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ABSTRACT

This work presents results of the experimental investigation on charging and discharging of latent
heat storage systems (LHSS) in the form of shell-and-tube heat exchangers with a variable arrays
of the tube bundles. The tests included two tube arrangements — in-line and staggered, a variable
number of tubes in a bundle, two pitch ratios, and different tube positions in a bundle. Three
commercial products (LTP56, RT54HC, P1808) from the group of aliphatic hydrocarbons
were used as PCM. Systematic experimental studies have shown that regardless of the type
of the tested PCM, the shortest charging / discharging times for the tested LHSS were
achieved for a bundle of 7 tubes in a staggered arrangement and a pitch ratio of 4.5.
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1. INTRODUCTION

Energy storage is of fundamental importance in many areas of technology (Letcher, 2016).
In the field of thermal technology, storing thermal energy is a challenge (Domanski, 2020). There
are three main ways of storing thermal energy: in the form of sensible heat (SHSS), latent heat
(LHSS) and thermochemically (TCES) (Cabeza, 2015). The choice of the method of storing
thermal energy depends on the operating temperature of the system, whereby thermochemical
reactions are used in TCES at high temperatures (above 400°C), and for a given temperature
range, the thermal energy stored in the form of sensible heat is lower than with the use of phase
change materials (PCM) and much lower than in TCES (Faninger, 2005). In the case of thermal
energy storage, the operating temperature of the system is important. In the temperature
range upto 100°C, the application of PCM is considered the most prospective (Fredi
et al., 2021). The main disadvantage of LHSS with the use of PCM is ineffective heat
transfer, which leads to long charging and discharging rates of the storage systems. Improving
the efficiency of LHSS can be achieved by use of the extended heat transfer surfaces (Khan
et al., 2016).

Hendra et al. (2005) investigated experimentally and numerically charging process
of the horizontal shell- and-tube LHSS consisting of 16 aluminum tubes with an internal
diameter of 1.5 cm. The diameter of the shell - 1 m long, was 26.25 cm. The PCM used
was a mixture of paraffin (60%), animal fat (32%), a wood spices (8%) and vaseline, which
was placed in the shell side. A two-dimensional model for conduction based melting heat
transfer problem in staggered tubes was applied. It has been shown that the convective heat
transfer coefficient between a bundle of tubes and PCM drops sharply in the initial melting
period, after which it reaches a minimum and, except for the highest flux, slowly increases.
Such a course of the convective heat transfer coefficient proves that conduction is the decisive
mechanism of heat transfer in the initial melting period. Trp (2005) studied numerically and
experimentally charging and discharging processes of the vertical shell-and-tube LHSS
consisting of two concentric tubes with 1 m length. The inside tube
(0.033/0.035 m) was made of copper, while outside tube (0.128/0.133) was made of brass.
Paraffin Rubitherm 30 was used as the PCM. The governing conservation equations have
been solved simultaneously with the tube wall and phase change material energy equations.
The enthalpy method for modelling phase change heat transfer has been used. The results show
that application of water as a heat transfer fluid (HTF) results in slow heat transfer rate.
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Agyenim et al. (2010) conducted experimental studies of charging and discharging processes
of a horizontal cylindrical LHSS with a bundle of four horizontally arranged tubes. The shell
with an internal diameter of 146.4 mm and a length of 1 m was made of aluminum, while
the tubes with an external diameter of 28 mm were made of copper. Erythritol was used
as PCM. It was shown, that the mean PCM temperature during LHSS charging was
much higher for a bundle of tubes than for a single tube. The same was true during
the of the LHSS, except for the initial period when the average PCM temperature
dropped sharply, then kept constant for a longer period of time and then dropped sharply
again to a value close to that of the single tube system. The role of free
convection in multitube arrangements is stressed. Kibria et al. (2014) studied numerically
and experimentally heat transfer between HTF and PCM in tube-in-tube horizontal LHSS.
The inner tube (10.8/12.0 mm) and a length of 1 m was made of copper. The inner diameter
of the shell was 36 mm. Paraffin wax was used as PCM. Water as HTF is passed inside
the tube for both charging and discharging cycles. According to the conservation of energy,
asimple numerical method called alternative iteration between thermal resistance
and temperature has been developed for the analysis of heat transfer between the PCM
and HTF. Numerical study reveals thatthe contribution of the inlettemperature of HTF
has much influence than mass flow rate in terms of storage operating time and HTF
outlet temperature. Tube radius is a more important parameter than thickness for better
heat transfer between HTF and PCM. Esapour et al. (2016) investigated
numerically the influence of the number of tubes in a bundle on the paraffin RT
35 melting process. Heating was carried out by a water jacket with a diameter
of 125/95 mm. The shell length was 1000 mm. The tube diameters were selected so that
the amount of PCM was constant for individual cases. The calculations show that
increasing the number of tubes shortens the melting time, irrespective of the mass flow
rate of the HTF and the temperature of the HTF at the inlet to the LHSS. By increasing
the number of tubes from 1 to 4 in the bundle, melt region enlarges and its including
vortices strengthens which leads to a dominated convective heat transfer. Tao and
Carey (2016) performed a numerical study to reveal the effects of molten salt PCM
thermophysical properties on heat and exergy storage performance of a tube-in-tube LHSS.
The inner tube is of 25.0 mm diameter, while the diameter of the shell is 50 mm. The length
of the unit is 1 m. The thickness of the inner tube is neglected. The HTF is a mixture of He/Xe
and as PCM serves salt or salt mixture. The initial temperature for the PCM is set to be 700K,
while the HTF inlet temperature is 950K. The results show that for short time LHS system,
the order of PCM properties effects on heat storage performance is melting
temperature, thermal conductivity, specific heat, density and melting enthalpy successively.
Forlong time heat storage system, the order of PCM properties effects
on heat storage performance is density, melting enthalpy, specific heat, melting
temperature and thermal conductivity successively. Gasia et al. (2017) investigated
the LHSS charging process consisting of 49 smooth or ribbed stainless steel tubes,
placed in a rectangular stainless steel casing. The volume of PCM, which was the RTS8
substance, was 0.145 m® for a bundle of smooth tubes and 0.141 m® for a bundle of finned
tubes. The test results were compared with the data obtained for LHSSs built by VITO
and Glen Dimplex (GDC) with similar PCM capacities, with VITO's LHSS having 8 finned
aluminum tube bundle and the Glen Dimplex LHSS consisting of 49 plain stainless steel tube
bundle. It was shown that the ribbing of the tube surface has a significant impact on the total
heat transfer only in the initial LHSS charging period, when the dominant heat transfer
mechanism is conduction and the heat transfer intensity is determined by the thermal
resistance of the system, which is the smaller the larger the heat transfer area. As the melting
process is more advanced and more liquid phase occurs, convection becomes
the dominant heat transfer mechanism, and surface finning is no longer of such importance.
Han et al. (2017) numerically investigated the melting process of PCM, which
was an eutectic mixture of KNO3; (60wt%) and NaNO; (40 wt%) in LHSS with the six HTF inlet
configurations. The performed calculations show, that the shortest melting times were
obtained for the horizontal cylinder model and vertical cylinder model with HTF inlet
at the bottom (PCM was inside the tube). The longest melting time was for the vertical pipe
model with HTF inlet at the top (PCM was inside the tube and the HTF was flowing a cylindrical
annulus). The longest melting time of PCM results from the minimal influence of free
convection on the heat transfer process for this configuration. Kousha et al. (2017)
experimentally studied impact of the inclination angle on the performance of a tube-in-
tube storage unit.
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The inner tube (10.7/12.7 mm) and a length of 380 mm was made of copper. The inner diameter
of the shell — made of Plexiglas, was 70 mm. Paraffin RT35 was used as PCM. Results show that
as the inlet temperature increases melting process accelerates and complete melting time
reduces. Results also indicated that the rate of melting process in the first half of the process
is more in the horizontal system with respect to the other inclinations. It is also revealed
that the angle’s variation doesn’t affect the rate of heat transfer and the temperature
during solidification which is due to the domination of conduction in this process. Tao et al. (2017)
studied numerically influence of the PCM arrangement (PCM in tube side or shell side)
on the performance of a tube-in-tube storage unit. The volume of PCM was the same
for both cases. Mixture of LiF/CaF, was used as PCM. 3-D simulation models with and
without natural convection were established to investigate the effects of PCM
arrangements and natural convection on the charging and discharging performance.
The results show that compared to the commonly used shell-and-tube LHSS unit with PCM
in shell side, the LHSS unit with PCM in tube side can significantly enhance heat storage
rate under the same working conditions and overall dimensions. Natural convection has
significant effects on charging performance, especially when PCM is arranged in tube side.
When natural convection is neglected, PCM melting time can be reduced by 25.4% and latent
heat storage rate can be enhanced by 36.6% with PCM arranged in tube side. When natural
convection is considered, PCM melting time can be reduced by 34.4% and latent heat storage
rate can be enhanced by 54.2% with PCM arranged in tube side. However, natural convection
has little effects on discharging performance even if for the model with PCM in tube side.
Seddegh et al. (2017s) studied experimentally and numerically influence of natural convection
on the performance of vertical cylindrical shell-and-tube latent heat thermal energy storage
system.

A large shell to tube radius ration of 17.5 was applied. A vertical cylindrical container
with a diameter of 0.35 m, a height of 0.5 m, and a capacity of 48.11 L was used. Paraffin
Rubitherm 60 was used as the PCM. A combined conduction/convection model is applied
to investigate the melted PCM'’s convective circulation to better understand the heat transfer
within the liquid PCM.

The results show that during the charging process liquid PCM ascends to the upper part
of the system and the melting front moves downward. Thermal energy is transferred from the HTF
to the liquid PCM through convection in a vertical liquid PCM layer formed around the HTF
pipe. Later on, the high temperature liquid PCM induces horizontal convective circulation
at the upper part of the system. During the discharging process, the results show that
the solidification front moves along both radial and axial directions. Raul et al. (2017)
conducted experimental investigation on the thermal performance of vertical multitube shell-
and-tube unit with PCM in shell side during discharging process. The 7 inner - internally
finned tubes (10.4/16 mm) and a length of 800 mm was made of stainless steel. The inner
diameter of the shell was 100 mm. One tube was placed in the axis of the unit, while other
6 were located on the pitch circle diameter 66.66 mm to maintain the equal amount of PCM
around each tube. Commercially available material A164 was used as PCM. The results
indicate that the energy released and discharging efficiency increase with increasing mass
flow rate and initial PCM temperature and with decreasing inlet HTF temperature. Kuta
et al. (2018) conducted experiments with sensible energy storage by use of shell-and-tube unit
with PCM in shell side. The sensible storage tank of 200 | capacity was filled with water. The
PCM unit consisted of 26 steel tubes with a diameter of 25 mm and capacity of 60 I.
CrodaTherm 53 was used as PCM. It was shown that the heating process of water
with presence of shell-and-tube unit with PCM was 6 times slower compared to the case
without use of shell-and-tube unit with PCM. Simultaneously, shell-and-tube unit with PCM
does not influence heat transfer during water cooling process. Mehta et al. (2019) studied
experimentally and numerically the thermal performance of horizontal and vertical tube-in-tube
unit with PCM in shell side during charging and discharging processes. The length of the unit
was 600 mm. The inside tube (28/30 mm) was made of brass, while the shell (88/92 mm)
was made of stainless steel. Stearic acid was used as PCM. Large number of thermocouples
(45) enabled measurement of temperature distribution in the PCM. Experimental results
shows that horizontal position is better for part load operation as compared to vertical one,
as it requires lesser time to melt half of the PCM mass. 3D numerical simulation based
on enthalpy porosity approach enabled determination of dominant heat transfer mechanism
(natural convection or conduction) during different stages of melting or solidification processes.
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Kudachi et al. (2021) performed experimental and numerical study of the thermal performance
of horizontal shell-and-tube unit with PCM in shell side during charging and discharging processes.
The 7 inner tubes (14/16 mm) and a length of 600 mm was made of copper. The inner diameter
of the shell made of PVC was 108.2 mm. One tube was placed in the axis of the unit, while
other 6 were located on the pitch circle diameter 64 mm. Commercially available organic
mixture OM 65 was used as PCM. It was established that the charging process is twice as long
as discharging stage. The PCM temperature resulting from the numerical calculations was
5to 10 K higher than the measured temperature, which was attributed to the heat losses

which were not included in the calculations. Zaglanmis et al. (2022) studied numerically
melting process of 4 different PCMs, namely RT35, n-eicosane, n-octadecane, and gallium
in the shell side of the shell-and-tube unit. The 9 inner tubes (10/11 mm) and a length
of 500 mm was made of copper. The inner diameter of the shell was 80 mm. The horizontal
and vertical distances between the axis of each tube were assumed as 20 mm. 3D
numerical simulations were conducted by use an enthalpy porosity approach. Itis observed
that the average material temperature, melting speed, and stored energy amount
areincreased as the water inlet temperature increased for all PCMs considered.

It was determined that the melting time of the material is decreased with increase

in the water inlet temperature for all materials. The determined material melting speeds are
ranked as gallium > n-octadecane > RT35 > n-eicosane while the energy storage capacities
are ranked as n-eicosane > n-octadecane > RT35 > gallium.

This work presents the results of experimental research on charging and discharging of LHSS
in the form of shell-and-tube heat exchangers with a variable arrays of the tube bundles.
The tests included two tube arrangements, namely in-line and triangular (staggered),
a variable number of tubes in a bundle from 4 to 7, two pitch ratios (4.5 and 5.0), and different
tube positions in a bundle (with the same number of tubes). Three commercial products
(LTP56, RT54HC, P1808) from the group of aliphatic hydrocarbons were used as PCM
in the research. Gas chromatography showed that LTP56 is a mixture of paraffins, RT54HC
consists of 97% myristic acid and P1808 is a mixture of palmitic acid and stearic acid.

2. EXPERIMENTAL SETUP

The stand for testing thermal energy storage with the use of PCM consists of four basic
systems: thermal energy storage unit, cold water circuit, hot water circuit, and computer-aided data
acquisition system. The schematic diagram of the stand is shown in Fig. 1a, while the view is
shown in Fig. 1b.

b)

a)

Figure 1: Scheme of the experimental stand: == — hot water circuit, Bl — cold water circuit,
H - common cold and hot water circuit, 1 — LHSS, 2 — hot water ultrathermostat, 3 — cold water
ultrathermostat, 4 — pump, 5 — ultrasonic flow meter, 6 — needle valve, 7 — three-way valve,

8— multiplexer, 9 — PC, 10-11- resistance thermometer, 12 — pressure difference transducer

1.1 Tested LHSS

The cylindrical LHSS consisted of a shell made of acrylic glass with outside diameter
of 80 mm, inside diameter of 70 mm, and length L = 400 mm. Tubes forming a bundle were
made of stainless steel 1.4301, with tube diameters OD = 6 mm and ID = 4 mm. Scheme
of the LHSS is shown in Fig. 2a, while the view is shown in Fig. 2b.
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Figure 2: Tested LHSS; a) scheme: 1 — shell, 2 — tube bundle, 3 — inlet/outlet collector, 4 — PCM,

5- insulation; b) view

The tested tube arrangements are shown in Table 1.

number of tubes).

Table 1. Tested tube arrangements

The tests

included two tube
arrangements, namely, in-line and triangular (staggered), a variable number of tubes in a bundle
from 4 to 7, two pitch ratios (4.5 and 5.0), and different tube positions in a bundle (with the same

Tube position/ -
Tube | Number Pitch ratio Filling the
arrangement | of tubes s/d = 5.0 o/d= 4.5 e
7 5.1
6 4.4
In-line
5 3.7
4 2.9
7 5.1
Triangular
S 3.7

1.2 Materials

Three organic commercial materials have been tested: 1) paraffin LTP 56 supplied by Polwax S.A.,
2) fatty acid RT54HC delivered by Rubitherm Technologies GmbH, and 3) fatty acid P1808
supplied by Konimpex Chemicals. Table 2 shows the description of the used materials.
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Table 2. Materials characteristics

Product Substance Chemical formula Fraction
LTP 56 Paraffin C1gH3s to CaoHes 100%
RT54HC Fatty acid C14H2502 97%
Ci16H320, 58%
P1808 Fatty acid P%:‘;H;g‘jd 5o, | 96%
Stearic acid

The detailed chemical composition of the tested materials was determined on the basis
of chromatographic tests using the GC-MS-QP2010 PLUS Shimadzu gas chromatograph (Fig. 3).

Figure 3: Results of the chromatographic analysis: a) LTP56, b) RT54HC, c) P1808
The range of phase transition temperatures, heat of phase transition, and specific heat
of the tested materials, were estimated by the DSC method using the DSC 404 F1 Pegasus
Netzsch differential scanning calorimeter. The results of the analysis are presented in Table 3.

Table 3. DSC characteristics of the tested materials

Parameter LTP56 RT54HC P1808
t [°C] 33.9-63.2 | 46.7-66,1 | 48.3-65.9
" [°C] 40.1-54.9 | 37.9-52,8 | 38.1-535

Cpd [J/(gK)] 2.19 2.46 1.96

Cpd [J/(gK)] 2.21 2.59 2.25

cpd" [W(GK)] 2.19 2.00 2.20

cp [/(gK)] 2.21 2.11 2.31
ro [9/g] 159.4 220.6 178.5
rof 19/l 149.4 206.3 195

1.3 Experimental procedure

Measurements were always started with the discharge process test. In order to ensure
the possibly similar thermal conditions of the discharge process for all tested cases,
the temperature of the LHSS and the entire installation was set at 20°C + 0.5K. A cold water
circuit was used for this, with the appropriate setting of three-way valves (Fig. 1). After the LHSS
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and the installation were isothermal, which took about 10 minutes, molten PCM
at a temperature of 80°C was poured into the LHSS. The LHSS flooding time was about 20 s.
After the LHSS was completely flooded, it was possible to register the PCM temperature
distribution in the shell side. The end of the discharge process was considered to be the state
in which all resistance thermometers placed inside the PCM showed a temperature of 20°C
1 0.5K, which was observed in monitor screen (Fig. 1). The testing of the charging process
was started with heating the installation, omitting the LHSS, to the temperature of 80°C + 0.5K.
For this purpose, a hot water circulation was used with the appropriate setting of three-way valves
(Fig. 1). After the installation achieved an isothermal state, which took about 5 minutes, the three-
way valves were changed, the bypass was closed and hot water was passed through the LHSS
(Fig. 1). From that moment, the recording of the PCM temperature distribution in the shell side
was started. The end of the charging process was considered to be the state in which the
arithmetic mean of the indications of 18 resistance thermometers showing the PCM
temperature differed by £+0.5K during 15 minutes.

3. RESULTS AND DISCUSSION

In order to test the measurement procedure used and at the same time to check the repeatability
of the obtained measurement results, day-to-day charging and discharging processes

of the LHSS with 7 tubes in series in the case of LTP56 and with 6 tubes also in series

in the case of P1808 were carried out. In both cases the pitch ratio was s/d = 5.0. Fig. 4 shows
the temperature courses, calculated as the average of the readings of 18 resistance thermometers
located in the shell side. As can be seen in Fig. 4, for both tests performed, a very good
repeatability of the results was obtained.

a)

Figure 4: Comparison of mean PCM temperatures in the shell side for: a) LTP56, b) P1808

1.4 Effect of the number of tubes in a bundle
As an example Figure 5 shows the average PCM temperature course during the charging
and discharging process for a bundle of tubes in series, with the number of tubes varying from 4 to 7.

175



Figure 5: Influence of the number of tubes in-line configuration on the temperature course for LTP56
during a) charging and b) discharging

Regardless of the type of BCPM, the average temperature during the entire charging process was
the highest and the lowest for a bundle consisting of 7 tubes (red line in Fig. 5).

1.5 Effect of the tube arrangement

As an example Figure 6 shows the average PCM temperature course during the charging
and discharging processes of RT54HC for in-line and staggered tube arrangements for a bundle
of 7 tubes and the same pitch ratio, s/d=4.5.

a) b)

Figure 6: Influence of the tube arrangement on the temperature course for RT54HC during
a) charging and b) discharging

Regardless of the PCM tested shorter discharging times were observed for the staggered
tube arrangement. No influence of examined tube arrangement on charging times was observed.

1.6 Effect of the pitch ratio

As an example Figure 7 shows the temperature course of LTP56 for the staggered tube
arrangement and two pitch ratios, namely s/d= 4.5 and s/d= 5.0. Regardless of the tested
PCM, the more favorable from the point of view of charging and discharging times is the smaller
of the tested pitch ratio, i.e. s/d = 4.5.
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Figure 7: Influence of the pitch ratio on the temperature course for LTP56 during
a) charging and b) discharging

4. CONCLUSIONS

e Because of small value of filling of the shell, defined as a ratio of the volume of the tube bundle
to the shell volume, the higher was the number of tubes the shorter were
the charging/discharging times.

e The staggered tube arrangement was superior over the in-line tube arrangement
for discharging process. No influence of examined tube arrangements on charging times
was observed.

e Of the two pitch ratios tested, the smaller one (s/d = 4.5) turned out to be more favorable from
the point of view of charging and discharging times.
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