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Abstract

Since ancient times, solar radiation has been used to supply hot water in
domestic applications. In this study, simulation was used to determine the
effectiveness of a solar water tank and its effect on the time and quantity of hot
water supply. The simulation process was done using ANSY'S fluent in a tank
with and without aluminum pipes. Four types of thermal storage configurations
were used. The first configuration without pipes was added. The three other
configurations employed 4, 6, and 8 pipes inside the storage tank turbulent flow
model solved by the K-epsilon model, the numerical procedure by ANSYS
Fluent, and the cold flow was supply and hot flow was solar. In addition, three
inlet flow rate values were used, namely (44, 6, 8) L/mim, and the solar
radiation rate was between 437 and 630 W/m2 for 31 days in January and (7,

12, 13, 17, and 18) in February. The results showed that the tank temperature
increased as the inlet flow rate decreased. At 4 L/m, the temperature in the
storage tank reached 42 °C at 12 a.m.., while at 6 L/m, the temperature was
below 39 °C. Introducing water pipes inside the storage tank enhanced heat
accumulation and dissipation capabilities. Maximum water temperature of
45°C was recorded when 8 pipes were used with an inlet flow rate of 4 L/m.
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1. INTRODUCTION

In practically all heat transfer or heating applications, increasing the thermal efficiency of pipe systems is a critical
issue. With the aid of numerical calculations and practical results, the author of the current literature study
emphasized earlier research studies on the gradual usage of storage tanks that function as thermal capacitors in
boosting the heat capacity of such piping systems.

Alizadeh and Sadrameli (2022) [1] conducted a thermal analysis of a solar water heater system integrated with an
aluminum heat exchanger, showing significant improvements in energy efficiency. Kim et al. (2022) [2] performed
a numerical study demonstrating that internal helical aluminum tubing enhances the heat transfer efficiency in water
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storage tanks. Zhou et al. (2022) [3] carried out both experimental and numerical studies, revealing the importance
of aluminum pipes in improving thermal energy storage. According to Wang, Liu, and Yang (2022) [4], the use of
an aluminum heat exchanger in a stratified water storage tank improves heat retention and system efficiency. Chen,
Zhang, and Luo (2022) [5] used CFD simulations to show that metal piping, including aluminum, plays a crucial
role in improving heat transfer and flow distribution in district heating systems.

Becker et al. (2020) [6] employed numerical simulations to enhance the thermal performance of water storage tanks,
emphasizing the role of advanced technologies like CFD modeling. Studies on the use of materials like aluminum
pipes. Water is commonly used as a thermal storage fluid because of its high specific heat capacity, readily available,
and is cheaper than most fluids in use. A study by Tian et al. (2019) [7] confirmed that latent heat energy storage
systems with water enhance the thermal efficiency of solar heating systems. Their work shows that the use of water
as a medium of heat transfer for short- and long-term storage has its merits. The evaluation of storage tanks
combined with piping systems has been reported in different connections, as in the case of the solar water heating
system and district heating networks. Post-L TP research on thermal energy storage focuses on nanofluids, advanced
PCMs, and combined storage systems to achieve maximum thermal storage density and capacity. Further, the
application of thermal storage with smart grid technologies and renewable system interconnections, including solar
and wind energy, are emerging research fields under BCS [8].

Shirley et al. (2019) [9] findings further affirmed the numerical calculations: a quantitative enhancement of thermal
storage capacity and energy density. In this context, it is important to notice that the prospective storage tanks must
be designed and used in this manner to provide maximum benefits. Water is commonly employed as the storage
medium, though research in this field has also examined other mediums for comparative purposes.

Zhang et al.,2018[10] presented a study comparing the results of thermal storage systems employing water as storage
material. Their research also concluded that the storage density of PCMs could actually be higher, and the rates of
heat exchange could be improved, but water was still more practical due to its ease and low cost. Therefore,
economic and environmental considerations are important in the use of thermal storage for those two purposes.

According to a study by Kalogirou et al. (2017) [11], thickness and high-efficiency insulation material substantially
contributed to minimizing heat loss. They further advanced the field by improving heat accumulation and
dissipation. However, despite these advancements, gaps remain, particularly regarding the optimal design and
configuration of water pipes within storage tanks.

Nord and Pettersson (2016) [12] a study was presented in particular on the cost and environmental impacts of fuel
storage in tanks connected to central heating. Their conclusions supported the cost efficiency of storage tanks
showing that despite making high capital investments in the tanks in the beginning, overall benefits accrued from
reduced energy costs and greenhouse gas emissions that provided great value. Despite advancements in both
technical and material aspects of thermal storage systems, there are tendencies in their behaviors depending on the
climate.

It may be possible to increase energy storage and employ cutting-edge technologies to increase the thermal capacity
of water storage tanks with the necessary piping system. Through the use of CFD to simulate the thermal contours
of a water storage tank in interaction with a pipe system. They discovered that using CFD to find better ideas to
incorporate into tank designs to improve thermal efficiency was helpful. When it comes to reducing heat and energy
loss and enhancing the effectiveness of thermal energy storage systems, tank insulation is essential. Cabeza et al.
(2015) [13] provided a thorough analysis of the dynamic performance of thermal storage tanks that were most
common in solar water heating. Their findings specifically emphasized the importance of load changes, charge-
discharge cycles, and climatic factors in storage tank design and operation.

Zondag et al. (2014) [14] studied the storage tanks based on climatology zones: cold, temperate, and tropical. Their
study showed that the impact of storage tanks was agreeable in all respects and positive while stressing that the type
of design and operational strategies appropriate for storing LPG in storage tanks required an assessment of climatic
conditions best suited for each type.

Rezaei and Dincer (2014) [15] presented a study of the integration of storage tanks with piping systems,
demonstrating the positive effects of thermal storage on heat transfer efficiency. By analyzing the thermal energy
storage system coupled with the pipe system through simulation. The results show that the addition of a storage tank
increased the total heat transfer capacity of the system to a greater degree at conditions of variable loads.

Li and Liu (2012) [16] carried out an experimental study of a solar water storage tank with a water heating system.
Thermal energy storage, also named TES, is highly acknowledged as a solution for leveling the supply and demand
of energy systems to enhance their effectiveness and profitability. When classified according to their operation, TES
can be classified into sensible heat storage, latent heat storage, and thermochemical storage. Sensible heat storage
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involves heating or cooling a suitable storage medium, that is, a fluid or a solid, which changes its temperature to
store thermal energy; this is the simplest and most commonly used method. Dancer and Rosen (2011) [17] laid the
foundation by exploring the basic principles of thermal energy storage. Medrano et al. (2010) [18] highlight several
key variables such as tank size, insulation, and position in the piping system. In their study, they employed numerical
simulations together with experimental data in a bid to determine the various design considerations that they
believed would produce the best thermal performance. Herbals and Kalinci in 2009 [19] assessed the effectiveness
of a solar water heating system complete with an added tank by simulation work. The results observed that the
incorporation of the storage tank into the system enhances the heat efficiency and cuts down on fluctuating
temperatures. An analysis based on models gives insight into how storage tanks and piping systems can exhibit
complex behaviors. The aim of the current work is to improve the configuration of tanks and study the use of
aluminum pipes to improve the thermal storage system to increase the time of providing hot water used in homes.
Addressing these gaps, the current study aims to enhance thermal storage systems by examining the effects of
varying pipe numbers and flow rates, contributing to the ongoing improvement of solar water heating systems.

2. PHYSICAL MODELS

The physical model designed for this study simulates a thermal storage system using a cylindrical water tank with
aluminum pipes to improve heat exchange efficiency. The storage tank has a diameter of 400 mm and a length of
400 mm, with entry and exit pipes having diameters of 16 mm and lengths of 30 mm. Inside the tank, aluminum
pipes with diameters of 50mm and lengths of 400mm were placed at a distance of 125mm. These pipes act as heat
transfer enhancers, improving the system's ability to store and release thermal energy efficiently, as shown in Figure
1. The model examines four configurations of the tank: one without any pipes and three with varying numbers of
pipes (4, 6, 8). The tank is designed to store and contain water, which acts as the thermal storage medium due to its
high specific heat capacity and availability. The use of aluminum as the material for the pipes was chosen because
of its high thermal conductivity (237 W/m°C) and relatively low weight, making it an ideal choice for enhancing
heat transfer within the system. The thermal conductivity and heat capacity of the pipes are shown in Table 1.

The SolidWorks software was employed to generate the 3D geometry of the storage tank and the aluminum pipes,
followed by mesh generation to ensure accurate simulations. A fine mesh was used to capture the thermal gradients
and flow characteristics inside the tank. Mesh independence was verified by incrementally increasing the number
of elements until no significant change in results was observed. The boundary conditions were applied to model
variable water flow rates (4, 6, 8) L/min and solar radiation input. The simulation also accounted for ambient
temperature changes, and a no-slip condition was applied to the walls of the tank. The use of computational fluid
dynamics (CFD) allowed for the accurate modeling of heat transfer and fluid flow within the tank, providing
valuable insights into the effects of flow rate and the number of pipes on heat storage efficiency.

without pipe 4 pipe

Fig. 1 The storage tank contains (4,6,8) aluminum pipes .
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Fig.2 Schematic of the experimental heating system

Table. 1 The specifications of Aluminium pipes

Pipe material Aluminium
pipe diameter 5cm
Pipe height 40cm
Pipe thickness 2mm
Thermal conductivity coefficient of the 237 W/m°C
pipe (K)
Heat capacity of the pipe (Cp) 0.887 J/g.oC

3. GEOMETRY CREATION AND MESH GENERATION

In order to ensure that the number of elements selected is capable of executing the simulation effectively and to
acquire the most accurate results, as shown in Figure 3, the mesh procedure needs to be precise. Therefore, the issue
of mesh reliability must be addressed. The elements and the outputs from the simulation process, in which the
number of elements is increased and the outcomes are displayed and observed, are what drives this process. When
the required number of components is met, the outcomes remain essentially the same and can halt and accept this
quantity of components, just as it was done. To get the maximum temperature of 38.54 oC, use an element
hexahedron size 2 mm to reach the number of elements 3560947 of without a pipe case. the 4-pipe case's 5073949
elements in order to reach the maximum temperature of 43.93 oC, as shown in Tables 2, 3, 4, and 5804695 of a six-
pipe case to reach a maximum temperature of 45.62 oC and 6551007 of an eight-pipe case to obtain a maximum
temperature of 48.87 oC..
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(©) (d)
Fig. 3 Mesh geometry. (a) Without pipe, (b) 4 pipes, (c) 6 pipes, (c) 8 pipes.

Tab. 2 Mesh independency of without pipe case.

Case Element Node Max. temperature (°C)
1 2154757 423376 39.97
2 2632453 523487 38.65
3 3034643 624345 38.55
4 3560947 724521 38.54

Tab. 3 Mesh independency of 4-pipe case.

Case Element Node Max. temperature (°C)
1 3623578 1067785 46.23
2 4175890 1106576 44.86
3 4523464 1223536 43.99
4 5073949 1322633 43.93

Tab. 4 Mesh independency of 6-pipe case.

Case Element Node Max. temperature (°C)
1 4331245 1097564 47.45
2 4735685 1207685 45.97
3 5224675 1427436 45.63
4 5804695 1614592 45.62

Tab. 5 Mesh independency of 8-pipe case.
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Case Element Node Max. temperature (C)
1 3806586 1056753 54.34
2 4623494 1313254 49.98
3 5523578 1634634 48.89
4 6551007 1910993 48.87

4. BOUNDARY CONDITION

The boundary conditions employed in the numerical work are specified on the basis of the entry of the fluid at
varying temperatures, as there is no atmospheric pressure to seal the storage tank and isolate it to a great extent due
to the lack of infiltration of solar radiation. As a result, as shown in Table 6, it is highly dependent on the entry
temperatures for the various flow rates. There was no slip condition applied to the velocity close to walls. The
standard k-¢ model was utilized to treat turbulence terms in the momentum equation since it produces realistic and

dependable results.

Table. 6 Inlet temperature over time with different flow rates.

Inlet temperature at different flow rates (°C)
Time
4L/m 6 L/m 8 L/m
8:00 16.70 19.02 21.71
9:00 15.55 19.40 21.45
10:00 15.35 22.04 34.41
11:00 18.74 18.88 39.59
12:00 45.60 44.82 39.05
13:00 44.94 43.62 37.66
14:00 43.74 42.28 35.96
15:00 42.31 41.70 38.30
16:00 41.11 37.90 37.11
Table. 7 Boundary condition.
Boundary Value
Inlet From table 6
Outlet Outlet pressure = 0 Pa
walls Isolates

5. THE GOVERNING EQUATIONS

5.1 Continuity equation

The continuity equation is written as listed below according to, [20].

‘;—’; +V-(pv) =0
5.2 Momentum Equation

The moment equations for an incompressible fluid are given by [21]:

X-axis.

L L) . U ()
p(6t+uax+vay+wdz)_ ax T H\5x2 ay2+az2 +Pgx
y-axis.
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5.3 Energy Equation

The general form of the energy equation for fluid flow can be written as [22]:
S PE) + V- (pvE) = V- (T ) + V- (@) +pv-f ©)

6. TURBULENCE MODELING

Turbulence modeling in fluid dynamics involves the formulation and solution of equations to describe the
behaviors of turbulent flows. There are various approaches to turbulence modeling, ranging from simple empirical
models to complex computational techniques. One common approach is Reynolds-averaged Navier-Stokes (RANS)
modeling, where the turbulent flow variables are averaged over time. In RANS modeling, the Navier-Stokes
equations are decomposed into time-averaged and fluctuating components. The resulting equations are
supplemented with additional closure models to account for the effects of turbulent.
The K-& equations can be written in differential form as [18]:

g+v-(ﬁv)=0 (6)
DYV (pVV) = VP + V- (D) + Py ™)
TV (BVV) = V5 + V- (D) + g (8)

7. RESULTS AND DISCUSSION

In this section, all the results obtained through the simulation program will be reviewed, and thus the effect of
the flow rate on the temperature, as well as the number of water pipes inside the storage tank. The solar radiation
was applied for the days that will be shown in Figure 4, which shows the solar radiation falling on the solar collector
during time.

1/17 Without auxiliary 4L/m
1/18 Without auxiliary 6Lim
1721 Without auxiliary 8L/m
1/31 With auxiliary 4Um

4dpom

900 & 2/12 With auxiiary 6LUm
2/17 With auxiiary 8L/m
* % P 2/7 With 8 tubes 4L/m
800 - e i ® - 2/13 With 8 tubes 6L/m
& - ¢ * 2/18 With 8 tubes 8Um
— v a T T -
700 e R\ NS
£ I .
S o0 i :
c } 4 [ ) X
(<} "
2 500
8 2 .
k<1 ¢ LN
@ 400 -]
5 ’ WA\
0 300 b L ]
%] [ " A
200 *
.
100 »

T T ! T T 1 8 1
S S PSS S S
N A S ST L L A IS

time (h)
Fig. 4 Solar intensity gradient with time for different flow rate of auxiliary and without auxiliary.

Thermal simulation of the solar collector was applied using solar radiation with varying time, and the results showed
the difference in processing and solar temperatures, as in Figures 5, 6, and 7.

In Figures 5, 6, and 7, the temperature gradient over time is analyzed for a solar water heating system with varying
inlet flow rates. Figure 4: For an inlet flow rate of 4 L/min, the temperature rises gradually, peaking at around 45
°C at noon due to the slower flow rate allowing more time for heat absorption. Figure 5 demonstrates the temperature
gradient at a flow rate of 6 L/min, showing a lower peak temperature of approximately 39 °C at the same time,
indicating that the faster flow reduces heat transfer efficiency. Figure 6. At an inlet flow rate of 8 L/min, the peak
temperature drops further to around 35 °C, confirming that a higher flow rate significantly limits the system's ability
to store heat. The analysis reveals that slower flow rates allow more effective heat exchange, making them more
suitable for optimal thermal storage in solar water heating systems.
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Fig. 5 Temperature gradient with time for node average in solar of flow rate 4L/m without auxiliary.
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Fig.6 Temperature gradient with time for node average in solar of flow rate 6L/m without auxiliary
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Fig.7 Temperature gradient with time for node average in solar of flow rate 8L/m without auxiliary.

7.1 Effect of flow rate

Figures 8 to 10 show that the temperature value over time varies with the inlet flow rate. In the case where the
flow rate is 4 L/m, the temperature value at midnight reached 45 °C in the inlet due to slow flow, and therefore the
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storage reached its temperature value of 42 °C at 1 PM. At the flow rate of 6 L/m, the temperature value reached
less than 39 °C. The reason for this is that the flow rate when increased does not give sufficient time for heat

exchange, and thus the increase in the flow rate reduces the temperature value at the storage. At 8 L/m, the
temperature reached 35 °C in 1 afternoon.

60+
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Fig. 8 Temperature gradient with time for node average in storage of flow rate 4L/m without pipe.
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Fig. 9 Temperature gradient with time for node average in storage of flow rate 6L/m without pipe
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Fig. 10 Temperature gradient with time for node average in storage of flow rate 8L/m without pipe

7.2 Effect of using water pipe
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Figure (11 and 12) shows that the presence of pipes in the tank increased the heat capacity and
increased the surface area, which led to an increase in heat exchange.
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Fig. 11 Temperature gradient with time for node average in storage of flow rate 4L/m without pipes.
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Fig. 12 Temperature gradient with time for node average in storage of flow rate 4L/m with 4 water pipes.

7.3 Effect number of water pipe

As for the number of pipes used, this is shown in Figures (13, 14, and 15), which show the temperatures distributed
inside the storage tank, as the increase in the number of pipes increases the amount of heat saved and thus helps in
the transfer of heat energy. When there were 4 pipes, the amount of heat reached 48 oC at 1 p.m., and when using
6 water pipes, the amount of heat reached 50 oC. However, in the case where the number of pipes was 8, the amount
of heat in the storage reached 53 oC, where a clear improvement is observed in high temperatures.

60 - 4 L/m (4 water pipe)
—=— inlet
|—=— storge
504 [—&—tube
outlet

/

Temperature (°C)
8
L

w]

time (h)
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Fig. 13 Temperature gradient with time for node average in storage of flow rate 4L/m with 4 water pipes.
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Fig. 14 Temperature gradient with time for node average in storage of flow rate 4L/m with 6 water pipe
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Fig. 15 Temperature gradient with time for node average in storage of flow rate 4L/m with 8 water pipes
7.4 Numerical result for temperature contour of optimum case

Figure 16 shows the temperature increase over the time of the numerical, which is from 8:00 am to 4:00 pm,
which shows an increase in temperature until the maximum value is reached, which is at 1:00, and then the decrease

begins due to the absence of sunlight. It is clear from the existing cases that the best condition reached is when the
water flow rate is 4 L/m and the number of water pipes is 8.

(b-9.00)
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(c-10.00) (d-11.00)

(e-12.00) (-1.00)

(9-2.00) (h-3.00)

(i-4.00)

Fig. 16 Temperature contour of flow rate 4L/m with 8 water pipes at the time

8. Conclusion

This study has demonstrated the significant impact of aluminum pipes on enhancing the thermal storage efficiency
of a solar water storage tank. The results indicate that increasing the number of pipes increases heat accumulation
within the tank. The optimal configuration of 8 aluminum pipes, combined with a flow rate of 4 L/min, achieved
the highest recorded temperature of 53°C. In comparison, the tank without pipes reached a maximum temperature
of only 42°C. These findings confirm that the addition of pipes leads to more efficient heat transfer by increasing
the contact surface area and improving the overall energy storage capacity of the system. Moreover, it was observed
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that slower flow rates allow more time for heat exchange, further improving the tank's efficiency. For instance, at 4
L/min, the tank reached a temperature of 53°C, while at 8 L/min, the temperature only reached 48°C. These values
highlight the need to carefully balance flow rate and pipe configuration for optimal performance in solar water
heating systems. Future studies could focus on testing alternative materials or modifying pipe geometries to explore
further improvements in thermal efficiency and energy conservation.
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NOMENCLATURE
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Symbol Description Units
P The fluid density kg/m?®
t Time S
\Y Fluid velocity vector m/s
u,v,w Velocity components in the x,y, and z directions respectively m/s
p Pressure Pa
U Dynamic viscosity of the fluid Pa.s
909,93, Components of the gravitational acceleration in the x,y, and z M/s?
directions respectively
E The total energy per unit mass (including internal energy, W
kinetic energy, and potential energy)
T stress tensor (representing viscous stresses) N/m
q The heat flux vector, W/m?
f The body force vector (e.g., gravitational force N
p The time-averaged density W/m?
vV time-averaged velocity vector m/s
D The time-averaged pressure Pa
T Reynolds stress tensor Pa
E The time-averaged total energy per unit mass W
q The time-averaged heat flux vector W/m?2,
g The gravitational acceleration vector M/s?
£ The turbulence dissipation rate. m?/s®
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