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Abstract 11 

The ice storage system is one of the most promising techniques for flexibility 12 

enhancement of building cooling load. In this paper, the performances of smooth-tube 13 

and corrugated-tube heat exchangers for ice storage are compared by experiments and 14 

numerical simulation. The heat transfer process of the ice storage and melting within 15 

the heat exchangers is numerically analyzed used Python. The fast one-dimensional 16 

numerical model is verified by the experimental results. The temperature variation of 17 

the heat transfer fluid (HTF) in the corrugated tube is analyzed and compared with 18 

that in the smooth tube. The results show that under the same conditions, the ice 19 

storage duration of the corrugated tube is shortened by 25% and the melting duration 20 

is shortened by 16% compared with those of the smooth tube. During the ice storage 21 

process, the temperature difference between the inlet and outlet of the heat transfer 22 

fluid in the corrugated tube is 0.4 ℃ less than that of the smooth tube on average. The 23 

temperature change rate is 30% faster than that of the smooth tube. During the 24 



melting process, the temperature difference between the inlet and outlet of the heat 25 

transfer fluid in the corrugated tube is 0.1 ℃ higher than that of the smooth tube on 26 

average, and the temperature change rate of corrugated-tube heat exchanger is 2.5 27 

times and 9 times faster than that of the smooth tube during the ice-storage and 28 

melting process. The corrugated-tube heat exchanger has superior performances in ice 29 

storage system in the comparison with the smooth-tube heat exchanger. 30 
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1.  Introduction 34 

The ice storage system is one of the most promising techniques for flexibility 35 

enhancement of building cooling load [1]. The inner melting ice storage tank is a 36 

widely adopted technique for cold storage air conditioning [2]. Its ice storage tube is 37 

placed in the ice storage tank. The low-temperature glycol solution flows within the 38 

tube, and the water freezes outside the tube. 39 

While due to the low heat transfer coefficient of ice, the thermal resistance 40 

between the refrigeration medium and water increases with the thickness of ice. This 41 

heat transfer characteristic hinders the application of ice storage technology [3]. 42 

Therefore, many experiments [4, 5] and studies [6, 7] focus on enhancement of the 43 

heat transfer of ice storage systems. Heat transfer enhancement techniques can be 44 

divided into active and passive measures. The active measure requires mechanical 45 

assistance or electrostatic field, while the passive one does not require any external 46 

power supply [8, 9]. The passive measure can be summarized into four categories [10], 47 

including enlargement of the heat transfer area [3, 10], improvement of the thermal 48 

conductivity [11], using the PCM microencapsulation [12] and adding the metal foam 49 

[13, 14]. Considering the commercial cost and scheduling performance, the most 50 

commonly used measures are mainly enlargement of the heat transfer area and 51 

improvement of the thermal conductivity, including inserting fins [15] and adopting 52 

the corrugated-tube inserting fins. [16, 17]. 53 

Many studies show that the corrugated-tube heat exchangers are attracting more 54 

and more attention. The anti-scaling performance and thermal compensation of the 55 



corrugated-tube heat exchangers are stronger than those of the smooth-tube heat 56 

exchangers [18,19].  Therefore, the corrugated-tube heat exchangers are widely used 57 

in industry and living. Many experiments have investigated different types of 58 

corrugated tubes. Hu et al. [20] investigated and compared the flow and heat transfer 59 

characteristics of three corrugated tubes (transversely corrugated tube, helically 60 

corrugated tube [21] and outward corrugated tube) by combining experimental and 61 

numerical methods. They concluded that the corrugation could disrupt the boundary 62 

layer development, strengthen the turbulent mixing, reduce the temperature gradient 63 

in the boundary layer, and improve the synergy between the velocity field and the heat 64 

flux field, thus enhancing the heat transfer. Yang et al. [22] studied the turbulent 65 

friction and heat transfer characteristics of four spirally corrugated tubes with various 66 

geometrical parameters. The study concluded that the thermal performances of these 67 

tubes are superior compared to the smooth tubes. Peng et al. [23] conducted an 68 

investigation and optimization of heat transfer performance of spirally corrugated 69 

tubes using the Taguchi method. The study concluded that the corrugation depth and 70 

spacing had major effects on the heat transfer. A larger corrugation depth and smaller 71 

corrugation spacing could improve heat transfer performance. Navickaite et al. [9] 72 

investigated a comparison of heat transfer performance of double corrugated tubes 73 

and smooth tubes for laminar flow conditions. The study concluded that the novel 74 

geometry of corrugated tube affects the fluid by disturbing thermal boundary layers 75 

and modifying the flow profile compared to the smooth tubes as well as by increasing 76 

the area of the inner surface of the tube. Corcoles et al. [24] conducted a 3-D 77 



numerical simulation under turbulent regime of the flow pattern and heat transfer 78 

process in a double pipe heat exchanger at counter flow comparing several types of 79 

inner spirally corrugated tubes. The study concluded that the heat transfer rate, 80 

effectiveness and number of thermal units obtained in the corrugated cases increased 81 

in comparison to the smooth tube. 82 

In previous studies, most researches focused on the inner corrugated tubes, such 83 

as the transversely corrugated tube and the helically corrugated tube. Chen et al. [25] 84 

investigated the heat transfer performance and flow characteristics of turbulent flow 85 

in asymmetrical corrugated tubes by experiments and numerical simulation. The study 86 

concluded that compared with the tube side of the asymmetrical corrugated tubes, the 87 

Nu and the performance evaluation criterion of shell side in the asymmetrical 88 

corrugated tubes is more obvious. While few researches focused on the heat transfer 89 

performance of the outward symmetrical corrugated-tube heat exchanger applied to 90 

ice storage. In this paper, the heat transfer performances of the smooth-tube and 91 

symmetrical corrugated-tube heat exchangers are investigated and compared by the 92 

experiment and numerical simulation. The numerical simulation simplify the 93 

mathematical model and analyze the transient temperature distribution fast during the 94 

ice-storage and melting process, which aims to optimize and adjust the operation 95 

stage of the ice storage project. The temperature of the corresponding positions of the 96 

two heat exchangers is compared to verify the enhancement performance of the 97 

corrugated-tube heat exchanger during the ice storage and melting process. In the 98 

paper, the comparative experiment of the smooth-tube heat exchanger and 99 



corrugated-tube heat exchanger is studied firstly. Then the one-dimensional 100 

mathematical model is established and numerically analyzed by Python. Finally, it is 101 

concluded that corrugated-tube heat exchanger has the superior heat transfer 102 

performances in comparison with the smooth-tube heat exchanger by comparing the 103 

ice-storage and melting rate and temperature distribution characteristics. 104 

 105 

2.  Experimental study 106 

The ice storage system is equipped with the smooth-tube and corrugated-tube ice 107 

storage tank for comparative experiments. The air source heat pump chiller (ASHP) is 108 

used for refrigerating the heat transfer fluid. Ethylene glycol solution with mass 109 

fraction of 25% within the smooth-tube and corrugated-tube heat exchangers is used 110 

as the heat transfer fluid (HTF) to exchange the cold with the phase change material 111 

(PCM) outside the tube. The temperature distribution of HTF and PCM is monitored 112 

and recorded in real time. 113 

2.1. Experimental system 114 

The experimental system of smooth-tube and corrugated-tube heat exchangers is 115 

shown in Fig. 1. The schematic structural diagrams of the two heat exchangers are 116 

shown in Fig. 2 and Fig. 3, respectively.  117 

 118 



 119 

Fig. 1. Experimental system of ice storage and melting   120 

 121 

    122 

(a) Front view                       (b) Side view  123 

Fig. 2. Structural diagram of smooth tubes 124 

 125 
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(a) Front view                      (b) Side view 127 
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Fig. 3. Structural diagram of corrugated tubes 128 

 129 

The temperatures of HTF have been measured with thermal resistances PT100. 130 

The position of resistance thermometer sensors is shown in Fig.1. The location 131 

description of each sensor is shown in Table 1. 132 

 133 

Table 1 Sensor location  134 

Sensors Measurement parameters 

T1、T2 Supply and return water temperature of the ASHP 

T3、T4 Inlet and outlet glycol temperature of the ice-storage tank with smooth tubes 

T5、T8 Outlet glycol temperature of two smooth tubes  

T6、T9 Glycol temperature at the medial positions of two smooth tubes 

T7、T10 Inlet glycol temperature of two smooth tubes 

T11 Water temperature of the ice-storage tank with smooth tubes 

T12、T13 Inlet and outlet glycol temperature of the FTHE 

T14、T15 Inlet and outlet air temperature of the FTHE 

T16、T17 Inlet and outlet glycol temperature of ice storage tank with corrugated tubes 

T18、T21 Outlet glycol temperature of two corrugated tubes 

T19、T22 Glycol temperature at the medial positions of two corrugated tubes 

T20、T23 Inlet glycol temperature of two corrugated tubes 

T24 Water temperature of the ice-storage tank with corrugated tubes 

 135 

2.2. Experimental process 136 

2.2.1.  Ice-storage experiment 137 

The ice storage process of the ice-storage tank requires supply temperatures of 138 

the HTF below 0 ℃, which is achieved by providing chilled glycol from the ASHP to 139 



the heat exchangers. During the ice storage process, the low-temperature glycol 140 

solution enters the smooth-tube heat exchanger and corrugated-tube heat exchanger to 141 

lower the temperature of the water outside the tubes by heat exchange. 142 

The ice storage processes of smooth-tube and corrugated-tube heat exchangers is 143 

transformed by opening and closing different valves. The conversion of valves is 144 

shown in Table 2. During the smooth-tube ice storage experiment, the valve 1, 2, 5 145 

and 6 are opened and other valves are closed. During the corrugated-tube ice storage 146 

experiment, the valve 3, 4, 5, 6 are opened and other valves are closed. The 147 

installation is fully monitored by means of a datalogger with a recording interval of 1 148 

min. 149 

 150 

Table 2  Experimental conversion during the ice storage process 151 

Valves V1 V2 V3 V4 V5 V6 V7 V8 

smooth tube opened opened closed closed opened opened closed closed 
corrugated tube closed closed opened opened opened opened closed closed 

 152 

Since it is difficult to observe the situation inside the ice-storage tank, the level 153 

gauge installed outside the ice-storage tank is used for observing the variation of PCM 154 

volume. During the ice storage process of the smooth-tube heat exchanger, the 155 

ice-storage experiment stops when it is observed that there is no gap between the ice 156 

layer outside the tubes. The rising height (1.1 cm) of liquid level is marked on the 157 

level gauge. In order to ensure that the ice storage capacities of the two ice-storage 158 

tanks are the same, the rising height of the liquid level should be identical. When the 159 



liquid level rises to the same height in the corrugated-tube experiment as in the 160 

smooth-tube experiment, the ice-storage experiment of the corrugated-tube heat 161 

exchanger stops. 162 

2.2.2.  Melting experiment 163 

The melting process of the ice-storage tank requires supply temperatures of the 164 

HTF above 0 ℃. This is achieved using the outdoor air which heats the HTF by 165 

means of the finned tube heat exchanger (FTHE). During the melting process, outdoor 166 

air is blown into the FTHE to exchange heat with the low-temperature glycol solution 167 

from the smooth-tube and corrugated-tube heat exchangers. Then the glycol solution 168 

with increased temperature enters the smooth-tube and corrugated-tube exchangers to 169 

exchange heat with the water outside the tubes, and the low-temperature air is blown 170 

out of the room. 171 

The conversion of smooth-tube and corrugated-tube heat exchangers experiment 172 

is shown in Table 3. During the smooth-tube melting experiment, the valve 1, 2, 7 and 173 

8 are opened and other valves are closed. During the corrugated-tube melting 174 

experiment, the valve 3, 4, 7, 8 are opened and other valves are closed. 175 

 176 

Table 3  Experimental conversion during the melting process 177 

Valves V1 V2 V3 V4 V5 V6 V7 V8 

smooth tube opened opened closed closed closed closed opened opened 
corrugated tube closed closed opened opened closed closed opened opened 

 178 

During the melting process, the experiment stops when the liquid level decreases 179 



to initial position before the ice-storage experiment. The flow direction of HTF is 180 

from top to bottom. There are greater turbulence intensity and larger temperature 181 

difference of water in the upper part of the tank. Therefore, the ice layer above melts 182 

first. The PCM is presented in the form of ice-water mixture. During the melting 183 

process, floating ice floats on the surface of water when the ice layer outside the tubes 184 

is broken. 185 

 186 

2.3. Uncertainty analysis 187 

A theoretical calculation of the thermal resistances shows that the insulation 188 

resistance is much higher than the rest of thermal resistances. Thus, the 189 

thermal-sensors which are attached to the tube wall practically measure the 190 

temperature of the HTF inside the tube [26]. The uncertainty associated with each 191 

measurement value is summarized in Table 4. 192 

Table 4  Accuracy of the measurement equipment 193 

Equipment Model Range Accuracy 

Thermal resistances 

(temperature of the HTF) 
PT100 -30 ℃ to 80 ℃ ± 0.2 ℃ 

Flow meter 

(mass flow rate) 
FS01A 2.3 - 23 m3/h ± 0.0115 m3/h 

Datalogger: RTD input GL840 - ± 0.6 ℃ 

 194 

3.  Numerical modeling 195 



3.1. Physical model 196 

The geometric model of the ice-storage tube is shown in Fig. 4. 197 

 198 

 199 

Fig. 4. Physical model diagram of ice storage 200 

The HTF flows within the tube and exchanges heat with PCM outside the tube. 201 

During the ice storage process, the heat is transferred from the high-temperature PCM 202 

to the low-temperature HTF. During the melting process, the heat is transferred from 203 

the HTF to the PCM and stored in the PCM. The length of the computational domain 204 

is 16.5 m and the diameter of the tube is 20 mm. 205 

The one-dimensional numerical model of the heat transfer characteristics of the 206 

smooth-tube and corrugated-tube heat exchangers is developed, which aims to 207 

simulate the temperature distribution fast during the ice-storage and melting process . 208 

The model is based on the following assumptions: 209 

(1) Axial heat conduction and viscous dissipation of HTF are negligible; 210 

(2) The temperature distributions of the HTF and PCM are uniform at the initial 211 

state; 212 

(3) The thermal resistance and fouling factors of the tube wall are negligible; 213 

(4) Heat loss to the surroundings is negligible; 214 

(5) Natural convection and radiation heat transfer of water is negligible. 215 
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 216 

3.2. Mathematical model 217 

The mathematical model of the heat exchangers is established based on the 218 

rectangular coordinate system considering the thermal characteristics and boundary 219 

conditions of the HTF and the PCM. The tube radius is much smaller than the length 220 

of the tube, so one-dimensional energy balance equation is adopted [27]. 221 

                      
(1)

 
222 

                
(2)

 
223 

The enthalpy method is used to solve the moving boundary problem of the phase 
224 

change process. If the enthalpy of the ice at 0 ℃ is 0 J/kg, the enthalpy of the water 
225 

at 0 ℃ is 334000 J/kg. The enthalpy equation of the PCM is calculated as [28]: 
226 

                       
(3)
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where  (s) is the interval time,  (℃) is the temperature,  (J/kg) is the 228 

enthalpy, and 、  (W/m2) is the source term. 229 

The solid mass fraction is used to describe the ice-water mixing zone. In the full 230 

solid zone, the mass fraction  = 1. When it is the liquid phase,  tends to be 231 

zero. The mass fraction is computed as: 232 
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(4) 233 

where  is the enthalpy of solid phase at 0 ℃ and  is the enthalpy of 234 

liquid phase at 0 ℃. 235 

The energy balance equations can be discretized based on the control volume 236 

integral method and the implicit difference method. The energy balance equation of 237 

HTF is: 238 

 239 

                      
(5) 240 

The energy balance equation of PCM is: 241 

 242 

                          (6) 243 

where  (kg/m3) is the density of the HTF,  [J/(kg·℃)] is the specific heat 244 

capacity of the HTF,  [W/(m·℃)] is the thermal conductivity of the HTF,  (℃) 245 

is the temperature of the HTF,  (m) is the radius of the HTF,  (m) is the radius 246 

of the PCM,  (m/s) is the flow rate of the HTF,  [W/(m2·℃)] is the convection 247 

heat transfer coefficient between the HTF and the PCM, as can be inferred from Eq. 248 

(7) [29, 30]: 249 
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(7) 250 

Smooth tube       

        

(8) 251 

Corrugated tube            

                

(9) 252 

where  and  are the Prandtl number at HTF temperature and PCM 253 

temperature, respectively,  is the length of the computational domain. 254 

The relationship between the temperature and enthalpy of the PCM is defined as: 255 

    

              

(10)

 

256 

The physical properties of the PCM can be expressed as follows [3],  257 

                             (11) 258 

                      (12) 259 

                      
(13)

 
260 

where  [J/(kg·℃)] is the specific heat capacity of the PCM,  [W/(m·℃)] is the 261 

thermal conductivity of the PCM,  (kg/m3) is the density of the PCM, and  (℃) 262 

is the temperature of the PCM. 263 

At the initial time, the temperatures of the HTF are equal to them of the PCM. 264 

The inlet temperatures of both HTF and PCM are defined as . Assuming the 265 

first-type and second-type boundary conditions, the initial and boundary conditions 266 

are defined as: 267 
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 271 

3.3. Numerical solution 272 

In this study, the process of ice storage and melting is modeled and numerically 273 

solved by Python. The computational domain is divided by uniform rectangular grids. 274 

To ensure the accuracy of numerical results, a grid independence test is conducted. 275 

Four different grid systems are selected as examples, including the cases with the 276 

number of grids (i.e. N) of 33, 55, 165 and 275, respectively. The total heat transfer of 277 

the HTF during the ice-storage process for cases with different grid systems is shown 278 

in Fig. 5. As demonstrated in the figure, the predicted dynamic response of total heat 279 

transfer for case with N = 165 agrees well with that with N = 330. Therefore, 280 

considering the calculation cost and independence test results, the number of grids of 281 

165 (grid size is determined as 0.1 m) is selected in the present work. 282 

 283 
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 284 

(a) Total heat transfer of smooth-tube heat exchanger during the ice-storage process 285 

 286 

(b) Total heat transfer of corrugated-tube heat exchanger during the ice-storage process 287 

Fig. 5. Grid independence test 288 
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solved. It is necessary to convert the equation into a form of only one variable . 291 

Firstly, the initial temperature ( and ) of each node are given by the initial 292 

conditions. According to Eq. (10), the Eq. (6) is expressed as the expression of in 293 

order to unify the equation into the form of only one variable . Secondly, the Eq. 294 

(5) and enthalpy equation Eq. (6) are simultaneously solved based on the two-variable 295 

TDMA method to figure out new temperatures ( ) of the HTF and new enthalpy 296 

values ( ) of the PCM for each node. If the new values and initial-time values 297 

satisfies the convergence conditions, the new values are the final solution of this time 298 

layer. Then, 
 

is calculated from  according to Eq. (10). If the convergence 299 

conditions are not satisfied, the new values (  and ) are brought into Eq. (5) 300 

and Eq. (6). The above procedures are iterated until the results are convergent. Lastly, 301 

final values of this time layer are taken as initial values of the next time layer. The 302 

above procedures are iterated to compute temperatures of each time layer. The 303 

numerical algorithm process is shown in Fig. 6. 304 
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Fig. 6. Numerical simulation program 306 
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4.  Results and Discussion 308 

4.1. Experimental results 309 
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The temperature measurements in the inlet and outlet of the HTF within the 311 

corrugated-tube and smooth-tube heat exchangers are shown in Fig. 7.  312 

 313 

 314 

Fig. 7. Inlet and outlet temperature of HTF within the two heat exchangers versus time during the 315 

ice storage process 316 

 317 

The ice-storage duration of the smooth-tube heat exchanger is 7197 s. The 318 

ice-storage duration of the corrugated-tube heat exchanger is 5402 s, which is 319 

shortened by 25% compared with that of the traditional smooth-tube heat exchanger. 320 

The inlet temperature of smooth-tube heat exchanger rapidly declines from 3 ℃ to 321 

-5.7 ℃ during the first 12.51% of the smooth-tube ice storage duration, and is stable 322 

between -5.7 ℃ and -6.1 ℃ during the following period. For the corrugated-tube heat 323 

exchanger, the inlet temperature rapidly declines from 3 ℃ to -4 ℃ during the first 324 

12.96% of the corrugated-tube ice storage duration, and then slowly decreases from 325 
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-4 ℃ to -5.5 ℃. This is because that the HTF temperature is close to the indoor 326 

temperature at the initial stage of the ice storage process. The HTF temperature 327 

decreases rapidly when the ASHP runs and remains stable when the inlet temperature 328 

satisfies the temperature requirements for the experiment. The outlet temperature of 329 

smooth-tube heat exchanger rapidly declines from 3 ℃ to -3 ℃ during water sensible 330 

heat storage period, and slowly decreases from -3 ℃ to -3.5 ℃ during ice latent heat 331 

storage period. For the corrugated-tube exchanger, the outlet temperature rapidly 332 

declines from 3 ℃ to -1.7 ℃ and slowly decreases from -1.7 ℃ to -3.2 ℃.  333 

The average drop rate of the outlet temperature of the corrugated-tube heat 334 

exchanger is 4.1 ℃/h, which is 19.5% faster than that of the smooth-tube heat 335 

exchanger. So the PCM of the corrugated-tube heat exchanger reaches the 336 

solidification point faster.  337 

 338 

Fig. 8. Temperature differences of the two heat exchangers versus time during the ice storage 339 

process 340 
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 341 

As shown in Figure 8, the difference in temperature of the two heat exchangers 342 

between inlet and outlet decreases with the ice-storage time. In addition, it is also seen 343 

from Fig. 8 that the temperature difference between the inlet and outlet of the 344 

corrugated-tube heat exchanger is 0.4 ℃ less than that of the smooth-tube heat 345 

exchanger during ice latent heat storage period. This can be indicated that the heat 346 

exchange between HTF and PCM of corrugated-tube heat exchanger is more 347 

sufficient and the heat transfer performance of corrugated-tube heat exchanger are 348 

superior compared with the smooth-tube heat exchanger. This is because that cyclic 349 

changes of the surface area of the corrugated tube change the fluid flow pattern and 350 

strengthen the fluid mixing. The corrugations disrupt the development of the thermal 351 

boundary layer and improve the convective heat transfer performances. 352 

  353 

4.1.2 Melting process 354 

Fig. 9 shows the inlet and outlet HTF temperature of the corrugated-tube and 355 

smooth-tube heat exchangers. 356 



 357 

Fig. 9. Inlet and outlet temperature of HTF within the two heat exchangers versus time during the 358 

melting process 359 

 360 

The melting duration of the smooth-tube heat exchanger is 16140 s. The melting 361 

duration of the corrugated-tube heat exchangers is 13560 s, which is shortened by 362 

about 43 minutes compared with that of the smooth-tube heat exchangers. The inlet 363 

temperature of smooth-tube heat exchanger increases rapidly from -3.5 ℃ to 1.5 ℃ 364 

during the first 3.1% of the smooth-tube duration, and is stable between 1.5 ℃ and 4 ℃ 365 

during the following period from 500s to 16140s. For the corrugated-tube heat 366 

exchanger, the inlet temperature increases rapidly from -3.5 ℃ to 1 ℃ during the first 367 

4.4% of the corrugated-tube duration, and then slowly increases from 1 ℃ to 3 ℃. 368 

This is because that the temperature of melting in the ice-storage tank is relatively low 369 

during the initial melting period, which increases rapidly when the FTHE runs. When 370 

the HTF temperature satisfies the temperature requirements of the experiment, it 371 
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keeps stable.  372 

 373 

Fig. 10. Temperature differences of the two heat exchangers versus time during the melting 374 

process 375 

 376 

As shown in Fig. 10, the average temperature difference between the inlet and 377 

outlet of smooth-tube heat exchanger is 0.75 ℃ and that of corrugated-tube HTF is 378 

0.85 ℃. The average rising rate of the outlet temperature of smooth-tube and 379 

corrugated-tube heat exchangers is 1.56 ℃/h and 1.73 ℃/h, respectively. 380 

 381 

4.2. Model validation 382 

In the simulation, the initial and boundary conditions are identical to those of the 383 

experiment. The physical parameters of the HTF and PCM are listed in Table 5 and 384 

Table 6. 385 
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Table 5  Physical parameters of PCM 387 

 388 

Table 6  Physical parameters of HTF 389 

HTF 

Density 

(kg/m3) 

Thermal 

conductivity 

[W/(m·℃)] 

Specific heat 

capacity 

[J/(kg·℃)] 

Kinematic 

viscosity 

(m2/s) 

25% glycol 1036 0.45 3.85 1.71×10-6 

 390 

4.2.1  Validation of the ice storage process 391 

The comparisons of the near inlet temperature of HTF between simulation and 392 

experiment during the ice storage process are shown in Fig. 11: 393 

PCM 

Phase 

change 

temperature 

(℃) 

Density 

(kg/m3) 

Specific heat 

capacity 

[J/(kg·℃)] 

Phase 

change 

heat 

(kJ/kg) 

Kinematic 

viscosity 

(m2/s) 

Thermal 

conductivity 

[W/(m·℃)] 

Water 0 
1000 ( l) 

916 ( s ) 

4200 ( l ) 

2090 ( s ) 
334 1.732×10-6 

0.55 ( l ) 

2.22 ( s ) 



 394 

Fig. 11. Comparison of experiment and simulation between smooth-tube and corrugated-tube heat 395 

exchanger during the ice storage process 396 

 397 

Maximum deviation between simulation results and experimental results is 398 

1.5 ℃. The root-mean-square error (RMSE) between the numerical and experimental 399 

results of the smooth-tube and corrugated-tube heat exchanger is 0.94 and 0.31 400 

respectively, which meets the accuracy requirements. The result indicates that the 401 

simulation temperature of smooth-tube heat exchanger is higher than experimental 402 

temperature. This can be attributed to the different convective heat transfer coefficient 403 

between the simulation and real experiment. Also, some thermodynamic properties 404 

are assumed constant in numerical simulation while they may vary in real experiment.  405 

 406 

4.2.2  Validation of the melting process 407 

The comparisons of the near inlet temperature of HTF between simulation and 408 
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experiment during the melting process are shown in Fig. 12: 409 

 410 

Fig. 12. Comparison of experiment and simulation between smooth-tube and corrugated-tube heat 411 

exchanger during the melting process 412 

 413 

The curves of the experimental results and the simulation results are similar and 414 

consistent and data errors are within 0.5 ℃. The RMSE between the numerical and 415 

experimental results of the smooth-tube and corrugated-tube heat exchangers is 0.06 416 

and 0.07 respectively, which meets the accuracy requirements. The agreement 417 

demonstrated the feasibility of the present numerical model in the prediction of 418 

melting process. In this context, it is reasonable and reliable to investigate the melting 419 

performance based on the prediction of the present model. 420 

 421 

4.3. Numerical simulation analysis 422 

4.3.1  Ice storage / melting characteristics 423 

0 2000 4000 6000 8000 10000 12000 14000 16000

-4

-2

0

2

4
Te

m
pe

ra
tu

re
 (℃

)

Time (s)

simulation
experiment

smooth tube

corrugated tube



Fig. 13 shows the ice mass fraction of PCM along the length of the smooth tube 424 

and corrugated tube at different time during the ice storage process. The 425 

low-temperature HTF enters from the inlet of the tube, which leads to the 426 

phenomenon that the inlet position of the tube is first covered with ice during the ice 427 

storage process. Along the axial direction of the tube, the freezing is significantly 428 

delayed and the ice layer around the tube is thinner and thinner. Similarly, the PCM 429 

around the inlet position of the tube melts firstly. Along the axial direction of the tube, 430 

the melting process is also delayed, and the ice outside the end of the tube melts 431 

finally. 432 

 433 

 434 

Fig. 13. Ice mass fraction of smooth-tube and corrugated-tube heat exchangers versus time during 435 

the ice storage process 436 

It is also seen from Fig. 13 that there is a faster solidification rate of 437 

corrugated-tube heat exchanger. The solidification rate of corrugated-tube heat 438 
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exchanger is about 2.5 times faster than that of the smooth-tube heat exchanger. This 439 

indicates that the corrugated-tube heat exchanger has higher heat transfer coefficient 440 

in comparison with the smooth-tube heat exchanger. 441 

The ice mass fraction of PCM within smooth-tube heat exchanger and 442 

corrugated-tube heat exchanger versus time during the melting process is shown in 443 

Fig. 14. The inlet temperature of HTF is higher during the melting process, which 444 

leads to that the ice near the inlet of the tube melts firstly. The melting rate of 445 

corrugated-tube heat exchanger is about 9 times faster than that of the smooth-tube 446 

heat exchanger. 447 

 448 

Fig. 14. Ice mass fraction of smooth-tube and corrugated-tube heat exchangers versus time during 449 

the melting process 450 

 451 

4.3.2  Temperature characteristics 452 

The temperature variation of ice/water with time at different positions of the 453 
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smooth-tube and corrugated-tube heat exchangers during the ice storage process is 454 

shown in Fig. 15 and Fig. 16. At inlet of smooth-tube heat exchanger, the temperature 455 

of the water increases from 2 ℃ to 3 ℃, decreases from 3 ℃ to the freezing point 456 

during water sensible heat storage period and the phase change process undertakes 457 

from 380s to 570s time period. The temperature of the solid ice further drops more 458 

quickly to the temperature of -5.6 ℃ at 1620s, then it remains relatively stable. This is 459 

because that the initial water temperature in the ice-storage tank is lower than the 460 

boundary condition, leading to the small rise of water temperature. While after the 461 

phase change process, the sensible heat transfer rate of ice is higher than that of water, 462 

which is attributed to that the specific heat of the solid ice is lower than that of the 463 

liquid water. At inlet of corrugated-tube heat exchanger, the temperature of the water 464 

increases from 2 ℃ to 3 ℃, decreases from 3 ℃ to the freezing point and the phase 465 

change process undertakes from 250s to 340s time period. The temperature of the 466 

solid ice further drops more quickly to the temperature of -4 ℃ at 650s, then it 467 

decreases relatively slowly. There is a temperature fluctuation between 650s and 468 

1000s because of the fluctuation of the HTF temperature at the same time. At outlet of 469 

smooth-tube and corrugated-tube heat exchanger, the temperature of the water 470 

decreases from 2.5 ℃ to the freezing point and phase change process undertakes from 471 

700s to 3770s and from 550s to 4400s time period, respectively. The temperature of 472 

solid ice drops more quickly to the temperature of -5.6 ℃ and -5.2 ℃, respectively. 473 

The maximum effective solidification duration of PCM within the smooth-tube 474 

heat exchanger is 3070 s, accounting for 42.7% of the smooth-tube ice-storage 475 



duration. While the maximum effective solidification duration of PCM within the 476 

corrugated-tube heat exchanger is 3850s, accounting for 71.3% of the corrugated-tube 477 

ice-storage duration. 478 

 479 

Fig. 15. Temperature variation of the ice/water with time at different positions of smooth-tube heat 480 

exchanger during the ice storage process 481 
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 483 

Fig. 16. Temperature variation of the ice/water with time at different positions of corrugated-tube 484 

heat exchanger during the ice storage process 485 

 486 

Fig. 17 and Fig. 18 depict the temperature variation of ice/water with time at 487 

different positions of the smooth-tube and corrugated-tube heat exchangers during the 488 

melting process. As it is shown in the Fig. 17, the ice temperature at inlet of the 489 

smooth-tube heat exchanger increases from the initial temperature of -3.5 ℃ to the 490 

melting point and the phase change process undertakes from 400s to 660s time period. 491 

The temperature of the liquid water further rises more slowly to the temperature of 492 

1.65 ℃ at 1100s, then it rises slowly and steadily. At the outlet of the smooth-tube 493 

heat exchanger, the temperature of ice increases from the initial temperature of -3.5 ℃ 494 

to the melting point and the phase change process undertakes from 600s to 7300s time 495 

period. The temperature of water further rises more slowly to the temperature of 3.8 ℃ 496 

at 7800s, then it does not change significantly. As it is shown in the Fig. 18, the ice 497 
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temperature at outlet of the corrugated-tube heat exchanger increases from the initial 498 

temperature of -3.5 ℃ to the melting point and the phase change process undertakes 499 

from 500s to 8200s time period. The temperature of the liquid water further rises 500 

more slowly to the temperature of 3.3 ℃ at 8700s, then it remains relatively stable. 501 

The maximum effective melting duration of PCM within the smooth-tube heat 502 

exchanger is 6700 s, accounting for 41.5% of the smooth-tube melting duration. 503 

While the maximum effective melting duration of PCM within the corrugated-tube 504 

heat exchanger is 7700s, accounting for 56.8% of the corrugated-tube melting 505 

duration. 506 

 507 

Fig. 17. Temperature variation of the ice/water with time at different positions of smooth-tube heat 508 

exchanger during the melting process 509 
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 511 

Fig. 18. Temperature variation of the ice/water with time at different positions of corrugated-tube 512 

heat exchanger during the melting process 513 

 514 

5.  Conclusions 515 

In this study, a fast numerical simulation is used to simplify and analyze the ice 516 

thermal storage system with smooth-tube heat exchanger and corrugated-tube heat 517 

exchanger. The performances of smooth-tube heat exchanger and corrugated-tube heat 518 

exchanger for ice storage and melting are compared by experiment and numerical 519 

simulation. The conclusions are drawn as follow: 520 

(1) The simulation results are basically consistent with the experimental results. 521 

The root-mean-square error between the numerical and experimental results of 522 

smooth-tube and corrugated-tube heat exchanger is 0.94 and 0.31 during the ice 523 

storage process, as well as 0.06 and 0.07 during the melting process. This is validated 524 

for the numerical model during ice storage and melting process. It is reasonable and 525 
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reliable to investigate ice-storage and melting performances based on the prediction of 526 

the model. 527 

(2) Under the same conditions, the ice-storage duration and melting duration of 528 

the corrugated-tube heat exchanger is shortened by 25% and 16% compared with 529 

those of the smooth-tube heat exchanger. 530 

(3) During the ice storage process, the temperature difference between the inlet 531 

and outlet of the corrugated tubes is 0.4 ℃ less than that of the smooth tubes. During 532 

the melting process, the temperature difference between the inlet and outlet of the 533 

corrugated-tube heat exchanger is 0.1 ℃ larger than that of the smooth-tube heat 534 

exchanger.  535 

(4) During the ice storage process, the heat exchange rate of the corrugated-tube 536 

heat exchanger is 2.5 times faster than that of the smooth-tube heat exchanger. During 537 

the melting process, the heat exchange rate of the corrugated-tube heat exchanger is 9 538 

times faster than that of the smooth-tube heat exchanger. The heat transfer 539 

performances of corrugated tubes are superior. 540 

 541 
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