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We develop and analyse a continuum model of two-phase slurry dynamics for planetary
cores. Mixed solid-liquid slurry regions may be ubiquitous in the upper cores of small
terrestrial bodies and have also been invoked to explain anomalous seismic structure
in the F-layer at the base of Earth’s liquid iron core. These layers are expected to
influence the dynamics and evolution of planetary cores, including their capacity to
generate global magnetic fields; however, to date, models of two-phase regions in planetary
cores have largely ignored the complex fluid dynamics that arises from interactions
between phases. As an initial application of our model, and to focus on fundamental fluid
dynamical processes, we consider a non-rotating and non-magnetic slurry comprised of
a single chemical component with a temperature that is tied to the liquidus. We study
one-dimensional solutions in a configuration set up to mimic Earth’s F-layer, varying
gravitational strength R, the solid/liquid viscosity ratio 4,, and the interaction parameter
K, which measures friction between the phases. We develop scalings describing behaviour
in the limit R >> 1 and A, > 1, which are in excellent agreement with our numerical
results. Application to Earth’s core, where R ~ 10?% and Ay ~ 10%2, suggests that a pure
iron slurry F-layer would contain a mean solid fraction of at most 5 %.

Key words: multiphase flow, solidification/melting

1. Introduction

Multiphase flows involving phase changes are ubiquitous in nature. Everyday examples
include formation of clouds, rain droplets and snow in the atmosphere (Pruppacher 1986).
In the Earth’s mantle, two-phase flows occur in the form of melting of rock and subsequent
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transport of magma to the surface (e.g. McKenzie 1984; Spiegelman 1993; Bercovici,
Ricard & Schubert 2001). Two-phase flows also arise in deep planetary interiors. Planetary
differentiation driven by heating from radioactive isotope decay and planetary accretion
leads to partial melting, and ultimately to the segregation of a molten iron-rich core
from the solid silicate mantle (Rubie, Nimmo & Melosh 2015). Subsequent cooling leads
to crystallisation of the fluid core, which drives compositional convection that provides
an efficient power source for maintaining planetary magnetic fields by dynamo action
(Breuer, Rueckriemen & Spohn 2015). In Earth’s core, freezing of dense iron-rich material
proceeds from the inside out, leading to segregation of solid and liquid phases with power
provided by the continual enrichment of the liquid in light impurities (Nimmo 2015). By
contrast, small planetary bodies such as Ganymede, the moon, and asteroids could freeze
dense material from the top, with iron ‘snowing’ down from the core-mantle boundary
(Breuer et al. 2015). In this case, power for dynamo action is thought to be provided both
by the falling snow and by the gravitational energy released when the snow remelts at
greater depths (Riickriemen, Breuer & Spohn 2015; Davies & Pommier 2018).

This work is motivated by another ‘snow zone’ that is hypothesised to exist at the base of
Earth’s liquid core. The traditional picture of the geodynamo is that turbulent convection in
the outer core produces a state in which the interior is nearly homogeneous and adiabatic.
However, seismic studies indicate the existence of a region at the base of the outer core
where density is stably stratified (see Souriau & Poupinet (1991), and also the overview
in Gubbins, Masters & Nimmo (2008)). The depth of this region, called the F-layer, is
estimated to be between 150 and 400 km. The presence of such a region at the base of the
outer core has potentially far-reaching consequences since the F-layer mediates the power
input to the bulk core where the magnetic field is generated. It is therefore important to
understand the extent of the influence that the F-layer has on the motions in the turbulent
bulk of the core, and how that in turn influences the operation of the geodynamo.

Several possibilities have been proposed to explain the anomalous stratification of the
F-layer. The simplest explanation, a thermal boundary layer, is not viable because the
thermal gradient at the base of the liquid core is strongly destabilising (Gubbins et al.
2008). One possibility is that the layer results from convective translation of the inner
core, a deformationless mode of motion that can arise if the inner core is convectively
unstable. Translation results in the inner core freezing in the western hemisphere and
melting in the eastern hemisphere, which produces an iron-rich dense layer that sits above
the inner core boundary (ICB) (Alboussiere, Deguen & Melzani 2010). However, recent
upward revisions of the thermal conductivity of iron (Pozzo et al. 2014) make thermally
driven convective translation unlikely. Compositional (Gubbins, Alfe & Davies 2013) or
double-diffusive (Deguen, Alboussiere & Labrosse 2018) convection in the inner core
can arise, but the conditions for these instabilities do not appear to be satisfied at the
present day. It is also unclear whether convective translation can produce the observed
global F-layer thickness. Gubbins et al. (2008) proposed a hydrostatic thermochemical
model of iron alloyed with light element at the liquidus temperature that succeeded in
producing a thick stably stratified F-layer. However, the stabilising compositional gradient
that produces the overall density stratification is imposed through the boundary conditions
and so its origin, together with the mechanism by which light material passes through the
stratified layer, is not explained by the model.

An enticing hypothesis inferred by analogy with metallurgical studies of solidifying
mixtures is that the region of the outer core close to the ICB is in a state of constitutional
supercooling, and thus matter in the F-layer could be composed of a mixture of liquid and
solid phases (Loper & Roberts 1978, 1981). Within the two-phase hypothesis, two distinct
regimes were proposed: a slurry zone with a low solid fraction (e.g. Loper & Roberts 1978)
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and a mush zone with a high solid fraction (e.g. Fearn, Loper & Roberts 1981). In a slurry
regime, solid phase exists in the form of fine grains suspended in the parent liquid phase.
In a mush regime, solidification is assumed to form a dendritic solid skeleton with liquid
flowing along pore spaces.

To explain the F-layer as a two-phase region, its properties must be consistent with
seismic observations. The most robust observation is a flattening of the P-wave velocity
profile with depth, which is usually interpreted to represent density stratification (Gubbins
et al. 2008). This behaviour has been reproduced by simple thermodynamic slurry models
(Wong, Davies & Jones 2021), but has not so far been reported for the mush regime.
There is also no clear seismic evidence of shear-wave velocities, reflections or impedance
contrasts above the ICB (Souriau 2007), which is consistent with the existence of a slurry.
A mush can in principle support shear waves and top-side reflections owing to its high solid
fraction but the seismic properties of a mushy layer above the ICB are unknown; so while
these observations do not rule out a mushy F-layer they require that it is somehow hidden
from current seismic probes, which is a solution we do not favour. The mush hypothesis
does have the advantage that it provides natural nucleation sites, whereas nucleation in a
pure slurry may require very substantial undercooling (e.g. Huguet et al. 2018). However,
the nucleation difficulty, found in theoretical calculations for a pure substance, may not
apply in the presence of impurities which may well be present in the core. Our view is
that core nucleation is very imperfectly understood, and therefore it is not appropriate
to rule out the slurry model on that basis. The solid fraction in a two-phase F-layer is
unknown, but estimates based on simple thermodynamic arguments suggest values of
the order of 1 % (Gubbins et al. 2008), while estimations based on mineral physics data
give ~15 % (Zhang et al. 2019). These values are smaller than the rheological transition
above which the two-phase region is expected to form an interconnected solid network
(Solomatov 2007). Finally, a mushy zone at the base of Earth’s core is expected to have
a maximum thickness of a few kilometres, much thinner than the F-layer, since a thick
mush would collapse under its own weight (Deguen, Alboussiere & Brito 2007). Based on
these considerations we focus on a slurry F-layer in the rest of this paper. In this scenario,
heavy solids fall under gravity, while the light liquid rises buoyantly upwards. A net inward
transport of dense solid and a net outward transport of light material can result in an overall
stable stratification.

Previous models of the slurry F-layer (and indeed ‘iron snow’ models for planetary
cores in general) have focused on the thermodynamics of the problem rather than the fluid
dynamics. Wong, Davies & Jones (2018) and Wong et al. (2021) applied the two-phase
‘diffusive mixture’ model of a slurry developed by Loper & Roberts (1978) to study
the F-layer and found solutions with density and P-wave velocity variations that are
in good agreement with those inferred from seismic observations. The model of Wong
et al. (2018) is purely thermodynamic in that it assumes that the F-layer is in hydrostatic
equilibrium and on the liquidus, where the liquid phase is at rest and the sedimentation
of solid phase is approximated by Stokes flow along the pressure gradient. The diffusive
mixture formulation models the evolution of the mean mixture, with a single momentum
equation for the barycentric flow velocity, so flow velocities of individual constituent
phases cannot be known. Here we follow an alternative ‘two-fluid’ formulation which
models each individual phase as a separate fluid continuum (Roberts & Loper 1987). In
this more general model, which can be simplified to the diffusive model, the velocities
of each phase as well as the solid sedimentation flux are determined self-consistently.
Our study therefore represents the first steps towards a fully fluid dynamical model of the
two-phase slurry F-layer.
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Throughout this work we consider a pure iron slurry, i.e. one composed of a single
chemical constituent. This is a simplification of the real core composition, which is
expected to comprise one or more light elements. However, we will show that the pure
slurry is a rich and complex fluid dynamical system that is worthy of study in its own
right. Moreover, by elucidating the behaviour of this system across a wide range of
control parameters we obtain a crucial reference point for understanding the additional
complexities due to adding lighter elements, which will be considered in future work.
Finally, the pure system is of geophysical interest because it allows us to test previous
predictions based solely on thermodynamic arguments (Gubbins et al. 2008) that any
slurry that could form in the F-layer would contain only a small fraction of solid phase.

Modelling multiphase dynamics of solid-liquid slurry poses a significant theoretical
challenge. Broadly speaking, there are two strategies for treating the solid particles:
as rigid entities or as a continuum field. A basic example of the rigid approach is
modelling of individual sinking solids and their experience of drag and their effect on
the ambient chemical gradients (e.g. Inman et al. 2020; Magnaudet & Mercier 2020).
This strategy can be extended to models involving many tracers, representing solid
crystals, in a convective flow (e.g. Suckale er al. 2012; Patocka, Calzavarini & Tosi
2020). However, computational expense limits the number of tracers that can be modelled,
while the addition, removal or change of sizes of particles during simulation as well as
the associated latent heat exchanges are challenging to represent numerically. With this
approach, numerical modelling at the scale of the F-layer is currently inaccessible.

When the solid phase is treated as a continuum, macroscopic behaviour resulting from
microscopic phase interactions is modelled by interpenetrating and interacting continuum
fields. The exact locations of the individual phases, and hence the interfaces between
phases and the microscopic properties of melting, are unknown; at the system scale, phases
are represented by the volume fraction they occupy in a control volume. This approach
therefore lacks a first-principles link to local-scale variables and processes (e.g. formation
and growth of solid crystals or topology and evolution of phase interfaces) and thus
requires that local mechanical and thermodynamic phase interactions are parametrised
through constitutive relations based on macroscopic variables. The deliberate focus on the
system scale constitutes both the key limitation but also the chief strength of continuum
models. By abandoning a rigorous representation of local-scale phase interactions, the
continuum framework allows one to construct models of system-scale behaviour of
tractable mathematical complexity. Such models have a long history (e.g. Truesdell
& Toupin 1960) and have had significant impact in geophysics, as highlighted by the
two-phase model of Drew (1971) and Drew & Segel (1971) and its subsequent application
to the problem of two-phase melt transport by McKenzie (1984) and others (e.g. Fowler
1985; Ribe 1985; Bercovici et al. 2001). In recent years, models of this kind have found
many areas of application, such as magma oceans (Boukaré & Ricard 2017), planetary
mantle evolution (Zhang, Bercovici & Jordan 2021), ice—water transport on Europa
(Kalousova et al. 2014) and magnetic induction in mushy zones (Bercovici & Mulyukova
2021).

Within the two-phase continuum theory, a number of new phenomena arise that are
not present in a single-phase flow. In a pure slurry, in addition to the effects of thermal
buoyancy, convection of the liquid can be driven by buoyancy of solid grains. Furthermore,
phase change and associated absorption/release of latent heat introduce an additional
avenue of heat transport through the system. This gives rise to the ‘heat-pipe’ effect,
whereby heat is transported by fluid parcels that solidify at their destination, releasing
latent heat.
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In this paper we study two-phase dynamics of a pure iron slurry in an effort to shed light
on the dynamics in the F-layer. We extend the formulation of Roberts & Loper (1987) and
derive and solve a set of equations that describe the motion of a reactive two-phase system.
As described above, the bulk of the outer core (above the F-layer) is vigorously convecting,
which mixes this region to almost uniform composition and an adiabatic temperature
profile. On the other hand, the F-layer is stable to convection so we expect that any motion
in the slurry will be more temperate, consisting chiefly of settling of solid phase under
gravity. We further expect that radial variations will dominate the signals obtained by
seismology because the inferred density anomalies are many orders of magnitude larger
than the thermochemical anomalies that drive core convection (Stevenson 1987). Hence,
in this paper, we restrict our attention to one-dimensional (1-D) solutions representing
motion along the vertical direction, which serve as a natural starting point from which to
build more detailed dynamical models. We are interested in gaining a broad understanding
of the nature of solutions to these two-phase equations up to solid fractions of ¢* ~ 0.5,
beyond which a mushy zone is expected to form. In particular, we seek to understand
the factors that determine the distribution of solid phase within the layer, and to provide
independent constraints on the solid fraction that can exist in a pure slurry at the physical
conditions of Earth’s F-layer.

Previous applications of two-phase modelling to planetary mantle dynamics have mainly
focused on situations where the solid phase is dominant (e.g. McKenzie 1984; Bercovici
et al. 2001; Sramek, Ricard & Bercovici 2007; Boukaré & Ricard 2017; Zhang et al. 2021).
These studies assume that the liquid volume fraction stays low and the solid phase forms an
interconnected matrix. In such a case inertia of both phases is negligible and momentum
balance for the liquid phase is reduced to Darcy’s law, whereby the liquid percolation
through the solid is determined by the overpressure and the permeability of the solid
matrix. By contrast, in the slurry limit the solid phase is expected to be sparse. In this
case it is unclear a priori which terms in the equations can be neglected. In this study
we take a general approach that does not assume Darcy flow or negligible kinetic energy.
We draw heavily from the two-phase equations for a pure slurry developed by Roberts &
Loper (1987), which, to our knowledge, have not previously been solved. We attempt to
strike a balance between simplicity and realism, noting that many properties of deep Earth
materials are poorly known owing to the immense pressures and temperatures that arise in
planetary cores.

The outline of the paper is as follows. In § 2 we describe the governing equations for the
two-phase slurry. In § 3 we formulate the mathematical problem of the two-phase slurry
in the context of the Earth’s F-layer. In §§4 and 5 we analyse and solve the equations for
the case of 1-D time-independent solution. Concluding discussion is presented in § 6.

2. Equations governing two-phase flow

Derivation of conservation laws in two-phase theory involves averaging of the microscopic
scale equations to obtain equations governing the macroscopic scale (see e.g. Drew
1971, 1983). The averaging formalism for deriving continuum equations of macroscopic
two-phase flow is well established, and does not need to be reproduced here. In this section
we describe the continuum equations governing the evolution of a two-phase slurry. Our
approach follows closely the work of Drew (1971, 1983) and Roberts & Loper (1987) and
also uses results from Bercovici et al. (2001) and Sramek et al. (2007). The complete set
of equations formulated in this section may be found in Appendix C. A table of symbols
involved in the development of the governing equations in this section is provided in
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Appendix A (table 4). Readers more interested in the analysis of the mathematical problem
may pass directly to § 3.

2.1. Fundamental assumptions and notation

We consider a continuum model of a mixture composed of two phases of a single chemical
constituent. For our purposes, we suppose that the two phases are solid and liquid, labelled
by superscripts ¢ € {s, [}. Each of the two phases is a continuum thermodynamic system.
The two thermodynamic continua are immiscible but interpenetrating (occupy the same
space), and interact with each other in the form of mass, momentum and energy exchanges.
We assume that all exchanges are pure, i.e. their sum vanishes. As such we neglect the
effects of surface tension. Surface tension can be incorporated into the two-phase model
(see e.g. Bercovici er al. 2001) at the expense of additional complexity, which we feel is
unwarranted at this stage of the model development and given that the interface properties
of iron at Earth’s core conditions (hundreds of GPa and several thousand K) are poorly
known. We also assume that the two phases do not interact chemically. In other words,
thermodynamic quantities associated with only one phase depend exclusively on the
variables of this phase. For example, the Gibbs free energy of one phase is independent of
the amount of the other phase present. This assumption also means that entropy of mixing
is neglected.

At each point in the continuum the phases are characterised by their system-scale
velocity uf, pressure p®, temperature 7¢, etc. The relative amount of each phase at any
point is measured by volume or mass fraction. These can be conceptually understood by
considering a small finite control volume around a point x in space, of total mass M and
volume V. The total mass M is the sum of masses of each phase and, similarly, total
volume V is the sum of volumes occupied by individual phases:

M=M4+M, v=4+V. (2.1a,b)
Mass and volume fractions can thus be defined as
ME )%
& = , = —; 2.2a,b
14 v ¢ v (2.2a,b)
vryl=1, ¢ +¢' =1L (2.3a,b)

Strictly speaking, at a microscopic level, any point x in space can only be occupied
by either a solid phase or a liquid phase and thus volume/mass fractions should only
take values O or 1. However, in the continuum approach, volume and mass fractions are
interpreted as statistical averages, that is, ¢* represents the fraction of a small volume
surrounding x that is occupied by solid phase. Volume and mass fractions are thus
continuous and differentiable functions of x. This is the standard approach in continuum
modelling of two-phase flows (e.g. Drew 1983; Roberts & Loper 1987; Bercovici et al.
2001).

The specific density p? is defined by the mass of phase ¢ divided by the volume of
phase ¢, and is the inverse of the specific volume V?:

.M
= ye Tye

In addition to quantities relating to individual phases, it is also useful to define quantities
relating to the mixture. Throughout the paper we denote mixture quantities with an overbar.
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The specific density and specific volume of the mixture are

p= % =¢p +9lpl, V= % =V +ylvl (2.5a,b)
It is useful also to note the relation between mass fraction ¢ and volume fraction ¢*:
vt =2 (2.6)
The velocity of the mixture u is the centre-of-mass (barycentric) velocity defined by
pu = ¢*p’u’ + ¢'p'ul. 2.7

Equivalently, # = pu/p = ¥*u® + y'u'. Following Roberts & Loper (1987) we suppose
that the internal energy density of the mixture can be obtained by adding together those of
the two phases separately:

pE = ¢*p°E* + ¢ p'E!, (2.8)

where E? is the internal energy per unit mass of phase . This ignores interfacial surface
tension. We assume that the entropy density of the mixture is similarly additive:

pS = ¢*p*S* + ¢/p'S’, (2.9)

where S? is the specific entropy of phase ¢. This form implicitly ignores entropy of mixing
and interfacial surface tension.
We define material derivatives

+u-V, (2.10a,b)

where D? /Dt is the material derivative following the flow velocity of phase ¢ and D/Dr is
the material derivative following the barycentric velocity (2.7). We also introduce notation
for phase difference in any quantity A:

AA = A5 — AL, 2.11)

We derive all equations to maintain their Galilean and material invariance. Galilean
invariance requires that the laws of motion are independent of the inertial frame of
reference. Material invariance refers to the symmetry between the equations governing
the two phases, whereby an interchange of labels results in the same equations.

2.2. Conservation of mass
The mass continuity equation for phase ¢ is
(¢ p")

G TV @) =T, 2.12)

where "¢ is the rate of production of phase ¢. The rate of production of one phase is
equal and opposite to the rate of destruction of the other, i.e. I'S + I'! = 0. The total
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mass conservation law is obtained by summing continuity equations of individual phases
together:

ap

” + V. (pu) =0. (2.13)
Using (2.6) and (2.13) in (2.12) we obtain an evolution equation for solid mass fraction *:
/S s sl 1
V=1 =t —ae= 2
where j is the solid flux (Loper & Roberts 1978).
Note also that the phase mass continuity equation (2.12) can be written as
DE & I"€ 1 Dé‘ &
O T et wheretf = Vw4 2P (2.15)
Dt oid pe Dt

Equation (2.15) states that the volume fraction ¢* can increase as a result of production of
the phase (I"¢ > 0), convergence of the phase due to flow (V - u® < 0) or a decrease in
specific density (D°p®/Dt < 0; equivalently, an increase in specific volume D?V? /Dt >
0). Solid compaction is the process by which a solid matrix progressively loses its porosity
due to the effects of pressure from loading — i.e. compaction decreases ¢’ and increases
¢°. We can generalise this terminology to say that compaction of phase € is a process
which increases ¢¢. Since compaction is a process that is treated as separate from melting
or freezing, the quantity ¢° thus denotes compaction ({¢ < 0) and dilation (¢ > 0) of
phase ¢.

2.3. Conservation of momentum

The general form of the equation for the rate of change of momentum is
a
8—t(¢8p8u8) + V- (@ puu’) =F°, (2.16)

where F? stands for the totality of forces through which momentum is gained/redistributed
within phase €. The momentum transfer term consists of contributions due to internal
stress (due to pressure and viscous forces within the phase), external forces (e.g. gravity)
and momentum exchange due to interaction between phases:

Fe = antemal + Fixternal + anteraction‘ (217)
The internal force arises due to divergence of the total stress tensor IT¢:
?nternal = V. (@), (2.18)

where it has been assumed that the stress tensors of the individual phases are additive. The
total stress tensor for phase € can be split into isotropic and deviatoric components:

¢ = —p°I + o*, (2.19)

where p? is the mechanical pressure (minus one-third trace of the stress tensor, p® =
—%Tr(H £)), I is the identity matrix and o® is the deviatoric stress tensor. Force densities
on each phase due to the external gravitational field g are

£

external = <1)6'08g‘ (2.20)
The interaction force F%, . results from forces acting at the interface between the

phases. Given the complexity of the interface between the phases, and lack of knowledge
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of its precise location and orientation in the continuum approach, the interfacial forces are
difficult to quantify and have been subject of much debate in the two-phase literature. The
interaction force is commonly split into three components: momentum exchange due to
transfer of mass between the phases during melting and solidification; a ‘buoyant’ force
each phase experiences due to the pressure exerted on its boundary by the other phases
which surround it; and a frictional force that phases experience as they move past one
another (Drew 1983). The momentum exchange due to melting and freezing depends
on the velocity at which the solid-liquid interface propagates during the phase change.
Similarly, the buoyant force between the phases depends on the pressure distribution on
solid-liquid interfaces. Neither the ‘interface velocity’ nor the ‘interface pressure’ are
known (or even knowable) quantities in the continuum framework, where even the concept
of the interface is blurred (in the continuum framework interfaces are not discrete entities;
the interface as well as the two phases are continuous quantities that exist at all points
in the domain), and have to be parametrised in terms of phase velocities u® and phase
pressures p®. From these considerations, the interaction force can be expressed as (see e.g.
Ishii & Hibiki (2010), chapter 9)

F¢

interaction — reu +ﬁgv¢8 +st (221)
where #° is the interface velocity on the side of phase €, p? is the interface pressure on
the side of phase ¢ and D? is the generalised drag force that is equal and opposite in each
phase (D* = —D'). In the absence of surface tension the interaction forces are equal and
opposite, 3 . =—F fmmm.{m, and interface velocity and pressure are continuous
across the phase interfaces:

d=i=u p=p=p (2.22a,b)

Utilising the phase mass conservation equation (2.12), and relations (2.17)—(2.22a,b), the
momentum equation (2.16) becomes

du® .
¢°p° ( 3ut +u - V”g) =—¢°Vp* + V. (¢°0°) +¢°p°g+ I'*( — u)

+ (@ —p°)Ve® + D°. (2.23)

Following Roberts & Loper (1987) and Bercovici et al. (2001) we postulate the following
constitutive relations for & and p:
W —i=y'Au, u—a=—-y'Au, Yy +y'=1; (2.24a—c)
P—p=o'Np, p—p=—-0'Ap, &+ =1. (2.25a—c)

Coefficients w® control the partitioning of the interface surface force between the two
phases and represent the fraction of the volume-averaged surface force exerted on each
phase (Bercovici & Ricard 2003). Similarly, coefficients ¢ control the partitioning of
the interface velocity z. On application of (2.24a,b) and (2.25a,b) in (2.23), momentum
equations for solid and liquid phases become

8 )
¢SIOS (a_l;"'l_us _Vu5> — _¢SVpS+V . (¢SUS)+¢S,0Sg—)/SFSAM—CUSAPV(PS+DS,

(2.26a)
ou!
d)l,ol (E T+l Vul) _ —¢1Vpl+ V. (¢lal) +¢lplg—|— yll“lAu+wlApV¢l+Dl.
(2.26b)
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Taking the dot product of (2.26a) with #* and the dot product of (2.26b) with u!, we obtain
the equations for the evolution of kinetic energy of the two phases:
s

o +V.(Kuw)=-¢’’ -V’ + V- (¢’ - 0°) — 9’0’ : Vi’

, 1
+¢*o°u g+ I'u’ - (5143 — ysAu> — Apo’u’ - V¢' +u’ - D, (2.27a)

aK!
B + V. (K'uy = —¢'u - Vpl + V. (@'u - 0!y — ¢pla! Vil
1
+ ¢lplul g+ r'u. (Eul + ylAu> + Apa)lul . Vd)l +d - D, (2.27b)

where K¢ = %qﬁs pf|luf|? is the kinetic energy density of phase & and o°: Vu® =
al.; ous /0x;.

In general, the gravity vector can be expressed in terms of the gradient of gravitational
potential g = —V @. Thus, with use of the continuity equation (2.12), and assuming that
the gravitational potential is time-independent 9,9 = 0, we can express the gravitational
term in the kinetic energy equation as follows:

¢°p°u g =—¢ U VO = -V . (¢°p°U @)+ DV - (¢ p°u*)

a &
=— ( ;Dt +V. (Pqu)) + e, (2.28)

where P? = ¢¢ p° @ is the potential energy density of phase . Adding together the kinetic
energy equations of the two phases (2.27a) and (2.27b) we obtain the equation governing
the evolution of total mechanical (kinetic and potential) energy in the mixture:

0
5(/65 + P+ K+ PH+ V- (K +PHY + (K + Phu — ¢*u’ - 0° — ¢'ul - o))
— _¢sus . VPY . ¢lul . Vpl o ¢S0_S:Vus _ ¢lo,lvul +DS . Au
| . .

-5yt r'yhiauP? — Apu® - V¢, (2.29)
where u® = w*u’ + o'u!. Terms on the left-hand side of (2.29) represent changes in
mechanical energy due to accumulation, advective flux and viscous deformation stresses;
terms on the right-hand side represent work against the pressure gradient, viscous heating,

frictional heating, contributions due to phase changes and an additional contribution to the
usual pressure—work term due to the existence of pressure disequilibrium (Ap #0).

2.4. Conservation of entropy and energy
The entropy equation is

ad
a—t(qbspsSg) + V(9" Su + k) = X°, (2.30)

where k° represents the entropy flux due to internal processes (e.g. diffusive heat flux) and
X'¢ represents sources of entropy due to dissipative processes (e.g. viscous heating) and
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interaction with other phases. The second law of thermodynamics requires that the sum of
the entropies of all bodies taking part in the process is increased, which is expressed as

d [
—/de\/:/25+2’de0. (2.31)
dr 1% 174

This serves as a powerful constraint in developing constitutive laws.

To obtain the evolution equation for internal energy of each phase we begin with the
statement of the first law of thermodynamics applied to the individual phases. According
to the first law, the change in the internal energy is equal to net energy added in the form of
heat §g° = T¢dS® minus energy spent in the form of thermodynamic work w® = —p®dV?:

dEF = T¢dS® — pEd(1/p%). (2.32)

We actually want a relation for the internal energy density ¢°p°E®. We obtain this by
multiplying (2.32) by ¢° p® and rearranging:

d(¢®p°E®) = T*d(¢° p°S?) — p°do® + G*d(¢°p®), (2.33)
where
pé‘
G =FE° —T°S® + — (2.34)
P

is the specific Gibbs free energy of phase ¢. (Note that the specific Gibbs free energy
introduced in (2.34) is often denoted by u (e.g. Roberts & Loper (1987), their (2.16)).
Here we use G to denote specific Gibbs free energy and reserve u® for dynamic viscosity.)

Using (2.33) we obtain a material derivative of energy density p®E*:

DS & EES DE & ESS DS & DE E LNE
@°p°E") _ D (@°p )_pa ¢ L D)
Dt Dt Dt Dt
Using (2.12), (2.30) and (2.34) in (2.35) yields (after a few vector identities) the internal
energy equation:
d(¢°p°E")
ot

(2.35)

+ V(¢ p°EE + ¢S uf] = =V - (T°k®) + k° - VT + T ¢

a &
+¢€u€-Vp£+G€F8—p8 a¢; .

(2.36)

The equation governing the total energy of the system is obtained by summing the solid
and liquid internal energy equations (2.36) with the total kinetic energy equation (2.29),

0@’ P’ + ¢lp'EN)
ot
where £° is the total energy of phase & (per unit mass of phase ¢), £ = (E* + %lu’gl2
+ @), F¢ is the energy flux vector, F¢ = (¢p*p*EF + ¢°pHu’ — ¢p*uf - 0° + T°k® and
J contains the sum of energy exchange terms arising due to the interaction between the
phases:

+V. (F+Fy=7, (2.37)

j — _¢SO_S . VuS _¢la_l : Vul+k8‘ . VTY_"_kl . VTI+TYES‘+TIEI

, B dg®
+ D' Au+ AGT™* — E(réw + I''yhAu? - Ap( ;;

+u? - V¢S> . (2.38)

The material derivative appearing in the final term of (2.38) can be obtained by multiplying
equation (2.15) corresponding to the solid phase by w*, and that corresponding to the liquid
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phase by —w!, and adding the resulting two equations to yield

lod 0
( (;i +u® . Vd)s) = Fspfpl — 'P°C° + l@lt!,  where p = o'p* + &*pl. (2.39)

In a closed system, conservation of total energy in the system requires that
d
—/ES+8ldV=/jdV=0. (2.40)
dr Jy v

Interaction between the phases cannot change the overall energy of the mixture (only
transfer the energy from one phase to another). This is in line with our (more stringent)
assumption that the energy exchanges are pure (their sum vanishes), which requires that

J =0. (2.41)

2.5. Thermodynamic relations

Before establishing thermodynamic relations for the two-phase system, we must address
the subtle matter of pressure and in particular the difference between ‘thermodynamic’ and
‘mechanical’ definitions of pressure. Even for a compressible single-phase viscous fluid
there is a difference between these two definitions of pressure. The mechanical pressure
is defined by minus one third the trace of the stress tensor. The thermodynamic pressure
appears in definitions of thermodynamic potentials and accounts for changes in internal
energy with respect to volume in a compressible fluid. The difference between the two
definitions depends on the compaction viscosity and the divergence of the velocity field,
and disappears in static equilibrium (e.g. Landau & Lifshitz 1987).

So far we have introduced two mechanical pressures (p°, pl), one for each of the two
phases, and a shared interface pressure (p). Following Ricard (2007) (see also Rudge,
Bercovici & Spiegelman 2011), in what follows we identify the interface pressure as the
appropriate thermodynamic pressure, which we redefine as P = p . Thus, from (2.25a,b),

pPP=P+o’'Ap, pl=P—o'Ap. (2.42a,b)

The pressure of each phase is assumed to be composed of the sum of thermodynamic
pressure P and compaction pressure Ap, which is entirely mechanical in nature as it
arises due to flow. All thermodynamic potentials for both phases are defined using the
thermodynamic pressure P. All of the thermodynamic differential relations involving
pressure are to be taken as differentials of thermodynamic pressure P, i.e.

dp® = dp' = dP. (2.43)

The derivation of thermodynamic relations for Gibbs free energy G°, specific density
p® and specific entropy S° is standard and has been relegated to Appendix B. These
differential relations are as follows:

1

dG* = —dP — §°dT*, (2.44)
P

dp® = pf(BEdP — afdT?), (2.45)

£
P

ast = — % ap 4+ 2qre (2.46)
- 8 9 B

P re

where «f is the thermal expansion coefficient, ¢ is the isothermal compression coefficient
and ¢, is the specific heat capacity at constant pressure of phase ¢.

976 A5-12


https://doi.org/10.1017/jfm.2023.834

https://doi.org/10.1017/jfm.2023.834 Published online by Cambridge University Press

A two-phase pure slurry model for planetary cores

In light of the pressure decomposition (2.42), it is useful also to introduce the effective
Gibbs free energy G% as the Gibbs free energy defined using the thermodynamic pressure
(Ricard 2007) (compare with G® defined in (2.34)):

a)lAp

w*Ap
9 pl .

N

l 1
G' =Gl -

P , ,
G, =E —T°S° + ;’ G’ =G + (2.47a—c)
Thus the Gibbs free energy of each phase can be thought of as a sum of thermodynamic
Gibbs free energy (G%) and a contribution due to compaction pressure Ap, which is
entirely mechanical in nature. Between (2.47a—c) and (2.44) it immediately follows that

1 1
dG; = —dP — ST — *Apd (—S) , (2.48a)
p p
[ 1 | 3l | 1
dG, = _ldP —8dT" + w' Apd — - (2.48b)
P p

In the case of mechanical disequilibrium (Ap # 0), the chemical equilibrium is reached
when the effective Gibbs free energies of the two phases are equal.

2.6. Constitutive relations

In this section we exploit the principles of energy conservation and entropy production
(2.31) to derive constitutive relations for the closure terms in the governing equations.
We need to provide expressions for the deviatoric stress tensor o, heat flux vector k%,
frictional momentum exchange D?, mass transfer term "¢, pressure difference between
phases Ap, entropy production X¢ and coefficients y ¢, w®.

We begin with a parametrisation of y¢ since it is the most elusive one, and in the absence
of physical estimates it has to be fixed based on theoretical reasoning. We recall that y® is
associated with the process of kinetic energy exchange between the phases during melting
and solidification. We take a simple view that the kinetic energy exchange due to phase
change is pure (kinetic energy of one phase is transferred wholly into the kinetic energy
of the other phase, with no energy being converted into other forms of energy), and thus
does not change the overall mechanical energy of the system. The terms involving y¢ in
the mechanical energy equation (2.29) should therefore vanish, which requires that

yre+ylrt=o. (2.49)
The constraint y* 4+ y! = 1 (equation (2.24¢)) fixes
ye = 1. (2.50)

This parametrisation eliminates the y®-dependent energy source term in J (2.38).
Alternative parametrisations are possible, for example setting y¢ = H(I"¢), where H is
the Heaviside function (Roberts & Loper 1987), at the expense of increased mathematical
complexity.

Conservation of total energy (2.40) requires that J vanishes. Thus on using (2.39) for
D®¢* /Dt and (2.47a—c) for AG = AG, + App/(p*ph) in (2.38) yields

T’ + T2 =¢'c° : Vu' +¢la’ Vil — k- VT — K . VT
— D' Au—T'*AG, + Ap(—a*¢*c* + o'p'ch. (2.51)

To ensure entropy production we must ensure that X* + X/ > 0. We decompose the
entropy production term X° into contributions due to viscous heating (X¢), internal

976 A5-13


https://doi.org/10.1017/jfm.2023.834

https://doi.org/10.1017/jfm.2023.834 Published online by Cambridge University Press

F. Wilczyriski, C.J. Davies and C.A. Jones

diffusive heat flux () and interactions between the phases (X%):
2E=X 4+ X0+ X% (2.52)

We assume that dissipative phenomena associated with only one phase depend exclusively
on the variables of this phase. Thus, viscous dissipation of one phase depends only on
the internal stresses in that phase and, similarly, thermal dissipation of one phase depends
only on that phase’s internal heat flux:
Pt : Vut kf-VT®

T TE
We choose the usual Newtonian form for the deviatoric stress tensor ¢ and a simple
description for the heat flux vector k°:

qut  oul  29ud ke
op =u’ (L + L2, , k= _? vT?, (2.54a,b)

¢ = . X =— (2.53a,b)

0x; ax;  3oxg ! T¢

where ©f is the dynamic viscosity of phase ¢ and k° is the thermal conductivity of phase «.
With forms (2.54a,b), it can be easily demonstrated that both the viscous heating term and
the diffusive heating term (2.53a,b) are positive definite: X = (1/2)¢°c° : 0°/T° > 0,
X0 = ¢ k°|(VT®) /T |> > 0. Thus, to ensure entropy production, we only need to ensure
that 2§ + ZJ)I( > 0. It is useful to decompose the interaction term X5 into a sum of the
mean mixture entropy production X and interphase entropy exchange x ¢ as follows:

TE=X+yxf X=i@y+3h, xP=-x (2.55a—c)

Using (2.55a—c), we can write T°X§ + TIZ?)I( = (T* + THX + ATx®, and thus (2.51)
becomes
- 1

TS+ T!
Terms {D*, x*, I'*, Ap} are still unknown and require closure. At this stage we follow the
standard procedure of irreversible thermodynamics (e.g. Roberts & Loper 1987; Ricard
2007; De Groot & Mazur 2013) whereby the closure terms {D*, x*, I'*, Ap} are identified
as thermodynamic fluxes which can be represented as linear functions of thermodynamic
scalar forces. In (2.56) each thermodynamic force appears multiplied by its conjugate
flux. We adopt the simplest closure approach whereby each force is linearly related to
its conjugate flux:

(=D* - Au— x*AT — I'’AG, + Ap(—o*¢*C* + olplch)).  (2.56)

D’ = —ApAu= -D', (2.57)

X' =—A,AT = —x!, (2.58)

IS = —ArAG, =TI, (2.59)
Ap = Apnp(—0'$*t* + 0'9'ch, (2.60)

where Ap, Ay, Ar, App > 0 are phenomenological coefficients. Equation (2.56) can
thus be written as

X = (2.61)

1 \D*|? n (x%)? n (I%)? n (Ap)?
s+ T\ Ap A, Ar App )

The term D°, which has dimensions of momentum density over time, represents
momentum transfer due to friction between the phases. Coefficient Ap, which has
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dimensions of density over time, is sometimes referred to as the hydraulic conductivity
(Bear 1988), and acts to reduce the velocity differences between phases. In the
tight-coupling limit Ap — oo (Roberts & Loper 1987), the two phases move with the
same velocity (Au = 0). In two-phase studies of predominantly solid systems this is
represented by Darcy drag or Stokes drag (see e.g. Bercovici et al. 2001; Michaut et al.
2013). Following such an approach, however, results in equations which are not materially
invariant. Various simple symmetric forms of the interaction coefficient Ap have been
used in the literature (see e.g. Bercovici & Michaut 2010; Degruyter et al. 2012; Michaut
et al. 2013). We assume that Ap has the simple symmetric form

s sl 01
CDM
p

Ap = ) (2.62)

where c¢p is a constant coefficient of interphase friction (rate of frictional momentum
exchange). Scaling Ap with ¢*¢/ ensures that momentum transfers cease in the pure-phase
limit (¢ — 1) (Keller & Suckale 2019). Note that with this parametrisation, the frictional
momentum exchange becomes proportional to the phase separation flux: D’ = —cpj
(recall (2.14)).

The entropy exchange term x° is a macroscopic parametrisation of the microscale heat
transfer between solid and liquid phases. Coefficient A, in (2.58) represents the rate
of thermal equilibration between the phases. If thermal equilibration occurs via thermal
conduction between solid and liquid, then equilibration of 7* and T’ occurs on a time scale
tr = % /i, where 7 is the average solid grain radius and i is a mean thermal diffusivity
(Roberts & Loper 1987). Using the maximum grain size of 3 cm as estimated by Walker,
Davies & Wilson (2021), and thermal diffusivity of 107> m?s~!, the thermal equilibration
time is of the order of 10 s. Thus thermal equilibration between phases is possibly nearly
instantaneous (at least on geophysically relevant time scales).

Equation (2.59) controls the kinetics of melting and freezing and by consequence defines
the equilibrium condition. According to (2.59) freezing occurs whenever the effective
Gibbs free energy of the solid is less than that of the liquid (i.e. when the solid phase
is energetically favoured over the liquid). The coefficient A in (2.59) represents the rate
at which the system tends to phase equilibrium. For a pure slurry, the relaxation to phase
equilibrium occurs on the same time scale as the relaxation to equality of temperatures
(Roberts & Loper 1987).

Equation (2.60) states that the difference between mechanical pressures Ap of two
phases is a result of compaction and dilation of the phases (¢£¢). This compaction pressure
Ap appears in the momentum equations as an additional isotropic stress (see (C3c) and
(C3d)). Thus, deformation in a two-phase medium depends on two viscosities: shear
viscosity ¢ which relates deviatoric stress and deviatoric strain rate (2.54a) (just as for
a pure-phase material) and compaction viscosity w®Aa, which describes resistance to
isotropic compaction (Katz et al. 2022).

Coefficient w®,0 < w® < 1, controls the partitioning of the pressure jump between
the two phases and represents the fraction of the volume-averaged surface force exerted
on each phase (Bercovici & Ricard 2003). At a microscopic level, the solid-liquid
interfaces are not sharp discontinuities but correspond to layers (called ‘selvedge’ layers)
of disorganised atom distributions. The exact value of w® is related to the microscopic
behaviour of the two phases (molecular bond strengths and thickness of the interfacial
selvage layers) and measures the extent to which the microscopic interface layer is
embedded in one phase more than the other (Ricard 2007). Bercovici & Ricard (2003)
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provide an expression for ® in terms of the dynamic viscosities of the phases:
o O
d)s uS + ¢l /’Ll
The exact form of the relation for @® is probably not important for many geological
applications for which ® > !, In these cases, regardless of the relation for w®, one can

assume o* = 1 and o’ = 0. In this case, (2.60) reduces to Ap = —A Ap®°¢?, or, without
loss of generality, Ap = —C¢?®, where C is the compaction viscosity of the solid phase,

which in general varies with the liquid volume fraction (C = C (qﬁl )). It is unknown what is
the appropriate form of compaction viscosity in the context of two-phase iron mixture at
F-layer conditions. Roberts & Loper (1987) suggest that a slurry should be in mechanical
pressure equilibrium (Ap = C = 0). On the other hand, it is well known that in the context
of partially molten rock, the compaction viscosity can be similar in magnitude to the
shear viscosity. For simplicity, we first perform detailed analysis for the case with uniform
shear viscosity ©? (with C = 0), and return to discuss the influence of porosity-dependent
compaction viscosity in § 5.6.

The full system of governing equations consists of two equations of mass continuity
(2.12), two equations of momentum (2.26a), (2.26b), two equations of entropy (2.30)
and two thermodynamic relations each for density (2.45), entropy (2.46) and Gibbs free
energy (2.44) (or effective Gibbs free energy (2.48)). This adds up to 16 equations for 16
variables: ¢*, P, u®, u, T8, T, 85, 8, %, pl, G*, G (or GS, Gfk) (the full set of equations is
summarised in § C.1).

(2.63)

2.7. Fast-melting limit

A significant simplification of the governing equations can be achieved by assuming that
rates of thermal and phase equilibration are infinite: A, — 00, Ar — oo (Roberts &
Loper 1987). With A, — o0, the temperature of the two phases becomes equal:

=T =T. (2.64)
With infinitely fast melting A — oo, (2.59) necessitates that
AG, =0. (2.65)

The equilibrium condition (2.65) must hold for all thermodynamic states; thus the total

derivative of (2.65) must be zero (i.e. dG§ — dek = 0). Recalling (2.48a) and (2.48b), the
equilibrium condition results in the following relation:

1 1 ° s o 1)

<ps pl> dP = ASdT — Ap <(ps)2 dp® + )2 dp' ). (2.66)
Constraint (2.66) means that the temperature 7" and pressure P are no longer independent
variables. The thermodynamic equilibrium condition (2.65) does not mean that phase
change is not allowed. Even at equilibrium /™ can be finite, though it may no longer be
determined directly through (2.59). Instead, I"* is determined indirectly by the constraint
(2.66) which restricts the temperature to the melting/freezing temperature. Note that in
the absence of compaction (Ap = 0) the fast-melting constraint (2.66) becomes identical
to the classic Clapeyron relation. When the compaction pressure is non-zero (Ap #0),
the pressure difference between phases affects the melting temperature if the phases are
compressible (dp® #£0, dp! #0).
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When the two phases share the same temperature there is no need for two separate
entropy equations. Instead we may formulate an evolution equation for entropy density of
the mixture pS (2.9). Note first that the mixture entropy flux pSu = (pS)(pu)/p can be
written as

oSu = ¢*p*S°u’ + ¢'p'Su! — ASj. (2.67)

Summing entropy equations of individual phases (2.30), and using (2.67), we obtain the
conservation equation for the entropy density of the mixture pS,

%(FSHV-(pﬁ)+v.(ASj)+V-k=z, (2.68)

with total heat flux vector k and total entropy production term X':

k _
k=K +k = —7 VT, where k = &K + 'K, (2.69)

1 A 2
Yy = EY+ 21 — (—k' VT+¢S‘O,Y . Vu.v+¢lo_l . Vul+AD|Au|2 + ﬂ) )
T Ay
(2.70)

Using the total mass conservation equation (2.13), and the definitions of k and X, the
barycentric entropy equation (2.68) becomes

‘TD—S—TV <£'>—V (kVT) + ¥ (2.71)
Y )~ ’ ’

where L is latent heat of fusion and ¥ is deformational work:
L=-TAS, (2.72)

(Ap)?

v =¢’c’ : V' + ¢lo! : Vil + Ap|Au* +
Anp

(2.73)
Throughout, we shall assume that L is constant. _

We may convert the equation for mixture entropy S into an equation for the
temperature 7. To do that, we first need to derive the relation for the thermodynamic
derivative of mixture entropy. Recall that, by definition (2.9) (and (2.6)), S = WSt + WSI ,
which, on differentiation, gives

dS = ¥*dS* + (1 — y*)dS' + ASdy’. (2.74)

Substituting the definition of dS® (2.46) into (2.74) we obtain the differential of mixture
entropy,

- a Cp L
dS = ——=dP + —=dT — =dy", (2.75)
P T T

where «a is the thermal expansion coefficient of the mixture, ¢, is the specific heat capacity
of the mixture and L is latent heat of fusion per unit mass:

a = ¢'a’ + ¢la, (2.76)
&= @°0’cy +'p'c))/p. (2.77)
976 A5-17


https://doi.org/10.1017/jfm.2023.834

https://doi.org/10.1017/jfm.2023.834 Published online by Cambridge University Press

F. Wilczyriski, C.J. Davies and C.A. Jones

Using (2.75) we can write

(2.78)

On using (2.78), together with the equation for Dy /Dt (2.14), and the definition of latent
heat (2.72), the entropy equation (2.71) becomes the temperature equation:
2 527 'TDP LFS+L' VT =V .kVT)+ W (2.79)
C —_ — L = — ey B = M . .
P By Dt I
The full system of equations governing the evolution of the fast-melting slurry consists
of two equations of mass continuity (2.12), two equations of momentum (2.26a), (2.26b),
the equation for the temperature of the mixture (2.79), the liquidus constraint (2.66)
and two thermodynamic relations for solid and liquid densities (2.45). This adds up

to 12 equations for 12 variables: ¢°, P, u’, ul, T, p*, pl , I'* (the full set of equations of
fast-melting slurry is summarised in § C.2).

Notably, variables S°, S G*, G, and thus (2.46), (2.44), are no longer relevant in the
fast-melting limit. Similarly, I"® is no longer determined directly by (2.59). Instead we
may think that the temperature 7 follows the liquidus (2.66), and the freezing rate I is
determined by the heat equation (2.79).

2.8. Boundary conditions

To complete the theory it is necessary to specify boundary conditions on bounding
surfaces. In general the relevant conditions at both the top and bottom of the slurry
are not known because they are not constrained by observations. There are a limited
number of conditions that can be deduced from the governing equations, which need to be
supplemented with additional assumptions and approximations based on physical intuition
or experimental insight where available.

In the most general case the position of bounding surfaces may be not fixed and may
evolve in time. For example, in Earth’s core, over time the ICB advances in the radial
direction due to inner core freezing. Thus, a boundary B may move at an unknown velocity
Up, which does not in general coincide with the flow velocity u®. By integrating the
governing equations over a pillbox volume that straddles the boundary and moves together
with it we can derive continuity conditions that must hold at the interface. Applying this
procedure to equations of mass (2.12), momentum (2.16) and total energy (2.37) leads to

the following conditions:

[¢6°p°(u® — Upg) -nl =0, onB, (2.80)

[¢°p° W’ - A)((u® — Up) - n) + ¢°p° —¢p°n-0°-n] =0, onB, (2.81)
[¢f pf (uf - H)((u® — Up) - n) — ¢°t-0°-n] =0, onB, (2.82)

(€@ — Up) + AEj + ¢*p'u’ + ¢'plul — p*u® - 0* — ¢'u' -6’ + Tk -7 =0, onB,
(2.83)

where 7 (7) is a unit vector normal (tangent) to the boundary surface B and [A]] denotes
the jump in a quantity A across the boundary B (detailed derivation of these conditions
is included in Appendix D). Conditions (2.80)—(2.83) represent continuity of mass flux,
tangential and normal components of momentum flux and total energy flux, respectively.
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Condition (2.80) is known as the kinematic condition and specifies the relationship
between normal components of velocity. Following Leal (2007) and Loper & Roberts
(1978) we additionally impose the standard dynamic condition of continuity of tangential
component of velocity,

[uf -] =0, onB. (2.84)

This is usually known as the no-slip condition, and it is generally accepted to apply
under almost all circumstances for Newtonian fluids either at solid surfaces or at
fluid—fluid interfaces (Leal 2007). Note that with (2.84) and (2.80), continuity of tangential
momentum flux (2.82) reduces to the condition of continuity of tangential components of
deviatoric stress, i.e. [¢°f-0¢ - ] = 0 on B.

In addition to the above conditions, it is often assumed that the bounding surface
is maintained at thermal equilibrium (e.g. Leal 2007), and so the temperature varies
continuously across the interface:

[7]1=0, onB. (2.85)

Similarly, it is often assumed that the (thermodynamic) pressure is continuous on the
interface (Loper & Roberts 1978):

[Pl =0, onB. (2.86)

In light of continuity of temperature (2.85) and pressure (2.86), it follows from the equation
of state (2.45) that the specific density of either phase will also be continuous:

[p°1T=0, onB. (2.87)

Note that this does not mean that the total (mixture) density p is continuous across the
interface since, in general, ¢* is not necessarily continuous.

Equations (2.80)—(2.87) are continuity conditions, and thus require knowledge about
variables on either side of the domain boundary. Since the values that these variables take
on the exterior of the boundaries are not determined by the interior solution, additional
assumptions about properties of the bounding regions are required to turn the continuity
conditions into boundary conditions. Specific boundary conditions are developed presently
(in § 3.1). Note also that, in general, Up is unknown and an additional equation is required
to determine it.

3. Application to the F-layer
3.1. Problem formulation

We work in Cartesian geometry, in a plane parallel layer of depth d (figure 1). Coordinates
x,y denote horizontal directions and z denotes the vertical. Gravity acts in the vertical
direction g = —ge,. The bottom boundary (z = 0) is representative of the ICB, while the
top boundary (z = d) marks the end of the F-layer. For simplicity, we assume that the
boundaries are fixed and not moving (Up = 0).

The problem of a single-phase compressible fluid bounded in the vertical direction
requires nine boundary conditions: one on the density, two on the temperature and two
conditions (for each bounded dimension) on each of the three components of the velocity
vector. In the two-phase problem, we have an additional density field and an additional
velocity vector, and thus we have to include seven additional boundary conditions, which
leads to a total of 16 boundary conditions. In practice, there are more continuity conditions
than the number of boundary conditions that can be applied; only a subset of these
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Convection zone ¢*=0

------------------------------------------------ z=d
F-layer
0<¢s<l1
d . &
T—)x
z=0
Solid inner core
=1

Figure 1. Schematic of the problem domain.

conditions can be used to develop practicable boundary conditions. The choice of which
continuity conditions should take priority depends on the nature of the bounding region.
We set the values of density and temperature at the bottom boundary to their reference
values (2.85), (2.87):
ol = pf, p’=p), T=T, onz=0. (3.1a—¢)
We assume that the inner core is static and impermeable. Conditions of continuity of mass
flow (2.80) and tangential velocity (2.84) then reduce to

W =u=0 onz=0, (3.2)

while the condition of continuity of energy flux (2.83) reduces to the statement of
continuity of heat flux:

-aT
k—

=—q onz=0, 3.3)
0z

where ¢ is the secular cooling (per unit area) of the inner core and k is conductivity of the
slurry (recall (2.69)).

Unlike the rigid surface on the bottom, the top boundary represents the interface
between the F-layer slurry and the rest of the outer core. In the F-layer, the temperature is
constrained to the liquidus and the solid volume fraction is non-zero everywhere (including
at the top boundary). On the other hand, the convection zone is entirely liquid and the
temperature does not follow the liquidus. To reconcile these two regions, we envisage
a thin transition region between the F-layer and convection zone proper (see figure 1),
where the temperature profile departs from the liquidus and the solid fraction diminishes
to zero. Thus we assume that ¢ is continuous across z = d. In that case, the conditions of
continuity of tangential and normal stress (2.81), (2.82) reduce to

fopl1 =0, [og =0, [o =0 onz=d. (3.4a—c)

Since we do not solve for the velocities beyond z = d we cannot directly use the above
conditions. Instead, we make the simplifying assumption that top boundary is a stress-free
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surface where all components of the deviatoric stress tensor are zero:
e __ & __ & __ —
0. =0, 0 =0, o/=0 onz=d. (3.5a—c)

Equations (3.1a—¢c)—(3.3) and (3.5a—c) form a complete set of 16 boundary conditions
necessary for the solution of the two-phase slurry problem.

3.2. Dimensionless equations

We begin by non-dimensionalising the governing equations (2.12), (2.26a), (2.26b), (2.79),
(2.66), (2.45) (or equivalently, (C3a)—(C3e)). For units of density (liquid and solid)
and temperature we choose their values at the bottom of the layer (z = 0): pi, Py and
T,, respectively. (The subscript ‘7’ is used throughout to denote representative/reference
values of quantities.) We scale length with the depth of the layer d, time with the
gravitational free-fall time scale /d/g, velocity with \/gd, pressure with ,oigd and the

mass production term I"* with pi«/ g/d:

x=dx, t=(d/g)'*, u = gd)'/*if, P = (plgd)P,

l 1 Al s S AS T s [ 1/2 frs 3.6)
p'=pp, pP=ppt, T=TT, I°=p/g/d)/I".
(Note that volume fractions ¢° are dimensionless and bounded between 0 and 1, and thus
do not require any scaling.) We assume that material coefficients of individual phases
o, ol B, ,3’, S, ch kR, uws, ,uf are constant. We also set 0* = 1, ' = 0 and S = yl =
1/2. Applying outlined scalings (3.6) to the governing equations, and omitting hats for ease
of notation, we obtain the following set of dimensionless equations:

(@' p* - |
Ap( (‘gf ) +V-(¢5pbu5>> =1, (3.7a)
N
8(“;[‘)) FV @) = —T°, (3.7b)
(o’ ' ' ' Cen R
,9°p° ( o +u - Vu3> = —¢°VP — A,¢°p’e. — Kj — EI”Au
Pr S¢S N5
T 2V - @@ + @D, (3.7¢)

11 ou' i i l 1 1 N pr 1.1
o'p E—Fu'vu :_¢VP_¢pez+K]_§FAu+ EV°(¢0)’ (3.7d)

o 8T+_ vr "DaT 8P+_ vp Fs+/10j.VT
c — tu- —aDal |\ —+u- e
PP\ %: ot st st T JRPr
[Pr (1 1
YDKj-Au+D Er (EAqusas cot 4 5¢’al col+ /I,L¢‘“C(¢’)(;S)2) . (3.7e¢)
1 1 11 A, [PrC(he’
— e )dP= ——dr - £ @I 4. (3.77)
ot A,p° StDT 1,V R (p%)?
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do® = p*(AgB*dP — Aga*dT), (3.79)
dp! = p/(B*dP — «*dT), (3.7h)
where
s sl ol
dl=1-—¢° Au=u'—u, j=MAu,

0
P=2p0°0" +¢'0', &= (Lo, dod" 0" +0'0)/5, @ =ut’ +¢, |

_ _ 3.8
F= 19 + 9. = (1,00 +¢'olu)/p. G8
ut Ui 29ul 1 [3p°
iy s O (G Y e),
[ i k 1Y t
The dimensionless numbers are
_ow’sd gt e ol cop)
Kt K T dn T LT T plg/aV
d
?_’ Ol* _ oler, ’3* — ‘Blplgd
o ﬁ!chr ol ,OS Kk Ms
_ _ P _ Fr _
/l()l - J? /lﬂ E? Cp %? A,O p_£ /lk P7 /lpl, m
3.9)

Parameter R quantifies the strength of the gravitational force as measured against viscous
and thermal diffusive forces (it is similar to the Rayleigh number associated with
buoyancy-driven flow although this analogy is not complete since R as defined here is
missing a factor describing the density difference across the layer); the Prandtl number
Pr is the ratio of viscosity to thermal diffusivity; the dissipation number D measures
the influence of compressibility/stratification; the Stefan number St measures the ratio
between sensible and latent heat; K describes the effects of interphase drag/friction;
parameter ¢ arises from the heat-flux boundary condition (3.2), which in dimensionless
form becomes d7'/dz = —6/k, where 6 = qd/kiTr is the dimensionless heat flux (or
temperature gradient) at the bottom boundary; «* and B* are non-dimensionalised
coefficients of thermal expansion and isothermal compression respectively; parameters
{Aa, 15, /lcp, Ap, Ak, A, } measure ratios of physical properties between solid and liquid
phases. We note that studies of two-phase flows in the Earth’s mantle often employ an
alternative non-dimensionalisation based on compaction length (given by the square root
of the ratio of viscous force and interphase drag) and Darcy velocity (ratio of relative
buoyancy and interphase drag) (see e.g. McKenzie 1984).

Table 1 provides estimates of dimensional parameters relevant for Earth’s core, while
estimates of the dimensionless parameters are included in table 2. A detailed discussion of
geophysically relevant ranges for many of the parameters is given in Wong et al. (2021).
In order to reduce the parameter space that needs to be explored we keep the following
parameters fixed to values that are relevant to Earth’s F-layer:

a* =0.05, B*=0.005, D=0.1, Pr=0.1, St:4,}

9 = 0.09, /1p = 1.25, /I(X = /lﬂ = /le — /1]( — 1‘ (3.10)

These parameters are reasonably well known and we expect that uncertainties on their
values would have only a minor effect on the solutions presented below. It is worth
noting that setting A, = 4., = Ax = 1 simplifies the temperature equation (3.7¢) and
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Dimensional parameters

Symbol Definition Estimate Units Source
d depth of the F-layer 1.5 x 103 m a
g gravitational acceleration 44 ms~2 b
T, ICB temperature 5500 K ¢
ol reference density of liquid iron 12.52 x 103 kg m~3 d
o reference density of solid iron 12.76 x 10 kg m~3 d
o thermal expansion coefficient (liquid) ~ (1.02-1.95) x 10> K~! d
o’ thermal expansion coefficient (solid) 0.96 x 1073 K-! ¢
B! isothermal compressibility (liquid) 7.55 x 10713 Pa~! !
B¢ isothermal compressibility (solid) 7.97 x 1071 pa~! 8
c specific heat capacity (liquid) 715 Jkg7' k-1 4
c specific heat capacity (solid) 750 JTkg™!' K~! h
K thermal conductivity (liquid) 50-107 Wm K-l !
K thermal conductivity (solid) 286-330 Wm KD
w! dynamic viscosity (liquid) 1072 Pas k
wt dynamic viscosity (solid) 10M-1022 Pas h
L latent heat of fusion 0.75 x 10° Jkg™! d
0; ICB heat flux (0.8-2) x 10'2 w m
g =Q;/(4nr?)  ICB heat flux per unit area 0.04-0.1 W m—2
i inner core radius 1.22 x 10° m b
cp interphase friction coefficient 8-1600 5!

¢ Souriau & Poupinet (1991) ¢ Vocadlo et al. (1999)  Davies et al. (2015)

b Dziewonski & Anderson (1981) / Gubbins ef al. (2008) J Pozzo et al. (2014)

¢ Nimmo (2015) £ Alfe, personal communication ¥ Pozzo et al. (2013)

4 Gubbins ef al. (2004) " Lasbleis & Deguen (2015) " Wong et al. (2018)

Table 1. Estimates of physical parameters characteristic of pure iron at ICB conditions.

the heat flux boundary condition (d7'/dz = —6/ k) because the mixture thermodynamic
coefficients become constant: @ = ¢,0 = k = 1. By contrast, the magnitudes of R and
A, are numerically intractable and so we can only search for limiting behaviour as these
parameters are increased towards geophysical values.

The value of K is hard to estimate for the F-layer slurry; it depends on the momentum
exchange coefficient cp introduced through the parametrisation of the drag term Ap =
cpd* piolp! /p (2.57). In magmatic settings the parametrisation of Ap is based on the
permeability of the solid matrix, A7} = ul/ (k¢¢ln_2), where n = 2 is usually taken and kg
is a permeability constant (units m?) whose values can range from 10~7 (Spencer, Katz &
Hewitt 2020) to 5 x 10719 (Sramek ez al. 2007). To match the magnitude of the drag term,
Ap ~ A}, we may approximate cp = pcl/(k¢p£). Using ky =5 x 10~10-10~7 gives cp =
8-1600 s~!, and the dimensionless interaction parameter in the range K = 103-3 x 10°.
However, such low values of ky characterise scenarios where the liquid volume fraction is
small and the solid phase forms an interlocking matrix, and are therefore not appropriate
for the slurry F-layer where the solid volume fraction must be very small (of the order
of 1%; Gubbins er al. 2008). We expect the effective permeability of the slurry to
be somewhat larger, implying smaller K. In the absence of experimental information
at planetary core conditions, we explore the range K = 10°~10*, which corresponds to
ep = 0.5-50s7 1.
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Symbol

Dimensionless parameters

Definition Estimate
thermal expansion coefficient 0.05
isothermal compression coefficient 0.003
compressibility parameter 0.2
Prandtl number 0.1
Stefan number 4
temperature gradient at z = 0 0.003-0.06
density ratio 1.02
thermal expansion ratio 0.49-0.94
isothermal compression ratio 1.05
specific heat capacity ratio 1.05
thermal conductivity ratio 2.67-6.6
dimensionless measure of gravity 10%7-10%°
interphase friction parameter 10°-3 x 10°
dynamic viscosity ratio 1013-10%*

This study

0.05
0.005
0.1
0.1
4
0.09
1.25
1

1
1
1
103-10°

102-10*
103-10°

Table 2. Estimates of dimensionless numbers at core conditions (based on table 1), and values used in this

study.

4. One-dimensional time-independent solution

4.1. Governing equations and boundary conditions

We seek a time-independent solution that depends on the z coordinate only, with
unidirectional motion along the vertical direction (no horizontal motion), i.e. u® =
(0, 0, u{(z)). In this 1-D state the horizontal components of velocity of each phase drop
out, along with equations of horizontal momenta, and the system of (3.7a)—(3.7 f) reduces
from 12 to 8 equations:

llll
o'p =

Pr

D.|—
+ R
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1 1 \dP 1 1dT A, [PrC(¢Hc®dp’ @1
ol A,p8) dz T StDT dz 2,V R (p%)? dz’ '
dp* | dpP dr
—— =p* (B — — Aga*— |, 4.1
dz p (ﬂ'B dz oo dz) (418)
ot ,( ,dP 4T
- = — —at—). 4.1h
dz P ('B dz “ dz (-1h)

The eight variables are: ¢°, P, u3, ué, T, p*, ,01 , I'*. Auxiliary relations included in (3.8)
givep! =1—¢°, % = duj/dz + i/ p*)dp®/dz, j, = ¢*p ¢! p! Au./p, etc. Note also that
four boundary conditions on the horizontal components of phase velocities (3.3) and
four boundary conditions on tangential stresses (3.5a—c) are automatically satisfied in the
1-D state, and thus the number of boundary conditions reduces from 16 to 8. Boundary
conditions (3.1a—c), (3.2), (3.3), (3.5a—c), in dimensionless form, read

s ) dr s 1
p=1, p =1 T=1, d—Z:—G, u,=u,=0 onz=0;
dus  did (4.2)
d—zzd—;ZO OHZ=1.
Z

4.2. Characteristics of the 1-D time-independent state

The 1-D time-independent solution of the two-phase system cannot be static (u; =
ué = 0); if that were the case the governing equations reduce to an overprescribed

(contradictory) system. With u} = ué = 0, solid and liquid momentum equations (4.1¢),
(4.1d) give
dp ,dP

OZ—S——/l SS; 0:_
(0] p¢p ¢dz

oo (4.3a,b)
dz

Unless either ¢* =0 or ¢! = 0 (which is unlike the slurry state where solid fraction
varies 0 < ¢* < 1) these two equations cannot be satisfied if the two phases have different
densities (1,p° # ph). Thus, in general the basic state flow velocities have to be non-zero.

In the 1-D state, conservation of mass and conservation of energy place strong
constraints on the dynamics (e.g. Ribe 1985). The total mass conservation equation,
obtained by summing (4.1a) and (4.1b), can be readily integrated, subject to the
impenetrable boundary condition (1] = ué = 0atz=0)to give

P, = Ap¢°p'u + ¢ plul = 0, (4.4)

and thus the mean vertical velocity of the mixture u, = 0. Since ¢°, p® are positive
definite, the velocities of solid and liquid phases have to be of opposite sign. Physically,
we expect solutions where dense (solid) phase falls (#] < 0) and light (liquid) phase rises
(ué > 0). Further, integrating the solid mass conservation equation (4.1a) subject to u; = 0
on z = 0 gives

1
| = a0y, (4.5)
0
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This relation states that the total melting (freezing) within the layer must balance with the
solid mass flux entering (leaving) the layer. Note that the solid flux on the top boundary is
not imposed through the boundary conditions (4.2); instead, it is determined as part of the
solution. Since we expect the solid phase to always be falling, u} < 0, the integral of I"*
is negative and thus on average heat is being absorbed by melting. Conservation of mass
(4.4) also tells us that the solid mass flux in is balanced by the liquid mass flux out.

The total heat balance in the 1-D system, which follows from integrating the temperature
equation (4.1e), may be written as

0¢ =0+ 0" + 0 + 0" + 0%. (4.6)

The term on the left-hand side represents the net conductive heat flux across the slurry
layer, i.e. difference between heat flux out at the top qul and heat flux in at the bottom

L d /.dr _dT
QC = / —_—— k— dZ = — k_
o dz \ dz dz

Terms on the right-hand side represent contributions due to latent heat release/absorption
O, the heat-pipe effect QF, interphase friction QF, viscous heating Q" and heating due to
compaction Q°:

Cc .
q,—o-

+ko =q<, — ¢, 4.7

z=1

of — \/RPr s
F dz, S\ 2 [ 2
4 1 d d
0V = —DPr/ .0’ b + ¢! & dz,
P /lp\/RPr/ ]ZdT 3 0 dz dz [

. ra 0f = 1,DP / L pch e d
= r : Z.

F — DKvRPr / o Auy dz, SR

0

QS

(4.8)

(Recall that the condition (4.4) leads to elimination of terms involving u, from the
temperature equation (4.le); thus the advective terms do not contribute to the heat
balance.) We can deduce the sign of each contribution to the heat flux. The total melting

rate balances the solid flux from above (4.5), and so QF < 0; heat is absorbed through
melting. Since #* < 0 and u' > 0, the flux j, is always negative j, < 0. The temperature
gradient is also expected to be negative d7'/dz < 0 as temperature decreases monotonically
with height. Thus, the product j,(d7'/dz) > 0, and since other quantities in the integrand
are positive definite, it follows that the total contribution on account of the heat-pipe
effect is negative QF < 0. Clearly, integrands corresponding to frictional, viscous and
compaction heating are positive definite and thus provide positive contributions to the
net heat flux O > 0, 0¥ > 0 and Q¢ > 0.

In a case where the mechanical heating terms (0F, 0F, 0V, 0%) are negligible, the main
energy balance is between conductive heat flux and latent heat Q¢ = QF; then, the total
solid melting rate (integral of I"*) depends only on the difference between heat flux in and
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out of the system (recall (4.7)). Note that the boundary conditions (4.2) only specify the
heat flux at the bottom boundary; the heat flux out at the top boundary is freely determined
by the solution. Thus, we do not know a priori what the difference is between heat flux in
and out of the system, and consequently the total solid melting rate.

The pressure gradient is linked to the temperature gradient through the liquidus relation.
From the imposed temperature and temperature gradient at the bottom boundary, the
pressure gradient at z = 0 is

dpr —0
dz|_o (1 —2a,HsD
We can compare this with the magnitude of the hydrostatic pressure gradient dPy/dz =
—p. Neglecting density variations of individual phases (i.e. dp® = dp! = 0), the mixture
density is 1 < p < A, (in dimensionless units). Therefore, the minimal pressure gradient
required to support the weight of the matter is —1, and a crude bound on the pressure
gradient imposed at z =0 is dP/dz|,—9 < —1. This, together with (4.9), provides a
constraint for the required heat flux at z = 0:
0> (1—A,")st. (4.10)

4.9)

Clearly the parameters A, St and D can significantly affect the nature of the basic state and
play an important role in regulating the lower bound for the heat flux required to support
the slurry layer. In the context of the slurry F-layer where St = 4, D = 0.2 and 1, = 1.02,
this bound requires 6 > 0.016, which is certainly compatible with geophysical estimates
of 0 (table 1).

Finally, note that we can use (4.4) to express ¢* in terms of velocities and densities:

‘= —F— onl0<z<l, (4.11)

which provides a way to interpret volume fraction in terms of balance of momenta of the
two phases. The above expression, however, could not be used to determine ¢* on the
impenetrable boundary (z = 0) where both solid and liquid velocities are zero. Instead,
the expression for ¢* on the bottom boundary results from evaluation of the total mass
balance (sum of (4.1a) and (4.1b)) at z = 0, which yields ¢* = p/(dul/dz)/(p!(dul/dz) —
o0 (du/dz)).

4.3. Dominant balance and limiting behaviour

The two-phase model (3.7) is quite general in that it can be applied to a variety of scenarios
involving fully compressible, inertial, two-phase flows. In particular, we have made no
assumptions about the balance of forces and the nature of the flow. Here we derive a
reduced 1-D model that will be helpful when interpreting results obtained by solving the
more general 1-D equations. We initially consider the case without compaction viscosity
C =0, and come back to consider its effect at the end of the section.

We use two approximations that are commonly employed in studies of two-phase
solid-liquid systems. One of them is the Boussinesq approximation which ignores density
differences except where they appear in terms multiplied by the acceleration due to
gravity g. According to the Preliminary Reference Earth Model (PREM) (Dziewonski
& Anderson 1981), variations in core density are of the order of 0.1 % within hundreds
of kilometres of the ICB. Thus, the Boussinesq approximation may be applied, whereby
(in dimensionless units) p* = p! = 1 everywhere except in the buoyancy term (see § C.3).
We also assume that both phases behave as very viscous fluids whose acceleration and
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inertia are negligible (see § C.4); thus terms Du®/Dr and I'® Au are negligible, and the
equations of solid and liquid momenta ((4.1¢) and (4.1d)) simplify to

0 ¢SdP bt — Ki +4/1 Prd ¢sdu; @12
R TIG T3ty R \? e ) '
dp 4 [prd du!
0=—¢'— —¢'o' +Kj, + =/ — - 413
¢dz op + Jz+3 R &z ¢dz (4.13)

On eliminating the pressure gradient term between (4.12) and (4.13), we obtain an
expression for the solid flux:

Kj, 4 A,d (o dus 1 d [ did
ol —(4pp° —p)+ & dz <¢ d_z> ol ¢ : (4.14)

The first term on the right-hand side of (4.14) represents the relative buoyancy between the
two phases, whereas the second term represents the resistive effects of viscous stresses.
We expect the dimensionless solid flux j. = ¢*p°¢'p!Au./p to be maximised in the
absence of viscous effects. This gives us an upper bound order of magnitude estimate
for the relative velocity: max |Au,| ~ (1, — 1)/K (using p° = o' = p = 1). Moreover,
since u} < 0 and ué > 0, |Aug| = (Ju] + |ué|), and thus the magnitude of the velocity of
each phase is also of the order max [u| ~ max |ué| ~ (1, — 1)/K. In dimensional units,
we have max |Au,| ~ (1, — 1)g/(A,cp). Using values from table 1 yields an estimate of
maximal relative velocities of the order of 5 x 107°-10~2 m s—!, which is much faster
than the rate at which the inner core grows (a few millimetres per year, or 10~"'m s~!)
and comparable to the estimated outer core flow speeds of O(10~%) m s~ .

Since the viscosity of the solid phase is much greater than the viscosity of the
liquid phase (4, > 1) we may neglect the viscous stress of the liquid phase in
(4.14). Furthermore, the mass conservation constraint (4.4) allows us to write u] =
— ¢! plul /(A,¢°0%), and Au, = —pul /(A,¢°0%) = pul/(¢'p'). We can thus recast (4.14)
as expressions for the phase velocities ué and u:

! pqﬁs o 44, |Pr /lp d Jdud
- - —— — 1, 4.15
=g P TP T3V R e P @1
¢l no, A [Pr1gld (0 dul
S = — 5 — - —— g 4.16
U, oP P ) + 3K ,0 ¢s dZ dz ( )
It is useful to note that the term under the z-derivative in (4.15) may be rewritten with use
of (4.4) as

du? ¢l 1 d¢!  du!
i Al —uh)y—— ——). 4.17
"% A, (( itz = Z)qsl dz dz) 17

This is useful because it reveals that the viscous stress term is proportional to ¢/ (rather
than to ¢* as could be interpreted at first glance from the left-hand side of (4.17)).

We can now estimate how u*, u! and ¢* (¢') behave when parameters R, A4, and K are
very large. To do so, we assume that the two terms which set the velocities of the two
phases (relative buoyancy and viscous resistance) in both (4.15) and (4.16) have to remain
in balance as parameters R, 4, and K are increased to large, but finite, values. We also
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Table 3. Summary of scalings.

assume that the z-derivatives are of order unity throughout the bulk of the domain, which
is consistent with the scaling estimates we infer.

When R > 1, the coefficient of the second term in (4.15) becomes very small. For the
two terms in (4.15) to remain in balance would require the buoyancy term to similarly
decrease, and thus ¢* ~ R~YZ. It follows then that u! should also scale with R~1/2.
Since by mass conservation (4.4) uj ~ (1 — ¢“)ué /¢*, we expect u; to tend to become
R-independent for R >> 1. This is also consistent with the expression (4.16) (together
with (4.17)), where the R dependence cancels out from the viscous term if ¢* ~ R1/2,
If u! ~ R~/2, then the liquid-phase velocity decreases towards zero for as R — oo and
thus all of the solid flux j, has to be carried by the solid-phase velocity (recall (4.14)) and
thus we expect that u] approximately tends to the ‘terminal velocity’: —(1, — 1)/K. Since
j. ~ ¢*¢! Au., we expect the magnitude of the solid flux itself to decrease for large R; in
the limit R — oo, ¢* ~ R™1/2 (¢l — 1) and Au; tends to a constant, and thus we expect
that j, ~ R™1/2.

When A, > 1, the coefficient of the second term in (4.16) becomes very large. The
two terms in (4.16) can stay in balance if ¢l ~ /l;l (recall again (4.17), whereby the first

term in (4.16) goes like ¢!, while the second goes like /lﬂ¢12). It follows then that u; ~
/1;1. Moreover, since ué ~ ¢'ul /¢!, it is expected that ué becomes independent of 4, for
Ay > 1. As uj tends to zero for large 4,, we expect ué to tend towards the ‘terminal
velocity” ~ (4, — 1)/K. In the limit 4, — oo, the solid flux decreases j, ~ ¢ ! Au, ~
.

Using the same approximations and reasoning as above it is clear that the behaviour
at small R (large R~!/?) is analogous to the behaviour at large Ay, and so we have uj ~
¢! ~ j. ~ RY? and ué ~ (4, — 1)/K for small R. Note, however, that the converse is not
true: the small A, limit is not the same as large R limit. Once A, becomes small, or of
order unity, the neglect of the viscous term corresponding to the liquid phase in (4.14) is
unjustified.

Finally, between the expressions (4.14)—(4.16) it is clear that the velocities of both phases
(as well as the solid flux) should scale with K—! for large K, and we expect u; ~ ué ~J~
K~! as K — oo. The scaling behaviours of u*, u' and ¢* (¢') with respect to parameters
R, A, and K are summarised in table 3.

We can also estimate the dominant balance in the heat equation. Since the phase
velocities are at most of the order of (4, —1)/K (small), we expect terms involving
velocities in the the heat equation (4.1e) to be negligible. Thus, the leading-order balance
in the heat equation (4.1e) is between latent heat and the conductive heat flux:

rs 1 d(l-ch) “18)
St JRPrdz \ dz )’ )
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Figure 2. Profiles of freezing rate I'* (a), solid volume fraction ¢* (b), solid-phase velocity u} (c) and
liquid-phase velocity ué (d) for increasing values of R; other parameters are fixed at K = 103, Ay = 10°. Recall
that negative values of I'* indicate melting.

Finally, we discuss the effect of compaction. When density variations are small we have
approximately ¢* = du}/dz. Since u} < 0, with u} = 0 on the bottom boundary, we expect
that du;/dz < O at least near the base of the domain. At the top boundary we have du}/dz =
0, so it is likely that du}/dz < 0 throughout the layer, and so ¢* < 0, i.e. the solid phase is

compacting and Ap > 0. All compaction terms appear multiplied by C(¢'). Thus, effects
of compaction are maximised in parts of the domain that are predominantly solid. Since we
are mainly interested in slurry-type solutions where ¢* is small in the bulk of the domain
we expect the effects of compaction to be greatest near the lower boundary.

Compaction terms appear in the solid momentum equation, the liquidus relation and the
heat equation. We can estimate the importance of compaction terms relative to other terms
in these equations. The compaction term in the temperature equation is similar in nature to
the viscous heating term, and similarly is of the order of ((1, — 1)/K )2 (small squared).
Of course, the C(¢') factor can exaggerate the magnitude of compaction heating in the
portion of the domain with ¢! <« 1. Nevertheless, this term is ultimately of the same order
of magnitude as the other heating terms (frictional, viscous, heat-pipe) that are negligible
to leading order. In the liquidus relation (4.1 f) compaction terms enter paired with the
density gradient. Not only is ¢* ~ (1, — 1)/K small, but it is also multiplied by the small
density gradient. Thus the effect of compaction is negligible in comparison with the other
terms in that equation. We therefore expect that the primary influence of compaction terms
is in the solid momentum equation.

5. Results

In this section we present the solutions to the full system of (4.1), and describe the effects
of varying R, A, and K in turn. For now, we set C = 0 and return to investigate the effects
of compaction in § 5.6.

5.1. Variation of R

Figure 2 shows profiles of the freezing rate I'*, the solid volume fraction ¢* and
vertical velocities of solid and liquid phases u3, ué for increasing values of R (at fixed
Ay = 10° and K = 103). (Our discussion is focused on the variables plotted in figure 2;
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Figure 3. Variation of the average solid-phase velocity K|{u})|/(4, — 1) (a), the average liquid-phase velocity

K (ué) /(4, — 1) (b) and the average solid volume fraction (¢*) (c) with respect to R. In (a,b) the phase velocities
have been scaled by the estimated terminal velocity (1, — 1)/K.

for completeness plots of density, temperature and pressure gradient are included in
Appendix E, figure 13.) Increasing R enhances the downward gravitational force and
causes the velocity of falling solid phase u; to increase in magnitude (become more
negative) and that of rising liquid phase ué to decrease. A natural consequence of larger

(more negative) u; and smaller ué is a reduction of solid volume fraction ¢° throughout
the layer (recall (4.11)). Solid material falls through the layer and converges (¢° — 1)
near the bottom boundary. As R increases, the gradients of ¢* and u; near the boundary
become larger and this convergence of solid mass becomes magnified. As a result of mass
conservation (4.4) we observe a surge in the liquid velocity ué near the bottom boundary,
where ¢! <« 1, and ué ~ q&su;/q)l must be very large (locally) in order to balance the
mass flux. By mass conservation (4.1a) the convergence of solid mass is balanced by
melting; thus increasing R results in more melting near the bottom, on account of increased
convergence of solid mass.
It is useful to define an average of any scalar quantity A as

1
(A) =/ Adz. (5.1
0

Figure 3 shows the variation of average solid velocity, average liquid velocity and average
solid volume fraction versus R. Average solid velocity increases with R, exhibiting the
expected R!/? behaviour at low R. The liquid velocity decreases with R and, at large
R, follows the scaling R~!/? (figure 3b), which is consistent with the dominant balance
prediction of § 4.3. As R is increased, average solid volume fraction decreases in line with
dominant balance scalings. For large R we observe that (¢*) ~ R~1/2 (as figure 3¢), and
for small R we observe that (¢/) = 1 — (¢*) ~ R'/? (see Appendix E, figure 14a). Since

(ué) ~ {P*) ~ R /2 for large R, we expect (1) to become independent of R for R > 1
(§4.3) and there is evidence of this behaviour in figure 3(a). The scaling of u; ~ R/2

together with ¢! ~ R!/2 implies that (ué) becomes independent of R at low R and again this
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Figure 4. Profiles of freezing rate I'* (a), solid volume fraction ¢* (b), solid-phase velocity u; (c¢) and
liquid-phase velocity ué (d) for increasing values of the viscosity ratio A,; other parameters are fixed at
K =10 R = 108.
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Figure 5. Variation of the average solid-phase velocity K|(u})|/(1, — 1) (a), the average liquid-phase velocity
K(ué)/(/lp — 1) (b) and the average liquid volume fraction (") (¢) with respect to the viscosity ratio A,. In
(a,b) the phase velocities have been scaled by the estimated terminal velocity (1, — 1)/K.

is seen in figure 3(b). For completeness we include the plot of the variation of the average
solid flux in Appendix E (figure 14b), which verifies the predicted limiting behaviours:
(jo) ~RY? as R — 0 and (j,) ~R™'/? as R — oo. Overall we find that the reduced
model developed in § 4.3 captures the gross behaviour of these solutions.

5.2. Variation of A,

Figure 4 shows solutions for increasing value of the viscosity ratio A,,. As 4, is increased
the sharp vertical variation of u} and ¢* near the bottom boundary becomes completely
smoothed out. The concurrent decrease in gradients of u; and ¢° means reduced
convergence of the solid phase and thus reduced melting (recall (4.1a)). Liquid-phase
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Figure 6. Profiles of freezing rate I'* (a), solid volume fraction ¢* (b), solid-phase velocity u} (c) and
liquid-phase velocity ué (d) for increasing values of the interphase friction parameter K; other parameters
are fixed at R = 108, 1, = 2 x 10°.

velocity increases throughout the bulk of the layer. The sharp variation of ué near z =0
remains unaffected.

Variation of average quantities is presented in figure 5. As 4, is increased, viscous forces
act to reduce (1) (figure 5a) and the average liquid content () = 1 — (¢*) decreases. For
large A, the change in (u}) and (¢") is proportional to 27!, as found in § 4.3. The average
liquid-phase velocity (u ) 1ncreases with 4,,, but becomes independent of 4, in the limit
A, > 1. This is expected since uZ ~ ¢’u ;/d)l, with u} ~ ol ~ ’lul for 4, > 1, the 4,
dependence cancels out. The overall behaviour is consistent with our expectation from the
reduced model (recall table 3).

5.3. Variation of K

The interphase friction force acts to reduce the relative velocity between the two phases.
In fact, the limit K — oo is usually described as the tight-coupling limit, where the
two phases move with the same velocity (Au = 0). We expect the same trend to apply
here. Since u{ <0 and u >0 always reduction in the relative velocity can only be

Z
accomphshed by an 1ncrease in u] (slower falling of the solid phase) and a decrease in

uZ (slower rise of the liquid phase).

Figure 6 shows solution profiles for increasing values of K. As K is increased the flow
velocities of both solid and liquid phases are reduced, and their vertical gradients near the
bottom boundary become smoothed out due to stifled flow. The resulting flow velocities
at large K, with u; nearly uniform and ué gradually increasing with height, produce a
peculiar distribution of solid volume fraction, whereby solid content in the interior of
the layer is smaller than the solid content on either boundary. Figure 7 shows that as K is
increased, average velocities of both phases decrease. For sufficiently large K, the decrease
in velocities follows scaling u] ~ ué ~ K~ Average solid fraction also increases with K,
but becomes independent of K in the limit K — oo (this, again, is consistent with the mass
conservation constraint; see (4.11)).

5.4. Regime diagram

In the above sections we encountered two distinct types of limiting behaviour: a stagnant
solid regime characterised by large solid volume fraction and small solid-phase velocity;
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Figure 7. Variation of the average solid-phase velocity |(u})| (a), the average liquid-phase velocity |(ué)|
(b) and the average solid volume fraction (¢*) (c¢) with respect to the interphase friction parameter K.

and a stagnant liquid regime characterised by large liquid volume fraction and small
liquid-phase velocity. The stagnant solid limit is accessed as R — 0, or 4, — 00, whereas
the stagnant liquid limit is reached as R — oo. These limits are visualised in figure 8,
which shows regime diagrams of the average solid volume fraction and average phase
velocities (normalised by (1, — 1)/K) in the R—1,, space for three values of the interaction
parameter K = (102, 103, 104).

For all three variables ({¢*), (u*), (u')), the largest change in the slopes of the contour
plots as K increases occurs in region where K is not much smaller that either R or 4,,. From
the plot, it appears that the largest change in the morphology of contour lines occurs in the
regions where R < K? and A S K?. On the other hand, when both R and Ay, are much
larger than K, changing K has a more moderate effect on the characteristics of the solution.
Indeed, we observe that regions where R > K? and A2 K 2 are remarkably self-similar to
one another in that the contours share similar morphology and inclination, and only appear
shifted across R-A,, parameter space. This self-similarity may be better visualised by
zooming in on the regions R > K2, Ay > K?, which we provide in Appendix E (figure 15).

Contours of (¢*) in figure 8(a—c) run diagonally across the R—A1,, parameter space for
large R and A, (see also figure 15). The transition between the ‘stagnant solid” (low-R)
and ‘stagnant liquid’ (large-R) behaviour takes place roughly when R~ A, (see for
example 9a). This information, together with the inferred behaviour of (¢*) at both limits,
allows extrapolation to parameter values relevant to planetary cores.

Figure 9(b) shows an extrapolation of the average solid volume fraction to planetary
values of R and A,. The viscosity contrast A, is the parameter with the largest range of
uncertainty, with estimates ranging from 103 to 10%* (recall tables 1 and 2). Any slurry
that could form in the F-layer would contain a very small fraction of solid. Gubbins
et al. (2008) estimated a solid fraction of ~1 %, which is consistent with our results.
The low (¢°) puts a constraint on the allowable combinations of A, and R. Assuming
(¢*) < 0.01 in the F-layer requires the viscosity contrast 4, to be significantly smaller than

the gravitational strength R. Taking R = 10?7 would require A S 10?2, which is consistent
with mineralogical determinations.
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Figure 8. From top to bottom: contours of the average solid volume fraction (¢*) (a—c); (normalised)
average velocity of the solid phase K|(u})|/(1, — 1) (d—f); (normalised) average velocity of the liquid phase

K(ui)/(/lp — 1) (g—i). Values of K increase from left to right: (a.d,g) K = 102; (b,e,h) K = 103; (e,fi))K = 10%.
Empty regions in the contour plots correspond to parameter values for which we do not have solutions.

5.5. Heat flux

Figure 10 shows contributions of each term in the heat balance (4.6) as a function of
R, 4, and K. Clearly, the contribution due to latent heat dominates at all parameter values
considered. Thus, to leading order, the heat balance (4.6) is

g =q%,+ 0" (5.2)

which is consistent with our prediction (4.18).

To interpret the results we first recall from (4.8) and (4.5) that the latent heat of ~
R/ z[gb“u;]zzl. As discussed above, the solid velocity increases with R as u; ~ R1/2 at
low R and tends to an R-independent limit as R — oo while the average solid volume

172 as R — oo. Thus, the dependence of QF on R cancels out
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Figure 9. (a) Variation of average solid fraction (¢*) together with lines of fit based on the scaling of ¢°
as R — 0 (dashed lines) and as R — oo (dash-dotted lines). Dotted lines indicate where the two lines of fit
cross. (b) Extrapolation of average solid fraction (¢°) to large values of R and 1,,. Red rectangle highlights the
estimated range of R and A, for the F-layer (table 2).
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Figure 10. Heat balance variation with respect to R (a), 4, (b) and K (c). Each term has been normalised by
the heat flux in at the bottom boundary ‘12:0 =0.1In (@) K = 1000, 2, = 10%; in (b) K = 1000, R = 10%; in
(OR=5x%x10°,2, =2 x 10°.

for sufficiently large R. As a result, Q" increases with R but becomes independent of R as
R — oo (figure 10a). As more latent heat is absorbed for melting, less heat flows out at
the top of the layer. The temperature gradient becomes less steep (less negative), and the
temperature difference between top and bottom decreases (see figure 13 in Appendix E).

Magnitudes of heating due to heat pipe QF and friction QF increase with R; both terms
are proportional to R'/? (recall (4.8)), while for low R the solid flux increases j, ~ R'/2.
At large R, j. ~ R~!/? and thus the heating terms QF and QF become independent of R.
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The viscous heating term QY increases initially with R due to increased gradients of the
phase velocity near the bottom boundary (recall figure 2¢,d). However, since ¢° ~ R™1/?
as R — oo, the viscous heating due to the solid phase decreases for large R, and thus the
overall viscous heating Q¥ decreases with R.

The effect of increasing A, has an opposite effect to that of increasing R. As A, is
increased the solid-phase velocity is decreased, tending to u] ~ A1 as Ay — oo. Thus,
the latent heat QF decreases as Ay, increases (figure 10b). Smaller oL implies less heat
lost to melting, which results in a steeper (more negative) temperature gradient and larger
temperature difference across the layer. Similarly, O and QF decrease with A, owing to
the decrease in the solid flux (j; ~ /1;1). Viscous heating Q¥ also decreases for very large
Ay, as increased viscous forces smooth out all sharp velocity gradients, thus reducing the
amount of viscous heating.

As K is increased, magnitudes of velocities of both phases as well as the solid flux are
decreased (u] ~ ué ~ j.~ K~ as K — 00). Thus, all contributions to the heat balance
decrease as K is increased (figure 10c¢).

5.6. Effects of compaction viscosity

Thus far we considered solutions with constant (shear) viscosity. As described in § 2.6,
a compaction viscosity C also arises in two-phase systems due to the resistance of solid
to compaction. Here, we briefly examine the effect of C on the solutions and the limiting
behaviour at large 1. Little is known about the functional form of C for the iron in the
F-layer. At high solid fraction a common functional form is C ~ 1/¢/ (e.g. Bercovici et al.
2001). However, for two-phase materials that deform via diffusion creep, the form C ~
— log ¢! may be more appropriate (e.g. Rudge 2018; Katz et al. 2022). Thus, we opt for a
simple logarithmic form:

C(@) = —Colog ¢/, (5.3)

where Cy is a dimensionless parameter measuring the relative magnitude of compaction
viscosity to shear viscosity. Compaction viscosity C(¢') is zero in the absence of solid
phase (¢! = 1), and has a logarithmic singularity at vanishing porosity (¢! — 0).

Compaction viscosity C(¢') enters the system in three places: in the solid momentum
equation, in the form of an additional stress term; in the liquidus relation, where it affects
the melting temperature; and in the temperature equation in the form of an additional
heating term. As explained in § 4.3, we expect the latter two effects to be negligible. In the
solid momentum equations (4.1¢), compaction viscosity combines with the shear viscosity
to make the effective viscosity of the solid 4,(4/3 — Cplog ¢l). Thus, increasing Cy
increases the solid viscosity, which reduces u; (making it less negative) and increases ¢*
and ué. Indeed, this can be observed in figure 11, which shows profiles of the freezing rate
I"*, the solid volume fraction ¢* and vertical velocities of solid and liquid phases u;, ué, for
increasing values of Cy. As Cy is increased, solid phase becomes more compact (porosity
¢! decreases), and liquid phase is expelled at faster velocities. Solid-phase velocities
decrease, leading to decreased solid flux and concurrent reduction in melting required
to balance that mass flux.

Figure 12 shows the variation of average solid velocity, average liquid velocity and
average solid volume fraction versus A, for different values of Cy. For greater C,
effective viscosity is greater and so the large-4, regime is entered at lower A,. The
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Figure 11. Profiles of freezing rate I'* (a), solid volume fraction ¢* (b), solid-phase velocity ] (c) and
liquid-phase velocity ué (d) for increasing values of the compaction parameter Co; other parameters are fixed
at R = 10%, 1, = 10*, K = 100.
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Figure 12. Variation of the average solid-phase velocity K|(u3)|/(1, — 1) (a), the average liquid-phase
velocity K (ui) /(4, — 1) (b) and the average liquid volume fraction (¢! (¢) with respect to the viscosity ratio
A, for different values of compaction parameter Cp; other parameters are fixed at R = 10°, K = 100. In (a,b)
the phase velocities have been scaled by the estimated terminal velocity (1, — 1)/K.

scaling behaviour uj ~ P ~ /lljl as A, — oo seems to persist in the presence of
porosity-dependent viscosity.

6. Discussion and conclusions

In this paper we have developed and analysed a model of two-phase slurry dynamics,
motivated by recent studies of the F-layer at the base of Earth’s outer core. The governing
equations we solve are an extension of the two-phase equations derived by Roberts
& Loper (1987) to include pressure disequilibrium between the two phases (Bercovici
et al. 2001; Ricard 2007). The equations contain a more general formulation of the fluid
dynamics compared with those employed in previous studies of solid-liquid layers in
planetary cores (e.g. Riickriemen et al. 2015; Davies & Pommier 2018; Wong et al. 2018;
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Bercovici & Mulyukova 2021) and can be applied to a wide range of two-phase systems
including ‘iron snow’ and ‘flotation’ layers in the cores of small terrestrial bodies.

We have studied 1-D time-independent solutions of the two-phase equations in order
to establish systematic behaviour in the parameter regime R > 1,4, > 1 relevant to
planetary cores. A key benefit of the 1-D system is that the numerous control parameters
can be varied over many orders of magnitude. Considering, separately, the variation in the
nature of the solutions as R — oo, or 4, — 00, reveals two distinct regimes of limiting
behaviour. In the limit of R — oo the solutions are characterised by small values of solid
fraction and liquid-phase velocity ¢* ~ ué ~ R™1/2_ while the solid-phase velocity tends
to the Darcy velocity u; ~ —(1, — 1)/K. On the other hand, in the limit of 1, — 00, the

solutions are characterised by small values of liquid fraction and solid-phase velocity ¢’ ~

u; ~ /1;1, while the liquid-phase velocity tends to the Darcy velocity ué ~ 1, = 1/K.
The transition between the two regimes of limiting behaviour in R-1, space occurs
roughly when R and A, are comparable in magnitude. The developed scalings are in
excellent agreement with our numerical solutions of the full slurry equations.

In the parameter regime of planetary cores where R > 1, > 1 the average solid fraction
in the layer is small. Near the bottom boundary all solutions exhibit a thin region with
¢* — 1; however, in the parameter regime of interest (R > A, > 1), the relative thickness
of this region to the depth of the entire layer is of the order of 1 % (see for example the case

in figure 2b with R = 10%). Extrapolation of our results to F-layer conditions (figure 95)
indicates that a pure iron slurry F-layer would contain a mean solid fraction of at most 5 %.
This result is consistent with Gubbins et al. (2008), who used a purely thermodynamical
line of reasoning. Such low solid fractions are incompatible with seismically inferred
densities, supporting the view that the F-layer in Earth’s core is not a pure iron slurry.

There are several physical effects that may arise in Earth’s F-layer that are not captured
within our current model. Earth’s liquid core contains around 10 wt% lighter elements
such as O, Si and S and previous models suggest that compositional variations are likely
important for explaining the stable stratification of the F-layer (Gubbins er al. 2008;
Wong et al. 2021). Generalising our pure iron model to multiple chemical constituents is
relatively straightforward (Keller & Suckale 2019), but comes at the expense of adding
more input parameters to the 14 already present and also introducing new physical
effects. In a multicomponent slurry, additional buoyancy forces will arise from differences
in specific densities and concentrations of individual constituents, which can facilitate
compositional convection. Furthermore, when density depends on two properties (here,
heat and light element concentration) that diffuse at different rates, double diffusive
processes can occur. Nevertheless, we have shown that the pure slurry displays a wide
range of dynamical behaviour, including solutions with low solid fraction across much
of the layer that will serve as an important reference point for future studies of the
multicomponent system.

Our model does not include the effects of rotation or magnetic field, both of which
are known to be important for the dynamo process in planetary cores. However, in the
stratified F-layer, their dynamical significance is much less clear. Incorporating rotation
into the governing equations is conceptually trivial, it merely involving inclusion of the
Coriolis effect in the momentum equations of each phase. Incorporating magnetic fields
into the two-phase equations in not a trivial task, but it is possible (Bercovici & Mulyukova
2020). However, in both cases the analysis will inevitably become more complicated as it
calls for fully three-dimensional treatment, which is beyond the scope of the present study.

When developing the governing equations we introduced a number of simplifications
with the aim of reducing mathematical complexity while still retaining the key physical
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processes. The fast melting approximation considerably simplifies the thermodynamics; it
assumes that both phases share the same temperature and constrains the system to remain
in phase equilibrium, where the temperature follows the liquidus. Thermal equilibrium is
expected to be very rapid, O(1) s, which is much faster than the time scales associated
with the flow velocities we have obtained and so equality of solid and liquid temperatures
appears to be a reasonable assumption. The effect of departures from phase equilibrium
is much harder to assess. Walker er al. (2021) modelled the non-equilibrium effects
of nucleation and crystal grow of falling particles in the F-layer and their preliminary
results indicate that the layer would not reach phase equilibrium. However, the physics of
crystal nucleation and growth in planetary cores is complex and is only now starting to
be investigated in detail (Huguet et al. 2018; Davies, Pozzo & Alfe 2019; Wilson et al.
2021, 2023) so it is presently unclear whether the departures from phase equilibrium
would have a significant effect on the fluid dynamics. Departures from phase equilibrium
could be incorporated into the governing equations using macroscopic parametrisations
of the microscopic nucleation and growth processes (Loper 1992), but at the expense of
significantly complicating the theory. At present we believe the fast-melting limit is a
reasonable compromise.

A significant challenge in modelling two-phase liquid—solid flows lies in capturing the
rheological behaviour of the solid phase. Real liquid—solid mixtures are known to exhibit
complex rheological behaviour which is a function of the solid volume fraction and can be
either Newtonian or non-Newtonian in nature (Guazzelli & Pouliquen 2018). In this paper
we adopted a simple Newtonian rheology with uniform shear viscosity for both phases.
This was partly to understand the fundamental properties of the system and partly because
there is little information available about the rheology of solid iron at core conditions.
Clearly more work is desirable to constrain the functional form of phase viscosities in a
slurry. Nevertheless, in the slurry limit (small ¢*), modifications to the viscosity are of
the order ¢* (e.g. Guazzelli & Pouliquen 2018) and thus are not expected to cause drastic
changes in the nature of solutions.

In deriving the two-phase equations it was necessary to postulate functional forms
relating velocities and pressures of the two phases to the interfacial velocity and
pressure. The associated coefficients y and w were prescribed based on simple physical
considerations, whereas in reality they should be determined from experimental and/or
computational studies of the microscale behaviour of the two-phase system. Clearly more
work is desirable in order to better constrain these quantities, which can then be applied
in a straightforward manner to the theory we have derived. However, since the associated
terms are neglected in the reduced model we have developed, which represents the gross
behaviour of our numerical solutions very well, we believe that the specific functional
forms of these coefficients do not critically impact our results.

The 1-D basic state is the first step in mathematical analysis of fluid dynamical systems,
it being the underlying equilibrium (stable or not) on top of which three-dimensional
perturbations evolve. In single-phase fluid flow problems, the underlying basic state tends
to be trivial, with fluid at rest in hydrostatic balance. On the other hand, in a two-phase
pure slurry, even the 1-D steady state is interesting because the two phases move relative
to one another. This 1-D state is part of any time-evolving three-dimensional solution, and
it is thus integral to understand its nature. We believe that the detailed analysis performed
in this study constitutes a successful first step towards these longer-term goals and paves
the way for analytical considerations of the more complete model of the slurry.
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Appendix A. Glossary

Table 4 contains a glossary of symbols used in the derivation of the two-phase model
equations.

Appendix B. Thermodynamic relations

In this appendix we develop the thermodynamic differential relations for the specific Gibbs
free energy, volume (density) and entropy of each phase.
Recall the first law of thermodynamics for a phase (2.32)

dE® = T°dS° — p®d(p®)~", (B1)
and the definition of Gibbs free energy (2.34)
&
G =F —1°5° + . (B2)
pe
Differentiating (B2), and using (B1), we can derive a differential relation for the change in
Gibbs free energy dG®:

dG® = Védp® — §°dT°. (B3)

Recall that pressure of each phase p® consists of common interface pressure P which
is to be interpreted as the thermodynamic pressure (Ricard 2007), and a mechanical
contribution due to compaction pressure Ap:

pl=P—o'Ap, p'=P+'Ap. (B4a,b)

All of the thermodynamic differential relations involving pressure are to be taken as
differentials of thermodynamic pressure P, i.e. dp* = dp! = dP. Thus, (B3) is equivalent
to

dG® = VédP — S$°dT°. (B5)
Note that the general form of (BS) is
aG® aG®
dG* = dP + dare, (B6)
oP ) re oTe ) p

and thus, between (B6) and (BS5), follow the definitions of specific volume and entropy as
derivatives of the Gibbs free energy:

aG® aG®
( ) _ v, ( ) _— (B7a.b)
8P TE aTs P

Finally, in light of the pressure decomposition (B4a,b), it is useful to introduce the effective
Gibbs free energy G as the Gibbs free energy defined based on the thermodynamic
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Symbol Description First appearance/definition
B domain boundary surface (2.80)

<, specific heat capacity of phase & (2.46), (B18)
Cp specific heat capacity of the mixture 2.77)

Df interphase drag force (2.21)

E*® internal energy of phase ¢ (2.8)

E internal energy of the mixture (2.8)

g gravitational acceleration vector (2.20)

G* specific Gibbs free energy of phase (2.34)

1 identity matrix (2.19)
Jj phase separation flux vector (2.14)

k® heat flux vector (2.30), (2.54a,b)
k¢ thermal conductivity of phase ¢ (2.54a,b)

k thermal conductivity of the mixture (2.69)

L latent heat (2.72)

p° mechanical pressure of phase & (2.19)

p° interface pressure on the side of phase ¢ (2.21)

p, P interface pressure, thermodynamic pressure (2.22a,b)
Ap p* — pl, compaction pressure (2.60)

S¢ specific entropy of phase & 2.9)

S specific entropy of the mixture 2.9)

T¢ temperature of phase & (2.32)

T temperature (2.64)

u® flow velocity of phase ¢ (2.12)

u® velocity controlling surface work (2.29)

u® interface velocity on the side of phase ¢ (2.21)

u interface velocity (2.22a,b)
Up boundary velocity (2.80)

Ve specific volume of phase ¢ (2.4)

v specific volume of the mixture (2.5a,b)

of volumetric thermal expansion coefficient of phase & (2.45), (B13a,b)
o volumetric thermal expansion coefficient of the mixture (2.76)

B volumetric isothermal compression coefficient of phase & (2.45), (B13a,b)
yE 1/2, interface velocity partitioning coefficient (2.24a,b), (2.50)
re mass production rate of phase ¢ (2.12)

¢t compaction of phase & (2.15)

Ap interphase drag coefficient (2.57)

Ay interphase thermal equilibration coefficient (2.58)

Ar phase relaxation parameter (2.59)
App compaction pressure parameter (2.60)

ué dynamic viscosity of phase ¢ (2.54a,b)
¢ total stress tensor (2.19)

ol specific density of phase € 24

0 specific density of the mixture (2.5a,b)

0 interface density (2.39)

o’ deviatoric stress tensor (2.19), (2.54a,b)
o entropy production in phase & (2.30)

¢ volume fraction of phase & (2.2a,b)

] gravitational potential (2.28)

We mass fraction of phase & (2.2a,b)

'4 deformational work (2.73)

o8 pressure jump partitioning coefficient (2.25a,b)

Table 4. Glossary of symbols used in the derivation of governing equations in § 2.
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pressure, i.e.
&€ &€ € Q€ P
GL=E TS + (BS)

The Gibbs free energies (B2) can be thought of as a sum of thermodynamic Gibbs free
energy and a contribution due to compaction pressure Ap (which is entirely mechanical in
nature):

w’Ap ! o' Ap
G=G+— G=G,- o (B9a,b)
From (B9a,b) and (BY), it follows that
dG§ = V'dP — $*dT* — o’ ApdV?, (B10)
l l 3l [ [
dG, = V'dP — §dT" 4+ o' ApdV". (B11)
Thermodynamic derivatives of specific volume for each phase are
ave ave
dve = dpP + dre. (B12)
oP ) oTe ) p

We define isothermal compression 5% and thermal expansion «® coefficients:

1 [oVe 1 [oV®
B = —— , af = — . (B13a,b)
ve \oP ) . ve \are ),

Differentials (B12) become

dv® = V¥(—B°dP + «®dT?). (B14)
Density differentials can be obtained from volume differentials using V¢ = 1/p°%:
dp® = p®(B°dP — ®dT?). (B15)
The general form of the thermodynamic derivative of entropy $¢ = S°(P, T?) is
ds® = (8—88) dpP + (BSS) dre. (B16)
OP ) e oTe ) p

Using definitions (B7a,b), (B13a,b) and Maxwell’s relation, we can write the first
derivative in (B16) as

A 3 (3Gt B 3 (3Gt o (ovE\  af
P ) NP \oTe )p)pe  \0TE\ 0P ), \OT¢)p  pt

(B17)

The second derivative is related to specific heat capacity c;:

as*
c;ET8< ) (B18)
oT* )

Thus, the differential of specific entropy (B16) becomes

o <,
ds® = ——dpP + ﬁdT‘?. (B19)
P
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Appendix C. Distinguished limits of two-phase equations
C.1. General equations for non-equilibrium slurry

The full system of equations governing the evolution of a two-phase non-equilibrium
slurry consists of equations of mass continuity (2.12), equations of momentum
conservation (2.26a), (2.26b), equations of entropy conservation (2.30), together with
thermodynamic relations for density (B15), entropy (B19) and Gibbs free energy (2.44):

8 S A5
(q;_tp Liva@ew =1, (Cla)
P [ .1
(";f ) 1V @lpluy = -1, (C1b)
ou® 1
o p’ ( a7 +u - Vus> = —¢’VP+V . (¢°(c° — 0’ Apl)) —}—q’)s,osg—EFSAu—ADAu,
(Cloc)
ou! 1
Lo 1y _ 41 I ! 10 s
o'p ( o+ -Vu) = —¢'VP+V . (¢ (' + o' ApD) +¢'p'g 2F Au+ ApAu,
(Cld)
3 s _sgs s SQS..S 1 57,8 S ¢S Ky Ky v
a—t(¢p3)+v-(¢p5u):FV-(MVT)JFFG V' +X — A AT, (Cle)
9 1 ! i}
E(d)l,olSl) + V- (¢p'stuly = iV (Q'K'VThH + %ol VUl + X + A, AT, (CIf)
dp® = p*(B*dP — &*dT®), dp' = p'(BldP — o'dT?), (Clg)
S CS l Cl
s’ = —%dP—F Lar, ds! = —‘;ildP + F”,dT’, (Clh)
1 1
dG’ = —dP — §°dT”, dG' = —dP — star’. (C1i)
p P

System (C1) comprises 16 equations for 16 variables: ¢°, P, u®, u, T, T, o5, ,ol, S5, St
G*, G'. Auxiliary variables are

du’ ous 2 out
—=ss+ll’ £ _ ¢ l+_]’.___k.-’
p=¢pt+dp, oy=n ox 0 B !
' leps
[,1.1
Ap = App(—0'9’t" + /¢!, é€=(V-"8+; D )
N (r?*  (Ap)?
' =—ArAG,, X= AplAul? + A (AT)? + —2 .
re TS+T’<D| A T A,
(C2)

C.2. Governing equations of fast-melting slurry

Under the fast-melting approximation (recall §2.7), the system of governing equations
consists of equations of mass conservation for solid and liquid phases ((Cla), (C1b)),
equations of momentum conservation for each of the two phases ((Clc), (Cld)), the
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equation for the temperature of the mixture (2.79), the liquidus constraint (2.66) and
equations of state for the solid and liquid densities (2.45):

A(p°p* ,
(fl;tp ) +V.@'0'u’) =17, (C3a)
9 1.1
(q;t L v @ty = - (C3b)
3 1
o p’ (3—ut—|—u Vus) =—¢°VP+V. (¢Sas—¢sa)“ApI)+¢spsg—EFSAu—ADAu,
(C3c¢)
rEl I N, 0o by
o'p E—I—u Vi) = —¢/VP+V . (¢l —I—qba)ApI)—i—(b,og—{—EFAu—{—ADAu,
(C3d)
o 527 TDP LI + L VT =V.kVT)+ ¥ (C3e)
C __a — — . = . 3 e
P Dt Dt T
11 d ld
(—l——>dP——dT+Ap(w G +2 p) (C3f)
ptpf ps ps  plp!
dp® = p*(B*dP — &*dT), (C3g9)
dp! = p'(BldP — &!dT). (C3h)

System (C3) comprises 12 equations for 12 variables: ¢*, P, u*, u, T, T, P’ ,ol . Auxiliary
variables are

a = ¢sas 4 (]510(1, ]_C — ¢sks +¢lkl, E — (¢spscs l 1 l)/,O,

s sl Al 2

A C4

ZMM, v =¢'c’ V' +¢lo!: Vil + Ap|Au)? +( P ©4)
1Y Ap

C.3. Boussinessq approximation

According to PREM (Dziewonski & Anderson 1981) variations in core density are of
the order of 0.1 % within hundreds of kilometres of the ICB. Thus, we may employ the
Boussinesq approximation whereby all variations in density are assumed to be negligible
except in the buoyancy force. The density can be separated as

p° = p; + o, <1, (C5a.b)

&
P

&

e

where p; is constant reference density and pf is the temporal and spatial variation.
Equations (C3) under the Boussinesq approximation reduce to

3¢° rs
+ V- @) =—, (C6a)
Ry, s
l s
9 v @) = —LI, (C6b)
ot ol
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ou’
'} ( St VuS> — —¢'VP+ V. (@°0° — ¢’ ApD) + ¢° (0} + p)g

1
—EFSAu — ApAu, (Cé6c)

YU I I VN, PN
oo |, +u VU ) = —¢'VP V- (glo' + @'’ ApD) + ¢'(0, + p)E

1
+§F’Au + ApAu, (Céd)
o 527 TDP LT + Livr=v. (kVT) + ¥, (C6e)
Cpp—=——al— — e
Py Di A
1 1 w*d o' dp!
(—l——>dP——dT—i—A p1+ pl (C6f)
[ oi oy Pl ool
dpy = p;(B°dP — *dT), (Cog)
dpl = pl(BldP — o!dT), (C6h)

where now
p=¢'nf+ ool ¢ =@ pics+ 9ol /p,

¢S¢l Lo; I I
5 ——L L Au Ap:AAp(—wsd)sV-us—I-a)q&V-u).
Unlike in the case of a single-phase flow where pressure variations are negligible and
thus do not enter the temperature equation or the density, here the pressure variations
are tied directly to the temperature variations through the liquidus and thus cannot be
neglected.
In the absence of phase change (/™* = 0), the temperature and pressure are not
constrained to the liquidus ((C6f) no longer holds). In that case, variations in pressure
may be neglected from the temperature equation and the equations of state.

(C7)

C.4. Inertia-less equations

It is very common is studies of two-phase solid—liquid systems to assume that both phases
behave as very viscous fluids that undergo creeping flow and their acceleration and inertia
are negligible (e.g. McKenzie 1984; Bercovici er al. 2001; Sramek er al. 2007). Under
such approximation terms D?u? /Dt and "¢ Au in momentum equations (C3c¢), (C3d) are
negligible. The inertia-less momentum equations are

0=—¢'VP+ V. (¢'c° — ¢’ Apl) + ¢*p°g — ApAu, (C8)
0=—¢'VP+ V. (plo’ + ¢'o' ApI) + ¢'p'g + ApAu. (C9)

A further approximation can be made, whereby the viscous stress of the liquid phase
is neglected on the grounds that liquid viscosity is significantly smaller that of the solid
w® > ul. In that case, the momentum equation of the liquid phase (C9) reduces to the
generalised Darcy law:

I
u—u = i(—VPer’g). (C10)
Ap
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Appendix D. Derivation of continuity conditions across a moving interface

Continuity conditions are obtained by integrating the equations governing conservation of
mass (2.12), momentum (2.16) and total energy (2.37), over a pillbox volume that straddles
the interface and moves together with it.

The total rate of change of any quantity in a moving volume is given by the Leibniz rule
for differentiation. Consider an arbitrary region in space bounded by a boundary moving
with a velocity U. Total change in the quantity f is the sum of local temporal change at
any point within the volume and changes that happen over the bounding surface:

g/ dV—/a—de / U-ndS (D1
dr Vf o V8t + Sf e )

Integrating the phase mass conservation equation (2.12) over the pillbox and converting
the volume integral of the divergence term into a surface integral using the Gauss law, we
obtain

a E L€
/Mdv+/¢8p8u€-ﬁd3:/1"8dv. (D2)
1% ot S \%
Using the Leibniz rule (D1) in (D2) yields
d
—/ o° p° dV—l—/rz&Epe(uS —U)-ndS = / reav. (D3)
dr Jy s %

In the limit of vanishing pillbox height the volume integrals vanish, and the surface integral
term reduces to a balance between fluxes on either side of the interface, i.e.
[¢°p®u® — U) - a] = 0. (D4)

Here [[A] denotes the jump in a quantity A across the boundary.

Similarly, integrating the ith component of phase momentum conservation equation
(2.16) over the pillbox and converting the volume integral of the divergence term into a
surface integral using the Gauss law, we obtain

d
" /V (@°p*uf)dv + /S ¢° p°ui uj — Upnj — ¢ ITinjdS = /V ¢°0°8i + Futeraction,i 4V
(D5)

where indices i and j follow the standard Einstein notation. In the limit of vanishing pillbox
height (D5) yields

[¢° p%uf (uf — Upnj — ¢ Mg = 0. (D6)
Continuity condition (D6) may be split into normal and tangential components,
respectively:

[¢°p® (- ) (" — U) - ) + ¢°p* — ¢ h -0 - Al =0, (D7)
[¢°0° @ - (" —U) - h) — ¢t 0" - Al = 0. (D8)
Finally, note that the equation governing total energy may be written as (2.37)
d(pE 5
—(gt LV (b8t A+ + @l — 0w - o* — glul ol + TR+ T =0,

(D9)
Applying the same procedure as above to (D9) yields

o€ — U) + AEj + ¢°p'u’ + ¢'plul — ¢p*u’ - 6° — ¢!l - 6! + T°K° + T'K'] - A = 0.
(D10)
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Appendix E. Appendix figures
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Figure 13. Profiles of density p® (since 4, = Ag = 1 the dimensionless densities of the two phases are equal,
p* = pb) (), temperature T (b), temperature gradient d7'/dz (c) and pressure gradient dP/dz (d) for increasing
values of R; other parameters are fixed at K = 103, Ay = 105,

e K=10%,=10* K=10%2,=10 K=10%2,=10°
B K-10%2,=10° B K=10%2,=10° B K=1042,=107
B K-10%2,=10° Bl K=10%2,=10° B K-1042,=10°
(a) )
10°
104
10!
105
—6
102 10
1077
1073
108
103 104 105 10° 107 108 107 103 10 105 10% 107 108 10°
R R

Figure 14. Variation of the average liquid volume fraction (¢1) (a) and the average solid flux (j;) (b) with
respect to R.
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() (0)
1.0
0.8
102
0.6
10! 0.4
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Figure 15. Same as figure 8(a—c): contours of the average solid volume fraction (¢*) but zoomed in on the
range R > K2, Ay = K? to illustrate the self-similarity between the behaviour of the solutions in the limit of
large R and A, relevant to planetary cores. Values of K increase from left to right: (a) K = 10%; (b) K = 10°%;
(c) K = 10*. Empty regions in the contour plots correspond to parameter values for which we do not have
solutions.
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