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Abstract In this chapter, I introduce, document, and verify solidificationMelting-
Source: a built-in fvOption in OpenFOAM® for simulating isothermal solidification.
The main challenge in simulating isothermal solidification is the incorporation of
movements of the solidification front. To overcome this challenge, solidification-
MeltingSource adds source terms to the momentum and energy equations. First, I
rigorously derive the equations for these source terms and outline their implemen-
tation in the source code. Then, I verify solidificationMeltingSource by simulating
a well-known numerical benchmark for isothermal solidification. Finally, I end the
chapter by suggesting possible future extensions for solidificationMeltingSource.
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1 Introduction

1.1 fvOptions

fvOptions is a flexible framework in OpenFOAM® that allows users to add source
terms to equations at run time [1]. fvOptions is easy to use since users do not have to
modify source code. Some of the implemented fvOptions are: (1) explicit porosity
source; to simulate flow in a domain with porous subzones; (2) MRF source: to
simulate flowon both stationary and rotating frames; (3) fixed temperature constraint:
to fix temperature at given locations to constant or time-varying values. The reader
is referred to reference [1] for a complete list of available fvOptions and example
syntaxes on how to use them.

solidificationMeltingSource [2] is a fvOption that can be used to simulate isother-
mal phase-change (solidification and melting) problems such as windshield defrost-
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ing or solidification of phase-change materials (PCM). solidificationMeltingSource
adds source terms to: (1) the momentum equation, to account for the drag force due
to the presence of a solid in a liquid, and (2) the energy equation to account for latent
heat release during the phase change.

1.2 Background on Isothermal Solidification

Pure materials solidify at a single temperature, whereas alloys solidify within a
range of temperatures. This chapter focuses only on solidification of pure materials:
isothermal solidification. Figure 1 shows a schematic of a system under isothermal
solidification. Cooling is from the left. The domain consists of a solid region on the
left,withT <Tf , whereTf is themelting temperature, and a liquid region,withT >Tf ,
on the right. The two regions are separated by the sharp and moving solidification
front located at x � x*. For solidification to continue, latent heat released at the
solidification front has to be dissipated by net conduction away from the solidification
front. Heat balance at the solidification front implies
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In solidification literature, Eq. (1) is typically referred to as the classical Stefan
condition [3]. The term on the left-hand side represents the latent heat released at x
� x* (due to solidification). On the right-hand side, the first and second terms are
the heat fluxes through the solid and liquid, respectively. The superscript * indicates
that the fluxes are evaluated at x � x*.

Themain challenge in simulating isothermal solidification problems is to incorpo-
rate movements of the solidification front. Numerical methods for overcoming this
challenge can be categorized as: (1) moving boundary methods, and (2) enthalpy
methods. In the moving boundary methods, the location of the solidification front is
tracked explicitly, and two different energy equations are solved, the first one for the
solid side and the second one for the liquid side. In the enthalpy methods, there is
no need for explicit tracking of the solidification front. Instead, the energy equation
is written in a form that is valid on both (solid and liquid) sides of the solidification
front. The latter methods are numerically easier to implement. However, one needs
to modify the local single-phase equations so that they are valid on both sides of the
solidification front. solidificationMeltingSource uses an enthalpy method, which is
discussed in this chapter.

The objective of the present chapter is to introduce, document, and verify solid-
ificationMeltingSource. Equations implemented in solidificationMeltingSource are
rigorously derived and their implementation in the source code is outlined. solidi-
ficationMeltingSource is verified through the simulation of a numerical benchmark
for isothermal solidification and the results are compared with data available in the
literature.
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Fig. 1 Schematic of a
system under isothermal
solidification. The red, solid
blue, and dashed blue lines
show solid fraction,
temperature, and enthalpy,
respectively. The solid region
on the left, with T < Tf and
gl � 0, is separated from the
liquid region on the right,
with T > Tf and gl � 1, by
the solidification front
(dashed line). Heat fluxes are
represented by arrows

2 Governing Equations

Equations governing isothermal solidification are listed below. These equations are
taken from Voller and Prakesh [4].

2.1 Conservation Equations

2.1.1 Continuity

∇ · v � 0, (2)

where v is the flow velocity.
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2.1.2 Momentum

ρ0
∂v
∂t

+ ρ0∇ · (vv) � −∇ p + μ0∇2v + Sb + Sd , (3)

where ρ0 andμ0 are the density and the dynamic viscosity (both taken to be constant
here), Sb is the buoyancy source term, and Sd is a source term added to force the
velocities in the solid region to zero. These source terms will be derived in the next
subsection.

2.1.3 Energy

ρcp
∂T

∂t
+ ρcp∇ · (vT ) � ∇ · (k∇T ) − Sh, (4)

where cp is the specific heat and k is the thermal conductivity, and Sh is a source term
that accounts for the latent heat release during solidification. The equation for this
source term will be also derived in the next section.

2.2 Derivation of the Equations for Source Terms

The momentum and energy equations, listed in the previous subsection, have source
terms Sb, Sd , and Sh. The equations for these source terms are derived below.

2.2.1 Momentum Source Terms: Sb and Sd

Equation (3) has two source terms: Sb and Sd . The first one is the buoyancy source
term, which is given by the Boussinesq approximation:

Sb � ρ0gβT (T − Tref), (5)

where g � −9.8ĵ is the acceleration due to gravity, βT is the thermal expansion
coefficient, and T ref is the reference temperature.

The second source term in Eq. (3) is added to make sure that the velocities in
the solid region will become zero. An acceptable relation for Sd should satisfy two
conditions: (1) in the liquid region, Sd should be zero so that Eq. (3) reduces to the
normal single-phase Navier–Stokes equations, and (2) in the solid region, Sd should
dominate all other terms in the momentum equation and should result in v � 0.
Motivated by the Darcy law for flow through porous media, Voller and Prakesh [4]
have suggested
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Sd � Av, (6)

where A is inversely proportional to permeability K :

A ∼ 1

K
. (7)

Permeability K is related to liquid fraction gl through the well-known Car-
man–Koseny equation [5]:

K ∼ g3l
(1 − gl)

2 . (8)

The reader should note that, for isothermal solidification, permeability has no
physical significance; it is introduced here only as a numerical technique to force
the velocities in the solid region to zero. In fact, Voller and Prakesh [4] stated that
A ~ 1/K , in Eq. (7), is not the only correct relation. Any relation that gives A � 0 in
the liquid region and a relatively high value for A in the solid region will be equally
correct.

Now, after substituting Eqs. (7) and (8) into Eq. (5), we get the final equation for
Sd as

Sd � −C
(1 − gl)

2

g3l
v. (9)

It is apparent from this equation that in the liquid region (where gl � 1), Sd will
be zero; in the solid region, where gl is a sufficiently small number (on the order of
10−6), Sd will be high enough to dominate all other terms in themomentum equation.
Therefore, the momentum equation will reduce to Sd � 0, and, consequently, v � 0.

2.2.2 Energy Source Term: Sh

The source term in the energy equation, Sh, represents the latent heat released during
solidification. The equation for Sh is derived below.

For a system with phase change, the energy equation reads as

∂

∂t
(ρhtot) + ∇ · (ρvhtot) � ∇ · (k∇T ), (10)

where htot is the total enthalpy. In the solid region, htot � cpT ; in the liquid region,
htot � cpT + Lf . To have a single relation valid in both solid and liquid sides, we
write

htot � cpT + gl L f , (11)
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where gl is the liquid fraction equal to zero in the solid region and equal to one in
the liquid region.

Now, if we substitute Eq. (11) into (10) and subtract Eq. (4), we get

Sh � ρ0L f

[
∂gl
∂t

+ ∇ · (vgl)
]
, (12)

which is the final equation for the energy source term Sh.
Finally, we need a relation that will transform gl � 1 into gl � 0 as temperatures

become lower than the melting temperature, i.e., T < Tf . Discretizing the energy
equation explicitly, and taking the temperature derivative of both sides (i.e.,∂/∂T ),
will give us

∂gl
∂T

� − cp
L f

. (13)

From Eq. (13), we can write

gn+1l � gnl +
γ cp
L f

(
T − T f

)

gn+1l � max
[
0,min

(
1, gn+1l

)]
, (14)

where the superscripts n + 1 and n refer to the present and last iteration levels,
respectively, and γ is an under-relaxation factor (of order 1). Equation (14) updates
the liquid fractions as follows: initially, we have gnl � 1 and T > Tf ; therefore, the
first line in Eq. (14) will give us gn+1l > 1, which, in the second line, will be reset
back to gn+1l � 1. For temperatures slightly lower than Tf , γ cp

(
T − T f

)
/L f will be

negative, and therefore Eq. (14) will result in gn+1l < 1: the liquid fraction will start
to decrease. The liquid fraction will keep decreasing until it reaches zero, and after
that, it will no longer change.

3 Implementation in solidificationMeltingSource

Listings (1, 2, and 3) are code pieces from the solidificationMeltingSource source
code, in which implementation of the source terms outlined in the previous section
is shown. In listing (1), lines 337 and 338 are the implementations of Eq. (9) and
Eq. (5), respectively. In listing (2), line 54 is the implementation of Eq. (12). In listing
(3), line 216 is the implementation of Eq. (14).

Listing (1): Code piece showing how momentum source terms are added.
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Listing (2): Code piece showing how an energy source term is added.

Listing (3): Code piece showing how a liquid fraction, represented by alpha in
the code, is updated.

4 Problem Statement and Simulation Setup

The isothermal solidification problem studied here is the benchmark introduced in
Voller and Prakesh [4] and is sketched in Fig. (2). It consists of a square cavity
initially filled with liquid above its freezing temperature. The cavity cools from the
left wall, while the top and bottom walls are thermally isolated. Solidification starts
from the left, with the solidification front moving to the right as time proceeds.

The OpenFOAM® solver that is used is buoyantBoussinesqPimpleFoam. The
mesh size and time step are 2.5 cm and 1 s, respectively. In the fvOptions file, we
have Tmelt � 0, L � 5, thermoMode � lookup, beta � 0, and rhoRef � 1. Note that
the value of beta in the fvOptions file is set to zero since buoyant Boussinesq Pimple
Foam already accounts for the buoyancy source term. The properties and boundary
conditions are taken from Voller and Prakesh [4] and, due to space limitations, are
not listed here.

Fig. 2 Schematic of the
benchmark problem
introduced in Voller and
Prakesh [4] and simulated
here
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Fig. 3 Temperature
distributions at t � 500 s
calculated in the present
study (solid line) and
reported in Voller et al. [6].
The dashed line is the
solidification front and the
red dotted line shows the
melting temperature (Tf � 0)
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5 Results

In the absence of flow, the results are comparedwith data inVoller et al. [6]. Figure (3)
shows a comparison of temperature profiles reported in Voller et al. [6] (markers),
with the temperatures calculated in the present study (solid line at t � 500 s). The
dashed line is the solidification front and the dotted line shows the melting tem-
perature (Tf � 0). The two temperatures are in good agreement, which verifies
solidificationMeltingSource.

In the presence of flow, results are shown in Fig. (4). This figure shows the evo-
lution of the solidification over time. Columns represent different times. In the top
row, color represents the solid fraction gs(= 1 − gl) and the vectors represent the
liquid velocity. In the bottom row, color represents temperature, and the white line,
which is the solidification front (isoline gs � 0.5), is superimposed from the solid
fraction contours at the top. One can easily notice that this line lies on the freezing
temperature, i.e., T � 0. Furthermore, regions with T > 0 in the bottom row have
gs � 0 in the top row; these regions are fully liquid. Similarly, regions with T < 0
in the bottom row have gs � 1 in the top row; these regions are fully solid. These
agreements verify solidificationMeltingSource in the presence of flow.

6 Conclusions

In this chapter, I introduced, documented and verified solidificationMeltingSource,
which is a built-in fvOption in OpenFOAM® for simulating isothermal solidifica-
tion problems. The main challenge in simulating these problems is the incorporation
of movements of the solidification front. To account for these movements, solidifi-
cationMeltingSource adds source terms to the momentum and energy equations. I
rigorously derived the equations for these source terms and outlined their implemen-
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Fig. 4 Time evolution of the solid fraction (top row) and temperature (bottom row) during solidi-
fication. Left, middle, and right columns show different times. The vectors in the top row and the
white line in the bottom row represent liquid velocity and the solidification front (isoline gs � 0.5),
respectively

tation in the source code. I simulated a benchmark for isothermal solidification and
compared the results with the data in the literature. The agreement was found to be
good, and therefore solidificationMeltingSource is verified.

Clearly, the solidification problem investigated here was a highly simplified one.
This problem was chosen because realistic and more interesting solidification prob-
lems, such as the solidification of alloys, can only be represented bymultiphase/-scale
mathematical models [7], which need to be handled through complex numerical tech-
niques [7–10] and cannot be numerically solved solely by adding source terms to
the equations. The material presented in this chapter should be viewed as a start-
ing guide for FOAMers interested in solidification problems and, more importantly,
as an attempt to help with future efforts to extend OpenFOAM®’s built-in capa-
bilities in simulating solidification problems. As an example of these extensions,
implementation of algebraic lever and Scheil solidification models [3] in solidifica-
tionMeltingSource is suggested.
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