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Prospects for low-cost utilization and storage of solar energy are promising. In this 
study, the change of shallow geo-temperature was monitored, and the influence of 
solar radiation on shallow geo-temperature was discussed. Three series of field ex-
periments on heat transfer of aboveground pipes were designed, and the variations 
of water temperature in the aboveground pipes were also monitored. According to 
the experimental data, the relevant factors affecting the water temperature inside 
the pipe (such as solar radiant intensity, pipe’s material, pipe’s spatial location, 
heat-accumulating wall and so on) were analyzed. Based on the field test, a 3-D 
model of aboveground pipe heat transfer was established to verify and temperature 
prediction was carried out. The results show that the water temperature in the pipe 
is most significantly affected by solar radiation, and is also related to the color of 
the pipe and its spatial position. The water temperature of galvanized steel pipe 
wrapped with black plastic film is the highest under solar radiation, and the op-
timum distance between the pipe and the heat-accumulating wall and the Earth’s 
surface is, respectively, 0.90~1.25 times of the outer diameter of the pipe. The way 
the pipe is covered has a great influence on the water temperature inside the pipe. 
When the black and polyethylene pipe covered with the white plastic film is in the 
best spatial position, the highest heat of the three series of tests is obtained, and 
the difference between the water temperature inside the pipe and the atmospheric 
temperature reaches 36.3 °C. 
Key words: solar thermal utilization, geo-temperature monitoring,  

pipe heat collection experiment, numerical simulation,  
temperature prediction

Introduction

Solar energy, as an eco-friendly, eternal [1] and environmentally friendly renewable 
energy, is favored by all countries in the world, as fossil energy is gradually consumed. 

In China, Solar collectors are available in both evacuated tubular type and flat plate 
type, which of the former accounts for more than 95% of the domestic market [2]. Evacuat-
ed-tube solar hot water collector mainly relies on evacuated collector tube to convert solar 
energy into heat energy. In order to improve the performance of solar water heaters, different 
authors have conducted a lot of investigation by means of experiments. In the past few decades, 
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the performance and structure of solar collectors were widely investigated and modified by 
many researchers [3-8], obtaining the best method to improve the thermal efficiency. Yakup  
and Malik [9] investigated the optimum tilt angle and orientation (surface azimuth angle) for 
the solar collector in Brunei Darussalam by establishing mathematical models to estimate the 
total solar radiation on a tilted surface. Zhao et al. [10] investigated that it is most reasonable 
to install collectors with seasonal tilt-angle in Lanzhou, China, changing the tilt-angle twice a 
year. Despotovic et al. [11] investigated the optimum tilt angle by searching for the values for 
which the solar radiation on the collector surface is maximum for a particular day or a specific 
period, determining the biannual, seasonal, monthly, fortnightly, and daily optimum tilt an-
gles. In recent years. phase change materials (PCM), have been well developed and because 
of their superior heat storage capacity, so their integration with solar collectors produced bet-
ter results [12]. Lin et al. [13] conducted an outdoor experimental investigation of integrated 
PCM-flat plate solar collector at various inclination angles (10°, 20°, and 30°). They found that  
0.5 kg per minute water flow rate and 10° to 20° inclination angles with PCM can provide 
promising 38 °C hot water temperature for daytime demand with 52 ± 2.2 % efficiency. Abuska  
et al. [14] investigated the effect of using aluminum honeycomb core on the solar air collector 
thermal performance regarding heat storage with PCM under natural-convection conditions. 
They found that the production of useful energy in the novel solar air collector lasted 469 min-
ute and 539 minute longer than collector with a flat absorber plate, respectively.

There are also some authors who have done a lot of research by means of numerical 
simulation [15-17]. Alfaro-Ayala et al. [18] considered the buoyancy effects in the numerical 
simulation of the water-in-glass evacuated tube solar collector. The simulated results show that 
the outlet temperature and thermal efficiency of the solar collector using the model of Bouss-
inesq approximation is closer to the experimental data than those obtained using the model of 
variation of the proprieties with temperature. Morrison et al. [19] discussed the factors influ-
encing the operation of water-in-glass collector tubes, and presented a numerical study of water 
circulation through long single-ended thermosyphon tubes. Preliminary numerical simulations 
have shown the existence of inactive region near the sealed end of the tube which might influ-
ence the performance of the collector. Selmi et al. [20] simulated and analyzed the problem of 
flat plate solar energy collector with water flow, considering the radiative heat transfer between 
tube surface, glass cover, side walls, and insulating base of the collector as well as the mixed 
convective heat transfer in the circulating water inside the tube and conduction between the 
base and tube material. The simulated results show that the outlet temperature of water is com-
pared with experimental results and there is a good agreement. Charvat et al. [21] investigated 
influence of latent heat thermal energy storage integrated with the solar absorber plate through 
lab experiments and computer simulations. The result indicates that solar absorber plate con-
taining a paraffin-based PCM has the potential to reduce the outlet air temperature fluctuations 
when the solar radiation intensity quickly changes.

Even though the thermal efficiency has been improved, the use of solar collector tubes 
becomes economically infeasible with the increase of service time. Ayompe et al. [22] con-
ducted a year-round monitoring of the performance of flat plate and heat pipe of evacuated 
tube solar collector. The results showed that the two systems were not economically feasible. 
Because the effective use of ground reflected light and ground heat flow is not considered, the 
cost of solar water heaters is high, and it is economically unfeasible when producing large quan-
tities of hot water. Combining the advantages of solar energy and shallow geothermal energy, 
this paper designs and conducts heat transfer test of aboveground pipes in Haidian district of 
Beijing, analyses test data, establishes the heat transfer numerical model and temperature pre-
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dictive model, and proposes a low-cost method to improve water temperature efficiently, which 
provides experimental support for large-scale utilization of solar energy.

Practical experiment and monitoring design 

Introduction of Haidian district

Haidian district is located in the northwest of Beijing, the capital of the Peo-
ple’s Republic of China, which of district borders is between 39°53′~40°09′ N latitude and  
116°03′~116°23′ E longitude. The climate in Haidian district belongs to the warm temperate 
semi-humid semi-arid continental monsoonal climatic zone with an average annual temperature 
of 12.5 °C, an extreme minimum temperature of –21.7 °C, an average temperature of 25.8 °C 
in July, and a maximum temperature of 41.6 °C. The annual sunshine is 2662 hours and the 
frost-free period is 211 days. The annual average precipitation is 628.9 mm, concentrated in 
June-August in summer. The summer rainfall is 465.1 mm, accounting for 70% of the annual 
precipitation. The precipitation in December to February in winter is the least, accounting for 
only 1%. Therefore, the climatic characteristics of this area are more rain in summer, drought 
in spring and autumn, and cold and dry in winter.

Design of geo-temperature monitoring

In order to investigate the variation of stratigraphic temperature at different burial 
depths, the author selected a relatively flat and open space in Haidian District of Beijing, where 
is no shadows such as trees and buildings. The properties of the site soil are ordinary silty clay 
in Beijing area. Five holes were drilled into the soil at the surface, with a diameter of 40 mm 
and a drilling depth of 0.3 m, 0.6 m, 0.9 m, 1.2 m, and 1.5 m, respectively, and the spacing of 
each hole was 1.0 m. Then the temperature probes of the intelligent temperature recorder (HZ-
TJ1) were embedded in the boreholes with depths of 0.01 m, 0.30 m, 0.60 m, 0.90 m, 1.20 m 
and 1.50 m, respectively, and the holes are sealed by compaction with the original soil. The 
data recording interval of the geothermal monitoring experiment was 15 minute, and the hourly 
temperature and humidity in Haidian District of Beijing were also recorded.

Design of heat transfer test for aboveground pipe 

Experimental material

The main experimental instruments used in the test include: Multi-point soil tem-
perature recorder HZ-TJ1, its temperature measuring range: –40~120 °C, accuracy: ± 0.2 °C; 
galvanized steel pipes; polyethylene (PE) plastic pipes; black and white plastic film and foam 
scaffolds. The specifications of pipes are shown in tab. 1.

Table 1. The specifications and parameters of pipes

Pipe type Color Length, L
[mm]

Inner diameter, DN,  
[mm]

outer diameter, D 
[mm]

Wall thickness, δ
[mm]

Galvanized 
steel pipes White 750 25 33.4 4.2

PE plastic pipes Black 750 26 32 3.0

Experimental site

In this series of experiments, the large sandpit in the university of the playground was 
used as test site, as shown in fig. 1. The particle size distribution test of sand in sandpit was car-
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ried out by sieve analysis method. The experi-
mental results show that the mass of particles 
with particle size greater than 0.5 mm accounts 
for 34.48% and less than 50% of the total mass, 
while the mass of particles with particle size 
greater than 0.25 mm accounts for 76.98% 
and more than 50% of the total mass, indicat-

ing that the site sand is medium sand. According to the experiments, the distributed curve of 
sand size is drawn as fig. 2, and the calculative results show that the coefficient of uniformity  
Cu = 9.67 > 5, the coefficient of curvature Cc = 2.94, and 1 < Cc < 3. The experiment proves that 
there are large and small particles in the sand, the particle size is relatively dispersed, the gra-
dation and compactness are both good. 

Treatment of experimental pipes

Two galvanized steel pipes and PE plastic pipes are, respectively, wrapped in black 
and white plastic films, and the remaining two are not treated. The number of experimental 
pipes are Pipe 1 is the galvanized steel; Pipe 2 is the PE plastic pipe; Pipe 3 is the galvanized 
steel pipe wrapped with white plastic film; Pipe 4 is the PE plastic pipe wrapped with white 
plastic film; Pipe 5 is the galvanized steel pipe wrapped with black plastic film; Pipe 6 is the 
PE plastic pipe wrapped in black plastic film; Pipe 7 is the galvanized steel pipe covered with 
white plastic film; Pipe 8 is the PE plastic pipe covered with white plastic film; Pipe 9 is the 
galvanized steel pipe covered with black plastic film; Pipe 10 is the PE plastic pipe covered 
with black plastic film.

Experimental method

On the basis of full consideration of the influencing factors, the following three-stages 
of experiments were carried out.

In the first stage, considering the overhead impact test: all the pipes are filled with 
water and placed on the sand ground with a horizontal spacing of 1.0 m. Six temperature probes 
of soil temperature recorder HZ-TJ1 are placed in the pipes to measure the change of water 
temperature. The measuring time is 12 hours, which is from 7:00 a. m. to 19:00 p. m. and the 
recording interval of is 15 minutes. Under the condition that the measuring time and horizontal 
spacing remain unchanged, the pipes’ bottom of Pipe 3, Pipe 4, Pipe 5, and Pipe 6 are all over-
head to the sand ground height of 20 mm on the second day. With the increase of test days, the 
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Figure 1. Test site

Figure 2. Curve of grain size distribution
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four pipes are all arranged at 30 mm, 40 mm, 50 mm, and 65 mm for measurement. Pipe 1 and 
Pipe 2 are always placed on the surface of sand ground for reference.

In the second stage, the influence test of the heat-accumulating wall is considered: the 
heat-accumulating wall is set on the ground of the sand ground, which of the size is 4 m long, 
0.3 m wide, and 0.55 m high and the surface is treated with sand. The lengthwise direction of 
wall is arranged along the east-west direction. Pipe 1 and Pipe 2 are always placed on the sand 
ground as the control group after being filled with water, with a horizontal distance of 1 m, 
which of lengthwise direction are arranged along the east-west direction. The lengthwise direc-
tions of the Pipe 3, Pipe 4, Pipe 5, and Pipe 6 are consistent with the lengthwise directions of 
the wall. It is noted that the bottom of Pipe 3, Pipe 4, Pipe 5, and Pipe 6 is X mm from the sand 
ground and Y mm from the heat-accumulating wall. The four pipes are all arranged at (0, 0) and 
the measurement is started. The measuring time is 12 hours, that is, from 07:00 a. m. to 07:00 
p. m. On the second day of the experiment, they are all arranged at (20, 20) for measurement. 
With the increase of test days, the four pipes are all arranged at (30, 30), (40, 40), (50, 50), and 
(65, 65) for measurement. 

In the third stage, the test of coverage 
is considered: Pipe 1 and Pipe 2 are always 
placed on the sand ground after filling with wa-
ter as control group. The experimental method 
of Pipe 7, Pipe 8, Pipe 9, and Pipe 10 is ba-
sically the same as that of the second stage, 
except that the spatial position of the pipe-line 
is different. The specific spatial locations are:  
(–35, 100), (–15, 100), (0, 100), (20, 100), (40, 
100), (65, 100). The position of the pipe rela-
tive to the ground and wall is shown in fig. 3

Experimental principle and monitoring analysis 

Experimental principle

According to the thermal balance of the boundary surface, the heat transfer on the 
surface of the pipe follows Fourier’s law and Newton’s cooling formula:

( )w f r T H T T q
n

λ ∂
− = − +

∂
(1)

where λ [Wm–1°C–1] is the thermal conductivity, n – the normal direction of the pipe’s surface, 
H [Wm–2°C–1] – the heat transfer coefficient, T [°C] – the temperature, Tw [°C] – the wall tem-
perature of the pipe, Tf [°C] – the fluid temperature, qr [Wm–2] – heat flux density, being related 
to the fourth power of temperature.

The radiant heat transfer on the surface of the pipe takes into account the long-wave 
radiation between pipe-line and atmosphere, the long-wave radiation between pipe-line and 
ground, and the radiative heat transfer between the pipe and the wall:

( ) ( ) ( )4 4 4 4 4 4
f w s ws f w g wg f w h wh r aq T T T T T T Iε σ ϕ ε σ ϕ ε σ ϕ= − + − + − − (2)

where σ [Wm–2K–4] is the Stefan-Boltzmann constant with a value of 5.67 ⋅ 10–8, εf – the superfi-
cial emissivity of the pipe, Ts [K] – the effective temperature of the sky, φws – the angular coeffi-
cient between the pipe’s surface and the sky, Tg [K] – the ground temperature, φwg – the angular 
coefficient between the pipe’s surface and the ground, Th [K] – the temperature of heat-accumu-

Plastic �lm 100 mm

Pipe
Y

X
±0.000

Bracket Sand

Heat-accumulating

wall

Figure 3. Cross-section of plastic film covering 
pipe experiment



Wang, K., et al.: Experimental Investigation on Efficient Heat Collection ... 
1450 THERMAL SCIENCE: Year 2020, Vol. 24, No. 2B, pp. 1445-1460

lating wall, φwh is the angular coefficient between the pipe’s surface and the heat-accumulating 
wall, and Ia [Wm–2] – the solar radiant intensity absorbed by the pipe.

Monitoring and analysis of shallow geo-temperature

The monitoring experiment of shallow geo-temperature was conducted from 12:00  
p. m. on September 5 to 12:00 p. m. on September 8. The time interval of data recording was 15 
minutes. It can be observed from figs. 4 and 5 that the variational tendency of soil temperature 
near the ground (–0.01 m) is basically consistent with that of solar radiant intensity on the day. 
With the increase of depth, the solar irradiance decreases, and the shallow geo-temperature also 
decreases, becoming stable under the influence of solar irradiance. 
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Heat transfer analysis of  
aboveground pipe

Pipes’ color

The heat transfer test of aboveground 
pipe was carried out in the school playground 
from 7:00 on August 9 to 17:00 on Septem-
ber 23. A total of 1494 groups of experimental 
data were obtained. Figure 6 is the difference 
between the water temperature in the pipe and 
the real-time temperature on August 10, which 
shows that the water temperature of galvanized 
steel pipe wrapped with black plastic film (pipe 
5) is generally higher than that of other pipes, 
followed by Pipe 6 and Pipe 2. Moreover, the 
maximum water temperature in the Pipe 5 is 
about 18.9 ℃ higher than the real-time maxi-

mum temperature, and the temperature rises faster. The reason can be seen from the analysis: 
the surface of the black pipe can absorb as much visible energy in the solar energy as possible, 
which has a strong ability of heat absorption. The pipe can get more heat, so the water tempera-
ture is relatively high. While the white plastic film absorbs heat less than the black plastic film, 

06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

Δ
T

[
C

]
o

20

18

16

14

12

10

8

6

4

2

Pipe 1

Pipe 2

Pipe 3

Pipe 4

Pipe 5

Pipe 6

Time [hour]

Figure 6. Curves of the difference between 
water temperature in pipes and air temperature 
on August 10



Wang, K., et al.: Experimental Investigation on Efficient Heat Collection .... 
THERMAL SCIENCE: Year 2020, Vol. 24, No. 2B, pp. 1445-1460 1451

so the thermal effect of the Pipe 3 and Pipe 4 is second. The heat gain of Pipe 1 is the least and 
the rise of water temperature is lower.

Spatial position of pipe

Because of the different weather condi-
tions and the difference in atmospheric tem-
perature, the water temperature in the pipe will 
also change. However, it can be observed from 
the experimental result that the spatial posi-
tion of the pipe on the sand has a significant 
influence on the temperature of the water in the 
pipe. As shown in fig. 7, taking the Pipe 5 as an 
example, the influence of the spatial position of 
the pipe on the water temperature is analyzed 
by the difference between the measured tem-
perature of the water in the pipe and the atmo-
spheric temperature of the day. When the bot-
tom of the pipe is 40 mm from the sand ground, 
the water in the pipe warms up faster, and the 
highest temperature difference can reach 20.9 
°C. At the heights of 30 mm, 50 mm, and 60 mm from the sand ground, the water temperature 
changes similarly, while at 0 mm, the water temperature is relatively low. 

Heat-accumulating wall

Experiment has shown that heat-accu-
mulating wall has a significant influence on the 
temperature of the water inside the pipes. In 
order to further explore the effect of heat-ac-
cumulating wall, the variation of the water 
temperature inside the pipes when the Pipe 5 is  
40 mm from the wall space and the sand ground 
is compared with the experimental method 
which only places the pipe 5 at a height of  
40 mm without the heat collecting wall. Figure 
8 is obtained by making the difference between 
the measured water temperature and the re-
al-time atmospheric temperature, which emerg-
es that the role of the heat-accumulating wall is 
very obvious. After 13:00 p. m., at the same height, the temperature of water in the pipe with the 
heat-accumulating wall is about 5-10 °C higher than that without the heat-accumulating wall.

Covering ways of pipes

Based on the above research, the effect of covering ways was also verified by ex-
periments. The black and white plastic film were, respectively, covered on the pipes, and the 
distance between the pipes and the heat-accumulating wall is 100 mm, and then the heights 
of pipes and the ground are changed at different days, which are –35 mm, –15 mm, 0 mm,  
20 mm, 40 mm, and 65 mm. In this experiment, when the distance between the outer wall 

Figure 7. Curves of the difference between 
water temperature in pipes and air temperature 
at different heights from pipe bottom to ground

Figure 8. Contrast chart of water temperature 
in pipe affected by heat-accumulating wall

06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

22

20

18

16

14

12

10

8

6

4

2

0

Δ
T

[
C

]
o 0 mm

20 mm

30 mm

40 mm

50 mm

65 mm

Time [hour]

06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00

25

20

15

10

5

0

Δ
T

[
C

]
o

Without heat-accumulating wall

With heat-accumulating wall

Time [hour]



Wang, K., et al.: Experimental Investigation on Efficient Heat Collection ... 
1452 THERMAL SCIENCE: Year 2020, Vol. 24, No. 2B, pp. 1445-1460

of the black PE pipe covered with white plas-
tic film and the heat-accumulating wall and the 
ground is 100 mm and 40 mm, respectively, 
the water in the pipe obtains the highest heat in 
this experiment, and the difference between the 
water temperature in the pipe and the air tem-
perature reaches 36.3 °C. When the distance 
between the outer wall of the black PE pipe 
covered with white plastic film and the heat 
gathering wall and the ground is 100 mm and  
20 mm, respectively, the sub-high heat of the 
test was obtained from the water in the pipe, 
and the difference between the water tempera-
ture in the pipe and the air temperature reached  
34.8 °C. Figure 9 shows the difference between 
water temperature (Pipe 8) and ambient air tem-
perature at different heights from the bottom of 
the pipe to the sand floor. It can be seen that 
the solar radiation has the greatest impact on the 
heat collection of pipes, and the white plastic 
film has a greater impact on the heat collection 
of pipes. The optimum distance between over-
head pipe-lines and the ground is 0.90~1.25 
times of the outer diameter of pipes. 

Figure 10 is the test curve of September 
22. Pipe 1 and Pipe 2 are bare on sand, and the 
overhead heights of Pipe 7, Pipe 8, Pipe 9, and 
Pipe 10 are 40 mm under the same weather 
conditions. In fig. 10, the order of water tem-
perature in each pipe is: T Pipe 8 > T Pipe 7 >  
T Pipe 9 > T Pipe 10 > T Pipe 2 > T Pipe 1. It 
can be seen that the heat gain of pipe covered 
with white plastic film is greater than that cov-
ered with black plastic film. This is because the 
white plastic film has good transparency and can 
obtain more heat, and the closed region formed 
with the ground reduces the heat disperse of air 
convection, improving the ground temperature, 
which plays a good role in thermal insulation.

In order to further verify the effect of 
coverage, this paper compares and analyzes the 
difference between measured water temperature 
and atmospheric temperature in Pipe 8 and Pipe 
2, which are placed on the surface under the 
same weather conditions. It can be seen from 
fig. 11 that under the same weather conditions, 
the trend of water temperature in the two tubes 
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are consistent. After 10:00 o’clock, Pipe 8 increased the temperature significantly more than 
Pipe 2, and the temperature difference between the two reached 7.0 °C, with an average tem-
perature difference of 4.4 °C. It can be seen that under the action of covering, the warming 
amplitude of water temperature is obvious, which reduces the heat loss caused by natural-con-
vection between the air and the outer wall of the pipe, thus improving the water temperature.

The effect of weather condition

In order to investigate the influence of 
weather conditions on the experimental re-
sults, this paper compares the measured water 
temperatures under sunny and cloudy weather, 
when the Pipe 5 mm is 65 mm from the wall 
and the ground. The data in fig. 12 is obtained 
by measuring the difference between the mea-
sured water temperature and the real-time at-
mospheric temperature of the day, which can 
be seen that the water temperature under sun-
ny conditions is significantly higher than that 
under cloudy weather conditions. After 10:00 
o’clock, with the increase of the solar altitude 
angle, the solar radiation gradually increases, 
and the difference between the water tempera-
ture under sunny days and cloudy days increases, with the maximum temperature difference 
between the two reaching 12 ℃ and the average temperature difference of 6.5 ℃. It also can 
be seen that cloudy weather weakens the solar radiation intensity, reducing the heat gain of the 
pipe, which is not conducive to the increase of water temperature in the pipe.

Numerical simulating analysis 

Introduction ANSYS FLUENT 16.0

The FLUENT is a computer program for simulating the fluid-flow and heat con-
duction of complex shapes, which is one of the CFD software with comprehensive functions, 
strong applicability and extensive use in China. Flexible unstructured grids and mature phys-
ical models make FLUENT software widely used in laminar flow, turbulence, heat transfer, 
phase transition, multi-phase flow, etc. The FLUENT software is composed of two core parts: 
pre-processing software such as (ICEM CFD, Gambit, FLUENT Meshing, and Turbo Grid) 
and post-processing solver. In GAMBIT, the steps of establishing geometric model and gen-
erating grid are carried out, while FLUENT completes the process of setting object boundary 
conditions, initializing and solving. In this study, besides the convective heat transfer between 
the pipe wall and the water, the effects of solar radiation and radiative heat transfer between the 
surfaces are also considered.

Numerical simulation

Physical model

In order to further verify the effects of the pipe material, the spatial position of pipes, 
covering ways of pipe and heat accumulating wall in the field test, a 3-D model was established 
to simulate the variation and characteristics of water temperature in each pipe under certain 
environmental space.
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The material and size specifications of the pipes’ model are consistent with the test, 
see tab. 1. The external air-flow area is 10 m long, 8 m wide, and 8 m high, with the east-west 
direction in the length direction and the north-south direction in the width direction; The veloc-
ity inlet is east and the pressure outlet is west, see fig. 13. The size of the heat-collecting wall 
model is 4 m long, 0.3 m wide, and 0.55 m high. The pipe and the heat-collecting wall model 
are located at the center of the air basin, and the x-axis is positive to the East. For the sake of 
simplicity of calculation, following assumptions were taken out: 
 – The flow is incompressible. 
 – Fluid thermal properties are considered constant throughout the flow.
 – The thickness of the plastic film wrapped around the outer wall of the pipe is negligible. 

The physical properties of the materials are shown in tab. 2.

Table 2. List of thermo physical properties

Physical parameters Air Water Galvanized steel PE plastic pipes Sand

Density [kgm–3] 1.23 998.20 8030 950 1925

Specific heat capacity [Jkg–1K–1] 1006.40 4182 502.48 2301 900

Thermal conductivity [Wm–1K–1] 0.02 0.60 54 0.48 2.30

Mathematical model 
Governing equations

In this study, the natural-convection and heat transfer occur between the outer wall 
of the pipe and the air in the outer large space area, while there is no relative flow between the 
inner wall of the pipe and the water, and heat transfer is mainly carried out by means of heat 
conduction. Therefore, the fluid-flow and heat transfer in the computational domain need to 
satisfy the following basic governing equations [23, 24].

Mass conservation equation:

yx 0z
uu u

x y z
∂∂ ∂

+ + =
∂ ∂ ∂

(3)

Momentum conservation equation:
 – X-direction momentum conservation

( )u yxx xx zx
x x

u pu F
t x x y z

τρ τ τ
ρ

∂∂ ∂ ∂∂
+∇ = − + + + +

∂ ∂ ∂ ∂ ∂


(4)

 – Y-direction momentum conservation

( )  uy xy yy zx
y y

u pu F
t y x y z

ρ τ τ τ
ρ

∂ ∂ ∂ ∂∂
+∇ = − + + + +

∂ ∂ ∂ ∂ ∂


(5)

 – Z-direction momentum conservation

( )u
y
yzxzz zz

z z
u pu F
t z x z

ττρ τ
ρ

∂∂∂ ∂∂
+∇ = − + + + +

∂ ∂ ∂ ∂ ∂


(6)

where p [Pa] is the pressure, ρ [kgm–3] – the fluid density, τxx, τxy, τxz, τyx, τyy, τyz, τzx, τzy, τzz are all 
components of stress tensors, Fx, Fy, and Fz – the physical forces on the micro-element. If the 
physical force is only gravity, and the z-axis is vertical, Fx = 0, Fy = 0, Fz = –ρg.
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Energy conservation equation: 

( ) ( ) ( )eff j eff hu uj
j

E
E p T h J S

t
ρ

ρ λ τ
∂  

+∇ + = ∇ ∆ − + +    ∂  
∑ 

(7)

where ρ [kgm–3] is the fluid density, E [Jkg–1] – the total energy of the fluid micelle, which is 
the sum of internal energy, kinetic energy, and potential energy, p [Pa] – the pressure, λeff [Wm–1K–1] 
– the effective thermal conductivity, T [K] – the temperature, h [Jkg–1] – the enthalpy, hj [Jkg–1] – 
the enthalpy of component j, Jj [Jkg–1] – the diffusive flux of component j, τeff – coefficient of the 
effective viscosity, u → – the fluid velocity, and Sh [Wm–3] – the source term of volumetric heat.

Turbulent model 

For the flow in the air zone, a standard k-ε turbulent model is set and the inlet velocity 
is the average wind speed during the experimental period on August 25, which is 2.0 m/s, being 
based on the real-time observed data from the China Meteorological Administration.

The turbulent energy, k, and the dissipative rate, ε, equation of the standard model are: 

t
k b

k

Dk k G G
Dt x x

µ
ρ µ ρε

σ
  ∂ ∂

= + + + −  ∂ ∂   
(8)

( )
2

1 3 2
t

k b
k

D C G C G C
Dt x x k kε ε ε

µε ε ε ερ µ ρ
σ

  ∂ ∂
= + + + −  ∂ ∂   

(9)

The coefficient of turbulent viscosity: 
2

t
kCµµ ρ
ε

= (10)

where k [J] is the turbulent energy, ε – the dissipative rate, μ [Pa·s] – the viscosity, μt – the 
coefficient of turbulent viscosity, Gk [J] – the turbulent energy generated by the mean velocity 
gradient, Gb [J] – the turbulent energy generated by buoyancy, ρ [kgm–3] – the fluid density,  
σk – the Prandtl number of turbulence, whose value is equal to 1.0. The model constants used in 
the simulation are C1ε = 1.44, C2ε = 1.92, C3ε = 1.0, Cμ = 0.09.

Radiant model

The ray tracing algorithm using the solar loading model and the P1 radiant model 
simulate the effects of solar radiation and the radiative heat transfer between the surfaces. Be-
cause of the large optical thickness of the atmospheric boundary-layer in this study, it is also 
necessary to consider the scattered radiation and the time-consuming factors of calculation. 
Therefore, the P1 model is used for calculation, which of the general radiative energy equation 
can be approximated as the diffusion flux equation, allowing for a simpler calculation and de-
manding less computational power from the CPU [25].

Radiant heat flow, q:

( )
1

3 i
s s

q I
Bα σ σ

= − ∇
+ − (11)

where α is the absorption coefficient σs – the scattering coefficient, Ii [Wm–2] – the incident ra-
diation, and B – coefficient of phase function with linear anisotropy.
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Boundary conditions

In GAMBIT, the models of pipes, heat-ac-
cumulating wall and air region are established to 
simulate the effects of air-flow and solar radiation 
in the atmospheric boundary-layer on the tempera-
ture field of water in pipe. The Geometric model 
and boundary conditions are shown in fig. 13.

Air region

External large space is an air basin with 
velocity inlet and pressure outlet to simulate air-
flow and symmetrical boundary around the ba-
sin. The bottom of the large space is the ground, 
which is set to the wall boundary [26], consid-
ering the effect of radiative heat transfer on the 
temperature of pipes.

Heat-accumulating wall 

Based on the relative position between the wall and the pipe in the test, the model of 
the heat-accumulating wall is set as the wall boundary to consider the effect of radiative heat 
transfer between the wall and the pipe on the water temperature inside the tube. 

Pipes’ model

According to the spatial position of pipes in the experiment, the bottom surface of the 
pipe model is 40 mm away from the ground and the heat-accumulating wall in the numerical 
model. Wall boundary is adopted on all surfaces of the pipe, and water is used as the working 
medium inside. The mesh generation is denser than the external large space, so as to obtain a 
more accurate distribution of pipes’ superficial temperature and the temperature of the water in 
the pipe.

The FLUENT solution and analysis

The output mesh is imported into the 3-D 
solver of FLUENT for solution calculation. In the 
solar calculator, the simulated time is set to 02:00 
p. m. on August 25. Simple algorithm is used to 
solve the pressure-velocity coupling equation, the 
second-order upwind scheme is chosen for time 
and energy, the first-order upwind scheme for tur-
bulent and radiant equation, and the appropriate 
sub-relaxation factor is selected. The results of 
the numerical model are shown in fig. 14.

It can be observed from fig. 14 that the 
temperature distribution of the water in the pipes 

is basically consistent with the temperature distribution of heat-accumulating wall, indicating that 
heat-accumulating wall has a significant effect on the change of water temperature inside the pipes. 
Comparing the measured values with the simulated values, it can be observed that the results are 
basically consistent, and the accuracy of the simulated results is also reflected to some extent.

Figure 13. Geometric model and boundary 
conditions
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The model of temperature prediction

Multivariate linear regressive model 

On the basis of the heat transfer test, the test method and measured data of the black 
PE pipe covered by the white plastic film at a distance of 100 mm from the heat-accumulating 
wall and 40 mm above the ground were selected to establish a multivariate linear regressive 
model,and then to realize the prediction of water temperature.

According to the principle of multivariate regressive analysis, the mathematical mod-
el of dependent variable and independent variable are established eq. (12):

0 1 1 2 2 3 3 ... m my a a x a x a x a x= + + + + + (12)

where y is the dependent variable, x – the independent variable, a0 – the constant, am – the re-
gressive coefficient, and m – the represents number of independent variables, m = 1, 2, 3, 4...

There are many factors affecting the change of water temperature in the pipes, such 
as weather conditions, atmospheric temperature, air humidity, solar radiant intensity and so on. 
Through the correlative analysis of the measured data and the observation data, two significant 
environmental factors, atmospheric temperature and solar radiant intensity, are selected as the 
correlative factors.

According to the regressive analysis, TP represents the predicted water temperature 
inside the tube. The SPSS software was used to analyze and obtain a0 = 5.22, a1 = 0.315, and a2 
= 0.09, eventually obtaining the predictive regressive model of water temperature in the pipe 
eq. (13):

P a0.315 0.09 5.22rT T I= + + (13)
where Tp [°C] is the predicted water temperature inside the pipe, Ta [°C] – the measured atmo-
spheric temperature at a certain moment, Ir [Wm-–2] – the intensity of solar radiation at a certain 
moment, a0 – the constant related to the regressive equation, a1 – the regressive coefficient re-
lating to atmospheric temperature, and a2 – the regressive coefficient relating to solar radiation 
intensity.

Table 3 shows the results of significance test of the regressive equation by ANOVA 
[27]. It can be observed that the mean square of the regressive equation is 3790.50, and the 
mean square of the residual is 1.466. The F of the F test is F = 2585.5 > F0.05(2, 41) = 3.226, and 
Sig = 0.000 < 0.01, indicating that the regressive equation is significant.

Table 3. Variance analysis

Model Sum of squares Degrees of freedom Mean square F

Regression 7581.00 2 3790.50 2585.5
Residual 57.18 39 1.466
Total 7638.18 41

Verification and analysis of predictive model

The predictive values were calculated by substituting the measured atmospheric tem-
perature and the data of solar radiant intensity on September 22 into the multivariate regressive 
model, compared with the water temperature in the measured pipe. It can be observed from  
fig. 15 that the predicted value of the multivariate linear regressive model is in good agreement 
with the water temperature in the measured pipe, and the trend of the curve is consistent.
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In order to further verify the accuracy 
of the regressive model, this paper utilizes the 
mean error, the mean absolute error, the mean 
relative error and other indicators as a measure 
of predictive accuracy:
 – mean error (ME):

1

ˆ
n

pi pi
i

T T

n
ME =

−

=
∑ (14)

 – mean absolute error (MAE):

1

ˆ| |
n

pi pi
i

T T
MAE

n
=

−

=
∑ (15)

 – mean relative error (MRE):

1

ˆ1 n
pi pi

pii

T T
MRE

n T=

−
= ∑ (16)

 – mean absolute percentage error (MAPE):

1

ˆ1 n
pi pi

i pi

T T
MA E

n T
P

=

−
= ∑ (17)

where Tpi [°C] is the predictive water temperature, T^
pi [°C]– the measured water temperature,  

i is the ordinal number of value.
According to the water temperature predicted by the binary linear regressive pre-

dictive model and measured values, the ME = 0.033, the MAE = 0.92, the MRE = 0.065, the  
MAPE = 0.023 = 2.3%. It can be seen that the accuracy of the predictive model is high. 

Conclusions
Through practical experiment and numerical analysis, this paper discusses the vari-

ation of shallow geo-temperature and the heat transfer characteristics of aboveground pipes 
under the solar radiation. The results of numerical simulation agree generally well with ex-
perimental data. Thereby, the predicting model of water temperature is established, and the 
following conclusions are obtained.

 y The heat gain of the water in the pipe is most significantly affected by the intensity of so-
lar radiation, and is also related to the color of the pipe and its spatial location. When the 
galvanized steel pipe wrapped with black plastic film has an overhead height of 40 mm, 
the difference between the water temperature in the pipe and the atmospheric temperature 
reaches a maximum value of 20.9 °C. 

 y The heat-accumulating wall can effectively raise the water temperature inside the pipe. Un-
der the action of solar radiation, when the galvanized steel pipe wrapped with black plastic 
film is 40 mm away from the heat-accumulating wall and the sand floor, its water tempera-
ture is higher than that of pipe without heat-accumulating wall at 5-10 ℃. 

 y The way the pipe is covered has a great influence on the water temperature inside the pipe. 
When the black PE pipe covered with the white plastic film is in the best space position, 
the highest heat of the three series of tests is obtained, and the difference between the water 
temperature inside the pipe and the atmospheric temperature reaches 36.3 °C. 

Figure 15. Comparison of predicted and 
measured water temperature in pipe
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 y The numerical model of heat transfer established by ANSYS FLUENT software can better 
reflect the actual situation of temperature field.

 y This research synthetically utilizes solar radiant heat, reflective heat of structure, heat flow 
and covering thermal insulation, providing a new way for efficient utilization of solar energy 
to produce large quantities of hot water.
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