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Introduction

Figure 1: Computational three-dimensional reactor model

In this report a full 3D CEFD code with the purpose of analyzing the thermal hydraulic
behaviour of a liquid metal reactor core has been developed. The purpose of this code is to
investigate three-dimensional pressure, velocity and temperature fields inside nuclear reactors
at the coarse fuel assembly level. Due to the complexity of the geometry, approximate CFD
models have been developed for the core region, for the upper and lower plenum and for
sub-assembly computations.

Chapter 1 introduces the mathematical model for the core and the upper/lower plenum
region. The reactor upper and lower plenum region model is introduced by coupling the
Navier-Stokes and energy system with a turbulence model. The k — ¢, kK — w and LES
turbulence models have been implemented in the finite element code. For the core region
a two-level finite element Navier-Stokes model is proposed. Boundary, initial and yielding
conditions are illustrated.

In Chapter 2 a CFD analysis is proposed for sub-assembly heat exchange investigation. Ex-
perimental results from a single fuel rod are reproduced with CFD tools and the computation
of the heat exchange coefficient is presented. This parameter may be used for temperature
computations inside the fuel pins starting from the average coolant field computed by the
code.

Chapter 3 is a brief User Guide for the finite element code which is provided with this re-
port. The User Guide is divided into three steps: code pre-processing, code running and code
post-processing. A brief description of the code structure and main compilation commands
is reported to allow a user to reproduce the results and manage the basic commands. A
description of the mesh tools available to design the reactor geometry, to configure the solver
class for Navier-Stokes, energy and turbulence models are included in the User Guide. The
distributions of the core power factors and pressure losses are introduced by using external
files which can be generated automatically by appropriate tools. We discuss how to view the
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results by using the PARAVIEW open source software in output files with HDF5 and XDMF
formats.

Chapter 4 is devoted to CFD computations. In this chapter some basic tests are performed
for different core geometries in order to compare this three-dimensional approach with the
standard mono-dimensional one. We use two different reactor geometries: the first geometry
does not include the control rod area which is included in the other geometry. This code has
been used, under the assumption of weakly correlated assemblies, for a preliminary assessment
of an open square lattice with three fuel radial zones at different levels of enrichment. With
the first geometry we study four cases of open and closed assembly models with and without
the control assembly region.




Chapter 1

CFD reactor modeling

1.1 Reactor upper and lower plenum region model

The purpose of the code discussed in this report is to compute the velocity, pressure and
temperature distributions in different regions of the reactor. In regions below and above
the core the coolant flows in an open three-dimensional domain and the coolant state can be
determined by using standard three-dimensional CFD tools. In this section, we briefly present
the equations implemented in the code that are available in the modeling of the lower and
upper plenum. In this region we can solve the three-dimensional equations of conservation of
mass, momentum and energy equation coupled with turbulence models. In particular we may
use turbulent models such as kK —e, Kk —w and LES. Briefly in the next sections we summarize
the equation solvers in the finite element implementations. The parameters of the different
turbulence models and of the Navier-Stokes system and energy equation can be controlled
through appropriate configuration variables as discussed in Chapter 3.

1.1.1 Navier-Stokes system and its finite element approximation
Navier-Stokes system

Let © be the domain and I' be the boundary of the system. We assume that the state of this
system is defined by velocity, pressure and temperature field (v,p,T") and that its evolution
is described by the solution of the following system

a) Incompressibility constraint

dp
E—FV-(pV)—O, (1.1)
b) Momentum equation
dpv _ _
o TV (V) =-Vp+ V-7 +pg, (1.2)
c) Energy equation
dpey .
5 + V. (pvey) =2 +V-q+ Q. (1.3)

For our purposes the system can be considered incompressible, while the density is assumed
only to be slightly variable as a function of the temperature, with p = p(T) given. The tensor
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T is defined by

_ — 1 (%Z- ov;

T=2uD(v), Djv)= 5(8x + 8;)
7 [

with 4,7 = z,y, 2. In a similar way the tensor vv is defined as Vvv;; = v; v;. The heat flux, q,
is given by Fourier’s law

(1.4)

q=-\VT = —CP%VT. (1.5)

The Reynolds Re, the laminar Prandtl Pr and the Péclet Pe number are defined by

D C
e PrEL'u, Pe = Re Pr. (1.6)

R
e p 3

In order to close these equations it is also necessary to specify some state equation. We

assuime 9

p=a+AT, eOEC’UT—F%, (1.7)

where a,y and C, are constant. The quantity g denotes the gravity acceleration vector, C,, is
the volume specific heat and k the heat conductivity. Q is the volume heat source and ® the
dissipative heat term. Equations are supplemented with the constant data and appropriate
boundary conditions and they form a closed set of partial differential equations.

For high Reynolds numbers the numerical solution of the (1.1-1.3) cannot be computed
efficiently and therefore we need an approximate model. Mathematically, one may think of
separating the velocity vector into a resolved-scale field and a subgrid-scale field. The resolved
part of the field represents the average flow, while the subgrid part of the velocity represents
the ”small scales” whose effect on the resolved field is included through the subgrid-scale

model. In the following, we refer to ”filtering” as the convolution of a function with a filtering
kernel G

= -

(@) = / G — Hv(E)dE (1.8)

resulting in
v=v+Vv, (1.9)

where v is the resolved-scale field and v’ is the subgrid-scale field.

The filtered equations are developed from the incompressible Navier-Stokes equations of
motion. By substituting v. = v + v/ and p = p + p’ in the decomposition and then filtering
the resulting equation we write the equations of motion for the average field v and p as

opv — _ _ _

W%—V{pvv):—Vp%—V-T—l—pg. (1.10)
We have assumed that the filtering operation and the differentiation operation commute,
which is not generally the case but it may be thought that the errors associated with this
assumption are usually small. The extra term 07;;/0x; arises from the non-linear advection
terms, due to the fact that

ov; ov;
P — 1.11
UJ 8$j 7& ?)] &zj ( )
and hence
Tij = UiUj — 0305 . (1.12)
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Similar equations can be derived for the subgrid-scale field. Subgrid-scale turbulence models
usually employ the Boussinesq hypothesis, and seek to calculate the deviatoric part of stress
using

1 _
Tij - ngkzéij = —Q[Ltsij, (113)

where S;; is the rate-of-strain tensor for the resolved scale defined by
~ 1
§=5 (VWw+w) (1.14)

and p; is the subgrid-scale turbulent viscosity. Substituting into the filtered Navier-Stokes
equations, we then have

opv L

W%—V-(pvv) =-Vp+ V- [(v+1)Vv]+pg, (1.15)
where we have used the incompressibility constraint to simplify the equation and the pressure
is now modified to include the trace term 74;6;;/3. In the rest of the paper we drop the
average notation v and p to use the standard notation v and p. With this notation these
approximation models result in the same equations as (1.1-1.2) for the average fields (u, p, T')
and a modified viscous stress tensor as

F =2+ p) (@), (1.16)
with a modified heat flux q as
H PVt
== —-Cy(=— + =—)VT. 1.17
q p(PT + Prt>v ( )

The functions 14 and Pr; are called turbulent viscosity and turbulent Prandtl numbers and
must be computed by solving other transport equations. For many fluids Pr; is assumed to
be constant.

In order to complete the system (1.1-1.3) we need to specify the physical constants. We
focused only on liquid lead as coolant. It is well known that lead-bismuth eutectic (LBE)
is sometimes preferred between lead and bismuth because of its better properties like cross
section, radiation damage, activation and in particular because of the fact that it has a lower
melting point and it is liquid in a wider range of temperatures, which is an obvious advantage
for heat removal and safety. On the other hand, lead cooled fast reactors with nitride fuel
assemblies are currently being studied in the world because of the lower price of the coolant.
It is also to be said that, from the point of view of density and viscosity, which are our con-
cern presently, there is no remarkable difference between lead and lead-bismuth eutectic [4].
Below we report the state equations that are implemented in the code for lead liquid metal
coolant. These state equations can be modified easily in the configuration files of the code
(see Chapter 3).

Density The lead density is assumed to be a function of temperature as

K
p = (11367 — 1.1944 x T) —5 (1.18)
m

for lead in the range 600K < T < 1700K.
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Dynamic Viscosity The following correlation has been used for the viscosity p
= 4.55 x 10704 (1069/T) pg . 5 (1.19)

for lead in the range 600K < T < 1500K.

Thermal Expansion For the mean coefficient of thermal expansion (AISI 316L) we assume

3
ap = 14.77 x 1075 + 12.20%(T — 273.16) + 12.18 (T — 273.16)> m? . (1.20)
Thermal conductivity The lead thermal conductivity k is
k= 15.8 4108 x 10~* (T — 600.4) W (1.21)
m - K

Specific heat capacity at constant pressure The constant pressure specific heat capacity
for lead is assumed not to depend on temperature, with a value of

J

C, =147.3 :
P Kg- K

(1.22)

Variational form of the Navier-Stokes equations

Now we consider the variational form of the Navier-Stokes system. In the rest of the paper we
denote the spaces of all possible solutions in pressure, velocity and temperature with P(£2),
V(Q) and H(Q), respectively.

a) Incompressibility constraint. By multiplying (1.1) by a scalar test function 1 in the
space P(2) and integrating over the domain €2 we have the following variational form of the
incompressibility constraint

0

/ <¢af+¢v-(pv)>dx:o Vi € P(9). (1.23)
Q

b) Momentum equation. If one multiplies (1.2) for the three-dimensional test vector

function ¢ in the space V(2) and integrates over the domain 2 one has, after integration by

parts, the following variational momentum equation

opv

[ SpXbaxet [ (9 v) g -

/pV-qux—/ T:Vd)dx+/ pg - pdx — Vo € V(Q) (1.24)
Q Q Q

/(p'fi—?-ﬁ)-¢ds.

r

The surface integrals must be computed by using the boundary conditions and they are zero
if appropriate boundary conditions are imposed. We remark that if we set ¢ = §v where v
is a variation of the velocity field v then (1.24) is the evolution equation for the rate of virtual
work.

10
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c) Energy equation. Finally for the energy equation, if we multiply for the scalar test
function ¢ in the space H({2) and integrate over the domain 2 we have, after integration by
parts, the following variational energy equation

T
/m@dx—i-/v-(vapT)«pdx:
o Ot Q

/ @godx—/ kVT-chdx+/ Qe dx + Vo € H(Q) (1.25)
Q Q Q
/ (kVT -7) pds.
r
Again, the surface term must be computed by imposing the appropriate boundary conditions.

Finite element Navier-stokes system

The pressure space P(£2), the velocity space V(£2) and the energy space H(2) in (1.23-1.25)
are in general infinite-dimensional spaces. If the spaces P(Q2), V(2) and H(fQ2) are finite-
dimensional then the solution (v, p,T’) will be denoted by (vp, pp,Th) and the corresponding
spaces by Pp,(Q2), Vi, (Q) and Hp,(Q2). In order to solve the pressure,velocity and energy fields
we use the finite-dimensional space of piecewise-linear polynomials for Py, (€2) and the finite
space of piecewise-quadratic polynomials for V() and H(€2). In this report the domain 2
is always discretized by Lagrangian finite element families with parameter h.
The finite element Navier-Stokes system becomes

a) FEM incompressibility constraint

(05 +on V- o)) ax =0 v € i), (1.26)

b) FEM momentum equation

d
g:" ~gz§hdx+/ (V- pViv7) - b dx =
Q Q
/QphV~thdx—/Q%h:quhdx—i—/ngthdx— V(thVh(Q) (1.27)

/ (ppit — Tp - 70) - dnds,
r
c¢) FEM energy equation

0p C, T,
/Q pai’hSOth+/Q V-(pthpTh) ppdx = Yo € Hp(Q) (1.28)

/@hwhdx—/qh~Vg0hdx+/ thohdx+/kVTh-ﬁg0hdx.
Q Q Q T

Since the solution spaces are finite-dimensional we can consider the basis functions {, (%) },
{én(9)}i and {pp(7)}; for Pn(Q), Vi5(Q) and Hy, (), respectively. Therefore the finite element
problem (1.26-1.28) yields a system of equations which has one equation for each FEM basis
element.

11
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For a Newtonian fluid the viscous stress is given by

Thij = 2(1 + pVt) Shij » (1.29)

where the viscous strain-rate tensor is defined by

1 81);“- avhj 1 avhk
== - = Oii - 1.
Shig 2 (8:6]- * Ox; 3 Oxy, (1.30)
The heat flux becomes y
an == —Cp(L- + 24y, (1.31)

Pr  Pr;

Finite element class for Navier-stokes and energy equation

The Navier-Stokes solver is implemented in the class MGSolverNS which consists of the decla-
ration file MGSolverNS.h and implementation files MGSolverNS.C, MGSolverNS3D.C. The pa-
rameters can be set in the file /config/MGSNSconf .h. The energy solver is implemented in the
class MGSolverT which is defined in the files MGSolverT.C, MGSolverT3D.C and MGSolverT.h.
The parameters can be set in the file /config/MGSTconf .h.

1.1.2 &k — € turbulence model

Standard k — ¢ turbulence model

In the standard k — e turbulence model the turbulent viscosity is modelled as
]452
e = thpCM? . (1.32)

The turbulent kinetic energy k satisfies the following equation

8k—i—V-(kZV)—V-[(V—i—Vt)Vk:|+Pk+Pb—6, (1.33)
ot Ok

where Py is the production term of k£ and P, the buoyancy term. For the turbulent dissipation
energy € we have

0 vy € €2
— . =V — — (P, P) — — 1.34
8t6+v (ev) =V [(V+G€>Ve]+015k( i + C3cPy) ngk (1.34)
where the model constants are
Cie =144, Cc =192, C,=0.09, 0, =1.0, oc=1.3. (1.35)
The production Py of k is defined as
P, = —vgvg.a—xi =S, (1.36)

where S is the modulus of the mean rate-of-strain tensor, defined as

1
S =./25;;S;; = SV + vvl|. (1.37)

12
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The effect of buoyancy term P, is given by

Mt
Po=ay—g- VT, 1.38
b= Prtg ( )
where Pr; is the turbulent Prandtl number for energy and g; is the component of the gravity
vector in the i-th direction. For the standard and realizable models, the default value of Pr;
is 0.85. The coefficient of thermal expansion, «y, is defined as

1 (0p

Finite element s — ¢ turbulence model

We consider the turbulent kinetic energy space K(2) and the turbulent dissipation energy
space E(Q). If the spaces K(2) and E(£2) are finite-dimensional then the solution (k,€) will
be denoted by (kp,€r,) and the corresponding spaces by K;,(€2) and E(£2). In order to solve
the turbulent kinetic and turbulent dissipation energy fields we use the finite-dimensional
space of piecewise-quadratic polynomials for K, (€2) and Ep(£2). In this report the domain
is always discretized by Lagrangian finite element families with parameter h.

d) Turbulent kinetic energy equation

0 kyp,

gohdx—i—/ V~(thh)cphdx+/
o Ot Q 0

/Q (Pih + Pon) on dx — /Q enpndx Vo € Kp(Q).

<y + Vt) Vin-Vendx =  (1.40)

Ok

e) Turbulent dissipation energy equation

MSOth+/ v'(Vhﬁh)(Pth-i-/ <1/+Vt> Ven, - Vi dx = (1.41)
o Ot Q Q

€

2
€ €
/ CleE(th + C3cPpp,) o dx — / Coe T ¥h dx Vo, € ER(Q),
Q Q
with all the constants defined as above.

Finite element class for the x — ¢ system

The k — € turbulence solver is implemented in the class MGSolverKE which consists of the
declaration file MGSolverKE.h and the implementation files MGSolverKE.C, MGSolverKE3D.C.
The parameters can be set in the file /config/MGSKEconf . h.

1.1.3 &k — w turbulence models

Wilcox’s k — w turbulence model

The kK — w model is one of the most common turbulence models. It still consists of two
transport equations to represent the turbulent properties of the flow. This two equation
model takes into account effects like convection and diffusion of turbulent energy. As in the
k — € model the first transported variable is the turbulent kinetic energy k. The second

13
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transported variable is the specific dissipation rate w which is the variable that determines
the scale of the turbulence. There are many x — w turbulence models. The most used are:
Wilcox’s kK — w model, Wilcox’s modified kK — w model and SST x — w model. In the code we
have implemented the standard k —w model ( Wilcox’s k —w model). In the standard K — w
turbulence model the turbulent viscosity is modelled as

k
=p—. 1.42
Mt pw ( )

The turbulent kinetic energy k satisfies the following equation [(]

ok
E +V.(kv) =P, —[kw+ V- [(v+ o vr) VE] (1.43)
and the specific dissipation rate w satisfies
0
87(’: +V.-(wv)= a% P, — Buw? + V- [(v 4 ovr) VU] (1.44)
where we have the closure coefficients and auxiliary relations defined by
5 3 9 1 1
a=9 P=30 P =1 973 7 T3 =Wk (1.45)

Finite element x — w turbulence model

We consider the turbulent kinetic energy space in K (2) and turbulent specific dissipation rate
space W (Q). If the spaces K(2) and W () are finite-dimensional then the solution (k,w) will
be denoted by (kn,wp) and the corresponding spaces by Kp(£2) and Wj(Q2). In order to solve
the turbulent kinetic energy and specific dissipation rate fields we use the finite-dimensional
space of piecewise-quadratic polynomials for K5, (€2) and W (€2). In this report the domain
is always discretized by Lagrangian finite element families with parameter h.

d) Turbulent kinetic energy equation

0 kK,
T

/Qthgohdx—/Qﬁ*mhwhgohdx Von € Kp(Q).

<phdx—i—/ V- Vh/ih)goth—F/ (M+Vt*U)VI€h Vi dx = (146)
Q

e) Turbulent specific dissipation rate equation

0 wp
0 ot

/ Oéth@th—/ Buw’ondx  Von € Wi(9).
Q K Q

gohdx+/ V- Vhwh)gohdx—l—/ (v+10) Vwy - Vepdx = (1.47)
Q

with all the constants defined as above.

Finite element class for the x — w system

The k—w turbulence model solver is implemented in the class MGSolverKW which consists of the
declaration file MGSolverKW.h and the implementation files MGSolverKW.C, MGSolverKW3D.C.
The parameters can be set in the file /config/MGSKWconf .h.

14
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1.1.4 LES

Large eddy simulation (LES) is a popular technique for simulating turbulent flows. An im-
plication of Kolmogorov’s theory of self similarity (1941) is that the large eddies of the flow
are dependent on the geometry while the smaller eddies are not. This feature allows one to
explicitly solve for the large eddies in a calculation and implicitly account for the small eddies
by using a subgrid-scale model (SGS model).

Smagorinsky-Lilly model

The Smagorinsky model could be summarized as:

Tij — %Tkk%‘ = —2(C,A)?[S] S (1.48)

In the Smagorinsky-Lilly model, the eddy viscosity is modeled by

Hsgs = P (CSA)2 ‘5’ ) (1.49)
where the filter width is usually taken to be
A = (Volume)? (1.50)

and
S = /25;Si; - (1.51)

The effective viscosity is calculated from fpiefr = flmor + fisgs- The Smagorinsky constant
usually has the value Cs ranging from 0.1 to 0.2.

Implementation of the LES turbulence model

The LES turbulence model is implemented in the class MGSolverNS in the file MGSolverNS.C
The parameters can be set in the file /config/MGSNSconf .h.

1.2 Reactor core region model

In the core region the geometry is so detailed that a direct simulation with the purpose
of computing the velocity, pressure and temperature distributions is not possible and an
approximation is necessary. The approximation is presented in [3] and in this section we
briefly recall the equations.

1.2.1 Two-level finite element Navier-Stokes system
General model

Let us consider a two level solution scheme where a fine level and a coarse level solution can
be defined. At the fine level the fluid motion is exactly resolved by the pressure, velocity and
temperature solution fields. We denote by {¢p, (i) }i, {¢n(7)}: and {¢n(7)}; the basis functions
for Pn(Q2), V() and Hp(Q2). Different from the fine level is the coarse level which takes into
account only large geometrical structures and solves only for average fields. The equations for
these average fields (coarse level) should take into account the fine level by using information

15
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from the finer grid through level transfer operators. The definition of these transfer operators
is still an open problem. We use the hat label for all the quantities at the coarse level. In
particular we denote the solution at the coarse level by (ﬁh,Gh,’f’h) and the solution spaces
by Ph(), V() and Hj() respectively.

a) Incompressibility constraint. Let (pp,vy) € Pr(Q) x V(2) be the solution of the
problem at the fine level obtained by solving the Navier-Stokes system and therefore

[ B+ () dx =o. (152
Q

Now let (pn,Vy) be the solution at the coarse level (fuel assembly level). It is clear that
(Pn,vp) is different from (pp,vy) and should satisfy the Navier-Stokes equation with test
functions (/th large enough to describe only the assembly details and satisfy the boundary
conditions at the coarse level. Therefore if we substitute the coarse solution (p,vy) in (1.1)
we have [3]

/Q(gf + V- (V) Pp (k) dx = /Q Pip(Vh — vp)dx, (1.53)

with the total mass fine-coarse transfer operator RS f defined by

RS (Y, vh) = RS (Y, vp) = /Q V- p(Vh — v) Pn(k) dx. (1.54)

a) Momentum equation. in a similar way let (pp,vp) € P,(Q2) x V() be the solution of
the problem at the fine level obtained by solving the equation

opv
[ S ontiyax-+ [ (7 pvivm) - oni)dx -
/F(Th'ﬁ—phﬁ)'éh(i)ds— (1.55)

/phv-¢h<z'>dx+/ m:mu)dx—/ pg - dn(i) dx = 0
Q Q Q

for all the elements of the basis {¢n(¢)}; in V,(©2). Now consider the solution (pp,Vy) at
the coarse level (fuel assembly level). It is clear that (pp,Vy) is different from (pp,vy) and
should satisfy the Navier-Stokes equation with test functions ¢y, large enough to describe only
the assembly details and satisfy the boundary conditions at the coarse level. Therefore if we
substitute the coarse solution (pp,Vy) in (1.55) we have [3]

8p6h
q Ot

[ BV amaxt [ 7 Vamix- [ pgdnkax= (150)
Q Q Q

Suyax + [ (V- pTTn) - Gulh) dx -

/Q Rg}(phavha]/)\hveh) : Q/Z)\h(k) dX,

16
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where the fine-coarse transfer operator R (Phs Vs Dh, V1) is defined by

~

[ R0 - 30 = (1.57)

/Q BB — P ¥h — Vi) - u(k) dx + /Q T (v, 91) - Bn(k) dx +

[ st duyax-+ [ Kz - aui) ax,

The momentum fine-coarse transfer operator P.f(py — ph, vy — Vj) defines the difference
between the rate of virtual work in the fine and in the coarse scale [3] and the turbulent
transfer operator 17} (vp, Vi) by

T:}(Vh,vh) =—-V-pVvpvy+ V- thGh -V p(@h - Vh)(i’\h - Vh) . (158)

The turbulent transfer operator Tg;}(vh, V},) gives the turbulent contribution from the fine to
the coarse level. The operator g}(ﬁh) is defined by

/ ST (n) - (k) dx = — / P - Gn (k) ds (1.59)
Q T
and the operator K}(vp)
/ K (v1) - Sn(k) dx = / (7 - 1) - Bn(k) ds. (1.60)
QO I

The operator Z’}(ph) denotes a non symmetric pressure correction from the sub-grid to the
pressure distributions of the assembly fuel elements. If the sub-level pressure distribution is
symmetric then this term is exactly zero. The operator K g’}(vh) determines the friction energy
that is dissipated at the fine level inside the assembly. The operator T7%}(vy, Vp,) defines the
turbulent energy transfer from the fine to the coarse level. The equation on the coarse level
is similar to the equation on the fine level with the exception of the transfer operator.

b) Energy equation. We can apply the same procedure for the energy equation [3]. Let
(Th, vy) € Hp(Q2) x Vi(22) be the solution of the problem at the fine level obtained by solving

| LS iy ax+ [ V- (oviCyTi) en(i)dx - (1.61)
Q Q
/k(VTh‘ﬁ)goh(i)dS—/ @hgoh(i)dx—i—/ kVTh'VQOh(i)dX—/ thph(i)dx:o
r Q Q Q

for all basis element ¢, (i) in Hy(Q). R
If we introduce the coarse level solution 7} in (1.61) we have [3]

dpCyTh SN
/paf hgph(k:)dx—l—/ V-(pCpVhTh)gOh(k‘)dX—
Q Q

/@h@h(k)dx—k/ kah-V@h(k)dX—/ Qh@h(k)dxz (1.62)
Q Q Q

/§2R§f<fthhth~Vh) (k) dx,

17
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where the global fine-case transfer energy operator Rgf is defined by

/QRf;f(fh,Th,Vh-Vh) @h(k)dxz/ﬂsgf(Th) on(k) dx + (1.63)
/Q (Th — Ty Vi — Vi) ?oh(k)dx—k/gTff(fh,Thﬁh,vh) (k) dx .

where R
Pcef(Th — Th, (f\h — Vh) (1.64)
is the energy fine-coarse transfer operator [3] and

T8 vi) =V (pCp¥nTh) = V- (pCpvin Th) = V- (0Cp (Vi — vi) (Th — Th)) . (1.65)

is the energy fine-coarse transfer turbulent operator. The operator sz(T 1) is defined by
[ st@y @ ax = [ k(9T @l ix. (1.66)
r

Reactor transfer operators

In order to complete the equations in Section 1.1 we must define the reactor transfer operators
in working conditions.
a) Incompressibility transfer operators

e P In the reactor model we assume incompressibility on both the coarse and the fine
level and therefore
er = 0. (1.67)

The assumption is exact since
P(Vp —vi) =V p(V, — Vi) (1.68)
is different from zero only if mass is generated at the fine level. The total mass transfer

operator P;; may be different from zero if there is a phase change.

b) Momentum transfer operators

. T(Z&. It is usual to compute the term TC”J}(Vh,Vh) by using the Reynolds hypothesis,
namely -
ch<Vh, Gh) =V ’/7'\; (1.69)

where the turbulent tensor 7, is defined as
77:; = 2u:D(Vp) (1.70)

with pr the turbulent viscosity.

18
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e P The operator P.¢(pn — ph, Vi — Vi) defines the momentum transfer from fine to
coarse level due to the sub-grid fluctuations and boundary conditions. This can be
defined in a similar way by

Pef(Ph — Phs Vi — Vi) = (1.71)
8pVy - .
) (P57 ) + [ (7 5%%) - (k) x —

Z/)\h V- Qgh(k‘) dx + 77'\;1 : Vg/b\h(k;) — pg- Qgh(k) V. ;\eff)

where ((x) is the fraction of fuel and structural material in the total volume. The tensor

?ef / is defined as

295 — 9,81 D(%y,) (1.72)

The values of u¢f/ depends on the assembly geometry and can be determined only with
direct simulation of the channel or sub-channel configuration or by experiment.

e 5. The operator Sgi(ph) indicates a non symmetric pressure correction from the

subgrid to the pressure distributions of the assembly fuel elements. If the sub-level
pressure distribution is symmetric then this term is exactly zero. Therefore we may
assume in working conditions

ST (p) = 0. (1.73)

o K7}(vp). The operator K[i(vs) determines the friction energy that is dissipated at the
fine level inside the assembly. We assume that the assembly is composed by a certain
number of channel and that the loss of pressure in this channel can be compute with
classical engineering formulas. In working conditions for forced motion in equivalent

channels we may set

P2V |V

m(va) = ()
eq

where D, is the equivalent diameter of the channel and X is a friction coefficient.

(1.74)

c) Energy transfer operators

° Tcef. It is usual to compute the term Tcef(Th, fh, Vi, Vp), following Reynolds analogy for
the turbulent Prandtl number Pry, as

Tff(fh,Th,Gh,Vh) =V (%th) N (1.75)
t

with u; the turbulent viscosity previously defined.

e P?%. The operator PZ; (v, — Vp) defines the energy exchange from fine to coarse level
due to the sub-grid fluctuation and boundary conditions. This can be defined as

P (T — T) = (1.76)

2pCy T, S -
() (L + V- (p OV Th) = o — Qn =V - (kI V))

where ((x) is the fraction of fuel and structural material in the volume. The values of
kefT depends on the assembly geometry and can be determined with direct simulations
of the channel or sub-channel configurations or by experiment.
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e Sgp. The operator ng(ph) is the heat source that is generated through the fuel pin
surfaces. For the heat production in the core we may assume

— (Hin + Hout)/Q)) ‘

1.
Hout - Hz ( 77)

S (pn) = Wo cos (”(z

where H;,and H,,; are the heights where the heat generation starts and ends. The
quantity Wy is assumed to be a known function of space which is defined by the power
distribution factor (see Section 3.2.2 )

1.2.2 Core model equations

Model Equations

We can assume the density as a weakly dependent function of temperature and almost inde-
pendent of pressure. We assume

p(T, P) = po(T) exp(Bp) (1.78)

with # ~ 0 and define p;;, = po(Tin). For the reactor model, with vertical forced motion in
working conditions, the state variables (v, p,T") are the solution of the following finite element
system

a) FEM incompressibility equation
0 R —~
/ (ﬂ%+(v~pvh)>wh(k) dx =0, (1.79)
Q

b) FEM momentum equation

0 G n = -~
gt h ¢h(k) dX+/ (V ',OVth) ¢h(k) dX—
Q Q
/ﬁhv-ggh(k)dx+/ G+ 77+ 7707 Vo (k) dx + (1.80)
Q Q
2091 |V ~ ~

2N G ax— [ o utiyax =0
Q eq Q

b) FEM energy equation

opC, T - PPN
/pf)f h(ph(k)dx+/V-(pvahTh)Lph(k:)dx—
Q Q

/Q (bh@h(k) dX—i—/Q(k?—i—keff—i-]/j;t) th-V(ﬁh(k}) dx — (1.81)
- Hm Hou 2 ~

| @uanx = [ Wosar(x) cos mlz = WHin+ Hou)/ D) 5 1y ax — 0.

Q Q Hyy — H;

for all @h(kz), ah(k) and @, (k) basis functions. r(x) = 1/(1 — ((x)) is the coolant occupation
ratio.
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Equations in strong form The variational FEM system (1.79-1.81) is equivalent to

0 .
549 o =0 (152
6 v P o~ =~ =T =€ 2 v
i;:h + (V- pVn) = VP + V- (T +7h + 70 ) — pBL’Vhb‘ +pg (1.83)
eq
0pC, T, A =
% +V - (pCpV T) = @) + V- (k+ kT + —]f; ) VT, + (1.84)
t
- Hm Hou 2
Qnon(k) + Wy r cos <7T(Z ;Lmt —+H1 v/ )> .

The equations (1.82-1.84) must be completed with the appropriate boundary conditions.
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Chapter 2

CFD sub-assembly fuel channel
modeling

2.1 Heat exchange modeling for sub-assembly fuel channels

2.1.1 Introduction

Figure 2.1: Temperature distribution in an assembly channel

The simulation of the core introduced in the previous chapter of this report takes into
account average quantities over the assemblies and computes average coolant temperatures.
When the coolant average temperatures are known then temperature profiles inside the fuel
rod and the cladding can be computed by using standard assumptions and standard heat
transfer correlations. In the liquid metal case and in three-dimensional configurations the
heat exchange coefficient may not be constant along the vertical coordinate and standard
heat exchange models cannot be appropriate. In this chapter we investigate the heat transfer
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model between the liquid metal coolant and the fuel rod with CFD three-dimensional codes.
In order to assess the validity of the standard heat transfer computational model we consider
a very simple test which consists of the heat transfer flow around a rod in a single channel.
For these CFD computations we use commercial and open source software available on the
ENEA-GRID platform on CRESCO [2]. The computational results are then compared with
experimental results from the KALLA facilities reported in [5].

The core computations previously proposed are able to define only average assembly tem-
peratures. For temperatures inside the fuel rod we can use the average assembly coolant
temperature Ty and standard analytical formulas. Let T, be the temperature on the fuel rod
axis and Ty the cladding temperature. We assume

TC = Tf+AT1+AT2+AT3—|—A4 = Tf—l—(TC—Tb)+(Tb—Ta)—|— (Ta—Td)—I—(Td—Tf) . (2.1)

Let ¢; be the constant linear heat flux of the fuel rod. We have that
qa

ATy = (T, - Ty) = _ 2.2
1= ( b= o K (2.2)
_ T.
where Kf = fTb deT/(TC - Tb),
qi R,
ATy, = (T, —T,) = 2.3
2= (T~ Ta) = o z, (2.3)
where R, and R; are the fuel and the internal cladding radius,
q s
ATy = (T, - Ty) = 24
3= ( a) = 5 X (2.4)
with s the cladding thickness, K. the conductivity of the cladding material and
a
ATy =T;—Tf) = ——— 2.5
o= (= Tp) = 5 (2.5)

with R, the external cladding radius. The physical quantities Ky and K. are well known
but hgr must be determined. The heat transfer coefficient hys is usually defined through the
Nusselt number as Nuk Y

AL L — (2.6)

Deq (Td - Tf)

Close to the channel inlet the ratio hg between the wall heat flux and 7; — Ty may not
be uniform and a brief analysis by using three-dimensional CFD tools is proposed in next
section. The computation of hg4 should be done in an appropriate bundle channel but, in
order to simplify the computations, we proceed to obtain information on hgs by the single rod
experiment. The computational method remains valid but we plan in the future to use the
correct bundle geometry. With this in mind we compute the temperature jump ATy, ATb,
ATj with data from literature and use the experimental and computational values of hgr for
ATy.

2.1.2 Single rod experiment with LBE coolant

In [5] three experiments are presented: a turbulent lead bismuth flow in a circular tube
and two experiments in a 19-pin hexagonal rod bundle assembly in turbulent water. In the
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Figure 2.3: Long rod section of the experiment
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Parameter Experiment
Total power 8 kW
Number of rods 1
Rod diameter | 8.2 x 1073 m
Rod length 1.200m
Heated length 0.860m
Mean velocity | 0—1.6m/s

Table 2.1: Data for the single rod experiment
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Figure 2.4: Experimental temperature (left) and velocity (right) profiles in the radial direction

first case the lead bismuth coolant flows vertically, heated by a rod placed concentrically
in an circular pipe. This experiment essentially describes the thermal development of the
temperature boundary layer on the fuel rod surface. The flow is studied experimentally by
means of rakes consisting of several thermocouples combined with velocity sensors based on
a Pitot tube. The attainable heat flux is 0.01 W/m? with Reynolds numbers ranging from
6 x 10% to 6 x 10°.

The single rod experimental setup is shown in Figure 2.2. A pump pushes a liquid metal
flow through the test section which consists of an electrically heated cylindrical rod placed
vertically in a circular tube. A detailed view of the test section setup is given in Figure
2.3. The axial location of the rod is fixed by three spacers placed at equidistant positions of
0.370 m. The lower two spacers contain three wings and the upper spacer is built of four wings
that are equipped with several calibrated thermocouples. The thermocouples are located to
minimize the heat transfer through the wing distorting the temperature measurements. The
wing tip thickness is in flow facing direction and spreads up to house all the thermocouples
and wiring. The developing length of the tube flow is about 30 hydraulic diameters which is
sufficient to obtain a hydrodynamic fully developed flow.

The heated rod test section is illustrated in Figure 2.3. In the experiment the temperature
is measured by thermocouples mounted on the spacer and on the Pitot tube. The velocity is
also measured by means of a Pitot tube. Measurements and numerical calculations are shown
for a configuration with a mean velocity @ of 0.77m/s, an inlet temperature of 300 *Cand a
heating power of 8 kW generating a heat flux of 0.0040 W/m? over the inner cylinder. This
corresponds to a Reynolds number of Re = 2.7 x 10° based on the annular tube diameter and
a corresponding Prandtl number of Pr = 0.021. The physical and geometrical data for the
experiment are summarized in Figure 2.1. For this case the axial temperature profiles are as
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the one reported on the left of Figure 2.4. In Figure 2.4 on the right there is a velocity profile
as a function of the radius r* at z* = 67.6. The non-dimensional axial position z* is set as
z* = z/d, with the heated rod diameter d, = 8.2 x 103 m and the non-dimensional radial
position r* is defined as r* = y — (d,/2)/(D/2) — (d,/2) with the diameter of test section
D = 60.5 x 1073 m. In Figure 2.4 on the left there is an experimental temperature profile as
a function of the radius r* at z* = 67.6.

2.2 CFD results for the single rod configuration

2.2.1 Mesh and data setting

Figure 2.5: Coarse mesh: top view.

Figure 2.6: Coarse mesh: longitudinal section view.

The geometry used for the numerical simulations is given in Figures 2.5 and 2.6. First
we generate a coarse mesh and then we refine it in order to obtain an accurate solution.
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Concerning the mesh, the priority has been given to hexahedral elements since they have the
advantage of little or no distortion with parallel segments that are perpendicular to the inlet
plane. The procedure to construct hexahedral elements is long and tedious but the results are
much more accurate. The choice of the ideal number of cells is done by iteration. We start
with a sufficiently fine mesh and add cells until the precision of the results does not change
significantly. The number of cells is a problem which interests the CPU time and memory
storage and it can be considered optimal around few hundreds of thousands of cells. In order
to limit the number of cells the mesh has been refined only in the boundary layer to obtain
an optimal value of the non-dimensional distance from the wall 4™ for the turbulence models.
This adaptive refinement can be obtained by using the appropriate function in SALOME or
the boundary layer refinement tool in GAMBIT-FLUENT. This mesh has a fine boundary
layer on the rod surface which gives a y* value of 12. This mesh is refined several times. This
mesh is used by FLUENT, but also by SATURNE via a converter tool from FLUENT5/6
mesh format to the MED format. The MED format can be used in the SALOME platform
and also in SATURNE [9].

2.2.2 Numerical results

Simulation of the single rod experiment

density p 10340 kg/m3
viscosity u 0.0018 Pa s

heat capacity Cp 145 J/(kg K)

thermal conductivity A | 11.7 W/(m K)

Table 2.2: Data for the experiment [/]

The thermophysical properties of the LBE used in all simulations are reported in Table
2.2. In this case we have an LBE, turbulent, steady flow with heat transfer in a circular
tube with a length of 1.076 m and a diameter of 0.605m. The average speed of the flow at
the inlet is 0.773m/s corresponding to a mass flow of 8 m?3/h for average Reynolds number
of 36411 with temperature of 300 °C. The thermal power is 9 kW corresponding to a heat
flux of 4.064 MW /m? over the surface of the inner cylinder with a diameter of 4.1 x 1073 m
and a length of 0.86 m. Actually the domain is not a simple annulus but contains various
instrumentation and spacers needed to hold the heated rod. After various tests on the influ-
ence of the spacers we neglect them and consider only the simple geometry described before.
By using the coarse mesh and x — w turbulence model the solution is reported in Figures
2.7-2.8. In Figure 2.7 we plot the temperature profile over a horizontal (top) and a vertical
plane (bottom). In Figure 2.8 we show the pressure and the turbulent viscosity over the same
vertical plane.

Simulations with different codes

We refine the mesh shown in Figure 2.5-2.6 to obtain a mesh with ™ of the order of 6
and solve the state fields with both SATURNE and FLUENT codes [3, 10, 7]. We set the
parameters as in Table 2.2 and use the k —w turbulence model. In Figure 2.9 temperature and
velocity profiles for these computations are reported. On the left one can see the temperature
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Figure 2.7: Temperature top (left) and section view (right)

solution along the radius at z = 0.592 for SATURNE (A) and FLUENT (B) together with the
experimental data (Exp). The results match the experiment very closely and both SATURNE
(A) and FLUENT give comparable results. These codes are Finite Volume Codes and the
solution is computed at the center of the cell. The extrapolation from the center values to the
cell side can give some important differences at the point closest to the wall. On the right we
can see the velocity profile. Both SATURNE (A) and FLUENT (B) give comparable results
which match the experimental results in the range where these are available.

Simulations for different turbulence models

In this paragraph we use different turbulence models to understand the influence of the model
approximation. In Figure 2.10 we use k — € (A), kK —w (B), LES (C) turbulence models and
compare these results with the experimental data (Exp). With standard parameters and
standard wall functions the k — w turbulence model results in the more accurate model while
the LES is the less accurate one. However all these models give very promising results. On
the left of the Figure 2.10 we have the temperature distribution and on the right the velocity
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Figure 2.8: Pressure (left) and turbulent viscosity (right)

profile (at z = 0.592m).

Mesh and y™*

One of the most important parameters in CFD computations is the mesh size. For this reason
we compute the temperature and velocity profiles for different meshes. Since the mesh is fine
enough in the center of the domain and the temperature gradient is high close to the heated
surface we refine only the boundary layer previously constructed to obtain smaller values of
yT. In Figures 2.11-2.12 we plot different profiles for the different values of y* = 12 (A), 6
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Figure 2.9: Temperature and velocity profile at z = 0.592 for (A) SATURNE, (B) FLUENT
and (Exp) experimental data
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Figure 2.10: Temperature and velocity radial profiles at z = 0.592m for different turbulent
models: k —e€ (A), k —w (B), LES (C) and experimental results (Exp)
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Figure 2.11: Temperature radial profile at z = 0.592m for different y* values.

(B) and 2 (C) over the radius from the inner cylinder to the external wall. In Figure 2.11
we report the temperature profile while in Figure 2.12 we have the velocity along the radius
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