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Abstract

This study investigates the ice formation behavior in an annular flow under initial flow velocities ranging
from 0.20 to 0.45 m/s. The experiment was performed to validate the Computational Fluid Dynamics (CFD). The
results indicate that lower flow velocities, 0.20-0.35 m/s, promote continuous ice growth leading to full the annular
passage, whereas higher velocities, 0.40-0.45 m/s, suppress ice accumulation due to enhanced convective heat
transfer and disruption of the mushy zone. Importantly, it was found that the ice growth rate decreases with
increasing initial flow velocities. Furthermore, the correlations for predicting the ice thickness and ice growth rate
with time as power functions were developed. The correlations agreed well with the simulation results. This
information is very useful for design, and operating the tubular ice machines which has never found in literatures.
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1. Introduction

Latent Heat Thermal Energy Storage (LHTES)
systems utilize Phase Change Materials (PCMs) to
absorb and release thermal energy through the phase
transition process between solid and liquid states. Due
to this property, PCMs have been widely applied in
various industrial sectors. However, the use of PCMs
often encounters several limitations, particularly the
low thermal conductivity typically less than 1 W/m-K
[1] which leads to poor heat transfer performance.
These limitations have led many researchers to focus
on developing methods to enhance heat transfer
efficiency in LHTES systems.

Among these enhancement strategies, fins are one of
the most widely adopted techniques for improving heat
transfer performance in PCM-based thermal energy
storage systems. A wide range of fin configurations has
been proposed, including triangular fins [2], triplets fins
[3], corrugated fins [4], helical fin [5], anchor-type fin
[6], novel configuration of fins [7], V and Y shape fins
[8], and continuous or discontinuous fin [9],[10].

In addition to the use of fins, various studies have
investigated the effects of modifying the geometry and
shape of inner tubes or the shell-and-tube arrangement to
improve heat transfer efficiency. These include
horizontal vs. vertical shell-and-tube latent heat storage
units [11], cylindrical and conical vertical tubes [12],
elliptical pipes [13], PCM placements inside shells and
tubes [14], eccentric tube positions [15-17], wavy
channels triple-tube [18], and star-shaped tubes [19].

Moreover, incorporating high-heat conductive
materials into PCM improves the thermal propagation
rate and reduces the charging/discharging time. These
materials can generally be classified into three main
categories. The first group includes carbon-based
materials such as expanded graphite [20], carbon fiber
[21], carbon nanotube [22],[23], and graphene [24].

The second group consists of ceramic-based materials
[25],[26]. The third group comprises metal-based
materials, which include metal foams [27],[28] and
metal nanoparticles [3],[8],[29],[30].

Building on these enhancement methods, further
studies have been conducted to analyze the thermal
performance of thermal energy storage systems. These
systems are typically categorized into three types:
single-stage TES systems, cascaded TES systems
utilizing multiple PCMs [31-33], and metal foam-
enhanced cascaded TES systems [25], [34]. In parallel,
numerous investigations have examined the effects of
system design and operating conditions, including the
influence of tube wall temperature [13], [35],[36], tube
diameter [37],[38], mass flow rate of heat transfer fluid
(HTF) [39], and inlet temperature of HTF [38—42].

Interestingly, the basic concept of phase change heat
transfer in LHTES systems has also been applied to
other industrial processes, with the Tubular Ice System
being a prominent example. Typically, the system
consists of vertically aligned tubes through which water
flows downward by gravity. Simultaneously, a
refrigerant (e.g., ammonia), with a temperature below
the freezing point of water, flows along the outer surface
of the tubes, extracting heat from the water. This results
in the formation of a thin ice layer on the inner tube wall.
The mechanism closely resembles the heat transfer
process in LHTES systems, where thermal energy is
exchanged between a heat transfer fluid (HTF) and PCM
via the tube wall during the phase change process.

Although research on Tubular Ice Systems is still
limited, the similarity of their operating principles to
those of LHTES systems enables the use of existing
LHTES studies to improve system performance.

A review of existing studies reveals that most prior
research involves stationary PCM, with only the HTF in
motion during the heat exchange process. These
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investigations have extensively addressed techniques
such as fin integration, geometry optimization, material
enhancement, multi-PCM usage, and the effects of
system design and operating conditions. However, there
remains a clear gap in the literature regarding
configurations where the PCM is in motion. While
Tubular Ice Systems represent a relevant example in
which both PCM and HTF flow simultaneously, this
study focuses on a simplified setup in which only the
PCM flows, highlighting the influence of its initial
velocity and annular flow geometry on ice formation.

This research aims to address this knowledge gap
by examining the ice formation behavior in a tubular
ice system featuring annular flow characteristics and
flowing PCM. The study specifically focuses on the
effect of the PCM’s initial velocity, which could
significantly influence heat transfer performance and
the solidification process. This knowledge provides
useful guidance for designing and operating tubular
ice machines, a subject that has not previously been
reported in the literature.

2. Methodology
2.1 Physical Model

The physical model used in this work is shown in
Figure 1. It consists of two vertical concentric tubes
with diameters of 39 and 10 mm, and 1200 mm long.
The inner tube is filled with insulation. The flow
passage is the gap between the outer and inner tubes.
The outer surface of the outer tube and the outer
surface of the inner tube are assumed as constant
temperature wall and adiabatic wall respectively.

Flow passage
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I
I
|
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|
|
|
|
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1,200 mm

l Gravity
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Figure 1 Schematic of the physical model.

To reduce the computational time, a two-
dimensional axisymmetric model is employed in the
CFD simulation. The flow direction is defined from
left to right, corresponding to the gravitational
direction. The tube is divided longitudinally into two
regions: the entrance domain and the freezing domain.
The entrance domain, 200 mm in length, is bounded
by adiabatic walls, while the freezing domain, which

is 1000 mm long. Uniform velocity and constant
pressure at the inlet, and constant wall temperature are
set as the boundary conditions. As the operating
temperature at the tube surface of the most plants is -
12°C, so this value is used for simulations.

In the vertical direction, the tube longitudinal-
section is separated into two parts: a 5 mm-high
insulation layer and a 14.5 mm-high flow region that
allows PCM movement. The tube wall is considered
negligibly thin and is thus excluded from the thermal
calculations, as depicted in Figure 2.
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Figure 2 Computational domain.

The study investigated the effect of flow velocity
on ice formation at five initial velocities: 0.20, 0.30,
0.35, 0.40, and 0.45 m/s, since experimental
observations indicated that no ice formation occurred
at higher velocities.
2.2 Governing Equations

To simulate the freezing behavior under annular
flow conditions, the enthalpy-porosity method was
employed in conjunction with a fixed computational
grid. This approach allows simultaneous tracking of
the heat transfer and fluid flow during phase change
without explicitly tracking the moving solid-liquid
interface. The assumptions made in the numerical
model include transient and incompressible flow,
constant thermal properties for each phase, and
negligible effects of radiation and viscous dissipation.

In this research, the solidification enthalpy method
was used to simulate the ice formation behavior. The
total enthalpy H of the domain is defined as the sum
of sensible heat and latent heat content:

H=h+AH (1)

where h is the sensible enthalpy and AH is the
latent heat associated with phase change.

To model the mushy zone during solidification, the
latent heat is expressed as a function of temperature:

AH = f(T) (2)

In the case of isothermal phase change, the
function f(T) is defined as:

f={y 1S G
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where L is the latent heat of fusion and T,,, is the phase
change temperature.

The governing equations for heat and fluid flow
are as follows:
Energy equation:

a(ph) SN _ o
= +V-(pVh) = V- (aVh) + Sp 4)

where p is the density, V= (u,v) is the velocity
vector, and « is thermal diffusivity. The energy source
term is:

9(pAH)
at

S, = + V- (pVAH) (5)

Continuity equation (mass conservation):

ou  ov
%oy, =0 (6)
Momentum equations:

e  x-direction:

9 (pu)

= daP
T+|7-(qu) =V () ——+S,+5, (7)

e  y-direction:

a = a
g’t") + V- (pVv) = V- (uVu) - £ +S, (8

Here, u is the dynamic viscosity, P is pressure, and
Sy, Sy are source terms used to suppress velocity in
solid regions, defined as:

_(1-9)?

Sy = P Apmusnlt 9
(12
Sy = =g p Amun? (10

where A,,,sn 1S the mushy zone constant, b is a small
number (typically 0.001), and ¢ is the liquid fraction
given by:

e= 2 (11)

Additionally, natural convection is modeled using
a buoyancy source term S;, based on the Boussinesq
approximation:

h—h.
Sb — Prefgﬁé ref) (12)
P

where f is the thermal expansion coefficient, p,..s and
hyey are the reference density and enthalpy,
respectively, g is gravitational acceleration, and C,, is
specific heat.

The equations are discretized using a second-order
upwind scheme and solved using the SIMPLE
algorithm within ANSYS Fluent. Convergence is

achieved when the residuals for continuity,
momentum, and energy equations fall below 107°.
2.3 Grid and Time Step Independence Study

To determine appropriate mesh and time-step
settings for the simulation, a sensitivity analysis was
performed. The rectangular grid scheme was used and
the analysis involved three mesh schemes, C;, C,, and
C;, with total cell counts of 22,800, 46,800, and
93,600, respectively. In addition, three time-steps,
ts1, tsz, and tg 3 corresponding to 0.05 s, 0.01 s, and
0.005 s, respectively were investigated.

When the time step was fixed at 0.01 s, the change
in predicted ice thickness was found to be 3.42% when
the grid schemes were changed from C; to C,, and
1.53% when the grid schemes were changed from C,
to C3. As the difference in results when the gird
schemes were changed form C, to C3 was minimal, C,
was selected as the appropriate mesh resolution for
further simulations.

Similarly, for grid scheme C,, varying the time
step from ¢4 to £5, and from ¢, to tz3 resulted in
ice thickness differences of 2.21% and 1.96%,
respectively. Given the small variation, g, (0.01 s)
was deemed sufficiently accurate for time-step
selection.

2.4 Experiment Setup

The experimental apparatus consists of two
concentric copper tubes enclosed within a PVC pipe.
The inner copper tube is fully packed with thermal
insulation and acts as an adiabatic barrier, while the
outer copper tube serves as the channel for water flow,
forming an annular flow configuration. To induce
freezing, the annular space between the outer copper
tube and the PVC pipe is filled with a mixture of ice
and salt (NaCl). This setup ensures a uniformly low
wall temperature at the outer surface of the flow
passage. The PVC pipe is further insulated with a 1-
inch thick closed-cell foam to minimize heat losses.
Water at an initial temperature of 0°C flows downward
under gravity from a constant-level supply tank. The
flow rate is regulated by a control valve located at the
outlet. Temperature measurements are taken at
multiple axial positions along the tube surface using
T-type thermocouples. The measured wall
temperatures, T 4, Ts », and Ty 3, were -10.17, -10.23,
and -10.38°C, respectively. Ice thickness is measured
at corresponding positions using a vernier caliper.
Each test condition is repeated five times, and average
values are reported. The experimental apparatus is
shown in Figure 3. The thermocouples and data
logger, vernier have accuracies of 0.1°C, and 0.02
mm, respectively. Water rotameter has an accuracy of
3%. By using the root of the sum of the square (RSS)
[43], the initial velocity uncertainty can be estimated
to be 3.11%.
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Figure 3 Experimental apparatus.

2.5 Validation

To validate the numerical model, simulation
results were compared with experimental data. The
simulation results closely matched the experimental
data, with a maximum deviation of 1.68%, as shown
in Figure 4. This level of accuracy was deemed
acceptable for model validation purposes. Based on
this comparison, a grid size of 46,800 cells and a time
step of 0.01 seconds were selected for subsequent
simulations. These parameters ensured numerical
stability and reliable prediction of ice formation in the
annular flow configuration used in this study.
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Figure 4 Comparison between experimental and
simulation results.

3. Results and Discussion
Egs. (1)-(12) were solved simultaneously by
FLUENT. Figure 5 shows the variation of ice

thickness (&) over time for different initial flow
velocities ranging from 0.20 to 0.45 m/s. The ice
thickness was the average measured thickness at T ;,
T ,, and T 3. At lower velocities, 0.20, 0.30, and 0.35
m/s, the ice layer continues to grow and eventually
fills the annular gap, 14.5 mm thickness. However, the
growth rate decreases with increasing velocity due to
enhanced convective heat transfer, which inhibits
solidification.

In contrast, at higher velocities, 0.40 and 0.45 m/s,
the ice growth slows significantly and does not reach
14.5 mm thickness or full the annular gap. This
behavior is attributed to the disruption of the mushy
zone caused by high shear forces, which prevent
further solid formation.
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Figure 5 Ice thickness (8) as a function of time (t)
for different initial flow velocities.

Figure 6 illustrates the variation of ice growth rate
(G) over time at different initial flow velocities (vy).
The ice growth rate was determined from the rate of
change of ice thickness at a liquid fraction of zero. For
all cases, the growth rate starts at a high value and
decreases rapidly as time progresses. At lower
velocities, 0.20, 0.30, and 0.35 m/s, the ice continues
to grow until the annular gap is fully blocked, though
the growth rate gradually diminishes.
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Figure 6 Ice growth rate (G) as a function of time

(t) for different initial flow velocities.
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In contrast, at higher velocities, 0.40 and 0.45 m/s,
the growth rate drops more quickly and approaches
zero earlier, indicating suppressed ice formation. This
behavior aligns with the incomplete blockage
observed at these velocities and reflects stronger
convective effects and mushy zone disruption.

Assuming the relations between the ice thickness
(6), and ice growth rate (G) and time (t) as power
functions, the relations may be written as:

50f8
6 = At™ (13)
G = Bt" (14)

where A, and B represent approximated initial ice
thickness and approximated initial ice growth rate,
respectively. t, m, and n are time, ice thickness rising
constant, and growth rate decay constant, respectively. The
regression approach is applied to the simulation results to
derive the correlations, as summarized in Table 1.

Table 1 Summary of the correlations between ice thickness (&), and ice growth rate (G) and time (t) for each

initial flow velocity (vy).

Initial flow velocity . Coefficient of
Parameter Correlation .. 2
[m/s] determination (R“)
0.20 5 = 0.0001¢06661 0.9935
. 0.30 5 = 0.0002¢05791 0.9834
Ice thickness (3) 035 5 = 0.0003¢04964 0.9678
[m] 0.40 5 = 0.0003t04370 0.9623
0.45 — 0.0005¢0345% 0.8619
0.20 G = 10.104t 0475 0.9198
030 — 18.242¢ 0621 0.8883
Ice growth rate (G) 035 — 31.342¢°0747 0.8882
[mm/min] 0.40 G = 100.30¢ 0993 0.8313
0.45 G = 197.49¢ 1198 0.7764

Based on the obtained correlations in Table 1, it can
be observed that the coefficient A or the approximated
initial ice thickness for various initial velocities are in the
range of 0.0001-0.0005m which is very close to zero.
Whereas, the approximated initial ice growth rate (B)
increases as the initial flow velocity increases (v). This
is due to convection heat transfer increase with the flow
velocity causing higher heat transfer from the water to the
tube surface. However, as time progresses, the growth
rate is diminished by the mushy disruption due to the
higher shear. Therefore, ice growth rate decreases as the
velocity increases and hence the decay constant (n)
decreases as the velocity increases.

The obtained correlations have accuracy about
+25% when they are compared with the simulation
results as shown in Figure 7. The highest error is
found at the initial stage as shown by the black solid
symbols, which indicates a limitation of the power
function used in this case.

4. Conclusion

This study investigated ice formation behavior in
an annular flow system under various initial flow
velocities. The simulation results demonstrated that
lower velocities, 0.20-0.35 m/s, led to continuous ice
growth and eventual the ice can be fill with the annular
gap, while higher velocities, 0.40-0.45 m/s,
significantly suppressed ice formation due to
enhanced convective heat transfer and disruption of
the mushy zone. Correlation between ice thickness,

and ice growth rate and time are developed with
accuracy about £25%, except at the initial stage. This
information is very useful for design, and operating
the tubular ice machines which has never found in
literatures.
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Figure 7 Comparison of predicted and simulated ice
growth rate at different initial flow velocities.
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