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Article Info Abstract

In this research, we performed a detailed numerical investigation into the effectiveness
of the Population Balance Model (PBM) for simulating the complex phenomena of
particle aggregation and breakage. The results demonstrated a substantial improvement
in prediction accuracy when the PBM is integrated into the simulation framework.
Specifically, for turbulent flows with a volume fraction below 10%, the PBM was shown
to reduce calculation errors to less than 5%. Our findings also reveal a direct correlation
between increased volume fraction and flow velocity, and an increase in the average
particle diameter within the flow. Further analysis evaluated different aggregation and
breakage mechanisms. These were tested within the PBM framework. The combination
proposed by Luo proved to be the most effective, yielding more reliable results than other
models. This was consistent across both laminar and turbulent flow regimes and was
consistently validated against experimental data. We also examined how the predefined
range of allowable particle diameters within the PBM influences the results. Our
investigation highlighted a strong dependency between this parameter and the
distribution of the average particle diameter across the pipe's cross-section.
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Introduction

Secondary loop refrigeration systems offer a cost-effective
solution for optimizing energy consumption and meeting high
peak cooling loads in industrial applications. These systems
achieve efficiency by utilizing off-peak capacity to produce
and store ice slurry as a Phase Change Material (PCM),
enabling smaller, more economical refrigeration units to
handle maximum demand. Ice slurry is preferred for its
superior latent heat storage capacity and low cost.

However, accurately modeling the complex two-phase flow
within these systems is challenging. Ice particles dynamically
change size through continuous fracture and aggregation, a
microphysical process that significantly influences the
slurry’s thermal and flow properties but is often neglected in
conventional numerical studies. Previous models typically
assume a constant particle diameter, limiting predictive
precision.

To address this gap, this research focuses on the Population
Balance Model (PBM), an advanced method capable of

simulating the full distribution of particle sizes at every flow
cross-section. Crucially, a comprehensive investigation
simultaneously examining PBM's impact on both heat
transfer and hydrodynamic properties has not yet been
performed. This study aims to conduct a detailed, non-
isothermal PBM analysis of ice slurry flow within a
horizontal pipe. The results will be wvalidated against
experimental data and compared to non-PBM simulations.
Ultimately, the research will evaluate and propose an
optimized combination of aggregation and breakage kernel
models within the PBM framework to achieve high-accuracy
predictions.

Methodology

The simulation in this study employs a Multifluid Two-Phase
Model. The conservation equations for mass, momentum, and
energy are solved separately for each of the two phases [19].

The viscosity and stress of the solid ice phase are modeled
using the Kinetic Theory of Granular Flow (KTGF) [21]. To
account for turbulence effects, the k —& turbulence model is
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applied to each phase individually. The details of these base
equations were presented in our previous studies [14, 15], in
which the effect of ice particle aggregation and breakage was
neglected, and a constant particle diameter was assumed.

The particle diameter is a crucial input for calculating
interphase heat transfer and force exchange effects. In the
present study, the dynamic particle diameter is determined by
incorporating the Population Balance Model (PBM). Based
on existing literature, particularly studies analyzing solid-in-
liquid flows with the aid of PBM [10, 12, 27], the Quadrature
Method of Moments is the most highly recommended
technique for solving the population balance equations.

The PBM framework requires the definition of kernel
functions to describe the microphysical processes. The term

related to particle aggregation a (L‘, ,L/) is implemented via

kernel relationships, for which the most widely used models
have been proposed by Luo [30] and Liao [31]. Similarly, the
terms governing particle breakage require kernel
relationships, with sets of correlations proposed by Luo [30],
Lehr [32], and Ghadiri [33].

Based on these available relationships, three primary
aggregation—breakage model combinations have been
selected for comparative analysis in this study:

e Luo Aggregation Model — Luo Breakage Model
e Luo Aggregation Model — Lehr Breakage Model
e Liao Aggregation Model — Ghadiri Breakage Model

Results and Discussion

Figure (3) shows the average heat transfer coefficient
resulting from the simulation in comparison with the
measurements of Lee et al. [34]. Figures (4) and (5)
respectively show the results for the local heat transfer
coefficient at the middle cross-section of the pipe and the
pressure drop per unit length across the entire pipe, resulting
from the present simulations, in comparison with the
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experimental data of Niezgoda-Zelasko [35]. Figure (6)
shows the distribution of the Sauter mean diameter at the
pipe's center cross-section for the simulation conducted under
conditions equivalent to the study by Lee et al. [34]. Figure
(7) shows the distribution of the Sauter mean diameter for
different flow inlet velocities in the simulation conducted
under the conditions of the Niezgoda-Zelasko [35] study.

The choice of kernel functions for aggregation and breakage
mechanisms within the PBM has a significant impact on
simulation results. For breakage and aggregation frequencies
and the probability function, the three different aggregation—
breakage kernel combinations introduced in Methodology
Section.

The effects of these three PBM model combinations on the
predicted heat transfer coefficient are presented in Figure
(12). As demonstrated in Figure (12), all combinations of the
PBM aggregation and breakage models successfully predict
the fundamental behavior.

Conclusion

This research utilized the PBM to investigate ice slurry flow,
focusing on heat transfer and pressure drop, addressing a gap
in previous literature. The PBM significantly improved
predictive accuracy, reducing the maximum simulation error
from approximately 19% (non-PBM) to 6% (PBM) when
compared with experimental data. Flow analysis showed that
increasing the inlet volume fraction increases pressure drop
while decreasing the local heat transfer coefficient. PBM also
captured complex particle dynamics. Crucially, the
comparative study identified the Luo aggregation and Luo
breakage kernel combination as the optimal PBM
mechanism, providing the least error and the most uniform
prediction trend for the thermal and hydrodynamic properties.
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Table 1. Boundary conditions of the considered studies.

Boundary Condition Study _
Lee et al. 34 Niezgoda-Zelasko *!
Inlet velocity (m/s) 2.98 1.53 (variable)
Temperature (K) 268.65 268.65
Wall condition for fluid phase No slip No slip
Wall condition for solid phase Johnson-Jackson Johnson-Jackson
Wall heat flux (W/m?) 2670 8000

Sl gt 50 & 9 T Jlow (K udge i Sleoguas ¥ Jou
Table 2. Thermophysical properties of ice and water in present study.

Study
Fluid Properties Lee et al ¥4 (6.5% Water- Niezgoda-Zelasko 1*% (10.3%
Ethylene glycol Solution) Water- Ethylene glycol Solution)
Density (kg/m?) 1005.5 977
Specific heat capacity (J/kg.K) 4070 3986
Thermal conductivity (W/m.K) 0.58 0.994
Viscosity (kg/m.s) 0.0024 0.00092
Molecular Weight (kg/kmol) 21 19.3
Reference enthalpy 1231 (J/kmol) -2.855¢8 -2.855¢8

Ice Properties

Density (kg/m?) 917
Specific heat capacity (J/kg.K) 2160
Thermal conductivity (W/m.K) 2.21

Molecular Weight (kg/kmol) 18.05
Reference enthalpy 2°1 (J/kmol) -2.907¢8

Pressure Outlet

Velocity Inlet

Figure 1. The schematics of the simulation’s geometry
with imposed boundary conditions.
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Figure 3. Results of the heat transfer coefficient of the
baseline numerical model compared to the case without
using the population balance model and the
experimental data from the study by Lee et al. 34,
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Figure 4. The effect of using the population balance
model on the local heat transfer coefficient of the
middle section of the pipe in the study by Niezgoda-
Zelasko,,
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Figure 2. The computational mesh employed for
simulations.
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Figure 6. Sauter mean diameter distribution in the

central section of the pipe for the population balance
model, in micrometers, for the simulation of conditions
equivalent to the study by Lee et al. > for inlet volume
fractions: (a) 4%, (b) 6%, (¢) 12%., (d) 20%.
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Figure 5. The effect of using the population balance
model on the pressure drop in the pipe in the study by
Niezgoda-Zelasko,",
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Figure 8. (a) Temperature, (b) ice volume fraction, (c)
velocity magnitude, and (d) granular temperature
distribution in the central section of the pipe in the
population balance model for the simulation of
conditions equivalent to the study by Niezgoda-Zelasko
[35] for inlet velocity of 1.53 m/s.
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Figure 7. Sauter mean diameter distribution in the

central section of the pipe in the population balance
model, in micrometers, for the simulation of conditions
equivalent to the study by Niezgoda-Zelasko,"*" for
inlet velocities: (a) 0.2 m/s, (b) 0.53 m/s, (c) 1.53 m/s, (d)
2.03 m/s.
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Figure 10. The effect of changing the population

balance model on the heat transfer coefficient for
different volume fractions, and its comparison with the
experimental results of Niezgoda-Zelasko,"".
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Figure 11. Comparison between different population

balance models in the prediction and calculation of
pressure drop in the pipe for different volume
fractions.
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Figure 12. The effect of changing the diameter range in

the population balance model on the calculation of the
average heat transfer coefficient of the pipe, in
comparison with the results of Lee et al®4,
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