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a b s t r a c t
A CFD analysis of melting of solid particles during sedimentation in their own melt is presented. The
motion of the solid particles is determined using a Lagrangian approach, while hydrodynamics and heat
transfer throughout the fluid are determined using a finite volume scheme. Particle and fluid motions are
two-way coupled through moving solid–liquid interfaces, whose morphologies are determined from the
local interfacial heat fluxes and tracked using a deforming grid. The accuracy of the model is verified
using benchmark solutions of a single particle undergoing simultaneous melting and settling. The results
show that the presence of solid-phase particles within the liquid enhances the heat transfer between the
bulk fluid and the heating surfaces due to improved mixing, as well as the latent heat associated with
phase change. Particle loadings corresponding to solid volume fractions of 3–18% have been considered
here, and it is found that the average wall Nusselt number increases linearly with volume fraction. An
enhancement in the average wall Nusselt number of 100% as compared to a single-phase flow is achieved
using a slurry with 18% solid particles by volume. Initial particle arrangement is found to have a minimal
effect on the overall heat transfer. Additionally, for a fixed solid volume fraction, it is found that particle
diameter does not strongly influence heat transfer enhancement.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Solid–liquid phase change materials (PCMs) are characterized
by large energy densities that enable them to absorb and release
large amounts of thermal energy within a small temperature
range. For decades, these features have been of interest in shortand long-term thermal energy storage systems. More recently, a
new PCM-based technology has been emerged to improve the
thermal performance of heat exchangers by developing twophase heat transfer fluids comprising PCM particles mixed with a
base fluid [1,2]. These two-phase slurries benefit from larger
apparent specific heats compared to single-phase fluids and are
suitable for transferring large amounts of heat without a dramatic
temperature rise [3]. In addition to efficient heat transfer, PCM
slurry fluids can also serve as thermal storage medium, thereby
eliminating the need for separate heat transfer and storage media
in thermal energy storage systems [4].
Optimal design of heat exchangers/thermal storage systems
utilizing the PCM slurries requires a thorough understanding of
interfacial transport phenomena occurring between the solid and
liquid phases of the slurry. While experimental measurements of
interphase interactions in particulate flows are challenging,
⇑ Corresponding author. Tel.: +1 215 895 1373; fax: +1 215 895 1478.
E-mail address: YSun@coe.drexel.edu (Y. Sun).
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numerical models with different levels of complexity have been
developed for the analysis of such systems. Traditionally,
volume-averaged Euler–Euler methods have been employed for
the analysis of PCM slurry flows [5–9]. In these methods, conservation equations are solved on a fixed grid and appropriate source
terms, usually based on semi-empirical correlations, are introduced to account for mass, momentum and energy exchange
between phases [8,10]. Recently, direct numerical simulation
(DNS) of solid–liquid two-phase flows has gained increasing attention. DNS models do not rely on semi-empirical correlations to
determine the interfacial forces and fluxes, rather these quantities
are obtained by direct integration at the two-phase interface.
Several DNS models have been proposed to investigate particulate
flows by using either the fixed-mesh methods (e.g., the phase-field
[11,12], level set [13], immersed boundary [14,15] and distributed
Lagrange multiplier/fictitious domain methods [16])) or bodyconformal mesh methods (e.g., the Arbitrary-Lagrangian–Eulerian
(ALE) method) [17,18] to directly solve the Navier–Stokes
[15,19,20] equations, as well as by solving the lattice Boltzmann
equations [21,22]. Compared to the fixed-mesh methods,
body-conformal mesh methods provide higher accuracy in
interface representation; however, the higher accuracy comes at
the expense of greater computational costs associated with
mesh movement and re-meshing the computational domain.
With the advancements in parallel computations on
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drag coefficient
force vector
Grashof number
gravitational acceleration vector
height of the computational domain
PCM heat of fusion
unit vector in the direction of the gravity
thermal conductivity
unit length
particle mass
Nusselt Number
surface unit normal vector pointing out of the solid particle
pressure
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Reynolds number
solid–liquid interface coordinate vector
Stefan number
temperature
melting temperature of PCM
time
terminal velocity of a settling non-melting particle
velocity vector
width of the computational domain
axis perpendicular to channel wall
axis parallel to the channel wall

supercomputers/multi-core processors, this moving-mesh method
is expected to become more computationally affordable.
The ALE method was developed to take advantage of the features of both the Lagrangian and Eulerian approaches, while minimizing their limitations [23]. In the ALE method, the mesh
motion can be defined in an arbitrary manner with no constraint
to follow a fix point of mass or to be fixed in space respectively
[20,24]. Such a moving-deforming mesh allows for highresolution tracking of boundary movements/deformation that is
crucial in the analysis of particulate flows. In the ALE method,
the movement of the mesh is usually constrained on the boundaries where it has to follow the particles and/or the confining flow
boundary. Re-meshing is required to avoid large mesh distortions
and data have to be mapped on to the new mesh for consecutive
computations [25].
While numerous DNS studies of slurry flows have focused on
the hydrodynamic interactions between the solid and fluid phases
[26–30], there are only a few studies accounting for heat transfer
and phase change effects [31–33]. Gan et al. [31] used a finite element implementation of the ALE method to study melting and sedimentation of one and two cylindrical particles in a vertical
channel. Results were presented for instantaneous sedimentation
velocity and mass of the particles. It was concluded that sedimentation of melting particles is affected by natural convection of the
melt and that while two simultaneously settling particles maintain
their circular shape during melting due to rotation, a single particle
develops a non-circular surface morphology. Dierich et al. [32]
used the implicit fictitious boundary method to simulate the phase
change of up to 32 cylindrical ice particles ascending in a closed
cavity, where the particles were assumed to remain circular during
the phase change process. Three subsequent regimes of particle
hydrodynamic were observed: acceleration of particles due to the
buoyancy force, followed by a transitional regime and eventually
a passive regime, where the solid particles are too small to influence the flow. In addition, a correlation was proposed between
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the Nusselt number at the surface of a single particle fixed in a
hot stream and the Reynolds and Prandtl numbers. In a similar
study, Dierich and Nikrityuk [33] analyzed the melting and solidification of 40 circular ice particles during upward motion in hot
and subcooled water, respectively. It was found that during melting, the particles tend to move toward the center of the cavity
while for solidification no significant displacement from the walls
was observed. The effect of particle rotation was also investigated
where about 10% increase in melting rate was observed when rotation of particles was accounted for while the solidification rate did
not change significantly with and without particle rotation. Deen
and Kuipers [34] applied the immersed boundary method to study
the heat and mass transfer resulting from exothermal chemical
reactions at the surface of stationary particles in a dense fluidparticle system. It was found that the average heat and mass transfer coefficients between the fluid and particles increase with the
flow rate through the particle array, and the predictions from the
DNS model were found in good agreement with the existing empirical correlations [34].
In addition to the gravity driven particulate flows with direct
contact between the fluid and the phase change material (PCM),
slurry flows with micro-/nano-encapsulated PCM particles have
been investigated extensively [5,9,35–39]. In these studies, the
encapsulated PCM slurry flows are often modeled as a homogenous
fluid with average thermophysical properties using Eulerian methods on a fixed gird [5–9]. On the other hand, effective specific heat
capacity [9] and enthalpy methods [40] have been introduced to
account for solid–liquid phase change. In a relevant study, Rao
et al. [39] experimentally studied the heat transfer of a microencapsulated PCM (MEPCM) slurry flow in minichannels, where
n-octadecane MEPCM particles of about 5 lm in diameter where
suspended in water. Results showed an up to 40% increase in the
average Nusselt number at the minichannel wall for 22.3 vol%
MEPCM. Kuravi et al. [9] developed a 3D numerical model to study
the flow of nano-encapsulated PCM slurry in microchannels. The
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2. Problem formulation
Slurry flow in a vertical channel accompanied by melting and
settling of PCM particles in their own melt is considered in this
work (Fig. 1). Solid PCM particles at constant melting temperature
Tm are distributed throughout a channel filled with liquid PCM initially at Tm. The channel walls are maintained at a constant temperature greater than Tm. The solid particles initially at zero
velocity settle under gravity and drag forces. A no-slip condition
is applied at the side walls and a fully-developed velocity profile
is applied at the top and bottom boundaries. Also, a fullydeveloped temperature profile is applied at the top boundary with
a minimum value of T = Tm at the centerline along with an adiabatic condition at the bottom boundary.

Fully-developed
velocity profile
Fully-developed
temperature profile

T0 = Tm

Tw

Solid PCM
particles at Tm

H

nano-encapsulated PCM slurry of 100 nm encapsulated octadecane
particles suspended in polyalphaolefin was considered as a homogeneous fluid with average thermophysical properties. Melting of
the PCM particles was accounted for using a specific heat capacity
method in which a large specific heat value is adopted to mimic the
phase change occurring over a melting temperature range. About
60% increase in the wall Nusselt number was reported for slurry
with 30.3 vol% PCM compared to the single-phase flow.
Review of the literature reveals that despite significant progress
in modeling of PCM slurry flows using both DNS and volumeaveraged methods, studies addressing non-uniform melting of
multiple particles in slurry flows with simultaneous settling are
scarce. In such slurry systems, the fluid motion is strongly influenced by the sedimentation of solid particles. In particular, the
effect of simultaneous settling and melting of solid PCM particles
on the heat transfer of slurry PCM flows with heating/cooling surfaces has not been addressed. Increasing interest in the utilization
of solid–liquid phase change processes to improve the performance of thermal systems within a compact format leads to the
emergence of PCM recirculation cycles where the PCM particles
suspended in their own melt provide a short-term thermal storage
between the hot and cold sides [41]. At the heat receiving side, a
recirculating PCM cycle requires transfer of thermal load to a
PCM slurry where thermal energy is absorbed by melting PCM particles. At the heat releasing side, PCM particles are then regenerated by the solidification process. For PCM particles of
millimeters in size or larger, their body forces (e.g., buoyancy force
due to density differences between the solid and liquid phases)
play an important role on the hydrodynamic behavior of the slurry.
Also, the deviations between the localized and average heat fluxes
on the surface of individual particles increase with particle size.
Detailed hydrodynamic and heat transfer analysis of such slurry
flows using the DNS methods is hence crucial for the design of
thermal systems utilizing PCM slurry flows.
In this work, a two-dimensional DNS model is developed to
investigate simultaneous sedimentation and melting of multiple
cylindrical PCM particles in their own melt in a vertical channel
with heated walls. The main focus is on the heat transfer characteristics of the PCM slurry flow with the heating surfaces. An implementation of the ALE method in a finite volume formulation is
employed. The melting rate of solid particles is determined from
the localized heat fluxes at the particle surface. The model implementation is verified against published numerical results for
simultaneous melting and settling of a single cylindrical particle.
Improvements in heat transfer rates due to the presence of solid
particles are quantified in terms of the average Nusselt number
at the wall for varying particle volume fraction of the PCM slurry
as compared to the single-phase case. The effects of the initial particle size and particle arrangement on the heat transfer characteristics of the slurry flow are also examined.

W
y
x
Fig. 1. Schematic of the physical system of multiple PCM particles simultaneously
melting and settling in a vertical channel.

The computational domain encompasses the entire channel
width with an aspect ratio (height to width) of 5.625 and contains
a fixed number of circular particles. Initially stationary PCM particles accelerate under gravity, where the average instantaneous settling velocity of the particles in y-direction is calculated in the fixed
frame of reference. The computational domain is then moved in
each time step with the average settling velocity of the particles.
The location of each particle within the moving computational
domain is updated based on its relative translational velocity,
where the x-component of the velocity is unchanged and the
y-component is calculated by subtracting the domain velocity
from the particle velocity in the fixed frame of reference. Moving
the computational domain allows for reducing the domain size to
a region with greatest likelihood of particle presence, while
excluding the downstream and upstream regions of no particles.
This transformation introduces an additional term in the
y-momentum equation due to the acceleration of the reference
frame [42,43]. Also, the y-component of the velocity at the
boundaries in the transformed frame is obtained by subtracting
the frame velocity from the absolute velocity at the boundary.
It is assumed in this work that the particles initially residing
within the computational domain remain in it during the entire
simulation time. To this end, if a particle reaches the top or bottom
boundary, it is assumed that the particle sticks to the boundary as
long as its calculated relative y-velocity is toward the exterior of
the computational domain. The moving computational domain
used here can be viewed as a section of a vertical channel at the
top of which solid particles are loaded with a volume fraction equal
to the initial volume fraction of the moving domain. The following
assumptions are adopted in this work:
(i) The liquid phase is Newtonian whose thermophysical properties are assumed to be constant;
(ii) Natural convection is accounted for by the Boussinesq
approximation;
(iii) Particle rotation is neglected;
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(iv) Liquid flow induced by the volume change of the PCM upon
melting is negligible; and
(v) Solid PCM particles are kept at Tm.
2.1. Governing equations
The transient two-dimensional conservation equations for
mass, momentum and energy are solved for the fluid phase in an
Eulerian framework:

rV ¼0

ð1Þ

@V
1
@Vframe
þ V  rV ¼  rp þ mr2 V þ ½1  bðT  T 0 Þg 
@t
ql
@t

ð2Þ

@T
þ V  rT ¼ ar2 T
@t

ð3Þ

where ql is the density of the liquid phase at the initial temperature
T0 (T0 = Tm), b the coefficient of thermal expansion, p the pressure, a
the thermal diffusivity, m the kinematic viscosity, g the gravitational
acceleration, and V the relative liquid velocity and Vframe the moving velocity of the reference frame. Again, Vframe in this work is
equal to the average settling velocity of the particles calculated at
each time step. It is noted that the last term on the right-hand side
of Eq. (2) accounts for the acceleration of the reference frame [43].
The translational movement of the solid particles is governed by
Newton’s second law of motion:

mi

dVp;i
¼ FA;i þ Fd;i
dt

ð4Þ

where mi and Vp,i are the mass and absolute velocity of the ith particle and FA and Fd are the Archimedes’ and drag forces acting on the
particle, following

I

Fd;i ¼
S

Z
FA;i ¼
V

½lðrV þ rVT Þ  n  pnds


q
ql 1  s gdV

ql

ð5Þ
ð6Þ

where the integration in Eqs. (5) and (6) is performed over the particle surface area, S, and volume, V, respectively. The first and second terms of the integrand in Eq. (5) are the viscous stress and
isotropic thermodynamic stress [44], respectively, where l is the
dynamic viscosity and n is the surface unit normal vector pointing
out of the solid particle. Also, qs in Eq. (6) denotes the density of
solid PCM. The local melting rate of the particle, dr/dt, is determined
by imposing an energy balance at the particle surface:

qs hsl

dr
¼ kl ðrT  nÞn
dt

ð7Þ

where kl is the liquid thermal conductivity, hsl is the PCM heat of
fusion, and rT  n is the local temperature gradient normal to the
particle boundary, respectively. Eq. (7) assumes that the solid particle is kept at the melting point at all time.
In this work, the collision between the particles is simplified by
assuming that all colliding particles move with the same velocity
determined from the conservation of the linear momentum:

V0p ¼

P
mV
P i p;i
mi

ð8Þ

with V0p being the velocity of the impacted particles after collision. It
is noted that in order to prevent the formation of computational
cells with a negative/zero volume, the direct contact between particles must be avoided during the simulation. This is done by introducing a critical distance between neighboring particles. When the
distance between two particles is smaller than the critical value the

particles are considered colliding. In this work, a critical distance of
4d/15 is used to accommodate the boundary layer mesh around
individual particles. A numerical experiment showed that reducing
the critical distance to d/5, with d being the initial particle diameter,
had no noticeable effect on the wall and particle heat transfer, but
led to convergence difficulties. It is noted that, in the simulations,
the particle boundary layer is usually consisted of 10 layers of
non-uniform mesh with a growth rate of 1.2 and a minimum thickness of 0.01 mm in the vicinity of the particle boundary (i.e., the
total thickness of 0.26 mm).
The governing equations are non-dimensionalized for the
sake of generality. The following dimensionless variables are
defined: V ¼ V=uter , x ¼ x=d, t ¼ t=ðd=uter Þ, p ¼ p=ðmql uter =dÞ,
T  ¼ ðT  T m Þ=ðT w  T m Þ, F ¼ F=ðmql Luter Þ, where L is a unit length
and uter is the terminal velocity of a non-melting single particle
of diameter d settling in an unbounded fluid. Also, m and Tw are
kinematic viscosity of the liquid and wall temperature, respectively. The terminal velocity uter is obtained from the corresponding Reynolds number that can be determined from a force
balance between the buoyancy and drag forces acting on the settling cylinder:





pd3 g qs
 1 ¼ C D ¼ f ðReÞ
2Re2 m2 ql

ð9Þ

It is noted that in the above equation, the characteristic length
in the definition of Re number is the initial particle diameter.
Replacing dimensional variables in Eqs. (1)–(4) and (7) with the
above non-dimensional ones yields the following nondimensional governing equations:

r  V ¼ 0

ð10Þ

 

@V
Gr 
@V


¼ rp þ r2 V 
T i  frame
Re
 þ V  rV
Re
@t
@t

ð11Þ

@T 
1
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r2 T 
RePr
@t 
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qs  dVp;i


mi
 ¼ FA;i þ Fd;i
ql
dt

ð13Þ

 
1 qs dr
1
ðrT   nÞn
¼
Ste ql dt 
RePr

ð14Þ

p
4

Re

where i in Eq. (11) is the unit vector in the direction of the gravity.
In formulation of Eqs. (11)–(14) the following dimensionless
variables are employed; Re = uterd/m, Pr = m/a, Gr = gbDTd3/m2,
Ste = kl(Tw  Tm)/(qlahsl), where all properties are related to the
liquid phase.
3. Results
The governing equations and associated boundary conditions
are solved using the commercial CFD package ANSYS Fluent 15.0
[45]. The computational grid consists of up to 500,000 triangular
and quadrilateral cells. The SIMPLE algorithm is used for coupling
between pressure and velocity [46]. A boundary layer mesh is
implemented around individual particles for more precise capturing of the heat fluxes and shear forces at the particle surfaces, both
of which are used to determine the particle movement and surface
morphology as described in Section 2.1. It is noted that in this work
when the particle volume shrinks down to 4% of the initial value,
the particle is assumed to no longer undergo phase change and
become a flow tracer such that the boundary condition at the particle surface changes from constant temperature to adiabatic. In
order to improve the numerical stability, the governing equations
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are solved using a two-step method, where the momentum
equation is solved using the temperatures obtained from first
solving the energy equation [47]. The movement of the particles is
handled by a moving-deforming mesh that uses the Spring-Based
Smoothing method [48]. After every time step, if the deformed
mesh fails to satisfy the skewness or size criteria (skewness < 0.5,
1  105 m < cell size < 104 m), local re-meshing is performed to
replace deteriorated cells with new ones. All simulations are
performed using a time step of 5  105 s. Convergence criteria
of 104, 106 and 109 are used for continuity, momentum and
energy equations, respectively.

25
Gan et al. [31]
Current simulation

20

Re

15
10
5

(a)
0
0.01

0.1

1

10

100

t/(d/umax)

3.1. Model verification

τxy = τxy = 0
∂T/∂y = 0

T0 = Tw

Tw

Solid PCM
particle at Tm

10 d

Tw

25 d

4d

y
x

Tw

Fig. 2. Schematic of the physical system of a single cylindrical particle settling and
melting in a vertical channel used for verification of the model.

1.0
Gan et al. [31]
Current simulation

0.8

m/m0

The model is verified by comparing the sedimentation velocity
and melting rate of a single cylinder settling in its own melt in a
vertical channel with the numerical results reported by Gan et al.
[31]. As shown in Fig. 2, the melt is initially at thermal equilibrium
with the wall when the particle is released at the channel centerline 10d above the bottom boundary of the computational domain
where d is the initial particle diameter. Side and bottom boundaries are stationary and are maintained at a constant temperature
T⁄w = 1. The top wall is adiabatic with vanishing shear. The PCM
particle is assumed to remain at the melting temperature T⁄m = 0.
Here, the characteristic velocity is equal to the maximum settling
velocity of the particle that is not known a priori. The comparison
is made for Pr = 0.7, Re = 21.1, Gr = 100, qs/ql = 1.00232, and
Ste = 0.0251, where Re number is defined using the initial particle
diameter and instantaneous velocity. As evident in Fig. 3a, the particle initially accelerates due to the dominant gravitational force. It
later reaches a fairly constant velocity resulting from a balance
between the gravitational and drag forces. At the later stage the
particle decelerates as its mass reduces and drag forces
(proportional to the surface area) overweigh the gravitational force
(proportional to the volume). Fig. 3b shows that the melting rate
gradually decreases with time, attributed to the decreasing heat
transfer surface area at the particle surface. As shown in Fig. 3,
excellent agreement between the results exists for both instantaneous Re number and normalized particle mass (defined as the
ratio of instantaneous particle mass to its initial mass, m/m0) with

0.6
0.4
0.2

(b)
0.0
0

25

50

75

100

t/(d/umax)
Fig. 3. Comparison of the time history of (a) instantaneous Re number defined
using the initial particle diameter and instantaneous velocity and (b) normalized
particle mass with the numerical results reported in [31].

maximum deviations of 1% and 10%, respectively, verifying the
capability of the model to precisely capture the physical
phenomena.
3.2. Case studies
For the case studies, a vertical channel with height H = 0.18 m
and width W = 0.032 m is considered (Fig. 1). The initial particle
diameter is 0.003 m and the density ratio between the solid and
liquid PCM is qs/ql = 1.00232. Other thermophysical properties of
the PCM are chosen to provide Pr = 0.7, and Ste = 0.0251 (b = 0).
Various particle numbers of 24, 50, 95 and 150 are investigated
to assess the effect of solid PCM volume fraction on the heat transfer behavior of the slurry (Fig. 4). These particle numbers correspond to volume fractions of 2.9%, 6.1%, 11.7% and 18.4%,
respectively, where the solid PCM volume fraction is calculated
by dividing the initial solid PCM volume by the total volume of
the channel.
In addition to the cases with an initial cylinder diameter of
0.003 m, a case with 28 particles of 0.004 m initial diameter (corresponding to 6.1% initial solid PCM volume fraction) was also simulated to provide an insight on the effect of particle diameter on
heat transfer for almost the same initial solid PCM volume fraction.
In addition, the effect of initial particle arrangement inside the
channel on heat transfer performance was evaluated by setting
two different initial arrangements of 24 solid particles: one with
an array of 6 rows and 4 columns (the 24-particle case in Fig. 4)
and the other with 12 rows and 2 columns. The heat transfer rate
between the PCM slurry flow and the wall is quantified by defining
an average Nusselt number

Nuw ¼

q00w;ave Dh
T w  T mean

ð15Þ
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Particle # 24
2.9 vol%

50
6.1 vol%

95
11.7 vol%

150
18.4 vol%

Fig. 4. Initial mesh and distribution of solid PCM particles throughout the channel for various particle loadings but the same 0.003 m initial diameter, along with the zoomedin view of the boundary layer mesh around a particle.

where q00w;ave is the average heat flux at the wall, Dh = 2W is the channel hydraulic diameter, and Tmean is the mean flow temperature. For
the PCM slurry flow, Tmean is calculated by averaging the massweighted average flow temperature at several cross-sections, where
flow velocities in the fixed frame of reference are used. It is noted
that for a steady-state single-phase flow between two constant
temperature parallel plates without natural convection effects, the
energy equation can be solved analytically yielding Nuw;ss = 7.54
[49]. A time-averaged Nuw can also be defined by averaging the
Nuw from t = 0 to the time when all the PCM particles are melted.
Numerical simulations showed that the time-averaged wall
Nusselt number decreased almost 5% by increasing the particle
diameter by 33.3%, which is considered negligible compared to
78% increase in the volume of individual particles. The timeaveraged heat flux at the particle surface increased 1.36 time by
increasing the particle diameter. This increase is consistent with
reduced total particle surface area associated with bigger particles
(the total surface area of 28 particles of 0.004 m in diameter is 74%
of that of 50 particles of 0.003 m in size). The change in the initial
particle arrangement resulted in about 5% difference in the
time-averaged wall Nusselt number. These numerical simulations
suggest that within the range of variations considered here, the
particle size and initial arrangement do not have substantial effects
on the overall heat transfer response of the slurry systems.
Fig. 4 shows the initial arrangement of the particles for cases
with particle numbers of 24, 50, 95 and 150 corresponding to cell
counts of roughly 219,000, 222,000, 238,000, and 255,000, respectively. Grid independence study using 340,000 cells (50%
refined mesh) has shown less than 5% difference in calculated
average wall Nusselt numbers for all four cases, verifying the
sufficiency of the employed grid. It is noted that the cell count
changes during simulations due to re-meshing process. According
to the discussion above, the initial arrangement does not have a
major effect on the overall thermal response of the slurry. Fig. 5
shows the evolution of the temperature field throughout the
domain for the case with 50 particles. The average temperature
of the domain increases with time due to constant wall heating
and reducing size of the solid particles that keep the average

T*

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

t* =
1.7
50

233

417
500

t* = 1.7

50

233

417

500

Fig. 5. Evolution of the temperature field throughout the computational domain for
50 particles of 0.003 m initial diameter. The right panel shows the relative location
of the moving computational domain.

temperature from abrupt rising by latent heat of fusion. Inspection
of the temperature fields at t⁄ = 50, 233 and 417 shows how the
presence of solid particles in the vicinity of the wall breaks up
the thermal boundary layer. This effect in addition to the mixing
can contribute to the enhancement of the heat transfer in slurry
flows. In addition to breakup of thermal boundary layer and mixing, PCM slurry flows also benefit from larger temperature differences that further improve the wall heat flux. The changes in
distribution of particles can also be seen in Fig. 5, where no particular pattern can be identified and particles move in a random manner. It is noted again that the computational domain is moving
with a velocity equal to the average sedimentation velocity of all
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t* = 108

150

250

T*

1.0
0.9

0.8
0.7
0.6
0.5
0.4

0.3
0.2
0.1
Particle # 24

50

0.0

95

Fig. 6. Snapshots of temperature field for slurry flows with various particle loadings
of the same initial diameter of 0.003 m at times corresponding to melting of half of
the initial solid PCM.

30
Particles Initial vol. %
95 11.6 11.6
95
50 6.1 6.1
50
24 2.9 2.9
24
0
0
Single
phase

25

Nuw

20
15
10
5

(a)

0

Solid
volume
fraction
Solid
volume
fraction
(%)

0.16
16

(b)

12
0.12
0.088
0.044

0
0

200

400

600

can be seen in Fig. 6 that the particles do not melt uniformly, where
the particles closer to the walls experience faster melting rates.
Fig. 7 shows the time evolution of the wall Nusselt number
(Fig. 7a) and the overall solid volume fraction (Fig. 7b) for slurry
flows with 24, 50, and 95 particles of the same initial diameter of
0.003 m. It is evident in Fig. 7a that the cases with greater solid volume fractions provide a larger Nuw over a longer time period. As
discussed before, the greater Nusselt numbers corresponding to
higher solid volume fractions can be explained by more effective
heat transfer due to promoted mixing within the slurry flow and
breakup of the thermal boundary layer due to a larger number of
particles reaching the close vicinity of the wall. In Fig. 7a, the
steady-state Nusselt number for a single-phase flow is also shown
as a base case. Initially, the single-phase Nuw is more than two
times greater than the steady state solution due to the absence
of a thermal boundary layer and large temperature gradient at
the heated wall in contact with an initially colder fluid. As time
goes on, the fluid temperature adjacent to the wall increases and
the temperature gradient at the wall decreases resulting in
decreasing Nuw values. Eventually, the fully developed temperature field is established and Nuw approaches 7.54. It is noted that
the heat transfer rates in PCM slurries with higher solid volume
fractions also benefit from having greater temperature differences
in addition to the improved heat transfer coefficients. Despite the
noticeable fluctuations in the average Nusselt number versus time,
the solid volume fractions reduce smoothly due to the damping
effect of the thermal mass of the liquid that occupies the majority
of the channel (Fig. 7b).
To better demonstrate the effect of melting solid particles in a
slurry flow on the heat transfer rate of the heating surfaces,
Fig. 8 shows the simulated wall Nusselt number as a function of
the solid volume fraction for various particle loadings. It is noted
that for each case in Fig. 8, the right end of the curve corresponds
to the initial time of the simulation. It can be observed that the Nuw
increases almost linearly with the solid PCM volume fraction. The
melting PCM particles prevent the abrupt temperature rise of the
slurry. Once the particles are completely melted, the fluid temperature increases rapidly and the heat flux at the wall decreases due
to the reduced temperature difference between the heating surface
and the fluid. The decreasing heat flux outweighs the reduction in
temperature difference and the Nusselt number approaches the
single-phase value. As a result, the Nuw for all cases drops rapidly
around a solid volume fraction of zero. In Fig. 8, the steady-state
single-phase Nusselt value is also shown as a base case. The gray
dashed line in Fig. 8 is a linear curve fit through the data to show
the linear trend of Nuw with solid fraction.
Another quantity of interest in the heat transfer analysis of
the slurry flow is the heat transfer rates at the particle surface.
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t*

40
150

Fig. 7. Time evolution of (a) the average Nusselt number at the wall
(0.02 m < y < 0.16 m), and (b) solid PCM volume fraction for cases with the same
initial particle diameter of 0.003 m.
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the particles calculated at each time step. The relative location of
computational domain at time instances corresponding to the displayed temperature fields is shown in the right panel of Fig. 5.
Fig. 6 depicts the temperature field throughout the computational domain after the solid volume fraction has reduced to 50%
of its initial value for the particle numbers of 24, 50, and 95, corresponding to solid volume fractions of 1.45%, 3.05%, and 5.85%,
respectively. The cases with fewer particles reach 50% reduction
of the initial solid PCM volume in a shorter time, mainly because
of the smaller amount of solid PCM undergoing melting. Also, it
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Fig. 8. The average wall Nusselt number versus solid PCM volume fraction for
various particle loadings. The gray dashed line represents a linear curve fit through
the data.
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4. Conclusions
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Direct numerical simulation of slurry flows with simultaneous
phase change and particle settling in a vertical channel with heated
walls is carried out using the Arbitrary-Lagrangian–Eulerian
method. Sedimentation and interface morphology changes of the
particles are accounted for using a body-conformal mesh. Average
heat transfer rates at the wall and at the particle surfaces are presented in terms of average Nusselt numbers. It was found that the
wall Nusselt number increases roughly linearly with solid PCM volume fraction, where more than a 100% increase over a single-phase
flow is obtained at a solid fraction of 18%. Additionally, it was
found that the effects of initial particle arrangement are minimal
and limited to only the early stages of heat transfer. Also the effects
of particle diameter on the wall Nusselt number were found to be
insignificant compared to the effect of solid volume fraction. The
average Nusselt number at the particle surfaces was also determined, which can be used as an input to a less computationally
expensive mixture-based Euler–Euler model for simulating slurry
flows.
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phase change and also can serve as an input for the mixturebased models that use correlations to account for inter-phase
transport phenomena. Fig. 9a shows the time evolution of the average Nusselt number at the particle surface for 24, 50, and 95 particles of the same initial diameter of 0.003 m. To calculate the
particle Nusselt number, the average heat flux at the particles’ surface, q00p;ave , is first calculated and the value is then divided by the
appropriate temperature difference to obtain an average heat
transfer coefficient (here, Tw – Tm is used). In addition, the average
particle diameter, dp;ave , is calculated from the knowledge of the
number of particles and their total volume as the characteristic
length of the particle Nusselt number, following
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As shown in Fig. 9a, for the cases with smaller particle numbers (i.e., particle numbers of 24 and 50), there is an initial rise
in the particle Nusselt number, Nup , followed by a gradual drop
and eventually vanishing Nup . This initial rise can be attributed
to the time needed for the heat to transfer from the heating wall
to the particle surfaces due to the relatively large distance
between the particles and the wall. As the time progresses, more
heat reaches the particle surfaces, causing an increase in the particle Nusselt number. As the particles melt, the average particle
diameter decreases. At the later stages of the process, the
decrease in particle size exceeds the effect of increasing heat flux
at the particle surface and the Nusselt number at the particle
surface decays. For the case with 95 particles, the Nusselt number
at the particle surface reduces more monotonically with time
because the small distances between the closely arranged
particles and the wall significantly shortens the initial time
required for the heat to reach the particle surfaces. For this case,
the particle Nusselt number gradually decreases due to shrinking
solid particles.
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