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Abstract

The ice storage system is one of the most promising techniques for flexibility
enhancement of building cooling load. In this paper, the performances of smooth-tube
and corrugated-tube heat exchangers for ice storage are compared by experiments and
numerical simulation. The heat transfer process of the ice storage and melting within
the heat exchangers is numerically analyzed used Python. The fast one-dimensional
numerical model is verified by the experimental results. The temperature variation of
the heat transfer fluid (HTF) in the corrugated tube is analyzed and compared with
that in the smooth tube. The results show that under the same conditions, the ice
storage duration of the corrugated tube is shortened by 25% and the melting duration
is shortened by 16% compared with those of the smooth tube. During the ice storage
process, the temperature difference between the inlet and outlet of the heat transfer
fluid in the corrugated tube is 0.4 °C less than that of the smooth tube on average. The

temperature change rate is 30% faster than that of the smooth tube. During the
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melting process, the temperature difference between the inlet and outlet of the heat
transfer fluid in the corrugated tube is 0.1 °C higher than that of the smooth tube on
average, and the temperature change rate of corrugated-tube heat exchanger is 2.5
times and 9 times faster than that of the smooth tube during the ice-storage and
melting process. The corrugated-tube heat exchanger has superior performances in ice

storage system in the comparison with the smooth-tube heat exchanger.

Keywords: Ice storage; Smooth tube; Corrugated tube; Prediction model
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1. Introduction

The ice storage system is one of the most promising techniques for flexibility
enhancement of building cooling load [1]. The inner melting ice storage tank is a
widely adopted technique for cold storage air conditioning [2]. Its ice storage tube is
placed in the ice storage tank. The low-temperature glycol solution flows within the
tube, and the water freezes outside the tube.

While due to the low heat transfer coefficient of ice, the thermal resistance
between the refrigeration medium and water increases with the thickness of ice. This
heat transfer characteristic hinders the application of ice storage technology [3].
Therefore, many experiments [4, 5] and studies [6, 7] focus on enhancement of the
heat transfer of ice storage systems. Heat transfer enhancement techniques can be
divided into active and passive measures. The active measure requires mechanical
assistance or electrostatic field, while the passive one does not require any external
power supply [8, 9]. The passive measure can be summarized into four categories [10],
including enlargement of the heat transfer area [3, 10], improvement of the thermal
conductivity [11], using the PCM microencapsulation [12] and adding the metal foam
[13, 14]. Considering the commercial cost and scheduling performance, the most
commonly used measures are mainly enlargement of the heat transfer area and
improvement of the thermal conductivity, including inserting fins [15] and adopting
the corrugated-tube inserting fins. [16, 17].

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

and more attention. The anti-scaling performance and thermal compensation of the
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corrugated-tube heat exchangers are stronger than those of the smooth-tube heat
exchangers [18,19]. Therefore, the corrugated-tube heat exchangers are widely used
in industry and living. Many experiments have investigated different types of
corrugated tubes. Hu et al. [20] investigated and compared the flow and heat transfer
characteristics of three corrugated tubes (transversely corrugated tube, helically
corrugated tube [21] and outward corrugated tube) by combining experimental and
numerical methods. They concluded that the corrugation could disrupt the boundary
layer development, strengthen the turbulent mixing, reduce the temperature gradient
in the boundary layer, and improve the synergy between the velocity field and the heat
flux field, thus enhancing the heat transfer. Yang et al. [22] studied the turbulent
friction and heat transfer characteristics of four spirally corrugated tubes with various
geometrical parameters. The study concluded that the thermal performances of these
tubes are superior compared to the smooth tubes. Peng et al. [23] conducted an
investigation and optimization of heat transfer performance of spirally corrugated
tubes using the Taguchi method. The study concluded that the corrugation depth and
spacing had major effects on the heat transfer. A larger corrugation depth and smaller
corrugation spacing could improve heat transfer performance. Navickaite et al. [9]
investigated a comparison of heat transfer performance of double corrugated tubes
and smooth tubes for laminar flow conditions. The study concluded that the novel
geometry of corrugated tube affects the fluid by disturbing thermal boundary layers
and modifying the flow profile compared to the smooth tubes as well as by increasing

the area of the inner surface of the tube. Corcoles et al. [24] conducted a 3-D
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numerical simulation under turbulent regime of the flow pattern and heat transfer
process in a double pipe heat exchanger at counter flow comparing several types of
inner spirally corrugated tubes. The study concluded that the heat transfer rate,
effectiveness and number of thermal units obtained in the corrugated cases increased
in comparison to the smooth tube.

In previous studies, most researches focused on the inner corrugated tubes, such
as the transversely corrugated tube and the helically corrugated tube. Chen et al. [25]
investigated the heat transfer performance and flow characteristics of turbulent flow
in asymmetrical corrugated tubes by experiments and numerical simulation. The study
concluded that compared with the tube side of the asymmetrical corrugated tubes, the
Nu and the performance evaluation criterion of shell side in the asymmetrical
corrugated tubes is more obvious. While few researches focused on the heat transfer
performance of the outward symmetrical corrugated-tube heat exchanger applied to
ice storage. In this paper, the heat transfer performances of the smooth-tube and
symmetrical corrugated-tube heat exchangers are investigated and compared by the
experiment and numerical simulation. The numerical simulation simplify the
mathematical model and analyze the transient temperature distribution fast during the
ice-storage and melting process, which aims to optimize and adjust the operation
stage of the ice storage project. The temperature of the corresponding positions of the
two heat exchangers is compared to verify the enhancement performance of the
corrugated-tube heat exchanger during the ice storage and melting process. In the

paper, the comparative experiment of the smooth-tube heat exchanger and
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corrugated-tube heat exchanger is studied firstly. Then the one-dimensional
mathematical model is established and numerically analyzed by Python. Finally, it is
concluded that corrugated-tube heat exchanger has the superior heat transfer
performances in comparison with the smooth-tube heat exchanger by comparing the

ice-storage and melting rate and temperature distribution characteristics.

2. Experimental study

The ice storage system is equipped with the smooth-tube and corrugated-tube ice
storage tank for comparative experiments. The air source heat pump chiller (ASHP) is
used for refrigerating the heat transfer fluid. Ethylene glycol solution with mass
fraction of 25% within the smooth-tube and corrugated-tube heat exchangers is used
as the heat transfer fluid (HTF) to exchange the cold with the phase change material
(PCM) outside the tube. The temperature distribution of HTF and PCM is monitored
and recorded in real time.
2.1. Experimental system

The experimental system of smooth-tube and corrugated-tube heat exchangers is
shown in Fig. 1. The schematic structural diagrams of the two heat exchangers are

shown in Fig. 2 and Fig. 3, respectively.
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128 Fig. 3. Structural diagram of corrugated tubes

129

130 The temperatures of HTF have been measured with thermal resistances PT100.
131 The position of resistance thermometer sensors is shown in Fig.1. The location

132 description of each sensor is shown in Table 1.

133
134 Table 1 Sensor location
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

136  2.2. Experimental process
137 2.2.1. Ice-storage experiment
138 The ice storage process of the ice-storage tank requires supply temperatures of

139  the HTF below 0 °C, which is achieved by providing chilled glycol from the ASHP to
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the heat exchangers. During the ice storage process, the low-temperature glycol
solution enters the smooth-tube heat exchanger and corrugated-tube heat exchanger to
lower the temperature of the water outside the tubes by heat exchange.

The ice storage processes of smooth-tube and corrugated-tube heat exchangers is
transformed by opening and closing different valves. The conversion of valves is
shown in Table 2. During the smooth-tube ice storage experiment, the valve 1, 2, 5
and 6 are opened and other valves are closed. During the corrugated-tube ice storage
experiment, the valve 3, 4, 5, 6 are opened and other valves are closed. The

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

min.
Table 2 Experimental conversion during the ice storage process
Valves V1 V2 V3 V4 V5 A\ V7 V8
smooth tube opened opened closed closed opened opened closed closed
corrugated tube closed closed opened opened opened opened closed closed

Since it is difficult to observe the situation inside the ice-storage tank, the level
gauge installed outside the ice-storage tank is used for observing the variation of PCM
volume. During the ice storage process of the smooth-tube heat exchanger, the
ice-storage experiment stops when it is observed that there is no gap between the ice
layer outside the tubes. The rising height (1.1 cm) of liquid level is marked on the
level gauge. In order to ensure that the ice storage capacities of the two ice-storage

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



160  liquid level rises to the same height in the corrugated-tube experiment as in the
161  smooth-tube experiment, the ice-storage experiment of the corrugated-tube heat
162  exchanger stops.

163 2.2.2. Melting experiment

164 The melting process of the ice-storage tank requires supply temperatures of the
165 HTF above 0 °C. This is achieved using the outdoor air which heats the HTF by
166  means of the finned tube heat exchanger (FTHE). During the melting process, outdoor
167  air is blown into the FTHE to exchange heat with the low-temperature glycol solution
168  from the smooth-tube and corrugated-tube heat exchangers. Then the glycol solution
169  with increased temperature enters the smooth-tube and corrugated-tube exchangers to
170  exchange heat with the water outside the tubes, and the low-temperature air is blown
171 out of the room.

172 The conversion of smooth-tube and corrugated-tube heat exchangers experiment
173 is shown in Table 3. During the smooth-tube melting experiment, the valve 1, 2, 7 and
174 8 are opened and other valves are closed. During the corrugated-tube melting

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

176
177 Table 3 Experimental conversion during the melting process
Valves \4! V2 V3 \Z V5 V6 \% V8
smooth tube opened opened closed closed closed closed opened opened
corrugated tube closed closed opened opened closed closed opened opened
178

179 During the melting process, the experiment stops when the liquid level decreases
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to initial position before the ice-storage experiment. The flow direction of HTF is
from top to bottom. There are greater turbulence intensity and larger temperature
difference of water in the upper part of the tank. Therefore, the ice layer above melts
first. The PCM is presented in the form of ice-water mixture. During the melting
process, floating ice floats on the surface of water when the ice layer outside the tubes

1s broken.

2.3. Uncertainty analysis

A theoretical calculation of the thermal resistances shows that the insulation
resistance is much higher than the rest of thermal resistances. Thus, the
thermal-sensors which are attached to the tube wall practically measure the
temperature of the HTF inside the tube [26]. The uncertainty associated with each
measurement value is summarized in Table 4.

Table 4 Accuracy of the measurement equipment

Equipment Model Range Accuracy

Thermal resistances

PT100 -30 °C to 80 °C +0.2°C
(temperature of the HTF)
Flow meter
FSO1A 2.3-23m%h +0.0115 m*h
(mass flow rate)
Datalogger: RTD input GL840 - +0.6 °C

3. Numerical modeling



196  3.1. Physical model

197 The geometric model of the ice-storage tube is shown in Fig. 4.
198
Adiabatic boundary
ice Tp water PCM
vy TR R, T; f HTF
L

199 Thin
200 Fig. 4. Physical model diagram of ice storage
201 The HTF flows within the tube and exchanges heat with PCM outside the tube.

202 During the ice storage process, the heat is transferred from the high-temperature PCM
203  to the low-temperature HTF. During the melting process, the heat is transferred from
204  the HTF to the PCM and stored in the PCM. The length of the computational domain
205  is 16.5 m and the diameter of the tube is 20 mm.

206 The one-dimensional numerical model of the heat transfer characteristics of the
207  smooth-tube and corrugated-tube heat exchangers is developed, which aims to
208  simulate the temperature distribution fast during the ice-storage and melting process .

209  The model is based on the following assumptions:

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

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

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

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

215 (5) Natural convection and radiation heat transfer of water is negligible.
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3.2. Mathematical model

The mathematical model of the heat exchangers is established based on the
rectangular coordinate system considering the thermal characteristics and boundary
conditions of the HTF and the PCM. The tube radius is much smaller than the length

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

o(pT) = div(i : gradTJ +8S, (D
or c
@eriv(p\?T): div[i-grade+ST (2)
T c

The enthalpy method is used to solve the moving boundary problem of the phase
change process. If the enthalpy of the ice at 0 ‘C is 0 J/kg, the enthalpy of the water

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

8(8’0H) =div(A- gradT )+ S, (3)
T

where 7 (s) is the interval time, 7° (°C) is the temperature, H (J/kg) is the
enthalpy, and S, §, (W/m?) is the source term.

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

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

zero. The mass fraction is computed as:
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m= H (4)
% 1- H. <H<H

water
water

0 H>H

water

where H. _ is the enthalpy of solid phase at 0 °C and H___ is the enthalpy of
liquid phase at 0 °C.
The energy balance equations can be discretized based on the control volume

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

HTF is:

pfcfZI:ZAx (Tfﬁ“ B Tfri): R % (Tfn+1 2Tf,n,-+1 LT )+ /Ofo;ZRZV (T o n+1)

-1 £ i+l fi-1" 2t

2R (1, 7)) (5)

P

The energy balance equation of PCM is:

n+l 4 n+l n+l n+l n+l 4 n+l n+l n+l
PpiAx( n+l _Hn)_ 2213,;71 D Pl _Tp,; 4 ﬂp,m Di Pirl P
i i) 1 1 2 1 1 2
At AT A" Ax A"+ A" Ax
Pi-1 P P+l Pi
2Rhf (T n+l T n+1) (6)
R 2 —R2 fi P

0

where p, (kg/m’) is the density of the HTF, ¢, [J/(kg:°C)] is the specific heat
capacity of the HTF, A. [W/(m-°C)] is the thermal conductivity of the HTF, 7. (°C)
is the temperature of the HTF, R (m) is the radius of the HTF, R (m) is the radius

of the PCM, v (m/s) is the flow rate of the HTF, &, [W/(m?-°C)] is the convection

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

(7) [29, 30]:
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Nu; - A,

po= e 7
" 2R
2R2(Pr )
Smooth tube Nuty =0.012(Re"—280)Pr, *[1+(“7)* || —= (8)
L Plr]D
Corrugated tube Nu, =0.07895Re"**. Pr,™ 9)

where Pr, and Pr, are the Prandtl number at HTF temperature and PCM

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

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

H H < Hice
c
]—;3 = 0 Hice<H<Hwater (10)
H_ water
¢ H 2 Hwater
The physical properties of the PCM can be expressed as follows [3],

¢, =2090 fin+4200(1— fin) (11)
A, =2.22 fin+0.55(1- f) (12)
1000x998 (13)

> = 1000 fin -+ 998(1— fin)

where ¢, [J/(kg-°C)] is the specific heat capacity of the PCM, A, [W/(m-°C)] is the

thermal conductivity of the PCM, P, (kg/m?) is the density of the PCM, and T (°C)
is the temperature of the PCM.

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

The inlet temperatures of both HTF and PCM are defined as 7, . Assuming the

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

are defined as:
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3.3. Numerical solution

In this study, the process of ice storage and melting is modeled and numerically
solved by Python. The computational domain is divided by uniform rectangular grids.
To ensure the accuracy of numerical results, a grid independence test is conducted.
Four different grid systems are selected as examples, including the cases with the
number of grids (i.e. N) of 33, 55, 165 and 275, respectively. The total heat transfer of
the HTF during the ice-storage process for cases with different grid systems is shown
in Fig. 5. As demonstrated in the figure, the predicted dynamic response of total heat
transfer for case with N = 165 agrees well with that with N = 330. Therefore,
considering the calculation cost and independence test results, the number of grids of

165 (grid size is determined as 0.1 m) is selected in the present work.
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289

290 There are two unknown variables Hand 7'in Eq. (6). It cannot be directly
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solved. It is necessary to convert the equation into a form of only one variable H.

Firstly, the initial temperature (7, and T, ) of each node are given by the initial
conditions. According to Eq. (10), the Eq. (6) is expressed as the expression of H pin
order to unify the equation into the form of only one variable /. Secondly, the Eq.

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

TDMA method to figure out new temperatures (7, ) of the HTF and new enthalpy
values ( H,) of the PCM for each node. If the new values and initial-time values

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

layer. Then, Tp,i is calculated from F, according to Eq. (10). If the convergence
conditions are not satisfied, the new values (Tf’[ and H) are brought into Eq. (5)
and Eq. (6). The above procedures are iterated until the results are convergent. Lastly,
final values of this time layer are taken as initial values of the next time layer. The
above procedures are iterated to compute temperatures of each time layer. The

numerical algorithm process is shown in Fig. 6.
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¥

Let k+=1

Yes
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Fig. 6. Numerical simulation program

4. Results and Discussion
4.1. Experimental results

4.1.1 Ice storage process




311 The temperature measurements in the inlet and outlet of the HTF within the

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

313
4F ]
smooth tube
2 corrugated tube ]
3
E -
2
<
2
£ ]
=
0 1000 2000 3000 4000 5000 6000
314 Time (s)
315 Fig. 7. Inlet and outlet temperature of HTF within the two heat exchangers versus time during the
316 ice storage process
317
318 The ice-storage duration of the smooth-tube heat exchanger is 7197 s. The

319  ice-storage duration of the corrugated-tube heat exchanger is 5402 s, which is
320 shortened by 25% compared with that of the traditional smooth-tube heat exchanger.
321 The inlet temperature of smooth-tube heat exchanger rapidly declines from 3 °C to
322 -5.7 °C during the first 12.51% of the smooth-tube ice storage duration, and is stable
323 between -5.7 °C and -6.1 °C during the following period. For the corrugated-tube heat
324  exchanger, the inlet temperature rapidly declines from 3 °C to -4 °C during the first

325  12.96% of the corrugated-tube ice storage duration, and then slowly decreases from
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-4 °C to -5.5 °C. This is because that the HTF temperature is close to the indoor
temperature at the initial stage of the ice storage process. The HTF temperature
decreases rapidly when the ASHP runs and remains stable when the inlet temperature
satisfies the temperature requirements for the experiment. The outlet temperature of
smooth-tube heat exchanger rapidly declines from 3 °C to -3 °C during water sensible
heat storage period, and slowly decreases from -3 °C to -3.5 °C during ice latent heat
storage period. For the corrugated-tube exchanger, the outlet temperature rapidly
declines from 3 °C to -1.7 °C and slowly decreases from -1.7 °C to -3.2 °C.

The average drop rate of the outlet temperature of the corrugated-tube heat
exchanger is 4.1 °C/h, which is 19.5% faster than that of the smooth-tube heat
exchanger. So the PCM of the corrugated-tube heat exchanger reaches the

solidification point faster.

3.0 T T T T

)
(9]
T

1

Temperature difference (°C)

—
(9]
T

1

smooth tube

corrugated tube

10 1 1 1 1
1000 2000 3000 4000 5000 6000
Time (s)

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

process
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As shown in Figure 8, the difference in temperature of the two heat exchangers
between inlet and outlet decreases with the ice-storage time. In addition, it is also seen
from Fig. 8 that the temperature difference between the inlet and outlet of the
corrugated-tube heat exchanger is 0.4 °C less than that of the smooth-tube heat
exchanger during ice latent heat storage period. This can be indicated that the heat
exchange between HTF and PCM of corrugated-tube heat exchanger is more
sufficient and the heat transfer performance of corrugated-tube heat exchanger are
superior compared with the smooth-tube heat exchanger. This is because that cyclic
changes of the surface area of the corrugated tube change the fluid flow pattern and
strengthen the fluid mixing. The corrugations disrupt the development of the thermal

boundary layer and improve the convective heat transfer performances.

4.1.2 Melting process
Fig. 9 shows the inlet and outlet HTF temperature of the corrugated-tube and

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

melting process

The melting duration of the smooth-tube heat exchanger is 16140 s. The melting
duration of the corrugated-tube heat exchangers is 13560 s, which is shortened by
about 43 minutes compared with that of the smooth-tube heat exchangers. The inlet
temperature of smooth-tube heat exchanger increases rapidly from -3.5 °C to 1.5 °C
during the first 3.1% of the smooth-tube duration, and is stable between 1.5 °C and 4 °C
during the following period from 500s to 16140s. For the corrugated-tube heat
exchanger, the inlet temperature increases rapidly from -3.5 °C to 1 °C during the first
4.4% of the corrugated-tube duration, and then slowly increases from 1 °C to 3 °C.
This is because that the temperature of melting in the ice-storage tank is relatively low
during the initial melting period, which increases rapidly when the FTHE runs. When

the HTF temperature satisfies the temperature requirements of the experiment, it



372 keeps stable.
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374 Fig. 10. Temperature differences of the two heat exchangers versus time during the melting
375 process
376
377 As shown in Fig. 10, the average temperature difference between the inlet and

378  outlet of smooth-tube heat exchanger is 0.75 °C and that of corrugated-tube HTF is
379 0.85 °C. The average rising rate of the outlet temperature of smooth-tube and
380  corrugated-tube heat exchangers is 1.56 °C/h and 1.73 °C/h, respectively.

381

382  4.2. Model validation

383 In the simulation, the initial and boundary conditions are identical to those of the
384  experiment. The physical parameters of the HTF and PCM are listed in Table 5 and
385  Table 6.

386



387 Table 5 Physical parameters of PCM

Phase Phase
Specific heat Kinematic Thermal
change Density change
PCM capacity viscosity conductivity
temperature (kg/m®) heat
[J/(kg-°C)] (m%/s) [W/(m-°C)]
(°C) (kJ/kg)
1000 (1) 4200 (1) 0.55(1)
Water 0 334 1.732x10°®
916 (s) 2090 (s) 222(s)
388
389 Table 6 Physical parameters of HTF
Density Thermal Specific heat Kinematic
HTF (kg/m®) conductivity capacity viscosity
[W/(m-°C)] [J/(kg-°C)] (m%/s)
25% glycol 1036 0.45 3.85 1.71x10°°
390
391 4.2.1 Validation of the ice storage process
392 The comparisons of the near inlet temperature of HTF between simulation and

393  experiment during the ice storage process are shown in Fig. 11:
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Fig. 11. Comparison of experiment and simulation between smooth-tube and corrugated-tube heat

exchanger during the ice storage process

Maximum deviation between simulation results and experimental results is
1.5 °C. The root-mean-square error (RMSE) between the numerical and experimental
results of the smooth-tube and corrugated-tube heat exchanger is 0.94 and 0.31
respectively, which meets the accuracy requirements. The result indicates that the
simulation temperature of smooth-tube heat exchanger is higher than experimental
temperature. This can be attributed to the different convective heat transfer coefficient
between the simulation and real experiment. Also, some thermodynamic properties

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

4.2.2  Validation of the melting process

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



409  experiment during the melting process are shown in Fig. 12:
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411 Fig. 12. Comparison of experiment and simulation between smooth-tube and corrugated-tube heat

412 exchanger during the melting process
413
414 The curves of the experimental results and the simulation results are similar and

415  consistent and data errors are within 0.5 °C. The RMSE between the numerical and
416  experimental results of the smooth-tube and corrugated-tube heat exchangers is 0.06
417 and 0.07 respectively, which meets the accuracy requirements. The agreement
418  demonstrated the feasibility of the present numerical model in the prediction of
419  melting process. In this context, it is reasonable and reliable to investigate the melting
420  performance based on the prediction of the present model.

421

422 4.3. Numerical simulation analysis

423  4.3.1 Ice storage / melting characteristics
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Fig. 13 shows the ice mass fraction of PCM along the length of the smooth tube
and corrugated tube at different time during the ice storage process. The
low-temperature HTF enters from the inlet of the tube, which leads to the
phenomenon that the inlet position of the tube is first covered with ice during the ice
storage process. Along the axial direction of the tube, the freezing is significantly
delayed and the ice layer around the tube is thinner and thinner. Similarly, the PCM
around the inlet position of the tube melts firstly. Along the axial direction of the tube,
the melting process is also delayed, and the ice outside the end of the tube melts

finally.
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Fig. 13. Ice mass fraction of smooth-tube and corrugated-tube heat exchangers versus time during
the ice storage process
It is also seen from Fig. 13 that there is a faster solidification rate of

corrugated-tube heat exchanger. The solidification rate of corrugated-tube heat
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exchanger is about 2.5 times faster than that of the smooth-tube heat exchanger. This
indicates that the corrugated-tube heat exchanger has higher heat transfer coefficient
in comparison with the smooth-tube heat exchanger.

The ice mass fraction of PCM within smooth-tube heat exchanger and
corrugated-tube heat exchanger versus time during the melting process is shown in
Fig. 14. The inlet temperature of HTF is higher during the melting process, which
leads to that the ice near the inlet of the tube melts firstly. The melting rate of
corrugated-tube heat exchanger is about 9 times faster than that of the smooth-tube

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

the melting process

4.3.2 Temperature characteristics

The temperature variation of ice/water with time at different positions of the
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smooth-tube and corrugated-tube heat exchangers during the ice storage process is
shown in Fig. 15 and Fig. 16. At inlet of smooth-tube heat exchanger, the temperature
of the water increases from 2 °C to 3 °C, decreases from 3 °C to the freezing point
during water sensible heat storage period and the phase change process undertakes
from 380s to 570s time period. The temperature of the solid ice further drops more
quickly to the temperature of -5.6 °C at 1620s, then it remains relatively stable. This is
because that the initial water temperature in the ice-storage tank is lower than the
boundary condition, leading to the small rise of water temperature. While after the
phase change process, the sensible heat transfer rate of ice is higher than that of water,
which is attributed to that the specific heat of the solid ice is lower than that of the
liquid water. At inlet of corrugated-tube heat exchanger, the temperature of the water
increases from 2 °C to 3 °C, decreases from 3 °C to the freezing point and the phase
change process undertakes from 250s to 340s time period. The temperature of the
solid ice further drops more quickly to the temperature of -4 °C at 650s, then it
decreases relatively slowly. There is a temperature fluctuation between 650s and
1000s because of the fluctuation of the HTF temperature at the same time. At outlet of
smooth-tube and corrugated-tube heat exchanger, the temperature of the water
decreases from 2.5 °C to the freezing point and phase change process undertakes from
700s to 3770s and from 550s to 4400s time period, respectively. The temperature of
solid ice drops more quickly to the temperature of -5.6 °C and -5.2 °C, respectively.
The maximum effective solidification duration of PCM within the smooth-tube

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



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

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

478  ice-storage duration.
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480  Fig. 15. Temperature variation of the ice/water with time at different positions of smooth-tube heat
481

exchanger during the ice storage process
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Fig. 16. Temperature variation of the ice/water with time at different positions of corrugated-tube

heat exchanger during the ice storage process

Fig. 17 and Fig. 18 depict the temperature variation of ice/water with time at
different positions of the smooth-tube and corrugated-tube heat exchangers during the
melting process. As it is shown in the Fig. 17, the ice temperature at inlet of the
smooth-tube heat exchanger increases from the initial temperature of -3.5 °C to the
melting point and the phase change process undertakes from 400s to 660s time period.
The temperature of the liquid water further rises more slowly to the temperature of
1.65 °C at 1100s, then it rises slowly and steadily. At the outlet of the smooth-tube
heat exchanger, the temperature of ice increases from the initial temperature of -3.5 °C
to the melting point and the phase change process undertakes from 600s to 7300s time
period. The temperature of water further rises more slowly to the temperature of 3.8 °C

at 7800s, then it does not change significantly. As it is shown in the Fig. 18, the ice
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temperature at outlet of the corrugated-tube heat exchanger increases from the initial
temperature of -3.5 °C to the melting point and the phase change process undertakes
from 500s to 8200s time period. The temperature of the liquid water further rises
more slowly to the temperature of 3.3 °C at 8700s, then it remains relatively stable.
The maximum effective melting duration of PCM within the smooth-tube heat
exchanger is 6700 s, accounting for 41.5% of the smooth-tube melting duration.
While the maximum effective melting duration of PCM within the corrugated-tube

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

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

exchanger during the melting process
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Fig. 18. Temperature variation of the ice/water with time at different positions of corrugated-tube

heat exchanger during the melting process

5. Conclusions

In this study, a fast numerical simulation is used to simplify and analyze the ice
thermal storage system with smooth-tube heat exchanger and corrugated-tube heat
exchanger. The performances of smooth-tube heat exchanger and corrugated-tube heat
exchanger for ice storage and melting are compared by experiment and numerical
simulation. The conclusions are drawn as follow:

(1) The simulation results are basically consistent with the experimental results.
The root-mean-square error between the numerical and experimental results of
smooth-tube and corrugated-tube heat exchanger is 0.94 and 0.31 during the ice
storage process, as well as 0.06 and 0.07 during the melting process. This is validated

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

(2) Under the same conditions, the ice-storage duration and melting duration of
the corrugated-tube heat exchanger is shortened by 25% and 16% compared with
those of the smooth-tube heat exchanger.

(3) During the ice storage process, the temperature difference between the inlet
and outlet of the corrugated tubes is 0.4 °C less than that of the smooth tubes. During
the melting process, the temperature difference between the inlet and outlet of the
corrugated-tube heat exchanger is 0.1 °C larger than that of the smooth-tube heat
exchanger.

(4) During the ice storage process, the heat exchange rate of the corrugated-tube
heat exchanger is 2.5 times faster than that of the smooth-tube heat exchanger. During
the melting process, the heat exchange rate of the corrugated-tube heat exchanger is 9
times faster than that of the smooth-tube heat exchanger. The heat transfer

performances of corrugated tubes are superior.
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