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A B S T R A C T   

A porous medium-based representation of nuclear reactors and complex engineering systems more in general can significantly reduce simulation and modelling costs, 
while preserving a reasonable degree of accuracy via regime map-based correlations for modelling physical interactions. This paper presents a segregated algorithm 
for the simulation of dispersed two phase flows in such systems treated as porous media in an Eulerian framework. The global algorithm pertaining to the coupling 
between the mass, momentum and energy conservation equations solution is discussed and implemented via the finite volume OpenFOAM programming library. In 
the context of pressure–velocity coupling, a novel implementation of the Partial Elimination Algorithm for the treatment of the inter-phase momentum transfer term 
is developed. It is found to perform better than existing implementations for a number of cases with important momentum coupling between phases. A conclusive 
verification of the overall solution algorithm is performed with the Method of Manufactured Solutions and order-of-accuracy testing. From an implementation 
perspective, the performance of the algorithm in parallel strong scaling up to 4096 cores is assessed and proves to be in line with OpenFOAM-based code standards.   

1. Introduction 

The simulation of multi-phase fluid and heat dynamics in complex 
engineering systems often results in a trade-off between complexity in 
the physics and in the geometric modelling. With an increasingly 
detailed modelling of the system geometry, the resolution of boundary 
layers and phase interfaces allows the estimation of momentum, heat 
and mass transfer via first principles. However, this comes at the cost of 
significant computational burdens. Conversely, any major simplification 
to the geometric representation needs to be compensated by an adequate 
choice of models for the aforementioned momentum, heat and mass 
transfer, generally in the form of system or fluid-specific experimental 
correlations. Notwithstanding the steady increase of available compu-
tational resources to the scientific community, the possibility of 
exploiting geometrical simplifications by taking advantage of estab-
lished experimental correlations remains of interest for complex engi-
neering systems modelling. In this context, the porous medium 
approximation based on volume averaging techniques (Whitaker, 1985) 
has enjoyed a wealth of applications for Navier–Stokes flows both in 
single-phase and multi-phase scenarios, thus outside its traditional do-
mains of Darcy and Brinkman-Forchheimer flows in microscopically 
porous media (Kozelkov et al., 2018). These applications range from 
flows through internal combustion engine silencers (Montenegro et al., 
2013), fibrous materials and rod arrays (Penha et al., 2011), media 

obstructed by macroscopic debris (Colas et al., 2019), gas turbines (Ford 
et al., 2013), boilers (Hovi et al., 2016), condensers and heat exchangers 
in general (Kim et al., 2019). 

In the nuclear field, several codes take advantage of a porous- 
medium approach, such as BACCHUS-3D (Bottoni et al., 1987), TWO-
POROFLOW (Chavez et al., 2018) and, more recently, various 
OpenFOAM-based (Weller et al., 1998; OpenCFD, 2021) single-phase 
solvers such as GeN-Foam (Fiorina et al., 2015) and other reactor- 
specific solvers (Clifford, 2013), with applications to fuel elements 
(Radman et al., 2019; Yu et al., 2015; Sarkar et al., 2018) as well as 
whole nuclear reactor cores (Vanderhaegen et al., 2011; Sipaun and 
Usman, 2015; Abbassi et al., 2016). One may notice also that the widely 
employed sub-channel codes can be considered as a non-isotropic 
declination of the porous-medium approach. Porous-medium (and sub- 
channel) approaches are normally employed to achieve higher accu-
racy with respect to legacy 1-D system codes. Furthermore, the porous- 
medium approach presents some advantages that fit well the growing 
interest towards high-fidelity multi-physics applications. A first advan-
tage is that the porous-medium equations revert back to standard 
Navier–Stokes RANS equations in clear-fluid (i.e. non-porous) regions. 
This allows for a seamless integration of porous-medium and fine-mesh 
RANS approaches, which in turns allows for implicitly coupled simula-
tions e.g. of core and plena in Light Water Reactors (LWRs), or core and 
pools in Sodium Fast Reactors (SFRs). In addition to this, the porous 
medium approach can be developed based on common unstructured 
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mesh formats. This allows for a straightforward integration in multi- 
physics applications via the use of standard algorithms for mesh-to- 
mesh projection, without the need of developing code-specific and 
error-prone message-passaing interfaces. 

This paper presents a novel segregated algorithm for the treatment of 
dispersed two-phase flows in nuclear reactors or other complex engi-
neering systems that can be modelled via a porous-medium approach. 
The algorithm allows modelling all essential components of porous- 
medium flows, including: 1) modelling of structure anisotropy via tor-
tuosity tensors; 2) tensorial approach to modelling of fluid–structure 
drag; 3) fluid-coupled models for the treatment of structure heat sources; 
4) flexible flow regime map representation of transfer models (i.e. drag, 
heat, mass transfer). The algorithm has been implemented based on the 
OpenFOAM C++ numerical library (Jasak, 2009; Weller et al., 1998; 
OpenCFD, 2021) in the context of the activities carried out at the EPFL/ 
LRS and aimed at the development of an OpenFOAM-based platform for 
nuclear reactor analysis (Fiorina et al., 2016; Fiorina et al., 2017; Sco-
laro et al., 2020; Fiorina, 2019). It will be used to complement the GeN- 
Foam solver with two-phase flow capabilities, aiming at the multi- 
physics analysis of BWRs, accidental transients in SFRs, and helium 
bubbling in Molten Salt Reactors. 

In particular, the focus of the present paper is on: 1) description of 
the algorithms for the solution of the continuity, momentum and energy 
conservation equations, with special regard to a novel implementation 
of a Partial Elimination Algorithm (PEA) (Spalding, 1980) for the solu-
tion of the pressure–velocity coupling; 2) verification of the numerics via 
the Method of Manufactured Solutions (MMS) (Salari and Knupp, 2000); 
3) assessment of the performance of the PEA against alternative solution 
approaches. 

The paper is organized as follows. Section 2 provides a description of 
the code algorithms and numerics, inclusive of their derivation. Section 
3 deals with code verification by the Method of Manufactured Solutions. 
In Section 4, the performance of the novel Partial Elimination Algorithm 
is assessed. This is performed for a variety of cases, ranging from a 1-D 
sodium boiling case to a standard two-phase OpenFOAM test case, 
namely a 2-D problem concerning bubble injection in a water column. In 
Section 5, the strong scaling of the solver up to 4096 processor cores is 
assessed. In Section 6, conclusions are drawn and future work perspec-
tives are provided. 

2. Modelling, algorithms and numerics 

We employ a dispersed Eulerian formalism for the segregated 

mathematical description of two-phase flows with shared pressure in 
porous media. By Euler-Euler we mean that both phases1 are described 
in an Eulerian frame of reference, which translates into a mathematical 
description of phase fields as inter-penetrating continua. These phases 
are tracked via their volume fractions, with each phase being governed 
by its own set of equations for mass, momentum and energy conserva-
tion. By dispersed we mean that the physical interface between the two 
fluids is not explicitly tracked nor resolved by the mesh. The choice of a 
dispersed framework for the interface treatment is consistent with the 
adoption of a porous medium approach for the fluid–structure interface. 
By segregated we mean that each set of equations is solved indepen-
dently via the construction of individual linear systems, whose coupling 
is resolved via iterations. The choice of a segregated algorithm was taken 
due to the ease of implementation, smaller memory requirements, easier 
matrix preconditioning, the possibility to selectively resolve non- 
converged physics, and the possibility of sub-cycling, namely the use 
of different time steps for the different physics, according to their nu-
merical requirements. The implemented conservation equations are 
discussed in subSection 2.1 while their solution algorithms, inclusive of 
the novel implementation of the Partial Elimination Algorithm, are 
presented in subSection 2.2. 

2.1. Main equations 

2.1.1. Continuity equation 
The general form of the compressible continuity equation for the i-th 

phase is: 

∂
∂t
(αiρi)+∇⋅(αiρiui) = Γi (2.1) 

Compressibility effects due to density changes can be isolated on the 
left-hand-side by expanding the derivative terms: 

∂
∂t

αi +∇⋅(αiui) =
Γi

ρi
+ Ci(ρi(p)) (2.2)  

Ci(ρ(p)) = −
1
ρi

((
∂
∂t

ρi)αi +∇ρi⋅(αiui)

)

(2.3) 

The compressible term Ci(ρ(p)) is evaluated explicitly and the phase 
fraction equations is solved via the Multidimensional Universal Limiter 

Nomenclature 

Nomenclature 
α Volumetric phase fraction ( − )

δ Characteristic mesh cell dimension (m)

∊ Numerical error (⋅)
ε Specific turbulent kinetic energy dissipation rate (m2

s3 )

Γ Volumetric mass source/sink ( kg
m3s)

κ Thermal conductivity ( W
m K)

μ Molecular viscosity (Pa s)
ν Kinematic diffusivity (m2

s )

ρ Density (kg
m3)

τ Structure tortuosity tensor when modelled by porous 
medium ( − )

ϕ Superficial flux (m3

s )

ϕα Volumetric flux (m3

s )

ξ Continuity error ( kg
m3s)

Ω Computational domain 
a Thermal diffusivity (m2

s )

Dh Hydraulic diameter or phase characteristic dimension (m)

ep Parallel efficiency ( − )

g Gravitational acceleration (m
s2)

h Enthalpy (J)
H Heat transfer coefficient ( W

m2K)

i, j Phase indices, either 1 or 2 
k Specific turbulent kinetic energy (m2

s2 )

K, K Dimensional drag factor, scalar for fluid–fluid drag, tensor 
for fluid–structure drag ( kg

m3s)

p Pressure (Pa)
Q Volumetric heat flux (W

m3)

T Temperature (K)
u Velocity (m

s )

V Volume (m3)

Vm Virtual mass coefficient ( − )

1 As a remark, the terms “fluid” and “phase” will be used interchangeably. 
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with Explicit Solution (MULES) algorithm (Weller, 2008), which is a 
particular instance of a Flux Corrected Transport (FCT) technique (Boris 
and Book, 1997). The overall idea behind FCT and MULES is outlined in 
subSection 2.2.1. 

2.1.2. Momentum conservation equations 
The general form of the momentum conservation equation for the i- 

th phase is:  

in which the second term on the left hand side is the divergence of the 
deviatoric stress tensor treated with the Stokes hypothesis. The porous 
structure tortuosity tensor figures as τ, and, for ease of visualization, one 
can think of the whole effective kinematic viscosity term being modelled 
no longer as scalar but as a tensor in the form νiτ. Other source terms 
have been grouped in Su,i: 

Su,i = Kij(uj − ui) − Kis⋅ui + Vmρc(
∂
∂t

ui + ui⋅∇ui −
∂
∂t

uj) + Γj→iuj − Γi→jui

+ αiρig + ξiui

(2.5)  

which are, respectively, the fluid–fluid drag, fluid–structure drag, vir-
tual mass force, momentum source due to mass transfer from phase j to i 
and sink due to mass transfer from phase i to j, the gravitational term, 
and a purely numerical correction that accounts for continuity errors. 
The fluid–fluid drag factor is scalar by nature while the fluid–structure 
drag factor is a tensor that accounts for the potential anisotropy of the 
structure. The fluid–fluid drag and its numerical treatment via the Par-
tial Elimination Algorithm in the pressure–velocity coupling procedure 
will be discussed more in detail in sub-Section 2.2.2. The fluid–structure 
drag is treated semi-implicitly as: 

Kis⋅ui =
1
3

tr(Kis)ui +

(

Kis −
1
3

tr(Kis)I
)

⋅ui  

where tr(⋅) denotes the matrix trace operator. The fluid–structure drag 
coefficients Kis are computed starting from a single total structure drag 
coefficient Ks. In turn, this is calculated starting from the single phase 
drag coefficient of the continuous phase and the well know two-phase 
drag multiplier method. The actual multiplier and drag coefficient 
models are selectable at run time and will not be discussed for the 
remainder of this work. Lastly, by the continuity error ξ we mean the 
numerical evaluation of Eq. (2.1) so that: 

ξi =
∂
∂t
(αiρi)+∇⋅(αiρiui) − Γi  

which should physically be null at all times. These continuity errors are a 
consequence of the segregated nature of our algorithm. Once evaluated, 
they can be used explicitly to correct Eqs. (2.1), (2.4), (2.6) which was 
also observed to help stabilizing the solution. 

2.1.3. Energy conservation equation 
The energy conservation equation for each phase is formulated and 

solved in terms of its enthalpy hi with an explicit contribution from 
specific kinetic energy eK,i =

1
2ui⋅ui as: 

∂
∂t
(αiρi(hi + eK,i))+∇⋅(αiρiui(hi + eK,i)) − ∇⋅(αiaiτ⋅∇hi)

= − αi
∂
∂t

p+ αiρiui⋅g+ Siδ + Ss + Si,Γ + ξi(hi + eK,i) (2.6) 

The source terms on the left-hand side consist of the pressure-work 
term, gravitational work, interfacial heat transfer, source due to struc-
ture heat sources, mass transfer and a numerical correction term to ac-

count for numerical deviations from mass conservation, as seen when 
discussing the momentum equation. 

The interfacial fluid heat transfer Siδ is treated via a two-resistance 
model, which considers that the bulk of each phase does not exchange 
heat directly with the bulk of the other phase, but with the fluid–fluid 
interface. This source contribution can be modelled as 
Siδ = HiδA

′′′

δ (Tδ − Ti) with Hiδ being the bulk-interface heat transfer co-
efficient for phase i,A′′′

δ the interfacial area density and Tδ the interfacial 
temperature. It is clear that an interfacial source term expressed in terms 
of a temperature difference cannot be treated implicitly when solving for 
enthalpy. However, by linearizing enthalpy around the latest available 
phase enthalpy h*

i corresponding to T*
i , the source can be re-written as: 

Siδ = HiδA’’’
δ

(
1

Cp,i
(h*

i − hi) + Tδ − T*
i

)

(2.7) 

In general, all heat sources are treated semi-implicitly via enthalpy 
linearization as it increases the diagonal dominance of the resulting 
discretized energy conservation matrix. The interfacial temperature Tδ is 
modelled in different ways depending of whether a phase change model 
is used or not. If no phase change model is used, no mass transfer can 
occur between the phases and the temperature is set so to ensure heat 
conservation across the interface: 

Tδ =
H1δT1 + H2δT2

H1δ + H2δ
(2.8) 

If a phase change model is used and mass transfer can occur, the 
interfacial temperature is set to the saturation temperature by a satu-
ration model. The assumption that the interface is always at saturation is 
relatively common in dispersed multiphase flows (Saurel et al., 2016). 
The fluid–structure heat source is treated in a similar way: 

Sis = HisfiA’’’
s

(
1

Cp,i
(h*

i − hi) + Ts − T*
i

)

(2.9)  

which is formally identical to (2.7), except that A′′′

s is the volumetric area 
density of the structure and fi is a regime-dependent factor that quan-
tifies how the fluid–structure contact area is split between the phases, 
with f1 + f2 = 1. This factor is introduced to enable the description of 
transitions in flow geometry e.g. from annular, in which only one fluid 
contacts the structure and thus exchanges heat with it, to inverted- 
annular, in which the fluids switch roles. The structure surface tem-
perature Ts is updated via dedicated models before the solution of the 
energy equation. The last source term Si,Γ is the enthalpy transfer 
associated with mass transfer between the two phases. Currently it is 
computed via a heat conduction limited model (U.S. Nuclear Regulatory 
Commission, 2008), namely: 

Γi = − Γj =
Qj→δ + Qi→δ

hsat,j − hsat,i
(2.10)  

∂
∂t
(αiρiui)+∇⋅(αiρiui ⊗ ui) = − αi∇p+∇⋅(αiρiνiτi⋅(∇ui +(∇ui)

T
−

2
3
(∇⋅ui)I))+Su,i (2.4)   
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with Qi→δ being the volumetric heat flux from phase i to the interface and 
hs,i the saturation enthalpy of phase i. In essence, this formulation 
computes mass transfer so to ensure energy conservation at the inter-
face. Defining Γi,+(r) = max (Γi(r), 0) ∀r as the mass source contribu-
tion, and Γi,− (r) = min (Γi(r), 0) ∀r as the mass sink contribution, the 
enthalpy source due to mass change is modelled as: 

Si,Γ = Γi,+ hsat,i +Γi,− hi (2.11)  

with hsat,i being the enthalpy evaluated at the saturation temperature. In 
qualitative terms, wherever mass transfer acts as a mass source for phase 
i, enthalpy is added at saturation. However, wherever mass transfer acts 
as a sink, enthalpy is removed at the current fluid enthalpy, rather than 
saturation enthalpy. The reason for this is that phase transfer models 
generally depend on super-heat or under-cooling of the phase to drive 
mass transfer. Thus, if mass is being removed from one phase at an 
enthalpy (e.g. the saturation one) different than its current enthalpy, the 
remaining fluid might be left a temperature different than the saturation 
one, and a thermal run-away is possible. These phenomena were high-
lighted during the development of some computer codes for nuclear 
reactor analysis, e.g. the TRACE code of the U.S. Nuclear Regulatory 
Commission (U.S. Nuclear Regulatory Commission, 2008). 

2.2. Solution algorithm 

The solution strategy we have adopted is presented in Fig. 1. It is 
based on a merged PISO-SIMPLE (Issa et al., 1986; Patankar and 

Spalding, 1972) algorithm (PIMPLE). Within each time step, a certain 
number of outer iterations (logically equivalent to SIMPLE iterations, 
even though they are more generally referred to by the global algorithm 
name, i.e. PIMPLE iterations) can be performed to resolve the coupling 
between velocity, pressure and energy. In particular, each outer itera-
tion consists of the following steps:  

1. update the flow regime map. In this context, each flow regime acts as 
a place-holder for different models used to compute the inter-phase 
transfer coefficients. At this step, the spatial extent of every regime 
is assessed based on the flow regime map;  

2. update inter-phase transfer coefficient. These consist of: fluid–fluid 
drag factor Kij, fluid–structure drag factors Kis, fluid bulk-interface 
heat transfer coefficients Hiδ, fluid–structure heat transfer co-
efficients His, fluid–fluid interfacial area density A′′′

δ , fluid–structure 
contact fractions fi and characteristic fluid dimensions Dh,i;. This 
update is performed based on the updated spatial extent of the 
regimes;  

3. the MULES algorithm is used to compute the new phase fractions αi 
and volumetric fluxes ϕα,i starting from the existing face-centered 
superficial fluxes ϕi and the latest available evaluation of 
compressibility effects quantified by Ci (as defined by (2.3)). The 
algorithm can be iterated multiple times within each outer iteration 
to allow for sub-cycling. Sub-cycling consists in solving the phase 
fraction equation a number N of times over a time step N times 
smaller than the global time-step, which allows to ease the time step 

Fig. 1. Flowchart of the solution algorithm. Red arrows indicate that a section (outlined in bold black) consists of a loop (governed by certain conditions). On the 
rightmost side, the different flowchart steps are logically grouped into what we refer to as “components”. 
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limitations imposed by the CFL condition. The MULES algorithm is 
discussed in subSection 2.2.1;  

4. construct the momentum equations, as described in greater detail in 
subSection 2.2.2;  

5. pressure corrector loop. The solution of the pressure equation is 
iterated to resolve the pressure–velocity coupling non-linearity and 
other momentum source terms. This is logically equivalent to the 
PISO loop. Potential pressure gradient non-orthogonality is treated 
via an OpenFOAM-standard non-orthogonal nested corrector loop. 
Velocities ui and superficial fluxes ϕi are updated at the end of each 
pressure correction iteration, as well as the compressibility contri-
butions Ci; 

6. update mass transfer term Γi = − Γj. This is inclusive of the satura-
tion model update and fluid–fluid interfacial temperature Tiδ update; 

7. update/solve structure energy models. Structure surface tempera-
tures Ts are updated according to the specified structure modelling 
options;  

8. solve for phasic enthalpies hi and update fluid temperatures Ti. 

2.2.1. Phase fraction equations and Flux Corrected Transport 
Flux Correct Transport (FCT) was originally devised as a method to 

solve the continuity equations using a hybrid discretization of the 
advective term: less diffusive than a low-order scheme (e.g. upwind) yet 
not resulting in a potentially unbounded phase fraction that a higher- 
order scheme might cause. This is particularly relevant close to steep 
phase fraction gradients, thus to porous structure-clear fluid interfaces 
in a porous medium context. 

Let us consider a finite-volume discretization of the phase fraction 
Eq. (2.2). Subsequent to volume integration and the application of the 
Gauss–Green theorem, it can be re-arranged as: 

∂
∂t

αi +
1
V

∑

cf
ϕα,i,cf =

Γi

ρi
+ Ci (2.12)  

where the second term on the left hand side is the advection contribu-
tion, which can be explicitly evaluated as a sum over cell faces cf of the 
volumetric flux ϕα,i. The core idea of FCT is to construct ϕα,i as a com-
bination of a flux obtained via a low-order interpolation scheme ϕα,i,LO =

(αiui)|f ,LO⋅Sf and a flux obtained via a high-order interpolation scheme 
ϕα,i,HI = (αiui)|f ,HI⋅Sf : 

ϕα,i = ϕα,i,LO + λ (ϕα,i,HI − ϕα,i,LO) (2.13)  

in which λ are limiting factors that quantify the maximum possible 
contribution from a high-order flux that guarantees boundedness. All the 
different implementations of a FCT technique consist in variations on 

how λ is computed. The MULES algorithm is already implemented in 
several OpenFOAM solvers and was adopted in this work, beside few 
minor modifications. The general idea behind MULES is to compute λ 
from mass balance and allowable phase fraction considerations on a cell- 
by-cell basis. The detailed procedure at the heart of the MULES algo-
rithm is described in (Weller, 2008; Santiago Marquez, 2013) and is 
conceptually similar to the limiters devised by Zalesak (Zalesak, 1979). 

2.2.2. Pressure–velocity coupling and the Partial Elimination Algorithm 
For a generic system of two phases that share the same pressure, one 

needs to solve a system of three variables, namely two velocities and 
pressure. The equation for pressure is normally obtained from an 

adequate manipulation of the momentum and continuity equations. The 
solution algorithm that couples these equations traditionally consists of 
three steps:  

1. construct and solve the momentum Eq. (2.4) based on an explicit 
evaluation of the pressure gradient. This yields new phase velocities 
that do not strictly ensure mass conservation due to the explicit 
pressure gradient. This step is referred to as velocity predictor step;  

2. construct and solve a pressure equation from the momentum and 
continuity equations. This and the next step are referred to as pres-
sure correction step;  

3. correct the velocities with the newly estimated pressure gradient to 
ensure mass conservation; 

The specifics of how these steps are iterated are what distinguishes 
the various established solution algorithms (e.g. SIMPLE (Patankar and 
Spalding, 1972), PISO (Issa et al., 1986), PIMPLE). As previously stated, 
the framework of the pressure–velocity coupling employed in this work 
is the PIMPLE algorithm. In particular, the present subsection deals with 
introducing the particular way in which the pressure–velocity coupling 
is dealt with in our case, and the role of the Partial Elimination Algo-
rithm. Assume we can linearize and discretize the momentum equations 
according to a chosen set of discretization schemes, so that Eq. (2.4) can 
be expressed as: 

M̂1u1 = b1(p) + K(u2 − u1)M̂2u2 = b2(p) + K(u1 − u2) (2.14)  

in which M̂i is the discretized momentum transport operator, b(p)i is the 
source term resulting from an explicit evaluation for the pressure 
gradient, and where the fluid–fluid drag term is treated separately. The 
drag coefficient K12 pedix will be omitted for the sake of conciseness. 

The first option to treat the coupling term is an explicit representa-
tion where the latest available values for the phasic velocities are 
employed. This treatment is simple but potentially unstable for large 
values of the coupling coefficient. The second option is to treat it semi- 
implicitly by modifying the operator diagonal as follows 

M̂
*
i = M̂i +KÎ (2.15)  

so to increase the diagonal dominance of the system. Nonetheless, an 
explicit evaluation of the remaining Kuj on the left hand side is still 
required. This approach is generally referred to as the Partially Implicit 
treatment (Karema and Lo, 1999). The third option, know as Partial 
Elimination (Spalding, 1980) and adopted in our algorithm, removes the 
coupling terms via an adequate manipulation of the original equations:   

It is clear from the structure of system (2.16) that the coupling be-
tween the phases is now treated in a fully implicit manner. However, the 
numerical assembly of the system is computationally more intensive due 
to the additional matrix inversion operations. The idea is then to not 
solve the momentum equations, but to take advantage of the discretized 
momentum matrices to assemble the pressure equation. The velocities 
can then be algebraically reconstructed from the pressure gradient as it 
is generally done in a traditional pressure correction step. 

Various possibilities exist to assemble the pressure equation. In our 
case, due to the shared phase pressure framework, it is obtained from the 
sum of the continuity Eq. (2.1) for the two phases: 

∇⋅(α1u1 + α1u1) = S(p) (2.17) 

(M̂1 + K(M̂
− 1
2 M̂1 + Î))u1 = b1(p) + KM̂

− 1
2 (b1(p) + b2(p))(M̂2 + K(M̂

− 1
1 M̂2 + Î))u2 = b2(p) + KM̂

− 1
1 (b1(p) + b2(p)) (2.16)   
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in which S(p) denotes the sum of all terms related to mass-transfer and 
compressibility effects of both phases as seen on the right-hand side of 
Eq. (2.1), the latter possibly being pressure-dependent in some way. The 
time derivative of the sum of phase fractions is null assuming that the 
volume fraction of the structure is constant in time. In order to obtain an 
equation for pressure from (2.17), an algebraic relationship between 
phase velocities and pressure is required. 

The momentum transport operator M̂i introduced earlier can be 
decomposed in a diagonal part M̂D,i and an off-diagonal part M̂OD,i. Since 
the diagonal coefficients are the same for all velocity components of a 
phase, these will be represented with a scalar field Ai = M̂D,i. By 
recalling that the source term bi(p) = b*

i +αi∇p is inclusive of the pres-
sure gradient and by defining Hi = − M̂OD,iui +b*

i as the explicit evalua-
tion of the off-diagonal velocity contributions inclusive of other source 
terms, an algebraic relationship between each velocity field and the 
pressure gradient can be obtained from either (2.14) or (2.16) (Issa 
et al., 1991; Jasak., 1996). In our algorithm, we employ (2.16) by 
decomposing the momentum transport operator M̂i in a diagonal part Ai 
and an explicit off-diagonal contribution Hi as described before. By 
defining A∗∗

i = Ai + K(1 + Ai
Aj
), the following relationship can be 

obtained: 

u1 =
1

A∗∗
1

((

1 +
K
A2

)

H1 +
K
A2

H2 −

((

1 +
K
A2

)α1 +
K
A2

α2

)

∇p
)

u2 =
1

A∗∗
2

((

1 +
K
A1

)

H2 +
K
A1

H1 −

((

1 +
K
A1

)α2 +
K
A1

α1

)

∇p
) (2.18) 

The relationship established by (2.18) thus accounts for Partial 
Elimination (as there is no coupling between the velocities) and is used 
to construct and solve a pressure equation from (2.17) as: 

∇⋅((
α1

A∗∗
1
(1 +

K
A2
) +

α2K
A∗∗

2 A1
)H1 + (

α2

A∗∗
2
(1 +

K
A1
) +

α1K
A∗∗

1 A2
)H2) +

− ∇⋅((
α1

A∗∗
1
(α1 +

K
A2
(α1 + α2)) +

α2

A∗∗
2
(α2 +

K
A1
(α1 + α2)))∇p) = S(p)

(2.19) 

Finally, the relationship established by (2.18) is used to compute the 
velocities from the newly computed pressure gradient. 

For the sake of completeness and better comparison to readily 
available literature and implementations, it is worth noting that, in 
existing OpenFOAM implementations, the pressure–velocity relation-
ship is instead derived from (2.14) with an implicit treatment of − Kui by 
decomposing the momentum transport operator M̂i in a diagonal part 
A*

i = Ai +K and an explicit off-diagonal contribution Hi as described 
before. The following relationship is obtained: 

u1 =
1
A*

1
(− α1∇p + H1 + Ku2)

u2 =
1
A*

2
(− α2∇p + H2 + Ku1)

(2.20) 

The relationship established by (2.20) is not based on Partial Elim-
ination. Nonetheless, it is used to construct and solve a pressure equation 
from (2.17), which consequently also evaluates the coupling contribu-
tion explicitly: 

∇⋅(
α1

A*
1
(H1 + Ku2) +

α2

A*
2
(H2 + Ku1)) − ∇⋅((

α2
1

A*
1
+

α2
2

A*
2
)∇p) = S(p) (2.21) 

Partial Elimination is considered in the velocity correction step. 
Unlike the approach we adopted, velocities are not computed from the 
same pressure–velocity relationship used to construct the pressure 
equation. Instead, Partial Elimination is used to eliminate the coupling 
variables from (2.20) to obtain: 

u1 =
1

A*
1 −

K2

A*
2

(

− α1∇p + H1 +
K
A*

2
(H2 − α2∇p)

)

u2 =
1

A*
2 −

K2

A*
1

(

− α2∇p + H2 +
K
A*

1
(H1 − α1∇p)

) (2.22) 

One may notice how the algorithm we adopted eliminates an explicit 
evaluation of the coupling term in the pressure equation. The perfor-
mance of this approach versus the one that is currently implemented in 
OpenFOAM is compared in Section 4. 

For completeness, we should point out at this point that face- 
centered superficial fluxes ϕi, instrumental to the solution of the phase 
fraction equations via the MULES algorithm, must also be updated after 
solving the pressure equation. In principle these fluxes could be evalu-
ated as ϕi = u|f ⋅Sf with ⋅|f denoting face interpolation via a prescribed 
scheme and Sf being the face surface area vectors. In practice, velocity 
itself is not interpolated to the faces, rather, the right-hand-side of the 
employed pressure–velocity relationship (e.g. (2.18), (2.22)) is inter-
polated and dotted with Sf . As the solution of the pressure equation 
relies on a standard OpenFOAM variant of the Rhie-Chow interpolation 
technique (Rhie and Chow, 1983), these interpolated quantities are 
already available after the pressure equation solution, so that there is no 
need for additional velocity interpolation operations. 

2.2.3. Remarks on cell-centered and face-centered momentum treatment 
Our algorithm employs a standard co-located variable treatment, 

meaning that all variables are stored at cell centers. In particular, during 
the update of the velocity at the pressure-correction step (e.g. (2.18), 
(2.22)), pressure gradients are evaluated at cell-centers. However, an 
alternative option consists in reconstructing the velocity at the cell 
centers directly from the superficial fluxes ϕi, evaluated as described in 
the previous section. In particular, the face-interpolated velocity field u|f 
(or any vector field defined at cell faces for that matter) can be recon-
structed at cell centers via: 

u = (
∑

f
(nf ⊗ Sf ))

− 1⋅
∑

f
(nf (u|f ⋅Sf )) (2.23)  

with nf being the face normal vector. By considering that ϕi = u|f ⋅Sf , it 
follows that (2.23) can be used to reconstruct cell-center velocities from 
the superficial flux. This option is implemented in some multi-phase 
OpenFOAM solvers and is referred to as face-momentum, as it mimics 
the logic behind a staggered grid approach. The face-momentum 
approach was found to reduce phase fraction checkerboarding effects 
in some circumstances and enhance stability (Weller, 2015). For this 
reason, a face-centered variant of our algorithm has also been devel-
oped. It should however be noted that, as the superficial fluxes are ob-
tained from a face-interpolated version of the pressure–velocity 
relationship, a certain degree of loss of accuracy is expected, with 
particular regard to the transport part of the momentum equation that 
figures in both the explicit off-diagonal contributions Hi and the diag-
onal coefficients Ai. 

2.2.4. Remarks on phase appearance-disappearance 
As it is clear from the governing equation, the presence of single- 

phase regions in the computational domain results in null matrix diag-
onal coefficients. While different approaches exist with dealing with the 
so called phase appearance-disappearance issue (Zou et al., 2016), the 
approach employed in the present algorithm consists in limiting the 
phase fraction value to a residual value of 1⋅10− 9 before velocity and 
enthalpy matrix assembly and discretization. The actual choice of the 
residual value was found to be inconsequential on calculation result as 
long as it was reasonably small (i.e. ⩽1⋅10− 3). On a different note 
instead is the issue of phase-appearance disappearance due to thermally- 
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driven phase change. If the effective volumetric enthalpy of one phase (i. 
e. the enthalpy per unit volume times the phase fraction αρh) is small in 
a given portion of the domain (e.g. of the vapour phase at boiling 
inception), said phase will be considerably more prone to large tem-
perature oscillations: for a given quantity of volumetric heat transferred 
to or from one phase in a computational cell, the phase temperature 
change will be inversely proportional to its mass in said cell. In turn, the 
large temperature oscillations will affect the thermally-driven mass 
transfer, and severe instabilities can occur. This issue can be entirely 
solved by setting the enthalpy of the low-volume-fraction phase to the 
saturation enthalpy in those cells where the phase fraction is below a 
user-specified threshold, and solving for the phasic enthalpy in the rest 
of the domain. This proves necessary only for the vapour phase in sys-
tems in which a large density difference exists between vapour and 
liquid (e.g. sodium in SFRs). A threshold phase fraction value of the 
order of magnitude of 10− 2 proved to be effective in the vast majority of 
sodium boiling cases. 

3. Verification 

While verification should in principle cover both fluid-dynamics and 
thermo-dynamics, the thermal part of the solver relies on well estab-
lished OpenFOAM matrix assembly and solution operations. Thus, the 
verification covers only the fluid-dynamics aspect of the solver, with 
particular regard to the Partial Elimination Algorithm. The chosen 
verification approach consists in the Method of Manufactured Solution, 
which has enjoyed some utilization in the field of multi-phase solvers 
(Brady et al., 2012) and is considered to be the most flexible verification 
approach. A detailed explanation of the Method of Manufactured Solu-
tions is out of scope of the present work, as it is a standard, albeit 
complex verification approach that has been extensively covered in 
other works (Salari and Knupp, 2000). Nonetheless, the general idea 
behind such approach is introduced in subSection 3.1 while the results 
of the verification effort are summarized in (3.2) for a variety of cases. 

3.1. The Method of Manufactured Solutions 

Let us consider a computer code implementation that solves a 
problem for an unknown x governed by an equation represented in an 
operator form as M̂x = b. The Method of Manufactured Solutions can be 
summarized as follows:  

1. select/construct an analytical target solution x0 that the code is 
supposed to approximate;  

2. derive the analytical source term s that satisfies M̂x0 − b = s, which 
is possible since the analytical form of M̂ is known;  

3. implement the analytical source term s in the code;  
4. select a set of boundary conditions that reflect the behaviour of x0 at 

the domain boundaries;  
5. compare the solution x provided by the code with the target solution 

x0 and draw conclusions based on a set of verification acceptance or 
rejection criteria. 

The choice of x0 is arbitrary and not bound by the physical properties 
that the system equation is supposed to model. Nonetheless, following 
the purpose of a verification effort, any x0 should satisfy a certain 
number of properties, most importantly: 1) be composed of smooth 
analytic functions to ensure that theoretical order-of-accuracy can be 
attained (which ties into verification criteria discussed later); 2) be 
general enough and have a non trivial number of derivatives so to ex-
ercise all terms of the governing equation; 3) do not compromise code 
robustness by predicting values outside the intended solution range (e. 

g. unbounded phase fraction values). Furthermore, since boundary 
conditions are an integral part of the solution procedure, the verification 
should be repeated for different sets of boundary conditions. 

With regards to verification acceptance criteria, the one employed in 
this work consists in the assessment of the order-of-accuracy of the nu-
merical solution. This translates into evaluating the solution with 
increasingly refined meshes, and to assess the order-of-accuracy q, 
which quantifies how numerical errors ε scale as a function of a char-
acteristic mesh dimension h, so that ε = O(hq). The verification criterion 
thus consists in assessing whether or not the observed order-of-accuracy 
reflects the theoretical order-of-accuracy, which depends on the 
employed set of equation discretization and interpolation schemes. In 
particular, the errors considered in this work consist of the L2 norm 
error: 

εL2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∫

Ω
(x − x0)

2dΩ

√

(3.1)  

and the L∞ norm error: 

εL∞ = sup{|x − x0|} (3.2)  

3.2. Results 

The investigated domain consists in a 2-D square domain of side L =

0.1 m with a uniform square meshing. The following expressions have 
been selected for phase fractions αi, phase velocities ui and pressure p: 

Fig. 2. Solution fields obtained at t = 1.5 s for α2 (top) and u2,y (in ms , bottom) 
on a 32 by 32 mesh. 
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αs = x + y;
α1 = 0.5 + 2.5x cos(π(10x − 4t))
α2 = 1.0 − α1 − αs
u1,x = 0.25sin2(10πy)
u1,y = 0.1sin2(10πy)sin2(10πx)
u2,x = u1,x
u2,y = − u1,y
p = 1⋅105 + (x − 0.1)⋅104

(3.3) 

This choice exercises all the terms of the governing equations, 
including all derivative terms. With regards to boundary conditions, a 
number of combinations were investigated. The results presented in this 
section were obtained via Neumann boundary conditions for pressure at 
y = 0, y = L, x = 0 and for α1,2, u1,2 at y = 0,y = L,x = L, while Dirichlet 
boundary conditions were imposed for pressure at x = L and for α1,2,u1,2 

at x = 0. Results comparable to the ones that are presented were ob-
tained for other combinations of boundary conditions. Fluid thermo- 
physical properties and inter-phase coupling coefficients were set so 
that the contributions of all terms in the momentum equations are 
comparable in magnitude. The resulting analytical source terms for the 
phase fraction equations, momentum equations and the pressure equa-
tions are not reported for conciseness, given the non-trivial amount of 
derivative operators to be evaluated. 

Time-dependent simulations were run from 0 s to 6 s and the L2 and 
L∞ norms for all the involved fields were averaged over said time 
duration. Progressively refined meshes from 16 to 128 cells per side 
were investigated. In particular, the performance of the cell-centered 
variant versus the face-centered variant of the algorithms were 
compared. In both cases, the newly implemented Partial Elimination 
Algorithm was used. As an example, the fields for some of the variables 
of interest are provided in Fig. 2. The results of the verification process 
are summarized in Fig. 3 for the cell-centered algorithm and in Fig. 4 for 
the face-centered algorithm, respectively. 

Since a linear scheme was employed for the discretization of de-
rivatives and for variable interpolation in the momentum and pressure 
equations, the theoretical order of accuracy for pressure and velocity 
should be 2. However, this is expected to be affected by the coupled 
nature of the equations with other equations discretized with lower 
schemes. In particular, the theoretical order of accuracy for the phase 
fraction equations cannot be exactly determined due to the iterative 
nature of the flux correction technique employed by the MULES algo-
rithm. Nonetheless, the order of accuracy should lie between 1 due to 
the upwind first order scheme used for the bounded fluxes estimation, 
and 2 due to the scheme by Van Leer (van Leer, 1974) used for the high- 
order correction fluxes. Based on these considerations, the verification 
of the cell-centered version of the algorithm is deemed satisfactory, also 
in the light of the small magnitudes of the errors. This holds true for both 

the L2 and L∞ norms. However, the same does not appear to hold for the 
face-momentum algorithm, as the order-of-accuracy deteriorates for fine 
meshes. This is consistent with a larger diffusive contribution of the 
interpolation of velocity coefficients and off-diagonal velocity source 
terms at cell faces. 

As a matter of fact, the diffusivity of the face-momentum algorithm is 
exacerbated by having set thermo-physical fluid properties so to result in 
comparable contributions from the different terms of the momentum 
equation. This results in a rather large choice for the fluids viscosity of 
μ1,2 ≃ 0.1Pa s, in the range of e.g. motor oils. A new set of less diffusive 
simulations was then performed with μ1,2 ≃ 1⋅10− 3Pa s, more compat-
ible with the applications envisioned for the algorithm presented here. 
The results are presented in Fig. 5 and show that the order of accuracy 
significantly improves for the face-momentum algorithm. It should also 
be noticed that in all cases, degradation of the order of accuracy happens 
for error magnitudes below practical relevance. 

4. Performance of the Partial Elimination Algorithm 

To assess the performance of the novel implementation of a Partial 
Elimination Algorithm, the existing implementation in the available 
OpenFOAM solvers has been used as reference case. As a first test case, 
the 1-D motion of a dispersed fluid via advection by a carrier fluid 
through a porous structure was investigated. The initial and boundary 
conditions for the variables of interest in the domain of length L = 2 m 
are: 

αs (x, t) =

{
0 x < 0.5 ∨ x > 0.5

0.5 0.5⩽x ≤ 0.5

α1 (x, 0) =

{
1 x < 0.5 ∨ x > 0.5

0.25 0.5⩽x ≤ 0.5

α2 (x, 0) =

{
0 x < 0.5 ∨ x > 0.5

0.25 0.5⩽x ≤ 0.5

u1 (x, 0) = 0.5
m
s

(4.1)  

u2 (x, 0) = 0
m
s

(4.2)  

u1 (0, t) = 0.5
m
s

(4.3)  

p (2, t) = 1⋅105 Pa (4.4)  

with all other variables having a null gradient at the boundaries. This 

Fig. 3. Errors ∊ (left) and associated order-of-accuracy q (right) computed by the L2 (black) and L∞ (red) norms for the various quantities of interest with the cell- 
centered algorithm. Errors are absolute and dimensional, namely: α ( − ), p (Pa),u1, u2 (m

s ). 
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simplified test allows to establish the general trends to be expected as 
certain system properties are varied. Results are reported in Fig. 6. The 
left plots reports the last initial pressure residual at the last outer iter-
ation for each time step, which is used as a measure of how well the 
pressure–velocity coupling is resolved. The right plots represents the 
total number of pressure linear solver iterations performed within the 
time-step. It is recalled that, as velocity is entirely reconstructed from 
pressure, the pressure equation residual is the only indicator of 
convergence of the pressure–velocity coupling. All simulations where 
performed with 3 outer iterations per time step and 3 pressure correctors 
per outer iteration. The Generalized Algebraic Multi-Grid (GAMG) linear 
solver was used for the cases reported here, yet the same trends were 
observed with the Preconditioned Bi-conjugate Gradient Stabilized 
(PBiCGStab) linear solver. The same linear solver convergence criteria 
were used in both cases. 

As Partial Elimination is designed to improve performance in sce-
narios involving large inter-phase drag coefficients, the following cases 
were investigated. The only force acting on the fluids (excluding pres-
sure gradients) is an inter-phase drag modelled as K12 = 1⋅104 kg

m3s and 
K12 = 1⋅105 kg

m3s for the first and second row in Fig. 6, respectively. Since 
the novel Partial Elimination implementation alters both the pressure 
equation coefficients and source terms, the last row investigates instead 
the effect of larger source terms due to e.g. virtual mass effects and 
fluid–structure drag. In particular, a virtual mass coefficient of 0.5 was 

chosen and a diagonal fluid–structure drag tensor with magnitude |K1s|

= 5⋅103 kg
m3s to be comparable in magnitude with the fluid–fluid drag. 

Overall, the novel implementation appears to perform consistently 
better in these scenarios in terms of pressure equation residuals and of 
number of necessary iterations. 

The performance of the algorithm has then been assessed for two 
more realistic scenarios. The first consists in a 1-D liquid sodium boiling 
transient in a bundle of electrically heated pins. The modelling details 
and correlation choices are specific to liquid sodium and are covered in 
previous work (Radman et al., 2019). The key aspect is that in such a 
transient, a high slip between the phases is observed, which results in 
large values for the inter-phase drag factor. Results are presented in 
Fig. 7 for the existing and novel Partial Elimination implementation in 
the same format as before. The start and end of the boiling can be 
inferred from the increase in pressure equation residuals and total 
number of pressure equation linear solver iterations in time. The overall 
results observed before still apply, with a significant reduction in both 
residuals and linear solver iterations. For this particular case, a ∼ 5% 
reduction in simulation time was observed as well as a consequence of 
the reduced number of pressure equation iterations. 

The second realistic scenario consists in Red a modified version of the 
standard 2-D OpenFOAM test case bubbleColumn, consisting of air 
bubbles injected at the bottom of a column of stationary water. Results 
for the performance of the existing and novel implementation of the 

Fig. 4. Errors ∊ (left) and associated order-of-accuracy q (right) computed by the L2 (black) and L∞ (red) norms for the various quantities of interest with the face- 
centered algorithm. Errors are absolute and dimensional, namely: α ( − ), p (Pa),u1, u2 (m

s ). 

Fig. 5. Errors ∊ (left) and associated order-of-accuracy q (right) computed by the L2 (black) and L∞ norms for the various quantities of interest with the face-centered 
algorithm for a lower fluid viscosity. Errors are absolute and dimensional, namely: α ( − ), p (Pa), u1,u2 (m

s ). 
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Partial Elimination Algorithm are presented in Fig. 8 for the first 2s of 
simulation. Due to the considerably smaller coupling between the pha-
ses, partly due to the lower slip velocity, there are no noticeable dif-
ferences between the two algorithms. This case serves as an example to 
show that in those scenarios where inter-phase drag does not play a 
significant role between the phases, the novel Partial Elimination 
implementation performs comparably to the existing one. 

5. Parallel performance 

While it is true that one of the primary goals of a porous medium 
approach in this context is to reduce computational burdens, the 
modelling of large engineering systems (e.g. nuclear reactors) can still 
result, depending on the required degree of detail, in several tens of 
millions of mesh cells. For parallelization, our algorithm employs the 
standard MPI-based (Padua, 2011) domain-decomposition capabilities 
of the OpenFOAM framework. The scaling performance provided by this 
framework depends on the equations that are solved, and on the steps 

Fig. 6. Evolution of pressure initial residuals r at the last outer iteration and last pressure corrector (left column) and number of pressure iterations np,iter (right 
column) within each simulation time step. These are compared between the novel and existing PEA implementations for three different cases: small drag factor K12 =

1⋅104 kg
m3s with no other forces acting on the fluids (top row); large drag factor K12 = 1⋅105 kg

m3s with no other forces acting on the fluids (middle row); large drag factor 

with the addition of explicit virtual mass forces due to a virtual mass coefficient of 0.5 and large fluid–structure drag K1s = 5⋅103 kg
m3s (bottom row). 

Fig. 7. Evolution of pressure initial residuals r at the last outer iteration and last pressure corrector (left) and number of pressure iterations np,iter (right) within each 
simulation time step for a 1-D sodium boiling transient. 

S. Radman et al.                                                                                                                                                                                                                                



Nuclear Engineering and Design 379 (2021) 111178

11

that are taken to solve them. This is why scaling performances have been 
preliminary investigated for our algorithm. In particular, the strong 
scaling characteristics of the solver and of the different algorithm 
components (with reference to Fig. 1) were assessed. 

A test case that could stress all of the different components of the 
solver was devised. It consists of a 3-D cubic domain with one face acting 
as an inlet and the opposite face as an outlet. Two structures modelled as 
isotropic porous media are defined in the two cube halves contacting the 
inlet and outlet. These are referred to as “upwind” and “downwind” 
structures respectively. The surface temperatures of both structures are 
set to constant values so that the upwind half is above a prescribed fluid 
saturation temperature and the downwind one below said temperature. 
The thermo-physical properties and correlations that are chosen for 
modelling drag and heat transfer were that of liquid sodium (Radman 
et al., 2019). A fictitious regime map consisting of five identical regimes 
(i.e. prescribing the same correlations for drag and heat transfer) 
depending on the vapour phase volume fraction is provided. In essence, 
this test case enables the simulation of a transients that leads to a 
numerically steady state boiling scenario. 

Strong scaling performance was assessed with a mesh of 1283 ≃ 2⋅ 
106 cells decomposed on a varying number of cores, ranging from 32 to 
1024. A further set of simulations on a mesh of 2563 ≃ 16⋅106 up to 
4096 cores was also performed. However, the scalability results were in 
line with those established on the smaller mesh, and only these are 
presented in the following. Simulations were performed on a Cray XC-50 
supercomputer operated by the Swiss National Supercomputing Centre 

(CSCS). Results are summarized in Fig. 9. The results report the total run 
time as well as the run time of each code section, referred to as 
“component” as reported in Fig. 1, as the number of threads is varied. 
For a better understanding of the trends, the resulting parallel efficiency 
of the algorithm is also reported. In this context, the parallel efficiency 
for a given case i is a measure of the simulation speed-up with respect to 
a case j performed on a different number of threads: 

eP,i =
Ti

Tj

NT,i

NT,j
(5.1)  

with T being the simulation run time and NT is the number of threads 
used for the simulation. In essence, the parallel efficiency should ideally 
be of the order of 100% or greater, meaning that e.g. a doubling of the 
number of threads results in halving of the total run time. 

It can be observed that the algorithm as a whole as well as its indi-
vidual components scale well up to 8192 cells per core, after which the 
parallel efficiency degrades, especially for the pressure–velocity 
coupling and MULES algorithms. This is expected for OpenFOAM-based 
solvers, which are known to scale poorly below ≃ 10000 cells per 
thread. When it comes to the individual impact of the different solver 
components, a clear trend emerges. The most computationally 
demanding components are, respectively, the pressure–velocity 
coupling algorithm, the MULES algorithm, the energy equation con-
struction and solution, and the update of momentum and heat transfer 
coefficients based on the regime map. However, the update of the 

Fig. 8. Evolution of pressure initial residuals r at the last outer iteration and last pressure corrector (left) and number of pressure iterations np,iter (right) within each 
simulation time step for a modified 2-D bubbleColumn OpenFOAM test case. 

Fig. 9. strong scaling results for a mesh of 1283 cells. These consist of the component run times (right) and parallel efficiencies (left) in relationship to the amount of 
threads NT used for the simulation. Additional axes in terms of cells per thread NC

NT 
are provided for ease of discussion. By “component” we mean a specific block of 

code with reference to what is defined in Fig. 1. 
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regime map itself scales significantly more than linearly, as observed by 
the large values of the parallel efficiency above unity. This is attributed 
to the fact that the regime map update relies on a considerable amount 
of operations to be performed on a cell-by-cell basis to establish which 
particular flow regime exists in each mesh cell.This is suspected to cause 
a relatively large number of cache misses, which decrease as the amount 
of cells per thread (and thus cache requirements) is reduced. Nonethe-
less, even for more substantial counts of cells per thread, the overall cost 
associated with the regime map update is acceptable. What should be 
furthermore noted is that currently the regime map is updated at every 
outer corrector within a time-step. However, depending on the partic-
ular transient under investigation and the variety of the correlations 
prescribed for each flow regime, this update frequency of the regime 
map (i.e. at every outer iteration) could prove to be excessive. For very 
small time steps, the same might hold at a temporal scale. With these 
considerations in mind, there is further room for significant reduction of 
the regime map update cost at lower cells per thread counts. 

6. Conclusions 

A segregated algorithm for modelling dispersed two-phase flows in 
nuclear reactors and other complex engineering systems was developed 
and implemented based on the OpenFOAM finite volume library. The 
algorithm was verified via the Method of Manufactured Solutions by 
showing that the theoretical order of accuracy of the discretization 
schemes could be attained. This was performed on a variety of domains 
ranging from 1-D to 2-D, as 3-D is not necessary to exercise all of the 
terms that govern the conservation equations. Moreover, both a tradi-
tional cell-centered approach and a face-centered approach for velocity 
reconstruction from the pressure gradient have been verified via the 
same approach. A face-centered approach is a feature found in some 
multi-phase solvers within the OpenFOAM environment. Its inclusion 
(as an optional feature) and verification were of interest due to the ad-
vantages it provides in terms of face force balance and elimination of 
phase fraction staggering in certain scenarios. The verification process 
included a novel implementation of the Partial Elimination Algorithm 
(PEA), which was devised to further increase the computational per-
formance in scenarios in which inter-phase momentum coupling is 
important. Subsequent to verification, its performance was also 
compared against the standard PEA implementation present in other 
OpenFOAM-based solvers for a variety of cases of interest. The novel 
implementation was found advantageous in terms of pressure equation 
residuals and number of pressure iterations for a number of applications 
of interest, most notably sodium boiling simulations. The advantages 
grow smaller as the importance of the inter-phase momentum coupling 
is decreased, yet this is in line with the range of applications in which 
PEA can prove beneficial. 

The strong scaling performance of the algorithm and of its individual 
components was assessed up to 4096 threads and was found to be 
compatible with the performance of OpenFOAM-based solvers, meaning 
linear scalability up to ≃ 10000 cells per thread. 

Future work directions consist in expanding the available selection of 
correlations for momentum and heat transfer for additional working 
fluids (e.g. water), more targeted wall boiling models (e.g. the RPI wall 
boiling model (Kurul et al., 1991) for water) as well as their validation 
against experimental data. In particular, validation efforts are currently 
ongoing based on data from past sodium boiling experiments, namely 
those performed at experimental facilities at the JRC, Italy (Kottowski 
and Savatteri, 1984) and KfK, Germany (Bottoni et al., 1990). Moreover, 
the code will be integrated in the GeN-Foam platform, with the new 
multi-phase and multi-physics capabilities that will be subject to testing 
and validation. 
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