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Study on the Heat Transfer of Capillary Heat
Exchanger for Heat Pump in Coastal Areas at
Different Times of Diary Operation
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Abstract— This paper studies the optimization design of
capillary heat exchangers and their innovative engineering
applications in buildings. The purpose of this study is to use a
capillary heat exchanger as the front-end device of the heat
pump in coastal areas to extract emergy to facilitate the
application of renewable energy in buildings. Firstly, in this
paper, the main factors of capillary heat transfer efficiency
were explored in areas near the coast. Secondly, for the sake of
improve the heat transfer efficiency of the capillary heat
exchanger, numerical calculations were carried out on the heat
transfer of the capillary in the case of inconsistent operating
patterns in the summer and winter months, respectively. The
results showed that when the daily working time of the capillary
heat exchanger was 8 hours, the temperature difference of the
capillary inlet and outlet was 2.1 ‘C. And the heat transfer rate
was 87.1 W/m2 In summer, the temperature difference of the
capillary inlet and outlet was 2.6 ‘C. And the heat transfer rate
was 107.8 W/m2. This article helps to promote innovative and
sustainable technologies in coastland development, such as
capillary heat exchangers and heat pumps, which could used in
renewable energy extraction and building utilization in near
coastal areas.

Index Terms—Heat pump; Diary operation; Capillary heat
exchanger; Coastland

I. INTRODUCTION

Previous research has focused on the development of
renewable energy sources [1][2]. For a long time,
research on the heat transfer mechanism of ground source
heat pump buried pipe heat exchangers has mainly been
applied to deterministic heat transfer theory. Due to the fact
that the working environment near the coast involves heat
exchange in geotechnical media, there are still few reports on

Manuscript received June 6, 2023; revised May 18, 2024. This work was
supported by the Key R&D and Promotion Special Project (Science and
Technology Research) in Henan Province (242102240096), Doctor
Scientific Research Fund of Zhengzhou University of Light Industry
(2021BSJJ048), Henan Province Central Leading Local Science and
Technology Development Fund Project (Z20231811020), Henan Province
Key R&D Special Project (231111322200).

Zhenpeng Bai is a lecturer in the Department of Zhengzhou Key
Laboratory of Electric Power Fire Safety, College of Building Environment
Engineering, Zhengzhou University of Light Industry, China ( E-mail:
baiyil056@126.com).

Xiaohan Zhao is a lecturer in the Department of Financial Management,
Henan Light Industry Vocational College, China ( Co-Corresponding author
E-mail: xiaohanzhao1226@163.com).

Jin Zhang is a senior engineer in the Department of Beijing Key
Laboratory of Control Technology for City Toxic and Combustible Major
Hazards, Institute of Urban Safety and Environmental Science, Beijing
Academy of Science and Technology, Beijing 100054, China
(Corresponding author e-mail: bjsafety@163.com).

the mechanism of capillary heat transfer in coastal areas,
especially research on intermittent heat transfer phenomena.
In practical engineering, the factors that affect the normal
operation of capillary heat exchanger systems are extremely
complex and diverse, and many factors themselves have
significant  uncertainties, or existing theories and
technologies cannot obtain complete data. The deterministic
stock theory and methods currently used cannot explain the
heat transfer phenomenon of intermittent operation of ground
source heat pumps well. Due to the lack of appropriate
theoretical guidance, there are often significant deviations in
the design and construction of capillary heat exchangers for
ground source heat pumps, leading to problems such as
excessive initial investment or insufficient heat exchange
function in the project.

Heat pump technology in improving building energy
efficiency has been highly regarded. Farshi et al. [3]
evaluated the heat economy of the heat pump by using the
exergy cost method. Shu et al. [4] made a field measurement
and analysis of the energy efficiency of the actual seawater
source heat pump regional heating system. The heating
performance coefficient (COP) of the seawater source heat
pump unit was 2.43. Marrasso et al [5] analyzed a coupled
heat exchange system composed of ground source heat pump,
low temperature heat grid and electric heat pump. There are
several forms of buried heat exchange tubes in conventional
ground source heat pump systems [6]. Some scholars have
carried out some research work [7-15]. At present, research
on capillary tubes in China mainly focused on radiant cooling
and heating at the end of air conditioning systems.
Theoretical research is becoming more mature, and capillary
tubes are being applied to the front-end heat exchanger
system. There is not much research on the application of
capillaries as front-end heat exchangers to extract energy in
seawater source heat pumps. There is a fundamental
difference in the application of capillary heat exchangers
between front-end and back-end systems. There are
significant differences in heat transfer patterns and
performance between capillary front-end heat exchangers
and end radiation heat exchangers. The theory of capillary
radiation heat transfer system cannot be directly applied to
the front-end heat transfer system of capillaries.

Previous scholars have used capillary heat exchangers as
the end-radiant system for air conditioning. Lazarus [16]
suggested placing a capillary heat exchanger underground in
a greenhouse to keep the indoor temperature at night at 12 C.
Attar et al [17] used numerical simulation methods to study
the effects of length and water flow rate of capillary heat
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exchangers on heat transfer efficiency. And energy
consumption was reduced by 25% under heating conditions
in December and 51.08% under cooling conditions in April.
Water was used as the cold source. Capillary heat exchangers
were used to extract energy at a depth of 30 m underground.
It was concluded that the thermal efficiency of the Salamabo
Museum and Aquarium in Tunisia was approximately 80%.
Hazami et al [18][19] described a device for solar energy
storage combined with capillary tubes.

This paper considers coupling seawater and ground source
heat pumps together, fully utilizing the thermal energy of
seawater and seabed sand, and proposes a new method of
burying capillaries in shallow coastal areas as the front heat
exchanger of seawater source heat pump systems to extract
heat and cold. This method will not cause seawater corrosion
to the equipment and pipelines. It does not require additional
filtering and other auxiliary equipment. It is not affected by
geology, and it does not occupy public areas. It can better
improve the energy extraction ability of capillary heat
exchangers. The soil temperature in the seabed sand layer is
higher in winter and lower in summer, which is more
conducive to achieving energy-saving operation of heat
pump units. This is more conducive to the energy-saving
operation of the heat pump unit and may bring the underwater
buried pipes closer to the coast.

This article placed a capillary heat exchanger as an energy
extraction device in the soil beneath seawater in coastal areas.
It used capillaries as a device for extracting underground
energy. During the process of energy extraction, the
temperature of seawater and the intermittent working time of
the capillary had a significant impact on the heat transfer of
the capillary. Therefore, this article focuses on four different
daily working time modes and investigates the heat transfer
performance of capillary heat exchangers under different
daily operating times. The objectives of this study focus on
three aspects, namely the temperature difference of the
capillary tube inlet and outlet, the heat transfer of capillaries,
and the soil temperature around the capillary tube.

II. METHOD

A. Capillary heat exchanger system

According to heat transfer theory, thermal energy is
calculated by Equation (1). It is based on the heat exchange of
the heat transfer medium in a capillary heat exchanger.

Q0 =mc,At = kAT, )

where, Q is the basic heat rate, W. m is the total number of
parallel capillaries required. ¢, is the heat transfer coefficient,
W/(m?= °‘C). At is the temperature of the fluid difference
between the inlet and outlet in a capillary tube, ‘C. K is the
heat transfer coefficient. A is the cross-sectional area of the
heat exchanger, m% T, is capillary inlet and outlet
temperature difference, C.

The heat exchanger consists of capillary tube with an outer
diameter of 4.3 mm, an inner diameter of 2.8 mm and a wall
thicknessof 0.75 mm. The spacing between the plastic
capillary tubes is 20 mm as shown in Fig. 1. The medium in
the capillary is ethylene glycol [9].

Fig. 1. Capillary network with a spacing of 20mm.

B. Capillary application of numerical simulation
As shown in Table 1, it defines the relative physical
parameters for the capillary heat exchanger design in coastal
areas. The average seawater temperature is 3.7 ‘C in winter.
The average seawater temperature is 24.6 ‘C in summer. At a

depth of 10 meters below the ground, the soil temperature is
13.8 C.

TABLE 1 CAPILLARY HEAT EXCHANGER SYSTEM PARAMETERS

Parameter Glycol Saplllar Seawater  Soil
Coefficient of thermal
conductivity 0.53 024 0.56 1.6
(W/(m=K))
The density (kg/m?*) 1015 900 1025 1600
The specific heat at
constant pressure 3980 2000 4217 2530
(J/(kg=K))
Pr 0.53

The energy collection of capillary heat exchangers is
centered around the capillary and collected from the
surrounding sand. If the capillary heat exchanger system is
shut down, the heat transfer performance of the capillary will
be restored. Therefore, it is necessary to study the intermittent
operation of capillary heat exchangers. Capillary heat
exchangers that operates intermittently during the day. When
it stops the capillary operation, it is considered that the soil
temperature around the buried pipe is still higher than (in
summer) or lower than (in winter) the capillary wall
temperature and continuing heat transfer. The capillary
performance will not fully recover to the situation at the
beginning of capillary operation. And there is heat
accumulation. If the daily running time of capillaries is short,
the soil thermal recovery is good.

The length of the capillary was 3.0 m. The distance
between the capillary supports was 160 m, and the spacing
between the capillaries was 20 mm. Five capillary grids were
shallowly buried in soil 1.0 m above ground level. The daily
working time of capillaries is less than 24 hours. The daytime
intermittent operation of capillary tubes refers to the
operation within 24 hours per day. This article focuses on
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analyzing the daytime intermittent operation of capillary heat
exchangers. A model was established. And then it was
simulated by using CFD. The capillary was run for one week
of operation for 8, 10, 12 and 14 hours per day. It was
simulated to calculate the operating conditions in winter and
summer. It was prepared as a UDF file and set up in FLUENT
software.

III. RESULTS AND DISCUSSIONS

There are some differences in the load changes of different
buildings. According to the different functions of buildings,

such as libraries, office buildings, shopping malls, hotels, etc.,

the daily operating hours of typical buildings vary. For office
buildings, including office buildings, equipment operates
during the day and shuts down at night. For shopping malls,
the capillary heat exchanger is in operation from 10:00 am to
22:00 pm. For hotels, due to the fact that the daily equipment
is mostly in operation, the underground -capillary heat
exchanger has been in continuous operation. This determines
the intermittent operation mode of the capillary based on
analysis. Capillary tubes run for 14 hours a day in the office
building. Capillary tubes run for 12 hours a day in shopping
malls. The capillary tube runs for 8 hours daily in the library.
Capillary tubes run continuously daily in hotels. Due to the
different functions of buildings, the daily running time of
capillaries varies.

A. Temperature difference between capillary inlet and

outlet

The capillary flow rate was 0.1 m/s. According to
engineering applications, the length of each capillary was
selected as 3m. It is recommended that buildings use
closed-loop capillary heat transfer systems.
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Fig. 2. Temperature difference between capillary inlet and outlet in winter.

As shown in Fig. 2, the temperature difference of the
capillary inlet and outlet in winter was 2.1 C, 1.03 C,
0.31 °C, and 0.2 ‘C when the capillary was operated for 8, 10,
12, and 14 hours per day, respectively. The reason is that the
operating time of these four modes gradually increases, and
the time for soil temperature recovery gradually decreases,
resulting in a gradual decrease for the temperature difference

of the capillary tube.

As shown in Fig. 3, when the capillary heat exchanger was
operated for 14, 12, 10 and 8 hours per day. the temperature
difference of the capillary inlet and outlet was 1 'C, 1.7 C,
2.1 'C and 2.6 C in summer, respectively. The reason is that
the operating time of these four modes gradually decreases,
and the soil recovery period time gradually increases.
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B. Heat transfer per unit area for capillary heat exchange
in the coastal area

As shown in Fig. 4, when the capillary heat exchanger was
operated for 8, 10, 12, and 14 hours per day, and after 168
hours of operation, the winter heat transfer rate per unit area
was 87.1 W/m2, 42.7 W/m?2, 12.9 W/m?, and 8.3 W/m?. This
is due to the fact that the operating time of these four modes
gradually increases, and the recovery period time decreases,
which results in the gradual heat transfer rate per unit area in
winter decrease.

400
380
360
0340

[—=— Daily operation for 8 hours

[—=®— Daily operation for 10 hours
=== Daily operation for 12 hours
=¥ Daily operation for 14 hours

Dialy operation for 8
hours

Dialy operation for 10

hours

Dialy opelataon
for 14 homs

[ Dialy operation for
12 hours

0 10 20 30 40 50 60

70 80 90 100110120130140150160

Time (h)
Fig. 4. Heat transfer per unit area for capillary heat exchange in winter.

As shown in Fig. 5, after running for 168 hours, when the
capillary heat exchanger run for 8, 10, 12, and 14 hours per
day, the heat transfer rates per unit area capacity in summer
were 107.8 W/m? , 87.1 W/m?, 70.5 W/m? and 41.5 W/m?,
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respectively. The reason is that the running time of the four
models gradually increases, and the duration of the soil
temperature recovery period decreases.
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Fig. 5. Heat transfer per unit area for capillary heat exchange in summer.

C. Soil temperature around the buried capillary area

As shown in Fig. 6, the winter soil temperature rotated
around the capillary heat exchange. In winter, the soil
temperatures around the capillary corresponding to the four
operation modes of 8§, 10, 12, and 14 hours per day were
1.9 °C,0.83 C,0.6 C,and 0.4 ‘C, respectively. The reason is
that the operating time of these four modes gradually
increases and the capillary pipe absorbs more heat from the
surrounding soil. As a result, the soil temperature around the
buried pipe area gradually decreases.
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As shown in Fig. 7, it is the temperature around the
capillary heat transfer of soil in summer. The soil temperature
around the capillary corresponding to the four operating
modes of 8, 10, 12, and 14 hours per day was 35.2 °C, 35.7 C,
36.1 C, and 36.8 C, respectively. The reason is that the
operating time of these four modes gradually increases, and
the capillary releases more heat into the surrounding soil.
Therefore, the soil temperature around the buried pipeline

area gradually increases.
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Fig. 7. Soil temperature around capillary heat exchange in summer.

In the future, further research will be conducted in this
field, such as tidal induced water level changes, durability,
algae growth, and economic analysis, to increase practical
value to users.

IV.

This paper describes a new capillary heat exchanger as an
energy extraction device to provide the cooling and heating
sources needed for buildings. The capillary tubes extract
energy from the soil in near coastal areas. The heat transfer
from the capillary tubes is calculated using different daily
operating intervals in winter and summer, depending on the
type of building. The main conclusions of this paper are as
follows:

(1) If the daily working time of the capillary heat
exchanger is well organized, the temperature difference
between the inlet and outlet of the capillary heat exchanger
could be increased. When the daily operating time of the
capillary heat exchanger is 14 hours, 12 hours, 10 hours, and
8 hours, the inlet and outlet temperature differences of the
capillary heat exchanger in winter are 2.1 °C, 1.03 °C, 0.31 C,

CONCLUSIONS

and 0.2 ‘C, respectively. When the daily operating time of the
capillary heat exchanger is 14 hours, 12 hours, 10 hours, and
8 hours, the temperature difference of the capillary inlet and
outlet in summer is 1 C, 1.7 C, 2.1 C, and 2.6 C,
respectively.

(2) The daily operating time of the capillary is reasonably
arranged to improve the heat transfer efficiency of the unit
seat area of the capillary heat exchanger. For the capillary
installed in the coastal areas, the winter seawater temperature
is 3.7 "C. After running for 168 hours, the heat transfer rates
per unit area capacity were 87.1 W/m?, 42.7 W/m?, 12.9
W/m?, and 8.3 W/m? respectively. The capillary was
installed in the coastal areas, the temperature of seawater in
summer was 24.6 “C, and the heat transfer rates per unit area
capacity was 107.8 W/m?, 87.1 W/m?, 70.5 W/m? and 41.5
W/m?,

(3) The recovery of soil temperature around the capillary
during the interval is related to the duration of the interval.

Volume 54, Issue 7, July 2024, Pages 1259-1263



TAENG International Journal of Applied Mathematics

The longer the interval, the better the soil temperature
recovery.
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