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Highlights 9 

 To optimize LHTES units, an index 𝐸𝐸𝑠𝑠𝑠𝑠 based on effectiveness-NTU theory, was10 
adopted. 11 

 𝐸𝐸𝑠𝑠𝑠𝑠 captures effects from geometric arrangements and leads to an optimal PCM12 
volume ratio. 13 

 Increasing 𝑘𝑘eff is only effective in enhancing 𝐸𝐸𝑠𝑠𝑠𝑠 when PCM volume ratio is14 
above a certain value. 15 

 The peak 𝐸𝐸𝑠𝑠𝑠𝑠 of fully turbulent flows are generally lower than those of laminar16 
flows. 17 

 The method is recommended as a standard one in designing a shell-and-tube18 
LHTES system. 19 

Abstract 20 

Phase change material (PCM) based latent heat thermal energy storage (LHTES) 21 
systems have been a technology of increasing interests. Extensive experimental and 22 
numerical studies on the heat transfer enhancement of PCM have been reported. 23 
However, a thorough analysis of the effects of PCM heat transfer enhancement in 24 
combination with geometric optimization on the overall storage performance of an 25 
LHTES system is still lacking. In this work, a performance index, the effective energy 26 
storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠, based on the effectiveness-NTU theory, which set up a standard to 27 
compare TES systems, was adopted to evaluate the effective energy storage density of 28 
an LHTES system. Using the conjugate heat transfer analysis, we investigated the 29 
impact of the key parameters and flow conditions, including the geometric parameters 30 
(tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖, PCM volume ratio 𝜆𝜆), turbulent versus laminar flow 31 
conditions of HTF, and the effective PCM thermal conductivity 𝑘𝑘eff , on the 32 
performance indicator 𝐸𝐸𝑠𝑠𝑠𝑠 . It was found that the effective energy storage ratio 33 
increases with tube length-diameter ratio, and an optimal PCM volume ratio exists. 34 
Increasing the effective PCM thermal conductivity is only effective in enhancing the 35 
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effective energy storage ratio when PCM volume ratio is above certain value. Over 500 36 
sets of parametric studies were performed to optimize the PCM volume by maximizing 37 
the effective energy storage ratio. The results show that for both laminar and turbulent 38 
flow, optimal PCM volume ratio and maximal effective energy storage ratio increases 39 
with tube length-diameter ratio and effective PCM thermal conductivity. The 40 
enhancement of effective PCM thermal conductivity only noticeably increases 41 
maximal effective energy storage ratio when tube length-diameter ratio is above a 42 
certain threshold, i.e., around 800 for laminar flow and around 600 for fully turbulent 43 
flow. The fully turbulent flow greatly enhances the charging rate by 50 times and 44 
increases the capacity effectiveness at optimal PCM volume ratio to 0.6-0.9 from 0.2-45 
0.8 at laminar flow conditions, but the maximal effective energy storage ratio of fully 46 
turbulent flows are generally lower than those of laminar flows. This work is the first 47 
systematic numerical analysis of the complete ensemble design factors of a shell-and-48 
tube LHTES system, and it is recommended that the method could be a standard one 49 
for the engineering design of an LHTES system. 50 
 51 
Keywords: Phase change material; Design optimization; Latent heat thermal energy 52 
storage; Shell-and-tube; Effective energy storage ratio 53 
 54 

Nomenclature 55 

𝑐𝑐𝑝𝑝 specific heat capacity, kJ/(kg ∙ K) 56 
𝑑𝑑 tube diameter, m  57 
∆𝑇𝑇 temperature range of phase change, K 58 
𝐸𝐸𝑠𝑠𝑠𝑠 effective energy storage ratio, - 59 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 maximal effective energy storage ratio, - 60 
ℎ specific enthalpy, kJ/kg 61 
𝑘𝑘 thermal conductivity, W/(m ∙ K) 62 
𝐿𝐿 tube length, m 63 
𝐿𝐿/𝑑𝑑𝑖𝑖  tube length-diameter ratio, - 64 
𝐻𝐻 latent heat, kJ/kg 65 
𝑚̇𝑚 mass flow rate, kg/s 66 
𝑞𝑞𝑐𝑐 charging rate, W 67 
𝑄𝑄eff effective energy storage capacity, J 68 
𝑄𝑄∞ theoretical energy storage capacity, J 69 
𝑟𝑟 radial distance, m 70 
𝑡𝑡 time, s 71 
𝑇𝑇 temperature, K 72 
𝑢𝑢 axial velocity, m/s 73 
𝑉𝑉, volume, m3 74 
𝑉̇𝑉, volume flow rate, m3/s 75 
𝒗𝒗 velocity vector, m/s 76 
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 77 
 78 
Subscripts 79 
eff effective 80 
i inner tube 81 
in inlet 82 
l liquid 83 
m melting 84 
o outer tube 85 
op optimal 86 
out outlet 87 
p pump 88 
s solid 89 
w water 90 
 91 
Greek letters 92 
𝜌𝜌 density, kg/m3 93 
𝜂𝜂 heat transfer effectiveness, - 94 
𝜆𝜆 PCM volume ratio, - 95 
𝜇𝜇 dynamic viscosity, Pa ∙ s 96 
𝜑𝜑 capacity effectiveness, - 97 
 98 
Abbreviations 99 
HTF heat transfer fluid 100 
LHTES latent heat thermal energy storage 101 
NTU number of heat transfer unit 102 
PCM phase change material 103 
SWS stratified water storage 104 
TES thermal energy storage 105 

1 Introduction 106 

As global energy faces the challenge of more energy demands and less carbon 107 
emission, the proportion of renewable energy is increasing in recent years, which 108 
raises higher requirement on the stability of the system operation [1, 2]. By shifting 109 
load between on-peak and off-peak hours, thermal energy systems (TES) can mitigate 110 
the mismatch between energy supply and demand [3]. Furthermore, intermittent 111 
energy supply issues could be solved with the application of TES. Due to the large 112 
latent heat released or absorbed during the phase change process, phase change 113 
materials (PCM) are gaining wide attention over the past years. Compared with 114 
traditional thermal energy storage (TES) system making use of the sensible heat, 115 
latent heat thermal energy storage (LHTES) using PCM can normally provide higher 116 
energy storage capacity and efficiency [3]. 117 
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 118 
In order to improve the feasibility of LHTES systems, extensive studies focus on 119 
enhancing the heat transfer in PCM to achieve a higher effective thermal 120 
conductivity. Even though the high thermal storage density of PCM is beneficial to 121 
improve LHTES performance, the low thermal conductivity of PCM, normally around 122 
0.2-0.5W/(m ∙ K) [4], remains as an issue, which could lead to the inefficiency of the 123 
large-scale practical utilization [5]. By combining materials of high thermal 124 
conductivity with PCMs or encapsulating PCMs, the heat transfer performance can 125 
be notably enhanced. Graphite matrices [6], carbon-based fillers [7-9] (eg. carbon 126 
fiber, nano-graphite (NG), multi-walled carbon nanotubes (MWCNTs) and graphene 127 
nanoplatelets), metal foams [10-12] can improve the effective thermal conductivity 128 
of pure PCM from 20 times to 150 times and enhance the phase change rate 129 
significantly, depending on the materials used and their fractions. Furthermore, 130 
microencapsulating PCM with zirconia shell could increase the effective thermal 131 
conductivity by 6 times [13], installing fins can reduce the solidification time up to 132 
43.6% [14] and corrugated fins could reduce the total solidification time by 30–35% 133 
compared with flat fins [15]. The interest in combining nanoparticles and fins for 134 
applications is growing in recent years [16, 17]. 135 
 136 
More than 70% of studies on LHTES systems focus on the shell-and-tube type, due to 137 
its pipe geometry and minimal heat loss [18]. The cylindrical shell-and-tube unit has 138 
shown its advantages in terms of the heat transfer rate, under the same conditions. 139 
Esen et al. [19] applied four types of PCM and compared the cylinder model and pipe 140 
model for cylindrical latent heat storage tanks by developing a theoretical model. 141 
They found out that the pipe model of fluid embedded in the bulk PCM, showed a 142 
much shorter melting time. Vyshak et al. [20] numerically compared different 143 
containers with calcium chloride hexahydrate as PCM. They concluded that cylindrical 144 
shell containers take the least time under the same energy storage volume and 145 
surface area, compared with the rectangular and cylindrical configuration. The 146 
effects of different design parameters on a shell-and-tube TES unit including 147 
orientation, the properties of heat transfer fluid (HTF) and PCM have been widely 148 
studied. Akgün et al. [21] experimentally evaluated the effect of the tilting angle on 149 
the cylindrical shell LHTES container using paraffin. It was noticed that with an 150 
inclination angle of 5 degrees, the total melting time decreased by approximately 151 
30%. Seddegh et al. [22] performed a comparative numerical study on the shell-and-152 
tube system. It was found that the horizontal orientation showed a higher charging 153 
rate than vertical orientation, but no obvious difference was shown for the 154 
discharging process. Li et al. [23] numerically investigated the melting process of the 155 
multiple PCM system filled with three types of molten salt and fully developed 156 
turbulent air flow was adopted as HTF. The optimal lengths for each PCM and air inlet 157 
temperature were found. The influences of the HTF mass flow rate and inlet 158 
temperature [20-26] on the phase change process are extensively researched.  159 
 160 
Furthermore, the energy storage performance of the shell-and-tube LHTES units or 161 
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systems and optimizations have been investigated. Charging and discharging time 162 
[19-21, 26] are the most widely used to measure energy storage efficiency. Esen et al. 163 
[19] numerically performed an optimal geometric design for four different types of 164 
PCM, based on the index of whole PCM melting time. Wang et al. [27] proposed the 165 
energy efficiency ratio in the shell-and-tube system, which is defined as the heat 166 
energy stored per unit mechanical energy consumption during the operation. It was 167 
revealed that the ratio is more sensitive to the outer tube diameter and decreases 168 
with the increase of tube length and outer tube diameter. Fang et al. [28] defined a 169 
new index of effective energy storage ratio to characterize the energy storage 170 
capacity of the LHTES system, which is the ratio of the stored heat over that of an 171 
ideal stratified water storage (SWS) tank of the same volume. It is proposed to be the 172 
objective of the design optimization of an LHTES system. In an ensuing analytical 173 
study based on the NTU-effectiveness theory [29], Fang et al. revealed the impacts of 174 
operating parameters of laminar versus turbulence of the heat transfer fluid on the 175 
shell-and-tube LHTES systems. Amin et al. [25] defined the energy storage density 176 
coefficient 𝛼𝛼 for the slab type LHTES system, which considers both the charging and 177 
discharging process, and an optimal plate thickness was found under different flow 178 
rates to maximize the coefficient. In addition, increasing the gap thickness and mass 179 
flow rate would decrease the coefficient. Qarnia [30] studied the thermal 180 
performance of a solar latent heat storage unit and the optimal tube number was 181 
found for three types of PCM, by measuring the thermal storage efficiency under the 182 
given summer climate in Marrakech city. Talmatsky and Kribus [31] performed an 183 
annual simulation for domestic solar water heating systems with MATLAB and 184 
TRYSYS. Through comparison with systems without PCM, they pointed out that the 185 
application of PCM does not yield a significant benefit. It is worthwhile to mention 186 
that their results show that a proper design of the geometry of LHTES systems is 187 
crucial to make the envisioned potential of PCM come true. 188 
 189 
Despite extensive experimental and numerical studies on heat transfer enhancement 190 
of PCM and the qualitative effects of heat transfer fluid (HTF) properties in LHTES 191 
systems, no systematic numerical analysis of the complete ensemble design factors of 192 
a shell-and-tube LHTES system has been proposed. A thorough analysis of the 193 
geometric impacts on energy storage performance is crucial to the system design in 194 
applications, especially when other conditions are varying. 195 
 196 
The goal of the research is to find out the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 , under 197 
different tube length-diameter ratios 𝐿𝐿/𝑑𝑑𝑖𝑖, effective thermal conductivities of PCM 198 
𝑘𝑘eff and HTF flow conditions (laminar vs turbulent), which could serve as guidance 199 
when designing shell-and-tube TES systems using PCM. The performance index, 200 
effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 , based on the effectiveness-NTU theory and 201 
proposed by Fang [28], was adopted in this study as the maximization goal. Under 202 
specified 𝐿𝐿/𝑑𝑑𝑖𝑖 and 𝑘𝑘eff, optimal PCM volume ratios 𝜆𝜆𝑜𝑜𝑜𝑜 were found through over 203 
500 sets of parametric studies in the numerical simulation. Optimal PCM volume ratios 204 
and maximal effective energy storage ratios 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 were compared under laminar and 205 
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turbulent flow conditions. It is recommended that the method be a standard one for 206 
the engineering design of an LHTES system. 207 
 208 

2 Methodology 209 

2.1 System characterization 210 

A single concentric cylinder unit from a shell-and-tube type LHTES system was 211 
selected as the geometry for the numerical simulation in this study. As shown in Fig. 212 
1, the 3D domain was simplified into the 2D axisymmetric domain in the simulation. 213 
 214 

 215 

Fig. 1. (a) 3D shell-and-tube concentric cylinder unit; 216 
(b) 2D axisymmetric simplification 217 

 218 
Based on the specified geometry, the index of effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 [28] 219 
for the melting process of PCM is defined as: 220 

𝐸𝐸𝑠𝑠𝑠𝑠 =
𝑄𝑄eff
𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆

�1� 221 

𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜌𝜌𝑤𝑤𝑐𝑐𝑝𝑝,𝑤𝑤𝑉𝑉(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇0) �2� 222 

𝑄𝑄eff = � 𝑚̇𝑚
𝑡𝑡eff

0
𝑐𝑐𝑝𝑝,𝑤𝑤(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜)𝑑𝑑𝑑𝑑 �3� 223 

where 𝑄𝑄eff is the effective energy storage capacity of the LHTES system, evaluating 224 
the actual amount of the heat stored by the energy storage unit during the melting 225 
process. 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 is the effective energy storage capacity of an ideal stratified water 226 
storage (SWS) system. 𝑇𝑇0 is the initial temperature and 𝑉𝑉 refers to the volume of 227 
the SWS system. 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is calculated as the mass-weighted average temperature over 228 
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the outlet surface: 229 

𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 =
∫ 𝑇𝑇(𝑟𝑟) ∙ 𝜌𝜌𝑤𝑤𝑢𝑢(𝑟𝑟) ∙ 2𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋
𝑑𝑑𝑖𝑖
2

0

𝑚̇𝑚
=
∫ 𝑇𝑇(𝑟𝑟)𝑢𝑢(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑𝑖𝑖
2

0

∫ 𝑢𝑢(𝑟𝑟)𝑟𝑟𝑟𝑟𝑟𝑟
𝑑𝑑𝑖𝑖
2

0

�4� 230 

The effective energy storage capacity 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 is calculated before the outlet 231 
temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 reaches a specified value. The specified value of 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 is 232 
determined by the heat transfer effectiveness 𝜂𝜂, which is based on the 233 
effectiveness-NTU theory. 234 
 235 
The effectiveness-NTU theory has been applied to investigate the performance of the 236 
LHTES system [25, 29, 32, 33]. The studies describe a TES system using phase change 237 
materials as a heat exchanger, in which PCM exchanges heat with the heat transfer 238 
fluid at the phase change temperature (i.e. melting temperature 𝑇𝑇𝑚𝑚 in this study) 239 
[32]. Therefore, the heat transfer effectiveness for the melting process is defined as: 240 

𝜂𝜂 =
𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇𝑚𝑚

= 1 − 𝑒𝑒−𝑁𝑁𝑁𝑁𝑁𝑁 �5� 241 

The heat transfer effectiveness 𝜂𝜂 describes the relationship of the actual heat 242 
transferred and the theoretical maximum heat could be transferred. The effect of the 243 
sensible energy absorbed or released is small compared with the latent heat energy. 244 
Thus, the sensible energy of the PCM is ignored in the definition of 𝜂𝜂. 245 
 246 
According to the equation defined, maximum heat transfer effectiveness 𝜂𝜂 = 1 is 247 
achieved when the outlet temperature equals the melting temperature of PCM 248 
𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑇𝑇𝑚𝑚. As the outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 increases when PCM is melting, the heat 249 
transfer effectiveness 𝜂𝜂 decreases. In order to ensure the heat transfer 250 
effectiveness of the PCM storage system, a minimum value of 𝜂𝜂 should be 251 
considered for design optimization. Afterward, the specified outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 252 
and the value of 𝑡𝑡eff could be determined to calculate the effective energy storage 253 
capacity 𝑄𝑄eff. In this study, 𝜂𝜂 = 0.8 was chosen as the minimum heat transfer 254 
effectiveness for the shell-and-tube TES unit. In typical building cooling and heating 255 
applications, the time scale of the charging and discharging will be typically a few 256 
hours on daily basis. To maximize the utilization of peak solar radiation and night 257 
time cooling, it is also desirable that speedy charging can be realized as for electric 258 
cars. Therefore, the time scale required to complete the charging is a very important 259 
performance indicator of a PCM storage device. In this study the time required to 260 
reach the specified temperature is used as the cut-off time to define the effective 261 
energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 . 262 
For the reference purpose, the capacity effectiveness 𝜑𝜑 and the theoretical energy 263 
storage capacity 𝑄𝑄∞ are defined as: 264 

𝜑𝜑 =
𝑄𝑄eff
𝑄𝑄∞

�6� 265 

𝑄𝑄∞ = 𝜆𝜆𝜆𝜆𝑃𝑃𝑃𝑃𝑃𝑃𝑉𝑉[𝑐𝑐𝑝𝑝,𝑃𝑃𝑃𝑃𝑃𝑃(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇0) + 𝐻𝐻] 266 

+(1 − 𝜆𝜆)𝜌𝜌𝑤𝑤𝑐𝑐𝑝𝑝,𝑤𝑤𝑉𝑉(𝑇𝑇𝑖𝑖𝑖𝑖 − 𝑇𝑇0) �7� 267 
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where 𝑉𝑉 is the volume of the LHTES system and 𝜆𝜆 is the PCM volume ratio, which 268 
is defined as the ratio of PCM volume and the LHTES system volume: 269 

𝜆𝜆 =
𝑉𝑉𝑃𝑃𝑃𝑃𝑃𝑃
𝑉𝑉

= 1 −
𝑑𝑑𝑖𝑖

2

𝑑𝑑𝑜𝑜
2 �8� 270 

To measure the energy storage efficiency in terms of time, the charging rate 𝑞𝑞𝑐𝑐 is 271 
defined as: 272 

𝑞𝑞𝑐𝑐 =
𝑄𝑄eff
𝑡𝑡eff

�9� 273 

In conclusion, the LHTES system performance is evaluated by effective energy storage 274 
ratio 𝐸𝐸𝑠𝑠𝑠𝑠. If 𝐸𝐸𝑠𝑠𝑠𝑠 > 1, it means that the LHTES system is effective as it shows better 275 
energy storage performance than the traditional SWS system. Otherwise, 𝐸𝐸𝑠𝑠𝑠𝑠 < 1 276 
means the system is ineffective compared with an SWS system. A higher value of 𝐸𝐸𝑠𝑠𝑠𝑠 277 
means a more effective LHTES system. The goal of the design optimization is to 278 
maximize the index 𝐸𝐸𝑠𝑠𝑠𝑠.  279 

2.2 Numerical model 280 

The commercial modeling software COMSOL Multiphysics 5.3a, based on the finite 281 
element method (FEM), is used for the numerical study. The Heat Transfer module 282 
and Fluid Flow module are applied for the conjugate heat transfer of the melting 283 
process of PCM in the concentric cylindrical shell-and-tube unit. Through the scale 284 
analysis, Lorente et al. [34] proposed the theoretical criteria of the critical time when 285 

convection becomes dominant as 𝑡𝑡𝑓𝑓~ � 𝐿𝐿𝜐𝜐
𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼

�
1/2

. In the evolution of the melting 286 

front in their paper, the natural convection starts to show its impacts during 500s to 287 
1000s. Consequently, in this study, by assuming the same thermal expansion 288 
coefficient for paraffin wax as 0.002K−1, and the tube length as 5m, the time when 289 
natural convection begins to exhibit influences is during 3237s~6473s. The simulation 290 
time scale of almost all cases is below this time range and higher tube lengths were 291 
studied, which results in a higher critical time. In addition, the effect of the natural 292 
convection would be hindered by the heat transfer enhancement, e.g. filling metal 293 
foam and expanded graphite, and by using folded or spirally shaped long tubes [28]. 294 
Therefore, the natural convection effect was ignored in the simulation. 295 
 296 
The continuity, momentum and energy equations of the heat transfer fluid (water) 297 
are: 298 

𝜌𝜌𝜌𝜌 ∙ (𝒗𝒗) = 0 �10� 299 

𝜌𝜌
𝜕𝜕𝒗𝒗
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝒗𝒗 ∙ ∇)𝒗𝒗 = ∇ ∙ [−𝑝𝑝 + 𝜇𝜇(∇𝒗𝒗 + (∇𝒗𝒗)𝑇𝑇)] + 𝜌𝜌𝜌𝜌 �11� 300 

𝜌𝜌𝑐𝑐𝑝𝑝
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑐𝑐𝑝𝑝𝒗𝒗 ∙ ∇𝑇𝑇 + ∇ ∙ (−𝑘𝑘∇𝑇𝑇) = 0 �12� 301 
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As shown in Fig. 1, inlet velocity 𝑢𝑢𝑖𝑖𝑖𝑖, inlet temperature 𝑇𝑇𝑖𝑖𝑖𝑖 and outlet pressure 302 
𝑝𝑝𝑜𝑜𝑜𝑜𝑜𝑜 were chosen as the boundary conditions for HTF. No-slip wall condition was 303 
applied for the inner tube and the thermal resistance between HTF and PCM was 304 
ignored. All other boundaries were assumed as thermally insulated. In applications, 305 
there could be heat leakage affecting the latent heat storage performance. However, 306 
the dimensionless performance index 𝐸𝐸𝑠𝑠𝑠𝑠 already considers the same properties of 307 
HTF and storage unit geometry between latent and sensible heat storage. Therefore, 308 
the amount of latent heat leakage would be on the same scale as the heat leakage in 309 
the SWS system. 310 
 311 
For the PCM domain, the effective heat capacity method is applied as the approach 312 
to solving the phase change process. As opposed to the enthalpy method, which 313 
calculates the liquid fraction during the phase change process, the effective heat 314 
capacity method uses the effective heat capacity of PCM in the governing equation, 315 
which is the derivative of the enthalpy and directly proportional to the energy 316 
absorbed or released. The approach could reflect the phase change temperature 317 
range of PCMs, which is important to obtain more precise results of the LHTES 318 
system. The method was firstly proposed by Salcudean and Poirier [35]. Iten et al. 319 
[36] compared the enthalpy method and the effective heat capacity method for the 320 
simulation of the air-TES horizontal metallic panel unit. The results showed that the 321 
effective heat capacity method accurately predicted the smooth increase during the 322 
phase change process, while the enthalpy method showed a phase change process 323 
more appropriate for pure PCMs. 324 
 325 
The governing equation for the PCM domain under the effective heat capacity 326 
approach is defined as: 327 

𝜌𝜌𝑐𝑐𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇ ∙ (−𝑘𝑘∇𝑇𝑇) = 0 �13� 328 

The approach assumes that the specific heat of PCM is a function of temperature 329 
𝑐𝑐𝑝𝑝 = 𝑓𝑓(𝑇𝑇). As shown in Fig. 2 (a), the modified step function 𝜎𝜎(𝑥𝑥) is applied to 330 
define the effective heat capacity in the phase change region. The size of the 331 
transition zone is the phase change temperature range of PCM. Therefore, the 332 
enthalpy during the melting process is: 333 

ℎ = 𝑐𝑐𝑝𝑝,𝑠𝑠𝑇𝑇 + 𝐻𝐻 ∙ 𝜎𝜎(𝑇𝑇 − 𝑇𝑇𝑚𝑚) �14� 334 

𝑇𝑇𝑚𝑚 =
𝑇𝑇𝑠𝑠 + 𝑇𝑇𝑙𝑙

2
�15� 335 

where 𝑇𝑇𝑚𝑚 is the melting temperature, 𝑇𝑇𝑠𝑠 and 𝑇𝑇𝑙𝑙 refer to the start temperature 336 
and end temperature of the melting process. 𝐻𝐻 is the latent heat of PCM and 𝑐𝑐𝑝𝑝,𝑠𝑠 337 
is the specific heat capacity for solid PCM. The melting temperature range is ∆𝑇𝑇 =338 
𝑇𝑇𝑙𝑙 − 𝑇𝑇𝑠𝑠. The effective heat capacity reaches the maximum value at the middle point 339 
of the melting range, i.e. at the melting temperature 𝑇𝑇𝑚𝑚. 340 
 341 
Therefore, the effective specific heat capacity applied in the governing equation is: 342 
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𝑐𝑐𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 =

⎩
⎨

⎧
𝑐𝑐𝑝𝑝,𝑠𝑠, 𝑇𝑇 ≤ 𝑇𝑇𝑠𝑠
𝑑𝑑h
𝑑𝑑𝑑𝑑

, 𝑇𝑇𝑠𝑠 < 𝑇𝑇 < 𝑇𝑇𝑙𝑙
𝑐𝑐𝑝𝑝,𝑙𝑙, 𝑇𝑇 ≥ 𝑇𝑇𝑙𝑙

�16� 343 

 344 
Table 1 PCM properties used in this study 345 

Property Value 
Density (𝐤𝐤𝐤𝐤/𝐦𝐦𝟑𝟑) 770 

Thermal conductivity (𝐖𝐖/(𝐦𝐦 ∙ 𝐊𝐊)) 0.14 
Specific heat capacity (𝐤𝐤𝐤𝐤/(𝐤𝐤𝐤𝐤 ∙ 𝐊𝐊)) 2.2 

Latent heat (𝐤𝐤𝐤𝐤/𝐤𝐤𝐤𝐤) 182.7 
Melting temperature (𝐊𝐊) 285 

 346 
The properties of PCM [37] used for parametric studies in this paper are shown in 347 
Table 1. According to equation (16), the effective specific heat 𝑐𝑐𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 varying with 348 
temperature implemented in the software with a temperature range of 2℃ is shown 349 
in Fig. 2 (b).  350 

 351 

(a) Step function 352 

 353 

(b) Effective specific heat capacity 𝑐𝑐𝑝𝑝,𝑒𝑒𝑒𝑒𝑒𝑒 354 
Fig. 2. The effective specific heat method 355 

 356 
A time-dependent solver with the segregated method and the direct solver of 357 
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PARDISO was applied for the simulation. Implicit BDF (Backward Differentiation 358 
Formula) was applied for the time-dependent solver. The absolute tolerance for the 359 
solver was set to be 0.0001. In the finite element method, the element order for the 360 
discretization refers to the basis functions applied in the simulation. The effect of the 361 
element order on numerical results was checked and no significant difference for the 362 
temperature results was exhibited between the first and second-order discretization 363 
for the fluid flow and heat transfer module. Considering the less memory usage and 364 
more efficient computational process, the first-order element was applied to solve 365 
the velocity, pressure and temperature field, according to the justified default setting 366 
in COMSOL. The mesh sensitivity study will be performed during the validation stage. 367 
 368 
To numerically investigate the effective energy storage for the turbulent flow in the 369 
LHTES system with PCM, the 𝑘𝑘 − 𝜀𝜀 model was applied to study the turbulence effect 370 
for the heat transfer fluid. The inlet data for the turbulence variables are approximated 371 
for 𝑘𝑘, 𝜀𝜀 by the following formulas [38]: 372 

𝑘𝑘 =
3
2

(|𝑼𝑼|𝐼𝐼𝑇𝑇)2 �17� 373 

𝜀𝜀 = 𝐶𝐶𝜇𝜇
3
4
𝑘𝑘
3
2

𝐿𝐿𝑇𝑇
�18� 374 

The turbulence length scale for 2D flows for pipes can be estimated by 𝐿𝐿𝑇𝑇 = 0.07𝑑𝑑𝑖𝑖. 375 
The turbulent intensity 𝐼𝐼𝑇𝑇 was adopted as 10% for the inlet in this work. A time step 376 
of 0.01s was set up for turbulent flow. Mesh size was kept the same as the one for 377 
laminar flow and mesh independence was checked for turbulent flow. 378 
 379 

2.3 Model Validation 380 

The velocity and temperature distributions of heat transfer fluid were validated by the 381 
analytical results of steady laminar and turbulent pipe flow. Gravity was and the mesh 382 
independence was checked. For laminar flow validation, water was chosen as the heat 383 
transfer fluid with property defined as follows: density 𝜌𝜌 = 998.2kg/m3 , specific 384 
heat capacity 𝑐𝑐𝑝𝑝 = 4182J/(kg ∙ K) , thermal conductivity 𝑘𝑘 = 0.6W/(m ∙ K) , 385 
viscosity 𝜇𝜇 = 0.001003kg/(m ∙ s) and inlet velocity 𝑢𝑢 = 0.005m/s. The according 386 
Reynolds number and Prandtl number are 995 and 6.99, respectively. The pipe 387 
diameter is 0.2m  and the pipe length is 100m . The outlet boundary condition is 388 
atmospheric pressure. The inlet temperature of HTF and wall temperature are 298K 389 
and 313K. Equations (19) to (22) [39, 40] are applied to validate the entrance length, 390 
outlet velocity distribution, pressure in the fully developed region and heat transfer 391 
under constant wall temperature. 392 

𝐿𝐿e
𝑑𝑑
≈ 0.06Re �19� 393 
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𝑢𝑢 =
𝑅𝑅2

4𝜇𝜇
�−

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� �1 −

𝑟𝑟2

𝑅𝑅2
� �20� 394 

∆𝑝𝑝 =
8𝜇𝜇𝜇𝜇𝑉̇𝑉
𝜋𝜋𝑅𝑅4

�21� 395 

Nu𝑑𝑑 = 3.66 +
0.0668 �𝑑𝑑𝐿𝐿�Re ∙ Pr

1 + 0.04 ��𝑑𝑑𝐿𝐿�Re ∙ Pr�
2
3

�22� 396 

Numerical results of COMSOL 5.3a of laminar pipe flow are plotted in Fig. 3. It could 397 
be clearly seen that the software gives accurate results, compared with analytical 398 
equations and the correlation. According to Eq. (19), the theoretical entrance length 399 
for the laminar pipe flow is 11.94m. The entrance length obtained from the numerical 400 
simulation is 11.40m, as shown in Fig. 3 (a), which agrees well with the theoretical 401 
value. Moreover, the maximal centerline velocity matches well with theoretical data 402 
𝑢𝑢max = 2𝑢𝑢 = 0.01m/s. The outlet velocity distribution was obtained by calculating 403 
the pressure drop over the entire pipe and Fig. 3 (b) shows that numerical results 404 
match well with Eq. (20). When the outlet pressure as 0, the relative pressure at other 405 
points in the pipe is shown in Fig. 3 (c). In the fully developed region, numerical results 406 
show good agreement with the theoretical results in Eq. (21). For numerical studies, 407 
the Nusselt number was obtained by calculating the heat transfer coefficient, which is 408 
based on the logarithmic temperature difference between wall temperature and mass-409 
weighted average bulk temperature each cross-section. As shown Fig. 3 (d), numerical 410 
data agrees well with the heat transfer correlation of laminar pipe flow.  411 
 412 

(a) Velocity at the centerline     (b) Outlet velocity 413 
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(c) Pressure       (d) Nusselt number 414 
Fig. 3. Validation of HTF against analytical laminar pipe flow results 415 

 416 
As for turbulent pipe flow validation, except that pipe length is 20m and inlet velocity 417 
is 0.0754m/s, other parameters are kept the same as those in laminar pipe flow. The 418 
according Reynolds number is 15000. Equations (23) to (27) [39, 40] are applied to 419 
validate the entrance length and heat transfer in the fully developed region. 420 

𝐿𝐿e
𝑑𝑑
≈ 4.4Re

1
6 �23� 421 

𝑉𝑉
𝑢𝑢max

≈ �1 + 1.3�𝑓𝑓�
−1

�24� 422 

𝑢𝑢�
𝑢𝑢max

= �1 −
𝑟𝑟
𝑅𝑅
�
1
𝑛𝑛 �25� 423 

∆𝑝𝑝 = 𝑓𝑓
𝜌𝜌𝜌𝜌𝑉𝑉2

2𝑑𝑑
�26� 424 

Nu𝑑𝑑 = 0.023Re0.8Pr0.4 �27� 425 

 426 

(a) Velocity at the centerline     (b) Outlet velocity 427 

(c) Pressure       (d) Nusselt number 428 
Fig. 4. Validation of HTF against analytical turbulent pipe flow results 429 

 430 
The numerical results of COMSOL 5.3a are compared with experimental correlations. 431 
The friction factor is calculated by the Blasius equation for smooth pipes, which is 𝑓𝑓 =432 
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0.316Re−1/4 . The centerline velocity overshoot appeared in Fig. 4 (a) has been 433 
observed in experimental and numerical studies, which is due to a radial inflow of fluid 434 
toward the centerline of the pipe followed downstream by a radial outflow from the 435 
centerline to the wall[41]. In addition, their results exhibited that the higher inlet 436 
turbulence intensity, the lower the magnitude of the overshoot and higher entrance 437 
length. This could explain the discrepancy of the entrance length between numerical 438 
results shown in Fig. 4 (a) (6.40m ) and the theoretical one calculated by Eq. (23) 439 
(4.37m). The maximal velocity at the centerline in the fully developed region is close 440 
to the one calculated from correlation Eq. (24), i.e., 0.092m/s. Fig. 4 (b) and Fig. 4 (c) 441 
show that in the fully developed region, the velocity distribution in the radial direction 442 
and pressure in the axial direction match well the empirical correlation. Considering 443 
that the correlation would underpredict Nusselt number by 7-10 percent when the 444 
Prandtl number is higher [42] and a higher inlet turbulence intensity would lead to a 445 
higher Nusselt number in the numerical study, the discrepancy, i.e. 𝑒𝑒 = (113 −446 
109)/109 × 100% ≈ 3.7%, between numerical results and Eq. (27) within the fully 447 
developed region shown in Fig. 4 (d) is acceptable. 448 
 449 
The result of the melting process of PCM from Trp’s experimental study [43] was 450 
applied for model validation. The parameters for the shell-and-tube system and PCM 451 
properties used in Trp’s work are specified in Table 2. 452 
 453 
The melting range of the phase change material RT 30 was given by Trp as ∆𝑇𝑇 = 35 −454 
27.7℃ = 7.3℃. In the validation, it was assumed that the maximum effective specific 455 
heat appears when the temperature is at the middle point of the melting temperature 456 
range. In other words, the melting temperature used as the input for the model is 457 
𝑇𝑇𝑚𝑚 = 𝑇𝑇𝑠𝑠 + ∆𝑇𝑇/2 = 31.35℃ , and the temperature range is accordingly from 𝑇𝑇𝑚𝑚 −458 
∆𝑇𝑇/2 to 𝑇𝑇𝑚𝑚 + ∆𝑇𝑇/2. 459 
 460 

Table 2 System parameters and PCM properties for validation 461 
System Parameter Value 
Tube length (𝐦𝐦) 1 

Inner tube diameter (𝐦𝐦) 0.033 
Outer tube diameter (𝐦𝐦) 0.128 

Mass flow rate (𝐤𝐤𝐤𝐤/𝐬𝐬) 0.017 
Inlet temperature (℃) 45 

Initial temperature (℃) 20 
 462 

PCM Property (RT 30) Value 
Melting temperature (℃) 27.7-35 

Latent heat capacity (𝐤𝐤𝐤𝐤/𝐤𝐤𝐤𝐤) 206 

Thermal conductivity (𝐖𝐖/(𝐦𝐦 ∙ 𝐊𝐊)) 
0.18 (solid) 
0.19 (liquid) 

Specific heat capacity (𝐤𝐤𝐤𝐤/(𝐤𝐤𝐤𝐤 ∙ 𝐊𝐊)) 
1.8 (solid) 
2.4 (liquid) 
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Density (𝐤𝐤𝐤𝐤/𝐦𝐦𝟑𝟑) 
789 (solid) 
750 (liquid) 

 463 
The temperature of point 9 in the PCM domain [43], with the radial position of 464 
27mm and axial position of 650mm, was chosen from the experiment for the 465 
validation. As shown in Fig. 5 (a), the numerical results of the temperature varying 466 
with time in the first two hours fit well with the experimental results from Trp’s work. 467 
It should be noted that the effective specific capacity method applied in this study 468 
showed more reasonable results, compared with the numerical method adopted by 469 
Trp, indicating the importance of considering the temperature range for the phase 470 
change process. Fig. 5 (b) shows temperature contours at three different stages 471 
(881s, 3674s, 6318s) during the melting process. The effects of mesh size (axial size 472 
of 10mm, 5mm and radial size of 0.5mm, 0.25mm) and time step (0.1s, 0.05s) were 473 
checked in the validation. The time step of 0.1s, the axial grid size of 10mm and the 474 
radial grid size of 0.5mm was finally chosen for the validation shown in Fig. 5. The 475 
pressure, velocity and temperature of HTF were validated by the analytical solutions 476 
for laminar flows. 477 

 478 

(a) Temperature validation of point 9 in Trp’s experiment [43] 479 

 480 
(b) Temperature contours at different stages of melting 481 

Fig. 5. Validation results and temperature contours 482 
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2.4 The setting of parametric studies 483 

The default setting for studying the effects of geometric parameters and effective 484 
thermal conductivity and the following design optimization were specified as follows. 485 
The initial temperature for both HTF and PCM was set as 𝑇𝑇0 = 284K. The inlet 486 
temperature and inlet velocity of HTF were set as: 𝑇𝑇𝑖𝑖𝑖𝑖 = 290K, 𝑢𝑢𝑖𝑖𝑖𝑖 = 0.2m/s. The 487 
properties of the phase change materials are listed in Table 1. The default built-in 488 
material of liquid water in the software was applied for HTF, whose properties are 489 
dependent on the temperature. The melting temperature range of PCM was set as 490 
∆𝑇𝑇 = 2K in this study, which depends on the type of PCM and the heating/cooling 491 
rate. 492 
 493 
The heat transfer effectiveness was chosen to be 𝜂𝜂 = 0.8 and accordingly, the 494 
outlet temperature was specified as 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 = 286𝐾𝐾. In other words, when the outlet 495 
temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 reached 286𝐾𝐾, the simulation would stop. The Parametric Sweep 496 
setting in COMSOL was used to complete the numerical simulation in batch. 497 
 498 
The geometric parameters of 𝐿𝐿 = 3m,𝑑𝑑𝑖𝑖 = 5mm,𝑑𝑑𝑜𝑜 = 10mm were chosen for the 499 
independence study on mesh and time step. The result of the mass-weighted 500 
average outlet temperature varying with time is shown in Fig. 6. The legends in Fig. 6 501 
show the time step, axial grid size and radial grid size, respectively. Eventually, the 502 
axial grid size of 5cm, the radial grid size of 0.1mm, and a time step of 0.02s were set 503 
for parametric studies. 504 
 505 

 506 
Fig. 6. Mesh and time step sensitivity study 507 



17 
 

3. Results and Analysis 508 

3.1 The effect of tube length-diameter ratio 𝑳𝑳/𝒅𝒅𝒊𝒊 509 

The effects of geometric parameters for a shell-and-tube type concentric cylinder 510 
unit, including tube length 𝐿𝐿, inner tube diameter 𝑑𝑑𝑖𝑖 and outer tube diameter 𝑑𝑑𝑜𝑜, 511 
were investigated. The thermal conductivity was selected as 𝑘𝑘eff = 4W/(m ∙ K) in 512 
this section. 513 

3.1.1 Tube length 514 

A set of tube lengths was chosen for 20 parametric studies: from 1m to 20m, with 515 
an interval of 1m. The outer tube diameter and inner tube diameter were set as 516 
𝑑𝑑𝑜𝑜 = 10mm, 𝑑𝑑𝑖𝑖 = 5mm. The effects of tube length on the outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 517 
and the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 are shown in Fig. 7. 518 
 519 

 520 
a) 521 

 522 
b) 523 

Fig. 7. a) The effect of tube length 𝐿𝐿 on 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜; b) The effect of tube length 𝐿𝐿 on 524 
𝐸𝐸𝑠𝑠𝑠𝑠, with Re = 995, 𝑘𝑘eff = 4W/(m ∙ K), fixed 𝜆𝜆 and 𝑑𝑑𝑖𝑖. 525 

 526 
Fig. 7 a) shows that as the tube length increases, the time when 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 reaches the 527 
specified value increases. It can be observed from Fig. 7 b) that with the increase of 528 
the tube length, the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 increases. In other words, the 529 
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energy storage system shows better energy storage performance when the tube is 530 
longer. The rise of 𝐸𝐸𝑠𝑠𝑠𝑠 may be caused by more complete heat transfer between HTF 531 
and PCM, as the heat transfer area enlarges when the tube is longer. 532 
 533 
It should be noted that the increasing rate of 𝐸𝐸𝑠𝑠𝑠𝑠 decreases after 𝐿𝐿 = 4m in Fig. 7 534 
b). Even though the tube length doubles by increasing from 10m to 20m, 𝐸𝐸𝑠𝑠𝑠𝑠 only 535 
increases by 10%. It means that increasing tube length won’t lead to a significant 536 
increase in 𝐸𝐸𝑠𝑠𝑠𝑠, since the speed of the increase slows down. If a higher value of 𝐸𝐸𝑠𝑠𝑠𝑠 537 
is expected, an optimal value of PCM volume ratio 𝜆𝜆 could be considered, which is 538 
analyzed in section 4.3. Moreover, a higher value of the effective thermal 539 
conductivity 𝑘𝑘eff is also recommended. 540 
 541 
The numerical results show the benefit of a long tube in a shell-and-tube LHTES unit, 542 
in terms of effective energy storage. However, when the tube length is larger, the 543 
pressure drop and the energy consumption of the pump are  higher. Therefore, it is 544 
necessary to consider the energy consumption due to pressure loss. For laminar flow, 545 
considering only major loss in pipe flow, the energy consumption of the pump would 546 
be as follows [44]: 547 

𝑄𝑄𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢 = ∆𝑝𝑝𝑉̇𝑉𝑡𝑡 = �𝜌𝜌
64
𝑅𝑅𝑅𝑅

𝐿𝐿
𝑑𝑑𝑖𝑖
𝑢𝑢�2

2
� 𝑉̇𝑉𝑡𝑡 �28� 548 

The value of 𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 in percentage varying with the tube length, which 549 
represents the proportion of pump energy consumption in the effective energy 550 
storage capacity, is shown in Fig. 8. The percentage increases approximately linearly 551 
with the tube length. However, even for 𝐿𝐿 = 20m, 𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 only accounts for 552 
0.022%, which means that the pump energy consumption is negligible when 553 
compared with the effective energy storage capacity 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒. 554 
 555 

 556 
Fig. 8. The proportion of 𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 in 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 versus tube length, with Re = 995,557 

𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 = 4W/(m ∙ K), fixed 𝜆𝜆 and 𝑑𝑑𝑖𝑖 558 
 559 
Meanwhile, the production energy also increases with the increase of tube length. 560 
Embodied energy considers the total primary energy consumed to produce the 561 
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materials [45], which is applicable to measure the TES system. In this study, it was 562 
assumed that the LHTES unit uses the copper tube for HTF transportation and heat 563 
conduction. The thickness and density of the copper tube were assumed to be 1mm 564 
and 8960kg/m3. After adopting the average embodied energy of copper (50% 565 
recycled) as 55.00MJ/kg [45], the embodied energy for a specified tube length 566 
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 can be calculated. The energy payback cycle is defined as: 567 
 568 

𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒

�29� 569 

 570 
Fig. 9. Energy payback cycle versus tube length, with Re = 995, 𝑘𝑘eff = 4W/(m ∙ K), 571 

fixed 𝜆𝜆 and 𝑑𝑑𝑖𝑖 572 
 573 

The effect of tube length on the energy payback cycle is shown in Fig. 9. The energy 574 
payback cycle decreases with the increase of tube length. In other words, the energy 575 
investment in the system material can be paid off earlier for units with a longer tube. 576 
It should be pointed out that the energy payback cycle 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 reduces sharply when 577 
the tube length increases from 1m to 4m and no significant difference in 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 578 
can be observed when the tube length is larger than 4m. Therefore, a minimum 579 
value of the tube length should be ensured for a proper low value of the energy 580 
payback cycle 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 581 
 582 
In summary, considering that the pump energy consumption is negligible compared 583 
with the energy stored, a higher tube length/diameter ratio is always beneficial to 584 
improving the energy storage performance of the system, in terms of both effective 585 
energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 and energy payback cycle 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. As the index 𝐸𝐸𝑠𝑠𝑠𝑠 already 586 
considers the total volume of the system 𝑉𝑉, it can be concluded that a tube-in-tank 587 
system with shell-and-tube units configured in series is better than the one 588 
configured in parallel. In the meantime, a minimum tube length should be 589 
determined to ensure an effective high 𝐸𝐸𝑠𝑠𝑠𝑠 and low 𝑛𝑛𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 during the design 590 
process. 591 
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3.1.2 Inner tube diameter 592 

The inner tube diameter 𝑑𝑑𝑖𝑖 is closely related to the flow condition of HTF and is 593 
worth investigating. To study the effect of inner tube diameter on the energy storage 594 
effectiveness, 9 parametric studies with 𝑑𝑑𝑖𝑖 varying from 2mm to 10mm were 595 
performed. The effective thermal conductivity was kept as 𝑘𝑘eff = 4W/(m ∙ K). The 596 
outer tube diameter was 𝑑𝑑𝑜𝑜 = 12mm and the tube length was 𝐿𝐿 = 5m. The 597 
effects of the inner tube diameter 𝑑𝑑𝑖𝑖 on the outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 and the 598 
effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 are shown in Fig. 10. 599 

 600 
a) 601 

 602 

b) 603 
Fig. 10. a) The effect of the inner tube diameter 𝑑𝑑𝑖𝑖 on 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜; b) The effect of the 604 

inner tube diameter 𝑑𝑑𝑖𝑖 on 𝐸𝐸𝑠𝑠𝑠𝑠, with Re = 995, 𝑘𝑘eff = 4W/(m ∙ K), fixed 𝜆𝜆 and 605 
𝐿𝐿 606 

 607 
Fig. 10 a) shows that as the inner tube diameter drops, the time when 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 reaches 608 
the specified value increased. It could be observed from Fig. 10 (b) that when the 609 
inner tube diameter 𝑑𝑑𝑖𝑖 > 6mm, the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 < 1, which 610 
means that the energy storage is ineffective. When the energy storage is effective, 611 
i.e. 𝐸𝐸𝑠𝑠𝑠𝑠 > 1, as the inner tube diameter reduces, the effective energy storage ratio 612 
increases, indicating a more effective LHTES system. This is because as the flow rate 613 
drops with decreasing inner tube diameter, HTF flowing into the tube could discharge 614 
more heat to PCM before it flows out of the tube, which plays a vital role in the 615 
increase of the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠. The pressure loss of pipe does not 616 
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vary with the inner tube diameter, according to the equation (28) in section 3.1.1, 617 
when other parameters are kept the same. Therefore, smaller inner tube diameter is 618 
more advantageous to the energy storage effectiveness for the LHTES unit. 619 

3.2 PCM volume ratio 620 

As defined in section 2, PCM volume ratio indicates the proportion of PCM volume in 621 
the shell-and-tube LHTES unit. In this work, by changing the outer tube diameter 𝑑𝑑𝑜𝑜 622 
while keeping the inner tube diameter as constant, PCM volume ratio shows how the 623 
PCM layer thickness affects the energy storage effectiveness in a shell-and-tube unit. 624 
To explore the impact of PCM volume ratio, 17 parametric studies were performed, 625 
by adopting the following values of outer tube diameter 𝑑𝑑𝑜𝑜: 5.5mm, 6mm, 6.5mm, 626 
7mm, 7.5mm, 8mm, 8.5mm, 9mm, 9.5mm, 10mm, 12mm, 14mm, 16mm, 18mm, 627 
20mm, 22mm, 24mm. The according values of PCM volume ratio 𝜆𝜆 varies from 0.17 628 
to 0.96. The effective thermal conductivity was kept the same as 𝑘𝑘eff = 4W/(m ∙ K). 629 
The inner tube diameter was 𝑑𝑑𝑜𝑜 = 5mm and the tube length was 𝐿𝐿 = 5m. The 630 
effects of the PCM volume ratio on the outlet temperature 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 and the effective 631 
energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 are shown in Fig. 11. 632 
 633 

 634 
a) 635 

 636 
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b) 637 
Fig. 11. a) The effect of PCM volume ratio 𝜆𝜆 on 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜; b) The effect of PCM volume 638 

ratio 𝜆𝜆 on 𝐸𝐸𝑠𝑠𝑠𝑠, with Re = 995, 𝑘𝑘eff = 4W/(m ∙ K), fixed 𝐿𝐿/𝑑𝑑𝑖𝑖  639 
 640 

 641 
Fig. 11 shows that as the PCM volume ratio increases, the time when 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 reaches 642 
the specified value increases. However, as PCM volume ratio increases, the effective 643 
energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 increases at the beginning and drops afterward. In other 644 
words, an optimal PCM volume ratio exists, when the effective energy storage ratio 645 
reaches the maximum value. The maximal value of the effective energy storage ratio 646 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 = 3.3777 is achieved when the optimal PCM volume ratio is 𝜆𝜆𝑜𝑜𝑜𝑜 = 0.902. 647 
The appearance of optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 could be explained by the fact 648 
that when 𝜆𝜆 is small, the amount of PCM is small, which leads to relatively low 649 
energy storage capacity. In such case, the potential thermal energy in HTF couldn’t be 650 
extracted thoroughly by PCM and thus a certain amount of heat is wasted by flowing 651 
out the tube directly, rather than being absorbed by PCM. On the other hand, when 652 
𝜆𝜆 is above a certain threshold, even though the PCM amount is larger, the PCM layer 653 
thickness also increases, which results in higher thermal resistance. Therefore, the 654 
heat transfer between HTF and PCM is ineffective for a high value of PCM volume 655 
ratio, i.e. thick PCM layer. The conclusion that an optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 656 
exists, is consistent with Fang et al.’s study [28]. Thus, it is meaningful to investigate 657 
how 𝜆𝜆𝑜𝑜𝑜𝑜 varies under different circumstances, for indicating guidance on practical 658 
designs. 659 

3.3 Fixed PCM volume 660 

In this section, the impacts of varying tube length and outer tube diameter on the 661 
effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠, while the PCM volume is fixed, is investigated. The 662 
inner tube diameter is fixed at 5mm. When the tube length is 5m and the outer tube 663 
diameter is 10mm, the PCM volume is 2.95e-4m3, which is adopted as the fixed 664 
volume. Consequently, as the tube length increases to 7m or decreases to 3m, the 665 
outer tube diameter accordingly decreases to 9mm and increases to 12mm.  666 

 667 
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Fig. 12 The effects of tube length 𝐿𝐿 and outer tube diameter 𝑑𝑑𝑜𝑜 on 𝐸𝐸𝑠𝑠𝑠𝑠,  668 
with fixed PCM volume, Re = 995 669 

 670 
As shown in Fig. 12, when the PCM volume is fixed, a higher tube length would result 671 
in a higher effective energy storage ratio. This could be explained by the fact that a 672 
larger heat transfer area exists for a longer tube, which leads to more effective heat 673 
transfer between PCM and HTF. Thus, increasing tube lengths is always beneficial to 674 
enhance the effective energy storage performance, while it is not true for increasing 675 
outer tube diameters, i.e. PCM volume ratios. This is consistent with the conclusion 676 
drawn in section 3.1 and 3.2, which puts emphasis on the importance of optimizing 677 
the PCM volume ratio to maximize the LHTES system energy storage performance. 678 

3.4 Optimization Analysis 679 

The analysis of the effect of geometric parameters indicates the importance of 680 
choosing a long and thin tube for a shell-and-tube unit. More importantly, an optimal 681 
PCM volume ratio 𝜆𝜆 should be determined to maximize 𝐸𝐸𝑠𝑠𝑠𝑠 and ensure the most 682 
effective energy storage performance of the shell-and-tube LHTES unit. Therefore, a 683 
design optimization guideline is provided by investigating the optimal PCM volume 684 
ratio 𝜆𝜆𝑜𝑜𝑜𝑜 under different geometric parameters of the TES unit and effective 685 
thermal conductivity, for laminar and turbulent flow.  686 
 687 
In the design optimization, the effects of tube length 𝐿𝐿 and inner tube diameter 𝑑𝑑𝑖𝑖 688 
were considered in one dimensionless index: tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖. The 689 
effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 increases as 𝐿𝐿/𝑑𝑑𝑖𝑖  increases. Over 500 sets of 690 
parametric studies for laminar and turbulent flow were performed and the optimal 691 
PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 was found by maximizing 𝐸𝐸𝑠𝑠𝑠𝑠. The plots of optimal PCM 692 
volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 and maximal effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 versus 𝐿𝐿/𝑑𝑑𝑖𝑖 693 
under different 𝑘𝑘eff are exhibited. 694 
 695 
According to studies on the heat transfer enhancement of PCM, the effective thermal 696 
conductivity after enhancement with material additives or encapsulation is mainly 697 
0.5-4W/(m ∙ K) [46]. Even though higher effective thermal conductivity of 10-698 
50W/(m ∙ K) [6, 7, 47] could possibly be achieved, depending on the material 699 
additives type and parameters of the composite, more common values of the 700 
effective thermal conductivity 𝑘𝑘eff were mainly investigated in this study: 701 
0.14W/(m ∙ K) (pure PCM), 0.5W/(m ∙ K), 1W/(m ∙ K), 2W/(m ∙ K), 4W/(m ∙ K). 702 
An additional set of 𝑘𝑘eff = 20W/(m ∙ K) was applied for the comparison purpose.  703 

3.4.1 Laminar flow 704 

The design optimization of the laminar flow was based upon the settings mentioned 705 
in section 3.3. The inner tube diameter 𝑑𝑑𝑖𝑖 = 5mm was adopted as constant 706 
throughout the following studies. The tube length was chosen to be: 𝐿𝐿 = 3m, 4m, 707 
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5m, 6m, 7m and 8m. The Reynolds number Re = 995 is estimated according to 708 
below settings: 𝑢𝑢𝑖𝑖𝑖𝑖 = 0.2m/s, 𝜇𝜇𝑤𝑤 = 0.001003kg/(m ∙ s), 𝜌𝜌𝑤𝑤 = 998.2kg/m3. The 709 
outer tube diameter 𝑑𝑑𝑜𝑜 = 6m, 6.5m, 7m, 8m, 9m, 10m, 12m, 14m and 18m, 710 
keeping the PCM volume ratio 𝜆𝜆 varying from 0.31 to 0.92. The according value of 711 
the tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  varied from 600 to 1600. All combinations of 712 
the above parameters were numerically performed and the results of 270 parametric 713 
studies in total are discussed. 714 
 715 

      (a) 𝑘𝑘eff = 0.14W/(m ∙ K)     (b) 𝑘𝑘eff = 0.5W/(m ∙ K) 716 
 717 

       (c) 𝑘𝑘eff = 1W/(m ∙ K)         (d) 𝑘𝑘eff = 2W/(m ∙ K) 718 

 (e) 𝑘𝑘eff = 4W/(m ∙ K)  719 
Fig. 13. The effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 versus PCM volume ratio 𝜆𝜆 and tube 720 
length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  under different effective thermal conductivity 𝑘𝑘eff, with 721 
Re = 995 722 
 723 
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Fig. 13. shows the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 varying with PCM volume ratio 724 
𝜆𝜆 and tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  under different effective thermal 725 
conductivity 𝑘𝑘eff. It is clearly shown that the trend of 𝐸𝐸𝑠𝑠𝑠𝑠 with varying 𝜆𝜆 and 𝐿𝐿/𝑑𝑑𝑖𝑖  726 
is consistent with the results in section 4. As shown in Fig. 13, a higher value of 𝑘𝑘eff 727 
could noticeably increase the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠. It should be noted 728 
that increasing 𝑘𝑘eff is only effective in enhancing 𝐸𝐸𝑠𝑠𝑠𝑠 when 𝜆𝜆 is above certain 729 
threshold, when 𝐿𝐿/𝑑𝑑𝑖𝑖  is fixed. For instance, when 𝑘𝑘eff = 0.14W/(m ∙ K), 𝐸𝐸𝑠𝑠𝑠𝑠 was 730 
limited in the range of 0-2.0 and most of the time the system is ineffective (𝐸𝐸𝑠𝑠𝑠𝑠 < 1). 731 
In contrast, for the case of 𝑘𝑘eff = 4W/(m ∙ K), except when 𝐿𝐿/𝑑𝑑𝑖𝑖  is low and 𝜆𝜆 is 732 
high, most cases are effective (𝐸𝐸𝑠𝑠𝑠𝑠 > 1). This can be explained by the fact that under 733 
the same geometry, the higher thermal conductivity increases the heat transfer rate 734 
between HTF and PCM and thus the energy storage is more effective. Overall, it can 735 
be concluded that choosing a higher value 𝑘𝑘eff is crucial to enhance the 736 
effectiveness of the energy storage system.  737 
 738 

 739 
(a) Optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 740 

 741 
(b) Maximal effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜  742 

Fig. 14. Design optimization of laminar flow (Re = 995) 743 
 744 
By picking out the optimal PCM volume ratio case under specific 𝐿𝐿/𝑑𝑑𝑖𝑖  and 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 in 745 
Fig. 13, a quantitative relationship of optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜  and maximal 746 
effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 versus 𝐿𝐿/𝑑𝑑𝑖𝑖  with varying 𝑘𝑘eff is summarized in 747 
Fig. 14. It can be observed that when either the tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  or 748 
effective thermal conductivity 𝑘𝑘eff is increasing, both 𝜆𝜆𝑜𝑜𝑜𝑜 and 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 are increasing. 749 
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When longer tube, smaller inner tube or higher effective thermal conductivity are 750 
available, the PCM volume ratio should be increased accordingly to ensure the energy 751 
storage potential of the LHTES unit with PCM could be fully utilized. The significance 752 
of the design optimization figure lies in that it indicates clear quantitative guidance for 753 
the designer to choose a proper PCM layer thickness for the shell-and-tube. Even 754 
though it is demonstrated that higher 𝑘𝑘eff  would always lead to a more effective 755 
energy storage system, it should be also considered that higher 𝑘𝑘eff could mean using 756 
more expensive materials for heat transfer enhancement. Therefore, it is up to the 757 
designer to choose a proper approach to enhance the PCM thermal conductivity, as 758 
long as the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 is satisfactory for specific applications. 759 

3.4.2 Fully turbulent flow 760 

 761 
As for the parametric study setting for turbulent flow, the inner tube diameter 𝑑𝑑𝑖𝑖 =762 
22mm was kept as constant. The tube length was selected as 𝐿𝐿 = 11m, 13m, 763 
15m, 17m, 19m, 21m and 23m, which kept the tube length-diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  764 
varying from 500 to 1045. The Reynolds number Re = 13134 is estimated by 765 
𝑢𝑢𝑖𝑖𝑖𝑖 = 0.6m/s, 𝜇𝜇𝑤𝑤 = 0.001003kg/(m ∙ s), 𝜌𝜌𝑤𝑤 = 998.2kg/m3. Instead of 766 
performing all geometric parameter combinations by specifying the outer tube 767 
diameter 𝑑𝑑𝑜𝑜 directly, for turbulent flow, the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 was 768 
found by keeping 𝑑𝑑𝑜𝑜 as an integer in the unit of millimeter. Accordingly, PCM 769 
volume ratio varies from 0.16. Over 150 parametric studies were performed 770 
numerically in total. The design optimization results of turbulent flow are shown in 771 
Fig. 15. 772 

 773 
(a) Parametric study results of 𝑘𝑘eff = 4W/(m ∙ K) 774 
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 775 
(b) Optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 776 

 777 

(c) Maximal effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜  778 
Fig. 15. Design optimization of turbulent flow (Re = 13134) 779 

 780 
Fig. 15 (a) shows an example of parametric study results when the effective thermal 781 
conductivity is 4W/(m ∙ K). As discussed in the laminar flow section, optimal PCM 782 
volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 also exists for turbulent flow. When PCM volume ratio increases 783 
from 0.16, the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 firstly increases and then 784 
decreases. By selecting the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 for different 𝐿𝐿/𝑑𝑑𝑖𝑖  in the 785 
example in Fig. 15 (a), the plot of 𝜆𝜆𝑜𝑜𝑜𝑜 and the maximal effective energy storage ratio 786 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 under different 𝑘𝑘𝑒𝑒𝑒𝑒𝑒𝑒 are shown in Fig. 15 (b) and (c), respectively. It could be 787 
observed that when Reynolds number is 13134, the TES unit under the optimal PCM 788 
volume ratio is effective (𝐸𝐸𝑠𝑠𝑠𝑠 > 1) most of the time, even when 𝐿𝐿/𝑑𝑑𝑖𝑖 or 𝑘𝑘eff is 789 
relatively low. 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 and 𝜆𝜆𝑜𝑜𝑜𝑜 increases as 𝐿𝐿/𝑑𝑑𝑖𝑖  or 𝑘𝑘eff increases. The results 790 
indicate that for higher effective thermal conductivity, PCM thickness should be 791 
increased to achieve the optimal PCM volume ratio, which could vary from 0.1-0.6, 792 
based on chosen parameters 𝐿𝐿/𝑑𝑑𝑖𝑖. The results provide quantitative guidance 793 
towards the design optimization when HTF is turbulent in the pipe, which could serve 794 
as a reference for when designing the tube-in-tank LHTES systems. 795 

3.4.3 Comparison 796 

Fig. 16 shows the comparison of design optimization results between the laminar 797 
and fully turbulent flow. It is important to point out that laminar flow shows better 798 
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energy storage performance than turbulent flow, in terms of the effective energy 799 
storage ratio. As shown in Fig. 16 (b), under the same tube length-diameter ratio 800 
𝐿𝐿/𝑑𝑑𝑖𝑖  and effective thermal conductivity 𝑘𝑘eff, the maximal effective energy storage 801 
ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 is generally higher for laminar flow than for turbulent flow, when 𝐿𝐿/𝑑𝑑𝑖𝑖  802 
is larger than 800. On the other hand, when 𝐿𝐿/𝑑𝑑𝑖𝑖  is around or even smaller than 803 
600, the TES unit with laminar flow is essentially ineffective (𝐸𝐸𝑠𝑠𝑠𝑠 < 1), while 804 
turbulent flow could keep the TES unit effective (𝐸𝐸𝑠𝑠𝑠𝑠 > 1). The enhancement of 𝑘𝑘eff 805 
only showed noticeable effects in increasing 𝐸𝐸𝑠𝑠𝑠𝑠 when 𝐿𝐿/𝑑𝑑𝑖𝑖 is above a certain 806 
threshold: around 800 for laminar flow and around 600 for fully turbulent flow. In 807 
short, a TES unit with the long and thin tube, high effective thermal conductivity of 808 
PCM and laminar flow for HTF is recommended. Fig. 16 (a) gives guidance on how to 809 
choose the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 to ensure the maximum effective energy 810 
storage ratio. It should be noticed that the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 of 811 
turbulent flow is generally smaller than the one of laminar flow under the same 812 
𝐿𝐿/𝑑𝑑𝑖𝑖  and 𝑘𝑘eff. 813 
 814 
The charging rate is mainly determined by the Reynolds number, which is closely 815 
related to the flow rate of HTF. As shown in Fig. 16 (c), when the Reynolds number is 816 
13134, i.e. turbulent flow, the charging rate is between 4000W and 6000W. In 817 
contrast, the charging rate remains below 100W for laminar flow when the Reynolds 818 
number is 995, which is significantly lower. This is because when Reynolds number is 819 
higher, the flow rate of HTF is accordingly higher, which leads to faster heat transfer 820 
between HTF and PCM. Therefore, turbulent flow is helpful in increasing the heat 821 
transfer rate. In this work, fully turbulent flow increases the charging rate by 50 822 
times. 823 
 824 
Fig. 16 (d) compares the capacity effectiveness 𝜑𝜑 under optimal PCM volume ratio 825 
between the laminar and turbulent flow. Even though no clear pattern could be 826 
observed respectively for laminar and turbulent flow, the TES unit with turbulent 827 
flow shows more effective capacity utilization in general, under the same 𝐿𝐿/𝑑𝑑𝑖𝑖  and 828 
𝑘𝑘eff. The capacity effectiveness of turbulent flow is always larger than 0.6, while for 829 
laminar flow, the capacity effectiveness varies from 0.2 to 0.7, depending on the 830 
choice of 𝐿𝐿/𝑑𝑑𝑖𝑖 and 𝑘𝑘eff.  831 
 832 
A set of parametric studies when 𝑘𝑘eff = 20W/(m ∙ K) was added for both laminar 833 
and fully turbulent flow for comparison. As shown in Fig. 16 (b), when 𝐿𝐿/𝑑𝑑𝑖𝑖  is 834 
between 500 and 800, the advantage of fully turbulent flow over laminar flow is 835 
more significant, when 𝑘𝑘eff reaches 20W/(m ∙ K). Meanwhile, when 𝐿𝐿/𝑑𝑑𝑖𝑖  is over 836 
850, the difference of 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 between laminar flow and fully turbulent flow becomes 837 
smaller. In general, it is more meaningful to increase the effective thermal 838 
conductivity 𝑘𝑘eff to a high value for fully turbulent flow, since the enhancement of 839 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 is significant. However, for laminar flow, no obvious enhancement in terms of 840 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 can be observed, when 𝑘𝑘eff increases from 4W/(m ∙ K) to 20W/(m ∙ K). 841 
 842 
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 843 
(a) Optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 844 

 845 
(b) Maximal effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 846 

 847 
(c) Charging rate 𝑞𝑞𝑐𝑐 848 

 849 

(d) Capacity effectiveness 𝜑𝜑 850 
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Fig. 16. Optimization comparison between laminar (Re = 995) and fully turbulent 851 
flow (Re = 13,134) 852 

 853 

3.4.4 Low-Re turbulent region 854 

To investigate the energy storage performance when HTF is in the low Reynolds 855 
number region, all model settings and parameters were set the same as the ones for 856 
fully turbulent flow in section 5.2, except that the inlet velocity of HTF was chosen as 857 
0.2m/s and the tube length was controlled from 9m to 17m. The according Reynolds 858 
number is 4379, which is at the beginning of the turbulent region for pipe flow. Over 859 
100 parametric studies were performed for flow in the low-Re turbulent region and 860 
the results are shown in Fig. 17. 861 
 862 
Unlike the results for HTF in the fully turbulent region, the maximal effective energy 863 
storage ratio under optimal PCM volume ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 of low-Re turbulent flow is 864 
higher than the one of laminar flow, under the same 𝐿𝐿/𝑑𝑑𝑖𝑖  and 𝑘𝑘eff, as shown in Fig. 865 
17 (b). This conclusion is worth noticing since it means that turbulent flow is 866 
advantageous for the TES unit when the Reynolds number is low, even though a 867 
higher Reynolds number would lead to lower 𝐸𝐸𝑠𝑠𝑠𝑠. 868 
 869 
The trend of optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 is similar to the one when the Reynolds 870 
number is 13,134: as 𝐿𝐿/𝑑𝑑𝑖𝑖  or 𝑘𝑘eff increases, 𝜆𝜆𝑜𝑜𝑜𝑜 increases. Moreover, the optimal 871 
PCM volume ratio of low-Re turbulent flow is generally lower than the one of laminar 872 
flow. Higher 𝑘𝑘eff leads to a lower charging rate at optimal PCM volume ratio for 873 
low-Re turbulent flow. The charging rate of the low-Re turbulent flow is from 1400W 874 
to 1900W, which is lower than the charging rate of fully turbulent flow. However, it 875 
is still around 20 times higher than the charging rate of laminar flow. There is no 876 
general trend of capacity effectiveness 𝜑𝜑 for low-Re turbulent flow. The capacity 877 
effectiveness of low-Re turbulent flow is larger than 0.6, which is generally higher 878 
than the capacity effectiveness of laminar flow. 879 

 880 

 881 
(a) Optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 882 

 883 



31 
 

 884 
(b) Maximal effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 885 

 886 
(c) Charging rate 𝑞𝑞𝑐𝑐 887 

 888 
(d) Capacity effectiveness 𝜑𝜑 889 

Fig. 17. Optimization comparison between laminar (Re = 995) and low-Re turbulent 890 
flow (Re = 4,379) 891 

4 Conclusion 892 

This work provides a thorough numerical analysis of the shell-and-tube LHTES device 893 
concerning the impacts of design parameters including the tube length-diameter 894 
ratio 𝐿𝐿/𝑑𝑑𝑖𝑖, PCM volume ratio 𝜆𝜆 under various effective thermal conductivities 𝑘𝑘eff 895 
and flow conditions (laminar versus turbulent). Over 500 sets of parametric studies 896 
were performed to optimize 𝜆𝜆 of the shell-and-tube LHTES unit by maximizing 𝐸𝐸𝑠𝑠𝑠𝑠. 897 
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The design optimization for both laminar and turbulent flow was developed as 898 
guidance. 899 
 900 

• The results of impacts of design parameters show that as tube length-901 
diameter ratio 𝐿𝐿/𝑑𝑑𝑖𝑖  increases, the effective energy storage ratio 𝐸𝐸𝑠𝑠𝑠𝑠 902 
increases. This is because a higher tube length leads to a larger heat transfer 903 
area, while a smaller inner diameter reduces the HTF flow rate, which means 904 
that HTF could discharge more heat to PCM before it flows out of the tube. 905 

• 𝐸𝐸𝑠𝑠𝑠𝑠 captures effects from geometric arrangements and leads to an optimal 906 
PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜. When 𝜆𝜆 is too small, the storage capacity of PCM is 907 
consequently small and thus a certain amount of heat in HTF is wasted by 908 
flowing out the tube directly. However, if 𝜆𝜆 is too large, the thermal 909 
resistance of PCM would be large enough to hinder the effective heat transfer 910 
and the PCM far from the inner tube shows ineffective energy storage. 911 
Therefore, an optimal PCM volume ratio exists and it is important to optimize 912 
𝜆𝜆 to achieve the best energy storage performance. 913 

• Increasing 𝑘𝑘eff is only effective in enhancing 𝐸𝐸𝑠𝑠𝑠𝑠 when 𝜆𝜆 is above a certain 914 
threshold, when 𝐿𝐿/𝑑𝑑𝑖𝑖  is fixed. 915 

• The design optimization process optimizes 𝜆𝜆 by maximizing 𝐸𝐸𝑠𝑠𝑠𝑠, which gives 916 
the optimal PCM volume ratio 𝜆𝜆𝑜𝑜𝑜𝑜 and the maximal effective energy storage 917 
ratio 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜. It is shown that as 𝐿𝐿/𝑑𝑑𝑖𝑖  or 𝑘𝑘eff increases, 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 and 𝜆𝜆𝑜𝑜𝑜𝑜 918 
increases. 919 

• Laminar flows (Re = 995) generally show higher 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜, than fully turbulent 920 

flows (Re = 13134), under the same 𝐿𝐿/𝑑𝑑𝑖𝑖 and 𝑘𝑘eff. In summary, an LHTES 921 
unit with a long and small tube, high effective thermal conductivity of PCM 922 
and laminar flow for HTF is recommended. 923 

• With fully turbulent flow, the charging rate 𝑞𝑞𝑐𝑐 can be 50 times higher, and 924 
the capacity effectiveness 𝜑𝜑 under 𝜆𝜆𝑜𝑜𝑜𝑜 can reach 0.6-0.9 from 0.2-0.8 at 925 
laminar flow conditions. 926 

• The enhancement of 𝑘𝑘eff only noticeably increases 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 when 𝐿𝐿/𝑑𝑑𝑖𝑖  is 927 

above a certain threshold, i.e., around 800 for laminar flow and around 600 928 
for fully turbulent flow. 929 

• Significant enhancement in 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 could be observed when 𝑘𝑘eff increases 930 

from 4W/(m ∙ K) to 20W/(m ∙ K) for fully turbulent flow. Therefore, 931 
increasing the effective thermal conductivity to a higher value is 932 
recommended for fully turbulent flow. This is because when the effective 933 
PCM thermal conductivity is 4W/(m ∙ K) for laminar flow, 𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 is reaching 934 
the limit, i.e. the theoretical effective energy storage ratio 𝑄𝑄∞/𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆. Less 935 
energy storage potential could be extracted for laminar flow when increasing 936 
𝑘𝑘eff after 4W/(m ∙ K). 937 

 938 
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It is worth mentioning that HTF in the low-Re turbulent region shows both higher 939 
𝐸𝐸𝑠𝑠𝑠𝑠,𝑜𝑜𝑜𝑜 and charging rate 𝑞𝑞𝑐𝑐 than laminar flow. Considering that the numerical 940 
simulation of pipe flow near the flow transition region may not be precise enough, 941 
further studies in the low-Re turbulence transition region by experiments would be 942 
meaningful. Moreover, the performance index 𝐸𝐸𝑠𝑠𝑠𝑠, based on effectiveness-NTU 943 
theory, can be extended to benchmarking different LHTES systems, and the proposed 944 
optimization framework can be a basis for a standard engineering design method. 945 
 946 
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