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A B S T R A C T

Among the goals of the core design for Lead-cooled Fast Reactors (LFRs) exploiting the closed Sub-Assembly
(SA) option, cold by-passes should be minimised and excessive thermal gradients among opposite faces of
the assembly ducts prevented. To this aim, given an Inter-Wrapper (IW) gap determined by the core thermo-
mechanical design, a suitable coolant flow outside the assemblies themselves must be guaranteed. Moreover,
the designer has the opportunity to introduce flow restrictions to tune the intra-wrapper flow fraction at the
SA level, possibly allowing to reduce temperature differences at the outlet of the assemblies.

Therefore, the designer needs to be aware of the axial and radial temperature profiles of the IW coolant
throughout the whole core (i.e., including all core SAs), as well as of the axial and perimetrical temperature
profiles of the wrapper of each SA. Notably, the possibly different temperature values of each side of the
wrapper itself should be assessed, since they could induce SA bowing. To address these needs, a Design-
Oriented Code (DOC), TIFONE, was developed and verified in compliance with current best practices in terms
of software quality assurance.

TIFONE adopts the sub-channel method, leading to a sufficient level of spatial resolution while retaining
the key features of a DOC, namely equilibrium, a low computational time and a clear application domain. The
paper describes the code structure, governing equations and solution method. It also reports the preliminary
validation of TIFONE against data from inter-wrapper flow and heat transfer experiments performed in the
frame of the SESAME project at the THESYS loop within the KALLA laboratory, confirming the code capability

to reproduce the measured data in its anticipated validity domain.
1. Introduction

Heavy-Liquid-Metal-Cooled Reactors (HLMCRs) are at the centre
of an increasing international attention as well as being one of the
technologies fostered by the Generation IV International Forum (GIF).
HLMCRs are characterised by a fast neutron spectrum and have the
potential to meet the GIF goals in terms of safety, sustainability and
cost-effectiveness with minimisation of long-lived radioactive waste
and reduced proliferation risks.

Specifically, the core design of HLMCRs is a multidisciplinary task,
dealing with many deeply interconnected physical/engineering pa-
rameters. It can be logically subdivided into Thermo-Mechanic (TM),
Thermal-Hydraulic (TH) and Neutronic (NE) design, based on the three
most relevant physics involved. Safety aspects must be embedded from
the early stages, according to the core design approach of Generation IV
technologies. During the design phase process, Design-Oriented Codes
(DOCs) are used to effectively inform design decisions by highlighting
the relations between the parameters entering the problem. DOCs are

∗ Corresponding author.
E-mail address: giuseppefrancesco.nallo@polito.it (G.F. Nallo).

characterised by a relatively short time required to prepare and run
calculations, and by a clearly identified application domain.

For HLMCR cores adopting wrapped Sub-Assemblies (SAs) and thus
inherently characterised by the presence of an Inter-Wrapper (IW) (or
bypass) region, the core design goals include the minimisation of cold
bypasses and of excessive thermal gradients among opposite faces of
the assembly ducts (IAEA, 2012). To achieve these goals, a suitable
coolant flow outside the assemblies themselves must be guaranteed,
compatibly with the IW gap, the width of the latter being established by
the core thermo-mechanical design. Moreover, for wrapped assemblies,
the possibility of tuning the intra-wrapper flow fraction at the SA level
through orificing arises, giving the designer an extra degree of freedom
for levelling thermal gradients at the assemblies’ outlet. Therefore,
the design process requires knowledge of the axial and radial coolant
temperature profiles in the IW gaps throughout the whole core (i.e., in-
cluding all core SAs), as well as of the axial and perimetrical wrapper
temperature profiles, and notably the (possibly) different values of
vailable online 24 July 2024
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each side of the wrapper itself which could induce SA bowing. The
above-mentioned requirements point out the need for a DOC capable
of solving the whole-core Thermal-Hydraulics (TH), including the IW
flow and heat transfer.

A literature review pointed out the existence of at least four TH
codes suitable for the full-core analysis of HLMCRs: COBRA-WC
(George et al., 1980), NETFLOW (Mochizuki, 2007), SUPERENERGY-
II (Basehore and Todreas, 1980) and its most recent version SE2-
ANL (Yang and Yacout, 1995). However, COBRA-WC and NETFLOW
are rather complex tools aimed at transient analyses, hence more suit-
able for the verification phase than for the design phase. SUPERENERGY
II and SE2-ANL match more closely the definition of DOC provided
above, especially thanks to their steady state nature, but the IW flow
is treated in a somewhat simplified way.

Very recent efforts to tackle the IW flow and heat transfer model
should also be here mentioned. In Yue et al. (2018), an IW model with
low radial resolution (at the level of the single SA face) is presented,
which was coupled to the transient THACS code and validated against
experiments from Phénix and EBR-II reactors. In Deng et al. (2020),
instead, the target was to develop a multi-SA code with IW capabili-
ties for lead-cooled and LBE-cooled reactors. To this aim, a two-step
procedure was employed, which adopts a coarse multi-SA model to
locate the hottest SA and then performs a detailed calculation within it.
Finally, in Luo et al. (2022) a new whole-core code for LMCRs, KMC-
FBC, is presented. This code is capable to adopt both a simple two-steps
model and a more complex pin-by-pin model which is similar to the
one employed in SE2-ANS. Flowing IW channels are considered, even
though radial exchange within the IW region is neglected for the sake
of simplicity.

In view of this literature review, to the best of the authors’ knowl-
edge, it can be stated that the availability of validated DOCs for the
TH calculation of the full core of HLMCRs including the IW flow and
heat transfer which features the required level of detail is currently
very scarce, if existing. However, it should be mentioned that single-SA
TH DOCs such as ANTEO+ are able to account for the presence of the
surrounding IW coolant, even though they do not account for inter-SA
heat transfer (Lodi and Grasso, 2016, 2017).

These considerations motivated the design and development of a
new DOC, TIFONE, to solve the IW flow and heat transfer problem.
This can be seen as a first step towards the development of a DOC
for the core TH of HLMCRs. TIFONE has been preliminarily validated
against experimental data from IW flow and heat transfer experiments
performed in the frame of the SESAME project at the THESYS loop
within KALLA laboratory.

The paper is organised as follows: the approach followed for the
TIFONE development, the governing equations and solution method are
described in Section 2. The constitutive relations adopted to close the
set of conservation equations are then listed in Section 3. The results
of the preliminary validation campaign are shown and commented
in Section 4. Finally, conclusions and perspectives are outlined.

2. The TIFONE code

2.1. Code design overview

The name TIFONE stems from an Italian acronym (Termo-Idraulica
delle Fughe che Occorrono nel Nocciolo fra gli Elementi, meaning
‘‘thermal-hydraulics of the bypass flow occurring in the core among the
SAs’’). Consistently with its name, TIFONE targets the TH simulation
of reactor cores cooled by liquid metals with closed SAs in hexagonal
geometry. Indeed, in view of the possibility to take advantage of avail-
able experimental data from sodium-cooled reactors and experiments,
TIFONE was not limited to heavy liquid metals.

The TIFONE calculation domain extends radially over the IW region
of the entire core, and axially between the dividing and the merg-
ing points of the inter- and intra-SA coolant flows, see Fig. 1 (left).
2

Fig. 1 (right) shows the calculation domain corresponding to the inter-
wrapper gap between several SAs, consisting in a thin region (a few
mm) extending axially and radially over the whole core.

Consistently with the features of a DOC, a clear validity domain
was defined beforehand. TIFONE targets the simulation of the IW flow
and heat transfer in forced and mixed convection regime, where an
axially dominant flow is present. Conversely, buoyancy dominated free
convection situations, possibly inducing flow re-circulations, cannot be
simulated. This limits the applicability of the current version of TIFONE
to core designs specifically featuring an IW flow which is fed with part
of the total core flow rate, thus excluding situations where the IW is
only fed by recirculations from the upper plenum.

The Sub-Channel (SC) approach was chosen, since it allows to
achieve a sufficient level of spatial resolution while retaining the key
features of a DOC, namely equilibrium, a low computational time and
a clear application domain. TIFONE solves the inter-SA coolant mass,
energy and momentum equations, as well as the convection equations
between the coolant and the wrapper. The required inputs are the core
geometry, as established by the core thermo-mechanical design, the
axial and perimetrical distribution of the heat flux flowing out of all the
SAs in the core, the coolant inlet temperature and flow rate, and the
fraction of the core inlet mass flow rate flowing within the IW region.

The code was developed according to the Software Quality Man-
agement System in place within ENEA’s SICNUC division, incorpo-
rating guidelines from standards such as ISO/IEC/IEEE 12207 (ISO
12207:2017, 2017). After an initial planning phase, a software re-
quirements specification document was produced. A software design
compliant with the specified requirements was then developed, dis-
cussed and approved before starting the code development phase,
which includes testing and verification of the code compliance with
the specified requirements. Finally, a preliminary code validation was
performed against available experimental data.

2.2. Spatial discretisation

The gap between each couple of SAs is radially subdivided into a
number of edge SC, indicated in red in Fig. 2. The region between three
hydraulically connected gaps is instead associated to a single corner SC,
indicated in blue in Fig. 2. This choice allows to take into account the
TH connection between adjacent gaps, as well as to take advantage
of the most detailed information available for the heat crossing the
wrapper. This discretisation has been adopted in Basehore and Todreas
(1980), as well as in the simplified treatment of the IW thermal-
hydraulics in the ANTEO+ code. The possibility to further split the IW
gap between the neighbouring assemblies – with boundaries at the gap
centreline – was instead disregarded since it would provide an unneces-
sary level of detail while potentially hindering code stability (Basehore
and Todreas, 1980).

Each SC is then axially subdivided in a number of control volumes
with an user-specified distribution. The code is therefore capable of
determining the axial variation of the quantities of interests.

2.3. Governing equations

2.3.1. Assumptions
TIFONE aims at the TH calculation of the IW coolant over the full

core of an HLMCR, as well as of the wrapper outer temperature for
each SA. To this purpose, the SC method is adopted, using the above
described discretisation. The underlying assumptions of the SC method,
as indicated in Todreas and Kazimi (1990), are:

• the control volume is fixed and common to all the conservation
equations, except the transverse momentum equation;

• the transverse flow ‘‘loses memory of’’ his original direction when
passing from an SC to the neighbouring one.
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Fig. 1. Schematic of the bypass flow domain, adapted from Lodi (2017) (left) and representation of the inter-wrapper flow domain (right).
Fig. 2. Inter-assembly gap SC subdivision options.

Additional simplifying assumptions have been adopted in the present
work, with the aim of achieving a balance between code complexity
and accuracy of the results, which is an essential feature of a DOC:

• the problem is solved in steady state, with no variable being
integrated over time - a true steady state formulation is adopted,
rather than, e.g., a pseudo-transient one;

• the IW channel cross section is axially constant. The entrance/exit
regions located at the core bottom/top (see Fig. 1), which are
part of the calculation domain, are actually characterised by an
axially variable cross section. However, these regions are not
directly modelled, their presence being accounted for by means of
localised loss coefficients, see Section 3.2, which can be determine
by means of, e.g., CFD calculations;

• energy deposition by viscous dissipation in the coolant is ne-
glected;

• axial heat and momentum transfer via conduction and turbulent
momentum flux, respectively, are neglected;

• the channel is assumed to be vertical, therefore gravity only
contributes as a body force to the axial momentum balance.

In the following, the governing equations for the SC method are
presented, simplified according to the above-mentioned assumptions
for the problem at hand. Boundary conditions are also indicated. The
resulting formulation is consistent with Chen (1984).
3

2.3.2. Conservation of mass
Conservation of mass describes the axial evolution of the mass

flow rate in each SC, accounting for the net mass exchange with the
neighbouring ones. This can be caused by either pressure differences
or density differences (buoyancy effects).

The complete form of the mass conservation equation for the 𝑖-th
SC reads:

𝐴𝑖𝛥𝑧
𝜕
𝜕𝑡

⟨𝜌𝑖⟩ + 𝛥�̇�𝑖 = −𝛥𝑧
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1
𝑊𝑖𝑗 (1)

where 𝛥𝑧 is the axial length of the SC - which will also be called Control
Volume (CV) in the following. Here and thereafter, the axial variation
of a quantity 𝜓 between 𝑧 (i.e., the axial coordinate of the CV inlet)
and 𝑧 + 𝛥𝑧 (i.e., the axial coordinate of the CV outlet) is expressed as
𝛥𝜓 = 𝜓𝑧+𝛥𝑧−𝜓𝑧. The operator ⟨ ⟩ indicates volume-averaged quantities
over the control volume. The subscript 𝑗 denotes quantities related to
one of the 𝑁𝑛𝑒𝑖,𝑖 neighbours of SC 𝑖 (𝑁𝑛𝑒𝑖 = 2 for edge SCs and 𝑁𝑛𝑒𝑖 = 3
for corner SCs). The subscript 𝑖𝑗 indicates exchange quantities between
SC 𝑖 and SC 𝑗. 𝐴 is the cross-sectional SC flow area, 𝜌 is the fluid density,
𝑣 is the fluid velocity, �̇� = {𝜌𝑣𝐴} is the axial mass flow rate (where the
{ } operator represents a surface average over the flow area) and 𝑊 is a
mass flow rate per unit length in kg∕(m s). In steady state, the equation
becomes:

𝛥�̇�𝑖
𝛥𝑧

= −
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1
𝑊𝑖𝑗 (2)

As far as boundary conditions are concerned, TIFONE receives as
input the total mass flow rate to the IW region and further subdi-
vides it radially among the SCs. The approach for doing so depends
on the treatment of the transverse momentum conservation equation,
as described in Section 2.3.4. The user is nevertheless left with the
possibility to independently choose the flow repartition among SCs in
the IW region. This capability will, for example, allow the designer to
test the effectiveness of, e.g., local orificing to tune the mass flow rate
in a subset of the IW SCs.

2.3.3. Conservation of energy
Conservation of energy describes the axial evolution of the coolant

enthalpy in each SC, accounting for the energy deposition in the SC, the
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heat transfer with the portion of the wrapper wetted by the SC and the
net energy exchange with neighbouring SCs. The latter can be caused
by either net mass exchange (with the consequent energy transport) or
by mixing effects which do not imply a net mass exchange (conduction
and turbulent mixing).

The energy conservation equation can be stated as follows:

𝐴𝑖𝛥𝑧
𝜕
𝜕𝑡

[

⟨𝜌ℎ⟩𝑖
]

+ 𝛥
[

�̇�𝑖
{

ℎ𝑖
}]

= 𝐴𝑖𝛥𝑧�̇�𝑒𝑞,𝑖 − 𝛥𝑧
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1

[{

𝑊 ∗𝐷
𝑖𝑗 ℎ𝑖

}

−
{

𝑊 ∗𝐷
𝑗𝑖 ℎ𝑗

}]

− 𝛥𝑧
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1
𝑊𝑖𝑗

{

ℎ⋆
}

+ 𝐴𝑖𝛥𝑧
⟨

𝑑𝑃𝑖
𝑑𝑡

⟩

(3)

where ℎ is the fluid enthalpy, �̇�𝑒𝑞,𝑖 is the equivalent power per unit
olume deposited in the SC due to either heat transfer with the adjacent
A or the volumetric heat generation, 𝑊 ∗𝐷

𝑖𝑗 and 𝑊 ∗𝐷
𝑗𝑖 are turbulent

nterchange flow rates per unit length between SCs, {ℎ∗} is an effective
nthalpy transported by the cross flow (averaged over the contact area
etween SCs 𝑖 and 𝑗) and 𝑃 is the static pressure.

For the sake of simplicity, it can be assumed that
{

𝜌ℎ𝑖𝑣
}

∼ ℎ𝑖 {𝜌𝑣},
here 𝑣 is the flow axial velocity. Based on the axially-averaged
ature of the equation, this is tantamount to assuming that ℎ𝑖 is
epresentative of both the area-averaged enthalpy

{

ℎ𝑖
}

and of the
olume-averaged enthalpy ⟨ℎ𝑖⟩ for SC 𝑖. Consistently,

{

𝑊 ∗𝐷
𝑖𝑗 ℎ𝑖

}

−

𝑊 ∗𝐷
𝑗𝑖 ℎ𝑗

}

∼ 𝑊 ∗𝐷
𝑖𝑗 ℎ𝑖−𝑊 ∗𝐷

𝑗𝑖 ℎ𝑗 . Moreover, for single phase flow, 𝑊 ∗𝐷
𝑖𝑗 ℎ𝑖−

∗𝐷
𝑗𝑖 ℎ𝑗 = 𝑊 ∗𝐻

𝑖𝑗
(

ℎ𝑗 − ℎ𝑖
)

, where 𝑊 ∗𝐻
𝑖𝑗 is the effective mass flow rate per

nit length for energy exchange between SCs 𝑖 and 𝑗. By applying these
implifications, the steady state energy conservation equation becomes:

𝛥
𝛥𝑧

(

�̇�ℎ𝑖
)

= 𝐴𝑖�̇�𝑒𝑞,𝑖 −
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1
𝑊 ∗𝐻
𝑖𝑗

(

ℎ𝑗 − ℎ𝑖
)

−
𝑁𝑛𝑒𝑖,𝑖
∑

𝑗=1
𝑊𝑖𝑗

{

ℎ∗
}

(4)

In the IW region, the effective energy exchange between SCs 𝑖 and
𝑗, 𝑊 ∗𝐻

𝑖𝑗
(

ℎ𝑖 − ℎ𝑗
)

, is in general associated to two contributions:

𝑊 ∗𝐻
𝑖𝑗

(

ℎ𝑖 − ℎ𝑗
)

= 𝑞′′𝑖𝑗𝑠𝑖𝑗
|

|

|

|𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
+ 𝑞′′𝑖𝑗𝑠𝑖𝑗

|

|

|

|𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒
(5)

where 𝑞′′ is a heat flux and 𝑠 is the width of the gap between adjacent
SCs.

The conduction contribution can be expressed as follows:

𝑞′′𝑖𝑗𝑠𝑖𝑗
|

|

|

|𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
= �̄�𝑖𝑗𝑠𝑖𝑗𝜅𝑖𝑗

( �̄�𝑖𝑗
𝜂𝑖𝑗

)

(

ℎ𝑖 − ℎ𝑗
)

(6)

where 𝛼 is the fluid thermal diffusivity, 𝜂 is the centroid-to-centroid
distance between the SCs, 𝜅 = 𝜂

𝑙 is the conduction shape factor, that
is, the ratio between the centroid-to-centroid distance and the effective
mixing length 𝑙. Quantities characterised by a bar ( ̄ ) are averaged
between SCs 𝑖 and 𝑗. Note that, to simplify notation, here and thereafter
the volume average nature of the physical quantities appearing in the
equations is not explicitly stated (e.g., �̄�𝑖𝑗 =

(

⟨𝜌𝑖⟩ +
⟨

𝜌𝑗
⟩)

∕2 would
simply be written as

(

𝜌𝑖 + 𝜌𝑗
)

∕2).
The turbulence contribution can be characterised as follows:

𝑞′′𝑖𝑗𝑠𝑖𝑗
|

|

|

|𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑐𝑒
= 𝑊 𝑇 ,𝐻

𝑖𝑗
(

ℎ𝑖 − ℎ𝑗
)

(7)

where 𝑊 𝑇 ,𝐻 is the effective mass exchange rate between adjacent SCs
due to turbulent interchange. Chen (1984) proposed to correlate 𝑊 𝑇 ,𝐻

to the eddy diffusivity (𝜀) concept, thus writing:

𝑊 𝑇 ,𝐻
𝑖𝑗 = �̄�𝑖𝑗𝑠𝑖𝑗

( 𝜀𝑖𝑗
𝜂𝑖𝑗

)

(8)

Correlations for 𝜅𝑖𝑗 and 𝜀𝑖𝑗 - or, alternatively, 𝑊 𝑇 ,𝐻
𝑖𝑗 - are presented in

Section 3.4.
The energy source term �̇�𝑒𝑞,𝑖 can be characterised as follows:

̇𝑒𝑞,𝑖 = �̇�𝑖 +
𝑁𝑤,𝑖
∑ 𝑞′′𝑤,𝑜,𝑚𝑝ℎ,𝑚 (9)
4

𝑚=1 𝐴𝑖
here �̇�𝑖 is the heat deposited in the coolant per unit volume (e.g., due
o gamma rays) and the second one represents the contribution of heat
ransfer with the wrapper. The summation runs over the number of
rapper walls in contact with the SC. 𝑞′′𝑤,𝑜,𝑚 is the heat flux crossing

the 𝑚th wrapper outer surface (hence the subscript 𝑜) in contact with
SC 𝑖. 𝑝ℎ,𝑚 is the heated perimeter associated to the 𝑚-th wall in contact

ith SC 𝑖.
As for boundary conditions, the inlet temperature distribution is

pecified by the user.

.3.4. Conservation of momentum
Conservation of momentum describes the axial and radial evolution

f the coolant momentum in each SC, accounting for the effect of
ravity, friction with the portion of the wrapper wetted by the SC, lo-
alised pressure losses and net momentum exchange with neighbouring
Cs. The latter can be caused by either net mass exchange (with the
onsequent momentum transport) or by mixing effects (which do not
mply a net mass exchange). In the following, both the axial and radial
omentum equations and their simplifications will be discussed.

xial. The axial momentum conservation can be stated as follows:

𝑧 𝜕
𝜕𝑡

⟨�̇�𝑖⟩ + 𝛥
[

�̇�𝑖
{

𝑣𝑖
}]

= −𝐴𝑖𝛥𝑧 ⟨𝜌𝑖⟩ 𝑔 − 𝐴𝑖𝛥{𝑃 }

− 𝛥𝑧
𝑁𝑛𝑒𝑖
∑

𝑗=1

[{

𝑊 ∗𝐷
𝑖𝑗 𝑣𝑖

}

−
{

𝑊 ∗𝐷
𝑗𝑖 𝑣𝑗

}]

− 𝛥𝑧
𝑁𝑛𝑒𝑖
∑

𝑗=1
𝑊𝑖𝑗

{

𝑣⋆
}

− 𝛥𝑧 1
2
⟨𝜌𝑖⟩ 𝑣

2
𝑖𝐴𝑖

𝑓𝑖
𝐷𝐻,𝑖

− 𝐴𝑖𝛥𝑃𝑓𝑜𝑟𝑚,𝑖

(10)

where 𝑊 ∗𝐷
𝑖𝑗 and 𝑊 ∗𝐷

𝑗𝑖 are turbulent interchange flow rates per unit
ength between SCs, 𝑣∗ is an effective velocity transported by the cross
low (averaged over the contact area between SCs 𝑖 and 𝑗), 𝑔 is the

gravitational acceleration, 𝑓 is the friction factor with the walls, 𝐷𝐻 =
4𝐴∕𝑝𝑤 is the hydraulic diameter (where 𝑝𝑤 is the wetted perimeter),
𝑃𝑓𝑜𝑟𝑚 is the form (localised) pressure loss per unit length.

Consistently with the assumptions adopted in Section 2.3.3 for the
nergy conservation equation, for the sake of simplicity, it can be
ssumed that {𝜌𝑣𝑣} ∼ 𝑣 {𝜌𝑣}, which, based on the axially-averaged
ature of Eq. (10), corresponds to assuming that 𝑣𝑖 is representative of
oth the area-averaged axial velocity

{

𝑣𝑖
}

and of the volume-averaged
xial velocity ⟨𝑣𝑖⟩ for SC 𝑖. Consistently,

{

𝑊 ∗𝐷
𝑖𝑗 𝑣𝑖

}

−
{

𝑊 ∗𝐷
𝑗𝑖 𝑣𝑗

}

∼
∗𝐷
𝑖𝑗 𝑣𝑖 −𝑊 ∗𝐷

𝑗𝑖 𝑣𝑗 . Moreover, for single phase flow, 𝑊 ∗𝐷
𝑖𝑗 𝑣𝑖 −𝑊 ∗𝐷

𝑗𝑖 𝑣𝑗 =
∗𝑀
𝑖𝑗

(

𝑣𝑗 − 𝑣𝑖
)

, where 𝑊 ∗𝑀
𝑖𝑗 is the effective mass flow rate per unit

ength for momentum exchange between SCs 𝑖 and 𝑗. By applying these
implifications, the steady state axial momentum conservation equation
ecomes:
𝛥
(

�̇�𝑖𝑣𝑖
)

𝛥𝑧
= −𝐴𝑖 ⟨𝜌𝑖⟩ 𝑔 − 𝐴𝑖

𝛥 {𝑃 }
𝛥𝑧

−
𝑁𝑛𝑒𝑖
∑

𝑗=1
𝑊 ∗𝑀
𝑖𝑗

(

𝑣𝑖 − 𝑣𝑗
)

−
𝑁𝑛𝑒𝑖
∑

𝑗=1
𝑊𝑖𝑗

{

𝑣∗
}

− 1
2
⟨𝜌𝑖⟩ 𝑣

2
𝑖𝐴𝑖

𝑓𝑖
𝐷𝐻,𝑖

− 𝐴𝑖
𝛥𝑃𝑓𝑜𝑟𝑚,𝑖
𝛥𝑧

(11)

The effective momentum exchange term𝑊 ∗𝑀
𝑖𝑗 , similarly to the𝑊 ∗𝐻

𝑖𝑗
term encountered in Eq. (4), is composed by a molecular (diffusive)
contribution and a turbulent contribution which is proportional to an
equivalent mass flow rate for unit length. The molecular contribution to
the axial momentum exchange between SCs is usually neglected (Chen,
1984). The equivalent mass flow rate per unit length for turbulent
contribution𝑊 𝑇 ,𝑀

𝑖𝑗 is instead considered equal to its energy counterpart
𝑊 𝑇 ,𝐻
𝑖𝑗 and related to the eddy diffusivity concept. For simplicity, in the

following it will be referred to simply as 𝑊 𝑇
𝑖𝑗 . Empirical correlations for

this quantity will be discussed in Section 3.4.
As for boundary conditions, the absolute value of the inlet pressure
is irrelevant, since for incompressible flow only the pressure differences
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are important. Therefore, the inlet pressure can be arbitrarily specified
by the user for all the SCs.

Radial. The radial momentum conservation can be generally stated as
follows:

𝜕
𝜕𝑡

⟨

𝑊𝑖𝑗
⟩

+ 𝛥
𝛥𝑥′

[

𝑊𝑖𝑗 {𝑢}
]

+ 𝛥
𝛥𝑧

[

𝑊𝑖𝑗 {𝑣}
]

= −
[

𝑠𝑖𝑗
𝛥
𝛥𝑥

{

𝑃𝑗
}

]

−
{

𝐹𝑖𝑥
𝛥𝑥′𝛥𝑧

}

(12)

where 𝑢 is the local transverse velocity, 𝛥𝑥′ indicates the transverse
characteristic length and 𝐹𝑖𝑥 is a force acting on the fluid along the
transverse direction due to interactions with the solid. This equation is
typically treated by considering a different control volume with respect
to the one adopted for the foregoing equations. The control volume
boundaries for the radial momentum balance can, e.g., coincide with
the barycenters of the two neighbouring SCs (Todreas and Kazimi,
1990).

Solving this equation introduces significant complexity in the code
structure. Moreover, the phenomenon it describes – namely, pressure-
driven cross flow – is only important in the case of flow area variations
and/or flow obstructions, otherwise it can be regarded as second-order
effect. For the problem at hand, and in compliance with the required
simplicity of a DOC, these effects can be neglected. Therefore, this
equation reduces to imposing an equal pressure drop among all the SCs
for each axial step:

𝑃𝑖 = 𝑃𝑗 ∀𝑖, 𝑗 (13)

Due to this approximation, the radial distribution of the mass flow
rate among SCs at the inlet section must be determined via a flow split
model, which will be described in Section 2.4.3.

2.3.5. Heat transfer with the wrapper
TIFONE evaluates the axial distribution of the outer wrapper tem-

perature, with a radial resolution allowing to distinguish each of the
six sides of the wrapper.

The code receives as input an arbitrary (axial and radial) distribu-
tion of the heat flux crossing the wrapper outer surface, 𝑞′′𝑤,𝑜, which is
then interpolated to compute the heat source 𝑞′′𝑤,𝑜,𝑚 appearing in Eq. (9).
Once 𝑞′′𝑤,𝑜,𝑚 is known, the outer wrapper temperature is computed as:

𝑇𝑤,𝑜,𝑚 = 𝑇𝑠𝑐 + 𝑞′′𝑤,𝑜,𝑚∕𝛼𝑜 (14)

where 𝑇𝑠𝑐 is the mass flow averaged temperature of the IW coolant
wetting wrapper surface 𝑚 and 𝛼𝑜 is the corresponding heat transfer co-
efficient. Correlations for the Nusselt number, allowing the evaluation
of the heat transfer coefficient, are presented in Section 3.3.

In view of the potential interest of the designer for knowledge of
the wrapper inner temperature distribution, the following estimate is
proposed:

𝑇𝑤,𝑖,𝑚 = 𝑇𝑤,𝑜,𝑚 +
𝑞′′𝑤,𝑜,𝑚𝑘𝑤
𝑠𝑤

(15)

here 𝑘𝑤 is the wrapper thermal conductivity and 𝑠𝑤 is the wrapper
hickness. This formulation neglects heat deposition in the wrapper
nd heat conduction between wrapper nodes, and is therefore to be
egarded as a first approximation.

.4. Solution method

A convenient solution method for SC equations in mixed convection
as been proposed by Chen (1984). It was verified that this method
rovides good results also in the limiting case of a forced convection
egime. The equations are first re-written so that the unknowns are
he density and velocity variations for each SCs, as well as the axial
ressure drop (which is the same among each SCs, due to the simpli-
ication of the transverse momentum equation). To achieve this result,
5

he increments of the quantities appearing in the equations of a generic
ontrol volume 𝑖 located between the axial locations 𝑧 and 𝑧 + 𝛥𝑧 are
xpressed as follows:

�̇�𝑖 =
(

𝜌𝑖𝑣𝑖𝐴𝑖
)

𝑧+𝛥𝑧 −
(

𝜌𝑖𝑣𝑖𝐴𝑖
)

𝑧
(

�̇�𝑖ℎ𝑖
)

=
(

𝜌𝑖𝑣𝑖𝐴𝑖ℎ𝑖
)

𝑧+𝛥𝑧 −
(

𝜌𝑖𝑣𝑖𝐴𝑖ℎ𝑖
)

𝑧
(

�̇�𝑖𝑣𝑖
)

=
(

𝜌𝑖𝑣
2
𝑖𝐴𝑖

)

𝑧+𝛥𝑧 −
(

𝜌𝑖𝑣
2
𝑖𝐴𝑖

)

𝑧

𝑖𝛥
{

𝑃𝑖
}

= 𝐴𝑖𝛥𝑃

𝑧+𝛥𝑧 = 𝜌𝑧 + 𝛥𝜌

𝑧+𝛥𝑧 = ℎ𝑧 + 𝛥ℎ

𝑧+𝛥𝑧 = 𝑣𝑧 + 𝛥𝑣

(16)

Moreover, the enthalpy is eliminated in favour of the density, taking
dvantage of the relation 𝛥ℎ ∼ 𝑅𝛥𝜌 where 𝑅 =

(

𝜕ℎ
𝜕𝜌

)

can be determined
by numerical differentiation of the correlations for thermophysical
properties.

The form of the equations obtained by adopting these approxima-
tions and rearranging terms is discussed in the following sections.

2.4.1. Conservation of mass
The total mass balance is enforced at each axial level to close the

system of equations, rather than solving the mass conservation equation
for each SC:
𝑁𝑠𝑢𝑏𝑐
∑

𝑖=1
𝛥�̇�𝑖 =

𝑁𝑠𝑢𝑏𝑐
∑

𝑖=1
𝐴𝑖

(

𝑣𝑖,𝑧 + 𝛥𝑣𝑖
)

𝛥𝜌𝑖 +
𝑁𝑠𝑢𝑏𝑐
∑

𝑖=1
𝐴𝑖𝜌𝑖,𝑧𝛥𝑣𝑖 = 0 (17)

A more compact notation is the following:
𝑁𝑠𝑢𝑏𝑐
∑

𝑗=1

(

𝐶𝜌𝑖𝛥𝜌𝑖 + 𝐶𝑣𝑖𝛥𝑣𝑖
)

= 0 (18)

where:

𝐶𝜌𝑖 = 𝐴𝑖(𝑣𝑖,𝑧 + 𝛥𝑣𝑖) (19)

𝐶𝑣𝑖 = 𝐴𝑖𝜌𝑖,𝑧 (20)

2.4.2. Conservation of energy
First, the term ∑𝑁𝑛𝑒𝑖

𝑗=1 𝑊𝑖𝑗 {ℎ∗} is approximated as 𝐻∗
𝑖
∑𝑁𝑛𝑒𝑖
𝑗=1 𝑊𝑖𝑗 ,

where the auxiliary quantity 𝐻∗
𝑖 is rigorously defined as:

𝐻∗
𝑖 =

∑𝑁𝑛𝑒𝑖
𝑗=1

[

|

|

|

𝑥𝑖𝑗
|

|

|

(

ℎ𝑖 + ℎ𝑗
)

− 𝑥𝑖𝑗
(

ℎ𝑖 − ℎ𝑗
)

]

2
∑𝑁𝑛𝑒𝑖
𝑗=1

|

|

|

𝑥𝑖𝑗
|

|

|

(21)

here 𝑥𝑖𝑗 = 𝛥�̇�𝑖 − 𝛥�̇�𝑗 , thus representing an indicator of the net
ass exchange between SCs 𝑖 and 𝑗 occurring in the axial interval 𝛥𝑧.
owever, it has been observed that using this expression for 𝐻∗

𝑖 could
hinder the code convergence (Lodi, 2017). For this reason, the option
is left to use the simpler approximation 𝐻∗

𝑖 ∼ ℎ𝑖.
By further enforcing the continuity equation to be satisfied, 𝛥�̇�𝑖

𝛥𝑧 =
−
∑𝑁𝑛𝑒𝑖
𝑗=1 𝑊𝑖𝑗 , by exploiting equation (16) and eventually rearranging the

erms, the energy equation for SC 𝑖 can be written as:

𝑆𝑖𝛥𝜌𝑖 + 𝐵𝑖𝛥𝑣𝑖 = 𝑄𝑖𝛥𝑧 + 𝐸𝐸𝑋𝑖 (22)

here:

𝑖 =
(

𝑣𝑖,𝑧 + 𝛥𝑣𝑖
) [

−𝐻∗
𝑖 + ℎ𝑖,𝑧 + 𝑅

(

𝜌𝑖,𝑧 + 𝛥𝜌𝑖
)]

(23)

𝑖 = 𝜌𝑖,𝑧
(

ℎ𝑖,𝑧 −𝐻∗
𝑖
)

(24)

𝐸𝑋𝑖 = −𝛥𝑧
𝐴

𝑁𝑛𝑒𝑖
∑

�̄�𝑖𝑗𝑠𝑖𝑗

[

𝜅𝑖𝑗

( �̄�𝑖𝑗
𝜂

)

+
( 𝜀𝑖𝑗
𝜂

)]

(

ℎ𝑖 − ℎ𝑗
)

(25)

𝑖 𝑗=1 𝑖𝑗 𝑖𝑗
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2.4.3. Conservation of momentum
Axial. First, the term ∑𝑁𝑛𝑒𝑖

𝑗=1 𝑊𝑖𝑗 {𝑣∗} is approximated as 𝑉 ∗
𝑖
∑𝑁𝑛𝑒𝑖
𝑗=1 𝑊𝑖𝑗 ,

here the auxiliary quantity 𝑉 ∗
𝑖 is defined by an expression analogous

o equation (21):

∗
𝑖 =

∑𝑁𝑛𝑒𝑖
𝑗=1

[

|

|

|

𝑥𝑖𝑗
|

|

|

(

𝑣𝑖 + 𝑣𝑗
)

− 𝑥𝑖𝑗
(

𝑣𝑖 + 𝑣𝑗
)

]

2
∑𝑁𝑛𝑒𝑖
𝑗=1

|

|

|

𝑥𝑖𝑗
|

|

|

(26)

This expression for 𝑉 ∗
𝑖 could determine convergence issues which

are similar in nature to those already pointed out for 𝐻∗
𝑖 . For this

reason, the simpler approximation 𝑉 ∗
𝑖 ∼ 𝑣𝑖 is also made available.

As it has been done in Section 2.4.2, by enforcing the continuity
equation to be satisfied, by explicitly writing the term 𝛥�̇�𝑖 and even-
tually rearranging the terms, the momentum equation for SC 𝑖 can be
written as:

𝐸𝑖𝛥𝜌𝑖 + 𝐹𝑖𝛥𝑣𝑖 + 𝛥𝑃 = 𝐺𝑖 +𝑀𝐸𝑋𝑖 (27)

where:

𝐸𝑖 =
(

𝑣𝑖,𝑧 + 𝛥𝑣𝑖
) (

𝑣𝑖,𝑧 + 𝛥𝑣𝑖 − 𝑉 ∗
𝑖
)

+
𝑓𝑖𝛥𝑧
16𝐷𝑒,𝑖

(

2𝑣𝑖,𝑧 + 𝛥𝑣𝑖
)2 +

𝑔𝛥𝑧
2

(28)

𝐹𝑖 = 𝜌𝑖,𝑧

[(

2 +
𝑓𝑖𝛥𝑧
2𝐷𝑒,𝑖

)

𝑣𝑖,𝑧 +
(

1 +
𝑓𝑖𝛥𝑧
8𝐷𝑒,𝑖

)

𝛥𝑣𝑖 − 𝑉 ∗
𝑖

]

(29)

𝐺𝑖 = −𝜌𝑖,𝑧

(

𝑔𝛥𝑧 +
𝑓𝑖𝛥𝑧
2𝐷𝑒,𝑖

𝑣2𝑖,𝑧

)

(30)

𝐸𝑋𝑖 = −𝛥𝑧
𝐴𝑖

𝑁𝑛𝑒𝑖
∑

𝑗=1
�̄�𝑖𝑗𝑠𝑖𝑗

( 𝜀𝑖𝑗
𝜂𝑖𝑗

)

(

𝑣𝑖 − 𝑣𝑗
)

(31)

Radial - flow split model. As anticipated above, in the absence of a
transverse momentum equation, a flow split model is employed to
estimate how the inlet flow rate in the IW region distributes among
the SCs.

According to Eq. (13), the pressure drop among all the SCs is
assumed to be equal. By equating the expressions for the pressure drop
associated to each SC, a set of nonlinear equations is obtained having
as unknowns the flow fractions for each SC 𝑖, 𝑋𝑖 (Lodi, 2017). Starting
from the difference form of Eq. (13):

𝛥𝑃𝑖 = 𝛥𝑃𝑗 ∀𝑖, 𝑗 (32)

For incompressible flow in parallel hydraulic channels of constant
cross sections, 𝛥𝑃 is due to head losses (both localised and distributed)
and to the hydro-static pressure. The latter being approximately equal
for all SCs, the equation can be written as:

𝑣2𝑖
𝑓𝑖
𝐷𝐻,𝑖

𝐿 + 𝜉𝑖𝑣2𝑖 = 𝑣2𝑗
𝑓𝑗
𝐷𝐻,𝑗

𝐿 + 𝜉𝑗𝑣2𝑗 (33)

here 𝐿 is the total axial length of the domain and the form pressure
oss term has been expressed as 𝛥𝑃𝑓𝑜𝑟𝑚 = 1

2𝜌𝜉𝑖𝑣
2
𝑖 , where 𝜉 is the sum of

he localised pressure loss coefficients for SC 𝑖. The term 1
2𝜌 has been

implified in Eq. (33).
𝑓 , 𝐷𝐻 and 𝜉 are shared by SCs of the same type (i.e., having the

ame shape - corner or side - and the same cross section). It is therefore
onvenient to classify SCs among 𝑁𝑐𝑎𝑡 categories before proceeding

to the solution of the flow split system, thus eliminating redundant
equations. In the following, 𝑖 and 𝑗 will therefore indicate different SC
categories.

It is customary to introduce a flow split parameter 𝑋 = 𝑣
𝑣𝑎𝑣𝑒

where
𝑎𝑣𝑒 is the velocity averaged over all the SCs in the domain. Eq. (33)
an then be written as:

𝑋𝑖
𝑋𝑗

=

√

√

√

√

√

√

𝑓𝑗
𝐿

𝐷𝐻,𝑗
+ 𝜉𝑗

𝑓𝑖
𝐿 + 𝜉𝑖

∀𝑖, 𝑗 (34)
6

𝐷𝐻,𝑖
These 𝑁𝑐𝑎𝑡−1 equations must be closed by relying on the continuity
quation:

𝑐𝑎𝑡
∑

𝑖=1

𝑁𝑖𝐴𝑖
𝐴𝑡𝑜𝑡

𝑋𝑖 = 1 (35)

The resulting nonlinear system of equations is solved iteratively.

.4.4. Heat transfer in the wrapper
The wrapper temperature can be computed after having solved the

roblem for the coolant by simply evaluating equation (14) for each
rapper node 𝑚.

.4.5. Matrix form of the system
The solution process involves treating one ‘‘slice’’, that is, one axial

evel, at a time. For each axial level 𝑘, the system of Eqs. (18), (22) and
27) is solved to find the increment 𝛥𝜌𝑖 and 𝛥𝑣𝑖 for each SC, as well as

the pressure drop 𝛥𝑃 , which has been assumed to be equal for all the
Cs. The matrix form of the system of equations is the following:

𝑆1 𝐵1 0 0 … 0 0 0
𝐸1 𝐹1 0 0 0 0 1
0 0 𝑆2 𝐵2 0 0 0
0 0 𝐸2 𝐹2 0 0 1
⋮ ⋱ ⋮
0 0 0 0 𝑆𝑁𝑠𝑢𝑏𝑐

𝐵𝑁𝑠𝑢𝑏𝑐
0

0 0 0 0 𝐸𝑁𝑠𝑢𝑏𝑐
𝐹𝑁𝑠𝑢𝑏𝑐

1
𝐶𝜌1 𝐶𝑣1 𝐶𝜌2 𝐶𝑣2 … 𝐶𝜌𝑁𝑠𝑢𝑏𝑐

𝐶𝑣𝑁𝑠𝑢𝑏𝑐
0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

⎡
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(36)

The solution of system (36) is necessarily iterative due to its nonlin-
ar nature. The problem is initialised by assuming a linear temperature
ncrease based on the total incoming power to the IW region, and
omputing the 𝛥𝜌𝑖 accordingly. The 𝛥𝑣𝑖 are all considered null, whereas
he 𝛥𝑃 is approximated to its hydrostatic value. The linear system
s then solved to update the guess for 𝛥𝜌𝑖, 𝛥𝑣𝑖 and 𝛥𝑃 . The solution
s achieved via either the Gauss Elimination Method or the Greene
ethod suggested in Chen (1984). The procedure is repeated up to

onvergence. The convergence check is posed on 𝛥𝜌𝑖, 𝛥𝑣𝑖 and 𝛥𝑃 , as
ell as on the total mass conservation.

Once the solution for node 𝑘 is available, the values of the unknowns
t the beginning of node 𝑘 + 1 are computed and the procedure is
epeated until all the axial nodes have been processed.

.4.6. Coolant and wrapper temperature calculation
After having solved the system, 𝛥ℎ is determined from the density

ariation according to the relation 𝛥ℎ ∼ 𝑅𝛥𝜌, where 𝑅 =
(

𝜕ℎ
𝜕𝜌

)

. This
eventually allows to determine the temperature 𝑇𝑠𝑐 for each SC at the
axial node between 𝑧 and 𝑧 + 𝛥𝑧 as 𝑇𝑠𝑐 = 𝑇𝑠𝑐,𝑧 +

𝛥ℎ
2𝑐𝑝

.
Once the coolant temperature is known, the wrapper temperature

is simply computed according to Eq. (14) for each wrapper node.

3. Constitutive relations

Constitutive equations are required by TIFONE to compute friction
factors 𝑓 , localised pressure loss coefficients 𝜉, Nusselt numbers 𝑁𝑢
(from which heat transfer coefficients 𝛼 are obtained), conduction
shape factors 𝜅 and eddy diffusivities 𝜀.
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Moreover, a metric for identifying the flow regime in terms of
buoyancy effects is needed to understand whether the problem at hand
falls within TIFONE calculation domain.

3.1. Friction factor

From the hydraulic point of view, LMs behave similarly to more
common fluids such as, e.g., subcooled water (NEA, 2015), hence typi-
cally adopted empirical correlations are applicable. Such correlations
are adapted to the duct geometry relevant for the present work by
means of the hydraulic diameter concept: 𝐷ℎ = 4𝐴∕𝑝𝑤, where 𝑝𝑤 is the
wetted perimeter of the SC, and by a corrective factor which accounts
for the different shape of the SC.

3.1.1. Blasius
Blasius (1913) has proposed a simple correlation for the friction

factor in a smooth circular tube:

𝑓 = 0.316
𝑅𝑒0.25𝐷ℎ

(37)

where 𝑅𝑒𝐷ℎ =
(

𝜌𝑣𝐷ℎ
)

∕𝜇 is the Reynolds number computed using
the hydraulic diameter as the characteristic length. This correlation is
applicable in turbulent regime up to 𝑅𝑒 < 105. No general accuracy is
specified inside the validity range.

3.1.2. Colebrook/Haaland
Colebrook (1939) has proposed an empirical fit of the pipe flow

pressure drop data which is valid for turbulent flow, 𝑅𝑒 < 108:

1
√

𝑓
= −2.0 log

(

𝜖∕𝐷ℎ
3.7

+ 2.51
𝑅𝑒𝐷ℎ

√

𝑓

)

(38)

here 𝜖 represents the surface roughness. An accuracy of ∼ 15% can
e expected from using this formula for a noncircular duct applying the
ydraulic diameter concept.

Haaland (1983) has proposed a formula approximating the Cole-
rook/Moody chart which is explicit in 𝑓 :

1
√

𝑓
= −1.8 log

(

(

𝜖∕𝐷ℎ
3.7

)1.11
+ 6.9
𝑅𝑒

)

(39)

3.1.3. Liang
An experimental setup consisting of three converging gaps and

using deionised water as a working fluid has been employed by Liang
et al. (2021) to validate a numerical model both in laminar and in
turbulent conditions. The validated numerical model has then been
adopted to extrapolate the friction factor correlations to other values
of the channel aspect ratio 𝛽.

The recommended correlation for the friction factor in the IW region
in laminar flow regime (𝑅𝑒 < 2500) is the following:

𝑓 ⋅ 𝑅𝑒 = 𝐶𝑙 (40)

where:

𝐶𝑙 = 96
(

1 + 0.2149𝛽 + 0.01572𝛽2 − 0.0256𝛽3 + 0.02413𝛽4 − 0.008649𝛽5
)

(41)

The authors of this study recommended that the correlation pro-
posed by Sadatomi is used for the turbulent flow regime (𝑅𝑒 >
3200) (Sadatomi et al., 1982) :

𝑓 =
𝐶𝑡

𝑅𝑒0.25
(42)

where 𝐶𝑡 is a geometry factor for turbulent flow, which is computed as:

𝐶𝑡 = 3

√

0.0154
𝐶𝑙 − 0.012 + 0.85 (43)
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𝐶𝑡,0 𝐶𝑙,0 1
here 𝐶𝑡,0 = 0.3164 and 𝐶𝑙,0 = 64 are the constants for circular pipe in
aminar and turbulent regime, respectively, and 𝐶𝑙 can be computed by
eans of Eqs. (40) and (41).

.1.4. Corrective factor for non-circular geometries
To any of the above correlations that is selected to represent a

eference circular duct, a corrective factor is to be introduced to ac-
ount for the actual, non-circular shape of the considered SC. For this,
ccording to the Idelchik handbook (Idelchik, 2007), depending on the
ase-specific conditions, a corrective factor 𝑘non−c can be introduced to
inally obtain the distributed pressure drops.

For laminar flow (𝑅𝑒 < 2000) in rectangular channels the correction
actor lies in the range 0.89 < 𝑘non−c,lam < 1.5, the specific value
epending on the aspect ratio of the channel. The limit for a plane slot
𝑎∕𝑏→ 0), which is the relevant geometry for edge SCs, is 𝑘non−c,lam,edge =
.5.

For turbulent flow (𝑅𝑒 > 2000) in rectangular channels the correc-
ion factor lies in the range 1.0 < 𝑘non−c,turb < 1.1, with the specific
alue depending again on the aspect ratio of the channel. The limit for
plane slot (𝑎∕𝑏→ 0), is 𝑘non−c,turb,edge = 1.1.

.2. Localised pressure loss coefficient

Due to the assumption concerning the geometry of the channel,
he only localised pressure losses are associated to the inlet and outlet
ections (see Fig. 1). The associated pressure loss coefficients – falling
utside the scope of TIFONE – are therefore specified by the user, so
hat the input file and associated reader can include means to provide
uch information.

.3. Nusselt number

To what concerns correlations for the Nusselt number, the litera-
ure review performed in the latest edition of the NEA liquid metal
andbook (NEA, 2015) is here followed.

.3.1. Kays
The correlation by Kays and Leung (1963) is the only one available

or nonuniform heating at the two sides of a rectangular channel:

𝑢
|

|

|

|𝑞𝑤=𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
=

𝑁𝑢0
1 − 𝛾𝜑

(44)

where 𝛾 is a tabulated correction factor and 𝜑 is the heat flux ratio
between the two sides of the duct. Values for 𝑁𝑢0, 𝛾 and 𝜑 as a function
of 𝑅𝑒 and 𝑃𝑟 are provided in Table 1 of Kays and Leung (1963). The
correlation is claimed to be valid for 104 < 𝑅𝑒 < 106 and 0 < 𝑃𝑟 < 1000.

3.3.2. Duchatelle
The correlation provided by Duchatelle and Vautrey (1964) has

been developed for the specific case of a duct with one heated side
and one adiabatic side. This physical situation is anticipated to occur
only for peripheral SCs.

𝑁𝑢 = 5.85 + 0.00341𝑃𝑒1.29 (45)

The correlation is claimed to be valid for 0 ≤ 𝑃𝑟 ≤ 0.04 and
04 ≤ 𝑅𝑒 ≤ 105.

.3.3. Dwyer
The correlation proposed by Dwyer (1965), similarly to the one

roposed by Duchatelle, has been developed for the specific case of a
uct with one heated side and one adiabatic side.

𝑢 = 5.60 + 0.01905𝑃𝑒0.775 (46)

The correlation is claimed to be valid for 0 ≤ 𝑃𝑟 ≤ 0.04 and
04 ≤ 𝑅𝑒 ≤ 105.
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3.3.4. Sleicher/Rouse
In Kawamura et al. (1998), it has been shown that the correlation

proposed by Sleicher and Rouse (1975) agrees well with Direct Nu-
merical Simulation (DNS) results for the case of uniform heating. The
proposed correlation is the following:

𝑁𝑢 = 6.3 + 0.0167𝑅𝑒0.85𝑃𝑟0.93 (47)

which is claimed to be valid for 0.004 < 𝑃𝑟 < 0.1 and 104 < 𝑅𝑒 < 106.

3.4. Internodal mixing

No correlations for the empirical parameters describing the inter-
SC mixing have been found in the literature for the specific geometry
here considered. Due to this limitation, simplifying assumptions are
proposed to be adopted in the current version of TIFONE, which are
discussed in the following.

3.4.1. Conduction shape factor
The conduction shape factor 𝜅 appearing in the term 𝐸𝐸𝑋 of

Eq. (25) is taken equal to one (1.0) for each couple of SCs, due to the
lack of better information. This is believed to represent a reasonable
approximation for the energy exchange between edge SCs due to their
simple geometry. This assumption might instead be questionable for the
energy exchange between an edge SC and a corner SC.

3.4.2. Eddy diffusivity
No correlation for the eddy diffusivity 𝜀𝑖𝑗 has been found in the

literature for the particular SC geometry relevant for TIFONE. There-
fore, the eddy diffusivity is put to zero (0.0) (i.e., the internodal energy
exchange is assumed to be purely conductive). This approach was
adopted also in Basehore and Todreas (1980) for the IW region.

3.5. Criterion for mixed convection

The TIFONE application domain encompasses both the forced and
the mixed convection regimes. For this reason, a figure of merit for
assessing the relevance of buoyancy effects is needed. Jackson (1983)
proposed to use 𝑌𝑚𝑖𝑥 = 𝐺𝑟

𝑅𝑒2
, and for the case of sodium flowing inside

a vertical pipe the following inequality was proposed for the onset of
buoyancy effects:

𝑌𝑚𝑖𝑥 > 0.002 (48)

This value marks the transition between the forced and mixed
convection regimes (an internal boundary within the TIFONE validity
domain) whereas it is more difficult to characterise a priori the limiting
value of 𝑌𝑚𝑖𝑥 for the onset of free convection effects. In this respect, the
comparison with experimental data presented in the following section
offers an opportunity to a posteriori determine this upper bound.

4. Preliminary validation

In this section, the application of TIFONE to the simulation of
recently performed IW flow and heat transfer experiments performed in
the frame of the SESAME project at the THESYS loop within the KALLA
laboratory is presented, together with the comparison with available
measurements.

4.1. Experimental setup

During the experimental campaign here considered, detailed ther-
mal measurements for the IW flow and heat transfer in the gap between
three electrically heated SA simulators cooled by Lead–Bismuth Eu-
tectic (LBE) were obtained. The experimental record is reported in a
SESAME project deliverable (Pacio et al., 2018) and selected results
are contained in a related paper (Pacio et al., 2019). A schematic of
8

Fig. 3. Thermo-couple location for each measurement level.
Source: Reproduced from Pacio et al. (2019) with permission.

Table 1
Main geometrical parameters of the IW flow test section (Pacio et al., 2018).

Quantity Unit Value Meaning

Outer dimensions
𝐹𝐹 mm 65.00 Outer flat-to-flat distance
𝑤 mm 2.0 Wall thickness
𝛿 mm 3.0 Gap width

Bundle dimensions
𝐷 mm 16.0 Rod diameter
𝐿ℎ𝑒𝑎𝑡 mm 600.0 Rod heated length
𝐿𝑡𝑜𝑡 mm 1400.0 Rod total length
𝑃 mm 20.50 Rod pitch
𝑊 mm 20.75 Wall distance

Flow areas
𝐴𝑏𝑑𝑙 mm2 1704.2 Bundle channels (A–C)
𝐴𝑔𝑎𝑝 mm2 331.9 Gap channel (D)

Hydraulic diameters
𝑑ℎ,𝑏𝑑𝑙 mm 10.31 Bundle channels (A–C)
𝑑ℎ,𝑔𝑎𝑝 mm 5.85 Gap channel (D)

the test section cross-section is shown in Fig. 3. The three assemblies
are named A, B and C, respectively, and each gap is referred to by the
names of the neighbouring SAs (AB, BC, AC).

The main geometrical parameters of the test section are reported
in Table 1. The rationale for choosing these parameters is based on
a scaling of the MYRRHA SA design and is described in Pacio et al.
(2019).

The available measurements include:

• radial temperature distribution at two selected axial locations
(𝑧 = 393 mm and 𝑧 = 524 mm) with the sensor layout indicated in
Fig. 3;

• axial temperature distribution at four radial locations, corre-
sponding to the centre of the IW region and to the barycentre
of each gap, respectively;

• local velocity and temperature profiles at the outlet section of gap
AB;

• radial temperature distribution at the outlet of the test section
along the gaps AB and BC.

4.2. TIFONE simulation setup

TIFONE simulations were prepared accounting for the test section
geometry and materials, adopting the measured inlet temperature and
mass flow rates as boundary conditions and imposing an arbitrary
inlet pressure — which does not affect the result. Since the calculation
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𝑞

Fig. 4. Typical ANTEO+ simulation setup (left) and specific ANTEO+ simulation setup adopted in this study for each SA (right).
Table 2
TIFONE input data for symmetric validation cases.

Quantity Unit Case 1 Case 4 Case 6 Case 8

�̇�𝐴𝐵𝐶 - Mass flow rate in each SA kg/s 3.55 3.55 3.55 3.55
�̇�𝐼𝑊 - IW mass flow rate kg/s 0.686 0.517 0.342 0.170
𝑞𝐴𝐵𝐶 - Power generated in each SA kW 30.0 30.0 30.0 30.0
𝑞𝐼𝑊 - Total power to IW flow kW 3.700 3.010 2.160 1.170
𝑞′′ - Surface heat flux kW∕m2 ANTEO+
𝑇𝑖𝑛 - Inlet LBE temperature ◦C 199.25 199.20 199.10 199.10
domain of TIFONE is limited to the inter-wrapper region, a neces-
sary input is the distribution of the heat flux crossing the wrapper
external surfaces, 𝑞′′(𝑠, 𝑧), where 𝑠 is a curvilinear coordinate along
the wrapper external face. Since the available measurements were not
sufficient to perform a reliable reconstruction of the profile, 𝑞′′(𝑠, 𝑧)
was estimated by means of three standalone ANTEO+ simulations, one
for each SA. The resulting 𝑞′′(𝑠, 𝑧) was then interpolated to yield 𝑞′′𝑤,𝑜,𝑚
(see Eq. (9)), which is used to compute the equivalent heat source term
̇𝑒𝑞,𝑖 appearing in the TIFONE energy equation (4).

The current version of ANTEO+ assumes that each wrapper face is
cooled by the IW flow, see Fig. 4 (left). Moreover, IW heat transfer
is completely neglected (the dash-dotted line in Fig. 4 (left) is an
adiabatic boundary). This results in a simulation setup which is not
fully representative for the physical case at hand. For this reason,
an ad-hoc modification of ANTEO+ was performed, resulting in the
setup schematised in Fig. 4 (right), which more closely represents the
experimental setup, accounting for four adiabatic sides of the wrapper.

The computed axial heat flux distribution for each face was passed
to TIFONE, after having been rescaled to match the total measured heat
transfer to the IW coolant, if available. A couple of remarks should
be made concerning this approach to estimate the heat flux across
the wrapper. First, local effects such as spatially periodic temperature
variations associated to the presence of the wire could not be accounted
for. Second, a self-consistent coupling of TIFONE to SA codes such as
ANTEO+ itself was not yet implemented at the time of writing this
article but is foreseen in perspective to achieve a full-core TH solution.

As far as constitutive relations are concerned, for all the simulations
presented thereafter the ‘‘default’’ TIFONE settings have been em-
ployed. This implies using the friction factor correlations recommended
by Liang for both laminar and turbulent conditions, with the exception
of corner SCs in turbulent conditions, for which the Haaland correlation
was employed. For the Nusselt number, the correlation by Sleicher and
Rouse was adopted.

4.3. Symmetric cases

Symmetric experimental cases are characterised by a uniform power
input to the three SAs. In this section, four of these cases, labelled as
1, 4, 6 and 8 in Pacio et al. (2018), are considered. These cases are
characterised by a progressive reduction in the IW flow rate, in turn
resulting in reduced heat losses from the SAs, see Table 2.
9

Fig. 5 (left) shows the computed and measured axial profiles of
the normalised SC temperature increase 𝛥𝑇 along the corner SC. 𝛥𝑇
is defined as:

𝛥𝑇 =
𝑇 − 𝑇 𝑖𝑛𝑙𝑒𝑡

𝑇 𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇 𝑖𝑛𝑙𝑒𝑡
(49)

where 𝑇 is either the measured local temperature or the computed SC-
averaged temperature, whereas 𝑇 𝑖𝑛𝑙𝑒𝑡 and 𝑇 𝑜𝑢𝑡𝑙𝑒𝑡 represent the average
inlet and outlet temperatures to the test section, respectively. Compari-
son with experimental data points shows a good agreement, suggesting
that the axial shape of the heat flux crossing the wrapper is well
reproduced. Nonetheless, a discrepancy towards the top of the channel
for the corner SC can be noticed, which will be further investigated in
the following.

Fig. 5 (right) shows the computed and measured axial profiles of
𝛥𝑇 at radial locations placed at the half length of each side. The
computed values are very similar among the three wings due to the
almost symmetric BCs provided by the three ANTEO+ simulations (see
again Table 2). The measured temperature increases show instead some
asymmetries, which are likely due to local effects associated e.g., to the
presence of the wire.

Fig. 6 (left) shows the comparison between the computed and
measured profiles of the normalised temperature increase at the outlet
section. Finely sampled profiles were only available along gap AB. As
for the other gaps, only three points per gap were sampled. The compar-
ison between the computed and measured temperature increases shows
a very good agreement, the largest discrepancies being at the gap centre
(as it was already noticed in Fig. 5) and at the gap end.

Fig. 6 (right) shows instead the comparison between the computed
and measured profiles at the outlet section for the normalised velocity
𝑣, defined as:

𝑣 = 𝑣
𝑣𝑜𝑢𝑡𝑙𝑒𝑡

(50)

where 𝑣 is either the measured local axial velocity or the computed SC-
averaged axial velocity, and 𝑣𝑜𝑢𝑡𝑙𝑒𝑡 is the average velocity at the outlet
of the test section. The measured velocities appear to be always larger
than the computed ones. This is likely caused by the local nature of
the velocity measurements, catching the value at the gap centreline,
whereas TIFONE computes an average SC velocity. Accounting for this
intrinsic offset, it can be stated that TIFONE overestimates the local

velocity for the corner SC and underestimates it for the end of the
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Fig. 5. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region (left) and at the centre of each gap (right) for Case 1.
Fig. 6. Computed and measured profiles of the normalised temperature increase (left) and of the normalised velocity (right) at gap outlet for case 1.
gap, causing the above described deviations of the computed profile of
the normalised temperature increase with respect to the measured one.
It can also be noticed that the cusp computed at 5 mm from the gap
centre is a nonphysical behaviour following from having neglected the
inter-SC friction. These results suggest that, while the presented results
are promising, a better treatment of both friction factor for the non-
edge SCs and of inter-SC momentum exchange will be beneficial for
the accuracy of the TIFONE calculation. These improvements may rely
on experiments or detailed calculations to derive correlations for the
eddy diffusivity in the considered gap geometry.

As mentioned in the introduction, one of the main requirements for
TIFONE is the accurate calculation of the possibly different temperature
distributions at each side of the wrapper. In this respect, to provide a
preliminary qualification of the capabilities of the proposed approach
involving ANTEO+ and TIFONE, the simulation results were compared
to temperature measurements available at the radial locations indicated
in Fig. 3 for two distinct axial levels (at 𝑧 = 393 mm and 𝑧 =
524 mm, respectively). The results of this comparison for case 1 are
shown in Fig. 7 (left) and Fig. 7 (right) for the lower and upper
measurement level, respectively. As for the simulation results reported
in the figure, the first and last radial points (which are located inside
the hexagonal assemblies) refer to ANTEO+ results, whereas the others
refer to TIFONE results. Again, computed values are very similar among
the three wings due to the almost identical BCs adopted for ANTEO+,
which translates in almost identical BCs for TIFONE. The measured
values show instead noticeable asymmetries, likely associated to local
effects such as the presence of the wire which cannot be reproduced by
codes based on the SC method. Having taken this intrinsic limitation
into account, it can be stated that the code is capable of retrieving the
basic physical feature of the solution, resulting in qualitative agreement
with experimental data.

For the three further symmetric cases, as for case 1, the axial
evolution of the normalised temperature increase is well reproduced,
see Figs. 8 and 9, apart from the above-mentioned deviation close to
the top of the test section, which is again found in case 4. Fig. 10 also
10
shows a very good agreement on the normalised temperature increase
profile along the AB gap for cases 4 and 6. For case 8, instead, the
agreement is significantly worse. This can be explained in terms of the
lower flow rate, implying that buoyancy effects play a dominant role,
so that the mixed convection assumption is no longer valid, thus falling
outside the anticipated TIFONE application domain.

As mentioned in Section 3.5, the availability of experimental data
represents an opportunity to quantitatively estimate the upper bound
of the validity range for the mixed convection model implemented in
TIFONE in terms of 𝑌𝑚𝑖𝑥. To this purpose, here and thereafter, each
case is characterised in terms of the maximum computed 𝑌𝑚𝑖𝑥, that
is, the maximum computed 𝑌𝑚𝑖𝑥 normalised with respect to the value
corresponding to the onset of mixed convection effects, 𝑌 ∗

𝑚𝑖𝑥 = 0.002:

𝑌𝑚𝑖𝑥 =
𝑌𝑚𝑖𝑥
𝑌 ∗
𝑚𝑖𝑥

=
𝑌𝑚𝑖𝑥
0.002

(51)

Evaluating 𝑌𝑚𝑖𝑥 for the cases 1, 4, 6 and 8 yielded 0.95, 1.4, 2.5 and
13, respectively.

4.4. Asymmetric cases with �̇�𝐶 reduced by 20%

The first set of asymmetric cases here considered was obtained
by reducing the flowrate in assembly C by 20% with respect to the
cases described above, and then performing the same progressive re-
duction in the IW flow rate. The cases were labelled as 42, 45, 48
and 51, respectively, in Pacio et al. (2018). The resulting experimental
parameters are summarised in Table 3.

The asymmetric setup results in non-negligible inter-SA heat trans-
fer, which would require, in principle, an actual coupling of TIFONE
with ANTEO+ (not implemented here).

Considering case 42 first, Fig. 11 shows that the axial evolution of
the normalised temperature increase along the corner SC appears to be
correctly retrieved. The radial profile at the outlet is also in satisfactory
agreement with experimental data, see Fig. 12 (left). In both cases, the
code correctly reproduces the different behaviour of the AB gap (which
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Fig. 7. Computed and measured radial distributions of the normalised temperature increase around the gap region at axial locations 393 mm (left) and 524 mm (right), for case 1.
The shaded grey area indicates the radial extension of the wrapper.
Fig. 8. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region for cases 4 (left), 6 (centre) and 8 (right).
Fig. 9. Computed and measured axial evolution of the normalised temperature increase at the centre of each gap for cases 4 (left), 6 (centre) and 8 (right).
Fig. 10. Computed and measured profiles of the normalised temperature increase at gap outlet for cases 4 (left), 6 (centre) and 8 (right).
Table 3
TIFONE input data for validation cases with 20% reduction of the flowrate in assembly C.

Quantity Unit Case 42 Case 45 Case 48 Case 51

�̇�𝐴𝐵 - A and B mass flow rate kg/s 3.55 3.55 3.55 3.55
�̇�𝐶 - C mass flow rate kg/s 2.86 2.86 2.86 2.86
�̇�𝐼𝑊 - IW mass flow rate kg/s 0.686 0.517 0.342 0.170
𝑞𝐴𝐵𝐶 - Power generated in each SA kW 30.0 30.0 30.0 30.0
𝑞𝐼𝑊 - Total power to IW flow kW 4.000 3.260 2.340 1.270
𝑞′′ - Surface heat flux kW∕m2 ANTEO+
𝑇𝑖𝑛 - Inlet LBE temperature ◦C 199.25 199.20 199.10 199.10
11
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Fig. 11. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region (left) and at the centre of each gap (right) for Case 42.
Fig. 12. Computed and measured profiles of the normalised temperature increase (left) and of the normalised velocity (right) at gap outlet for case 42.
Fig. 13. Computed and measured radial distributions of the normalised temperature increase around the gap region at axial locations 393 mm (left) and 524 mm (right), for case
42. The shaded grey area indicates the radial extension of the wrapper.
t
w
c
a
p
a

4

b
w
p
a
t
t

is relatively unaffected by the different behaviour of assembly C) with
respect to the others. These results provide further evidence of the fact
that, in a mixed convection situation (𝑌𝑚𝑖𝑥 = 1.2), TIFONE correctly
reproduces the measured temperature. As for the radial profile of the
normalised velocity, a similar behaviour with respect to the symmetric
cases is retrieved, see Fig. 12 (right).

Fig. 13 shows that the qualitative features of this asymmetric case in
terms of temperatures near the gap, including the different behaviour
of gap AB with respect to AC and BC, are retrieved. Nevertheless, in this
case it is difficult to disentangle the discrepancies associated to the fact
that the effect of the wire is here neglected from those arising from the
lack of self-consistent coupling of neighbouring assemblies. This shall
be the subject of future work.

Similarly to the symmetric cases above, for the three further cases
considered the progressive reduction in the IW coolant flow rate re-
sults in reduced heat losses from the SAs. The axial evolution of the
normalised temperature increase is still reasonably well reproduced for
all cases, see Figs. 14 and 15. Fig. 16 also shows a good agreement
12

I

along the AB gap for case 45 (𝑌𝑚𝑖𝑥 = 1.8). For case 48 (𝑌𝑚𝑖𝑥 = 2.8)
he agreement worsens, with some features of the temperature field
hich are missed by the code. For case 51 (𝑌𝑚𝑖𝑥 = 16), similarly to

ase 4 above, buoyancy effects play a dominant role, leading to a bad
greement of the computed and measured temperatures. These results
oint out that a physical situation with 𝑌𝑚𝑖𝑥 = 2.8 is already slightly
bove the mixed convection domain upper bound.

.5. Asymmetric cases with �̇�𝐶 reduced by 40%

The second set of asymmetric cases here considered was obtained
y further reducing the flowrate in assembly C to a value 40% lower
ith respect to the symmetric cases, and then performing the same
rogressive reduction in the IW flow rate. These cases were labelled
s 55, 57, 59 and 61 in Pacio et al. (2018). Table 4 summarises
he parameters adopted for these cases. The asterisk (*) indicates
hat calorimetric measurements for the total power deposited in the
W region were unavailable, therefore the table reports the result of
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Fig. 14. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region for cases 45 (left), 48 (centre) and 51 (right).
Fig. 15. Computed and measured axial evolution of the normalised temperature increase at the centre of each gap for cases 45 (left), 48 (centre) and 51 (right).
Fig. 16. Computed and measured profiles of the normalised temperature increase at gap outlet for cases 45 (left), 48 (centre) and 51 (right).
Table 4
TIFONE input data for validation cases with 40% reduction of the flowrate in assembly C.

Quantity Unit Case 55 Case 57 Case 59 Case 61

�̇�𝐴𝐵 - A and B mass flow rate kg/s 3.6 3.6 3.6 3.6
�̇�𝐶 - C mass flow rate kg/s 2.21 2.15 2.15 2.15
�̇�𝐼𝑊 - IW mass flow rate kg/s 0.686 0.517 0.342 0.170
𝑞𝐴𝐵𝐶 - Power generated in each SA kW 30.0 30.0 30.0 30.0
𝑞𝐼𝑊 - Total power to IW flow (*) kW 4.629 3.660 2.650 1.420
𝑞′′ - Surface heat flux kW∕m2 ANTEO+
𝑇𝑖𝑛 - Inlet LBE temperature ◦C 199.1 199.1 199.0 199.0
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ANTEO+ calculation, which was directly used as an input for TIFONE
without any rescaling. The total power to IW flow is generally larger
with respect to the 20% reduction case, since LBE in bundle C reaches
larger temperatures.

Considering case 55 first, Fig. 17 shows that the axial evolution
of the normalised temperature increase along the corner SC is again
correctly retrieved. The radial profile at the outlet is also in satisfactory
agreement with experimental data, see Fig. 18 (left), with the code
correctly reproducing the different behaviour of the AB gap (which is
relatively unaffected by the different behaviour of assembly C) with
respect to the others. This satisfactory behaviour was expected due to
the relatively low 𝑌𝑚𝑖𝑥 = 1.7. As for the radial profile of the normalised
elocity, a similar behaviour with respect to the previously presented
ases is again retrieved, see Fig. 18 (right).

Fig. 19 shows that, as for the previous asymmetric case, the com-
uted and measured temperatures across the gap are in qualitative
greement, with the simulations correctly retrieving the different be-
aviour observed along gap AB with respect to gaps AC and BC, as
ell as the larger temperature inside assembly C.

The three further cases here considered, characterised by a progres-
ive reduction in the IW coolant flow rate, all show a well reproduced
13

m

axial profile of the normalised temperature increase, see Figs. 20 and
21. Fig. 22 also shows a very good agreement on the profile of the
normalised temperature increase along the AB gap for case 57 (𝑌𝑚𝑖𝑥 =
2.4). For case 59 (𝑌𝑚𝑖𝑥 = 3.8) the agreement worsens, with some
eatures of the temperature field which are missed by the code. For
ase 61 (𝑌𝑚𝑖𝑥 = 20) buoyancy effects play a dominant role, leading to a
reakdown of the mixed convection assumption with a consequent bad
greement of the computed profiles with respect to the measured ones.

.6. Asymmetric cases with unheated bundle C

The last set of experimental cases considered in this paper was
btained by leaving bundle C unheated, and then performing the same
rogressive reduction in the IW flow rate. The resulting cases were
abelled 32, 34, 36 and 38, respectively, in Pacio et al. (2018). Table 5
ummarises the parameters adopted for these cases.

Considering case 32 first, Fig. 23 shows that the axial evolution
f the normalised temperature increase along the centreline of each
ap appears to be correctly retrieved, whereas for the gap centre a
arger discrepancy with respect to the previous cases can be found,

ainly due to the already commented overestimation of the corner SC
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Fig. 17. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region (left) and at the centre of each gap (right) for Case 55.
Fig. 18. Computed and measured profiles of the normalised temperature increase (left) and of the normalised velocity (right) at gap outlet for case 55.
Fig. 19. Computed and measured radial distributions of the normalised temperature increase around the gap region at axial locations 393 mm (left) and 524 mm (right), for case
55. The shaded grey area indicates the radial extension of the wrapper.
Fig. 20. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region for cases 57 (left), 59 (centre) and 61 (right).
elocity. On top of that, this case is more severely affected by the lack
f self-consistent coupling between ANTEO+ and TIFONE.

The radial profile of the normalised temperature increase at the
utlet is also in good agreement with experimental data, see Fig. 24
left), apart from an offset which was traced back to the lack of
elf-consistent coupling rather than to buoyancy effects which should
ere be under control (𝑌 = 0.90). As for the radial profile of the
14

𝑚𝑖𝑥
normalised velocity, a behaviour similar to the previously analysed
cases is retrieved, see Fig. 24 (right).

Fig. 25 shows that even in the most challenging situation for AN-
TEO+/TIFONE among those considered in this paper, characterised by
the unavailability of calorimetric measurements and by strong asym-
metries between assembly C and the others, a good qualitative agree-
ment is retrieved between the computed and measured values of the
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Fig. 21. Computed and measured axial evolution of the normalised temperature increase at the centre of each gap for cases 57 (left), 59 (centre) and 61 (right).
Fig. 22. Computed and measured profiles of the normalised temperature increase at gap outlet for cases 57 (left), 59 (centre) and 61 (right).
Table 5
TIFONE input data for asymmetric validation cases with unheated bundle C.

Quantity Unit Case 32 Case 34 Case 36 Case 38

�̇�𝐴𝐵 - A and B mass flow rate kg/s 3.6 3.6 3.6 3.6
�̇�𝐶 - C mass flow rate kg/s 2.86 2.86 2.86 2.86
�̇�𝐼𝑊 - IW mass flow rate kg/s 0.69 0.52 0.34 0.17
𝑞𝐴𝐵 - Power generated in each SA kW 30.0 30.0 30.0 30.0
𝑞𝐼𝑊 - Total power to IW flow(*) kW 2.254 1.849 1.342 0.757
𝑞′′ - Surface heat flux kW∕m2 ANTEO+
𝑇𝑖𝑛 - Inlet LBE temperature ◦C 199.2 199.1 199.1 199.0
Fig. 23. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region (left) and at the centre of each gap (right) for Case 32.
Fig. 24. Computed and measured profiles of the normalised temperature increase (left) and of the normalised velocity (right) at gap outlet for case 32.
15
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Fig. 25. Computed and measured radial distributions of the normalised temperature increase around the gap region at axial locations 393 mm (left) and 524 mm (right), for case
32. The shaded grey area indicates the radial extension of the wrapper.
Fig. 26. Computed and measured axial evolution of the normalised temperature increase at the centre of the IW region for cases 34 (left), 36 (centre) and 38 (right).
Fig. 27. Computed and measured axial evolution of the normalised temperature increase at the centre of each gap for cases 34 (left), 36 (centre) and 38 (right).
Fig. 28. Computed and measured profiles of the normalised temperature increase at gap outlet for cases 34 (left), 36 (centre) and 38 (right).
ormalised temperature increase at radial locations for which mea-
urements are available. The quantitative features are followed by the
imulations even better than in previous cases, especially for what
oncerns assembly C, which is likely associated to the fact that the
resence of the wire has a negligible effect for an unheated assembly.

For the three further cases here considered, characterised by a pro-
ressive reduction in the IW coolant flow rate, the axial evolution of the
ormalised temperature increase is again reasonably well reproduced,
ee Figs. 26 and 27. Fig. 28 also shows a good agreement on the profile
f the normalised temperature increase along the AB gap for cases 34
𝑌𝑚𝑖𝑥 = 1.3) and 36 (𝑌𝑚𝑖𝑥 = 2.1). Case 38, instead, is characterised
y 𝑌𝑚𝑖𝑥 = 12 and indeed, as expected, TIFONE cannot reproduce the
hysical behaviour in this case.
16
4.7. Summary

It is convenient to summarise the results of the preliminary valida-
tion of TIFONE here presented, in terms of deviation of the computed
values from the available measured ones. This can be regarded as a
preparatory step towards the qualification of the code, following the
approach already being adopted, e.g., for ANTEO+ (Lodi and Grasso,
2022).

The available validation domain involved only one specific geo-
metrical configuration, characterised by a single corner. This means
that future work is needed to qualify TIFONE in more reactor-relevant
geometries. As far as Reynolds numbers are concerned, values be-
tween approximately 1400 and 6000 were considered. As for buoyancy
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Fig. 29. Summary of validation results for cases with 𝑌𝑚𝑖𝑥 ≤ 2.5: SC temperatures along gap AB (left) and wall temperatures (right). Different symbols are used for each set of
cases (see legend on left plot), while different colours are used for each individual case (see legend on right plot).
Fig. 30. Summary of validation results for cases with 𝑌𝑚𝑖𝑥 > 2.5: SC temperatures along gap AB (left) and wall temperatures (right). Different symbols are used for each set of
cases (see legend on left plot), while different colours are used for each individual case (see legend on right plot).
effects, values of 𝑌𝑚𝑖𝑥 between 0.9 and 20 were found, although it
was observed that TIFONE only reproduces the experimental results
reasonably well for 𝑌𝑚𝑖𝑥 ≲ 2.5.

Fig. 29 shows a graphical summary of the comparison between com-
puted and measured values for cases with 𝑌𝑚𝑖𝑥 ≲ 2.5. Consistently with
the rest of the paper, normalised temperature values 𝛥𝑇 are considered.
The left plot shows that the coolant temperature in the IW region is
generally well described by TIFONE, with the exception of strongly
asymmetric cases with unheated bundle C, where the simulation results
are affected by the lack of a self-consistent coupling with ANTEO+. The
right plot shows instead that results concerning wall temperatures are
subject to a larger dispersion, which can be at least partially traced back
to local effects associated to the presence of the wire, a feature which
cannot be reproduced in ANTEO+ - and, consequently, in TIFONE.

Fig. 30 provides the same graphical summary for cases with 𝑌𝑚𝑖𝑥 >
2.5, for the sake of completeness. As expected, in these cases buoyancy
effects dominate, causing a globally worse agreement.

Tables 6 and 7 summarise the results of the validation exercise in
terms of maximum relative errors and standard deviations for cases
with 𝑌𝑚𝑖𝑥 ≲ 2.5 and 𝑌𝑚𝑖𝑥 > 2.5, respectively. It can be seen the
overall reasonably good agreement with experimental data, and how SC
temperatures increases are globally underestimated by the code, while
the opposite is true for wall temperatures.

5. Conclusions and perspective

In this paper, the design, development and preliminary validation
of a new DOC, TIFONE, for the calculation of the IW flow and heat
transfer in HLMCRs, were presented.

TIFONE provides a very fast solution of the full core IW flow and
heat transfer in forced and mixed convection regime thanks to the
17
Table 6
Relative errors and standard deviations for TIFONE preliminary validation cases with
𝑌𝑚𝑖𝑥 ≲ 2.5.

Quantity Average relative error Standard deviation
[%] [%]

SC temperature −6.026 8.485
Wall temperature 11.37 10.29

Table 7
Relative errors and standard deviations for TIFONE preliminary validation cases with
𝑌𝑚𝑖𝑥 > 2.5.

Quantity Average relative error Standard deviation
[%] [%]

SC temperature −4.604 16.86
Wall temperature −3.015 10.92

adoption of the SC method and thanks to simplifying assumptions such
as the neglection of pressure-driven cross-flows.

A preliminary validation campaign against IW experiments carried
out on the THESYS loop at the KALLA facility confirmed the code
capability to reproduce the measured coolant temperatures for forced
and mixed convection regimes, up to 𝑌𝑚𝑖𝑥 ≲ 2.5. This activity also
pointed out several necessary improvements to the constitutive rela-
tions adopted in TIFONE. Specifically, the friction factor correlations
adopted for corner SCs and the assumptions concerning inter-SC tur-
bulent momentum exchange should be revised, possibly via dedicated
experiments and/or DNS calculations.

On a longer time scale, the development of a full core TH code
capable of self-consistently solving the TH for each SA accounting for
the IW flow and heat transfer will be pursued. The simplest way to
tackle this is to couple TIFONE with multiple instances of ANTEO+.
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Another possibility is to couple TIFONE to the TH module of FRENETIC,
a multi-physics (NE+TH) code for steady-state and transient analyses of
LMCRs, which features a 1D TH solution within each SA (Nallo et al.,
2020) - although in this case the radial detail within each SA would be
lost.

Finally, as far as the code qualification is concerned, two lines of
activity are foreseen:

(a) A benchmark against CFD simulations performed adopting the
porous medium approach and considering the ATHENA facility
is foreseen, to test TIFONE in a more reactor-relevant geom-
etry (LR-D-S-190, 2015; Cioli Puviani et al., 2024). Another
possibility is to compare the TIFONE results presented in this
paper against CFD simulations performed for the same exper-
imental setup here considered (Uitslag-Doolaard et al., 2019),
to shed light on the origin of the discrepancies with respect to
experimental data.

(b) Other facilities including IW flow and heat transfer effects are
planned, including CLEAR-S and ATHENA itself. The result-
ing datasets shall be employed for further validating TIFONE,
with specific focus on effects associated with multi-SA con-
figurations (Wu, 2016). Instead, experiments performed in the
PLANDTL facility (see Nishimura et al., 2000) cannot be em-
ployed to further validate TIFONE, since the physical situation
realised in these experiments falls outside the TIFONE applica-
tion domain. Indeed, the latter is limited to cases where the IW
gap is fed from the bottom as a result of a bypass of the core
mass flow rate, resulting in a dominant axial velocity compo-
nent, while in PLANDTL experiments the IW flow resulted from
buoyancy-driven lead motion between the inter-wrapper region
itself and the upper plenum.
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