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In this experiment effect of two full and half width sinusoidal inner tubes in triplex-tube heat exchanger
with phase change material (PCM) was investigated. Length and diameter of the tubes have been chosen
such that the area of each tube to be the same. Charging and discharging processes were carried out by
inner tube, outer tube and both. Results indicated, PCM melting and solidification time for the full width
sinusoidal inner tube, in the processes of charging and discharging from the inner tube, outer tube and
two sides were shorter than the half width sinusoidal inner tube. Comparing the charging and discharging
processes of these tubes with a straight inner tube indicated significant improvement in the amount and
reduction in time of PCM melting. The melting mode in the straight tube process was incomplete after
about 32.5 hours, however in the case of full and half width sinusoidal inner tube, the melting times were
8 and 10 hours, respectively. Moreover, it was an improvement of 54% in melting time from the outer

tube in the full width sinusoidal tube and 35.8% in the half width sinusoidal tube.
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1. INTRODUCTION

Population growth has led to an increase in the
consumption of energy, which is major challenge of
today’s researchers. This issue has become very
important because of maintenance of worthy resources of
the earth and the management method of their
consumption. Meanwhile, the surplus increase in fossil
fuel consumption is one of the most concerning issues
that have always been discussed. Since this unnecessary
consumption leads to an increase in greenhouse gas
emissions and global warming on the one hand, and on
the other hand, it causes air pollution and its harmful
effects on human health. Therefore, the method of
managing fuel consumption and preventing energy loss
reduces their destructive effects. For this reason, the
storage of thermal energy is one of the most important
topics that have been considered more and scientists are
researching for more efficient ways to store. One of the
most effective of these methods is the use of storage
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systems using the latent heat of phase change materials
(PCMs). The ability to store high thermal energy due to
its high latent heat capacity, various temperature ranges,
many applications in industries, factories, aerospace,
solar cooling, and heating systems, and even home
appliances could be considered as its advantages.
Meanwhile, one of the most important applications of
PCMs is the use of these materials in the heat exchanger.
Heat exchangers are highly efficient equipment for
exchanging heat between two or more fluids. Due to their
wide usage, they have become increasingly important to
agriculture and industry, and due to the high capacity of
heat exchangers using PCMs, many studies have been
carried out on this subject. Use of PCMs has been
reported by Telkes and Raymond [1], Morrison et al. [2]
and Sparrow et al. [3]. Marshall and Dietsche [4] carried
out extensive studies on various applications of these
systems, such as solar thermal systems. The study on
PCM systems continued especially in the field of
fundamental designs, systems and optimization
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processes, the study of transient behavior as well as the
performance of these systems. Ding et al. [5] simulated
the performance of a double pipe exchanger with time-
varying input boundary conditions. In their study, the
temperature and mass flow rate of the input fluid were
linearly changed with time and simulation performed
using enthalpy method. The results indicated with
increasing temperature and mass flow in each mode, the
melting time was decreased and the amount of stored
energy increased. Kibria et al. [6] studied the heat transfer
in the thermal energy storage system of the shell and tube
heat exchangers. They found that increase in the
temperature of the heat transfer fluid is more effective
than increase in the mass flow rate of the heat transfer
fluid in the melting and solidification.

One of the techniques for improving heat transfer in
heat exchangers is the design of heat exchanger
chambers. The PCMs are typically stored in thin and long
heat tubes, cylindrical, or rectangular chambers. The
results indicated that both the rectangular and cylindrical
chambers are more useful than other types. The most
common application was related to shell and tube
geometry, which is 70%. In this type of geometry, the
PCMs are located in a concentric radial space that the
heat transfer fluid flows in the inner tube. Mosafa et al.
[7] investigated a two-dimensional model of shell and
tube heat exchanger with radial fins containing a PCM.
Their results indicated that the process of solidification in
a column shell is faster than that in the rectangular shell.
Spiral tube exchangers are a type of heat exchanger that
in their structure spiral tubes were used instead of straight
tubes. Due to the wider side’s surface of these tubes
comparing to straight tubes, they have higher temperature
than straight tubes and therefore, in the industry,
especially in the chemical, pharmaceutical, and thermal
processing industries, are used mostly [8§—10]. Using the
wide applications of these tubes in the industry, many
studies have also been carried out. Most studies generally
address the variation of the Nusselt number on the inner
surface of these tubes, and in the forced convection
condition, and there were fewer number of studies
conducted on the Nusselt number of the outer surface of
these tubes under free convection conditions. Tarbell and
Samuels [11] applied conservation of energy,
momentum, and continuity for the spiral tubes and
reported the heat transfer coefficient of the internal
surfaces of these tubes under forced convection for
steady state condition using numerical technique. Ali
[12] preformed some experiments on horizontal spiral
tubes in which the air was in laminar flow and the walls
were under various heat fluxes. He stated that by
increasing the number of spirals of used spiral tube, the
average Nusselt number would be reduced. Further,
studying the results, a relationship was presented for
obtaining the Nusselt number of these tubes, which is
independent of the thermal flux and is only a function of

Rayleigh number .

Use of several hot fluid carrier tubes is also another
technique for improving heat transfer in heat exchangers.
Agyenim et al. [13] studied experimentally a shell and a
horizontal tube heat exchanger using PCM with an
average temperature of 177.7 °C. They showed that
application of multi-tubes inside the shell would improve
the heat transfer rate in the charge and discharge process.
Esapour et al. [14] examined the behavior of PCMs in
multi-tube heat exchangers. In this study, water flows as
a working fluid through the inner and outer tube/tubes,
and the middle tube was filled with a phase change
material of RT35. Some researchers have also studied the
use of corrugated tubes as a technique for increasing heat
transfer. In fact, these tubes increased the heat transfer
rate in a double pipe exchanger by mixing the thermal
boundary layer and creating turbulence. Vicenet et al.
[15] examined the heat transfer and friction coefficient
for a turbulent flow in Reynolds and Prandtl numbers
range of 2000-90000 and 2.5-100, respectively. They
observed that the friction coefficient and Nusselt number
increase comparing to the straight tube by 300% and
250%, respectively. Petkhool et al. [16] examined the
increase in heat transfer in an exchanger by a corrugated
tube. They used a corrugated tube as an internal tube of
double pipe heat exchangers. They indicated an increase
in the Nusselt number and friction coefficient of 114%
and 201%, respectively, compare to the straight tube.
Laohalertdecha et al. [17] examined the evaporation heat
transfer and the friction coefficient of the R134-
refrigerant inside a horizontal corrugated tube. They
provided relations for the Nusselt number and the friction
coefficient as a function of the Reynolds number, wave
step and depth, and tube diameter. Chen et al. [18]
examined numerically and experimentally the system of
energy storage with a spiral tube by using paraffin and
compact graphite. They indicated that temperature
difference of heat transfer had important effect on their
storage system and Reynolds number had minor effect
particularly when it is more than 8700.

Various studies have been carried out on the use of
PCMs in heat exchanger. The low thermal conductivity
coefficient of PCMs has been a challenge to energy
exchange. Of course, various studies have been done to
resolve this problem. However, no study has been
performed on the use of a sinusoidal inner tube in triplex-
tube exchanger with phase change materials while
simultaneously charged and discharged from the inner
tube and the outer tube. On the other hand, comparison
has not been made among the changes in the shape of the
middle tube at the same surface area. For this purpose, a
triplex-tube exchanger with two sinusoidal inner tubes
was designed with half width and full width. The effect
of shape of the inner tube on the process of melting and
solidification of PCM were sought. Optimal changes in
the charge rate, and its time were studied using full and
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half width sinusoidal inner tube. Results were also
compared with the straight inner tube.

2. EXPERIMENT SETUP

Two steel tubes with a diameter of 4 and 6 inches, and a
length of 1.2 meters were used. In some studies for
manufacturing these systems, the radial distance between
the tubes was set between 3 and 4 cm to improve the
effective heat conductivity of these systems [19]. Both
tubes were covered with an anti-rust layer. The inner
tubes were placed in the concentric form, and the tips and
the ends of both were covered with metal rings, which
enclosed the space of the two tubes. For the internal tube,
copper metal tube was used. Two inner tubes with the
same surface area with different geometries, which
located inside the heat exchanger as an internal tube,
were used.

It should be noted that in this text the 4 inches width
sinusoidal inner tube is called “full width sinusoidal inner
tube” and the 2 inches width sinusoidal inner tube is
called “half width sinusoidal inner tube”. Schematics of
the system is shown in Figure 1. Figure 2 shows the heat
exchanger with the installed location of the
thermocouples, and the picture of setup.

Type K-thermocouples with an accuracy of + 0.1°C
were used in the inlet and outlet of the water of the heat
exchanger numbered S14-17 as shown in Figure 1. Heat
exchanger was designed with two types of inner tubes
with the same surface areca of different dimensions.
Sinusoidal inner tubes were designed and used shown in
Figures 2-A and B. The thermocouples were installed in
the radial and angular position within the range of the first
turning point of sinusoidal tube at the tube inlet in order
to display the temperature of the PCM inside the heat
exchanger. The location of thermocouples S1-S13 is
shown in Figure 2C. Knowing the measuring accuracy of
thermocouple and the data logger, the uncertainty was
0.06°C. Type Grundfos 60-25 UPS water pump was
used. This linear water-circulating pump has a single-
phase power as shown in Figure 2-D.
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T Thermecouples
Process | Condition of valves
| Valvel | Valve2 | Valved | Vahed
Charge and discharge from the inper fube . Open Open | Close | Close
Charge and discharge from the outer tube Close Close | Open | Open
Charge and discharge from (he both sides Open Open | Open | Open

Valve S used only for the luput of working fluid into the system aud closed during the process
Figure 1.Schematic of experimental setup (S14, S15, S16, and
S17 stand for thermocouples)
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Figure 2. A, B) Schematic of heat xchaner, C) location of
thermocouples and D) experimental setup picture

3. METHODOLOGY

The reservoir, water with volume of 100 liter was
considered and the height required for this volume was
calculated as being 60 cm from the bottom of the tank.
Therefore, the height of reservoir was considered 85 cm.
Temperature of the thermostat was set to 90°C, which
produced temperature of about 80 to 85°C. Filling time
to supply the flow rate by pump for one liter was
measured three times every 1 minute. Then, the supplied
average of flow rate was 11.465 lit/min. Paraffin wax as
phase change material (PCM) was used with the physical
properties as stated in Table 1. The space between the
inner tube and the middle tube was filled with 10 kg of
PCM. In charging tests, water flows inside the heat
exchanger and time spending, temperature differences in
both charge, and discharge process was obtained by
measuring the amount of melted PCM and time required
to complete the melting process. The heat exchanger
performance criterion for these tests is set to recharge it
completely at a shorter time. The experiments were
carried out three times at each stage. After completing the
charging process, in order to perform discharge test,
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TABLE 1. Thermo physical properties of paraffin wax [20, 21]

Properties Values
Thermal conductivity (Solid) 021 WmK
Density (Solid) 930 kg/m?
Density (Liquid) 830 kg/m?
Specific Heat capacity 2.1kl/kgK
Latent heat of fusion 189 kJ/kg
Melting point 66-68 °C

water of reservoir was discharged and filled with the
same amount of water at the ambient temperature, which
is between 13-20°C. The governing equations of heat and
power transfer rate are introduced in the Appendix.

In the discharging tests, looking to which one of the
tubes could accelerate the solidification process and how
much of heat could be absorbed by the PCM in the
charging process. For these tests, following assumptions
were made; the mass flow rate of input fluid is stable, the
temperature of input fluid is in constant range, the effect
of the volume changes on phase change of the solid-
liquid is negligible, and the end of the discharging
process takes place when the temperature of PCM
reaches to around 40°C.

4. RESULTS AND DISCUSSION

4. 1. Analysis of Charge and Discharge from the
Inner Tube Figure 3-a shows the full width
sinusoidal tube at the test of charging from the inner tube.
Except two thermocouples, all of the thermocouples
show the PCM temperature variation of 13-20°C. The
charging process began with entering the hot water at
83°C into the full width sinusoidal inner tube. The
approximate PCM melting times of thermocouples from
the start of the charging process are shown in Table 2.

It can be noticed that the time to reach full charge in
this case is 8.5 hours. It can be concluded that the relative
extremum points of the full width sinusoidal inner tube
acted as a fin, which led to heat up the heat exchanger,
therefore, this issue caused to increase the heat flux and
accelerate the PCM melting process. After full charge of
the heat exchanger, discharging process started by the
flow of water at ambient temperature of 15°C. Figure 3-
b indicates the average S1-S13 temperature of PCM and
their deviation, inlet, outlet from inner tube. It can be
noticed that the highest thermal loss occurs in the first
time step of the discharging. Since, temperature different
between cold water with PCM was higher. Therefore, the
average temperature of all thermocouples within the
PCM reached below 65°C at 8.5 hours from the start of
process. Continuing the discharging process, the
temperature drop is very slow due to the solid layer

Temgeratue (D]

Dachargrg

b

Discharging

Temperature ["C)

Figure 3. a) Temperature profile in process of charge and
discharge of full width sinusoidal inner tube and b) their
average, inlet, outlet, and deviation from average temperature

formation around the inner tube. This solid layer acts like
thermal resistance and thus prevents heat transfer. It was
observed that the PCM average temperature eventually
reaches below 35°C. This process ended after 2.5 hours
with a 4.6°C increase in temperature of the working fluid.
As shown in the figure, the deviation of temperature of
all thermocouples (S1-S13) from the average value is
4.09°C.
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Figure 4. The PCM average, inlet, outlet temperature, and
deviation from average temperature for a) full width sinusoidal
b) half width sinusoidal for charge and charging
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In the half width sinusoidal inner tube, as shown in
Figure 4-a, the PCM temperature varied in the range of
22-23°C from the start of the charging process. Further,
the approximate PCM melting times of thermocouples
from the start of the charging process are also shown in
Table 2. Heat exchanger was fully charged after
approximately 10 hours. Considering the thermocouples
melting process in this case, the melting layer was created
around the inner tube through conduction heat transfer
and then, the growth of molten layer through the
convection heat transfer. It should be noted that
thermocouple S8 was found around the melting point 10
hours after the start of the charging process. This can be
attributed to the reduction of the ambient temperature and
thermal loss of the outer tube. At the end of charging
process, the discharging started. After 30 minutes from
the start of discharging, all of the thermocouples near the
inner tube had the highest temperature drop compared to
the thermocouples farther from the inner tube due to the
conduction heat transfer. Figure 4-b indicates the average
temperature S1-S13 and their deviation of PCM, inlet,
and outlet from the inner tube. It can be noticed that the
highest thermal loss occurs in the first time step of the
discharging of PCM. Therefore, the average temperature
of all thermocouples within the PCM reached below
65°C at around of 10 hours from the start of process. It
was observed that the PCM average temperature
eventually reaches below 35°C. This process ended after
more than 5 hours with an increase in temperature of the
working fluid by 6°C. Moreover, figure shows deviation
of temperature of all thermocouples (S1-S13) from the
average value is 3.32°C.

TABLE 2. Melting point time from the start of the charging
inner tube process

Time (Hours)

Thermocouple

Full Half
S1 4 4.5
S2 4.5 5.5
S3 55 6
S4 5 7
S5 6 7.5
S6 5 5
S7 55 7.5
S8 6.5 8
S9 55 7
S10 6 7.5
S11 4 5
S12 4 6
S13 55 6.5

Further, Table 2 compares full and half width
sinusoidal inner tube. It is clear that melting time in full
width condition in all zones is less than half width
condition. These differences in outer thermocouples are
more than inner thermocouples, e.g. melting time
spending in S5 and S7 are 1.5 and 2 hours, respectively.
In addition, comparing temperature average of both
systems in their maximum can be concluded that
temperature average of full width situation has improved
2.4% to half width.

4. 2. Analysis of Charge and Discharge from the
Outer Tube As shown in Figure 5-a, when the hot
water flow into the outer tube of the heat exchanger
where the full width sinusoidal inner tube is located, the
PCM temperature varied in the range of 32-33 °C before
the start of the charging process from the outer tube. As
shown in Figure 1, it should be noted since the water at
80°C passes through the outer tube in this case; the S16
and S17 thermocouples indicate the inlet and outlet
temperatures. After 30 min from the start of charging,
system was affected by the conduction heat transfer
mechanism. Then the PCM melting started and by
increasing the rate of molten PCM, after one hour from
the beginning of the charging process, the last
thermocouple recorded the melting of PCM.

In the process of discharging from the outer tube,
according to the figure, data shows that the heat
exchanger was completely discharged after 90 min from
the start of flowing cold water inside the outer tube at
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15°C. Moreover, the temperature drop during the
discharging process over the time intervals in this case
was higher than the full width sinusoidal inner tube,
which is due to the increase in heat transfer areca and
formation of more solid PCM layer. In addition, the
figure illustrates the process of heating the water during
the discharging process from the outer tube. Therefore,
the discharging process from the outer tube lasted 90 min
and increased the temperature of working fluid with
ambient temperature by 4.5°C. The average temperature
S1-S13 of all thermocouples within the PCM reached just
under 70°C after 1.5 hours as started and reached 33°C at
the end of process .

Based on Figure 5-b, the hot water flow into the outer
tube of the heat exchanger where the half width
sinusoidal inner tube is located, the PCM temperature
varied in the range of 22-27°C at the start of the charging
process. The charging process from the outer tube started
with flowing hot water at 80°C through the outer tube of
the heat exchanger. After 2 hours from the start of
charging, all thermocouples inside the PCM indicated the
melted PCM temperature. In this case, with starting the
charging process, the solid PCM begins to melt and
molten layer was formed in a ring around the middle tube.
This molten layer became thicker by continuing the
charging process. In addition, this figure illustrate that
average of S1-S13 of all thermocouples in the PCM
reached 72°C after 2 hours. Beside this working fluid
indicated a rise of 5.1°C. It can be said that, at the
beginning of the discharging process, a narrow thickness
of solid layer under the conduction heat transfer
mechanism formed over time, this layer became thicker.
Therefore, after 2 hours from the start of the discharging
process, the solid layer acts like thermal resistance and
prevents the heat transfer and average temperature of
PCM reached below 31°C at the end of the process.

Further, Table 3 compares full and half width
sinusoidal inner tube at charging by outer tube versus
time to reach the melting point. It is clear that such as
inner tube, melting time in the full width in all zones is
less than half width condition. Although the PCM in heat
exchanger with full width could melt in less time than
half width, by comparing with maximum temperature
average of both systems, it can be concluded that average
temperature of the full width situation has dropped 1.6%
to the half width.

4. 3. Analysis of Charge and Discharge from Both
Inner Tube and Outer Tube As shown in Figure
6-a, for performing this test, hot water at 80°C was
introduced into the full width sinusoidal inner tube and
inside the heat exchanger outer tube, the temperature of
PCM at the start of the charging process varied in the
range of 15-20°C. As shown in Figure 1, it should be
noted that since the water passes through the outer tube
in this case, the S14, S15, S16, and S17 thermocouples

TABLE 3. Melting point time from the start of the charging
from the outer tube

Time (Hour)
Thermocouple
Full Half

S1 0.5 2
S2 0.5 1.5
S3 0.5 1.5
S4 1 2
Ss 0.5 2
S6 1 2
S7 1 2
S8 1 2
S9 1 2
S10 0.5 2
S11 0.5 2
S12 0.5 2
S13 0.5 2

indicate the inlet and outlet temperatures. After the start
of the charging process approximately 30 min, the
average temperature of PCM reached 62°C and after 60
min was 71°C. Since during the charging process, the
thermal flux from the inner tube and outer tube,
receptively, caused the PCM around the inner tube and
the middle tube to be affected by the conduction heat
transfer mechanism. Continuing the charging process, the
molten volume was increased within the ring space of the
inner and the middle tube, while the rest of the PCM
reached the melting point of PCM through the convection
heat transfer. The type of heat transfer in this condition is
natural convection due to molten PCM in the middle
shell. In the full width inner tube, the relative extremum
points which was connected to the 4-inch inner tube acts
as a fin and accelerate the melting process, as well.
During the discharging process, it was observed that after
an hour from the start of discharging, the average S1-
S130f all thermocouples in the PCM shows 36°C.
Moreover, the figure shows that during this time interval,
the fluid temperature increased by 3°C.

In charging from half width sinusoidal inner tube in the
outer tube, all thermocouples inside the PCM at the
instant of the start of the charging process indicated
temperature range of 30-35°C. Figure 6-b shows that
after 90 min from the start of the charging, the average
temperature S1-S13 of the PCM is 78°C. It can be noticed
that the heat transfer was initially carried out through
conduction heat transfer mechanism, and then followed
by strong natural convection due to the flux of molten
PCM. It should be mentioned that the close distance of
the relative extremum points to the outer tube also
increased heat transfer and accelerated the melting
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process. In addition, the final average temperature of
PCM in discharging reached 35°C. Finally, this figure
shows that the rate of heating water during the
discharging process from both outer tube and inner tube
side is 4.5°C.

Further, Table 4 compares the full and half width
sinusoidal inner tube during charging outer tube and
inner tube. It is seen that, except for S7 where the distance

TABLE 4. Melting point time from the start of the charging
inner tube-outer tube process

Time (Hour)
Thermocouple
Full Half
S1 1 1
S2 1 1
S3 1 1
S4 1 1
S5 1 1
S6 1 1
S7 1 1.5
S8 1 1
S9 1 1
S10 1 1
S11 1 1
S12 1 1
S13 1 1

of this thermocouple to outer tube and inner tube is more
than others, melting time in the full width in all zones are
equal with the half width condition.

In addition, comparing the average temperature of
both systems in their maximum can be concluded that the
average temperature of the full width situation dropped
8.3% to the half width.

Comparison of temperature rise during discharging
process is shown in Table 5. In the half width mode, the
temperature rise in the fluid for all cases is more than the
full width mode. In the case of discharges from the half
width sinusoidal tube, the fluid experienced temperature
increase of 6°C, which shows an improvement by about
30.4% as compared to the full width tube, which has
increase of 4.6°C.

In the cases of flowing fluid from the outer tube and
from both sides, increase in temperature is 13.3 and
63.3%, respectively. This can be attributed to having
more time for heat transfer between fluid and the PCM in
the half width mode.

4. 4. Comparison with Straight Tube Results of
the process of charging and discharging from the inner
tube, outer tube and both sides of the heat exchanger in
the cases of using the full and the half width sinusoidal
tube as the inner tube inside the heat exchanger were
compared with the straight inner tube. It should be
reminded that straight inner tube had the same area with
both sinusoidal inner tubes. As shown in Table 6, there is
a significant improvement in the melting rate as well as a
significant reduction in the time of full melting of the
PCM in the heat exchanger. Hence, the incomplete
melting occurred after 32.5 hours when the straight inner
tube was used, whilst the melting time was 8.5 hours by
using the full width sinusoidal inner tube, and this time
was 10 hours by using the half width sinusoidal inner
tube. The results indicate more time for exchanging heat
energy with PCM. This is because the sinusoidal tube is
longer than the straight tube and it caused PCM to melt
completely.

Charging and discharging from the outer tube using
the full width sinusoidal inner tube, as an inner tube
inside the heat exchanger, is optimal in the melting rate
and more effective while comparing to the outer tube
when using the straight or half width sinusoidal inner
tube. In the full width sinusoidal inner tube, the heat

TABLE 5. Temperature difference (°C) of the water during the
discharge process

Inner OQOuter Both

Type of experiment tube tube  sides

Full width sinusoidal tube 4.6 4.5 3
Half width sinusoidal tube 6 5.1 4.5
Percentage change compared to full width 30.4% 13.3% 50%
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TABLE 6. Comparison with straight inner tube

full width sinusoidal tube

% e:] Charging Discharging

5' £ Percentage Percentage

=]

% ™ Duration change Duration change
compared to compared to
straight tube straight tube

Inner— g 51, N.A 25h 44.4%

tube

outer 94 nin 54% 90 min 0

tube

Both - 6 min 35% 60 min 0

sides

Half width sinusoidal tube

fnner 451, NA 350 22.2%

tube

Ouer 156 min 38.5% 120 min -0.33%

tube

Both 94 1min 22% 90 min -50%

sides

Straight tube

Inner Incomplete

tube charge . 45h .

Outer 195 min - 90 min -

tube

B.Oth 92 min - 60 min -

sides

transfer occurs through its thermal bridges as conduction
heat transfer from the middle tube to the full width
sinusoidal tube. It causes to heat up the full width
sinusoidal inner tube. In the process of charging and
discharging, the full width sinusoidal inner tube acts as a
fin, which increases the heat transfer rate. It can also be
noticed that in the melting from both sides, use of the
sinusoidal inner tube reduced the time of full melting.
Further, the results indicate 54% improvement in the
melting from the outer tube in the sinusoidal inner tube
and 35.8% improvement in the melting from the outer
tube in the half width sinusoidal inner tube. In addition,
it can be seen that not only the melting process occurs in
less than time comparing to using a straight inner tube,
but also the discharge process is carried out in less time.
Therefore, there is significant improvement in time
reduction due to the increase in the heat transfer area.

5. CONCLUSION

In this study, the effect of using the sinusoidal tube as an
inner tube inside a triplex-tube heat exchanger on the
process of melting and solidification of PCM was
investigated. A triplex-tube heat exchanger with paraffin
between its inner tube and the middle tube and two

internal sinusoidal tubes were used. Two tubes were
designed and fabricated one in the form of half width and
the other in the form of full width. Experiments were
carried out through three ways depending on the pathway
of water flow, charging from the inner tube, charging
from the outer tube and charging from both inner tube
and outer tube. The discharge tests were performed
similar to the charge process, with the exception that in
the discharging process, the reservoir water was filled at
ambient temperature. Then, the results of this mode were
compared with that of using the straight inner tube. The
following results were obtained:

e Use of full width as compared to the half width
sinusoidal tube, reduces the time required for complete
melting. A 15% improvement was obtained in the case
of charging from the tube, 25% from the outer tube, and
33.3% from both inner tube and outer tubes.

» Comparing the charging processes using straight inner
tube as inner tube revealed that the use of a full width
sinusoidal inner tube improves the performance in terms
of the rate of melting of paraffin as well as reducing the
time needed for the maximum melting in the exchanger.
Therefore, in the charging process from the inner tube,
the exchanger was not completely charged after 32.5
hours for the straight inner tube, while the use of the
sinusoidal inner tube in both modes caused the complete
melting of the paraffin in less than one third of the time.
Moreover, in charging from the outer tube and from both
sides, the full width sinusoidal inner tube improved
melting rate by 54% and 35%, respectively, compared to
the straight inner tube.

* Comparing results in discharging mode indicated that
the full width sinusoidal inner tube reduces the time
require for full discharging. Hence, it showed better
performance by 29% in the discharging process from the
inner tube, 25% from the outer tube, and 33.3% from both
sides.

e In the full width sinusoidal inner tube, the relative
extremum points connected to the middle tube of the heat
exchanger act as fins. As a result, the heat is transmitted
to the middle tube of the heat exchanger through the
conduction heat transfer mechanism and consequently
increases the thermal flux. The placement of full width
sinusoidal tube as an inner tube inside the heat exchanger
reduces the charging and discharging processes as
compare to the straight inner tube or half width sinusoidal
inner tube.

* Charging from both sides when the full width sinusoidal
inner tube used inside the heat exchangers, is more
efficient as compared to charging from both sides when
the half width sinusoidal inner tube or straight inner tube.
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APPENDIX

Governing Equations of Heat and Power Transfer
Rate One of the most important issues in the study
of heat exchangers are the calculation of the amount of
stored heat transfer and the production power. The heat
transfer rate (Q) obtain from the Equation (1) [22, 23]:

0 =AU AT, (1)

On the other hand, the Transmission energy can obtained
from the Equation (2):

o . dv
P=—-=0=Cp.—.(T,, -T;

dt Q P dt (aut m) (2)
In these relationships, A is the heat transfer area, U is the
overall heat transfer coefficient, CP is the specific heat,
dV/dt is the transferred fluid flow, and ATIm is the
logarithmic average temperature difference. ATIm obtain
using Equation (3).

ATin — ATout
in Alin 3)

AT,

out

ATy, =

Since the heat transfer in the system occurs between PCM
and the working fluid, the logarithmic average
temperature difference is then obtained according to
Equation (4).

ar,, = Lrest ~Tin) = Tpeyr ~Tow)
" Tpcy —Tin 4)
TPCM 7Tout

In
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By inserting into Equation (1), the heat transfer
coefficient and the overall heat transfer coefficient can be
obtained using Equations (5) and (6).

[ (Tpcyr —Tin) (Tperr ~Tour ) |

U=0 (5)
”dout 'L'(Tout _Ti )
; dv
=C,—.(T,, T,
Q=Cp.— (T ~T,)
—T. 6
:AU. Tuut Tlll ( )
In TPCM _Tin
TPCM _Tuut

The power of the system is obtained through Equation (9)
by simplifying the calculations and using Equations (7)
and (8).

Tpcy —Tiw _ AU

In
TPCM _Taut CP ﬂ (7)
dt
AU
T Ty =Ty T ) Ty ~T,) 100 | -2 ®)
" ar
. av AU
P :Q :Cp'i'(TPCM 7Tin)' 178xp - dv (9)
dt
Cocar

However, it is necessary to obtain the flow rate and
overall heat transfer coefficient to find the melting power
that in this system has a constant flow rate with a certain
value.

To find the overall heat transfer coefficient, Equation
(10) must be used. In this equation, R is thermal
resistance which is obtained according to Equation (11)
considering the heat transfer between the working fluid
and PCM.

R, =— (10)

R, :Rp+RHTF+RPCM (1

The thermal resistance of the tube, Rp, is obtained using
Equation (12).

1 D
R, =——.In| =
" 2Lk, "(u ] (12)

int

Moreover, for the cylindrical shape, the thermal
resistance of PCM, Rpcm, can be obtained from Equation
(13) below:

1 D
R — In ext, PCM (13)
e 2m L ‘kpcm [ Dinl.PCM

To find the thermal resistance of the heat exchanger,

RHTF, Equation (14) can be used.

1 1

= Nu k gy D L (14)
DA int

int

Ry = 4
% yrr A

In this equation, o is the convection heat transfer
coefficient and Nu is Nusselt number. Considering the
laminar or turbulent fluid flow in the tube, Equations (15)
or (16) can be used:

0.14 D /3
Nit g0 = Re" Pr 1/3.[/‘71;] [Aj (15)
n, L

(Re —1000).1%(%)
1+12.7_[pr§_1)(1;jm (16)

Here, Re is the Reynolds number, Pr Prandtl number, f
the friction factor, and p the fluid viscosity. In the case of
a completely turbulent flow, the approximate value of f
can be obtained by using the relationship developed by
Petukhov, namely, Equation (17).

Nug,r300 =

1

r= (0.79.4n (Re)~1.64) (17)

Using the stated equations and according to the studies
carried out in this research, the results indicate that with
constant value of area, the transferred flow and the
specific heat, the full width sinusoidal tube increased the
K term. This increased the exponential term number in
Equation (9) and, considering the negative sign of the
exponential term, the increase in the numerator of the
fraction reduces its value, therefore the Transmission
energy of the exchanger in full width mode is more than
half width mode. For example, now consider the inlet
temperature of the tube, and the melting temperature of
PCM, 250C and 68 °C, respectively; therefore, the
Transmission energy of the heat exchanger for the full
width sinusoidal tube and half width sinusoidal tube were
obtained as 1820.4, 1396.66 W, respectively.
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