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Abstract—For a quick and accurate calculation of spatiatmeu
distribution in nuclear power reactors 3D nodal endire usually
used aiming at solving the neutron diffusion ecpratior a given
reactor core geometry and material composition.s@€hedes use a
second order polynomial to represent the transvesege term. In
this work, a nodal method based on the well knowdah expansion
method (NEM), developed at COPPE, making use sfgblynomial
expansion was modified to treat the transversealgakerm for the
external surfaces of peripheral reflector nodes.

The proposed method was implemented into a conipogdt
system which, besides solving the diffusion equetaiso solves the
burnup equations governing the gradual changes &tenml
compositions of the core due to fuel depletion.UResconfirm the
effectiveness of this modified treatment of periglhenodes for
practical purposes in PWR reactors.
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|. INTRODUCTION

HE neutron distribution has to be frequently cedted in

PWR reactors. This calculation is validated withaswred
values of reactor parameters. Even the neutron latpuo
varies along the reactor operation period dependimdime
variation of the nuclide distribution, which in tuwaries with
the spatial distribution of the depletion rate, oisefully
justified to use a quasi-static approximation fiijwhich the
reactor cycle is divided into certain time intesjaburing
which the neutron fluxes are held constant. Theegfm this
case, the steady state diffusion equation and tpdetion
equations are solved, for each of the defined titervals for
the reactor operation period.There are a lot ofhowg to
solve the neutron diffusion equation for a giveacter core,
but determining factors that affect the qualityao$ystem for
calculating the neutronic parameters of the reamtoe are the
accuracy and speed with which the operational pedace of
the reactor is predicted. For power reactors, thstrpopular

These codes use a second order polynomial to epgrése
transverse leakage term. CNFR code has also madef tsis
polynomial expansion for all nodes so far. But ¢hevas a
motivation to better represent the transverse lgakar the
external surface of nodes in the reflector periphso that this
paper presents a modified treatment of the trassvimakage
for these nodes. In section 2, a brief commenthenrntodal
expansion method (NEM) is presented. Section 3epteshe
modified procedure. Section 4 shows results obthwi¢h this
modification. Conclusions are presented in sedion

1. NODAL EXPANSION METHOD

The reactor core is divided, in space, into comtigu
parallelepipeds called nodes. Since NEM required the
bdes be homogeneous, special models are adoptedato
with cross-sections that are no longer uniformdeshe node,
due to burnup and control rod motion [4]. With thespecial
models, nodes remain homogeneous and core nodatizat
which was previously established, is maintained.

The NEM uses partial interface currents and hastsas
starting point the neutron continuity equation &ick's Law.
The nodal balance equation, from which one obtairerage

nodal fluxes(_pé1 (t,) for each time, , results from integration

of the continuity equation in the volumé,, = & adja; of a

node n, shown in Figure 1, and subsequent divisibthe
integrated equation by this volume, i.e.

Z a—ln[ﬁgur(tf,) 3]+ I () ) =

u
U=X,y.Z

2
D T ) F TR N ) ®

method is the nodal expansion method (NEM) [2]. An "y

example of application of this method is the CNF&de
(Portuguese acronym for National Reactor PhysicdeL 3]
that consists of three main modules, which genenatdear
data for fuel elements, 3D nuclear power distritmsi and
characteristic parameter calculations of the nucheactor.
The majority of nodal diffusion codes employ thdfugiion
equation integrated in a transverse area for gilieection.
From this integration, the transverse leakage faioed.
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where the cross sections involving capture andofissvhich

because of the burnup gradient [5] vary spatialishiw the
node, are given by:

ng(té) =

1
——— | XYzt (X y.zt,)dV.
ang(t/)\'/[ g [% ¢ 2)
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Fig. 1 Node n dimensions

A.Nodal Coupling Equations

The nodal coupling equations are obtained from Bikw,
integrating these equations in the area transverdiection u,
and subsequent division of the integrated equatlmnghis
area, i.e.

3Sus(te)=3gﬂs(t/) J_ns(t/)- Dn(t(’) mgu(Ut/) (3)
for u=x,y,z ands=r,|. Where:
apaly
1 +
gus(tg) = Tl J-Jéu (ud,v,w,t,)dvdw, (4)
aay
00
avaw
gy (U,t)) = (pg (u,v,w,t,)dvdw (5)
and
Dg(t,)= ——, (6)
s 3Zg(ty)
with
n _1
ng(t() =V_szg (x,y,z,té)dV, (7)
n

Vn
for 2, andZ 4.

tljgu (u,t,) is obtained by integrating the diffusion equation

the transverse area to direction u. The transvirtsgrated
diffusion equation mentioned above is written as:

-Dyg (tf) T-pgu (ut )+Ztg (t()qjgu(té) -

Z{ Xo v (t,)+ Z00 Fah () L, ) -

dgu (u,t,) ®)
Where the transverse leakage is defined as
av aw
t
Lou(ut) == g([)J‘j E —5 @ (U, v, W, t, )dvdw
0 &=v.w
©)
and the cross section difference term is defined as
2
dgu (u't[) = k E {szgu (uvtf) _Vz?g’(t /)}wau )
eff
g=1

_{Zagu(u-tﬂ) - Zgg(t /)}wgu C)

There have been some variants of NEM [2], since its

appearance to solve eq. (8). One of them is théytaa
NEM, e.g., the nodal integration method (NIM) [6This
method solves the transverse integrated equatitalgtecally,
approximating only the transverse leakage and tlessc
section difference term. Other variant is the sanalytical
NEM [7], which makes use of polynomial expansioos the
transverse leakage, fission source, scattering thadcross
section difference term, thus uncoupling the eneygyups.

According to the original NEM,IIJSu (u,t,) are calculated
using a fourth order polynomial expansion as foiow

4

POt =90 (t,) +Zcﬂgu (t )h (ufa?).

k=1

(10)

where h, (u/aj) are basis functions of NEM [2].

I1l.  TREATMENT OF TRANSVERSEL EAKAGE
All the NEM based nodal codes,

second order polynomial expansions to
approximatei_'(},u (u,t,), for every node in the reactor (active

core and reflector), in the form:

2

N ut,)= gu(t/)+ZaEgu (1 )h (u/al) |

k=1

(11)

including CNFR, use
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where,

_ 1 - _ 1 - _
Lgu(t() E% [‘Jrg1vr (t( )_ngl(tl) +£ [‘ngr(t( )_ngl(t[) )

(12)

n 1 . n n
a:lgu(t()=E{Lgur(tﬂ,)_|-gul(t()} (13)
and
n 1 .n n
a29u(t€):Egu(te)_z{l-gur(t/!)"'Lgul(t )} (14)

with Lg,s(t,) =L, (ug,t,) for u=x,y,z ands=r,1.

In this work, we have used for all nodal surfagethe core
and reflector, except by those reflector node sedaat the
external surface of the reactor, the following egsion

for Lige(t,):

aﬂ Erg;]u(t[) +arl]1 Egu(t(/')

LT (t,)= (15)
gur\*/
a; +a)
where m is the node adjacent to noteand
Lgu(te) = Lgur(t,) - (16)

But in those reflector node surfaces at the extesudace of
the core, the following expression was used

Lgus(ty) ={Wgy (ug vt/;)/(_PS(t 0} E?;u (t,). (17)

IV. RESULTS

To test the proposed procedure, the IAEA 3D benckma
problem [8] was used. The calculated effective iplitation
factor was 1.029006, with a relative deviation dd0®D3 %.
The normalized assembly power and
deviations are shown in figure 2 below.

0.730 | 1.285| 1.429 | 1.196 | 0.610 | 0.952 | 0.956 0.770

0.18 0.17 0.45 0.10 0.02 -0.06 -0.25 -0.35

1.285 | 1.403 | 1.436 | 1.295 | 1.072 | 1.055 | 0.971 0.749

0.17 0.34 0.28 0.31 0.04 -0.05 -0.34 -0.57

1429 | 1436 | 1.370 | 1.314 | 1.184 | 1.088 | 0.991 0.708

0.45 0.28 0.08 0.24 0.26 -0.03 -0.59 0.13

1.196 | 1.295 | 1.314 | 1.181 | 0.972 | 0.921 | 0.863

0.10 0.31 0.24 0.20 -0.04 | -0.25 -0.17

0.610 | 1.072 | 1.184 | 0.972 | 0.475 | 0.694 | 0.611

0.02 0.04 0.26 | -0.04 | -0.09 | -0.77 0.44

0.952 | 1.055 | 1.088 | 0.921 | 0.694 | 0.597 Power

Devia-

-0.06 | -0.05 | -0.03 [ -0.25 | -0.77 | -0.04 | tion(%)

0.956 | 0.971 | 0.991 | 0.863 | 0.611

-0.25 | -0.34 | -059 | -0.17 0.44

0.770 | 0.749 | 0.708

-0.35 | -0.57 0.13

Fig. 1 Normalized assembly power

It can be seen, from these results, that the nestiBakage
treatment was able
distribution with a maximum relative deviation adsk than
1%, as indicated (in bold) in figure 2. Other teases were
calculated with this modified external surface eflector
nodes, always with accuracies similar to the |ARAttcase,
including burnup dependent problems [9]. Resulteefiector
at periphery are better than with the ones obtairstdg only
Eq. (15) throughout the whole core.

One important difference among CNFR and other NEM

based codes is the number of inner iterations péero
iterations, as reported in [3]. In CNFR, for eactiahlayer
into which the core has been divided, two radiadlaianesh
sweeps are done, the first one sweeping the coldonrsach
row, while the other sweeps the rows for each caluRote
that only these two mesh sweeps are done for eatdr o
iteration. In this way, computing time requiredcumplete one
outer iteration is greatly reduced. For the firgtesp, one
searches the neighboring nodes to each reflecttwebmode
being swept, in order to update incoming currents/ar
impose the boundary or symmetry conditions. AltHouesults
were very good inside the core, there was a maodivato
improve the results at reflector nodes. This resulin the
development of this modified treatment of the tvemse
leakage terms for the external surfaces of reftecab the core
periphery. We point out that in [3], eq. (15) waways used,
while in this work eq. (17) was used at those noetil
reflector surfaces.

V.CONCLUSIONS

This paper presents a modified procedure for treatrof
reflector surfaces at core periphery with respezt the
transverse leakage terms.
implemented into a computational system which, dessi
solving the diffusion equation, also solves the nopr
equations governing the gradual changes
compositions of the core due to fuel depletion. URes
presented refer to the IAEA benchmark 3D problend an
confirm the effectiveness of the method for pradtfurposes.
For instance, the calculated effective multipliocatfactor was
1.029006, with a relative deviation of 0.0003 %esHlts at
reflector at periphery are better than with the sonbtained
using only Eqg. (14) throughout the whole core. Gltions
with burnup dependent problems, not presented heeeg
also done and results presented good accuracy.

relative percent

to calculate the assembly power

The proposed method was

in  material
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