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Abstract
Understanding how the layout of phase change material (PCM) capsules influences the performance of cold thermal 
storage systems advances designs that maximize energy storage capacity, minimize energy losses, and improve the 
overall sustainability of cooling applications. Based on the closest packing principle of the crystal structure, two lay-
outs of the spheres in cylindrical packed beds, i.e. face-centered cubic (FCC) and hexagonal closest packed (HCP), are 
proposed in this paper. The flow and heat transfer performance of these two packing layouts is numerically investigated. 
Firstly, efforts are made to figure out the thermal-hydraulic mechanisms of different packing layouts under laminar 
steady flows. They are compared with the conventional aligned dense layer (ADL) packing with Reynolds number in 
the range of 1–200. The results show that, compared with the ADL packing, the theoretical PCM packing density for 
HCP and FCC layouts is raised by 22.5%, thus considerably saving the space required of the packed bed. FCC packing 
layout achieves the best flow and thermal performance, followed by HCP packing. Secondly, PCM transient thermal 
performance in the whole packed beds with the three packing layouts are studied during the charging process. It is 
found that the FCC bed has the highest heat transfer capability at a constant flow rate of 100 L/h, with a shorter charg-
ing time by 21.4% compared to that of the conventional ADL packing.
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Nomenclature
A	 surface area (m2)
c	 specific heat capacity (J·kg–1·K–1)
d	 diameter (m)
dh	 pore-scale hydraulic diameter (m)
D	 diameter of packed unit (m)
h	 sensible heat of phase change material (kJ·kg–1)
H	 total enthalpy of phase change material (kJ·kg–1)
∆H	 latent heat of phase change (kJ·kg–1)
JF	 overall thermal performance factor
k	 thermal conductivity (W·m–1·K–1)
L	 length (m)
n	 number of data
Re	 Reynolds number
Nuaver	 surface average Nusselt number
p	 pressure (Pa)
qs	 heat flux of the active ball (W·m–2)
t	 time (s)
T	 temperature (ºC)
Tf	 volume average temperature of HTF (ºC)
Ts	 surface average temperature of the active ball (ºC)
Tr	 temperature at the time of τ by simulation (ºC)
Tr’	 temperature at the time of τ by experiment (ºC)
u	 velocity (m·s–1)

V	 volume (m3)
x	 distance (m)

Greek symbols
ρ	 density (kg·m–3)
φ	 porosity
τ	 time step (s)

Subscripts
f	 heat transfer fluid
i	 i-th direction
in	 inlet
ini	 initial time
p	 phase change material
s	 surface of the spherical capsule

Abbreviations
ADL	 aligned dense layer
BCC	 body-centred cubic
FCC	 face-centred cubic
HCP	 hexagonal closest packed
HTF	 heat transfer fluid
MAPE	 Mean Absolute Percentage Error
PCM	 phase change material
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SC	 simple cubic
TES	 thermal energy storage
RBC	 red blood cell
RMSE	 root mean square error

1.	 Introduction
As environmental problems are getting increasingly se-
vere, the utilization of renewable energy resources be-
comes a hot topic of common concern (Gielen et al., 
2019). However, most of the renewable energy is inter-
mittent and periodical by nature, which makes it difficult 
to be harnessed in real applications if there were no ap-
propriate measures (Helm & Mier, 2019). Under this con-
text, thermal energy storage (TES), which stores thermal 
energy to bridge the mismatch between energy supply and 
demand, is widely applied in various areas, such as solar 
thermal systems, waste heat recovery and air conditioning 
systems (Fleuchaus et al., 2018). Compared with sensible 
TES, latent thermal energy storage is more favorable due 
to its high energy storage density and isothermal behavior 
during the phase change process (Diao et al., 2019).

With the development of phase change materials (PCMs), 
a number of studies have been conducted for cold stor-
age applications. Fin tube phase change cold storage has 
been widely studied with the annular fin pitch and the 
number and height of fins as the key structural metrics 
for optimization (Zhai et al., 2015). With the advance-
ment of PCM encapsulations, packed-bed cold storage 
has attracted extensive interest for its high storage density 
and large heat transfer area (Bindra et al., 2013; Chen et 
al., 2019). There are four widely studied areas regarding 
packed-bed cold storage, of which one is the formation of 
cold storage units. A cascaded packed-bed PCM cold stor-
age unit was numerically studied by Cheng et al. (Cheng 
& Zhai, 2018a) and compared with a single-stage cold 
storage unit. The results showed that a 24-stage cold stor-
age with a phase change temperature difference between 
the highest and lowest stage of 6 °C was optimal with a 
15.1% reduction in charging time compared to a single-
stage one. Although the cooling capacity and exergy 
stored in cascaded cold storage were less than those in a 
single-stage one, the charging rate and exergy efficiency 
were dramatically increased (Cheng & Zhai, 2018b). It 
was also found by Li et al. (B. Li et al., 2019), through a 
one-dimensional transient model of a cascaded packed-
bed cold storage, that the multiple stages made the phase 
change process faster and more uniform. Second, the in-
ternal structure of PCM capsules has been optimized. Jia 
et al. (Jia et al., 2019) carried out an experimental and 
numerical study on a spherical PCM capsule with circu-
lar pin-fins, in terms of the internal temperature, liquid 
fraction and charging rate of capsules with various pin-fin 
configurations. It was found that the charging rate was im-
proved dramatically by adding fins, and the charging time 
was decreased by >50% in capsule with six fins compared 
to that without fins. Third, novel geometric structures of 
PCM capsules have been proposed. An innovative red 
blood cell (RBC) shaped PCM capsule was studied by 
Cheng et al. through experiment and simulation (Cheng 

& Zhai, 2017). Its thermal performance was compared to 
that of various deformation structures, e.g. cylinder, drum, 
ring and sphere. The results revealed that the RBC-shaped 
capsule had the best thermal performance.

In the following work (Cheng et al., 2020), forced convec-
tion of external flows over an RBC-shaped PCM capsule 
was numerically studied in a steady-state laminar flow re-
gion. It was found that the drag coefficient of the capsule 
decreased with the increase of Reynolds number. 0° at-
tack angle was recommended for the RBC-shaped capsule 
for its low drag force and high Nusselt number. The last 
aspect of packed-bed cold storage studies is the capsule 
layout and configuration in the packed bed to improve the 
fluid flow and thermal performances in the packed beds. 
Halkarni et al. (Halkarni et al., 2017) estimated the local 
wall heat transfer coefficient by infrared (IR) thermog-
raphy in the packed beds randomly filled with uniform-
ly sized spheres. Lee and Chung (Lee & Chung, 2019) 
experimentally investigated the forced convective heat 
transfer across heated spheres in packed beds. The results 
indicated that the Nusselt number decreased as the ratio 
of bed height to sphere diameter increased due to the axial 
dispersion. Zenner et al. (Zenner et al., 2019) presented a 
new robust experimental setup and demonstrated that the 
size of the cylinder and the diameter of the inner holes 
were central to generalizing the thermal performance and 
the pressure drop in the packed bed. Yeboah and Darkwa 
(Yeboah & Darkwa, 2019) compared a Z-annular flow 
configuration and conventional packed beds of the same 
dimension. It was concluded that the Z-annular flow con-
figuration had the potential to enhance the heat transfer 
and storage capacity. Guo et al. (Guo et al., 2019) con-
structed a free channel, flow guiding conduit (FGC), in 
the center of a packed bed using highly fluid-penetrable 
material, thus promoting flow in the lateral direction with 
Venturi effect. According to the results, the capsule lay-
out plays a significant role in the hydrodynamic and heat 
transfer performance in real applications.

To date, randomly packed beds have witnessed substan-
tial efforts in the literature to improve their flow and heat 
transfer performances. Halkarni et al. (Halkarni et al., 
2016) used a transient technique to measure volumetric 
heat transfer coefficient in randomly packed beds with 
uniformly sized spheres. There was an increase in the 
volumetric heat transfer coefficient with the increase in 
Reynolds number. Das et al. (Das et al., 2017) presented a 
fully resolved direct numerical model of a slender random 
packed-bed reactor. 

Correlations of the pressure drop and the overall heat 
transfer coefficient were proposed. It was seen that the 
pressure drops in randomly packed beds were reduced 
largely and the corresponding heat transfer performance 
was improved by the superior configurations. Guo and 
Dai (Guo & Dai, 2010) presented a fully resolved di-
rect numerical model of a slender randomly packed bed 
and found the fully resolved accurate numerical simula-
tions helped toelucidate detailed pore-scale flow and heat 
transfer features. Calis et al. (Calis et al., 2001) set up a 
randomly packed pebble bed test facility and proposed 
a new correlation to predict the pressure drop and con-
vective heat transfer characteristics in the bed. However, 
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inevitable shortcomings were noticed in random packing 
systems as the pressure drop was typically far higher than 
other packing forms. Moreover, it is evident that the flow 
and heat transfer distribution is inhomogeneous in such 
packed beds, and it is difficult to predict the location of 
the hotspot (Sobes et al., 2011). 

To address the above issues, structured packed beds are 
proposed instead of traditional randomly packed beds. 
Calis et al. (Calis et al., 2001) and Romkes et al. (Romkes 
et al., 2003) compared the thermal-hydraulic performance 
of five packing forms of composite structured packed beds 
both numerically and experimentally. The results revealed 
that the pressure loss was reduced remarkably and the heat 
transfer characteristics were affected greatly by means of 
composite structured packing. Qian et al. (Qian et al., 
2019) proposed a kind of grille-sphere composite packed 
bed and found that the pressure drop was decreased and 
the radial heat transfer performance was increased com-
pared with a randomly packed bed. Guo et al. (Guo et al., 
2017; Guo et al., 2019) proposed a kind of slender packed 
beds with novel packing layouts, where particles in con-
tact with the wall tended to form a highly ordered ring 
structure, thus rendering the pressure drop decreased and 
heat transfer efficiency enhanced to some extent. Tian et 
al. (Tian et al., 2018) experimentally explored fluid flow 
and heat transfer characteristics of power-law fluid in 
wall-bounded three-dimensional structured packed beds 
of spheres. The relationship between the pressure drop 
and flow velocity was verified by modified Ergun type 
equations. Guo et al. (Guo et al. , 2019) studied the effects 
of the confining wall on particle-to-fluid convective heat 
transfer and pressure drop, and found two different flow 
distributions in the packed beds, i.e. the wall-channeling 
type and the regular-packing-dominating type. Toghraie 
et al. (Toghraie et al., 2018) investigated wall effects on 
the cross and axial flow and heat transfer of particles in a 
packed bed and found that heat transfer improved as the 
particle moves closer to the wall. 

To further analyze effects on thermal-hydraulic perfor-
mance affected by capsule layout, Hu et al. (Hu et al., 
2019; Hu et al., 2018) and Wang et al. (Wang et al., 2018) 
classified the packing configuration into three types, in-
cluding simple cubic (SC), body-centered cubic (BCC) 
and face-centered cubic (FCC) ones. The simulation and 
experimental work on the flow and heat transfer character-
istics were extensively carried out in the packed beds with 
internal spherical particles and external rectangular tanks. 
It was found that these novel structures had a remarkable 
capability for decreasing pressure loss and enhancing heat 
transfer efficiency, echoed by Guo et al. (Guo et al., 2019) 
and Chen et al. (Chen et al., 2017).

Despite the reduced pressure loss of loose packed-bed 
layouts, it is noted that these packed beds are featured by 
large volume size and high manufacturing cost of the tank 
due to their high porosity and low energy storage den-
sity. It may limit the implementation of PCM packed beds 
(T. Li et al., 2019). On the other hand, to the best of our 
knowledge, the existing investigation on packing struc-
tures mainly focuses on rectangular containers, while the 
arrangements of spheres in cylindrical ones, which are 
more suitable for PCM cold storage, are rarely mentioned 

in the literature. Compared to rectangular configurations, 
cylindrical packed beds offer distinct advantages for PCM 
cold storage, including inherent structural robustness to 
withstand thermal and mechanical stresses, radial sym-
metry for uniform heat distribution, and compactness 
that minimizes surface-area-to-volume ratios and ther-
mal losses. Their geometry aligns naturally with indus-
trial standards for pressurized systems, enabling seamless 
integration into real-world applications such as HVAC 
and thermal energy storage units. Furthermore, the con-
centric arrangement of capsules in cylindrical beds en-
hances packing density and flow uniformity, addressing 
critical challenges in scalability and thermal performance. 
To overcome the issues of large packed bed volume, this 
study was inspired by the arrangement of atoms or ions 
in metal and ionic lattices, which can be geometrically 
regarded as packing of uniform spheres, where crystals 
tend to lie in the most stabilized or lowest internal energy 
state (Grosso & Parravicini, 2013).

From this perspective, spheres get as close to each other 
as possible, thus occupying the minimum space. Based 
on the closest packing principle of crystal structures, 
two novel packing configurations of spherical capsules, 
i.e. FCC (same as aforementioned) and hexagonal clos-
est packed (HCP), are proposed in the present study for 
cylindrically packed-bed PCM cold storage. Through a 
numerical study using ANSYS Fluent 18.0, the hydro-
dynamic and heat transfer performances of these two 
packed forms are comprehensively compared with that 
of the conventional ADL packing layout. First, the tran-
sient thermal performances and pressure loss in the whole 
packed beds with different capsule layouts were studied 
during PCM solidification, to examine the advantages of 
diverse packing configurations in cold storage applica-
tions. In addition, the power consumption together with 
a self-developed new metric, the normalized charging ef-
ficiency factor, were employed to evaluate the three pack-
ing configurations, which provided important advance-
ment of knowledge to future studies.

2.	 Numerical methods
2.1.	Physical model of packed-bed cold storage tank

As illustrated in Fig. 1 (a), the 171 spherical PCM cap-
sules with an identical inner radius of 20 mm, with a shell 
thickness of 1 mm, were stacked sequentially in a con-
ventional cylindrical packed bed (ADL) with an inner di-
ameter of 220 mm (including gaps between capsules) and 
a rated cold storage capacity identical to 576.3 kJ. The 
capsules were divided into nine layers with 19 capsules 
in each layer. Water, as the heat transfer fluid (HTF), flew 
into the packed-bed tank from the bottom to the top dur-
ing the charging process as a laminar steady flow. Based 
on this configuration, two typical dense packing configu-
rations of the cold storage tank, i.e. the HCP and FCC lay-
outs, were developed as schematically depicted in Fig. 1 
(b) and (c) respectively, with the same number of capsules 
in the tank and in each layer. As can be seen, in the HCP 
and FCC layouts, the three-dimensional arrangements 
consisted of stacks of packing layers that were closer to 
each other, in which any three adjacent spheres composed 
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an equilateral triangle. In other words, each sphere had 
12 spheres contacting it tangentially. The number of tan-
gential spheres of each capsule in the ADL packing was 
only eight. It was noted that the height of FCC and HCP 
packing was 316 mm while the height of ADL packing 
was 378 mm.

The PCM selected for the present study was a composite 
organic PCM, capric acid – lauric acid – oleic acid (CA-
LA-OA), which has an appropriate phase change temper-
ature for cold storage of air-conditioning systems (Wang 
et al., 2013). This PCM was self-developed and has mani-
fested excellent thermal performance in a former study 
(Wang et al., 2019). Since the phase change of the PCM 
proceeded within a small temperature range, the influence 
of the slightly varied density and thermal conductivity on 
the phase change process was assumed negligible. The 
thermal-physical properties were treated as temperature 
independent as listed in Table 1 (Guo et al., 2019; Wang 
et al., 2019). Water was selected as the HTF, which had 
a constant flowrate of 100 L·h-1 and a constant inlet tem-
perature of = 7 °C. The initial temperature of the packed 
bed was uniform and set as = 22 °C.

2.2.	Governing equations and numerical methods

In this work, a three-dimensional simulation model was 
established to describe the transient phase change process 
accompanied by the forced convection of HTF. The fol-
lowing assumptions were made: 

1) The flow in the packed bed is steady and incompress-
ible;

2) The thermal resistance of capsule shell is ignored con-
sidering that the capsule shell was set as thin as 1 mm and 
the shell thermal conductivity was 2.20 W·m–1·K–1, the ef-
fect of which was proven negligible (Wang et al., 2013);

3) The envelope is modeled as a rigid layer, and the effect 
of deformation is ignored in the simulation as Reynolds 
number is so low that the fluid can hardly cause any de-
formation of capsules; 

4) PCM is homogeneous and isotropic; 

5) Natural convection inside PCM capsules is neglected 
due to the small temperature difference (ΔT = 15°C) be-
tween HTF and PCM, minimal density variation (~0.6%) 
between solid and liquid phases, and the conduction-dom-
inated regime in small capsules (radius = 20 mm). This as-
sumption is further justified by the low Rayleigh number 
(Ra < 10³), which suppresses buoyancy-driven flows, as 
corroborated by prior studies (Ismail & Henrı́quez, 2000; 
Kenisarin et al., 2020; Sheikholeslami, 2018); 

6) Gravitational force, as well as other external body forc-
es, are neglected.

Based on the assumptions, for HTF the conservation 
equations of mass, momentum and energy are formulated 
as follows:

(1)

(2)

(3)

Vol. 14(1) 2019 –––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 5 
 
FCC	and	HCP	packing	was 316 mm while the height of 
ADL	packing	was 378 mm. 

The PCM selected for the present study was a composite 
organic PCM, capric acid – lauric acid – oleic acid (CA-
LA-OA), which has an appropriate phase change 
temperature for cold storage of air-conditioning systems   
(Wang et al., 2013). This PCM was self-developed and has 
manifested	 excellent	 thermal	 performance	 in	 a	 former	
study (Wang et al., 2019). Since the phase change of the 
PCM proceeded within a small temperature range, the 

influence of the slightly varied density and thermal 
conductivity on the phase change process was assumed 
negligible. The thermal-physical properties were treated 
as temperature independent as listed in Table 1 (Guo et 
al., 2019; Wang et al., 2019). Water was selected as the 
HTF, which had a constant flowrate of 100 L·h-1 and a 
constant inlet temperature of 𝑇𝑇in = 7 °C. The initial 
temperature	 of	 the	 packed	 bed	 was	 uniform	 and	 set	 as	
𝑇𝑇ini= 22 °C. 

                       
 (a)                                                                (b)                                                             (c) 

Fig. 1. Schematic	of	packed-bed cold storage: (a) ADL layout, (b) HCP layout, and (c) FCC layout 

Table 1. Thermal-physical properties of the PCM and HTF 

Material state ρ (kg·m–3) c (J·kg–1·K–1) k (W·m–1·K–1) T (ºC) ∆H (kJ·kg–1) 

C-L/O PCM solid 845.1 1825 0.145 10.5 109.2 liquid 839.7 2214 0.141 14.5 
HTF (water) liquid 999.7 4193 0.58 - - 

2.2. Governing equations and numerical methods 

In	 this	work,	a	 three-dimensional simulation model was 
established to describe the transient phase change process 
accompanied by the forced convection of HTF. The 
following assumptions were made:  

1)	 The	 flow	 in	 the	 packed	 bed	 is	 steady	 and	
incompressible; 

2) The thermal resistance of capsule shell is ignored 
considering that the capsule shell was set as thin as 1 mm 
and the shell thermal conductivity was 2.20 W·m–1·K–1, 
the effect of which was proven negligible (Wang et al., 
2013); 

3) The envelope is modeled as a rigid layer, and the effect 
of deformation is ignored in the simulation as Reynolds 
number is so low that the fluid can hardly cause any 
deformation of capsules;  

4) PCM is homogeneous and isotropic;  

5) Natural convection inside PCM capsules is neglected 
due to the small temperature difference (ΔT = 15°C) 
between HTF and PCM, minimal density variation 
(~0.6%) between solid and liquid phases, and the 
conduction-dominated regime in small capsules (radius = 
20 mm). This assumption is further justified by the low 
Rayleigh number (Ra < 10³), which suppresses buoyancy-
driven flows, as corroborated by prior studies (Ismail & 
Henrı́quez,	2000;	Kenisarin	et	al.,	2020;	Sheikholeslami,	
2018);  

6) Gravitational	 force,	 as	 well	 as	 other	 external	 body	
forces, are neglected. 

Based on the assumptions, for HTF the conservation 

equations of mass, momentum and energy are formulated 
as follows: 

i

i

( ) 0u
x


=

                          (1) 
2

i i
f f i j f

j i j j

( )u uPu u
t x x x x

  
  

+ = − +
                (2) 

2
f f f

f f i f f f
i i i

T T Tc u c k
t x x x

 
  

+ =
                 (3) 

where 𝑇𝑇f is the temperature of the fluid, and 𝑘𝑘f is the fluid 
thermal conductivity, and i represents a spatial coordinate 
direction in a Cartesian coordinate system. 

For	PCM,	the	enthalpy	method	was	adopted	to	express	the	
phase	change	process,	by	which	one	does	not	need	to	track	
the movement of solid-liquid phase interface during 
solidification/melting. The total enthalpy H consists of the 
sensible enthalpy h and the latent heat ∆H: 
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where href and Tref are the reference enthalpy and 
temperature of the PCM, while cp and L represent the 
specific heat and the latent heat of PCM, respectively. 
The liquid fraction γ is defined in Eq. (7) as: 
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the phase change process, by which one does not need to 
track the movement of solid-liquid phase interface during 
solidification/melting. The total enthalpy H consists of the 
sensible enthalpy h and the latent heat ∆H:
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𝛾𝛾 =

{
 

      0       (𝑇𝑇p < 𝑇𝑇solidus)𝑇𝑇p−𝑇𝑇solidus
𝑇𝑇liquidus−𝑇𝑇solidus

      1       (𝑇𝑇p > 𝑇𝑇liquidus)
(𝑇𝑇solidus < 𝑇𝑇p < 𝑇𝑇liquidus) 

(4)

(5)

ΔH = γL	 (6)

where href and Tref are the reference enthalpy and tempera-
ture of the PCM, while cp and L represent the specific heat 
and the latent heat of PCM, respectively. The liquid frac-
tion γ is defined in Eq. (7) as:
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FCC	and	HCP	packing	was 316 mm while the height of 
ADL	packing	was 378 mm. 

The PCM selected for the present study was a composite 
organic PCM, capric acid – lauric acid – oleic acid (CA-
LA-OA), which has an appropriate phase change 
temperature for cold storage of air-conditioning systems   
(Wang et al., 2013). This PCM was self-developed and has 
manifested	 excellent	 thermal	 performance	 in	 a	 former	
study (Wang et al., 2019). Since the phase change of the 
PCM proceeded within a small temperature range, the 

influence of the slightly varied density and thermal 
conductivity on the phase change process was assumed 
negligible. The thermal-physical properties were treated 
as temperature independent as listed in Table 1 (Guo et 
al., 2019; Wang et al., 2019). Water was selected as the 
HTF, which had a constant flowrate of 100 L·h-1 and a 
constant inlet temperature of 𝑇𝑇in = 7 °C. The initial 
temperature	 of	 the	 packed	 bed	 was	 uniform	 and	 set	 as	
𝑇𝑇ini= 22 °C. 

                       
 (a)                                                                (b)                                                             (c) 

Fig. 1. Schematic	of	packed-bed cold storage: (a) ADL layout, (b) HCP layout, and (c) FCC layout 

Table 1. Thermal-physical properties of the PCM and HTF 

Material state ρ (kg·m–3) c (J·kg–1·K–1) k (W·m–1·K–1) T (ºC) ∆H (kJ·kg–1) 

C-L/O PCM solid 845.1 1825 0.145 10.5 109.2 liquid 839.7 2214 0.141 14.5 
HTF (water) liquid 999.7 4193 0.58 - - 

2.2. Governing equations and numerical methods 

In	 this	work,	a	 three-dimensional simulation model was 
established to describe the transient phase change process 
accompanied by the forced convection of HTF. The 
following assumptions were made:  

1)	 The	 flow	 in	 the	 packed	 bed	 is	 steady	 and	
incompressible; 

2) The thermal resistance of capsule shell is ignored 
considering that the capsule shell was set as thin as 1 mm 
and the shell thermal conductivity was 2.20 W·m–1·K–1, 
the effect of which was proven negligible (Wang et al., 
2013); 

3) The envelope is modeled as a rigid layer, and the effect 
of deformation is ignored in the simulation as Reynolds 
number is so low that the fluid can hardly cause any 
deformation of capsules;  

4) PCM is homogeneous and isotropic;  

5) Natural convection inside PCM capsules is neglected 
due to the small temperature difference (ΔT = 15°C) 
between HTF and PCM, minimal density variation 
(~0.6%) between solid and liquid phases, and the 
conduction-dominated regime in small capsules (radius = 
20 mm). This assumption is further justified by the low 
Rayleigh number (Ra < 10³), which suppresses buoyancy-
driven flows, as corroborated by prior studies (Ismail & 
Henrı́quez,	2000;	Kenisarin	et	al.,	2020;	Sheikholeslami,	
2018);  

6) Gravitational	 force,	 as	 well	 as	 other	 external	 body	
forces, are neglected. 

Based on the assumptions, for HTF the conservation 

equations of mass, momentum and energy are formulated 
as follows: 
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where 𝑇𝑇f is the temperature of the fluid, and 𝑘𝑘f is the fluid 
thermal conductivity, and i represents a spatial coordinate 
direction in a Cartesian coordinate system. 

For	PCM,	the	enthalpy	method	was	adopted	to	express	the	
phase	change	process,	by	which	one	does	not	need	to	track	
the movement of solid-liquid phase interface during 
solidification/melting. The total enthalpy H consists of the 
sensible enthalpy h and the latent heat ∆H: 

H h H= +                       (4) 
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             (5) 

 H L =                       (6) 
where href and Tref are the reference enthalpy and 
temperature of the PCM, while cp and L represent the 
specific heat and the latent heat of PCM, respectively. 
The liquid fraction γ is defined in Eq. (7) as: 

𝛾𝛾 =

{
 

      0       (𝑇𝑇p < 𝑇𝑇solidus)𝑇𝑇p−𝑇𝑇solidus
𝑇𝑇liquidus−𝑇𝑇solidus

      1       (𝑇𝑇p > 𝑇𝑇liquidus)
(𝑇𝑇solidus < 𝑇𝑇p < 𝑇𝑇liquidus) 

(7)

As a result, the energy equation for the PCM region is 
formulated as:
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where Tp is the temperature of the PCM and kp is the PCM 
thermal conductivity.

The Reynolds number for this model, as Eq. (9) shows, is 
based on the interstitial velocity vi and the pore-scale hy-
draulic diameter dh of the packed bed (Yang et al., 2010).
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where ρf and μf are the density and dynamic viscosity of 
water, respectively, while the interstitial velocity vi and 
the pore-scale hydraulic diameter dh are defined by Eq.10 
and Eq.11 respectively:
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where vs is the inlet flow velocity, and φ is the porosity of 
the packed bed, that is also the proportion of space taken 
by HTF in the packed bed. The detailed φ values of ADL, 
HCP and FCC are 39.5%, 26.0% and 26.0%.
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where Vp and Ap are the volume and surface area of the 
capsule.

The surface average Nusselt number is defined as:
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where Vp and Ap are the volume and surface area of the 
capsule. 
The surface average Nusselt number is defined as: 

 𝑁𝑁𝑢𝑢𝑎𝑎𝑣𝑣𝑣𝑣𝑣𝑣 =
𝑞𝑞𝑠𝑠𝑑𝑑ℎ

(𝑇𝑇𝑓𝑓−𝑇𝑇𝑠𝑠)𝑘𝑘𝑓𝑓
               (12) 

where qs is	 the	 heat	 flux	 of	 the	 active	 ball;Tf is the 
volume average temperature of HTF; andTs is the 
surface average temperature of the active ball. 

As	 for	 PCM	packed	 beds,	 both	 pressure	 drop	and	 heat	
transfer contribute to the thermal efficiency and they 
should	 be	 taken	 into	 account	 simultaneously.	 The	
improvement of heat transfer is usually at the cost of 
increased pressure drop. To evaluate the heat transfer 
performance considering both factors, the thermal 
performance factor to evaluate the heat transfer 
enhancement	in	the	work	(Gong et al., 2015) is defined 
below:  

JF = ( 𝑁𝑁𝑁𝑁
𝑁𝑁𝑢𝑢𝐴𝐴𝐴𝐴𝐴𝐴

) / ( 𝛥𝛥𝛥𝛥/𝐿𝐿
(𝛥𝛥𝛥𝛥/𝐿𝐿)𝐴𝐴𝐴𝐴𝐴𝐴

)
1/3
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where NuADL and ( / )ADLp L  are respectively the 
Nusselt	number	and	pressure	drop	of	the	ADL	packing. 

2.3. Meshing and implementation 
The collinear geometric	 packing	 configuration	 of	
spherical capsules brings about point contacts in the form 
of sphere-sphere and sphere-wall interaction in the 
packed	 bed,	 where	 the	 mesh	 quality	 tends	 to	 be	 poor.	
Therefore, four methods, i.e. reducing, overlapping, caps 
and bridges, have been proposed in the literature to 
modify the contact point (Rebughini et al., 2016). 
Reported by Calis et al. (Calis et al., 2001), the reducing 
method,	in	which	the	spheres	are	stacked	with	very	small	
gaps (1% of capsule outer radius) without contacting, was 

employed in the present study. The unstructured grids 
with tetrahedral elements were adopted for mesh 
generation in the domain due to their complicated 
geometric structures. Fig. 2 shows a typical mesh 
distribution, where the grids near spherical surfaces are 
intensified. 

 
Fig. 2. Computational grid of the ADL layout model 

The modelling was performed using the commercial 
software	of	ANSYS	Fluent	18.0.	The	Reynolds	numbers	in	
the present study ranged from 1 to 200. The Energy model 
was turned on, and the steady-state laminar flow model 
was used as the momentum equation for this simulation. 
The SIMPLE algorithm was adopted for the pressure-
velocity coupling. The Green-Gauss cell-based scheme 
was applied for the gradients, the stand discretization 
scheme was imposed on the pressure equation, and the 
second-order upwind scheme was selected for the 
momentum and energy equations. The convergence 
criteria were determined by monitoring the convergence 
residual for the continuity, momentum, and energy 
equations, which are set to 10–3, 10–6, and 10–6, 
respectively. 

2.4. Initial and boundary conditions 

For the physical model of the packed-bed cold storage 
tank,	the	computation	domains	consisted of both the PCM 
capsules and the HTF. The initial temperature, Tini for the 
whole	packed	bed	was	22 °C and the initial velocity of 
HTF, uini, was 0. The coupled thermal boundaries were 
imposed on capsule surfaces in these cases. The inlet 
temperature, Tin, was set to 7 °C and a wide range of 
Reynolds numbers from 1 to 200 were investigated. The 
pressure condition of 0 Pa	gauge	backflow	pressure	was	
applied at the outlet. All the surfaces were set as no-slip 
walls.  

3. Grid independence test and model validation 

3.1. Independence of model grid and time step 

Prior to iterative computations, grid size and time step 
convergence	were	checked.	The	total	pressure	drop	and	
transient liquid fraction were selected as two typical 
metrics to test three different mesh sizes and time steps 
for	 the	case	of	 the	packed-bed model with ADL layout. 
Table 2 reveals the variations of the two metrics for the 
case among different mesh sizes and time steps. It can be 
recognized	that	a	grid	size	of	approximately	300000	cells	
and	a	time	step	of	0.1	s,	which	satisfied	0.8	of	maximum	
skewness with a low aspect ratio, can be an ideal option 
considering both the accuracy and computational time. 
Similarly, the mesh sizes and time steps for other cases 
were	examined.	The	corresponding	mesh	quality	was	also	
tested	on	the	condition	of	no	more	than	0.85	of	maximum	
skewness	 and	 5.0	 of	 maximum	 aspect	 ratio.	 The	 total	
numbers of grid elements for all the cases are listed in 
Table 3.  

	
(12)

where qs is the heat flux of the active ball; Tf is the volume 
average temperature of HTF; and Ts is the surface average 
temperature of the active ball.

As for PCM packed beds, both pressure drop and heat 
transfer contribute to the thermal efficiency and they 
should be taken into account simultaneously. The im-
provement of heat transfer is usually at the cost of in-
creased pressure drop. To evaluate the heat transfer 
performance considering both factors, the thermal perfor-
mance factor to evaluate the heat transfer enhancement in 
the work (Gong et al., 2015) is defined below: 
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where NuADL and (Δp / L)ADL are respectively the Nusselt 
number and pressure drop of the ADL packing.

2.3.	Meshing and implementation

The collinear geometric packing configuration of spheri-
cal capsules brings about point contacts in the form of 
sphere-sphere and sphere-wall interaction in the packed 
bed, where the mesh quality tends to be poor. There-
fore, four methods, i.e. reducing, overlapping, caps and 
bridges, have been proposed in the literature to modify 
the contact point (Rebughini et al., 2016). Reported by 
Calis et al. (Calis et al., 2001), the reducing method, in 
which the spheres are stacked with very small gaps (1% of 
capsule outer radius) without contacting, was employed 
in the present study. The unstructured grids with tetrahe-
dral elements were adopted for mesh generation in the do-
main due to their complicated geometric structures. Fig. 
2 shows a typical mesh distribution, where the grids near 
spherical surfaces are intensified.

Fig. 2. Computational grid of the ADL layout model
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The modelling was performed using the commercial soft-
ware of ANSYS Fluent 18.0. The Reynolds numbers in 
the present study ranged from 1 to 200. The Energy model 
was turned on, and the steady-state laminar flow model 
was used as the momentum equation for this simulation. 
The SIMPLE algorithm was adopted for the pressure-ve-
locity coupling. The Green-Gauss cell-based scheme was 
applied for the gradients, the stand discretization scheme 
was imposed on the pressure equation, and the second-
order upwind scheme was selected for the momentum 
and energy equations. The convergence criteria were de-
termined by monitoring the convergence residual for the 
continuity, momentum, and energy equations, which are 
set to 10–3, 10–6, and 10–6, respectively.

2.4.	Initial and boundary conditions

For the physical model of the packed-bed cold storage 
tank, the computation domains consisted of both the PCM 
capsules and the HTF. The initial temperature, Tini for the 
whole packed bed was 22 °C and the initial velocity of 
HTF, uini, was 0. The coupled thermal boundaries were 
imposed on capsule surfaces in these cases. The inlet tem-
perature, Tin, was set to 7 °C and a wide range of Reynolds 
numbers from 1 to 200 were investigated. The pressure 
condition of 0 Pa gauge backflow pressure was applied at 
the outlet. All the surfaces were set as no-slip walls. 

3.	 Grid independence test  
and model validation

3.1.	Independence of model grid and time step

Prior to iterative computations, grid size and time step 
convergence were checked. The total pressure drop and 
transient liquid fraction were selected as two typical 
metrics to test three different mesh sizes and time steps 
for the case of the packed-bed model with ADL layout. 
Table 2 reveals the variations of the two metrics for the 
case among different mesh sizes and time steps. It can be 
recognized that a grid size of approximately 300000 cells 
and a time step of 0.1 s, which satisfied 0.8 of maximum 
skewness with a low aspect ratio, can be an ideal option 
considering both the accuracy and computational time. 
Similarly, the mesh sizes and time steps for other cases 
were examined. The corresponding mesh quality was also 
tested on the condition of no more than 0.85 of maximum 
skewness and 5.0 of maximum aspect ratio. The total 
numbers of grid elements for all the cases are listed in 
Table 3. 

3.2.	Experimental validation

Experimental tests were performed to validate the math-
ematical model. As shown in Fig. 3, the main experimen-
tal system consisted of a thermostated water bath and a 
chilled-water packed-bed cold storage tank. The cold stor-
age tank was placed horizontally, and water that served as 
HTF was pumped to the inlet during the charging process. 
Nine layers with 19 capsules in each layer were packed 
in the storage tank. The PCM capsules were filled with 

composite C-L/O PCM. The capsule diameter and cap-
sule wall thickness were 20 mm and 0.3 mm, respectively. 
The storage tank was insulated with a 4-cm rubber foam 
insulation layer.

To log water temperature and PCM temperature varia-
tion, 28 PT100 temperature sensors were fixed at differ-
ent bed heights and seven-layer PT100 temperature sen-
sors were equidistantly placed in the packed bed. At each 
layer, 4 PT100 temperature sensors were used to monitor 
HTF temperature and PCM temperature at the center of 
the spherical capsules. The first layer near the bottom of 
the bed and the last layer near the top of the bed were 
designated as the inlet and outlet of the packed bed. A 
rotameter with an accuracy of ±4% was employed to 
monitor the flow rate. All the PT100 sensors, with an ac-
curacy of ±0.15 °C, were calibrated using the thermostatic 
water bath. The temperature was logged every 30 s by the 
Keithley 2700 data acquisition system.

     
(a)	 (b)

Fig. 3. Experimental setup: (a) photo of the experimental setup; 
(b) schematic of the experimental setup

Numerical predicted time-dependent variations of HTF 
and PCM temperature were compared with the experi-
mental data. The flow rate was 100 L h–1 and the inlet 
temperature was 7 °C. Root mean square error (RMSE) 
and Mean Absolute Percentage Error (MAPE) were used 
to evaluate the deviations between the simulation results 
and experimental data.
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Table 2. Grid size and time step independence test result for the packed-bed model with ADL layout 

Number of cells Time step (s) ∆𝑝𝑝total(Pa/m) 
Liquid fraction 

1000 s 5000 s 10000 s 
1,035,976 0.1 0.0455 0.8592 0.3825 0.1312 
1,223,391 0.1 0.0461 0.8578 0.3807 0.1305 
1,979,355 0.1 0.0464 0.8577 0.3796 0.1301 
1,223,391 0.05 0.0461 0.8578 0.3812 0.1307 
1,223,391 0.1 0.0461 0.8578 0.3807 0.1305 
1,223,391 0.2 0.0462 0.8578 0.3789 0.1296 

Table 3. Grid size and time step independence test result for different models 
Case ADL HCP FCC 

Number of grid elements 1,223,391 3,003,764 3,006,938 
Time step (s) 0.1 0.1 0.1 

3.2. Experimental validation 
Experimental	 tests	 were	 performed	 to	 validate	 the	
mathematical model. As shown in Fig. 3, the main 
experimental	 system	 consisted of a thermostated water 
bath and a chilled-water	 packed-bed	 cold	 storage	 tank.	
The	cold	storage	tank	was placed horizontally, and water 
that served as HTF was pumped to the inlet during the 
charging process. Nine layers with 19 capsules in each 
layer were packed	in	the	storage	tank.	The	PCM	capsules	
were filled with composite C-L/O PCM. The capsule 
diameter	 and	 capsule	 wall	 thickness were 20 mm and 
0.3 mm,	respectively.	The	storage	tank	was insulated with 
a 4-cm rubber foam insulation layer. 
To log water temperature and PCM temperature variation, 
28	PT100	temperature	sensors	were	fixed	at	different	bed	
heights and seven-layer PT100 temperature sensors were 
equidistantly placed	in	the	packed	bed.	At	each	layer,	4	
PT100 temperature sensors were used to monitor HTF 
temperature and PCM temperature at the center of the 
spherical capsules. The first layer near the bottom of the 
bed and the last layer near the top of the bed were 
designated	as	 the	 inlet	 and	outlet	of	 the	packed	bed.	A	
rotameter with an accuracy of ±4% was employed to 
monitor the flow rate. All the PT100 sensors, with an 
accuracy of ±0.15 °C, were calibrated using the 
thermostatic water bath. The temperature was logged 
every 30 s by the Keithley 2700 data acquisition system. 

  
                        (a)                                            (b) 
Fig. 3. Experimental	setup:	(a)	photo	of	the	experimental	setup;	(b)	
schematic	of	the	experimental	setup 

Numerical predicted time-dependent variations of HTF 
and PCM temperature were compared with the 
experimental	data.	The	flow	rate	was	100	L h–1 and the 

inlet temperature was 7 °C. Root mean square error 
(RMSE) and Mean Absolute Percentage Error (MAPE) 
were used to evaluate the deviations between the 
simulation	results	and	experimental	data. 

      RMSE = √1
𝑛𝑛∑ (𝑇𝑇𝜏𝜏 − 𝑇𝑇𝜏𝜏′𝑛𝑛

𝜏𝜏=1 )2            (14) 

 MAPE = 1
𝑛𝑛∑ |𝑇𝑇𝜏𝜏−𝑇𝑇𝜏𝜏

′

𝑇𝑇𝜏𝜏′
|𝑛𝑛

𝜏𝜏=1                    (15) 

where n is the total number of data compared. T𝜏𝜏 and T𝜏𝜏’ 
are	 the	 simulated	 and	 experimental	 temperature, 
respectively, recorded at the time step of 𝜏𝜏. 
The comparison of experimental	and	simulated	PCM and 
HTF temperatures are shown in Fig. 4. The simulation 
results	are	in	good	agreement	with	the	experimental	data,	
as the RMSE and MAPE for the PCM temperature are 
observed to be 0.89 °C and 5.49%, and the corresponding 
values for HTF temperature are 0.41 °C and 2.04%. 

 
Fig. 4. Comparisons	of	experimental	data	with	numerical	results 

4. Results and discussion 

4.1. Effects of the packing configuration on the packed bed 
Considering the compactness, compared with the ADL 
packing,	 the	 theoretical	 PCM	packing	density	 for	HCP	
and FCC layouts was raised by 22.5%, thus considerably 
saving	the	footprint	of	the	packed	bed.	Furthermore, the 
packing	 density	 compares	 favorably	 with	 other	 recent	
strategies aimed at improving thermal performance. For 
example,	 in	 a	 study	 involving	 hydrate-based carbon 

(4)

(5)

where n is the total number of data compared. Tτ and Tτ’ 
are the simulated and experimental temperature, respec-
tively, recorded at the time step of τ.

The comparison of experimental and simulated PCM and 
HTF temperatures are shown in Fig. 4. The simulation 
results are in good agreement with the experimental data, 
as the RMSE and MAPE for the PCM temperature are 
observed to be 0.89 °C and 5.49%, and the corresponding 
values for HTF temperature are 0.41 °C and 2.04%.
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Fig. 4. Comparisons of experimental data with numerical results

4.	 Results and discussion
4.1.	Effects of the packing configuration  

on the packed bed

Considering the compactness, compared with the ADL 
packing, the theoretical PCM packing density for HCP 
and FCC layouts was raised by 22.5%, thus considerably 
saving the footprint of the packed bed. Furthermore, the 
packing density compares favorably with other recent 
strategies aimed at improving thermal performance. For 
example, in a study involving hydrate-based carbon cap-
ture using packed RBC-shaped capsules (Zhang et al., 
2024), the reported packing density was 64.3%, which is 
approximately 13% lower than that of the HCP and FCC 
layouts. In addition, studies utilizing flow-guiding con-
duits have generally resulted in lower packing densities 
due to the volume occupied by internal structures within 
the packed bed (Guo et al., 2019).

Fig. 5. Temperature gradient (left half) and liquid fraction 
distribution (right half) of the capsule cross section (z = 0)  
of different packed-bed model packing configurations

Table 2. Grid size and time step independence test result for the packed-bed model with ADL layout

Number of cells Time step (s) Δptotal(Pa/m)
Liquid fraction

1000 s 5000 s 10000 s

1,035,976 0.1 0.0455 0.8592 0.3825 0.1312

1,223,391 0.1 0.0461 0.8578 0.3807 0.1305

1,979,355 0.1 0.0464 0.8577 0.3796 0.1301

1,223,391 0.05 0.0461 0.8578 0.3812 0.1307

1,223,391 0.1 0.0461 0.8578 0.3807 0.1305

1,223,391 0.2 0.0462 0.8578 0.3789 0.1296

Table 3. Grid size and time step independence test result for different models

Case ADL HCP FCC

Number of grid elements 1,223,391 3,003,764 3,006,938

Time step (s) 0.1 0.1 0.1
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Based on the investigation of flow and heat transfer mech-
anisms of different packing configurations in the model 
of a whole packed bed, a practical analysis of the charg-
ing rate across the different packed beds was carried out. 
The PCM mass and inlet HTF flowrate (100 L/h) were 
identical for all the packing configurations to make sure 
that the layout is the only variable. All the capsules in the 
packed bed were active to exchange heat with HTF. The 
parameters and boundary conditions of the packed beds 
are depicted in Section 2.1. The capsule in the center of 
the fifth layer was selected as an example to represent the 
charging process of the packing configuration. Fig. 5 de-
picts the temperature gradient (left half) and liquid frac-
tion distribution (right half) of the cross section (z = 0) of 
the selected sphere.

The comparisons are implemented at several typical time 
instants. For t = 1000 s, the temperature was at a uniform 
level of 21 °C throughout the sphere in ADL. The heat 
transfer was attributed to pure heat conduction. In regard 
to the other two packed beds, the isotherms presented as 
a series of concentric circles. Regarding the phase change 
process, the liquid fraction distribution in FCC was more 
homogeneous than in HCP. This means that the melt-
ing front in FCC progressed more uniformly across the 
sphere, with smaller local variations in the liquid fraction, 
whereas HCP showed greater disparities in the liquid frac-
tion, indicating less uniform phase change behavior. At  
t = 3000 s, PCM in ADL began to solidify, while its solidi-
fication rate was the slowest. The phase change process 
in the center of spheres lagged behind other domains due 
to the highest thermal resistance. Beyond t = 7000 s, al-
most all the PCM in the sphere of HCP and FCC began to 
solidify; however, a small portion of PCM at the sphere 
center of ADL did not begin to solidify before t = 9000 s.

Fig. 6. Variation of PCM volume-average liquid fraction  
of different packed-bed model packing configurations 

A key index, the volume-average liquid fraction of PCM, 
is employed to assess the thermal performance of each 
packed bed. As the volume-average liquid fraction de-
clines from 1 to 0, it indicates that PCM in the packed bed 
gradually changes its phase state towards the complete 
solid. Fig. 6 shows the variation of PCM volume-average 
liquid fraction in different cases. It was observed that the 
liquid fraction distribution in each packed bed presented 

a similar downtrend, while the duration of the charging 
process decreased in the order of ADL > HCP > FCC. 
To analyze the peculiarity of transient solidification rate 
quantitatively, the charging time is defined in this study 
as the minimum time required for PCM in the packed bed 
to reach 90% phase change. It was revealed that HCP and 
FCC saved up to 21.4% and 29.0% of charging time, re-
spectively, in comparison with that of ADL. The results 
suggest that the overall heat transfer capability of HCP 
and FCC is greatly improved during solidification and the 
increased extent of FCC is more dramatic.

To figure out the heat transfer performance during the 
charging period in each packed bed, the variations of 
charging rates of different cases are shown in Fig. 7. It 
was displayed that the cold storage process in diversely 
packed beds could be divided into three successive stages. 
In the initial sensible cooling stage (0–300 s), the large 
temperature gradient between the HTF and PCM drives 
rapid sensible heat extraction. Convective heat transfer at 
the capsule surfaces dominates, with no phase change oc-
curring. The charging rate rises sharply to a peak value 
(~50 W difference between FCC and ADL at t = 300 s), 
reflecting enhanced convective efficiency in structured 
layouts (FCC/HCP) due to reduced flow channeling. In 
the latent heat release stage (300–4500 s), solidification 
initiates at the capsule periphery as PCM temperatures 
reach the phase change point. Latent heat release stabi-
lizes local temperatures, while thermal resistance from 
the growing solid layer gradually reduces the charging 
rate. The FCC layout accelerates this stage by minimiz-
ing void spaces, which enhances HTF-PCM contact and 
convective heat transfer. In the final sensible cooling stage  
(t > 4500 s), residual heat is removed via conduction 
through the solid phase. The diminished temperature 
gradient results in a slow, monotonic decline in charging 
rates. Notably, the charging rate order reverses beyond 
4500 s, as ADL’s looser packing allows marginally better 
conduction in the fully solidified regime.

Fig. 7. Transient variations of charging rate and pressure drop  
of different packed-bed model packing configurations 

However, despite improving heat transfer rate, the pressure 
drop across the whole packed bed inevitably increased in 
the cases of HCP and FCC. The time-independent flow 
of HTF in the packed resulted in the pressure drops of 
ADL, HCP and FCC of 0.0461, 0.0814 and 0.0879 Pa 
m–1, respectively. I.e., the optimized packing configura-
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tions played a significant role in enhancing heat transfer 
efficiency of the whole packed bed, however at the cost of 
increased pressure drop. While FCC/HCP layouts incur 
higher pressure drops, their superior thermal performance 
and compactness result in net energy savings and reduced 
system footprint.

A comparative analysis of different packed bed configu-
rations in terms of energy storage density, heat transfer 
enhancement, and pressure drop characteristics is shown 
in Table 4. Studies on grille-sphere composite packed 
beds (GSCSPBs) have shown that their particle-to-fluid 
heat transfer coefficient is 94% higher than that of simple 
cubic (SC) packing, reaching approximately 76% of the 
heat transfer observed in randomly packed beds (Wang et 
al., 2017). Meanwhile, composite structured packed beds 
(CSPBs) exhibit improved heat transfer due to enhanced 
flow distribution and increased fluid-solid contact areas 
while maintaining a lower pressure drop than randomly 
packed beds (Romkes et al., 2003). In contrast, the HCP 
and FCC layouts provide a high packing density (~74%), 
which translates to increased energy storage capacity, 
while also offering structured conduction pathways for 
thermal enhancement. Although GSCSPBs and CSPBs 
focus on optimizing heat transfer and flow resistance, 
their energy storage density is generally lower, making 
HCP and FCC configurations more suitable for applica-
tions prioritizing thermal storage efficiency.

4.2.	Normalized charging efficiency factor  
of packed bed cold storage

The newly defined normalized charging efficiency fac-
tor, βcharge, is formulated in Eq (16). Differing from the 
overall thermal performance factor, this metric compares 
the cooling capacity storage gain to the pump hydraulic 
power. It is defined as the ratio of the average charging 
rate (the gain) to the (modified) pressure loss (the cost). 
Due to the fact that the pump power consumption usu-
ally accounts for a small portion of the chiller power con-
sumption, the ratio between the two is used to modify the 
weight of pressure loss as an exponential:

pump charge charge

charge charge
charge / /

( )/( )
1000 COP

/ /
Q Q Eq p

E E
p

p
∆

= =
∆
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τ

η

τ τ
β

	

(16)

where Echarge (J) is the overall cooling capacity of the 
packed-bed cold storage; COP refers to the coefficient 
of performance of the chiller; q is the HTF flowrate  
(L s–1); ∆p is the overall pressure loss of the packed-bed 
cold storage (Pa); τ and η are the time and the lumped 
pump and motor efficiency (%), respectively. The pump 
electric power, Qpump (W) may be calculated using the for-
mula below (Karassik, 2001).

Table 4. Comparative Analysis of Packing Configurations

Packing Configuration Energy Storage 
Density Heat Transfer Enhancement Pressure Drop Characteristics

Hexagonal Close-Packed 
(HCP)

High (≈74% 
packing density)

Moderate; improved conduction pathways due 
to ordered structure.

Moderate; increased contact 
points may lead to higher 

pressure drop compared to less 
dense packings.

Face-Centered Cubic 
(FCC)

High (≈74% 
packing density)

Moderate; similar to HCP with efficient 
conduction pathways.

Moderate; structured 
arrangement balances pressure 

drop and heat transfer.
Composite Structured 
Packed Beds (CSPBs) 
(Romkes et al., 2003)

Moderate to High; 
specific values not 

detailed in literature

Enhanced; improved flow distribution and 
increased contact area between fluid and 

particles.

Reduced compared to randomly 
packed beds;

Grille-Sphere Composite 
Packed Beds (GSCSPBs) 

(Wang et al., 2017)

Moderate to High; 
specific values not 

detailed in literature

Significantly enhanced; studies report up to 94% 
higher heat transfer coefficients compared to 
simple cubic packing and achieving 76% of the 

heat transfer in randomly packed beds.

Lower than randomly packed 
beds

Table 5. Key performance metrics of the whole packed bed with three packing configurations 

Packing 
configuration Charging time (s) Total pressure loss 

(Pa)
Energy storage 

density (%)
Pump power 

consumption (W)
Normalized charging 
efficiency factor

ADL 10.8×103 0.0166 60.5 8.39 68.0
HCP 8.49×103 0.0245 74.1 6.70 83.5
FCC 7.67×103 0.0265 74.1 6.48 91.6
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The simulation result of charging time and pressure loss 
are summarized in Table 5 for the case of ADL, HCP and 
FCC. The total cooling capacity was 576,304 J. COP in 
this study was set at 5, and the pump efficiency and mo-
tor efficiency were both 0.85. They were all the same for 
the three cases. The charging time of the whole packed-
bed cold storage was reduced by 21.4% and 29.0% by 
applying HCP and FCC configurations, respectively, in 
comparison to ADL. Based on the aforementioned flow 
parameters, the pump power consumption was calculated 
considering both pressure loss and gravity. The results 
showed that FCC also consumes the lowest pumping 
power due to the shortest charging time and small height. 
The normalized charging efficiency factor, as defined, 
compares the rate of charging with the cost of pumping 
power. From the results, FCC achieved the best efficien-
cy (34.7% higher than that of ADL), followed by HCP 
(22.8% higher than that of ADL). Dense packings are bet-
ter performing in all the metrics than loose capsule pack-
ings.

5.	 Conclusions
In the present paper, two new packing configurations 
of capsules, FCC and HCP, were designed for the PCM 
packed-bed cold storage to increase the storage density. 
Through simulation conducted in ANSYS Fluent 18.0, 
the flow characteristics and heat transfer performance of 
the packed bed with various capsule packings were inves-
tigated and compared at different Reynolds numbers. The 
conclusions are as follows:

(1) HCC and FCC are both three-dimensional dense pack-
ings, which plays a vital role in saving space volume and 
manufacturing costs for PCM packed beds. By compari-
son, the theoretical PCM packed density of HCP and FCC 
packing is 22.5% larger than that of conventional ADL 
packing.

(2) Compared with other packings, FCC, despite its im-
proved heat transfer performance, inevitably exhibits the 
increased pressure drop across the whole packed bed. The 
pressure drop of ADL, HCP and FCC is 0.0461, 0.0814 
and 0.0879 Pa m–1, respectively.

(3) As for PCM packed beds, the charging time of the 
packed-bed cold storage is reduced by 21.4% and 29.0% 
by applying HCP and FCC configurations, respectively, 
compared to ADL. It is found that FCC bed has superior 
heat transfer rates due to promoted convection in HTF.

(4) A new metric, normalized charging efficiency fac-
tor, was defined for the first time, comparing the cooling 
capacity storage gain to the pump hydraulic power. The 
best value was found for FCC (34.7% higher than that 
of ADL), followed by HCP (22.8% higher than that of 
ADL).

While the FCC and HCP layouts demonstrate superior 
thermal performance and energy density for PCM cold 

storage, their commercial adoption faces challenges, in-
cluding manufacturing complexity, scalability constraints 
and maintenance challenges. However, the principles of 
structured packing offer valuable insights transferable to 
diverse fields. Applications such as solar thermal energy 
storage, catalytic and biomedical reactors, can leverage 
optimized packing geometries to enhance heat transfer, re-
duce footprint, and balance hydraulic-thermal trade-offs. 
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