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Abstract  

Water heaters are important tools to use solar energy, as one of the main renewable energy sources, for increasing 

water temperature. The present research was conducted to predict the outlet fluid temperature of a solar water 

heater with a flat plate collector by the computational fluid dynamics method. Initially, the ambient temperature, 

the temperature of the inlet and outlet fluid, and the temperature of the collector were experimentally measured 

from 10 am to 18 pm every two hours. The fluid flow tubes of the flat plate solar collector were simulated in the 

ANSYS Fluent Software. The temperature of the outlet fluid was calculated based on the measured variables by 

the computational fluid dynamics method. For that, the k-ε turbulent model was used for simulating the collector 

in the software. Validation was carried out between experimental data and numerical results. The results of the 

simulation showed that computational fluid dynamics can predict the outlet fluid temperature with errors between 

1 to 22% .In most cases, the predicted temperatures were higher than those of experimented data and higher errors 

were observed for higher flow rates. 
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1. Introduction 

Using alternative energy resources is an 

important strategy to overcome the environmental 

burdens of finishable fossil fuels [1]. Sunray is an 

unlimited source of energy that can be considered an 

ideal solution to solve problems related to energy 

and the environment [2]. This fat and high amount 

of solar energy in the world [3] shows the 

importance of paying attention to this energy source 

in meeting the daily needs of human beings [4].  

Among all methods for using solar energy, the solar 

water heater is the easiest and the most economical 
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one. Having enough knowledge about solar 

radiation, solar energy can be used for water heating 

in houses and even industry more easily and 

effectively than other solar energy systems [5]. This 

method has been favored by many scholars in the 

past two decades because, in addition to being 

renewable, home heating costs can be reduced by 

70% [6].  

The most important part of a solar water heater 

system is a solar collector that has different types. 

Solar collectors are a special type of heat exchangers 

that convert solar energy to heat [5]. The collector is 

the main part of the solar heating system to transfer 

the heat to the fluid with minimal heat dissipation. 

The most widely used type of collector is the flat 

plate solar collector due to its high performance, 

ease of construction, and without any moving parts 

and need for maintenance [7]. The main parts of the 

solar collector are the absorbing plate, inlet and 

outlet fluid tubes, air supply system, and chassis [8]. 

With regard to the benefits and applications of solar 

water heating systems, their performances must be 

investigated for optimum adjusting and improving 

efficiency.    

With respect to the field data collection, in 

addition to the high cost and time spent wishing, 

there are some limitations in various cases; whereas 

numerical modeling and simulation are used with 

low cost and duration time [9-11].  

Modeling is always a necessary and important 

task in the analysis and investigation of real systems. 

Modeling is a very effective procedure to know the 

behavior of a system at the same moment or at other 

times and even simulation of real systems. In 

engineering, modeling has always been used to 

design new processes or analysis of existing 

processes. In this regard, computational fluid 

dynamics (CFD) includes powerful analytical 

methods of the systems including heat transfer, fluid 

flow, and other phenomena. High matching ability, 

accuracy, and efficiency increased its application in 

most processes [12]. The CFD method can be 

applied to model the environment with irregular and 

complex geometries using integration by part [13]. 

Yaghoubi and Akbarimoosavi [14] studied heat 

transfer in the solar parabolic concentrating collector 

of a solar power plant system. They investigated the 

influence of several parameters such as the fluid 

speed and shape and material of the absorbent tubes. 

Azimi [15] investigated the effects of the 

concentrator and reflector on the performance of flat 

plate solar collector and found that the lens improves 

the efficiency but the impact of the reflector was 

more than the concentrator. Basil et al. [16] 

examined and compared the heat transfer in different 

solar collectors and concluded that the structure type 

has a significant impact on heat transfer. The 

thermal performance and the efficiency of a 

conventional collector with two types of solar 

absorbing plates, rectangular, and curved types were 

compared by Medina Carril et al. [17]. The results of 

their research showed that the efficiency of the 

curved type was 25% higher than the rectangular 

one. Afroza Nahar et al. [18] investigated a hybrid 

solar system that had both photovoltaic and 

collector.  

Nadi et al. [19] compared the outlet fluid 

temperature of a solar collector obtained by CFD 

modeling and artificial neural networks (ANN). The 

results of their research showed that the CFD data 

were in agreement with experimental data. Kiran 

Niak et al. [20] after experimental investigation on 

U-Tube solar collector system to assess its 

performance, modeled to predict its performance. 

Balakin et al. [21] modeled a direct absorption solar 

collector with magnetic Nano-fluid by CFD. 

Agathokleous et al.  [22] conducted the experimental 

and modeling study of a solar thermal collector for 

air heating. Tafarroj et al. [23] modeled a collector 

containing nano-fluids to predict its performance. 

Carmona and Palacio [24] conducted research to 

model a flat plate solar collector with latent heat 

storage and compared it with experimental data.  

The literature reviews showed that solar water 

heaters can be modeled and simulated by the CFD 

method, but in the present research, the method was 

used to simulate a solar water heater under different 

conditions to evaluate the accuracy of the method at 

different times of the day. Among different solar 

collectors, flat plate one has more applications due 

to its high performance, ease of construction, lack of 

the presence of moving parts, and no need for 

maintenance. Due to the importance of the 

prediction of outlet water, therefore, the goal of the 
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present research is to predict the outlet temperature 

of a flat plate solar collector of a water heating 

system using the CFD method. 

2. Materials and Methods  

2.1. Solar water heater 

The solar water heater made by Solar Polar Co., 

Isfahan, Iran was considered to be studied. The 

heater had a forced circulation system consisting of 

a pump and required devices for the recirculation of 

water in the tubes. The most important part of a solar 

water heater is the absorber plate. It included vertical 

and horizontal pipes. The specifications of the 

collector have been presented in Table 1 [25]. 

 

Table 1. Specifications of the studied flat plate solar 

collector (Solar Polar Co.). 

Value Parameter No. 

Aluminum/0.5 

mm 

Material/Absorber 

thickness 

1 

1 Number of transparent 

covers 

2 

Copper/1mm Tube 

material/Thickness 

3 

150 mm Tube distance 4 

45  ˚  Slope 5 

0.9 The transparent cover 

pass constant (τ) 

6 

0.81 Absorption constant 

(α) 

7 

900 mm length, 

40 mm diameter 

Horizontal tubes 8 

1600 mm length, 

15 mm diameter 

Vertical tubes 9 

 

 
Fig. 1. The studied solar heat water [25]. 

 

2.2. Thermal sensors 

The thermal sensors were placed on the inlet and 

outlet points to determine the temperature of the 

environment, absorber plate, and inlet and outlet 

fluid. The used sensors in the present research were 

k-type thermocouples with an accuracy of 0.1 ˚C.  

The tips of the thermocouples were fixed to the 

points using aluminum welding.  

 

2.3. Data logger 
In order to record the temperature of the different 

points of the solar water heater an eight-channel 

data logger device, model: PROVA 800, Taiwan, 

was used. The data logger has the ability to record 

the temperature every 1 s but it was used to record 

the temperature each 2 h from 10:00 to 18:00 

o’clock. After recording the temperatures by the 

data logger, the obtained data was transferred from 

its memory to a personal computer. 

 

2.4. Data collection  

Some experiments were conducted to gather real 

data in the same sunny condition in May 2018 at 

Razi University, Kermanshah, Iran. The gathered 

data were environment, absorber, and inlet and 

outlet fluid temperature. The data were collected at 

different times of the day to validate the CFD results 

at different day times. The experimental conditions 

and treatments were reported in Table 2. 

 

Table 2. The different conducted tests for modeling 

flat plate collectors. 

Test 

No. 

Time 

(h) 

Flow 

rate 

(kg.s-

1) 

Temperature (˚C) 

Ambient Absorber 
Inlet 

fluid 

1 

10:00 

0.10 22.5 39.1 31.8 

2 0.14 22.5 39.5 36.0 

3 0.20 22.0 39.1 35.5 

4 

12:00 

0.10 25.7 50.0 44.6 

5 0.14 25.7 50.1 43.5 

6 0.20 25.7 50.0 43.0 

7 

14:00 

0.10 28.5 60.1 54.7 

8 0.14 28.6 60.0 54.8 

9 0.20 28.5 60.1 54.0 

10 

16:00 

0.10 29.6 60.1 56.9 

11 0.14 29.6 61.3 55.3 

12 0.20 29.0 61.5 55.0 

13 

18:00 

0.10 27.6 49.0 52.3 

14 0.14 25.5 52.9 43.9 

15 0.20 25.9 52.6 41.9 
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After preparing the solar water heater, sensors, 

and data logger the experiments were done. The 

ambient temperature, absorber temperature, and 

inlet and outlet temperature of fluid were 

determined by the sensors. The experiments were 

conducted for three days. The data were recorded 

each 2 h from 10:00 am to 18:00 pm. Also, to 

evaluate the results of the CFD method, the 

experiments were done for different fluid flow rates 

of the collector as 0.1, 0.14, and 0.20 kg.s-1.  

 

2.5. Numerical simulation  

For CFD modeling, firstly the goal system must 

be simulated in software [26-27]. The fluid tubes of 

the collector were simulated in the environment of 

ANSYS Fluent 15 software. Due to the symmetry of 

the tubes, half of them were considered (Fig. 2). To 

increase the calculation speed organized network 

with triangular elements was used to mesh the 

model (Fig. 2). Totally, 112621 nodes and 456265 

elements were created for the model after meshing. 

 

 

 
Fig. 2. The simulated tubes of the studied collector 

(Top) and the meshed model (Bottom) in ANSYS 

Fluent 15 software.  

 

2.6. Turbulence model  

Considering the amount of fluid flow in the 

present research, 0.1 to 0.2 kg.s-1, the turbulence 

model was used for numerical calculation of the 

outlet fluid temperature based on the standard k-ε 

model [28]. 

 

2.7. Boundary conditions 

Determination of the boundary conditions is one 

of the most basic steps in different applications of 

CFD. It determines the flow and thermal properties 

in the borders of the considered problem domain 

according to the problem physics. Boundary 

conditions in the present research included the 

temperature of the solar absorber plate, ambient 

temperature, flow rate, and temperature of inlet 

fluid. This data was different for each test and so the 

information related to each test was used for 

modeling. The used boundary conditions for 

modeling the flat plate solar collector in the present 

research were listed in Table 2. 

In the present research, after recording the results 

of the experiments and modeling by CFD, the outlet 

fluid temperature obtained by both methods was 

compared to obtain prediction error. The Prediction 

error was calculated using the following equation.  

(1) 

 
where PE is the prediction error of CFD modeling, 

RM is the modeling results, and RE is the 

experimental results. 

3. Results & Discussion 

The modeling results by the CFD method, as 

outlet fluid temperature contours, have been 

presented in Fig. 4 and Table 3. In Table 3, the 

outlet fluid temperature calculated by the CFD 

method and those obtained by experimental tests 

were compared.  The prediction error by the CFD 

method was calculated by Eq. 3 and listed in Table 

3. 

As seen in Table 3, the highest error (21.6%) 

was related to 10:00 o’clock in the morning with a 

flow rate of 0.10 kg.s-1. The lowest percentage error 

of 0.1 % was related to 18:00 o’clock with a flow 

rate of 0.10 kg.s-1. The error between experimental 

and modeling data may be due to the existence of 

unknown or uncontrolled environmental factors such 

as wind. The negative errors in Table 3 showed that 

the calculated outlet fluid temperature by the CFD 
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has been less than those obtained in the experimental 

tests also these cases were observed from 16:00 to 

18:00 o’clock.  

 

Table 3. Comparison of the results obtained by CFD 

modeling and experiments. 

Tes

t 

No. 

Tim

e (h) 

Flo

w 

rate 

(kg.s
-1) 

Outlet fluid 

temperature (˚C) Erro

r 

(%) 
Experiment

al 

Modelin

g 

1 
10:0

0 

0.10 33.6 40.9 21.6 

2 0.14 37.0 38.9 5.0 

3 0.20 36.5 37.9 3.7 

4 
12:0

0 

0.10 46.7 52.9 13.2 

5 0.14 47.2 48.9 3.5 

6 0.20 46.9 47.9 2.0 

7 
14:0

0 

0.10 56.0 56.9 1.5 

8 0.14 56.1 58.9 4.9 

9 0.20 56.4 58.9 4.3 

10 
16:0

0 

0.10 57.4 56.9 -0.1 

11 0.14 57.3 60.9 6.2 

12 0.20 56.3 57.9 -2.8 

13 
18:0

0 

0.10 53.2 51.9 -2.5 

14 0.14 49.9 49.9 -0.1 

15 0.20 48.3 47.9 -0.9 

 

 

 
Fig. 3. The outlet fluid temperature counter for the 

flow rate of 0.10 kg.s-1 at 12:00 o’clock.  

3.1. Comparing the experimental and modeling 

results   

After solving the problem by the CFD method 

and ANSYS Fluent Software, the obtained results 

for all models have been recorded (Fig. 4). 

 

0.20 0.14 0.10 

Flui

d 

flow 

(kg.

s-1) 

Tim

e (h) 

   

10:

00 

   

12:

00 

   

14:

00 

   

16:

00 

   

18:

00 

 

Fig. 4. The contour results of all CFD models. 

 

3.2. Temperature variation at different times 

The differences between real outlet fluid 

temperatures obtained by experiments and modeled 

CFD results at different day times from 10:00 am to 
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18:00 pm for each 2 h and all studied flow rates 

have been presented in Fig. 5-7. 

      

 
Fig. 5. The differences between outlet fluid 

temperatures obtained by experiments and CFD 

modeling at different times and 0.10 kg.s-1 flow 

rates. 

 

 
Fig. 6. The differences between outlet fluid 

temperatures obtained by experiments and CFD 

modeling at different times and 0.14 kg.s-1 flow 

rates. 

 

 
Fig. 7. The differences between outlet fluid 

temperatures obtained by experiments and CFD 

modeling at different times and 0.20 kg.s-1 flow 

rates. 

 

For 0.10 kg.s-1 flow rates in Fig. 5, the modeling 

errors were high from 10:00 to 12:00 am, whereas 

those were very low from 14:00 to 18:00 pm. The 

modeling errors for 0.14 and 0.20 kg.s-1 in Fig. 6-7 

were the same. The errors were high from 14:00 to 

16:00 pm and those were low for other day times. 

 

 

3.3. Flow rate 

 

The differences between outlet fluid 

temperatures obtained by experimental tests and 

CFD modeling at different flow rates for all studied 

day times have been presented in Fig. 8-12. 

 

 
Fig. 8. The differences between outlet fluid 

temperature obtained by experiments and CFD 

modeling at different flow rates and 10:00 o’clock. 

 

 
Fig. 9. The differences between outlet fluid 

temperature obtained by experiments and CFD 

modeling at different flow rates and 12:00 o’clock. 

 

 

 
Fig. 10. The differences between outlet fluid 

temperature obtained by experiments and CFD 

modeling at different flow rates and 14:00 o’clock. 
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Fig. 11. The differences between outlet fluid 

temperature obtained by experiments and CFD 

modeling at different flow rates and 16:00 o’clock. 

 

 

 
Fig. 12. The differences between outlet fluid 

temperature obtained by experiments and CFD 

modeling at different flow rates and 18:00 o’clock. 

 

At 10:00 am the difference between real and 

predicted outlet temperatures for 0.14 and 0.20 kg.s-

1 flow rates was the same and equal to 1 ˚C but it 

had a higher value for 0.10 kg.s-1 as 1.8 ˚C. The 

temperature differences for 0.10 kg.s-1 (2.1 ˚C) were 

lower than those for other flow rates at 12:00 

o’clock (> 3 ˚C). At 14:00 o’clock, the difference 

for 0.20 kg.s-1 was higher (2.4 ˚C) than those of 

other flow rates (1.3 ˚C). The difference between the 

real and predicted temperature at 16:00 o’clock was 

ranked as 0.14, 0.20, and 0.10 kg.s-1 with values of 

2, 1.3, and 0.5 ˚C, respectively. Highest temperature 

differences were observed in Fig. 12 at 18:00 

o’clock for 0.14 (6 ˚C) and 0.20 kg.s-1 (6.4 ˚C). Also 

in this condition, the difference for 0.10 kg.s-1 was 

lower (0.9 ˚C). 

According to Fig. 8-12, totally can be told that 

the heat transfer between absorber and fluid is better 

in lower flow rates and thus there is expected that 

the temperature difference between inlet and outlet 

fluid to be increased. The reason for this difference 

is the lower speed of the fluid passing from the 

collector tubes and so the fluid had more 

opportunities to have better heat exchange. But in 

higher flow rates the fluid has a lower time for heat 

exchange with the absorber plate resulting in a 

higher temperature difference between real and 

modeled results and so lower CFD modeling 

accuracy. 

4. Conclusions 

In the present research, as time passed from the 

morning, the outlet fluid temperature increased 

gradually due to the amount of solar radiation that 

increases resulting in an increase of absorbed energy 

and so it was maximum at noon. With reduce in flow 

rate, the amount of the transferred energy from the 

collector to the fluid increases, and thus the 

temperature of the outlet fluid increases. The 

differences between the temperature of the inlet and 

outlet fluids in the range of 10:00 am to 18:00 pm 

initially increased and then it had a descending 

trend. The temperature of the outlet fluid at a flow 

rate of 0.10 kg.s-1 was the highest and 0.20 kg.s-1 

had the lowest value. At the beginning of the day, 

with an increase in inlet temperature, the outlet fluid 

temperature increased while as time passed the 

outlet fluid temperature decreased.   

The maximum temperature difference between 

experimental real data and the predicted numerical 

results calculated by the CFD method was about 7.3 

°C related to a 0.10 kg.s-1 flow rate at 10:00 o’clock 

and the corresponding percentage error was obtained 

as 21.6%. The predicted outlet fluid temperature at 

10-14 o’clock was more than those obtained by 

experiments whereas at 16-18 the opposite results 

were obtained. For different tests, the temperature of 

the outlet fluid by experiments and CFD modeling 

had in agreed and its predicting error was between 

0.1 to 21.6%. 
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