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a b s t r a c t

An indirect solar thermal energy storage system has been developed to stabilize the solar energy 
supply. The thermal storage tank used in this paper has a volume of 61.6 L, with a cold-hot double 
coil placed within the tank. Hot fluid as a solar energy source at a temperature of 340 K was allowed 
to flow into the hot coil at a rate of 0.471 L/min, and cold fluid at a temperature of 300 K was allowed 
to flow into the cold coil at a rate of 0.094 L/min to satisfy daily use. Thermocouple meter readings 
were made to obtain temperatures at designated points within the storage tank and to get the tem-
perature at the exit of the cold coil after it has gone through heating. The data obtained from the 
experiment were compared to those from the FLUENT simulation. By simulating various changes 
in the physical parameters of the hot and cold fluids, the intake temperatures of these fluids, the 
intake flow rate, and the contact area between the hot/cold coil pipes, the researchers analyzed the 
temperature classifications inside the storage tank as well as the outtake temperature of the cold 
fluid. In this small solar storage tank system, it can provide about 47°C, 113 L hot water during 5–9 
pm in summer day, which is sufficient for daily use for a family with three persons. It is suggested 
that more better efficiency could be reached if hot fluid is replaced by high conductivity fluid owing 
to the benefit of the indirect contact system.
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1. Introduction

Due to the increase of energy demanding and energy 
costs, thermal energy storage (TES) systems have become 
an alternative renewable energy sources [1–5]. Solar energy 
has the features of intermittency and low energy intensity. 
Although peak solar radiation occurs near noon, the peak 
energy demand is in the late evening, when solar radiation 
is unavailable. To address this problem, an indirect solar 
thermal energy storage system has been developed stabilize 
the solar energy supply. A storage tank is used to store the 
energy collected during daytime for nighttime use. 

Furbo and Mikkelsen [6] found that thermal stratifica-
tion can decrease the temperature at the collector intake, 
thus improving its efficiency. Moreover, it decreases the 
periods of operation of the auxiliary energy supply, which 
enhancing the efficiency of the water tank and the entire 

extended system. The improvement of stratification is 
limited when the aspect ratio of the length and the tank 
wall thickness exceeds 3.0, or the storage tank has an L/d 
value exceeding 200. Yoo and Pak [7] proposed a simple 
correlation of the efficiency as a function of the Peclet num-
ber in work. Previous studies also compared the fully strat-
ified water tanks and fully mixed water tanks, and found 
that the energy storage efficiency of the system increased 
by 6–20% [8]. Jordan and Furbo [9] showed that increased 
thermal stratification can improve thermal performance of 
the system.

Previous studies used both experimental and numerical 
methods to examine the impact of stratification on 12 dif-
ferent baffle plates [10], and found that placing an obstacle 
in the tank provides better thermal stratification than when 
there is no obstacle. Heat exchangers that are placed inside 
or outside the storage tank can conduct indirect heat trans-
fer [11]. The three indirect heat transfer methods include 
immersed coils exchanger, external shell-and-tube [12], and 
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mantle-heat exchanger [13]. Increased flow rate and the area 
of heat exchange can improve heat transfer, but the lower 
initial temperature of the storage tank reduces the amount 
of thermal stratification. The efficiency of heat storage is 
also affected by the structure of the coil exchanger inside 
the tank. Spur et al. [14] proposed three structural designs 
for the immersed coil, and reached a difference of 15°C in 
temperature between the top and the bottom of the tank. 
Haller et al. [15] experimentally quantified the stratification 
of a storage tank.

Face of problems of traditional solar storage system, 
like large space needed, heat loss and unstable system 
performance, a solar heating system with a phase change 
material (PCM) thermal storage tank is investigated [16,17]. 
Recently, Sarbu and Sebarchievici [18] published a good 
review of sensible and latent heat storage systems like 
water tank, packed-bed, phase change materials, and heat 
pump systems. 

This study used a cold/hot double coil, which differs 
from previous studies. As the hot and cold fluids were sep-
arated in the coil area, thermal stratification could be easily 
maintained. Moreover, the proposed design does not need 
to maintain the same flow of hot and cold fluids for avoiding 
agitation of fluid in the tank. In the example of membrane 
distillation desalination [19,20], which used sea water as a 
cold fluid, and heated the sea water by hot water inside the 
tank once it entered the tank. Oil-based fluids with fast heat 
transfer were used as the hot fluid for heating up the water 
inside the storage tank.

CFD simulation has been widely used to solve the 
three-dimensional models [21–24]. Hence, this study uses 
a validated CFD program (FLUENT) to design a thermal 
storage tank. The results of FLUENT were compared with 
the experimental system.

2. Experimental set-up

2.1. Structure of the thermal storage tank

Fig. 1 shows the structural diagram of the inside of a 
solar storage tank. The tank was measured with a height 
of 49 cm and a diameter of 40 cm. Both of its coils had the 
same dimension and size and were placed opposite each 
other on the left and right sides inside the tank. The over-
all coil diameter measured 10 cm. The coil pipe had a pipe 
diameter and thickness of 1 and 0.1 cm, respectively, and 
with total height of 35 cm. The coil on the right side of Fig. 1 
is where hot fluid (water) from the thermal collector passes 
through, and the pipe coil on the left side is where the cold 
fluid passes through. Hot fluid entered into the hot coil to 
provide heat to the water inside the tank. The heat was then 
transferred to the cold coil. To make things simpler, the 
thermal collector was substituted with a thermostatic bath, 
so that hot fluid entering the tank can be kept at a certain 
intake temperature.

Cold fluid, with the help of a pump and flow meter, 
entered into the storage tank. After the temperature of the 
cold fluid was raised by the heat exchanger, the cold fluid 
was ready to be used. The hot fluid first had to reach 340 K 
inside the thermostatic bath before the experiment started, 
in which the hot fluid had to pass through the flow meter 
before it entered the coil inside the tank. Stainless steel coil 

pipes were used to transfer the heat energy to the working 
fluid inside the tank, allowing the temperature of the fluid 
inside the tank to gradually rise and producing thermal 
stratification as a result. Hot fluid that had cooled due to 
heat dissipation after leaving the storage tank was made to 
flow back into the thermostatic bath for reheating.

2.2. Temperature measurement 

The storage tank and its hot and cold coils were all made 
of stainless steel. The tank was clad in insulation material, 
shielding it from external heating. The insulation thickness 
was selected by the manufacturer. The iron plates covering 
the top of the tank 10 cm away from the center of the tank 
in the up, down, left, and right directions were designated 
N, S, C, and H, respectively. Four points were available 
where thermocouple meters could be positioned to mea-
sure the temperature at each point inside the tank. Ther-
mocouple meters at each position could measure up to five 
temperature points, at distances of 8, 17, 26, 35, and 44 cm 
respectively from the bottom of the tank. A total of 20 tem-
perature points could be measured this way. C1 represents 
the temperature point located at 44 cm from the bottom of 
the tank, where the thermocouple meter is positioned in the 
left direction; with C2 at 35 cm, C3 at 26 cm, C4 at 17 cm, 
and C5 at 8 cm from the bottom of the tank. N, S, and H are 
similarly listed, as shown in Fig. 2.

2.3. Experimental procedure

First, the storage tank was filled with hot water at a tem-
perature of 310 K. Thermocouple meters were then placed 
at designated positions above, below, left, and right, relative 
to the center of the tank. The experiment then commenced. 
The pump was activated, cold fluid was poured into the 
cold flow pipe, and hot fluid was directed into the hot flow 
pipe through the thermostatic bath. The temperature at 
each point was recorded every 15 min for the three-hour 
duration of the experiment. Afterward, the initial tempera-

Fig. 1. Structural diagram of solar storage tank. 
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ture inside the tank was adjusted to 320 K, and the afore-
mentioned experimental steps were repeated.

3. Numerical methods

3.1. Geometry and meshes

The geometry and meshes of the thermal storage tank 
are displayed in Fig. 3. The T-grid mesh volumes used in 
this study were about 500,000 (Fig. 3). There were 9780 coil 
grids. Grid independence studies were then conducted, 
and it was determined that once the number of elements 
were halved and doubled, the numerical solutions of the 
average temperature showed a maximum difference of 
3.9% between consecutive grids. CFD transient simula-
tions were carried out using a small time-step of 10 s and 
a set of fine body-fitted computational grids. The results 

of FLUENT were then verified against the same experi-
mental system, with the results exhibiting a high level of 
correlation.

3.2. Initial and boundary conditions

The PRESTO and second-order upwind methods were 
used for the discretization of the pressure and the momen-
tum equations. The SIMPLE algorithm was employed to 
treat the pressure-velocity coupling. Cold water flowed at 
a rate of 0.02 m/s into the coil at the bottom of the tank at 
a temperature of 300 K. Hot water flowed at a rate of 0.1 
m/s into the coil at the top of the tank at a temperature of 
340 K. The fluids inside the tank were set to a constant tem-
perature of 310 K. The small storage tank is considered as 
an insulated system. The governing equations, initial and 
boundary conditions are as follows:

2D
P g

Dt
υρ µ υ ρ= −∇ + ∇ +  (1)

DT
Cp K

Dt
ρ υ= ∇  (2)

 tankT constant=  (3)

 , 0c h wallv v constant v= = =  (4)

 c hT T constant= =  (5)

where Eqs. (1) and (2) denote momentum and energy balance 
equation, respectively. Eq. (3) states that the initial tempera-
ture of the tank fluid is constant. Eq. (4) states that velocity 
of fluid in cold and hot coil are constant, while at any walls 
meets no slip boundary condition. Eq. (5) describes that tem-
perature of fluid in cold and hot coil are constant.

 
Fig. 2. (a) vertical view of the storage tank (b) side view of the storage tank.

Fig. 3. Grid diagram used in the simulated solar storage tank.
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The simulations started from zero velocity with the solu-
tion of the energy equation disabled, so as to get an initial 
velocity field. The simulations continued while considering 
heat transfer and buoyancy effects. The solution is consid-
ered convergent if the scaled residuals for the continuity 
equation, the momentum equation, and the energy equation 
are less than 1.0×10–4, 1.0×10–4, and 1.0×10–7, respectively. 
One typical simulation takes approximately 12 h for a com-
puter with a 3 GHz CPU processor and 1GB of memory. 

4. Results and discussion

4.1.  At a hot fluid intake temperature of 340 K and initial tank 
temperature of 310 K

Fig. 4 shows the XZ sectional view of the temperature 
stratification inside the tank 120 min after hot and cold sea 
water passed into the tank. The dark-blue color on the left 
side of the color plot represents the lowest temperature, 
at 300 K. The red color represents a temperature of 340 K. 
Fluid with a lower temperature will fall to the bottom of 
the tank, with the temperature moving higher towards the 
upper level of the tank. The temperature of the cold water 
coil pipe gradually increased from 300 K at the bottom 
intake to about 315 K, while the temperature of the hot fluid 
coil pipe fell from a temperature of 340 K at the intake posi-
tion to 328 K at the outtake position.

Fig. 5 illustrates the change in temperature over time 
at different heights inside the tank. The X-coordinates rep-
resent temperature points at various dimensionless heights 
inside the whole tank. The Y-coordinates represent absolute 
temperatures. Starting from the bottom of the tank, tem-
perature points were placed at increments of 3.5 cm, for a 
total of 13 temperature points. Simulations were carried out 
at 60, 120, and 180 min for comparisons with the experimen-
tal diagram. The temperature of the hot fluid was 340 K; the 
flow rate into the hot coil pipe was 0.471 L/min; the tem-
perature of the cold fluid was 300 K; the flow rate into the 
cold coil pipe was 0.094 L/min; and the initial temperature 
of the fluid inside the storage tank was set to 310 K. The 

solid dots were temperature data points recorded at various 
heights using Fluent simulation. The open dots were data 
obtained during the experiment. It can be seen that the data 
from the experiment were consistent with the simulation.

Fig. 6 shows the positions of the points 17 cm from the 
bottom of the tank - C4, H4, S4, and N4 - as measured by the 
experiment, and the change over time of the temperature 
points at the 35 cm positions (C2, H2, S2, and N2). It can be 
seen in the storage tank that when the heights are the same, 
the temperatures are also the same. Therefore, subsequent 
discussions will only focus on the changes in the tempera-
ture at positions of different height.

4.2.  Various initial tank temperatures with the intake temperature 
of hot fluid set to 340 K 

Fig. 7 presents that if the initial temperature of the 
storage tank is set to 300, 310, or 320 K and the inlet tem-
peratures of cold and hot fluids remain the same as before 

Fig. 4. Comparison of XZ section view of temperature stratifica-
tion at 120 min. 

Fig. 5. Comparison of temperature measurements and simula-
tions at various heights inside the storage tank (initial tank tem-
perature of 310 K, temperature of hot fluid at 340 K, temperature 
of cold fluid at 300 K

Fig. 6. Temperature of storage tank at heights of 17 and 35 cm.



C.-Y. Tsai, R.-M. Wu / Desalination and Water Treatment 165 (2019) 16–2320

(hot fluid at 340 K and cold fluid at 300 K), then a higher 
initial storage tank temperature hastens the stabilization of 
the tank temperature. The cold outtake temperature also 
increases, especially when the tank temperature is main-
tained at 320 K. This can provide a stable cold fluid tem-
perature at the outtake.

4.3.  Changing the hot fluid intake temperature with an initial 
tank temperature of 320 K 

Fig. 8 demonstrates the change in temperature at C2 
over time for intake temperatures of 330 K, 340 K, 350 K, 
and 360 K, with an initial tank temperature of 320 K. When 
the temperature of the hot fluid was fixed at 330 K, the tem-
perature at C2 dropped to about 314 K due to a lack of suffi-
cient heat. When the temperature of the hot fluid was fixed 
at 340 K, 350 K, and 360 K, the temperature at C2 gradually 
stabilized to 319 K, 324 K, and 328 K, respectively, after 180 
to 240 min. When the initial tank temperatures were con-
stant and the hot fluid intake temperature was higher, the 
temperature at C2 also increased.

4.4. Changing the intake flow rate of cold fluid

Fig. 9a shows a fixed intake flow rate of hot fluid of 0.471 
L/min, a temperature of 340 K, and an initial tank tempera-
ture set to 310 K. The three different cold fluid flow rates 
were 0.094 L/min, 0.236 L/min, and 0.471 L/ min; the in take 
temperature was 300 K. With the change in the outtake tem-
perature of the cold fluid over time, after 4 h, as the flow rate 
of cold fluid increased, the outtake temperature became 317 
K, 312 K, and 307 K for each corresponding flow rate. Obvi-
ously, as the flow rate at the cold fluid intake increases, the 
heat energy inside the tank is siphoned away more quickly, 
leading to lower temperatures inside the tank; sometimes 
up to 10 degrees lower. In contrast, even though there was 
no change in the cold fluid parameters, Fig. 9b shows that 
with an increase in the hot fluid flow rate, the cold outtake 
temperatures became 313 K, 316 K, and 318 K, respectively. 
Although a faster flow rate at the hot fluid intake can pro-
vide more heat energy to the tank and thereby raise the tank 
temperature, the cold outtake temperature increased by only 
about 5 K. As compared to the change in the flow rate of the 
cold fluid, the changes to the temperature due to changes 

Fig. 7. Comparison between initial tank temperature change 
and the temperature at C2.

   

Fig. 9. Outlet temperature at 120 min of changing flow rates of (a) cold and (b) hot coil fluids.

Fig. 8. Comparison between hot fluid temperature change and 
the temperature at C2, when the initial tank temperature is 320 K. 
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in the flow rate of the hot fluid were significantly smaller. 
Therefore, a larger load demand (meaning the addition of 
more heat to the cold fluid) necessitated maintaining or 
improving the temperature of the storage tank, rather than 
increasing the flow rate of the hot fluid.

 4.5. Changing the radii of the hot and cold coil pipes

In order to understand the heat transfer efficiency of 
the thermal storage system, the radii of the hot and cold 
coil pipes were changed to increase the area of heat trans-
fer. In Fig. 10, the solid dots represent the temperature dis-
tribution of the hot and cold coil pipes with a radius of 
0.5 cm. When the radius of the cold coil pipe was increased 
to 0.75 cm (open circle), the temperature at points inside 
the tank dropped by about 2.5 K. Comparably, when 
the radius of the hot coil pipe was increased to 0.75 cm 
while maintaining the same radius of the cold coil pipe 
(solid triangle), it raised the tank temperature by about 
5 K. However, when the radii of both the hot and cold 
coil pipes were increased to 0.75 cm (open triangle), the 
resulting curve overlaps with the one in which the radii 
of the hot and cold coil pipes were 0.5 cm. Simultaneously 
changing both radii did not result in any change to the 
tank temperature. Thus, to make the heat transfer of the 
thermal storage system more efficient, the radius of the hot 
coil pipe could be increased.

4.6. Changing the number of loops in the hot and cold coil pipes

Another way to increase the heat transfer area is to 
raise the number of loops in the cold and hot coil pipes. 
Fig. 11 shows that when the number of loops in the hot 
coil pipes remains the same while the number of loops 
in the cold coil is changed from 8 to 12, the temperature 
of the entire tank drops as a result of the increased heat 
energy being siphoned away by the cold coil. Compared 
to the set-up with the original cold coil pipe of 8 loops, the 
temperature of the tank dropped by about 1 more degree 
(the open circular dots). In addition, when the number of 

loops in the hot coil pipe is also increased to 12, a compar-
ison of the simultaneous increase in the number of loops 
of both the cold and hot coil pipes to the original cold and 
hot coil pipes of only 8 loops indicated that the resulting 
three curves almost overlap. It means that there was no 
significant increase in tank temperature; thus, increasing 
the number of loops in the hot coil pipe cannot effectively 
increase the tank temperature.

4.7. Hot and cold fluids entering separately

To simulate the performance of the storage tank from 
afternoon to evening, two water-inducing methods were 
simulated. The first part simulated the in-flow of hot fluid, 
where the in-flow rate of this fluid was 0.471 L/min at a tem-
perature of 340 K. The flow of cold fluid was initially sus-
pended. The next part of the simulation suspended the flow 
of hot fluid, and the flow setting of the cold fluid was then 
initiated. The intake flow rate of cold fluid was 0.094 L/min 
at an intake temperature of 300 K. Both parts were simulated 
for 4 h, and the results were compared to the situation in 
which hot and cold fluids flow simultaneously.

Fig. 12 illustrates the comparison of various in-tank 
temperatures between the situation in which there is only 
an inflow of hot fluid while the flow of cold fluid is sus-
pended, and the situation in which both the cold and hot 
fluids flow simultaneously. After 180 min, the temperature 
in the tank resulting from the inflow of only hot fluid is 4 
K higher on average than when both fluids flow simulta-
neously. The inflow of only hot fluid was simulated for 4 
h, after which the flow of hot fluid was suspended, and 
then cold fluid began to flow. Based on these results, if the 
demand for water in a summer afternoon is not high, then 
the temperature inside the tank can be increased by 4 K. 

4.8.  Changing the intake temperature of the hot fluid at 30-min 
intervals 

To better describe the temperature of the hot fluid col-
lected by the thermal collector during a summer afternoon, 

Fig. 10. Change in tank temperature when the radii of cold and 
hot coils are different.

Fig. 11. Change in various tank temperatures under the chang-
ing number of loops in cold and hot coils. 
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the intake temperature of the hot fluid was changed every 
30 min. From an initial temperature of 330 K, the hot fluid 
reached its highest temperature of 360 K at 210 min and 
finally dropped to 340 K, with a total simulation time frame 
of 8 h. The temperature change of the supplied hot fluid is 
shown in Fig. 13 (solid triangle). 

As can be seen in Fig. 13, the maximum outtake tem-
perature of cold fluid can reach 328 K (open circle), which is 
far higher than the outtake temperature of 317 K achieved 
when the intake temperature of the hot fluid was fixed at 
340 K (solid circle). If the 8-h simulation were to start from 
9 am, then by approximately 12:30 pm the temperature 
of the hot fluid from the collector could have reached its 
highest temperature of 362 K. By continuing the simulation 
for another 1.5 h, when the clock strikes 2:00 pm, the tem-
perature of the cold fluid could reach as high as 328 K. This 
indicates that the results of previous simulations regarding 
constant heat flow temperature underestimated the cold 
flow temperature. That cold water can actually be heated 
from 310 K to 328 K (nearly 55°C) might be inspiring news.

5. Conclusions

This research aims to provide a small thermal stor-
age system with indirect contact heat transfer type. This 
is a preliminary attempt, at present, the experiment has 
verified the feasibility of numerical simulation, and pro-
vides summer day operation mode. Followings are some 
conclusion points till now. Generally speaking, the time 
of heat exchange is lengthened, thermal stratification 
becomes greater. IF the initial temperature of the storage 
tank increases while the intake temperature of the hot 
fluid remains the same, the temperature stabilizes sooner. 
The tank temperature and the cold fluid outtake tempera-
ture also increase. In addition, the load for the cold fluid 
becomes larger, the more appropriate action is to maintain 
or improve the storage tank temperature or increase the 
radius of the hot fluid coil, rather than increase the flow 
rate of hot fluid. It is suggested that if the thermal fluid 
used in the simulated system is altered from water to fluid 
with a higher heat transfer coefficient, then the cold flow 
temperature should improve further.
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