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10 Abstract: The energy loss of ground source heat pump horizontal headers cannot be ignored. Based on the similarity
11 theory and the principle of the orthogonal test, a sandbox experiment platform was built to study the
12 temperature change rule of the horizontal header under the action of multiple factors and the influence of the
13 temperature change on the U-tube heat exchange capacity. The results show that: (1) The influence degree of
14 each factor on the horizontal header is as follows: buried depth > surface temperature > covering material >
15 flow in the pipe; (2) Under the two extreme conditions, the temperature rise difference of the horizontal header
16 water supply section is 0.25 °Cand that of the return section is 0.29 °C the heat transfer difference of the water
17 supply section is 91 W and that of the return section is 105 W and the heat exchange difference of the U-tube is
18 38.5 W; (3) The temperature rise in the return section of the horizontal header causes the loss of cold in the
19 pipe, but the temperature rise in the water supply section promotes the heat exchange of the U-tube. Finally,
20 the optimization methods and construction recommendations are put forward.

21 Key words: Ground source heat pump; Horizontal headers; Orthogonal test; Sandbox experiment; Heat exchange

23 1. Introduction

24 The State of the Global Climate 2020 [1] report released by the World Meteorological Organization listed four key
25 climate change indicators: greenhouse gas concentration, sea-level rise, ocean heat and ocean acidification. These factors
26 have a huge impact on the earth's ecological environment. Leveraging renewable energy is an excellent way to promote

27 global sustainable development.

28 The heat pump [2] is an efficient energy-saving device that utilizes low-grade heat energy. Heat pumps include
29 ground source heat pumps (GSHPs) [3,4], water source heat pumps [5,6] and air source heat pumps [7,8], which involve
30 the transfer of heat and mass transfer [9]. It is worth mentioning that the ground source heat pump plays an important role
31 in the utilization of shallow geothermal energy. In recent years, research on GSHPs has increased, covering many aspects,
32 such as melting snow on pavement and bridges [10], heating greenhouses [11], proving cooling in tropical climates [12],
33 etc. According to the literature, GSHPs have more economic advantages than the five conventional heating methods of
34 electric resistance, fuel oil, liquid petrol gas, coal and oil when it is used for heating in winter [13]. During the cooling
35 season, the average cooling coefficient of performance (COP) of the ground-coupled heat pump system for the horizontal
36 ground heat exchanger (HGHE) in different trenches at 1 and 2 m depths is higher than that of the air-coupled heat pump
37 system [14]. Due to its economic advantages, energy conservation and clean production, GSHP systems have become

38 more and more widely used around the world.

39 Research on the performance of GSHPs has been a popular topic for a long time. Zhang et al. [15] studied the
40 operation performance of the hybrid solar ground source heat pump (HSGSHP) system. The results show that solar space
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heating can improve the performance of the HSGSHP system by nearly 25.8%. Esen et al. conducted many studies on the
performance prediction of GSHP systems. Based on experimental data, they predicted the COP of GSHP systems using
an adaptive neuro-fuzzy inference system with different membership functions and fuzzy weighted pre-processing
[16,17], artificial neural network [18] and support vector machines [19], respectively. Dong et al. [20] tested the thermal
conductivity of different proportions of bone cement-based grouting. The results show that increasing the sand-cement
ratio, maintaining high saturation, reducing porosity and adding high-performance aggregates are all ways to improve the
thermal conductivity of materials, which can improve the heat transfer performance of vertical ground heat exchangers.
Another way to improve the operational performance of ground source heat pumps is to reduce energy loss during the
transmission process, which is rare in existing reports. Therefore, the focus of this study is to discuss the impact of

different factors on the energy loss of horizontal headers and propose reasonable solutions.

There are two types of buried pipes used in GSHP systems: horizontal ground heat exchangers [21,22] and vertical
ground heat exchangers [23,24]. Horizontal ground heat exchangers are divided into two series [25], parallel [26] and
spiral [27]. The vertical ground heat exchanger is also divided: the pile foundation spiral buried pipe [28] and vertical
U-shaped buried pipe [29]. HGHEs are easy to construct, but the heat exchange effect is poor. The vertical ground heat
exchanger has a high heat exchange efficiency, but also a high initial investment. Therefore, selecting the appropriate
buried pipe form can achieve a reasonable utilization of energy as well as reduce the cost of the investment. Through
experiments, Liu et al. [30] analyzed the influence of the thermal deformation of the pipe and the gap width on the heat
transfer of the horizontal buried pipe. Buried depth, solar radiation and the daily variation of sunshade will affect the heat
transfer of HGHEs. Li et al. [31] studied the influence of surface boundary conditions, especially daytime shading, on the
performance of the horizontal ground source heat pump system. The results show that different assumptions of surface
boundary conditions have a significant impact on the results. The daily changes in solar radiation and shading will affect
the outlet temperature of HGHEs until the buried depth is 2.5 m. It can be seen that the HGHE is greatly affected by
surface factors. Similarly, because the horizontal header of the vertical ground heat exchanger is very shallow, surface
factors have a large impact. Understanding the influence law can promote the development of the ground source heat

pump, which is also the significance of this study.

The buried depth for vertical ground heat exchangers is usually around 100 m [32], which avoids the influence of
surface factors. Therefore, the vertical ground heat exchanger is more widely used in ground source heat pump systems
than the horizontal ground heat exchanger. Because the pile foundation spiral buried pipes are limited by the pile
foundation, the vertical U-shaped buried pipe has higher applicability. This is also the reason why the vertical U-shaped
buried pipe was selected as the underground heat exchanger in this study. The heat exchange of U-shaped vertical ground
heat exchangers will be affected by many factors, including the inlet water temperature of the U-tube, water-containing
cracks [33], the flow velocity in the U-tube and buried depth [34]. Researching how to improve the heat exchange of
vertical U-tube heat exchangers is a constant difficulty. Wang et al. [35] demonstrated that soil with a high moisture
content value has a strong heat dissipation capacity, which can improve the heat exchange of the U-tube. Pu et al. [36]
showed that under laminar flow conditions, greater heat exchange can be obtained by increasing the Reynolds number
and U-tube diameter. Chen et al. [37] introduced an enhanced U-tube borehole heat exchanger system, which connects
one deviated deep hole with another vertical hole to form a closed loop that is stronger than the ordinary deep hole heat
exchanger. Song et al. [38] established a vertical double U-shaped buried pipe heat transfer model and studied the
influence of the thermal conductivity of borehole backfill material on the heat transfer of heat exchangers. The results
show that in a certain range, increasing the thermal conductivity of borehole backfill material can improve the heat
transfer of the U-tube. Because the temperature change of horizontal headers will affect the inlet temperature of the
vertical ground heat exchangers, thereby affecting the heat exchange of the vertical ground heat exchangers, this study

chose to analyze this problem.

The buried depth of horizontal headers is very shallow (generally 1.2 m) and is easily affected by various factors,



0 N N L AW~

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25

26
27
28
29
30
31
32
33
34
35

36
37

38
39
40
41

resulting in the loss of cold and heat in the header. With the continuous expansion of the application and scale of the
ground source heat pump [39], the pipe length, pipe diameter and flow rate of horizontal headers are also increasing. It
can be seen that this part of energy loss cannot be ignored. At present, there are few studies on this aspect. The purpose of
this study is to propose control measures against the energy loss of horizontal headers under the influence of multiple
factors and improve the performance of the GSHP system. At the same time, it is to study the influence of the
temperature change of horizontal headers on the heat transfer of vertical ground exchangers under the influence of
multiple factors, put forward reference suggestions for actual GSHP projects and promote the development of the ground

source heat pump.

Due to the high drilling cost and heavy workload, a sandbox test-bed is a common means for studying GSHP. Li et
al. [40] conducted experimental and numerical studies on the transient heat transfer performance of ground heat
exchangers (GHEs) in layered ground and built a 6.25 m X 1.5 m X 1 m test box. In order to extend the experimental
results to practical projects, based on the similarity theory [41,42], Li et al. [43] built a test chamber filled with sand and
clay to study the effect of heat load on the thermal performance of GHEs. Therefore, to reduce the experimental cost and
extend the experimental results to practical projects, a 1.5 m x 1.5 m x 1.5 m experimental platform is built based on the

similarity theory in this study.

When the experimental data results are affected by many factors, the orthogonal test [44,45,46] is a common
experimental design method. Luo et al. [47] carried out orthogonal tests on the evaluation and optimization of the energy
performance of deep borehole heat exchangers and obtained the order of the influencing factors. Su et al. [48] used the
orthogonal test and variance analysis to study the effects of water velocity, pipe diameter and pipe inlet temperature on
the heat transfer of GHEs. Li et al. [49] studied the heat transfer performance of buried pipes under the influence of
multiple factors and levels through the orthogonal test and obtained the best combination of various factors on the best
heat transfer performance of buried pipes and the contribution rate of various factors to the heat transfer performance of
buried pipes. To explore the influence of multiple factors on horizontal headers, reduce the number of experimental
groups, reduce experimental time and not affect the experimental results, the orthogonal test design is selected for the

experiment.

In this study, the temperature change rule for the water supply and return sections of the horizontal header under the
influence of multiple factors is explored. The changes in heat transfer of the horizontal header under different working
conditions and their respective effects on the water supply and return sections of the horizontal header are analyzed. The
difference between the heat transfer of the horizontal header under the most unfavourable and favourable condition is
calculated. The innovation and significance are as follows: the influence of the temperature change of the horizontal
header on the heat exchange of the vertical U-shaped buried heat exchanger is studied. The experimental data are
processed by range analysis, and the most unfavourable factor affecting the temperature change of the horizontal header
is obtained. The optimization methods of temperature control for the water supply and return sections of horizontal
headers are summarized. Based on the experimental data, the construction recommendations for the actual ground source

heat pump projects are proposed.
2. Experimental details
2.1. Experimental platform

The photos and schematic diagram of the experimental platform are shown in Figure 1. The experimental platform
is composed of a sandbox, thermostatic water tank, data acquisition instrument, circulating water pump, rotameter, quartz
heating tube and computer. The photos of these major pieces of equipment are shown in Figure 2, and the main technical

parameters are shown in Table 1.
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Fig. 1. Photos and schematic diagram of the experimental platform.

(a) Thermostatic water tank (b) Water circulating pump (c) Rotameter



(d) Data acquisition instrument (e) Quartz heating tube

Fig. 2. Photos of experimental equipment.
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Table 1
Main technical equipment parameters.
Equipment Technical Parameter Remarks
Sandbox 1500 mm % 1500 mm X 1500 mm Wrapped 30 mm insulation cotton

) Temperature adjustment range: -5 ~ 100 °C
Thermostatic water tank —
Accuracy: 0.01 °C

Water circulating pump Power: 165 W; Lift: 28 m; Flow: 17 L/min —
Rotameter Flow regulation range: 0.6 ~ 6 L/min —
Data acquisition instrument 36 channels; Recording interval 1 minute —
Quartz heating tubes Power: 800 W or 400 W 800 mm or 400 mm in length
Thermal resistance Pt1000; Accuracy: 0.01 £ 0.005 °C 3000 mm in length

The lower layer of the sandbox is equipped with dolomite at a thickness of 1.2 m. A 1 m long single U-tube heat

exchanger is vertically buried in the centre of the sandbox, and the horizontal header is connected at the top of the U-tube.

6
7
8 Due to the size limitation of the sandbox, the horizontal header is coiled to make its length reach about 2 m for both the
9 water supply section and the return section. At the same time, the quartz heating tubes are arranged directly above the
0

horizontal header following in the direction of the horizontal header.

11 2.2. Distribution of measuring points

mmm  [nsulation cotton
== Water supply pipe
== Backwater pipe
Rocks
Sy D
G measuring point
WPomia s o) e
Water supply : :
—
—
Backwater
12
13 (a) Photo of the measuring points layout (b) Schematic diagram of the measuring points layout
14 Fig. 3. Layout of measuring points of the horizontal header.
15 Temperature measuring point 1 is arranged at the beginning of the water supply section of the horizontal header;

16 temperature measuring point 2 is arranged at the water inlet of the U-tube; temperature measuring point 3 is arranged at



1 the water outlet of the U-tube; and temperature measuring point 4 is arranged at the end of the return section of the
2 horizontal header, as shown in Figure 3. Five temperature measuring points are arranged horizontally and eight are

3 arranged vertically inside the sandbox to detect the influence range of temperature, as shown in Figure 4.

Different rocks
== Water supply pipe
= Backwater pipe
Dolomite

Temperature
measuring point

[izn] Sandbox
4
5 (a) Photo of the measuring points layout (b) Schematic diagram of the measuring points layout
6 Fig. 4. Layout of measuring points inside the sandbox.
7 2.3. Initial temperature field of the sandbox
8 The experiment was conducted in the spring, and the transverse and longitudinal initial temperature distribution in
9 the sandbox is shown in Figure 5. It can be seen from Figure 5 (a) that the transverse temperature in the sandbox at the
10 buried depth of 50 cm is unchanged before the experiment and remains at about 15.1 °C It can be inferred that at the
11 same depth, the temperature in the horizontal direction is the same.
16.0
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12 Horizontal distance to the U-tube (cm) Depth from surface (cm)
13 (a) Transverse (b) Longitudinal
14 Fig. 5. Initial soil temperature field.
15 It can be seen from Figure 5 (b) that the influence of external factors on the inside of the sandbox gradually

16  decreases with the increase of depth, resulting in a constant decrease in temperature. When the depth is 106 cm, the

17  temperature is 14.16 °C the surface temperature is 16.84 °Cand the soil temperature in the middle is about 15 °C.
18 2.4. Condition design

19 To extend the experimental conclusions to the actual ground source heat pump projects and improve the
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performance of the ground source heat pump system, the experimental platform is built based on the similarity theory.
The similarity ratio is 40: 1. The main similarity design parameters are shown in Table 2.

Table 2
Similar design parameters.

Parameter type Prototype Similarity model Similar multiple
Length of the horizontal header m 80 2 40: 1
Distance between the water supply section and

return sections of the horizontal header cm 200 > 0
Buried depth of the horizontal header cm 80 /160 /240 2/4/6 40:1
Running time h 800 0.5 40% 1

Reynolds number 6362 / 8449 /10536 6362 /8449 /10536 11

Water temperature in the U-tube °C 24 24 1: 1

Four common influencing factors, namely, the buried depth of the horizontal header, the flow in the pipe, the
covering material and the surface temperature, were selected for the experiment to study the influence of the change of
energy loss of the horizontal header and the change of temperature of the horizontal header on the heat exchange of the
vertical U-tube under the combined action of multiple factors. To reduce the number of experimental groups, reduce the
experimental time and not affect the experimental results, the L9 (3%) orthogonal test table is selected, three different

levels are selected for each factor and tests under 9 different working conditions are carried out, as shown in Table 3.

The buried depth is 2 cm, 4 cm and 6 cm, respectively; flow is 3 L/min, 4 L/min 5 L/min; the materials are dolomite,
limestone and sandstone; and the surface temperature is set as 30 °C, 35 °C and 40 °C respectively. At the same time, the
initial working condition is designed as follows: the buried depth is 2 cm, the covering material is dolomite, the flow rate
is 3L/min and the surface temperature is not treated and is the temperature of the day. The purpose is to compare the

initial working condition with the data results of test No. 1 in Table 3, to obtain a rule and to extend this rule to other

tests.
Table 3
Orthogonal test design.
Interfering factor ~ Buried depth of the Surface
Test number header cm Flow in pipe L/min Covering material temperature °C
1 2 3 Dolomite 30
2 4 5 Dolomite 35
3 6 4 Dolomite 40
4 2 5 Limestone 40
5 4 4 Limestone 30
6 6 3 Limestone 35
7 2 4 Sandstone 35
8 4 3 Sandstone 40
9 6 5 Sandstone 30

2.5. Experimental procedure

In the experiment, the main rocks used are dolomite, limestone and sandstone, with thermal a conductivity of 2.52
W/(m-K), 3.26 W/(m-K) and 2.78 W/(m-K), respectively. The flow is changed by the rotameter, the temperature of the
rock surface covered by the horizontal header is changed by adjusting the hanging height of the quartz heating tube and
the type and thickness of the rock covered are changed, as shown in Figure 6. To ensure the accuracy and validity of the
temperature data results, the pipe section from the thermostatic water tank to the horizontal header is wrapped with

insulation cotton at a thickness of 2 cm. After all the equipment is connected, commissioning is carried out and the
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PT1000 thermal resistance is measured and corrected.

(a) 2 cm dolomite (b) 4 cm limestone (c) 6 cm sandstone

Fig. 6. Rocks of different types and thicknesses.
Taking the experiment of working condition 1 as an example, the experimental steps are as follows:
(1) Set the recording interval of the data acquisition instrument to 1 minute each time;
(2) Cover the horizontal header with 2 cm of dolomite;

(3) Hang the quartz heating tubes on the iron frame above the sandbox with iron wire. Place a PT1000 thermal
resistor directly below each quartz heating pipe, that is, on the surface of the dolomite, to measure the rock surface

temperature.

(4) Adjust the rock surface temperature to about 30 °C by adjusting the hanging height of the heating pipe and the
start and stop of the switch;

(5) Set the temperature of the thermostatic water tank to 24 °C so that the inlet temperature of the horizontal header
is 24 °C

(6) Open the circulating water pump and adjust the knob of the rotameter to control the flow at 3 L/min;

(7) Shut down the system after 30 minutes of operation;

(8) Collect the temperature data from the data acquisition instrument and use the computer for analysis and
processing.

The experimental procedure under other working conditions is similar to that under working condition 1. The test
time of each group is 0.5 hours. After the test of each working condition is completed, to restore the rock temperature

field in the sandbox without affecting the next test, the next group of tests can be carried out after an interval of 24 hours.
3. Results
3.1. Analysis on temperature change of the horizontal header under the initial working condition

The initial working condition is: the buried depth is 2 cm, the covering material is dolomite, the flow rate is 3 L/min,
and the surface temperature is 16.59 °C (the temperature of that day). After running the system for 0.5 hours, the

temperature change of each measuring point is as shown in Figure 7.

It can be seen from Figure 7 that after running the experiment for 6 minutes, the temperature of each measuring

point gradually tends to balance. At 0.5 hours, the temperature does not change. At this time, point 1, point 2, point 3 and
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point 4 respectively rise from 16.55 °C 16.55 °C 16.56 °Cand 16.55 °Cto 22.71 °C 22.67 °C 22.64 °Cand 22.61 °C. After
reaching a steady state, the temperature decreases from point 1 to point 2 (the horizontal header water supply section),
point 2 to point 3 (the vertical U-tube section) and point 3 to point 4 (the horizontal header water return section), by
0.04 °C 0.03 °Cand 0.03 °C respectively. This is because the inlet water temperature is set at 24 °C, while the lower air

temperature and soil temperature remove the heat in the pipe.
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Fig. 7. Temperature change of measuring points of the horizontal header under the initial working condition.
3.2. Analysis of temperature change of the horizontal header under orthogonal test conditions
3.2.1. Temperature changes when the buried depth is 2 cm

The horizontal header is covered with dolomite, limestone and sandstone at a thickness of 2 cm, respectively. At the
same time, the rock surface temperature and flow in the pipe are controlled and tests No. 1, No. 4 and No. 7 as shown in

Table 3 are carried out. The temperature changes of each measuring point within 0.5 h are shown in Figure 8.

As shown in Figure 8 (a), the temperature at each measuring point is unchanged after 0.5 h. At points 1, 2, 3 and 4,
the temperature rises from 16.99 °C 16.98 °C 16.99 °C and 16.99 °C to 23.11 °C 23.29 °C 23.16 °C and 23.37 °C
respectively. The temperature rises sharply in the first 6 minutes, then gradually flattens and finally reaches basic stability.
At this time, the temperature from point 1 to point 2 rises by 0.18 °C the temperature from point 2 to point 3 drops by
0.13 °Cand the temperature from point 3 to point 4 rises by 0.21 °C

Due to the shallow buried depth, the horizontal header is affected by the surface temperature of the covered rock.
The temperature of the water supply and return sections rises from the beginning to the end. From the inlet to the outlet
of the U-tube, the fluid in the pipe exchanges heat with the surrounding low-temperature rocks and the temperature is

reduced, with a reduction of 0.13 °C.

Compared with the initial working condition, the parameter design of test No. 1 is only different in the surface
temperature. It can be seen from the comparison that after 0.5 h, due to the influence of the surface temperature, the
temperature of the water supply and return sections of the horizontal header increased under the test No. 1 working
condition, while the initial working condition showed the opposite trend. At the same time, due to the influence of the
surface temperature, the inlet water temperature of the U-tube of test No. 1 is higher than the initial working condition,
the temperature difference between the U-tube and the surrounding soil is increased and the heat exchange effect is
improved. The temperature difference between the inlet and outlet of the U-tube in test 1 is 0.13 °C, which is 0.10 °C
higher than the 0.03 °C under the initial working condition. It can be speculated that under other orthogonal test
conditions, if only the surface temperature is changed, the same result can be obtained and increasing the inlet water

temperature of the U-tube can promote heat exchange and increase the temperature difference between the inlet and
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outlet of the U-tube.

As shown in Figure 8 (b), within 0.5 hours, it is found that the temperature at each measuring point rises
continuously and cannot reach a stable state. At 0.5 hours, point 1, point 2, point 3 and point 4 increased from the initial
16.63 °C 16.65 °C 16.64 °Cand 16.63 °Cto 23.95 °C, 24.27 °C, 24.13 °Cand 24.50 °C, respectively. The temperature rose
sharply in the first 3 minutes and then levelled off, but it still maintained a rapid growth within 0.5 hours. At 0.5 hours,
point 1 to point 2 increased by 0.32 °C, point 2 to point 3 decreased by 0.14 °C, and point 3 to point 4 increased by 0.37 °C
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(c) Test No. 7: 2 cm; 4 L/min; Sandstone; 35 °C

Fig. 8. Temperature changes at the measuring points of the horizontal header with the buried depth of 2 cm.

Compared with test No. 1, it can be found that under the premise of the same buried depth, the temperature increase
of both the water supply section and the return section changed greatly due to the surface temperature of the covered rock
being 40 °C and the maximum thermal conductivity of limestone. At the same time, due to the increased flow rate and
inlet water temperature in the U-tube, the temperature difference between the U-tube and the surrounding rocks is greater,

and the heat exchange is more obvious, resulting in the difference between the inlet and outlet water temperature of the
U-tube finally reaching 0.14 °C

As shown in Figure 8 (c), within 0.5 hours, the temperature change trend of each measuring point is similar to test

No. 4. At 0.5 h, the temperatures of point 1, point 2, point 3 and point 4 increased from the initial 15.85 °C, 15.84 °C,

10
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15.85 °Cand 15.85 °Cto 23.08 °C, 23.30 °C, 23.18 °Cand 23.44 °C respectively. The temperature rose sharply in the first 4
minutes and then maintained rapid growth. At 0.5 hours, point 1 to point 2 increased by 0.22 °C point 2 to point 3
decreased by 0.12 °Cand point 3 to point 4 increased by 0.26 °C.

Compared with test No. 4, it can be found that since the thermal conductivity of sandstone is second only to that of
limestone, the buried depth is the same and the surface temperature of the covered rock only reaches 35 °C the
temperature increase values from point 1 to point 2 and from point 3 to point 4 are lower than those of test No. 4. As for
the inlet temperature and flow in the U-tube, test No. 7 was lower than test No. 4, resulting in poor heat exchange
between the U-tube and the surrounding rocks. Finally, the temperature difference at the inlet and outlet of the U-tube
was 0.02 °Clower than that of test No. 4.

3.2.2. Temperature changes when the buried depth is 4 cm

The horizontal header is covered with dolomite, limestone and sandstone at a thickness of 4 cm, respectively. At the
same time, the rock surface temperature and flow in the pipe are controlled, and tests No. 2, No. 5 and No. 8 as shown in

Table 3 are conducted. Within 0.5 h, the temperature change of each measuring point is shown in Figure 9.

As shown in Figure 9 (a), the temperature at each measuring point is unchanged after 0.5 h. At points 1, 2, 3 and 4,
the temperature rises from 16.73 °C 16.74 °C, 16.75 °C and 16.74 °C to 23.04 °C 23.18 °C 23.13 °C and 23.28 °C
respectively. The temperature rises sharply in the first 8 minutes, then gradually flattens and finally reaches basic stability.
At this time, the temperature rises by 0.14 °C from point 1 to point 2, decreases by 0.05 °C from point 2 to point 3, and
increases by 0.15 °C from point 3 to point 4.

Compared with test No. 1, it can be found that the increase of the thickness of the covering material inhibits the heat
exchange between the horizontal header and the surface temperature of the covered rock, which reduces the temperature
increase of the water supply and return sections of the horizontal header. From the inlet to the outlet of the U-tube, the
fluid in the pipe exchanges heat with the surrounding low-temperature rocks, reducing the temperature. However, due to
the decrease of the inlet temperature and the increase of the flow in the pipe, the temperature reduction value is smaller
than that of test No. 1.

As shown in Figure 9 (b), the temperature change trend of each measuring point is similar to test No. 2. The
temperatures of points 1, 2, 3 and 4 increase from 16.49 °C 16.50 °C, 16.49 °Cand 16.49 °Cto 23.04 °C 23.21 °C 23.14 °C
and 23.31 °C respectively. The temperature rises sharply in the first 6 minutes and then gradually reaches stability. At this
time, the temperature from point 1 to point 2 rises by 0.17 °C the temperature from point 2 to point 3 drops by 0.07 °C
and the temperature from point 3 to point 4 rises by 0.17 °C.

Compared with test No. 2, the coverage thickness of 4 cm is the same. Although the surface temperature of the
covered rock in test No. 2 is 5 °C higher than that of test No. 5, the temperature increase of the water supply and return
sections of the horizontal header is higher than that of test No. 2 because the thermal conductivity of limestone is greater
than that of dolomite. At the same time, as for the inlet temperature of the U-tube, the temperature value of test No. 5 is
also higher than that of test No. 2. Because the flow of the two tests is different, the inlet and outlet temperature
difference are finally maintained at 0.07 °C. By conducting a comparison with test No. 4, it can be found that due to the
increase of buried depth and the decrease of the surface temperature of the covered rock, the temperature change curves
of point 1, point 2, point 3 and point 4 also have great changes compared with test No. 4, and the temperature of the four
test points at 0.5 h is lower than that of test No. 4.

As shown in Figure 9 (c), the temperature at each measuring point cannot reach a stable state within 0.5 h, which is
similar to test No. 7. At 0.5 hours, the temperatures of points 1, 2, 3 and 4 increased from the initial 16.56 °C, 16.56 °C
16.57 °Cand 16.56 °Cto 23.00 °C, 23.24 °C, 23.12 °Cand 23.35 °C respectively. The temperature rose sharply in the first 4
minutes, and then maintained rapid growth. At 0.5 hours, point 1 to point 2 increased by 0.24 °C, point 2 to point 3
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Fig. 9. Temperature changes at the measuring points of the horizontal header with the buried depth of 4 cm.

Compared with test No. 7, it can be found that due to the increase in the surface temperature of the covered rock and
the relatively large thermal conductivity of sandstone, the increase of 2 cm based on the buried depth of test No. 7 does
not significantly inhibit the temperature rise at each measuring point, resulting in the temperature value increases from
point 2 to point 3 and from point 3 to point 4 to be close to that of test No. 7. At the same time, the inlet and outlet
temperature difference of the U-tube is also the same as that of test No. 7.

3.2.3. Temperature changes when the buried depth is 6 cm

The horizontal header is covered with dolomite, limestone and sandstone at a thickness of 6 cm, respectively. At the
same time, the rock surface temperature and flow in the pipe are controlled, and tests No. 3, No. 6 and No. 9 as shown in

Table 3 are conducted. The temperature change of each measuring point within 0.5 h, is shown in Figure 10.

As shown in Figure 10 (a), the temperature at each measuring point is unchanged after 0.5 h. The temperatures of
point 1, point 2, point 3 and point 4 increased from 16.82 °C 16.82 °C 16.82 °Cand 16.81 °Cto 23.08 °C 23.18 °C 23.13 °C
and 23.24 °C respectively. The temperature increased sharply in the first 6 minutes, then gradually levelled off and finally
reached basic stability. At this time, the temperature from point 1 to point 2 increased by 0.10 °C, from point 2 to point 3
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decreased by 0.05 °Cand from point 3 to point 4 increased by 0.11 °C.

Compared with test No. 2, it can be found that as the buried depth is once again increased, although the surface
temperature of the covered rock rises to 40 °C the heat exchange between the horizontal header and the surface
temperature of the covered rock is not obvious, and the temperature rise values from point 1 to point 2 and from point 3
to point 4 are lower than that of test No. 2. From the inlet to the outlet of the U-tube, the temperature reduction value is

the same as that of test No. 2 due to the influence of the flow change.
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Fig. 10. Temperature changes at the measuring points of the horizontal header with the buried depth of 6 cm.

As shown in Figure 10 (b), within 0.5 hours, the temperature change trend of each measuring point is similar to test
No. 3. At points 1, 2, 3 and 4, the temperature rises from 16.29 °C, 16.29 °C, 16.30 °Cand 16.28 °Cto 23.08 °C, 23.15 °C,
23.10 °C and 23.18 °C respectively. The temperature rises sharply in the first 7 minutes, then gradually flattens, and
finally reaches a stable state. At this time, the temperature from point 1 to point 2 rises by 0.07 °C, from point 2 to point 3
drops by 0.05 °Cand from point 3 to point 4 rises by 0.08 °C.

Compared with test No. 5, it can be found that, without changing the type of covered rock, the buried depth
increases again. Although the surface temperature of the covered rock increases by 5 °C, it does not have much impact on

the heat exchange between the horizontal header and the covered rock, and the temperature increase values from point 1
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to point 2 and from point 3 to point 4 are also lower than that of test No. 5. Because the water temperature at the inlet of
the U-tube is lower than that of test No. 5, and the temperature difference with the rock in the sandbox is smaller, it
results in no obvious heat exchange, and the temperature difference between the inlet and outlet is only 0.05 °C, which is
0.02 °Clower than that of test No. 5.

As shown in Figure 10 (c), after 0.5 hours, the temperature at each measuring point is unchanged. At points 1, 2, 3
and 4, the temperature rises from 16.91 °C 16.90 °C 16.91 °C and 16.91 °Cto 23.10 °C 23.16 °C 23.13 °Cand 23.20 °C
respectively. The temperature rises sharply in the first 6 minutes, then gradually flattens and finally reaches basic stability.
At this time, the temperature rises by 0.06 °C from point 1 to point 2, decreases by 0.03 °C from point 2 to point 3 and
increases by 0.07 °C from point 3 to point 4.

Compared with test No. §, it can be found that due to the increase of the buried depth and the decrease of the surface
temperature of the covered rock, the temperature of the fluid in the horizontal header is basically not affected by the
external environment, and the temperature rise values from point 1 to point 2 and point 3 to point 4 are greatly reduced.
Therefore, the inlet temperature of the U-tube is reduced, the temperature difference with the rock in the sandbox is
reduced and the heat exchange is not obvious. Because of this, naturally, the temperature difference between the inlet and

outlet will decrease.

In summary, test No. 4 is the most unfavourable working condition, as it has a large impact on the temperature of
the horizontal header, resulting in a temperature increase of the water supply and return sections of 0.32 °Cand 0.37 °C
respectively. Although the temperature of the return section cannot be kept constant, it can increase the temperature
difference between the U-tube and the surrounding rock and soil, promote the heat exchange of the vertical U-tube,
increase the temperature difference between the inlet and the outlet of the U-tube and make the temperature difference
between the inlet and the outlet reach 0.14 °C. Test No. 9 is the most favourable working condition, as it has little impact
on the horizontal header, resulting in a temperature increase of the water supply and return sections of 0.06 °Cand 0.07 °C
respectively, and the temperature of the return section remains relatively constant. However, due to the small temperature
increase of the water supply section, it is not conducive to the heat exchange of the U-tube, and the temperature
difference between the inlet and the outlet of the U-tube is only 0.03 °C.

3.3. Heat transfer of the water supply and return sections of the horizontal header
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Fig. 11. Heat transfer of the water supply section and return sections of the horizontal header.

As shown in Figure 11, the heat transfer [50] of the water supply section of the horizontal header is different under

different working conditions, and the heat transfer of the return section is also different. As the laying methods and
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lengths of the water supply and return sections of the horizontal header are the same, the heat transfer of the water supply
and return sections under the same working conditions are similar. At first, the heat transfer change in the water supply
and return sections of the horizontal header was complex and irregular, but test No. 4 remained at a high state. Finally,
the heat transfer under various working conditions gradually stabilized. When stable, the heat transfer of the water supply
section of the horizontal header from test No. 1 to No. 9 is 37.8 W, 35.0 W, 28.0 W, 112.0 W, 47.6 W, 14.7 W, 61.6 W,
50.4 W and 21.0 W, respectively. The heat transfer of the return section is 44.1 W, 52.5 W, 30.8 W, 129.5 W, 47.6 W, 16.8
W, 72.8 W, 48.3 W and 24.5 W, respectively.

The heat transfer of the water supply and return sections is the highest in test No. 4 (the most unfavourable working
condition), which is 112.0 W and 129.5 W, respectively. At this time, the temperature increase of the water supply and
return sections is 0.32 °C and 0.37 °C, respectively, which is also the highest of the 9 tests conducted. This is due to the
large thermal conductivity of limestone, the shallow buried depth, high surface temperature, large flow in the pipe and

large impact on the horizontal header.

The heat transfer of the water supply and return sections is the lowest in test No. 6, which is 14.7 W and 16.8 W,
respectively. At this time, the temperature increase of the water supply and return sections is 0.07 °C and 0.08 °C
respectively. The heat transfer of the water supply and return sections of test No. 9 (the most favourable working
condition) is 21.0 W and 24.5 W, respectively, and the temperature rise of the water supply and return sections is 0.06 °C
and 0.07 °C respectively. It is found that the temperature rise of the water supply and return sections of test No. 9 is lower
than that of test No. 6, but the heat transfer of the water supply and return sections of test No. 9 is higher than that of test
No. 6 due to the larger flow of test No. 9.

3.4. Effect of the horizontal header on U-tube heat exchange
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Fig. 12. The heat exchange of the U-tube.

Under the effect of different temperature increases in the water supply section of the horizontal header, the heat
exchange change [51] of the U-tube under different working conditions is shown in Figure 12. It can be seen from the
figure that the heat exchange rate is at the maximum at the beginning, then gradually decreases, and finally tends to be
stable. When the heat exchange reaches stability, the heat exchange of the U-tube in tests No. 1 to No. 9 is 27.30 W,
17.50 W, 14.00 W, 49.00 W, 19.60 W, 10.50 W, 33.60 W, 25.20 W and 10.50 W, respectively, and the heat exchange
under the initial condition is 6.30 W. Under the influence of multiple factors, the heat exchange of test No. 4 is the largest,
while that of test No. 6 and test No. 9 is the smallest and the same. However, the heat exchange of the U-tube under all

orthogonal test conditions is higher than the initial condition. It can be seen that under the orthogonal test conditions, the
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U-tube is affected more than the initial condition, and when the buried depth is shallow, the thermal conductivity of the
overburden rock is large, the surface temperature is high and the flow rate in the pipe is large, the impact on the U-tube is
greatest; otherwise, the impact is minimal.

Table 4
Comparison of heat exchange of the U-tube under different working conditions.

Test number 1 6 8 3 5 7 2 4 9

Flow rate L/min 3 3 3 4 4 4 5 5 5
U-tube inlet temperature °C 2329  23.15 2324  23.18 23.21 2330  23.18 2427  23.16
U-tube outlet temperature °C 23.16 2310  23.12 2313 23.14  23.18 23.13 24.13 23.13

Temperature difference between the
0.13 0.05 0.12 0.05 0.07 0.12 0.05 0.14 0.03
U-tube inlet and outlet °C

U-tube heat exchange W 27.30 10.50 25.20 14.00 19.60 33.60 17.50 49.00 10.50

As the heat exchange is related to the flow rate, by looking at Table 4 when the flow rate is 3 L/min and the flow
rate is unchanged, it can be found by comparing tests No. 1, No. 6 and No. 8 that the inlet temperature of the U-tube is
23.29 °C 23.15 °C and 23.24 °C respectively, and the heat exchange of the U-tube is 27.30 W, 10.50 W and 25.20 W,
respectively. When the flow rate is 4 L/min, it can be found by comparing tests No. 3, No. 5 and No. 7 that the inlet
temperature of the U-tube is 23.18 °C 23.21 °Cand 23.30 °C, respectively, and the heat exchange of the U-tube is 14.00 W,
19.60 W and 33.60 W, respectively. When the flow rate is 5 L/min, it can be found by comparing tests No. 2, No. 4 and
No. 9 that the inlet temperature of the U-tube is 23.18 °C 24.27 °Cand 23.16 °C respectively, and the heat exchange of the
U-tube is 17.50 W, 49.00 W and 10.50 W, respectively. It can be seen that when the flow rate is constant, increasing the
water temperature at the inlet of the U-tube can strengthen the heat exchange between the U-tube and the surrounding

rocks and increase the heat exchange, which proves the conjecture in Section 3.2.1.

However, blindly increasing the inlet water temperature of the U-tube will also increase the outlet temperature of the
U-tube, which does not comply with the requirements of the unit. Therefore, when the requirements of unit temperature
and flow are met, the heat exchange can be improved by increasing the end temperature of the water supply section of the

horizontal header.
3.5. The temperature rise of the water return section of the horizontal header is affected by various factors
3.5.1. The temperature rise value of the water return section

From the above analysis, it can be seen that under various experimental conditions, the temperature rise will occur
from the beginning to the end of the water supply and return sections of the horizontal header, and various factors have
similar effects on the water supply and return sections. However, within a certain range, the temperature rise of the water
supply section will increase the inlet water temperature of the U-tube and improve the heat exchange effect. In contrast,
the temperature rise in the return section of the horizontal header is not conducive to keeping the temperature constant in
the return section of the horizontal header, which is an undesired result. Therefore, the return section of the horizontal
header is studied here for temperature rise analysis.

Table 5
The temperature rise of the water return section of the horizontal header.

Test number 1 2 3 4 5 6 7 8 9
Point 3 Temperature °C 23.16 23.13 23.13 24.13 23.14 23.10 23.18 23.12 23.13
Point 4 Temperature °C 23.37 23.28 23.24 24.50 2331 23.18 23.44 2335 23.20

Temperature rise °C 0.21 0.15 0.11 0.37 0.17 0.08 0.26 0.23 0.07

After 0.5 hours, the temperatures at point 3 and point 4 are stable. The temperatures of point 3 and point 4 and the

temperature rise value from point 3 to point 4 are shown in Table 5. It can be seen from the table that the maximum

16



N W

— O O 0 a9 N W

—_

12
13
14
15
16
17
18
19
20
21

temperature rise in the water return section occurs in test No. 4 and the minimum occurs in test No. 9. It can be inferred
that the parameter settings of test No. 4 have the greatest impact on the horizontal header. In contrast, under the

parameter settings of test No. 9, the influence is minimal.
3.5.2. Temperature rise range analysis

Table 6 shows the range analysis [52] on the temperature rise of the horizontal header return section obtained from
the orthogonal test, where K, is the sum of the temperature rise values in the return section corresponding to the first
level of each factor, K is the sum of the temperature rise values in the water return section corresponding to the second
level of each factor, and K3 is the sum of the temperature rise values in the water return section corresponding to the third
level of each factor.

Table 6
Range analysis of the orthogonal test.

Interfering factor ~ Buried depth of Flow in the Covering Surface Return water
Test number the header cm pipe L/min material temperature °C  temperature rise °C
1 2 3 Dolomite 30 0.21
2 4 5 Dolomite 35 0.15
3 6 4 Dolomite 40 0.11
4 2 5 Limestone 40 0.37
5 4 4 Limestone 30 0.17
6 6 3 Limestone 35 0.08
7 2 4 Sandstone 35 0.26
8 4 3 Sandstone 40 0.23
9 6 5 Sandstone 30 0.07
Ki 0.84 0.52 0.47 0.45
Ko 0.55 0.54 0.62 0.49
Ks 0.26 0.59 0.56 0.71
a(=2) 0.280 0.173 0.157 0.150
o(=%2) 0.183 0.180 0.207 0.163
(=2 0.087 0.197 0.187 0.237
Range 0.193 0.023 0.050 0.087
Poor scheme 2 5 Limestone 40
Excellent scheme 6 3 Dolomite 30

It can be seen from Table 6 that the influence of buried depth, flow in the pipe, covering material and surface
temperature on the heat transfer of the return section of the horizontal header is in the following order: buried depth >
surface temperature > covering material > flow in the pipe. At the same time, the poor scheme is test No. 4, and the
excellent scheme is 6 cm; 3 L/min; dolomite; 30 °C. This scheme does not appear among the 9 tests in Table 3. The
closest one to this scheme is test No. 9. It can be seen from Table 5 that the temperature rise of test No. 9 is indeed the
lowest, which is consistent with the above speculation. In addition, in the optimal scheme parameter settings, the
thickness of the covered rock is the largest, the flow in the pipe is the smallest, the thermal conductivity of the covered
rock is the smallest and the surface temperature of the covered rock is the lowest, which isolates the influence of external
factors on the water return section of the horizontal header to the greatest extent. It can be determined that this scheme is

the best one.
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To prove the above results again, the heat transfer of the water supply section of the horizontal header is taken here
for a similar range analysis, and the range of the buried depth of the header, the flow in the pipe, the covering materials,
and the surface temperature are 49.233, 21.700, 24.500 and 28.000, respectively. It can be seen that the order of influence
of the four factors on the heat transfer of the backwater section of the horizontal header is still: buried depth > surface
temperature > covering material > flow in the pipe. At the same time, the same conclusion can also be drawn from the

range analysis that the poor scheme is test No. 4, and the excellent scheme is 6 cm; 3 L/min; dolomite; 30 °C.
4 Discussion
4.1. Optimization methods for temperature control of the horizontal header

It can be seen from the analysis in Section 3 that the influence degree of the four factors of buried depth, flow in the
pipe, covering material and surface temperature on the horizontal header is as follows: buried depth > surface
temperature > covering material > flow in the pipe. When the buried depth is shallow, the thermal conductivity of the
covering material is high, the surface temperature is high, the flow rate in the pipe is high, the temperature change of the
horizontal header is obvious, and the heat transfer is the largest. In contrast, the temperature rise and the heat gain are
small. The temperature rise of the water supply section of the horizontal header can increase the temperature difference
between the vertical ground heat exchangers and the surrounding rocks and improve the heat exchange. However, the
temperature rise of the water return section is not conducive to the preservation of the internal cold quantity of the header.
Therefore, the focus of temperature control of the horizontal header is to increase the temperature rise of the water supply

section and keep the temperature of the water return section constant.

Because the buried depth has the greatest influence on the horizontal header, the first method to control the
temperature of the water return section of the horizontal header is to increase the buried depth, then reduce the surface
temperature, select a covering material with low thermal conductivity and reduce the flow in the pipe. At the same time,
the method that best increases the temperature rise of the water supply section is to reduce the buried depth, increase the
surface temperature, select a covering material with large thermal conductivity and increase the flow in the pipe, as

shown in Figure 13.

Optimization metheds for temperature
control of the horizontal headers

I Reduce the burial depth ] Increase the burial depth l
’ Increase the surface temperature | I Reduce the surface temperature ‘
I Cover material with a high thermal conductivity I l Cover material with a low thermal conductivity I

Increase the flow | Reduce the flow |

Increase the heat exchange of vertical
ground heat exchangers and reduce the
energy loss of the horizontal headers

Fig. 13. Optimization methods for temperature control of the horizontal headers.
4.2. Recommendations for actual projects

Since the methods for controlling a constant temperature of the water return section of horizontal headers are
opposite to the methods of increasing the temperature rise of the water supply section, comprehensive consideration

should be taken to select appropriate temperature control methods. In actual projects, the surface temperature is
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uncontrollable, the flow of the water supply and return sections of horizontal headers is the same and the factors that can
realize the independent control of the water supply and return sections are only the buried depth and the covering

materials.

In actual projects, original soil and rock backfill are most commonly used, and there is no difference between the
water supply and return sections. Therefore, within the working range of the unit, the buried depth of the water supply
section of horizontal headers can be appropriately reduced to improve the end water temperature of the water supply
section and enhance the heat exchange of vertical ground heat exchangers. At the same time, the buried depth of the
water return section can be increased to keep the temperature in the pipe constant. When the water supply and return
sections are buried at the same depth, in combination with economic analysis, pipes with low thermal conductivity or

wrapped insulation materials can be used for the water return section to achieve the same effect.

In karst areas, the surface soil is very thin, and horizontal headers are mostly covered with excavated crushed rock.
Due to the large thermal conductivity of the rock, the surface climate factors have a large impact on the headers.
Therefore, it is necessary to consider increasing the buried depth of the return section of horizontal headers or taking

thermal insulation measures to reduce the impact.
4.3. Research deficiencies and suggestions for extension

Many factors affect the heat transfer of horizontal headers. Due to the limitation of experimental conditions, this
study only discusses the influence of four factors on horizontal headers: buried depth, buried pipe material, flow rate in
the pipe and surface temperature. In the future, the influence of other factors can be discussed through experiments or
numerical simulation, and the influence of a single factor on the temperature change of horizontal headers can also be
studied in depth. In combination with the law of the temperature change of horizontal headers and the law of the change

of a factor, the corresponding formula can be proposed to guide the actual project and reduce the energy loss of headers.
5. Conclusion

In this study, an orthogonal test is conducted on ground source heat pump horizontal headers. The temperature
change of the horizontal header, the heat transfer of the header and the change of the heat exchange of the U-tube under
the influence of the header temperature change are examined when the horizontal header is affected by four factors:
buried depth, flow rate in the header, covering material and surface temperature. The influence factors are sorted by range
analysis and the optimal scheme and the poor scheme are obtained. Finally, the optimization methods for horizontal
header temperature control and the practical construction recommendations are put forward. The main conclusions are as

follows:

(1) Regarding the horizontal header, the temperature rise of the water supply and return sections is 0.06 °C and 0.07 °C,
respectively under the most favourable working condition, and the heat transfer is 21.0 W and 24.5 W, respectively.
The temperature rise of the water supply and return sections is 0.32 °C and 0.37 °C respectively under the most
unfavourable working condition, and the heat transfer is 112.0 W and 129.5 W, respectively, which has a large

impact.

(2) Under the most unfavourable conditions, the temperature rise of the water supply section is the largest, which
increases the temperature difference between the U-tube and the surrounding rock and soil and promotes heat
exchange. The heat exchange of the U-tube reaches 49.0 W, and the temperature difference between the inlet and
outlet reaches 0.14 °C. In contrast, under the most favourable conditions, the temperature rise of the water supply
section is small, which is not conducive to the heat exchange of the U-tube. The heat exchange is 10.5 W and the

temperature difference between the inlet and outlet is 0.03 °C which is a low value.

(3) Compared with all orthogonal test conditions, the inlet temperature of the U-tube under the initial condition is the

lowest, which makes the heat exchange of the U-tube only 6.3 W, and the temperature difference between the inlet
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and outlet is only 0.03 °C so the heat exchange effect is poor.

(4) The influence degree of each factor on horizontal headers is as follows: buried depth > surface temperature >
covering material > flow in the pipe. The buried depth, surface temperature, covering material and flow rate in the
pipe can be changed through different methods to achieve an optimal temperature control of the water supply and

return sections, respectively.

(5) In the actual projects, the water supply section of horizontal headers can be buried above to increase the inlet water
temperature of the U-tube, and the return section can be buried below to keep the temperature in the pipe constant.
When the water supply and return sections are buried at the same depth, thermal insulation treatment can be carried
out for the return section in combination with economic analysis, or pipes with low thermal conductivity can be

used.
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