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Abstract. Numerical solutions to conjugate heat transfer (CHT) problems present challenges regarding
accuracy, stability, and computational cost. The current study presents a detailed analysis of the existing
OpenFOAM® CHT solvers, including commentary on the multiple forms of the available governing
equations and coupling methods. Subsequently, two modified CHT approaches are proposed: (i) a new
partitioned algorithm with improved efficiency, and (ii) the available monolithic CHT solver in foam-
extend-4.0 was modified and extended to multiple regions. The performance of the proposed solvers
is assessed on several transient test cases with various degrees of coupling strength. The results reveal
the superiority of the proposed monolithic approach over the partitioned ones, particularly for problems
for more than two regions. It is also found that the new partitioned approach is computationally more
efficient than the available partitioned solvers.

1. Introduction

Thermal interaction between fluids and solids, known as conjugate heat transfer (CHT), has been
widely studied [1-5]. The primary governing equations for a classical CHT problem consist of fluid equa-
tions (conservation of mass, momentum and energy) and one solid equation (conservation of energy).
This problem is classified as a multi-physics phenomenon, characterised by at least two distinct com-
putational sub-domains, i.e. fluid and solid regions, whose energy equations (or temperature variables)
are coupled at shared boundaries (interfaces). In addition to this inter-region temperature-temperature
(TT) coupling, there are usually other types of coupling on the fluid side: (i) the pressure-velocity (pU)
coupling ties the momentum and mass equations, and (ii) the pressure-velocity-temperature (pUT) cou-
pling connects the momentum and energy equations. These additional couplings add more complexity
to CHT problems and require special care when designing efficient solution algorithms. One objective of
this article is to provide a detailed analysis of these types of coupling (Fig. 1): temperature-temperature,
pressure-velocity-temperature, and pressure-velocity.

Figure 1. Three types of coupling in the equations of conjugate heat transfer
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Independent of the role of the energy equation, pressure-velocity coupling is present in all classic fluid
algorithms. Various studies have investigated different techniques for resolving this type of coupling, with
the goal of providing better performance in terms of stability and efficiency [6-11]. Available CHT solvers
in OpenFOAM® typically adopt some variant of PISO [12] or SIMPLE [13] algorithm to achieve this,
or more generally, by the PIMPLE (merged PISO-SIMPLE) algorithm. As is demonstrated in the test
cases section, the solution time for CHT problems can be significantly influenced by the computational
expense needed for the pressure-velocity coupling.

Numerical approaches for solving CHT problems and, more generally, multi-physics problems can be
classified in terms of the coupling strategy: (i) partitioned or (ii) monolithic. While the former allows
for an independent specialised solver in each region and offers the advantage of code reuse, the latter
is typically superior in efficiency and stability, albeit with the disadvantage of a larger linear system.
The fluid and solid solvers are called sequentially in the partitioned algorithms, and information is
exchanged explicitly [14-17]. Consequently, accurate enforcement of the interface conditions necessitates
a predictor-corrector loop, which entails additional computational costs. In contrast, the monolithic
approach simultaneously solves the energy equation throughout the entire domain (fluid and solid) [18,19].
Such monolithic CHT solvers (e.g. conjugateHeatFoam in foam-extend-4.0) avoid additional predictor-
corrector loops for the inter-region temperature-temperature coupling; however, iterative loops are still
required to enforce the pressure-velocity and pressure-velocity-temperature couplings.

Similar to pressure-velocity coupling, the numerical challenges of the pressure-velocity-temperature
coupling have attracted significant interest. Oliveira et al. [20] proposed a modified version of the PISO
algorithm for buoyancy-driven incompressible fluid problems, where two momentum predictors, two pres-
sure equations, and one temperature predictor are solved each time step. They used their method to solve
a free-convection problem using the finite difference method and reported speedups of 2.1-4.1 compared
to a standard SIMPLEC algorithm. In another study, Moraga et al. [21] presented the PSIMPLER, algo-
rithm for handling pressure-velocity-temperature coupling in liquid metal solidification problems. When
applied to both natural and mixed convection problems, the PSIMPLER algorithm was shown to outper-
form the SIMPLE algorithm in terms of stability, especially for problems with strong pressure-velocity-
temperature coupling. In addition, the PSIMPLER algorithm allowed the use of velocity under-relaxation
values close to one, which reduced the computational cost to half that the SIMPLE solver required. In the
OpenFOAM® terminology, SIMPLE is a solution algorithm for fluid problems in steady-state conditions;
hence, in the authors’ view, the SIMPLE algorithm in these studies refers to the PIMPLE algorithm in
OpenFOAM® |

The temperature-temperature coupling between the fluid and solid regions appears in the form of
two interface continuity conditions: (i) temperature continuity and (ii) heat flux continuity. How these
interface conditions are enforced significantly impacts the accuracy and efficiency of CHT procedures,
especially for strongly coupled problems. Various techniques have been proposed to enforce interface
conditions, with differing characteristics in terms of (i) accuracy and conservation, (ii) robustness, and
(iii) efficiency [16,22-24]. He and Oldfield [25] identified disparate time scales in fluid-solid heat transfer
as a challenge for unsteady CHT problems. Their proposed remedy involves a novel hybrid approach
coupling time-domain fluid with frequency-domain solid conduction, enabled by a semi-analytical har-
monic interface condition. Giles [26] demonstrated that in a straightforward one-dimensional model
featuring constant material properties, the imposition of a Dirichlet boundary condition on the fluid side
and a Neumann condition on the solid side yields greater stability compared to other boundary-type
configurations. For partitioned methods, the Dirichlet-Robin coupling approach, whose optimal cou-
pling coefficients have been the subject of several studies [23,27], is frequently suggested to optimise the
accuracy and robustness. This interface coupling technique applies fixed temperature (Dirichlet) con-
ditions for the fluid and a linear combination of the temperature and the heat flux (Robin) conditions
for the solid boundaries, where their corresponding values are updated during the predictor-corrector
loop. While Dirichlet-Robin coupling is widely used, it is important to recognise a potential issue: the
Dirichlet condition on the interface of the fluid region ensures a fixed temperature value. However, the
Robin condition on the interface of the solid region is more flexible, permitting temperature and temper-
ature derivative adjustments. Consequently, the method may exhibit a limitation in certain scenarios due
to the lack of strict enforcement of temperature continuity and heat flux conservation. Meng et al. [16]
showed that the mixed Robin-Robin approach presents attractive convergence properties, especially when
adjacent materials have similar properties. Scholl et al. [24] corroborated these findings. In all variants of
OpenFOAM® | the Robin-Robin boundary condition is available for the partitioned solvers. Interested
readers are referred to the codes for the solidWallMixedTemperatureCoupledFvPatchScalarField and
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solidWallMixedTemperatureCoupledFvPatchScalarField classes, both of which are derived from the
mixedFvPatchScalarField class within foam-extend-4.0.

An additional concern, which can significantly affect the overall solution efficiency and robustness,
is the priority assigned to each type of coupling (pressure-velocity, pressure-velocity-temperature, or
temperature-temperature) when formulating the solution algorithm. To the authors’ knowledge, the
effect of these sequences/priorities on the computational cost of CHT solvers is not well-addressed in the
literature. In particular, answering the following question is not trivial: “Which of the following orders
results in greater computational efficiency?”:

(a) Enforcing pressure-velocity coupling within one internal loop, temperature-temperature in an-
other internal loop, and finally, pressure-velocity-temperature via an outer loop;

(b) Enforcing pressure-velocity within an internal loop and then the pressure-velocity-temperature
and temperature-temperature within the outer loop.

Approach (a), first proposed by Tandis et al. [28] and which we will refer to as the separate loop approach,
applies a separate iterative loop for enforcing each type of coupling, while approach (b), which we will
refer to as the integrated loop approach, enforces two types of coupling in a single outer loop. In addition
to these two approaches, other combinations can be easily imagined, each potentially leading to different
performance. It should be noted that algorithm SIPM-IP (the integrated loop approach) is implemented
within the chtMultiRegionFoam solvers in all the main OpenFOAM® forks (OpenFOAM.com, Open-
FOAM.org and foam-extend). In the recent OpenFOAM-v2112 release, an option has been added to
chtMultiRegionFoam, which allows for an approach similar to the algorithm SIPM-SP.

Examining the latest versions of the main OpenFOAM® forks, several CHT solvers are found (Tab.
1). All three forks (OpenFOAM-v2112; OpenFOAM-9, and foam-extend-4.0) provide the partitioned
solver, chtMultiRegionFoam, whereas foam-extend-4.0 is the only fork to supply a monolithic solver,
conjugateHeatFoam. For the partitioned solver chtMultiRegionFoam, one difference among the three
forks is the form of the energy equation, where the primary unknown may be temperature, specific in-
ternal energy, or specific enthalpy. Furthermore, in OpenFOAM-v2112, chtMultiRegionFoam can solve
two-phase flow and an additional energy loop; the benefit of this additional temperature loop is dis-
cussed further in the test cases section. The monolithic solver in foam-extend-4.0 (conjugateHeatFoam)
simultaneously solves the energy equation in both the solid and fluid regions and uses a PISO loop to
enforce pressure-velocity coupling. As no outer iterations are performed, strict enforcement of pressure-
velocity-temperature coupling is not ensured. In other words, the conjugateHeatFoam solver implements
loose pressure-velocity-temperature coupling. Additionally, this solver, whose superiority of its solution
algorithm over other solvers is demonstrated later, is limited to incompressible flow and lacks advanced
features such as two-phase and reaction modelling.

The current article presents a detailed analysis of the CHT solvers in the main OpenFOAM® forks.
In addition, modifications to the standard partitioned and monolithic solvers are proposed:

(i) The inclusion of the separate loop approach in the chtMultiRegionFoam partitioned solver, similar
to the additional temperature loop that was recently added to OpenFOAM-v2112;

(i) An outer loop is added to the conjugateHeatFoam solver to create a strongly coupled pressure-
velocity-temperature approach; additionally, the solver is generalised for multiple regions (more
than one solid and one fluid).

(i) Both monolithic and partitioned (with separate and integrated loop) algorithms are all unified
within one solver, called multiChtFoam, where the set-up of the case determines the solution
algorithm.

The performance of the existing solvers and newly proposed ones are assessed on CHT problems with
various coupling strengths. Conclusions are provided on choosing the most efficient solver, particularly
for cases with multiple regions.

2. Mathematical formulation

This section reviews the mathematical formulation for a CHT problem, including the fluid and solid
governing equations and interface conditions.
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Table 1. Features of CHT solvers in OpenFOAM® packages

Package Solver Features "

e Transient (steady-state), compressible® fluids
e Temperature-based energy equation for solids
and enthalpy-based equation for fluids
chtMutiRegionFoam e Mechanical to thermal conversion, i.e. term o :
(chtMutiRegionSimpleFoam) VU, is neglected.

e Arbitrary number of fluid and solid regions

foam-

. ] . A
extend-4.0 e Transient (steady-state), incompressible™ fluids

e limited to one region for fluid and one for solid
conjugateHeatFoam e Temperature-based energy equations for re-

(conjugateSimpleHeatFoam) gions
e Monolithic solution for energy equations

e Transient (steady-state), compressible fluids

e Enthalpy-based energy equation for solids and
energy /enthalpy-based equation for fluids

e Shear stress work, i.e. term V - (7.VU), is
neglected.

e Arbitrary number of fluid and solid regions

e Chemical reaction and radiation models are in-
cluded

chtMutiRegionFoam
(chtMultiRegionSimpleFoam)

OpenFOAM-

v2112 chtMultiRegionTwoPhaseEulerFoan e In addition to chtMutiRegionFoam, it applies

two-phase Euler approach on the fluid region.

e Transient and steady-state, compressible fluids

e Enthalpy-based energy equations for solid and
fluid regions

e Arbitrary number of fluid and solid regions

e Chemical reaction is included

OpenFOAM-

9 chtMutiRegionFoam

*All solvers include buoyancy-driven and turbulence models
+For incompressible solvers, Boussinesq approxiamtion is applied

The time-dependent equations for describing the conservation of mass, momentum and energy for a
continuum are expressed in differential form as

dp

0

S (PU) + V- (pUU) = V- + pg + Sy (2)
OF
E—FV-(UE):—V-q+pr+V-(a-U)+pg-U (3)

Here, U is the velocity vector; p is the pressure; V is the del operator; Sy is the momentum source
term; o = 7 —pl is the stress tensor; 7 is shear stress tensor; g is gravitational acceleration; E = p(e+ K)
is total energy; e is specific internal energy, i.e. total internal energy per mass unit; K = Ug—U is the
kinetic energy per mass unit; r is a heat generation source per mass unit; q is the heat flux transfer
due to conduction. The heat flux, g, is typically given in terms of the temperature, T, by Fourier’s
law: ¢ = —kVT. For turbulent flows, Reynolds averaging approaches introduce a turbulent thermal
conductivity to account for heat transfer due to turbulent fluctuations.

All solvers in OpenFOAM® forks, except conjugateHeatFoam in foam-extend-4.0, adopts a com-
pressible approach and the density is assumed to have a linear dependence on the temperature, p =
po — pofB (T —Typ), where py represents the fluid density at the reference temperature Ty, and S is the
thermal expansion coefficient. The conjugateHeatFoam solver additionally applies Boussinesq approxi-
mation [29], which means that changes in density can be ignored except for when calculating the buoyancy
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terms (those containing g). The buoyancy-driven effects in the momentum equation (Eqn. (2)) are some-
times treated as a body force [20], i.e. pg = pog — poBg (T — Ty). Alternatively, as applied in all
OpenFOAM® forks, the buoyancy-driven effect is directly added to the pressure field as p = Drgh + 09 - 2,
where p;.g5, is pressure field without the effect of the fluid weight, and z is the position vector.

Equation (3) presents the energy equation in the general and conservative form, which accounts for the
mechanical work, including work done by surface and body forces (third and fourth terms on the right-
hand side, respectively) and heat sources (the second term on the right-hand side). As detailed below,
this equation form can be simplified to reach the three forms solved in the available OpenFOAM® solvers.

2.1. Specific energy as the primary unknown. To express Fourier’s Law in terms of internal energy,

Oe
the definition of specific heat at constant volume, denoted as C,, = —, is utilised to substitute VT with

oT

C—e, where C, is generally a function of temperature and pressure. By combining Eqn. (3) with the
v

internal-energy-based Fourier’s law and replacing E with p(e + K), we obtain:
9(pe)
ot

+ V- (pUe) + OpK) +V. (pUK)=V"_ (kVe> +pr+ V-(o-U) +4pg-U (4
ot Cy . g
—V-(Up)+V-(r-U)
Neglecting V - (7 - U) term from Eqn. (4) gives the final form of the energy equation which is solved
in OpenFOAM-v2112 and OpenFOAM-9. In both of these OpenFOAM® forks, the effect of chemical
reactions and additional user-defined source terms are modelled through the term pr. In OpenFOAM-
v2112, the radiation effect is also incorporated in the energy equation via this term.

Once the specific energy has been computed, the temperature field is determined based on the fluid’s
definition and using various thermophysical libraries. Readers interested in further details are encouraged
to review the code of ePsiThermo<MixtureType>::calculate() within foam-extend-4.0 as a reference.

In addition to this form, an alternative form can be obtained, where the inner product of the momentum
equation (Eqn. (2)) with U is used to cancel out terms related to mechanical energy and kinetic energy
in Eqn. (4):

9(pe)
ot

k
—i—V-(pUe):V-(Ve)—i—pr—i— oc:VU +4pg-U (5)
Ov S~—
—pV-U+7:VU

This form is later used for deriving an enthalpy-based equation in foam-extend-4.0. The term o : VU
represents work done by surface forces: part of this work pV - U due to compression is reversible; the
viscous component 7 : VU represents an irreversible mechanical-to-thermal conversion due to the action
of shear forces transformed into heat.

2.2. Specific enthalpy as the primary unknown. Equation (4) can be rewritten in terms of specific

enthalpy h by using the expression e = h — b Additionally, the definition of specific heat at a constant
o

pressure C), = is utilised to substitute temperature with enthalpy in the conduction term

T
K
00e) o w.pue) +2°5) g UKy =V (Evi) st Vi@ U) 499U 6)
ot N ot C,
oem) _op ¥ (PUR)=V-(Up) _V-(Up)4+V-(+-U)
—oat ot

Canceling out the term —V - (Up) from both sides gives:

h K k
M) L v ouny + 2PK) L puk) = (Ewr) sV (r U g UL ()
ot ot C, ot

Equation (7) is used in OpenFOAM-v2112 and OpenFOAM-9, where the shear stress term is dropped

again. Alternatively, if we replace e = h — P Within Eqn (5), we arrive at another form for the specific
p

dp

enthalpy equation:

d(ph) k Dp

———+ V. (pUh)=V .| —=—Vh : VU U+ — 8
5 TV (Uh) c tpr+T +pg- U+t o (8)

Equation (8) is used in the chtMultiRegionFoam solver in foam-extend-4.0, where surface work (including

viscous heating), body force, and heat source terms are dropped. Also, chemical reactions and radiation

are not available in this solver version. It should be noted that % in Eqn. (8) denotes the material
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derivative, which is different from the temporal derivative in the Eulerian approach, i.e. % in Eqn. (7).
In foam-extend-4.0, the material derivative is explicitly evaluated via %’t’ :%JrU - Vp, where U is the
advection velocity.

After solving for the specific enthalpy, the temperature field is computed based on the fluid type and

using a variety of thermophysical libraries in OpenFOAM® |

2.3. Temperature as the primary unknown. By substituting de = C,0T in Eqn. (5), the energy
equation can be written in terms of temperature as
%—FV-@UCUT)=V-(kVT)+pr—pV~U+T:VU+pg~U 9)

The solution of Eqn. (9) gives the temperature directly. This equation is used in the monolithic solver
(conjugateHeatFoam) of foam-extend-4.0, where the three last terms on the right-hand side (work done
by surface and body forces) are dropped, and the radiation is modelled via a heat source term, i.e. pr.

As mentioned, Eqns. (4), (7), (8), and (9) are employed in heat transfer solvers in different versions
of OpenFOAM® . As detailed above, all OpenFOAM® forks neglect the viscous heating effect (heat
dissipation generated by shear stress term). However, this term plays a major role in various applications,
including lubrication and tribology [30,31] and compressible flow [32], and one should be careful when
applying these solvers for problems with a considerable contribution of the viscous heating phenomena.
Additionally, both conjugateHeatFoam and chtMultiRegionFoam solvers in foam-extend-4.0 neglect the
reversible work (pV -U), which can be considerable for compressible flow with high compression; it should
be noted that the solvers in OpenFOAM-v2112 and OpenFOAM-9 accounts for pV - U term.

2.4. Energy equation for solid region. For the energy equation in solid regions, these equations are
simplified by neglecting U and p terms. For instance, in conjugateHeatFoam, it becomes
0

a(psCsTs) =V. (ksVTs) + psTs (10)

where subscript s is used to indicate quantities in the solid domain.

2.5. Governing equation for Boussinesq flow. For the rest in this paper and to make a fair compar-
ison between all solution algorithms in OpenFOAM® forks, the fluid is assumed to be incompressible,
Newtonian, and laminar with the Boussinesq approximation, and the heat capacity is constant; addi-
tionally, the temperature-based formulation is applied for the energy equation in fluid and solid regions.
According to first three assumptions, we have 7 = p(VU 4+ VUT), where p is viscosity. Furthermore,
the terms for heat source, i.e. pr, and works done by surface force, i.e. —pV -U + 7 : VU, and body
force, i.e. pg - U, are neglected in the energy equation. Dividing the momentum equation, i.e. Eqn. (2),
by po (as is common for incompressible flow), the final flow equations are:

V-U=0 (11)
ou o Prgh
E+V~(UU)f7V p +[1.0-8(T—-To)]lg-z¢+ V- -(¥VU) (12)
0
oT
o +V-(UT)=V-(aVT) (13)
where a = i is the thermal diffusivity and v = 2 is the kinematic viscosity. It should be noted for
PLp Po

Prgh

Po
we refer to here as p,.

According to the interface continuity conditions, the temperature and normal component of the heat
flux must be continuous at the shared interface, indicated by 4, as follows

(T3)y = (Ti)s (14)
ni - (kiVT); =ng- (kYT (15)

in Eqn. (12) is treated as a kinematic pressure field with units [m?/s?], which

incompressible flow,

Where n; denotes the outward normal vector at the interface. Eqns. (14) and (15), along with Eqns.
(10) to (13) state that the pressure, velocity and temperature in the fluid regions and temperature across
solid and fluid regions are coupled. By expressing the momentum and energy equations in dimensionless
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form, several dimensionless quantities appear, which describe the strength of each type of coupling:

U - ~ Gr ~
—+U.-VU=-Vp+ —T 16
=t Pt s (16)
T +U.V.T= V2T (17)
dt "~ RePr
According to these dimensionless equations, the coupling degree depends on three dimensionless numbers:
Ts — T,
e Grashof number: Gr = W(j—2m);
e Prandtl number: Pr = K;
@
UL

e Reynolds number: Re = —.
v

where L is a characteristic length; [ is the coefficient of thermal expansion of the fluid; U is a characteristic
flow speed; Ts is a characteristic temperature; Ty, is bulk temperature. The larger the value of Gr, the
stronger the coupling between momentum and energy equations (pUT). In addition, the dependency of the
momentum equation on the temperature (and, hence, the strength of the pressure-velocity-temperature
coupling) decreases as the Reynolds number increases.

The dimensionless quantity for describing the strength of the temperature-temperature coupling in
two adjacent regions, 1 and 2, is

g

_ ki/yea
N (18)

For 0 << 1, region 2 undergoes a small temperature variation from the initial condition. Here, we assume
the region with larger values of ky/,/az is on the denominator; as a result, 0 < o < 1. Therefore, as o
approaches 1.0, the variation in both adjacent regions becomes considerable, and the coupling strength
increases [18].

3. Numerical approaches

This section discusses the numerical solution procedure in OpenFOAM® CHT solvers, including classic
partitioned and monolithic solvers and the proposed modifications. This procedure includes discretising
the computational domain and the governing equations, treatment of the interface condition in the
partitioned and monolithic approaches, the solution algorithms for solving the discrete equations with
various couplings, and finally, the convergence criteria for each time step.

3.1. Discretisation. All of the OpenFOAM® CHT solvers apply the finite volume method to enforce
the conservation of physical quantities in all sub-domains and at the shared interfaces. The computational
domain is discretised into a set of cells, as depicted in Fig. 2. Here, P refers to the cell centre, and N is
a neighbouring cell centre; dy is a vector connecting P to IV; sy is the outward-pointing area vector for
the face f shared between P and V.

df
o

Figure 2. Control volume P, its neighbour N, and the relevant cell-face parameters

N
v°
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By following the approach in [12] and incorporating the buoyant force as a source term, the semi-
discretised form of the momentum equation for the fluid regions can be expressed as
H(U)
ap
where ap represents the diagonal coefficient for cell P, and operator H (U) is evaluated from the transient
term and the coefficients for neighbour cells multiplied by their newly calculated velocities:

1 1
Up=HY _ Lgno sr-m)g-z- Ly, (19)
ap ap

Ny UO
H(U) = ZQNUN+E (20)
N=0

Here, N, refers to the number of neighbours around cell P; At indicates the time step size, and U°
denotes the velocity at cell P in the previous (old) time step. The Euler scheme has been used here to
discretise the temporal term; however, higher-order schemes could also be used. Similarly, coefficients
ap and apy depend on the temporal and spatial discretisation schemes. In this study, the Gauss linear
scheme [33] is used to discretise the gradient of the pressure and velocity fields; the Gauss linear corrected
scheme [34] is used for discretising the diffusion term; and the Gauss upwind scheme is used for discretising
the convection terms. Combining Eqns. (19) and (11) leads to pressure equation:

v. <1Vpr) V. (H(U) —a1PV[1.0—5(T—T0)]g~z> (21)

ap ap
In the PIMPLE (combination of PISO and SIMPLE) algorithm, solving the pressure equation is
followed by correcting Up via Eqn. (19) and then evaluating the mass flux at the cell faces, denoted by
F, via the below equation:

T Ly po-pr-Tlg-=- ) (22)
ap ap ap ¥

F:Pfo'Uf=Pf5f'<

It should be noted that Eqn. (22) applies Rhie and Chow interpolation, as explained in [12], in the
context of OpenFOAM [35] to ensure effective pressure-velocity coupling. This interpolation method is
employed to compute the velocity at the cell face and, consequently, the corresponding mass flux.

For the energy equation in both fluid and solid regions, the discretisation process leads to a system of
algebraic equations:

Ny,
ApTp + Z ANTNn = Bp (23)
N=0
where Ap and Ay are coefficients of the unknown temperature at cell P and its neighbours, and Bp
represents the source terms, the effect of boundary conditions on discrete equations in the adjacent cells,
and other terms related to the skewness of the mesh.

3.2. Enforcement of interface conditions. The distinguishing part of the partitioned and monolithic
algorithms is how they implement the interface conditions at shared boundaries, i.e. Eqns. (14) and (15).
The partitioned methods adopt an explicit strategy for exchanging the information associated with the
interface condition, meaning that the boundary conditions are updated after solving the energy equation
in each region. In the monolithic approach, the simultaneous solution of the energy equation in all
regions implies that the information is exchanged implicitly; this requires special care when constructing
the equations associated with cells adjacent to the interface. In this section, we provide details on the
standard implementation of the interface conditions used for the partitioned and monolithic solvers in
the OpenFOAM® packages.

A schematic of an interface face and its adjacent cells are shown in Fig. 3. Here, subscripts P and N
refer to the cells at the owner and neighbour sides of the interface face, respectively. In this context, the
owner is the region for which the solution is currently being performed and the neighbour refers to the
opposite side of the owner.

According to Patanakar [36], the discretised form of Eqn. (15) can be used to evaluate effective
conductivity at the interface in such a way as to ensure energy conservation at the interface. The discrete
form is expressed as below:

Tp —Tn

T, =T Tp —T;
kz :]fN i N:kp P i

A Apn Ap
where subscript ¢ refers to the interface face; k; is the effective conductivity at the interface face; Tp
(Tv) is the temperature at the adjacent owner (neighbour) cell; T; is the temperature at the interface
face; Ap (Ap) is the perpendicular distance between the interface face and the adjacent cell in the owner

(24)
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(neighbour) region, and A = Ap + Ay is the distance between the centres of cells at both sides of the
interface projected on the normal vector of their shared face. It should be noted that Eqn. (24) is derived

Figure 3. Owner (blue) and neighbour (orange) cells at both sides of the shared inter-
face faces

in the absence of radiation and other source terms at the interface. The temperature continuity condition
also implies that T; must be identical on both interface sides. From Eqn. (24), k; and T; can be computed
by

T; = (25)

k; = (26)

For the partitioned methods in this study, Eqn. (25) is enforced on both sides of the interface using
a mixed Robin-type boundary condition. Robin conditions use a linear combination of the Dirichlet
(fixedValue) and Neumann (fixedGradient) boundary types. As a result, the temperature at the
boundary of the owner’s side (T;)p is assigned as

(Tl)p = wTR +(1—w) [Tp+(nVT)RAP] (27)
——
Dirichlet contribution Neumann contribution

where w is the weight of the Dirichlet’s contribution to the Robin boundary condition, and T and
(n-VT)g are the reference temperature and the reference temperature gradient associated with the
Dirichlet and Neumann contributions. In OpenFOAM® | this type of Robin condition is implemented
using a combination of fixedValue and fixedGradient conditions, whose weights, w and 1 — w, are
defined in such a way to give the interface temperature according to Eqn. (25). Choosing Tr = T and
combining Eqns. (25) and (27), the weight w is computed as

kn

AN
e by
Ap Ay

Equations (27) and (28) are applied at both sides of the interface, where subscript P refers to the
owner region that the equations are currently being solved for, and subscript N refers to the neighbour
side. Considering a fluid-solid interface, when these equations are applied for the fluid side: Tp = T¥%,
Tr = Ts, Ap = Ay; and if they applied for the solid side: Tp = Ts, Tr = T¢, Ap = A,. Applying
Eqn. (27) with the weights computed from Eqn. (28) ensures the interface conditions are satisfied in a
deferred correction manner in the partitioned methods.

For the monolithic solver, the interface is considered an internal boundary whose material properties
are defined by Eqn. (26) to guarantee the satisfaction of the interface conditions, i.e. Eqns. (14) and
(15). This definition of k; ensures enforcement of energy conservation and temperature continuity at the
interface. It should be noted that for the monolithic approach, the normal temperature gradient at the
interface is evaluated using temperature values on both sides. For an orthogonal mesh, for example, (n; -

Tp — T
VT)p=(n; VT;)y = %. While the equation shown is simplified for clarity, OpenFOAM applies

w =

(28)
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non-orthogonal corrections to the interface conditions, treating interface faces as internal faces. The non-
orthogonality contribution depends on the chosen numerical scheme. In contrast, for the partitioned
approaches, the normal temperature gradient is evaluated using the interface value, i.e. (n; - VT;)p =
Tp — T; T, — Ty
———and (n; - VT;)y = ————
AP ( 3 z)N AN

both monolithic and partitioned approaches use the values at their region and the interface.

. For the computation of the Gauss gradient at the adjacent cells,

3.3. Solution algorithms. Enforcing the pressure-velocity, pressure-velocity-temperature, and temperature-
temperature couplings can be carried out in various ways. For each time step within the current
OpenFOAM® monolithic solver (conjugateHeatFoam), the pressure-velocity coupling is implemented
within the PISO loop and temperature-temperature is enforced by the simultaneous solution of the en-
ergy equation for all fluid and solid regions. The pressure-velocity-temperature coupling is also enforced
within an additional outer iterative loop in the proposed monolithic solver. For the partitioned methods,
OpenFOAM® solvers adopt an integrated loop strategy, i.e. algorithms SIPM-IP in Section 1, whereas

the proposed version applies a separated loop strategy, i.e. algorithms SIPM-SP in Section 1. Fig. 4
illustrates the solution procedure for each time step within the current partitioned, proposed partitioned,
and proposed monolithic solvers.

As seen in Fig. 4, all three algorithms employ the same PISO loop to apply pressure-velocity coupling
for fluid regions. The PISO algorithm is defined to achieve a specific initial residual for pressure equa-
tions in all regions (here 10~!) while enforcing a certain number of iterations (here 2). The proposed
partitioned algorithm, i.e. semi-implicit projection method with separated loop (SIPM-SP), enforces the
pressure-velocity-temperature coupling within an outer predictor-corrector loop and applies an additional
internal (interface) loop to ensure interface conditions at the fluid-solid interface for each outer iteration.
The interface loop terminates once either the maximum relative temperature difference at both sides
of all interfaces, denoted as max[AT;,;], or the average residual for the energy equation in all regions
mean[Rest]; reduces to a certain level (here 107°). Here, subscript [ indicates the last iteration within

the interface loop; AT, = M, where AT,,q, is the maximum temperature variation across

AT,
all regions. The classic partitionedrgfllgorithm, i.e. semi-implicit projection method with integrated loop

(SIPM-IP), does not employ a separate loop for fluid-solid interface and, hence, enforces the pressure-
velocity-temperature and temperature-temperature couplings within the outer predictor-corrector loop.
In other words, the classic partitioned solver is the same as that proposed one with a single iteration
for the interface loop. For the developed monolithic algorithm, semi-implicit projection method with
monolithic solution (SIPM-M), the interface loop in the proposed partitioned algorithm is replaced with
building and simultaneously solving the overall energy equation across all regions. Building the energy
equation in the monolithic algorithm gives the benefit of directly evaluating the overall energy residual by
substituting the latest computed temperature fields. Therefore, besides implicit information exchange,
this algorithm facilitates the definition of the overall initial energy residual for the convergence criteria.

The classic partitioned and monolithic algorithms are available in the foam-extend-4.0 package (namely
chtMultiRegionFoam and conjugateHeatFoam, respectively). For the proposed monolithic algorithm,
conjugateHeatFoam was modified to ensure pressure-velocity-temperature coupling by adding an outer
iterative loop. Moreover, the modified version can deal with multiple regions (more than two regions,
to which the standard version is limited). The proposed partitioned algorithm is implemented via a few
modifications (e.g. adding a predictor-corrector interface loop) within the chtMultiRegionFoam solver.
Section 4 discusses the effects of these modifications on the solvers’ accuracy and performance.

3.4. Convergence criteria. The current OpenFOAM® CHT solvers apply a predetermined number of
iterations for their outer loop; hence, the user should monitor the residuals to ensure the desired con-
vergence. For a fair comparison, the algorithms for the current solvers in OpenFOAM® are modified
to apply similar convergence criteria. The proposed partitioned and monolithic algorithms enforce con-
vergence criteria for each time step to ensure an accurate solution of the mass, momentum and energy
equations. These criteria ensure that the initial residual of the mass (or pressure) and momentum (or
velocity) equations in all fluid regions and that of the energy equations in all fluid and solid regions reach
a certain level (here 102 for the pressure and velocity equations and 10~ for the energy equations).
Despite these similarities in the convergence criteria, the partitioned methods, i.e. algorithms SIPM-IP
and SIPM-SP, and monolithic method, i.e. algorithm SIPM-M, apply different definitions for the overall
initial residual of the energy equations. Specifically, the partitioned methods use an average of the initial
residual in all regions, whereas the monolithic approach uses the initial residual of the overall system of
energy equations. This difference in evaluating the initial residual is due to the nature of partitioned
and monolithic approaches. It underlies different convergence behaviour (and sometimes unnecessary
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Figure 4. Flowchart of the algorithms for each time step (a) classic partitioned algo-
rithm, SIPM-IP (b) proposed partitioned, STPM-SP (c¢) proposed monolithic algorithm,

SIPM-M

additional outer iterations for the partitioned methods), as demonstrated later (Section 4). To alleviate
the issue of unnecessary outer iterations, we define an alternative energy convergence criteria based on
which the relative temperature changes in two sequential outer iterations. It should be noted that the
proposed partitioned algorithm uses the overall initial energy residual evaluated in the first (and not
final) iteration of the interface loop to check the time step convergence criteria.

4. Test cases

The performance of the classic partitioned, the proposed partitioned, and monolithic algorithms are
compared by solving an unsteady conjugate natural convection problem in a square enclosure. Many
researchers have simulated this test case due to its simplicity and capability to investigate the effect
of two types of coupling (pressure—velocity—temperature and temperature—temperature) via changing the
corresponding dimensionless parameters. Kazemi-Kamyab et al. [37] solved this case using their pro-
posed loosely-coupled partitioned algorithm to demonstrate their solver’s applicability for two different
assumptions: constant material properties and temperature-dependent thermal conductivities in the fluid
and solid sub-domains. In another study [18], the authors examined the stability and convergence rate
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of their proposed strongly-coupled partitioned solver through a numerical solution of this case for differ-
ent coupling strengths via changing o and Gr. Pan et al. [38] validated the accuracy of their proposed
monolithic solver through this case for various Gr and o.

In the current study, the accuracy of three algorithms is validated against available results in the litera-
ture. Then, the benefits of the proposed monolithic solver against the standard solver in the foam-extend
package (the conjugateHeatFoam solver) are examined. Four new coupling strengths are suggested and
solved by classic partitioned, proposed partitioned, and monolithic algorithms to cover various coupling
conditions for a fair comparison. Finally, a new configuration of this test case with additional fluid/solid
regions is presented to examine the possible effects of additional regions on the performance. Adding
more regions to the computational domain imposes a challenge, especially for the partitioned methods.
The partitioned strategy for solving (or explicit exchange of the information between) multiple systems
of energy equations might encounter issues such as instability or slow convergence. Therefore, such a new
test case is expected to provide an opportunity to compare monolithic and partitioned approaches more
deeply. For all test cases in this study, the same discretisation setup is applied unless otherwise stated:
the time step size is At = 0.00025 s, and the dimensions of the grids are 80 x 80 cells for the fluid regions
and 80 x 20 cells for the solid regions.

4.1. Classical case of unsteady conjugate natural convection in a single square enclosure.
The standard case of unsteady conjugate natural convection in a single square enclosure is depicted in
Fig. 5. For verification purposes, the material properties are taken from the study by Pan et al. [38]. Tab.

Adiabatic
l g

Solid

Fluid

L2
=Tc
=Ty

T
T

Adiabatic
———————————————
X
Ll L5

Figure 5. Conjugate natural convection in a single square enclosure

2 presents dimensionless quantities for these states. As the parameters Grashof and ¢ in this table show,
the pUT-TT couplings in states 1, 2, and 3 are strong-weak, weak-weak, and weak-strong, respectively. It
should be noted that the material properties in this simulation are not physical but were set to reproduce
the ratio between the material properties of the fluid-solid pair and the Grashof number in the fluid.

Table 2. Dimensionless properties for three coupling conditions in the test case of un-
steady conjugate natural convection in a single square enclosure

State Fluid Solid Pr ks/ky Gr o

1 Air Steel 0.7 1600 1.43 x 10° 3.95 x 10~
2 Water Steel 7.0 &80 104 0.12

3 Water Concrete 7.0 2.7 10* 0.93

In these simulations, we set Ly = Ly = 1 m, and the wall thickness Lg = 0.2 m. The fluid is initially
at rest with p =0 Pa and T' = 0° C. Then it starts to be heated by the thermal energy transferred from
the outer surface of the right thick wall with an initial temperature of 0° C. The temperature on the
right side of the wall is fixed at Ty = 1° C, and the temperature on the left side of the enclosure is fixed
at Tc = 0° C. The no-slip boundary condition is applied to all walls of the fluid regions.

Figure 6 presents streamlines and contours of temperature in the fluid and solid regions at t = 0.07 s.

Figure 7 compares the temperature profile at the horizontal mid-line for t = 0.07 s obtained by the
available and proposed solvers with the results in the literature [38]. As seen in this figure, all three
solvers give results with acceptable accuracy for states 1, 2 and 3.
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Figure 6. Contour of temperature and streamline for three states of the unsteady con-
jugate natural convection in a single square enclosure at ¢t = 0.07 s
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Figure 7. Temperature profile for three states of the unsteady conjugate natural con-
vection in a single square enclosure at y = 0.5 m and ¢t = 0.07 s given by three solvers
(SIPM-IP or the classic partitioned, SIPM-SP or the proposed partitioned, SIPM-M or
the proposed monolithic) and literature [38].

As mentioned earlier, the conjugateHeatFoam solver in the foam-extend-4.0 package applies a mono-
lithic approach similar to the proposed monolithic algorithm, except it lacks the outer loop for ensuring
the pressure-velocity-temperature coupling in the fluid regions. To demonstrate the effect of this loop
on the accuracy of the results, state 1, whose pressure-velocity-temperature coupling is strong, is solved
by both the conjugateHeatFoam and the proposed monolithic solvers with two different time step sizes:
At = 0.0025 s, At = 0.005 s. Figure 8 compares the temperature profile at the horizontal midline for
t = 0.07 s obtained by conjugateHeatFoam and proposed monolithic solvers with results in the litera-
ture [38]. As is clear, the accuracy of the conjugateHeatFoam solver is lower than the proposed monolithic
solver, and it reduces for the larger time steps due to not ensuring pressure-velocity-temperature coupling
within the fluid region. On the other hand, the proposed monolithic solver gives results that agree with
the reference. In the authors’ view, the slight difference for the larger time step size is only due to the
temporal discretisation error.

For the conjugateHeatFoam solver, the default number of PISO iterations in the standard OpenFOAM®
tutorials, two iterations, will lead to solution instability. So, it is crucial to ensure a partial convergence
of the PISO loop before solving temperature equations to avoid instability for the proposed monolithic
algorithm. For the stability of the conjugateHeatFoam, we have increased the number of PISO iterations
by trial and error, as reported below.

For comparing the computational cost of three CHT solvers, we suggest using new material properties,
given in Tab. 3, to cover different levels of pUT-TT coupling for this case: strong-strong, weak-strong,
strong-weak, and weak-weak. Note that the first refers to pressure-velocity-temperature coupling in the
fluid regions, and the second represents the temperature-temperature coupling between two adjacent
regions.

Computational costs of the proposed algorithms for solving states A to D are compared in Fig. 9.
This figure shows that classic partitioned (SIPM-IP) produces the slowest convergence rate, especially
in states A and B, where strong thermal interaction exists between fluid and solid regions. Comparing
the results for classic partitioned (SIPM-IP) and proposed partitioned (SIPM-SP) reveals the latter’s
superiority in all coupling conditions up to about two times speedup. In addition, for all coupling
conditions, especially A and B, the proposed monolithic (SIPM-M) results in less computational time
than other algorithms. However, as the results suggest, the proposed partitioned algorithm presents
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Figure 8. Temperature profile for state 1 of the unsteady conjugate natural convection
in a single square enclosure at y = 0.5 m and ¢ = 0.07 s given by proposed monolithic
(SIPM-M), OpenFOAM® (conjugateHeatFoam), and literature

Table 3. Dimensionless properties for four of the proposed states

State Pr ki/ky Gr o

A 0.7 1.6 1.43 x 10> 0.93

B 0.7 1.6 10* 0.93

C 0.7 1600 1.43x10° 4x 104
D 0.7 1600 10* 4% 1074

approximately the same convergence rate as the proposed monolithic solver. Such a similarity in the
convergence behaviour reflects that for this test case, ensuring temperature-temperature coupling via
either simultaneous solution or a predictor-corrector loop within each outer iteration can significantly
reduce the overall solution time. The results also suggest that the monolithic approach has slight benefits
over the partitioned one for this test case.

The PISO algorithm can be applied with or without solving the momentum equation, i.e. momentum
predictor. In the case of enabling momentum predictor in the PIMPLE algorithm, operator H(U) is
evaluated by velocities obtained by solution of Eqn. (19); otherwise, the velocity field from the previous
iteration is used to compute this operator. In all previous solutions, the momentum predictor was applied.
To investigate more, Tab. 4 illustrates the impact of the momentum predictor on the number of outer
iterations and solution time across different coupling conditions for these three algorithms. As shown,
enabling the momentum predictor in the PIMPLE algorithm decreases the necessary outer iterations for
all states by up to three times less in both the proposed partitioned and monolithic solvers. Consequently,
this enhancement results in a doubling of solution speed.

Table 4. Effect of the momentum predictor on the CPU time and average number of
outer iterations in the solution of the case of conjugate natural convection in a single
square enclosure with three algorithms in various coupling conditions (F and T denote
False and True for applying the momentum predictor; SIPM-IP indicates classic parti-
tioned solver in OpenFOAM® forks; STPM-SP indicates the proposed partitioned solver;
SIPM-M indicate proposed monolithic solver)

CPU time (in s) Ave. of out. iter.
State SIPM-IP  SIPM-SP SIPM-M SIPM-IP  SIPM-SP  SIPM-M
F T F T F T F T F T F T

59.1 40.1 64.1 323 439 30.17 284 122 282 93 282 93
43.1 417 4246 229 414 20.79 176 127 16,6 56 17.1 5.6
60.0 36.5 60.2 30.6 57.8 288 284 103 284 93 283 8.7
394 290 396 212 39.2 2043 165 7.5 16.5 55 163 54

gQw>
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Figure 9. Cumulative CPU time as a function of simulation time for unsteady conju-
gate natural convection in a single square enclosure with a single solid (state A to D)
solved by classic partitioned (SIPM-IP), proposed partitioned (SIPM-SP), and proposed
monolithic solvers (SIPM-M)

The different behaviour of the partitioned and monolithic approaches enabling the momentum predictor
originates from the various definitions of the overall energy residual as the convergence criteria. According
to Tab. 4, with the momentum predictor, the average number of outer iterations in the monolithic
methods for states C and D increases, whereas for the partitioned methods it decreases. Delving into the
solution histories reveals that the partitioned methods, compared to the monolithic approach, demand
more outer iterations due to the satisfaction of the overall energy residual condition. Additionally, the
results in this table suggest that without the momentum predictor, there is no considerable benefit for the
proposed partitioned approach over the classic partitioned approach, meaning that adding an interface
loop in the partitioned methods will be advantageous only when the momentum equation is solved.

4.2. Unsteady conjugate natural convection in three square enclosures with three walls. This
section introduces a new case, similar to the previous one, but with multiple fluid and solid regions. The
motivation for studying this case is to assess the scalability of the solvers in multi-region scenarios. The
schematic of this case is shown in Fig. 10. The dimensions of the additional fluid and solid regions are
the same as the case with a single fluid, i.e. L; =1 m, Ly = 1 m, and the wall thickness Lg = 0.2 m.
The initial conditions for the fluid and solid regions are the same as the previous standard case, i.e. all
fluids are at rest and Ts1 = Tso = T3 = 0°C, py1 = pra = py3 = 0 Pa, Ty = Ty = Ty3 = 0°C. The
temperature boundary conditions are shown in the schematic, where Ty = 1°C and Tz = 0°C. Therefore,
the left wall of the right solid (Solid1), the two walls of the middle solid (Solid2) and the two walls of the
top solid (Solid3) are treated as shared interfaces.

Figure 11 shows the temperature contours in all regions and streamlines in the fluid regions for state
A at t =0.07 s.

Figure 12 presents the temperature profile along the horizontal line at ¥ = 0.5 m and the vertical line
at = 0.5 m. Clearly, the three solvers give nearly the same temperature profiles.

Figure 13 compares CPU time used by the three solvers in four coupling states. Again, the comparison
for this case reveals the superiority of the proposed monolithic over the partitioned methods (classic
partitioned and proposed partitioned). Diving into convergence histories shows that the slow convergence
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Figure 10. Schematic of unsteady conjugate natural convection in three square enclo-
sures with three solid walls

of the partitioned methods for state C is rooted in the convergence criteria for the overall energy residual.
More specifically, the energy residual in the Solid3 region oscillates for the early time steps, which demands
more outer iterations at these time steps. As the time step progresses, the required outer iteration reduces
due to less oscillatory behaviour in this residual.

Table 5 details the effect of the momentum predictor on the solution of this case via the three al-
gorithms. According to the data in the table, deactivating the momentum predictor leads to a higher
requirement for outer iterations across all three solvers. Regarding solution efliciency, integrating the
momentum predictor into the proposed partitioned and monolithic solvers reduces CPU time. On the
other hand, when considering the classic partitioned solver for scenario (B) of the test case, its inclusion
decelerates the solution process.

Table 5. Effect of the momentum predictor on the CPU time and average number
of outer iterations in the solution of the case of conjugate natural convection in three
square enclosures with three algorithms in various coupling conditions (F and T denote
False and True for applying the momentum predictor; SIPM-IP indicates integrated
loop algorithm in OpenFOAM® solvers; SIPM-SP indicates the proposed separate loop
algorithm; STPM-M indicate proposed monolithic algorithm)

CPU time (sec) Ave. of out. iter.
State SIPM-IP SIPM-SP SIPM-M SIPM-IP  SIPM-SP  SIPM-M
F T F T F T F T F T F T

2159 1589.6 2275 1374 201.7v 127.3 429 182 429 148 385 14.0
125.2 1372 109.7 786 885 69.3 21.6 156 183 7.1 146 6.6
158.1 123.6 158.8 120.5 144.4 100.0 34.6 139 34.5 13.8 30.8 10.3
102.2 81.6 109.7 7148 885 68.6 19.7 80 19.7 70 160 6.6

ol @Nvei—

To investigate the impact of the momentum predictor, Figs. 14 and 15 depict the convergence history
for continuity, momentum, and energy equations over five consecutive time steps while being solved using
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Figure 11. Contour of temperature and streamline for unsteady conjugate natural con-
vection in three square enclosures with three walls (state A) at t = 0.07 s
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Figure 12. Temperature profile at lines y = 0.5m and x = 0.5m given by three proposed
solvers for unsteady conjugate natural convection in three square enclosures with three
walls (state A) at ¢ =0.07 s

the SIMP-SP solver, with and without the application of the momentum predictor. As evident from Fig.
14, the convergence of the momentum equation serves as the bottleneck for overall time step convergence.
Conversely, in Fig. 15, employing the momentum predictor facilitates simultaneous convergence of mo-
mentum and continuity equations at a similar pace. Additionally, it can be observed from both figures
that for Cases (A) and (C), characterized by strong pUT coupling (indicated by high Grashof numbers),
more iterations are necessary for time step convergence. This underscores the importance of employing
efficient strategies for pUT coupling, such as applying the momentum predictor, to expedite simulations.
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Figure 13. CPU time as a function of simulation time for unsteady conjugate natural
convection in three square enclosures with three solids (state A to D) solved by classic
partitioned, proposed partitioned, and proposed monolithic solvers

5. Conclusion

The numerical simulations in the previous section reveal that enforcing the interface conditions via
either an internal predictor-corrector loop or a simultaneous solution of the energy equations can ac-
celerate the solvers up to two times. This conclusion implies that the chtMultiRegionFoam solver in
OpenFOAM® forks, which typically uses an algorithm similar to the classic partitioned algorithm, is
not computationally efficient; the results suggest applying a separate loop to improve its computational
efficiency. This solver in OpenFOAM-v2112 allows for using a separate loop to solve the energy equations.
In the authors’ view, the superiority of the proposed partitioned algorithm over the classic partitioned
one is that compared to the temperature-temperature coupling, the pressure-velocity coupling in the fluid
part is computationally more expensive to enforce. On the other hand, the pressure and velocity in the
fluid regions are coupled to the fluid temperature through pressure-velocity-temperature coupling. Thus,
while tight satisfaction of the interface conditions via an additional internal loop demands extra com-
putational effort, it also reduces the number of required iterations in the outer loop and, consequently,
the number of pressure-velocity solutions. Therefore, the overall computational time is reduced due to
the additional internal loop. Moreover, the superiority of the proposed monolithic algorithm over the
proposed partitioned one is rooted in the computational efficiency of the simultaneous solution over the
sequential solution within a predictor-corrector loop. Another benefit of the monolithic solver is that it
provides a better formulation for the overall energy residual across regions and, as a result, avoids extra
iterations for the outer predictor-corrector loop. The results also demonstrate the effect of applying the
momentum predictor. In particular, solving the momentum equation in the PIMPLE algorithm increases
the benefits of adding an interface loop.

For the analyses presented in this article, we can draw several conclusions:

e The numerical solution of the CHT problems requires special care for coupling in the equations,
especially when the equations are strongly linked.

e According to our test results, employing a strategy where the energy equation is solved simulta-
neously throughout the domain proves to be the most efficient approach. However, it’s essential
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Figure 14. Residual convergence history over five consecutive time steps for unsteady
conjugate natural convection in three square enclosures with three solids (states A to D),
solved by the proposed partitioned solver without utilizing the momentum predictor

to recognize that the current solver within foam-extend-4.0 is constrained to handling only the
temperature-based energy equations.

e Applying the momentum predictor significantly improves solution efficiency for the proposed

partitioned and monolithic solvers. This enhancement leads to a significant increase in speed
(up to twice as fast) across various coupling conditions, as demonstrated by the results of two
test cases. On the other hand, while implementing the momentum predictor reduced the outer
iterations for all cases, its impact on the speedup was less consistent with the classic partitioned
method. In one instance, it even resulted in a slowdown of the solution.

e An analysis of results derived from partitioned methods indicates that integrating an additional

iterative loop for resolving energy-energy coupling can enhance the solution speed by up to
twofold, particularly in scenarios with strong coupling between energy equations across sub-
domains.

e While this study offers valuable insights into the performance of partitioned and monolithic

solvers, certain scenarios remain unexplored. Specifically, solid-solid interactions, steady-state
problems, the influence of different boundary conditions, such as fixed heat flux on solid bound-
aries instead of fixed temperature, and the effects of larger time step sizes have not been fully
investigated. Further research addressing these factors could provide a more complete under-
standing of solver stability and accuracy.
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