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Abstract

The aim of this study is to develop a tractable model of a nuclear reactor core taking the complexity of the structure
(including its nonlinear behaviour) and fluid flow coupling into account. The mechanical behaviour modelling includes
the dynamics of both the fuel assemblies and the fluid. Each rod bundle is modelled in the form of a deformable porous
medium; then, the velocity field of the fluid and the displacement field of the structure are defined over the whole
domain. The fluid and the structure are first modelled separately, before being linked together. The equations of motion
for the structure are obtained using a Lagrangian approach and, to be able to link up the fluid and the structure, the
equations of motion for the fluid are obtained using an arbitrary Lagragian Eulerian approach. The finite element
method is applied to spatially discretize the equations. Simulations are performed to analyse the effects of the
characteristics of the fluid and of the structure. Finally, the model is validated with a test involving two fuel assemblies,
showing good agreement with the experimental data.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The safety of Pressurized Water Reactor (PWR) cores subjected to seismic loading is a major concern in the nuclear
industry. A reactor core is a complex structure consisting of 150 fuel assemblies, each of which is composed of 289
regularly spaced rods. Each rod is about 1 cm in diameter, 4 m in length, and the gap between two rods is about 3 mm
wide (Fig. 1). There are two types of rod: 25 guide tubes support the other 264 fuel rods that contain enriched uranium.
The guide tubes are welded to 10 regularly spaced grids holding fuel rods. The contact points between grids and fuel
rods are fitted with springs, so that the fuel rods can slip into the grids. The fuel assemblies are immersed in pressurized
water (=~ 15MPa). The fluid flow is mainly axial, and the transverse component (~ 0.3 m/s) is small in comparison with
the axial component (= 5m/s). Since the fluid velocity is about 5m/s, the flow is highly turbulent, with a Reynolds
number Re = 500000 at 300 °C.
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Fig. 1. Part of a reactor core (left); part of a fuel assembly (right).

Modelling a nuclear reactor core involves two main difficulties: the first is the complexity of the structure, which
includes nonlinear contact and friction processes (around 30000 contacts in a fuel assembly). The second one is the
presence of the fluid, which gives rise to complex damping, added mass effects, turbulence effects and fuel assembly
coupling processes. A direct numerical simulation taking into account the complex geometry, all the nonlinear
phenomena, and the fluid—structure interaction would result in too many degrees of freedom. Engineers need simplified
models for designing and maintaining reactor cores. Some of these models are briefly reviewed below.

A fuel assembly is frequently modelled in terms of a single beam (Rigaudeau, 1997; Viallet et al., 2003) which is
subjected to fluid effects via added mass and damping. These simple models can be used to simulate a row of fuel
assemblies and make it possible to perform the large number of simulations required for a statistical seismic loading
analysis. Some authors have proposed multi-beam models for simulating a fuel assembly (Ben Jedida, 1993; Fontaine
and Politopoulos, 2000) including friction laws to model the rod-grid connections. These models are in good agreement
with “in air’” experiments, but the friction problems arising are difficult to solve numerically. Broc et al. (2003) proposed
a model with two degrees of freedom for each fuel assembly, accounting for the coupling between them, and then
developed a linear model for the whole reactor core. Pisapia et al. (2003) and Pisapia (2004) have presented a single-
degree-of-freedom nonlinear empirical model for a fuel assembly giving good agreement with “in air”” and ““in water”
experimental data. Most of these models take the fluid effects into account in the form of a linear added mass and an
added damping term. Paidoussis (1966, 2003) has used a more complex expression for the fluid forces acting on a fuel
assembly, in which the velocity and the relative direction of the flow with respect to the fuel assembly are accounted for.
This model, which has been used by Chen (1970), Chen and Wambsganss (1972), Beaud (1997), and Pomirleanu (2005),
gives much better results than the simplified models. However, this complex model does not account for the
perturbation of the flow induced by the fuel assemblies’ motion. Some authors have proposed to model the fluid flow
and the structure using homogenization methods (Jacquelin et al., 1998; Zhang, 1998). In these fluid—structure models,
the coupling between fuel assemblies is provided by the fluid flow.

In summary, the main point is that the fluid flow through fuel assemblies induces non-negligible fuel assembly
coupling which is not accounted for by most available models. Therefore, we develop a model for the whole reactor core
using fluid—structure coupling and porous media theory. This permits to improve the accuracy of the simulation while
keeping only a few degrees of freedom. The paper is organized as follows. Section 2 presents the porous media
modelling process. Section 3 deals with the fluid forces acting on a rod subjected to a flow. In Section 4, the modelling
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equations are developed; the fluid and structure equations are space-averaged to obtain global governing equations,
thus each fuel assembly is assimilated to a porous beam, including nonlinear viscoelastic behaviour, and subjected to an
axial flow. In Section 5, we briefly present the numerical method. In Section 6 a numerical example modelling two fuel
assemblies is proposed. The last section is devoted to the experimental validation of the model on two fuel assemblies
subjected to an axial flow.

2. Method

The procedure used to draw up the equations of motion governing the complex fluid/structure entity under
investigation is presented in Fig. 2. This procedure is based on a porous medium approach including an equivalent fluid
model and an equivalent structure model. Equations of motion for an equivalent fluid and structure are first established
separately. For the fluid part, global fluid flow equations through the rod bundle are obtained by spatially averaging the
Navier—Stokes equation written with an arbitrary Lagragian Eulerian (ALE) approach. The equivalent fluid, the
variables of which are space-averaged, is defined in the whole domain. Structure related effects on the fluid are
accounted for by a body force (Fyyucture— fiuid)> Which is also defined in the whole domain. For the structure part, each
fuel assembly is modelled as a porous medium subjected to the body force Fyig— structure> Which is the opposite of the
body force Fyucture— fiuid- Fluid—structure coupling forces are built from fluid forces acting on a rod subjected to an axial
flow. Finally, the equivalent structure and equivalent fluid motion equations are both solved with a finite element
method.

3. Preliminary: forces acting on a rod

In this section we propose an expression for the fluid force acting on a rod. This expression will be used to model the
fluid/structure coupling force in the porous media approach.

3.1. Paidoussis model

For a slender body immersed in a fluid and subjected to a cross-flow, Morison et al. (1950) proposed to decompose
the fluid forces into drag and inertial terms. This approach is in good agreement with experiments and has been
used in many subsequent studies (Zhou and Graham, 2000; Sarpkaya, 2001). For an axial flow, Paidoussis (1966)
proposed an expression for the fluid forces acting on the slender body. His theory based on studies by Lighthill (1960,
1986) and Taylor (1952) has also been widely used (Chen, 1970; Chen and Wambsganss, 1972; Lopes et al., 2002;

fluid equivalent fluid

ﬁ_,

/ structure body force:
coupled by

F structure —fluid
fluid+structure Fstructure —fiuia =~ Fiiuid — structure

\ structure equivalent structure
([]:H:H:D E—— /

fluid body force:

Fﬂuid —structure

Fig. 2. Porous modelling and method.
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Conca et al., 1997). The inviscid term takes the form

) o\’ ) 0\’
F; = e —mp( St Vi) U.es, 1
1 my (al+V o ) U}ez my <6l+ V, ax) U.e; ()

where U, is the rod displacement in the e, direction, U. is the rod displacement in the e. direction, V' is the fluid
velocity in the e, direction, and m, is a virtual mass per unit length. Viscous forces have transverse components Fy and
Fp, and an axial component Fy:

1 ou, ou, 1 oU. @UZ
Fy = _E'DDV CN( o + Vi o )ez—EPDV CN( or Yoy )e% @
FL=—1pDCrV3iey, (3)
ou, oU.
= —Ca— 2 — C a[ €3, (4)

where p is the fluid density, D is the rod diameter, and C, Cr and Cy are coefficients which have to be determined; these
coefficients depend on the fluid viscosity, the geometry of the structure, and the casing.

3.2. Modified Paidoussis model

The Paidoussis model deals with an axial flow (¥, = 0 and V. = 0), but in our model a small transverse component
of the flow has to be included (V,#0 and V.#0, Fig. 3). In order to take it into account, we therefore developed a
modified Paidoussis model in which the transverse components of the structure velocity are replaced by the transverse
structure velocity relative to the fluid flow, for example in the e, direction 0U, /0t — V..

Expanding first (1) with respect to time and space derivatives gives

o (0U, *U o (U
Fr=—m|~ Vi J 2V -
! mf(az<az)+ o T e (m))e

0 (0U. , MU, 0 (0U.
_mf(&(az> Ve +2V‘&<az>)e3’ 3

and replacing the structure velocity by the relative structure—fluid velocity in (2)—(5) gives

B 0 (oU, , U, o (oU,
Fr= m’(az<az V)+V*a g ) e

0 (3U. 262 0 (oU.

Rod

FI+FN +Fp

Fig. 3. Rod subjected to axial and transverse flow.
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1 ou, ou, 1 oU. oU.
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N 2pDV/ CN( o V} + V, o )ez 2,0DV/ CN( o V.+ V, ox )63 (7)
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oU oU.
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where V', is the fluid velocity in the e, direction, and V' is the fluid velocity in the e. direction. The expressions (6)—(9)
will be used in Section 4.3.3 to establish Fruid—s structure-

4. Porous model equations

In this section we develop the porous media modelling procedure as described in Section 2. The whole domain of the
core including Ng,4 fuel assemblies is noted .. It is a two-phase parallelepiped containing the fluid and the structure;
Ly, Lc, and L. are the dimensions of Q. in the e, e, and e. directions. Note that L., is also the length of a fuel
assembly. €. is subdivided into an Np4 parallelepiped noted Qry4,, each of them containing one fuel assembly.

4.1. Hypotheses

In order to establish equations of motion, we make the following assumptions: the fluid (in this case water) is
classically assumed to be viscous, incompressible and Newtonian. Gravity effects are negligible compared to the inertial
and viscous forces. As classically assumed in slender body theory, the sections of the rods do not deform, and the
presence of grids means that the distance between two rods in a fuel assembly will remain constant. Moreover in order
to make easier the writing of the equivalent fluid equations, we assume that the distance between two rods remains
constant in the whole core; consequences of that strong hypothesis will be discussed latter in the paper. Turbulent
kinetic energy is assumed to be negligible in comparison with the turbulent diffusion.

The hypotheses are recapitulated here:

H1. The fluid is viscous, incompressible and Newtonian.

H2. Gravity effects are neglected.

H3. The rod section does not deform.

H4. Distance between two rods remains constant.

HS5. Turbulent kinetic energy is negligible in comparison with the turbulent diffusion.

4.2. Equivalent fluid model

In this section, we establish the equations for an equivalent fluid in Q.. We space-average the equations of fluid
motion written with an ALE approach. The small-scale turbulence is then modelled with a turbulent viscosity.

4.2.1. ALE approach

Fluid equations are usually written using a Eulerian approach: the fluid is observed through a fixed window.
Structure equations are classically written using a Lagrangian approach. In order to be able to relate the fluid and
structure equations, we must observe the fluid through the motion of the structure, and we therefore use an ALE
approach to write the fluid equations (Duarte et al., 2004). The fluid is observed through a moving window which
follows the motion of the structure. It should be noticed that in a general ALE approach, the reference frame can move
and deform with an arbitrary velocity.

By using space-averaging methods in the present study, we define an equivalent fluid and an equivalent structure,
both of which are defined in the whole domain, so that the displacement of the fluid—structure frontier and the
geometric conservation law are included in the space-averaging and the fluid mesh is fixed.

The Navier—Stokes equations written with the ALE approach for an incompressible fluid under assumption H2 give

ov ot
pa—t—i-p(V—a—lj) -VV =divae, (10)

divV =0, (11)
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where U is a vector field defined in the whole domain which coincides with the displacement of the structure on the
structure domain, V is the fluid velocity, and ¢ is the Cauchy stress tensor. U will be described more precisely later in the
paper. As the fluid is assumed to be Newtonian H1,

6 =—Pl;+ p(VV + VV"), (12)

where P is the pressure, u is the viscosity, and I, is the identity tensor.

4.2.2. Space-averaging

Banerjee and Chan (1980) and Delhaye et al. (1981) have established instantaneous space-averaged equations for a
two-phase flow, and Robbe and Bliard (2002) have applied this method to a rod bundle. We use the same method as
Robbe and Bliard (2002), but we introduce a different structure force.

Let us consider the control volume €,(x,y,z) centred on the point M(x,y,z) with volume Vg, (x,y,z) = a X a x dx
where a is the distance between two rod centres, and dx is the thickness in the axial direction, with dx<a (Fig. 4(a)):

Qi(x,y,2) = Qr(x,y,2) U Q(x,,2), (13)
Vo, (x,3,2) = Vo,(x,3,2) + Vo, (x,,2), (14)

where Qf(x,y,z) (respectively, Q(x,y,z)) denotes the fluid (respectively, the structure) domain and Vg (x,y,z)
(respectively, Vg (x,,z2)) is its volume. The frontier of Q(x,y, z) will be denoted 0Q/(x, y, z) with

an‘(X,% Z) = A[(X,y, Z) U A‘Y(X,y, Z)> (15)

where A,(x,y,z) is the surface bounding jointly the fluid volume and the control volume, and A(x,y,z) is the
fluid—structure frontier surface (Fig. 4(b)).

Under assumptions H3 and H4, the fluid fraction present in the control volume does not depend on the control
volume position M(x,y,z):

V-Qr(xaya Z) = VQ:: VQ/ (x:ya Z) = VQ/; VQ;(xays Z) = VQ;’ (16)

and the structure fraction in Q, is equal to the volume of a dx length rod. This will allow us to define the fluid/structure
coupling force as force acting on a rod defined in Section 3.
Integrating over the fluid domain Q(x, y, z), the Navier-Stokes equations (10) and (11) gives

1 ov ou 1 .
—_— —+[V——" | VWV |dQ=— dive dQ, (17)
VQI Qr(x,p,2) ot ot Q JQs(x,,2)
1 .
— divvdQ =0. (18)
VQ/ Qr(x,p,2)
control volume Q;(x,),z) fluid/fluid domain frontier 4;(x,),z)
fluid/structure
frontier
As(x,),2)
fluid domain
Qr(x,,2)
structure domain

Qi(x,3,2)

Fig. 4. Control volume for space-averaging.
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According to the Leibniz and Gauss theorem, the left-hand-side term of (17) can be transformed as follows:

pL/ V(v ov)ae= o ! a/ VdQ+pLdiv/ VeVvde
Va, Ja,tepe \ 01 ot 2 01 Jo,(x.2) Ve, 9 (xp2)

1 oU 1
IVAQ =y ViV, dS
VQ; J Qp(x,9,2) at V JA(x,.,2)
1 1
—p— Vn-V,dS—p—o Vn-Vds, (19)
VQ, Ag(x,3,2) Q JAy(x,.2)

where V4, is the velocity of the surface 4,(x,y,z), and V,,, is the velocity of the surface 4,(x,y,z). R
Based on the assumptions H3 and H4, the surface integral terms over A(x,y,z) cancel. Moreover choosing U
constant on the fluid domain Q;, the first term of the second line of (19) can be reduced to

1 oU 10U
p— / WWdQ=p—y / vdo, (20)
Vo, Jo,ps 01 G N )

and the second term of the second line of (19) can be transformed after tedious manipulations as

pL Vn-Vy dS:pLa—U~V/ VdQ—pL VdQ-Va—U. 2n
Vo Jaeys ‘ Vo, 0t oo (vp2) o
Note that U can be chosen constant in the fluid domain because the structure displacement is constant on A, due to the
fact that the structure displacement does not depend on y and z on the structure domain, and that the control volume is
thin in the e, direction.
Substituting (19)—(21) into (17), and applying the Leibniz and Gauss theorem to the right-hand-side term of (17) and
to (18) gives

1 0 f 1 o0
——/ VdQ+p—d1V/ Vevde=2p——-V Vde
Vo, 01 Jo,(xy.2) Vo, 2 (xy.) Vo, o Jojp
1 [ U 1 1
—p— VdQ . -V—+—div odQ+— ondsS, (22)
vV o Vv
Q J Qs (x,,2) Q Qr(x,p,2) Ag(x,p,2)
1
—div / VdQ =0. (23)
Ve, Q(xp.2)

Before establishing governing equations for the averaged velocity (1/V¢q,) fg P VdQ we have to deal with the
convecting term (p/ Vg, )div fQ P V ® VdQ which will be treated by modelhng the turbulence.

4.2.3. Turbulence modelling

There are two classical ways of modelling turbulence: by taking the temporal fluctuations that lead to k—¢ models, or
by taking the spatial fluctuations that lead to LES models (Barsamian and Hassan, 1997; Hinze, 1975; Lessieur, 1993).
Since we use the space-averaging method, the turbulence is modelled here by taking the spatial fluctuations
into account.

The fluid velocity can be decomposed into an averaged part and a fluctuating part V':

v VdQ+V, (24)
Vor Josiepe

where the averaged value of V' on Q(x,,z) is equal to zero. Substituting (24) into the convective term gives

1 1
p—dw/ VeVvde = p—dlv / VdQ @ — vde
VQ: Qr(x,0.2) VQ, VQ; Qr(x,0.2) VQ, Qr(x,,2)

|
+ p—div / V ® V' dQ, (25)
Q, Q(x,,2)

where the last term, which corresponds to turbulence effects in the control volume, refers to the Reynolds tensor oge:

1

ORe = Pﬁ

/ V ® V' dQ. (26)
Q(x.0.2)
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Classically, the Reynolds tensor is modelled by the turbulent viscosity model proposed by Smagorinsky (1963):

T
2 1 1

o6re = — = pkrly+ ur V*/ vdQ + V*/ vdQ s 27
3 Vo, Josxyz Vo, Ja/xyo

where pp is the turbulent viscosity, and k7 is the turbulent kinetic energy (which is equal to the kinetic energy of the
fluctuating velocity). Under assumption HS, %pkrl 4 can be neglected and, as the flow in a PWR is mostly
homogeneous, yu is chosen constant in time and space.

4.2.4. Equivalent fluid
Let us define the equivalent fluid, the variables of which are

1

Veg =— vdaQ, (28)
VQf Q(x.y,2)
1
Py = [3—/ PdQ. (29)
Vo, Joyxpa)
Substituting (28) and (29) into (22) and (23), and using (27) gives
av, , oU ou
peq a:q‘ + peqle ch ® ch = - Vch + ,uTCqAch + 2,0eq E : vch - pqucq . VE + Fstructure— fluid> (30)
divVeq =0, (31

where pey = Bp, pireq = Blur + 1), with f = Vo, /Vg, denotes the porosity, and
1
Fstructureaﬂuid = 7/ ondsS. (32)
QS As(x,p.,2)

We recognize in the first line of (30) the classical equation of an incompressible Newtonian fluid of density p.,, and
viscosity fireq written with an ALE approach. This equation contains two additional terms. The first p.,Veq - VOU/0t
results from the space-averaging of the ALE formulation. The second term Fgycure—sfluid represents the structure body
force acting on the fluid (Fig. 2). Finally, the equivalent fluid can be considered as a single substance filling the whole
domain Q.. It is governed by (30) and (31).

4.3. Equivalent structure model

In this section, we establish the equations for an equivalent structure in Qp4, to model a fuel assembly. We space-
average the structure motion equations as classically done with porous media. Since the fuel assembly is a slender body,
we use Timoshenko beam assumptions to transform the 3-D equilibrium equations into beam reduced equations. The
constitutive laws for the beam are obtained from semi-empirical considerations.

4.3.1. Space-averaging
As in the fluid case, we space-average the equation of motion of the structure over the structure domain Q(x, y, z)
(Fig. 4):

1 / o’U 1 .
Py —dQ = —/ dive,dQ, (33)
VQy Qu(x,,2) or VQ; Qi(x,3,2)

where U is the structure displacement, p, is the structure density, and ey is the Cauchy stress tensor.
According to the Leibniz and Gauss theorem, and under assumptions H3 and H4, Eq. (33) becomes

0 < 1 / > (1 1
1— s> | — UudQe | =1 — p)div (—/ o'sdQ) —|——/ o,ndS. 34
( 22 or Va, Qu(x,,2) g Ve, Qu(x,p.2) Va, As(x,p.2) 59

As previously done with the fluid, let us define an equivalent structure with variables

1
Uy = / ude, (35)
VQ.\- Qs(x,p,2)
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1
Gseq = —/ 6,dQ. (36)
V-Q.s Qu(x,,2)
Eq. (34) can be rewritten as
o*U. .
Pseq Tzeq = (1 = P)div 65eq + Fruid—structures 37)

where pg, = (1 — B)p, and
1

Fiivid—structure = 7/ andS. (38)
Vo, Jaeys
We recognize in (37), the classical Newton’s law for a continuous structure written on the deformed configuration
with the density peq and a body force Fpuid—structure Which represents the fluid body force acting on the structure
(Fig. 2). The transport of (37) to the fixed undeformed configuration gives [see Holzapfel (2000)]:
0Ugq .

Pseq V = (1 - ﬁ)le ((Id + Vch)Sscq) + JFfluid— structure> (39)
where Sqq is the second Piola—Kirchhoff stress tensor, and J is the volume ratio between the reference and the current
configuration. Under assumptions H3 and H4, the motion is volume-preserving (/ = 1 and does not depend on time
and position); therefore the body force expression is the same in the reference and the current configuration. Finally, an
equivalent structure, for each fuel assembly, can be considered as a single substance filling the domain Q,, (Fig. 5(a)).
Note that since each fuel assembly has its own displacement, the displacement field defined on the whole domain Q. is
continuous in part: the discontinuities are located on the frontiers delimiting fuel assembly domains 0Qp,,.

4.3.2. Kinematics of a fuel assembly

Because of the dimensions of a fuel assembly, we can use a beam hypothesis to model the equivalent structure. Since
it was observed that the shear stiffness of a fuel assembly is very low, the Euler—Bernoulli approximation is not satisfied,
and we shall therefore use a Timoshenko beam model. The kinematics of a Timoshenko beam are defined by the
displacement of the mean line u.q and the rotation of the cross-section 0.q (Fig. 5(b)).

The displacement Ueq(x, y, z) of a fuel assembly point which is not located on the mean line is given by

Ueq(X, ¥, 2) = Ueq(x) + Ocq(x) A (ve, + ze:). (40)

4.3.3. Fluid—structure coupling force

In order to couple fluid and structure, the equivalent fluid model is written with U= Ugq, and the fluid—structure
coupling force Firucture—fluid 18 specified as a function of Ueq and Veq. Darcy and Forcheimer have proposed some simple
expressions for Fyucuresfluid [see Costa et al. (2004), Fourar et al. (2004) and Zhang et al. (2003)] assuming the inertial
effects negligible and the porosity isotropic, which is suitable for porous media modelling in soil and oil research
purposes. Since these assumptions are not valid dealing with our problem, we propose a model based on the modified
Paidoussis expression presented in Section 3.

cross-section

€x

fuel assembly porous medium mean line

(a) (b)

Fig. 5. (a) Porous medium model; (b) kinematics of a Timoshenko beam.
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Recalling that the control volume contains one rod, the structure/fluid body force brought to M(x, y,z) is defined
from (6)—(9) as (Fig. 6)

1
Fstructure%ﬂuid = - E(FI + FN + FD + FL)’ (41)
where S = a%.
Substituting (40) into (41), projecting it on the base (e,.e,.e.) and neglecting second order terms gives

2
my 0 aueqj, 0 ueq}, 0 aueqy
Fstructure—>ﬂuid = S (5( ot - Veq‘-) + ng,\ ox2 + 2Veq\— ox ot - Veq): €y

1/1 Olleq, Gqu)‘ aucqy

+ § EPD Veqv‘, Cy F - Veqy + Veqx W +C F - Veqy €y
my (O (Olieq, 2 az”’eq: 0 (Oteq,

s (az( o V) T aga T g (T T ) )

- ey, Otteq. Ollegq.
+§ (QPD Vea, CN( ae[q_ = Veq, + Veg, a;q-) + C( aetq- _ Veq:))ez

1 1 aue . 1 ou,
——pDCr V2 e, ——pDCr V2, — e, ——pDCr V2 —Le.. 42
2Sp T elex ZSp TV eq, Ox €y 2Sp TV eq, Ox ¢ ( )
The model is completely defined, given the numerical values of the coefficients m,, C, C7 and Cy which depend on the
geometry, the roughness and the casing.

The fluid force acting on a fuel assembly is given by the integration over the fuel assembly cross-section of the fluid
body force Fuid— structure:

Fﬂuid—>FA :/ Fﬂuid—>structure dS, (43)
S,

fa

Miid— a4 = / (yey + ze;) A Fuid—structure dS, (44)
Sfa

where Sy, is the area of the cross-section of a fuel assembly.

4.3.4. Dynamic equations

Since the transverse displacement of the fuel assembly remains small as compared to the size of its cross-section the
geometrical nonlinearities are limited to the moderate rotations assumption. The 3-D dynamic equations (39) are
reduced to following beam form (Chia, 1980):

ueq,  OT
e — — + Fruid»Fa - €y, (45)

mg,

or? Ox

ﬂ h Fstructure—»ﬂuid
D )
~ M(x,,2)

Ffluid—»one rod

Va,

Fstructure—»ﬂuid =

Fig. 6. Modelling of structure/fluid coupling body force.
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Queq, 00, 0 Oue

y y dy X .

my, e = Ox Ox (T Ox ) + Fruid— F4 €y, (46)
azueq 00, Olieq.

Mfa 2 ox ox (T Ax ) + Fruid>Fa - €, (47)
%0, OM

In—57 =3¢ T e A Q+Muig—Fa, (43)

where my, is the mass per unit length of a fuel assembly, I, is the inertial moment per unit length of a fuel assembly, T is
the tension force, M = M e, + M.e; is the bending moment and Q = Q,e, + Q.e; is the shear force.
In the following we make explicit the term 7. Neglecting azueq /ot% in (45) gives
oT 1
—+—= [ F;  dS=0 49
Ox + S S L ’ ( )
where F denotes the component of F; on the e, direction. Assuming that F is constant along the e, direction and
integrating (49) gives

1
T = To—xf/ Fp dsS, (50)
S s,

where T is the tension force at the bottom of the fuel assembly, and has to be identified as a parameter.
Substituting (50) and (43) in (46) and (47) gives

621,{ a , aQu 1 6214
S Y

"MaTsE Tax %o 'S

o 0 o
R R (FI: + F. + Fp, — xFp, 5] dS, (52)

e Tax T e TS s, ox

where the subscript y (respectively, subscript z) refers to the component on the e, (respectively, e.) direction.

4.3.5. Constitutive laws of the beam

The coupling between grids and rods gives rise to complex contact and friction processes which make it difficult to
establish the analytical overall constitutive laws from the bending law of the rods and the friction law. It is therefore
proposed to model the global nonlinear behaviour of the fuel assembly empirically. Pisapia et al. (2003) and Pisapia
(2004) have observed that the results obtained using models based on the quadratic stiffness and quadratic damping
give good agreement with the experimental data. Here a quadratic law is used for the stiffness, whereas the damping is
assumed to be linear. In fact the structural damping is very small in comparison with the fluid damping, so it is useless
to refine it. The bending moment M and the shear force Q are related to kinematic unknowns by

aueq)‘ ou, Otteq, aueqy ) aueqj‘
0, =Gi1Sy, o Ocq. | + G2Spu|—=— o Ocq. (W —Ocq, | + “GSf”E ox Ocq. | (53)
ou, ou, Ou 0 (Ou
0.=GSu (aievq + 9eq,> + oSl F+ b, (aij? + 9eq,) +u6Spg, (67? + eeq,)’ (54)
M,=E 1666% E, 1}605‘*“ 00eq, 1629“’ 55
e N AN T (53)
00cq. 00cq. | (00cq. 0? HSq
M. =EI =+ EbI = = 1 56
) " ox e ’ Ox Ox e 0rdx (56)

where G, Gy, E|, E, are stiffness coefficients, ug, uy are structural damping coefficients, and 7 is the quadratic moment
of inertia.

4.4. Coupled model

We have built an equivalent fluid model (30) and (31) defined in Q,, using the vector field U, and an equivalent
structure model (37) defined for each fuel assembly in Qf4,. Thus, for each particle of ., a structure variable coexists
with a fluid variable.



G. Ricciardi et al. | Journal of Fluids and Structures 25 (2009) 112-133 123

We can now summarize the equivalent model for the fluid—structure problem: we have to solve the coupled equations
in Q.,

Ju,, Ou,
Pea 75, 61 1+ PeqdiV Veq ® Voq = =VPeq + fireqAVeq + 2peq — a " VWVea = PeqVea - V57 ot *+ Fuancre i oD
divVe =0, ©8)
62ueq o0 azue 1 azue
P . AR i —" / F; +Fy, +Fp, —xF L) ds, 59
M50 ox + 1o 0x2 +S S B+ BN, Ep, = XL 0x2 &)
y Pueq. 00 i Pty N 1/ o Fe L F R 0% tteq ds (60)
e T e T fy, \T TN L7852 ’
0 _ M
“ = M uid— FA>» o1
(hrra ax—e—el/\Q—l— fluid— FA4 D)
with
Nry Nra
Ueq = Z Ueq, HQFA, > oeq = Z oeql I]QFAi’ (62)
i=1 i=1

where Veq, Peg, Ueq, and 0., are the unknowns, and HQFA denotes the indicator function of Qpy,.
The unknowns have to satisfy some boundary conditions as follows for each instant noted 7.

(1) Fuel assemblies are clamped at their ends, which means displacements and rotations are set equal to zero:

ueq,»(oa 1 =0, ueq,»(ch, H=0; Beqi((), =0, Oeq‘ (Lex, ) =0. (63,64)

(i1) The fluid velocity is imposed on the inlet and the outlet, and supposed to be homogeneous:
V(% Z)’ Veq(cha .V, Z, [) = beex’ Veq(oa ya Z, t) = Vb(’e,’(a (65)

where V. is the constant value of the imposed velocity.
(iii) At the walls a non-penetration condition of the fluid is imposed:

Y(x,z), Veq(x> 0,z,1)- e, =0, Veq(xs Ly, z, 7)- e, =0, (66)
V(x,y), Veq(x,,0,8)-e. =0, Veq(x,y,Lez, 1) €. =0. (67)

4.5. Discussion

We have built a global model of the behaviour of a PWR to avoid the large number of degrees of freedom necessary
to make a direct numerical simulation of the fluid and structure dynamics. We have transformed a fluid—structure
problem with a complex geometry (large number of rods linked by numerous contact friction points) into a problem
with a more simple geometry (equivalent beam for each fuel assembly). It becomes possible to simulate both the fluid
and the structure dynamics of a whole core. Some local information is lost compared to a direct numerical simulation,
such as vibrations of rods into grids, but interactions between fuel assemblies, via fluid or contacts, are conserved. For
example the effects of an external excitation (such as an earthquake or plane crash) on the impact forces between fuel
assemblies can be simulated.

The physical problem includes several scales (Fig. 7) which have been taken into account: the reactor core is made up
of fuel assemblies, fuel assemblies are made up of rods which correspond to the control volume scale, and the small-
scale turbulence are accounted for by a turbulent viscosity model.

The proposed model needs several coefficients: some of them are given by the geometry and physical characteristics of
materials involved in the problem (my, L, Sp, I, P5 Pegs> Hreqs Lex» D and S), the others are introduced by empirical
modelling and have to be identified by experiments (G, G2, E1, E», pg, ug, my, Cy, Cr and C). Ty results from a
compressive spring it therefore induces a decrease of the stiffness.

Unknowns of both equivalent fluid and structure are defined in the whole domain Q., which means that, in the
proposed model, there is no pure fluid zone accounted for. We assumed that distance between two rods remains
constant H4, but this is no more true (in the physical problem) at the interfaces between fuel assemblies, so pure fluid
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Fig. 7. The scales of the problem.

zones appear at those interfaces and between fuel assemblies and walls. The size of the pure fluid zones changes in time
as the fuel assemblies move, and it could induce additional fluid forces on the fuel assemblies at the interfaces.

5. Numerical model

The variational formulation of Egs. (57)—(61) is spatially discretized using the finite element method. In the case of
the 2-D model, we use a 09/4 mixed “velocity—pressure” element, the velocity of the fluid is discretized with nine nodes,
and the continuous pressure with four nodes. In addition, the structure field (Timoshenko beams) is discretized using a
3-node beam element. In the case of the 3-D model, we use a 027/8 mixed “velocity—pressure” element, the velocity of
the fluid is discretized with 27 nodes, and the continuous pressure with eight nodes. The structure field is discretized
using a 3-node beam element in each direction. The spatial mesh of a single fuel assembly is shown in Fig. 8. For the
fluid, the finite element mesh covers the whole domain of the fuel assembly. For the structure, the mesh is 1-D. Based on
the kinematics (40), the degrees of freedom are the displacements and the rotations of the nodes on the mean line of the
beam. Therefore, one structure element (for instance S1 in Fig. 8) is superimposed on several fluid elements (for
instance F1, F2, F3, F4 and F5 in Fig. 8). Thus the number of degrees of freedom related to the fluid is larger than
those related to the structure. Note that it is necessary to ensure that the mesh scale is smaller than the fuel assembly
scale in order to obtain significant results, but it must be larger than the control volume scale, otherwise the physical
relevance of the space-averaging procedure would be lost (Fig. 7).

For the temporal discretization procedure, two different classical schemes were chosen to discretize the fluid and
structure equations, the fluid equations (57) and (58) are temporally discretized with an Uzawa scheme [see Langtangen
et al. (2002)], and the structure equations (59)—(61) are discretized with a Newmark scheme [see Krenk (2006)]. At each
time step, the following nonlinear system has to be solved:

Ar(Viey1,Wey1)  0AIB - Hp(Vig) Vit Gy
BT 0 0 Pyt | =] 0 ], (68)
Hs(Vit1) 0 As(Viy1,uet1) LI Ly

where vi 1 is the fluid velocity vector discretized unknown, p, . is the fluid pressure vector discrete unknown, a1 is the
structure vector discrete unknown, and k refers to the kth time step. Spatial and temporal discretizations give the linear
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Fig. 8. Fluid and structure mesh used to discretize one fuel assembly.

and nonlinear matrix: Ap(Viy1, Wer1), B, Hp(Viy1), Hs(Vis1), As(Viy1,g+1), Gi, and L. The nonlinear system is solved
with Newton’s method.

6. Numerical example

In this section, free oscillations of two fuel assemblies subjected to a flow (see Fig. 9) are simulated, first in 2-D and
second in 3-D.

6.1. 2-D simulations

Dynamic 2-D simulations of two fuel assemblies subjected to a 3 m/s axial flow were performed using coefficients
given in Tables 1-4, and with the following discretization parameters: six fluid and structure elements in the axial
direction and eight fluid elements in the transverse direction (four fluid elements for each fuel assembly), and a time step
At = 0.013s. Fig. 10 shows the displacements of the third grids from the bottom of the left and right fuel assemblies
versus time; the initial shape deformation of the left fuel assembly (with an amplitude of 10 mm) was imposed, whereas
the right one was initially at rest. At # = 0 the system is set free of external forces; we observe that while the left fuel
assembly returns to its equilibrium position, the right fuel assembly starts to oscillate before finally returning to its
equilibrium position. That is the result of the coupling between fuel assemblies and water: the left fuel assembly induces
a perturbation in the fluid flow. As a result, the fluid applies forces on the right fuel assembly and makes it oscillate.

Fig. 11 shows the displacement of the third grid of the left fuel assembly versus time obtained with three temporal
discretizations (right) and 13 spatial discretizations (from 6 to 12 elements in the axial and transverse directions) (left).
The convergence study shows that the numerical model is stable considering the time discretization (Fig. 11, left).
Convergence of the spatial parameters is gradually achieved, and six elements in the axial direction, and eight elements
in the transverse direction give accurate enough results.

6.2. 3-D simulations

Dynamic 3-D simulations of two fuel assemblies subjected to a 3m/s axial flow were performed with six fluid and
structure elements in the e, direction, eight fluid elements in the e, direction (four fluid elements for each fuel assembly),
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Fig. 9. Modelling of two fuel assemblies subjected to an axial flow.

Table 1
Geometrical and inertial coefficients related to the structure; Eqs. (59)—(61)

mg, Iﬁ, Sfa 1 ch

60kg/m 0.59kgm 1.19 x 1072 m? 1.19 x 1075 m* 2.75m

Table 2

Coefficients related to the structure behaviour; Egs. (59)—-(61)

Gy G E E; UG UE

2 x 107 Pa —2x 10" Pa 5% 108 Pa —6 x 108 Pa 6 x 10*Pas 4 % 10%Pas
Table 3

Fluid coefficients; Eq. (57)

14 P eq :uTeq

1000 kg/m? 532.44kg/m’ 0.1kgm?/s
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Table 4
Coefficients related to fluid/structure coupling; Eq. (42)
my Cr Cy C D S
0.3kg/m’ 0.3m™2 3m™? 30kg/s 0.01'm 1 x 1074 m?
10
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Fig. 10. Displacement (mm) versus time (s) of the third grid of the left fuel assembly (top), and of the right fuel assembly (bottom)
resulting from the numerical simulation with coefficients of Tables 1-4, in 3 m/s water flow.
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Fig. 11. Displacement (mm) versus time (s) of the third grid of the left fuel assembly for different time discretizations (left), and
different spatial discretizations (right).
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Fig. 12. Fluid velocity field 3-D numerical estimation in the middle horizontal cross-section at # = 0.09s (left), and at # = 0.15s (right).
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Fig. 13. Displacement (mm) versus time (s) of the third grid of the left fuel assembly (left), and of the right fuel assembly (right):
comparison of 2-D/3-D simulations.

three fluid elements in the e, direction and a time step Atz = 0.013s, an initial displacement of the left the fuel assembly is
imposed in the e, direction. The 3-D simulations show that convergence in the e, direction was achieved with one
element. Fig. 12 shows the transverse fluid velocity field (Veq, and Veq.) on the horizontal cross-section located at the
level of the third grid; at 0.09s the two fuel assemblies move in the same direction, whereas at 0.15s they move in
opposite directions. The fluid flow is mostly in the e. direction, except at the interface between the fuel assemblies. The
2-D and 3-D comparisons show similar fuel assembly displacements (Fig. 13). However, 3-D simulations involve much
more degrees of freedom (and CPU time) than 2-D simulations and do not provide more precise results for the chosen
configuration.

7. Experimental validation

In this section, we compare the experimental data and numerical results obtained for two fuel assemblies subjected to
an axial flow.

7.1. Experimental apparatus

Fig. 14 shows the experimental apparatus used to test the validity of the model. The experimental apparatus includes
two reduced scale fuel assemblies (8 x 8 rods for a length of 2.75m) subjected to an axial flow. The gap between fuel
assemblies and between fuel assemblies and the casing is about 1 mm, except for the casing on the left of the left fuel
assembly: the experimental apparatus includes a 10 mm wide bypass on the left of the left fuel assembly, which is
necessary to be able to trigger the initial displacement. This experimental device was initially designed to study impacts
between fuel assemblies [see Collard and Vallory (2001)]. An initial displacement is imposed on the third grid of the left
fuel assembly, and the right fuel assembly is in its equilibrium state. At z = 0 the system is set free of external forces, and
free oscillations are therefore observed. Tests were performed in air and in water at various fluid velocities from 0 to
5.2m/s which is close to reactor operating conditions, and with various initial displacements from 1 to 10 mm.
Displacements of the third grids are measured with a laser Doppler velocimetry technique.

7.2. Coefficient identification

Both the 2-D and 3-D numerical models are used in simulations to be described. The model includes several
coefficients that have to be chosen. A first set of coefficients was calculated analytically (myu, Lu, Sas I, P, Peg» Hreqs Lexs
D and S). A second set including only structural coefficients (G, Ga, E1, Ea, ug, ) was identified from the in air
experiments. The identification process was based on the minimization of the cost function:

Name\ 1 (11) — dgm(1i, G1. Go, E, E
Foosi(G1, G, Ey, En, figs i) = Z |dexp( ) sim( |;1 1,(ti)2|a 1, E2, g, 1ig)l i
exp

i=1
where dg, is the simulated displacement and dep, is the experimental one. As structural coefficients are identified from
in-air experiments, 7 is accounted for in the stiffness coefficients, thus we have to choose Ty = 0. We can see in Fig. 15
the displacement of a fuel assembly in air obtained by the experiment and by the simulation after optimization for a
I cm initial displacement. We can notice that the period of oscillations decreases in time (first period 0.26s, second

(69)
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Fig. 14. Experimental apparatus.

period 0.245s and third period 0.24s), which means that the stiffness decreases with displacement, so nonlinear
structure effects have to be accounted for. The set of coefficients obtained by an optimization on the in-air experimental
data with an initial displacement of 1 cm was kept for simulating the other initial displacements. It was also kept for
performing the in-water simulations.

The last set of coefficients including only the coupling coefficients (m;, Cy, Cr and C) was first determined by
performing pressure measurements through rod bundles subjected to fluid flow, and then empirically adjusted on
5.2m/s experimental displacements. Those coefficients depend on the geometry of the structure, its roughness, the
material, and the casing (for coupling coefficients), but they do not depend on fluid flow conditions and the type of
excitation. For reasons of confidentiality, the coefficients used in the following simulations are not delivered in this
paper.

7.3. Results

Fig. 16 shows the initial conditions of the fuel assemblies and fluid flow, obtained by resolving the statics problem.
We can see that the right fuel assembly is deformed by the flow induced by the deformation of the left fuel assembly.
This process is well-observed experimentally.

Simulations were performed with two initial conditions. In the first case described above (Fig. 16), the initial
conditions have been chosen equal to the statics problem. In the second case, the fluid flow is assumed to be
homogeneous, and the displacement of the right fuel assembly is set to zero. Results show that the initial conditions do
not greatly affect the fuel assembly displacements, thus the simulations that follow are performed with the second initial
condition.

Fig. 17 presents the simulation for two different fluid velocities: 2.4 and 5.2 m/s. The results of the simulations are in
good agreement with the experimental data on the left assembly: the damping increases with the axial fluid velocity, and
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Fig. 15. Displacement (mm) versus time (s) of the third grid of the left fuel assembly in air: comparison of numerical simulations/
experimental data (dashed line).
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Fig. 16. 2-D numerical simulation of static response (initial configuration).
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Fig. 17. Displacement (mm) versus time (s) of the third grid of the left fuel assembly (top) and of the right fuel assembly (bottom) for
2.4m/s water flow (left), and 5.2 m/s water flow (right): comparison of simulations/experimental data.
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the coupling between fuel assemblies via the fluid is reproduced. However, the energy transmitted to the right fuel
assembly seems to be overestimated at high fluid velocities. The presence of the bypass in the experimental device
induces an asymmetric fluid flow, and the fluid velocity is higher in the left fuel assembly than in the right one: the fluid
velocity profile depends on the fluid velocity because of the nonlinear effects, and the bypass is not taken into account in
the numerical model (Fig. 9), which explains why the coupling is overestimated.

The numerical simulation of the right fuel assembly is out of phase with the experimental curve, possibly due to the
variations of the gap between the fuel assemblies, which induces changes in the porosity, which is assumed to be
constant in the model (see Section 4.5).

We can see in Fig. 17 that a 10 mm initial displacement of the left fuel assembly induces a non-negligible 1 mm
displacement of the right fuel assembly. This illustrates the importance of the influence of the fluid dynamics on the
structure dynamics, and justifies the modelling of a coupled fluid—structure system.

We have seen that the model reasonably reproduces the fuel assembly dynamics, but it seems to be useless as we have
to perform experiments to obtain the coefficients used in the model. However, the aim of the model is not to simulate
two fuel assemblies but a row of fuel assemblies and finally a whole core. So, coefficients can be obtained with low cost
experiments on a few fuel assemblies with appropriate casing, and used afterward to simulate more fuel assemblies
under various operating conditions. For instance, various configurations mixing end-of-life and beginning-of-life fuel
assemblies can be analysed under various excitation conditions, such as seismic loading.

The coefficients were identified on high level experimental data (initial displacement of 1cm, and fluid velocity of
5.2m/s), and simulations of lower fluid velocities and initial displacements showed good agreement with experiments.

8. Instability

Paidoussis (1966) established numerically that a rod subjected to axial flow becomes unstable when the fluid velocity
reaches a critical value. As the model presented here is based on Paidoussis’s theory, instability is observed at very high
fluid velocities. The model predicts instability at fluid velocities greater than 33.9m/s. In reactor operating conditions
the velocity is about 5m/s which is nearly 10 times lower than the critical value obtained by simulations. Accordingly,
there is no risk that instability occurs in practice.

Fig. 18 shows 2-D simulations of the displacement of the fuel assembly middle node, when the fuel assembly is
subjected to very high velocity flow. The fuel assembly vibrates at a frequency of 8.3 Hz, which is around three times
higher than the natural frequency observed with lower velocities flows. Fig. 19 shows the shape deformation of the fuel
assembly for those high fluid velocities; the fluid inlet is located at the bottom of the figure.

The instability is due to the fluid term —pDCy /(2S)V aueq /0x in Eq. (42) which becomes dominant with high
velocities as it increases with the square of the fluid Veloc1ty Veq , Whereas the damping is proportional to Vq . The
fluid force at the bottom is in the opposite direction to that at the head top of the fuel assembly as Oueq, /0x changes of
sign, and it therefore induces coupling between structural modes: the first mode excites the second one and so on, and
this causes the fuel assembly to vibrate in a high frequency mode.

The displacement occurring far from the fluid inlet is greater than that occurring near it (Fig. 19). This difference in
amplitude is due to the term —pDCr/ (2S)xV2 queq“ /ox? in (42) which increases with x and is maximal at the top of
the fuel assembly.

9. Conclusion

In this study, an overall model for a nuclear reactor core has been developed using a porous medium method. One of
the main features of this model is the account of the dynamics of both the fluid and the structure, the nonlinear
behaviour of the fuel assemblies, and the fluid—structure coupling. Fuel assemblies are assimilated to porous media with
nonlinear viscoelastic behaviour. The fluid equations are written in the ALE framework, and space-averaged in order to
determine the overall behaviour of the fluid. The fluid—structure coupling is provided by a body force based on fluid
forces acting on a rod subjected to an axial flow. Numerical 2-D and 3-D models were drawn up using a finite element
method for the spatial discretization. The temporal discretization is performed using two classical schemes, for the
structure, and for the fluid. The results of the numerical simulations are in good agreement with the experimental data.
The effect of the fluid velocity on the damping of the structure is well reproduced, whereas the coupling between fuel
assemblies is qualitatively reproduced.

Because of the averaged character of porous media equations, we have transformed a fluid—structure problem with a
complex geometry (large number of rods linked by numerous contact friction points) into a problem with a more simple
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Fig. 18. Fuel assembly displacement (mm) versus time (s) in the case of 33 m/s water flow (left) (stable regime), a 33.9 m/s water flow
(middle) (critical regime), and a 35.5m/s water flow (right) (unstable regime).
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Fig. 19. Fuel assembly shape deformation at high velocity flow rates, axial position (m) versus displacement (mm).

geometry (equivalent beam for each fuel assembly). That permitted to model a fuel assembly with few degrees of
freedom, thus a large number of fuel assemblies can be simulated.

Further studies including sinusoidal and seismic excitations with a larger number of fuel assemblies are in progress.
Experiments on a 3 x 3 fuel assembly network subjected to an axial flow will be performed and the results compared
with numerical simulations.
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