with a time-constant source, asymptotically the solution is driven by the exponential associated to the
dominant root:

Bor(nt) = (142N T a ety yetts Go)
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* the ratio of the precursor density to the neutron density is:
C _ vC' _ vﬁuEf _ keff 1
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which may assume values of the order of 10% - 10*! This is physically due to the fact that delayed
precursors can largely accumulate with respect to prompt neutrons owing to their extremely large value
of their mean time before being released by radioactive decay as compared to the prompt lifetime;

* — A1 has a special role, since it limits the negative value of the fundamental time constant of the system;
consequently, the “averaging” of the properties of delayed precursors to produce the delayed families is
a rather delicate task.

4. Spatial characterization of neutronic transients

The object of this section is to derive a mathematical framework to characterize space and energy effects
in neutron transients. To attain such scope, an analytical approach is always used analyzing simplified
configurations, referring to the diffusion theory model with one group for neutrons and one delayed
family for precursors. This study can help to understand the physics of the neutron evolution in multi-
plying systems and to establish limits of simplified models such as point kinetics [9], [11]. Some special
considerations are devoted to the physics of subcritical systems, with reference to the dominance of the
source.

The following parameters are introduced to characterize a spatial transient:

e asymptotic ratio, as relative difference with respect to the asymptotic value of the solution ®y:

O — Dy

o | (35)

Rasy = ’

e dominance ratio, as relative difference with respect to the dominant portion of the solution ®p, which

is particularly useful to characterize source-driven systems:

b — dp
op

Rp = ; (36)

e spatiality parameter, as norm of the difference between the full solution and a reference steady-state

flux distribution:
1 @)\
$= @) <<‘p <\IJ>‘I’) > 4D

Two cases are now discussed.
Case 1. The critical reactor.

An initially critical reactor in absence of delayed emissions is firstly considered. The analytical solution
is as follows [10]:

Wp = [Z/Zf — (DBEL + Za)} ; (38)
O(z,t) = Y anoeon(@); (39)
n=0
Dyy(z,t) = agpe” o (), (40)
hence:
Rasy — e@17w0)t, 1)

which assigns a special role to the time-eigenvalue separation of the system.



The initially critical reactor is now considered with delayed emissions. In this case it is useful to separate
the contribution of the fundamental eigenfunction:

&) @
B puna(z,t) = (bg}gewo b4 pDewt t) eo(). 42)
Noting that:
] < o
and w( ) < 0, it is possible to write:
o
ooy (7, 1) = bl e g (), (44)
hence: o0
Rasy — €1 e, (45)

Case 2. The source-driven reactor.

For the subcritical system different considerations need to be made. The presence of the source intro-

duces a convolution term in the solution:

¢ o)

/dt/Ug) (t/) (])(t t ) (]) <1 e Szj)t) . (46)
0
For the no delayed neutron and constant source situation the asymptotic portion can be given the form:
> (o2
Paoy(7,8) = = 3 —pn(a). (47
n=0 "

It is then clear that it includes contribution from all eigenfunctions.

In the evolution towards the asymptotic behavior, also the contribution of the dominant transient portion
needs to be taken into account. The dominant flux includes the contribution from the source-induced
asymptotic portion and from the evolution of the fundamental eigenfunction:

o
Op(r,t) = <a0 + w—‘;> et po(z) + Pusy(z, 1), (48)
hence:
<a1 + %> et (z)
Rp — ! . (49)
op

If the delayed neutrons are taken into account:

0 (1) 512)
(I)asy(xv t) = Z (1) (2) apn(x)7 (50)
n=0 Wn
and consequently:
2 ( ) ( ) (3)
Op(z,t) =D | bgo + = (]) €0 tpo () + Pugy(, t). (51)
j=1
Therefore the dominance ratio takes the form:
(1)
1 %e
(b( ) + ﬁ) Loy (z)
Rp — . ; (52)
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FIG. 1. Relation between the separation of the first static multiplication eigenvalues and the separation
of the first time eigenvalues.

which shows the particular role of the first eigenvalue in the characterization of spatial transients in
source-driven systems, differently from the situation of critical reactors.

Some numerical results are presented in Figs. 1 to 6.
The conclusions on the observation of the graphs can be synthesized in the following considerations:

1. The response to a perturbation in a critical reactor is spatially more significant in a large system, i.e.
Ry 1s larger and takes longer to reduce to zero, and thus the contribution of higher order harmonics is
more persistent;

2. The evolutions of both R, and Rp for subcritical systems show that the importance of higher-order
harmonics increases with increasing subcriticality, as the systems are more source-dominated;

3. The comparison of initially critical and subcritical systems shows that the spatial feature of the
transients is larger in systems departing from criticality; therefore, one can expect that the point model
may have obvious limitations of applicability in these situations, while it may be more efficient in source-
driven systems.

The conclusion in 3. has been proved in some recent independent papers [12]. The practical consequence
may be that quasi-statics can prove to be highly efficient for ADS.

5. Factorization methods and quasi-statics

Multidimensional evaluations always require large computational effort for a direct numerical solution.
Quasi-statics is an attracting method, because it can yield accurate results with a limited amount of
computational effort. The literature on the subject is very large. For instructional purposes, the classical
references to the work by Alan F. Henry [7] and by Jacques Devooght [13] are particularly useful. It is
appropriate to summarize here the steps that lead to the classic quasi-static method as a background to
its extension to subcritical systems.
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FIG. 2. FEigenvalue separation for critical and subcritical systems. The circles indicate results for the
homogeneous system and crosses for a system with an absorber that introduces a change in k of -500
pcem. Graph (a) on the left refers to the case in which the homogeneous system is critical, while graph
(b) refers to the case in which the homogeneous system is subcritical (k = 0.98).
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FIG. 3. Spatial evolution in initially critical systems with different eigenvalue separations. The top left
graph reports the initial flux distributions for three values of the greyness of the control device.
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FIG. 5. Eigenvalue separation for different values of the greyness of the control device and of the
physical dimensions of the system.
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FIG. 6. Evolution of the spatiality parameter £ for two subcritical systems having Ak/k = —1.41140.
The reference V is the final flux distribution.
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5.1. Derivation of the factorized equations

It is supposed the initial system is a critical source-free reactor in steady-state condition. This system
is denoted as the reference reactor, and its neutron distribution is the solution of the following homoge-
neous problem, for which a non vanishing solution is then assumed to exist:

(I:O + N/I())]\f()(l‘7 E, Q) =0, ]\/Y()(I',g, E, an) =0, (53)
where the steady-state (global, prompt + delayed) multiplication operator is introduced:

Mo = Z@/ dE’j[ AV v(E' W (E') Y (r, B, 0); (54)
J

both the multiplication and the leakage operators Mo and Ly are evaluated with the initial cross-section
data. The global fission spectrum is defined by:

R
X (B) = (1-8)x3(E) + Y Bixl(B). (55)
i=1
For this system it is possible also to determine the solution of the adjoint equation:

(L + M) Ng (r, ,2) =0, N (s, B, Qout) = 0, (56)
which is well-known to assume the meaning of neutron importance, in the classical sense [6], [14].

The neutron density, whose knowledge is the object of all our efforts, is factorized as:

n(r, B,Q,1) = A(t)p(r, B, Q). (57)
A(t) is the amplitude function, while ¢(r, £, €2; t) is referred to as the shape function. It is obvious that
as such the factorization is not unique and further constraints need to be introduced. The idea underlying
the above factorization is that the evolution follows two scales in time: the scale for the amplitude may
be much faster than the one for the shape. In such a way one can deal with the stiffness of the problem.
Furthermore, if the scale for the shape is slower, it can be recalculated fewer times along a transient, with
a reduction of the computational effort, since it is apparent that it is much more difficult to calculate the
shape that contains information on the neutron behavior in phase space, while the amplitude is connected
to the evolution of the bulk of the neutron population and it is thus dependent only on time.

The factorized density is now introduced into the balance equations:

422 L A apg s 26:,\- (ﬁc-) +5
ot dt £ N4 * ’
i=1 (58)
I(x,;Ci/A) Y X
GX[2T) AL o — A <—ZC-> '
ot TN gy
These are to be regarded as equations for the shape function, were the amplitude behavior known. It is
now possible to solve for the delayed neutron precursor concentrations:
¢
(E (B - ,
—XZ4< )C’i(r, t) = —XZ4< )C’i(r, t=tg)e M(t) 4 / A )Mip(r, B, t)e M Dat . (59)
T Yis
to
If this expression were cast into the balance equation for the neutron density, the problem would be
given an integro-differential form in time. This expression will be used in the following.
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Equation (58) is now projected on the solution to the adjoint problem:
6
d dA .. .
A (N6l 2) + g (M| ) = 4 (N| Bo) + 37 (G
i=1

a7 (N3] ) = 4 (8 Stee) = (8] §20).

T
The prO]CCthl‘l operation could be performed using a weighting function other than the importance
function. However, on observing the factorization (57), one can conclude that the use of such weighting
function implies that the amplitude plays the role of component of the total neutron density along the

fundamental eigenfunction of the reference system.

X .
ﬁc& + <z\g

S>,

(60)

It is now possible to introduce a further constraint to make the factorization unique. A normalization
condition is imposed for the shape function:

d
= (N|#) =0 (61)
consequently, the first term in Eq. (60) will drop out.

Some definitions are now listed in the following chain of equalities:

R . R R R 6 . 6 . 6 .
B(t) = L(t) + Mp(t) = (Lo + Mp) + 6B( ) — > M;(0) — Z SM; (1) + Z SM;(t) =
i i ) 6 6 =1 = =1 (62)
~ (Eo-+ M)+ 8 B0 + 35 30 - 5300
i=1 i=1
with the introduction of the perturbation operator:
SK = 6B(t) + Z SN ( (63)
At last the equations for the amplitude are obtained (p01nt -like equations):
dA(t t)—f o . -
W) _ 2O=5 51y 4+ 3" \Gi(e) + 5(0),
dt A ;
N N i=1 (64)
dc;(t) B, ~
= ZLA(t) — MCi(2).
o5 = CEA() - AG()

It is immediate to note that, if the shape were constant (and known), the standard point model would be

obtained, with the same structure as each of the equations (15). If that is not the case, the model is not
consistent, since the coefficients of (64) contain the shape ¢ which can be determined from (58) only
once the amplitude A is available.

Before explaining how a consistent numerical technique can be developed, it is worth to write explicitly
all the kinetic parameters appearing in Eq. (64):

= system reactivity

(8] oK)
pt) = ~——— (65)
(8] 31¢)
= effective mean prompt-neutron generation time
(%]#)
A=7——; (66)
(8] 1¢)

= effective delayed neutron fractions
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AN
(3] vp)
New unknowns are also introduced as effective delayed neutron precursor concentrations:
(%] 520) _1 (%50
Cilt) = A At = = AL
(Mafe) A (a]ane)
and the effective external source function:
o2 $089) 1 (%]5)
S(t) T (69)
(8] 3¢

(67)

(68)

T
&,
©

~_

> |

5.2. The numerical quasi-static scheme

For the numerical solution of the problem two time intervals are introduced:
* the shape interval (slow phenomena) At,;

* the amplitude interval (fast phenomena) At 4.

The integro-differential equation for the shape is discretized across At:
T=1tg+ Atw,

Ay A o)Ay = DB+

6
Xz(E) — ;A /
/\i Cz e
> [ AB) Gy to)enate 4.

with the objective of determining ¢(7") through the solution of a stationary-like problem of the same
type and difficulty as Eq. (53).

T (70)

A(t’)MW(tO)eAi(Tﬂ)dﬂ] + 8(1),

to

In general, ¢ (") obtained by the solution of Eq. (70) will not satisfy the required normalization condi-
tion, Eq. (61), namely:

WT) = ( N§| ¢(1)) # 2(to) = ( NG| (to) ). G
To obtain a shape satisfying, as required, condition (61), an iterative process is necessary. Different
requirements can be applied to run the iteration. It is suggested here to preserve the continuity of
the amplitude function, thus allowing a discontinuity in its time derivative. Introducing an iteration
numbering index n, the steps of the scheme follow:

(1) — ¢(to)

( A O (T)A(T) =
T e L) o (72)
ATBA(T) + 3 {Xlﬂ Cilto)e M5 + / AW )Migp(to)e N at'| +S(T),
i=1 fo
V() = (N§| (1)) (73)
t
30(”+1/2)(T) - %Sp(n)(j"’)_ (74)
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The derivative of the amplitude function is updated according to Eq. (64):

(useenm) e (NBa) | (

As
(N

AT = AT (D)) T (Ng| (D)) (N[ (D))

up to convergence.

6. Extension of models to source-driven systems

It is foreseen that the analysis of ADS may require spatial and spectral neutron kinetics. It is advisable
therefore to try to adapt quasi-statics also to subcritical systems [15], [16]. This is the scope of the
present section.

6.1. Application of the factorization procedure to source-driven systems

The reference reactor is driven by an external source, hence it is obvious that the initial shape should be
assumed as solution of the steady-state equation:

(Lo + Mo) No(r, I5,Q) + Sp = 0, No(rs, B, Qin) = 0. (76)
In the projection procedure the problem that immediately arises is the choice of the weighting function.
Although the method can be constructed irrespective of such a choice, the accuracy may depend signifi-
cantly on it. One possibility is to construct a fictitious homogeneous adjoint equation by the introduction
of a multiplication eigenvalue:

|

(Lo + T

Alternatively, a non-homogeneous adjoint equation may be considered, which requires an adjoint source,
as

MENG cr

(r, B,Q) =0, Ng.or(ts, B, Qour) = 0. (77)

(L + MJ)NG o (r, B, Q) + ST =0, N§ o(rs, B, Qour) = 0. (78)
Now the problem of the definition of the adjoint source arises. This is connected to the physical meaning

one may want to assign to the importance function. The solution to the problem is not unique. If the
importance is defined as the number of fission neutrons to be produced per neutron injected at a point in
phase space, the adjoint source stems as:

St =¥ (79)

The choice of the weighting function has a consequence on the reactivity of the system; if the reactivity
is split as:

P = Po+ Pp; (80)
where p,, is the perturbation reactivity and p, (always negative) is the initial subcriticality level, one has,
alternatively:

Ntm, M %] _
-l )
ST
Po = —ﬁ- (82)

6.2. Discussion on the choice of the weighting function in separation schemes

The most suitable choice of the weighting function for subcritical systems is an open problem for dis-
cussion. No univocal answer can be given. The best option may be strongly dependent on the physical
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FIG. 7. A typical transient in a source-driven system computed by the quasi-static method. The weight
function is a source adjoint problem solution [18]. N indicates the number of shape recalculations.

problem considered. This consideration is proved by the following Figs. 8 to 10. Here the problem is
evidenced and no general solution is proposed.

6.3. A computational tool

A code is available for the evaluation of transients in accelerator-driven systems. The code is the result of
the coupling of a neutronic module with a thermal model, in order to compute also feedback effects. The
neutronic module solves the multigroup diffusion equations in cylindrical geometry with the presence
of delayed emissions. The thermal calculation is performed by the channel code TIESTE developed at
ENEA (Italy) for accelerator-driven systems cooled by lead-bismuth [17]. The code determines the axial
distribution of temperatures for the fuel, the cladding and the coolant, for different channels. The instants
for the thermal calculation are chosen according to the power change of the system. The average values
of the power density are computed for pre-defined zones of the multiplying structure and input into the
thermal module. At the end of the thermal calculation, the cross-sections are updated according to a
linear interpolation process between tables of data generated at different fuel and coolant temperatures.
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FIG. 8. Homogeneous perturbation, systems with different k. Top: initial critical system; bottom:
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critical adjoint; dot-point line: source-driven adjoint.
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7. A development: the multipoint scheme

The quasi-static method proves to be a powerful and computationally efficient tool for the analysis of
source-driven systems [12], [18], [19]. Accurate predictions of the transient behavior in non-linear
conditions dominated by thermal feed-back can also be attained by a coupling of the neutronic module
with a thermal-hydraulic tool. However, significant improvements can be reached with little increase in
computational effort passing to a multipoint scheme. This is a generalization of the method originally
proposed by Avery [20] and more recently revived by Kobayashi [21]. It is seen that it can easily be
included in quasi-static framework. In the following the method will be developed in a factorization-
projection formalism, extending the Henry technique.

It is simple to start from the balance equations in discretized form

1 chnm sznmnm G + Z’\ZX””C”‘ + Spm,

alC’Z n (83)

—@anm Gpmr — AiCin i=1,2,...,6,

where:

Prm <t) = ¢<I‘n, Vi, t)? Oi,n (t) = Oi<rn7 t)' (84)
One can notice that system (83) shows a multipoint structure, in the sense that it describes the evolution
of the neutron population at each point nm as the results of the phenomena taking place at this point as
well as of the transfer from other points in phase space. However, the discretization is carried out in order
to capture the physical features of the neutron migration, hence it has to be tuned to the characteristics
of the problem. This involves then too many points. The method presented intends to reduce drastically
the number of points, to very few. Point kinetics is the limiting model.

The phase space of the problem is subdivided into macroregions, ['5 s, where indexes N and M are
used to denote space and velocity, respectively. A factorization is now applied to each macroregion.

Prm(t) = AN w1 (8)Pnm (1) Tn, Vi € It (85)
A definition of a regionwise inner product needs to be preliminarily given:

(w| g) = [ZZ] Whim G- (86)
n m JNM

The factorization is introduced into the balance equations:

1 dANM 1 d%%m
P M T T

m

6
S [zz] Ko e At £ 3 Ak Con + S
m' 1 N'M’

N' M L i=1 (87)

Um

% =5, Z [Z] Jrm' Crm ANarr — AiCip,

M M’

1=1,2,..,6, rn, Vi € I,
and the equations are multiplied by wy,, and summed on N M. Following what is done is standard
factorization-projection procedures, a normalization condition is imposed:

1 d
dt [Z Z] w"WESOnm@) = g INM = 0. (88)

NM
The point-to-point transfer term can be easily manipulated as:
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[Z Z] Wnm Z Z [Z Z] knm,n’m’spn/m/AN/M/ =
NM N’ M’ n'  m’

n N'M'

3

YNM

2.2

N INM

kﬁnm,n/m/@WW) Ani = g E Knmn o Anowe.

n N'M' N M’
(89)
At last, the multipoint equations can be cast into the following form:
6
dAd]zM = Z Z Knmn o Anoe + Z AiCinm + Sn
N’ M i—1 (90)
dCinm =8,> F A — NG i=1,2,..6
dt 3 o 2, NM,M' AN M 1“2, NM 3 Ly eeey Yy

which is a system of coupled point models. The following definitions hold for the effective multipoint
source (known):

Snm =

[Z Z] Wrn Snm, 1)
NM

INMm |,

and the effective multipoint delayed precursor concentrations (unknown):

Cinm =

[Z Z] W Xi,m Cin- 92)
NM

INM |

The delayed neutron production coefficients appearing in Eq. (90) are defined according to the following
expression:

Finaar = [ZZ] W Xi,mBi [Z] Frm P 93)
NM m’

n M’
It is rather easy to include the multipoint can be included into a quasi-static scheme, following the

YNM

standard steps [1]:

* Solution of the ’slow” shape equation at time 7y (either the equation for the steady-state reference
system at tg = 0, or Eq. (87) at successive steps);

* Determination of the multipoint equation parameters (point-to-point transfer terms and delayed neu-
tron production coefficients) together with the effective multipoint source;

* Solution of the multipoint system (90) in the interval [to, to + At,|. Defining 1" = to + At,, after
time discretization the shape equation is written as:

LANAI<T)SOnm(T) + LANAI<T) Sonm(T) - Sonm(tO) _

Um Um, At(p
< Z Z [Z Z] knm,n’m’(T)SDn/m ( AN’M’ —|- Z /\ZXZ m z n + Snm( )
N’ M’ n’ m' ] N'M!

T
Cim(T) = Cin(to)e M4t + / 82

\ tO M’

fnm/ (T)(pnm/ (tO)AN’M’ (t/)ef)\i(Tft’)dt/‘
M!

>

m’

o4
To fulfill the normalization condition, as for the standard quasi-static scheme, an iteration sequence is
required, according to the following steps:
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1 . 1 (1) — Cpm(t
A(l) (T)gog) (T) A (T)SD (T) — Pnm(to)

Um, Umn, At@
95)
ZZ[ZZ] K (7). (T) Anoags (T +Z,\lem (T + Snm(T),
N’ M’ n' m' 1 N'M
Y\ ZZ] W so%%( 7), (96)
NM
0]
nm T
pUAD(T) = S07<)’7NM@0)7 7

Z Z] knm’”/m’(T)/‘ogﬁ/Q)(TO AN+

N'M’

AGP @ =407y lz Z] (wnm

N’ M’ n

NM 4 NM .
R EGRm

98)

The calculations performed on the multipoint scheme allow to make the following conclusions [9]:

* multipoint is effective in many reactor kinetics problems, specially for source-driven decoupled con-
figurations;

* the method can easily be included within quasi-statics, greatly enhancing its performance.

A typical transient is reported in Fig. 11. A 1D plane source-driven system (spatially localized and sym-
metrically located source) is materially perturbed, homogeneously increasing the absorption on the half
right of the slab and simultaneously decreasing it on the left, thus maintaining the same multiplication
eigenvalue. The curves report the flux distribution at the end of the transient. Multipoint kinetics is con-
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structed with two point, for each two halves of the system. It can be seen that point kinetics is highly on
the side of unsafety and it is unable to follow the space transient, since no distortion is allowed. The two
point model is much closer to the real solution (computed numerically) and it yields almost the exact
value of the power (integral of the flux). A spatial discontinuity can be seen, owing to the fact that the
two amplitudes are allowed to evolve separately (although connected through the multipoint system).
This shortcoming can be easily overcome in a quasi-static framework.

It seems also particularly interesting a development to apply the multipoint procedure to angular schemes
in transport calculations. However, some information on the nature of the transient to be studied is
needed, to perform the most suitable subdivision of the phase space of the problem in order to enhance
the capability to capture the physical features of the evolution [22].

8. A harder problem: the modeling of fluid-fuel systems

Fluid-fuel systems are today proposed within the Generation IV project as viable means for energy
production and radioactive product transmutation. Fuel should be a mixture of fissile and fertile molten
salts. The fuel itself is to be circulated and transport the fission-generated energy into a heat exchanger.
There are obvious advantages in the fuel cycle and in the management of fissile materials and there is
a possibility of on-line removal of fission products, thus reducing the radioactivity inventory in the core
with meaningful consequences on the safety of the system. Unfortunately, many problems still exist
concerning material compatibility and corrosion. However, experimental systems of this type were built
and operated in the sixties, e.g. the Molten Salt Reactor Experiment, MSRE, carried out at ORNL, and
a lot of data is actually available. It seems possible to run this systems both in the critical and subcritical
state.

The study of the physics of these systems involves very interesting mathematical problems. In the fol-
lowing a model is presented and discussed and some numerical techniques for its solutions are outlined.

The Fig. 12 illustrates the schematics of a molten-salt reactor.

mj =
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f

1
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EXCHANGER

FIG. 12. Layout of a circulating fuel reactor.

8.1. General model
An essential feature of the neutron kinetics of a recirculated fluid-fuel system is the motion through and

outside the core of the delayed-neutron precursors produced by fissions. As a consequence, while the
structure of the balance equation for neutrons is essentially unchanged with respect to solid-fuel systems,
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a streaming term appears in the balance for delayed-neutron precursors:

. R
0 E,Q - v
% = [L(t) + Mp(t)| n(r, B, Q,8) + ) _&(r, E,t) + S(r, B,Q,1),
=1
1 851 7E7t 1 V
9 _y + -V (ugl(l', E7 t)) = Mi(t)n<r7 E7 Q? t) - gi(r’ E7t)’ (99)
/\i ot /\z
i=1,2,...., R,

\
where the isotropic delayed neutron emissivity &; is introduced according to the following definition:

(FE
&(r, B, t) = \Cy(r, t)%. (100)
Since the equation for delayed-precursors is first-order differential in space, an appropriate boundary

condition must then be introduced [23]. The most general, though rather complicated, form of this
condition is as follows:

Ei(r,E,t)u(r) - (—n) = / (Bt —7(r = 1))e MTEDu(P) 0§ (¥ — 1) dA,

i (101)

r €A,
where the function § (r’ — r) describes the transfer form the exiting point to the re-entering point of the
system through the external circuit, and 7(r’ — r) is the corresponding recirculation time. Of course, the
velocity field u has to be determined by the simultaneous solution of the fluid equations. The physical
model is completely defined once initial conditions are associated to Eqs. (99).

It is useful for the physical comprehension to write a simplified version of problem (99), assuming the
multigroup diffusion model in cylindrical geometry for the neutron and a one-dimensional (axial) slug
flow, imposed by the externally-driven devices. Therefore, u (r) = ue,, and it follows:

R
1 99,
@W =V Dy Py — 2P, + ; [Xp,g’/zfg’ (1-8)+ Zg’ﬂg] g + 55+ ;/\iXi,ng‘y
aC; 0] .
o = —Aici+ﬁizg:u2fg<bg—£(uoi), i=1,2,... R,
(102)
with boundary conditions:
—AiTL
w(0)Ci(z = 0,7, t) = u(H) eA / Ci(z = H,r,t —71)dA. (103)

core

8.2. Discussion of the dynamic effects of fuel motion

The main physical features connected to the motion of the fissile material are now briefly discussed.
First of all, it is important to notice that the delayed-precursor equations cannot be eliminated in the
steady-state configuration. It is straightforward for a solid fuel problem in absence of the streaming term
to express the emissions from precursors as functions of the fission term as:

&(r, B) = Min(r, B,Q), (104)
and back-substitute them into the neutron balance equation. In the case of circulating fuel the equations
for precursors are still differential for the space variable and their concentrations can not be made explicit
and substituted:

V- (u&i(r,E)) = /\Z-l\A/Im(r, E,Q) —N&(r, B). (105)
A direct consequence of this fact is that the multiplication eigenvalue depends on delayed neutron and
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FIG. 13. Steady-state distributions of fluxes and precursors.

flow characteristics.

The space distribution of delayed-precursors is completely different from what is expected in the case
of a solid-fuel system. Figure 13, well illustrates this fact, reporting the typical neutron flux (in a three-
group model) and the delayed-neutron concentrations [24].

The role of delayed emissions is significantly reduced with respect to standard systems. This is due to
two causes: i) the space-redistribution of the delayed precursors, as delayed precursors can emit neutrons
at positions having different importances with respect to the position where the fission event took place
and ii) the external recirculation, as delayed emission can take place outside the core region and thus the
neutrons cannot take part to the chain reaction process. These effects cause a reduction of the effective
delayed neutron fraction. In the following some results will quantify the extent of such effect.

Owing to the peculiar space distributions of the delayed precursors, the factorization schemes for de-
riving the neutron kinetics equations should unavoidably be applied to both neutrons and precursors.
Therefore, the point kinetic model needs a specific formulation, which is presented in the following sec-
tion.

8.3. Derivation of consistent point kinetics

To derive a consistent point kinetic model, the Henry factorization procedure is now applied to the
balance equations (99). For this purpose, a reference configuration is introduced as described by the
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equations:

R
|:I:0 + Mp’g] ]\7'0<I‘7 E, Q) + Zgi’()(l‘, E) + S()(I‘7 E, Q) =0,
i=1

1 .
/\—V “(wo&ip(r, E)) = M;oNo(r, E,Q) — & o(r, ), i1=1,2,.., R,
i
with appropriate boundary conditions. For the projection procedure it is necessary to define the inner
product between elements w = (n, &y, ..., Eg)t of the direct and w' = (n',&], ..., 8;) of the adjoint
space as:

(106)

R+1 R+1
(whw) = (w] | w,) = Z/ dV/ dE/ dQ2 - w] wy,. (107)
ot v E Az
It is physically meaningful to use for the weighting function a proper mathematical adjoint. The im-
portance is defined consistently as the number of fission neutrons that would be produced within the
multiplying system by the injection of a neutron at a given point in phase space. Thence, the system of
equations for the importance takes the form:

R
[Eg i M;,O] Ny(r B, Q) + 3 Ml o(r, B) + S3(x, B.Q) = 0,
1—1

(108)
1 1
e j[dQNg(r,E,Q) + ;v v (gzo(r,E)) — &lo(r,B) =0, i=1,2,...R,
with boundary conditions:
8;(1', E)= / EJ(I", E)e M=% (r—1')dd, r €Ayt (109)

Ain
These boundary conditions are symmetric with respect to Eq. (101), and can be physically interpreted
consequently.

Both flux and delayed emission distributions are factorized with an amplitude-shape formula:
n(r, B,Q,t) = A(t)e(r, B, 1),

Ei(r, B t) = G;(t)ei(r, E;t) 1=1,2,.... R
Afterwards, the factorized formula is introduced into the balance equations (99), which are then pro-
jected on the adjoint solution. Normalization conditions are imposed on the shape functions, for both
neutrons and precursors, to make the factorization unique:

d
£<N3’90>=07

(110)

(111)
d /et ‘
@<5¢,0 e)=0, i=12.,R
The amplitude functions are found to obey a generalized point-like model [24]:
dA - R ~
Aar = (ps —6) A4+ AT+ 5,
dr = (112)
Aid—tl = </Bz + Pz‘) A — (N A i + pe )i + 04, i=1,..R.

The structure of system (112) is equivalent to the point kinetic model for solid-fuel systems. However,
the kinetic parameters and the effective delayed neutron functions ['; have different definitions, and
unconventional coefficients appear, such as p;, connected to the perturbation of the delayed neutron
precursor production, f,, ;, due to the perturbation of the fluid velocity, and i, ;, due to the perturbation
of the recirculation time. The definitions of the parameters and of the effective source and delayed-
neutron precursor functions follow:
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in diffusion theory (Egs. (102)), the perturbation reactivity term takes the form:

28

normalization factor:

]—":ZR;TLXG;< ; /\z‘Cz‘,0>+(1—ﬁ)nzG;ZG;<

effective delayed neutron precursor functions:

b= }‘Z<

effective external neutron source:

> Gi(t);

§=1 ; D]
=72

effective delayed neutron fractions

NG

reactivity pg = pg + pp where.

R
/\C > B:ZBi;
i=1

1
= — = (I)n >;
pO f‘ < n ;0

1 e G a
D NLTSIERIES 9 o
n= n=1g=1
e G G
> ®ro) + DD (|85 ns0) o
n=1 n=1g=1
effective prompt neutron lifetime:
G
1 1
- T .
3o

(e
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Xn (VXf), ‘I’g,0> ;
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e unconventional coefficients:

Mu,i = el 7
> <<I>L xi,n0¢,o> (121)
n=1
uo(H) / Cl(H)Co(r, H)dA
Acore
He i = a 3
Z <q)IL Xi,nci,0>
n=1
[ ] apparent precursor source:
— Ti0, ift <,
Z <(I)IL Xi,nci,0>
n=1
o =4 _ (122)
= = Li(t—7) ift >,
> <<I>IL xi,nCz',0>
A\ n=1
where:
_ 1
=i = o) (€40 + ) / Ol (r,0)dA / C; ofr, H). (123)
core A A

It is worth to present some values of the effective delayed neutron fractions, Table I, which are computed
for a reference system in a 1D model in a Uranium-fueled reactor [25]. The column for 7 = 0 is ideal,
but it gives an indication of the extent of the effect due to the spatial redistribution only, since no external
decay is accounted for. It is seen that this effect alone is about 16-17%. Globally the reduction of the
role of delayed neutrons can be rather significant, up to almost 70%. For source-driven systems, this is
to be added to the reduction that has to be associated to subcriticality [26].

If the shape function in the factorization (111) is kept constant and coincident with the solution of the
reference problem (106), the point model is obtained. However, a quasi-static procedure can easily be
implemented [23].
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Table I. Ratio B/ﬁ as a function of 7 and % for different fluid velocities.

T S 0 5 10 15 u [em/s] |
BSOS 05 e 0se  os 100
P09 0l oo 033 0330 100
BSOSO 0 oao a2 0s9 100
FSLOOOL Gl o 032 0s9 100
ACKNOWLEDGMENTS

Much of the work presented in these lectures is the outcome of the research activities performed over
the years in the frame of scientific collaborations between Politecnico di Torino and various Institutions.
The support of the Italian Ministry of Education, University and Scientific Research, of ENEA-Casaccia
and of the European Union is gratefully acknowledged.

One of the Authors (P.R.) wants to dedicate this work to Jacques Devooght and Alan F. Henry who
passed away in recent years. They have been great masters of reactor kinetics. They laid the foundations
of the discipline and their contributions continue inspiring all the work in the field.

[1]
(2]
(3]

[4]
[5]
[6]

[7]
[8]

[9]

[10]

[11]
30

REFERENCES

CORNQO, S.E., Nuclear Reactor Physics Lecture Notes, Politecnico di Torino, Torino (1999).
KEEPIN, G.R., Physics of Nuclear Kinetics, Addison-Wesley, Reading, MA (1965).

CAMPBELL, J.M., SPRIGGS, G.D., 8-Group Delayed Neutron Spectral Data for Hansen-Roach
Energy Group Structure, Progress in Nuclear Energy 41, 253-283 (2002).

DUDERSTADT, J.J., MARTIN, W.R., Transport Theory, Wiley, New York (1979).
BOLTZMANN, L.E., Lecons sur la Théorie des Gaz, Gabay, Paris (1987).

WEINBERG, A.M., WIGNER, E.P,, The Physical Theory of Neutron Chain Reactors, University
of Chicago Press, Chicago (1958).

HENRY, A.F., Nuclear-Reactor Theory, MIT Press, Cambridge, MA (1975).

AKCASU, Z., LELLOUCHE, G.S., SHOTKIN, L.M., Mathematical methods in nuclear reactor
dynamics, Academic Press, New York (1971).

DULLA, S., RAVETTO, P., ROSTAGNO, M.M., On Some Features of Spatial Neutron Kinetics
for Multiplying Systems, International Conference on Mathematics and Computation, Gatlinburg,
TN (2003).

CORNO, S.E., MANZO, G.,RAVETTO, P., RICCHENA, R., Analytical Methods in Local
Reactor Dynamics and Validation of the Quasi-Static Approximation, European Applied Research
Reports 1, 831-945 (1979).

CACUCI, D.G., On perturbation theory and reactor kinetics: from Wigner’s pile period to



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

accelerator driven systems, International Conference on the New Frontiers of Nuclear Technology:
Reactor Physics, Safety and High-Performance Computing, Eugene P. Wigner Keynote Lecture,
Seoul (2002).

RINEISKI, A., MASCHEK, W., On Application of Quasistatic and Point-Kinetics Schemes
for Subcritical Systems with External Neutron Source”, International Conference on Nuclear

Mathematical and Computational Sciences: a Century in Review - a Century Anew, Gatlinburg
(2003).

DEVOOGHT, J., Quasistatic Solutions of Reactor Kinetics, Annals of Nuclear Energy 7, 47-58
(1980).

USSACHOFF, L.N., Equations for Importance of Neutrons, Reactor Kinetics and Perturbation
Theory, International Conference on the Peaceful Uses of Atomic Energy §, 503-570, Geneva
(1955).

COPPA, G.G.M., LAPENTA, G., RAVETTO, P, ROSTAGNO, M.M., Three-Dimensional
Neutron Analysis of Accelerator-Driven Systems, International Conference on Mathematics and
Computation, Reactor Physics and Environmental Analysis in Nuclear Applications 1, 587-595,
Madrid (1999).

RAVETTO, P., Problems in the Neutron Dynamics of Source-Driven Systems, on Nuclear
Reaction Data and Nuclear Reactors 2, 841-868, Abdus Salam International Centre for Theoretical
Physics, Trieste (2001).

BIANCHINI, G., CARTA, M., D’ANGELO, A., TIESTE-MINOSSE, a Single Channel
Thermal-Hydraulics and Point Kinetics Code for ADS, ENEA Technical Note ERG/SIEC
DT-SDA-00018, Roma (1999).

BIANCHINI, G., CARTA, M., D’ANGELO, A., BOSIO, P., RAVETTO, P., ROSTAGNO, M.M.,
Dynamic Calculations of Source-Driven Systems in Presence of Thermal Feed-back, International
Topical Meeting Advances in Reactor Physics and Mathematics and Computation into the Next
Millenium, Pittsburgh (2000).

AMIONE, A., DULLA, S., RAVETTO, P.,, ROSTAGNO, BIANCHINI, G., CARTA, M.,
D’ANGELO, A., Dynamics of Accelerator-Driven Systems by the Quasi-Static Method,
American Nuclear Society International Conference on Accelerator Applications, San Diego
(2003).

AVERY, R., Theory of Coupled Reactors, 2-nd International Conference on Peaceful Uses of
Atomic Energy 12, 182-191, Geneva (1958).

KOBAYASHI, K., Rigorous Derivation of Static and Kinetic Nodal Equations for Coupled
Reactors Using Transport Equation, Journal of Nuclear Science and Technology 28, 389-398
(1990).

P, RAVETTO, P., ROSTAGNO, M.M., BIANCHINI, G., CARTA, M., D’ANGELO, A.,
Application of the Multipoint Method to the Kinetics of Accelerator-Driven Systems,
International Conference on the New Frontiers of Nuclear Technology: Reactor Physics, Safety
and High-Performance Computing, Seoul (2002).

DULLA, S., RAVETTO, P, ROSTAGNO, M.M., Quasi-Static Method for the Time-Dependent
Neutronics of Fluid-Fuel Systems, Transactions of the American Nuclear Society 89, 446-448
(2003).

31



[24] LAPENTA, G., MATTIODA, F., RAVETTO, P., Point Kinetic Model for Fluid-Fuel System:s,
Annals of Nuclear Energy 28, 1759-1772 (2001).

[25] TABAT GROUP, Impact of Accelerator-Based Technologies on Nuclear Fission Safety: IABAT
Project, Final Report, EUR 19608 EN, Luxembourg (2000).

[26] BOSIO, P, BURNS, T.D., JR., RAVETTO, P, RYDIN, R.A., Decoupling of Neutron and
Delayed-Neutron Precursor Evolutions in Source-Driven Subcritical Systems, Kerntechnik 66,
260-266 (2001).

32



