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Research on the design and
application of capillary heat
exchangers for heat pumps
in coastal areas
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Abstract

This study investigated the optimal design of a capillary heat exchanger device for the heat pump system

and its innovative engineering application in a building. The overall aim was to use a capillary heat

exchanger to obtain energy in coastal areas for promoting renewable energy in low-carbon building

design. Initially, the main factors affecting the efficiency of the capillary heat exchanger were identified,

a mathematical model was then established to analyse the heat transfer process. The analysis showed the

flow rate and the capillary length are the key factors affecting the efficiency of the capillary heat exchang-

er. Secondly, to optimize the structural design of the capillary heat exchanger, the heat energy transfer is

calculated with different lengths of the capillary under various flow rates in summer and winter con-

ditions, respectively. Thirdly, a typical building is selected to analyse the application of the capillary heat

exchanger for extracting energy in the coastal area. The results show the performance of the selected

capillary heat exchanger heat pump system, in winter, the heat energy transfer rate is 60W/m2 when the

seawater temperature is 3.7 �C; in summer, the heat energy transfer rate is 150W/m2 when the seawater

temperature is 24.6 �C. Finally, the above field test results were examined using a numerical simulation

model, the test and simulation results agree with each other quite well. This paper is conducive in

promoting the development of the capillary heat exchanger heat pump as an innovative sustainable

technology for net-zero energy and low carbon buildings using renewable energy in coastal areas.

Practical application: A recently proposed capillary heat exchanger is used as an energy extraction and

utilisation device to obtain energy in coastal areas for promoting renewable energy in low-carbon building

design. This paper explores the application of a capillary heat exchanger as both cold and heat sources for

application in typical low-rise buildings. The analysis of the heat energy transfer rate of a typical low-rise
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building located in a coastal area in summer and winter provides guidance for the application of capillary

heat exchangers.
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Introduction

Previous studies have focused on exploiting
renewable energy for reducing energy consump-
tion.1,2 Heat pump technology has been identi-
fied as a key technology in low carbon-building
design and is widely used as a heating and cool-
ing system in buildings.3 There are many coun-
tries such as China, America and the UK that
has rich shallow geothermal energy in coastal
areas.4 Heat pump technology can often be
effectively used with seawater to extract renew-
able energy for buildings to achieve a net-zero
target. Compared with the traditional energy
extraction methods, heat pumps have the fol-
lowing beneficial features; large heat capacity,
high heat exchange coefficient and little
damage to the seabed in coastal areas.5

Therefore, the heat pump has considerable
potential for application in renewable energy
extraction in coastal areas.

For many years, the application of heat
pump technology to achieve low carbon design
of buildings has attracted wide attention. The
are several burial forms of heat exchanger
pipes of the traditional ground source heat
pump systems, such as the horizontal, vertical
and coiled types.6 Many scholars have studied
the different laying forms of the ground source
heat exchanger. Kupiec (2015) developed a
mathematical model of a horizontal tube under-
ground heat exchanger, which was based on a
one-dimensional equation of transient heat con-
duction.7 Fan (2007) investigated the configura-
tion of a vertical dual-function ground heat
exchanger, which was used in a ground-source
heat pump system with an integral soil cold

storage.8 However, there are some deficiencies
in the previous forms of the ground heat
exchanger system. If the heat exchanger is laid
horizontally, it needs a large underground area
and has an unstable operational performance. If
the heat exchanger is laid vertically, the capital
cost is high due to the expensive excavation
work required for digging deep trenches or bore-
holes. If the heat exchanger is laid in a coil, due
to the overlap between the pipes, a short circuit
might occur. Compared with traditional
exchanger systems of ground source heat
pumps, in this study, a capillary heat exchanger
was buried in the shallows under the seawater as
the energy extraction device, which is heated
and cooled by the medium in the capillary.
According to the actual conditions in coastal
areas, capillaries can be assembled both hori-
zontally and vertically, which forms a three-
dimensional heat exchange network.
Compared with traditional heat pump technol-
ogy, the capillary heat exchanger is more com-
petitive because it has a number of advantages,
for example, large heat exchange areas, small
resistance and uniform heat exchange process.9

The main aim of this paper is to investigate and
evaluate the optimum design and the applica-
tion of capillary heat exchanger heat pump in
buildings and to promote capillary heat
exchanger heat pump systems as a key technol-
ogy in the low carbon-building development.

Previous researchers have studied the capil-
lary heat exchanger as air conditioning terminal
radiation systems. Lazarus (2015) proposed
placing a capillary tube heat exchanger under-
ground a 120m2 greenhouse to keep the room at
12 �C during the night.10 The capillary system
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was used as ground thermal storage in the

greenhouse. Attar et al (2013) conducted numer-

ical calculations using the simulation tool

Transient System Simulation (TRNSYS 16) to

optimise the capillary heat exchanger length and

water flow velocity. This resulted in reduced

energy costs of 25% in December in the heating

condition and by 51.08% in April in the cooling

condition when the capillary heat exchanger was

adopted in the greenhouse.11 Hazami et al

(2017) used water as a cooling source and

extracted energy at 30m below ground level

with a capillary heat exchanger.12 It was con-

cluded that the thermal efficiency was approxi-

mately 80% in the Tunisia Salammbo museum

and aquarium. Hazami et al (2017) proposed the

devices using a local daily solar energy storage

system.13 Approximately 30% to 49.5% of the

daily energy was stored in the heat storage unit.

These previous studies indicated that capillary

heat exchangers are critical in the utilisation of

renewable energy with heat pump systems to

extract energy. At present, theoretical research

into the capillary heat exchangers is more

mature. Currently, the research on the capillary

tube is mainly limited to the capillary radiation

heat exchanger systems. Also, there are few

pieces of literature about capillary heat exchang-

ers used as a front-end heat exchanger in ground

source heat pump systems in coastal areas.

Consequently, little attention has been paid to

the optimum design and application of the cap-

illary heat exchangers in coastal areas. In addi-

tion, few studies are comparing theoretically

calculated values and field test data on the per-

formance of a capillary heat exchanger in a typ-

ical building. The optimal design of capillary

heat exchangers is critical to improve the

energy efficiency of buildings and promote the

development of low-carbon buildings.

Therefore, how to design the front-end heat

exchange system, which can adapt to various

water areas with high heat transfer efficiency

and low cost becomes an important challenge

to solve the front-end heat transfer of surface

water.

Capillary technology presents a new method
in the field of Heating Ventilation and Air-
conditioning (HVAC). Due to the low water
temperature required for heating, the energy
consumption during the transmission process
and distribution can be greatly reduced. The
matching heat pump system can further improve
the Coefficient of Performance (COP) value of
the heat pump unit, and the energy-saving effect
is remarkable. The hot and cold water flows in
capillary tubes with an outer diameter of
4.3mm, an inner diameter of 2.8mm, which
can quickly extract heat or cooling capacity
from the seabed to rapidly meet the require-
ments of heating or cooling. Due to the large
heat exchanger area, a large amount of cold or
heat is extracted from the seabed, which reduces
the temperature difference between the heat
exchanger surface and the seabed around the
coast. The unique parallel structure of the cap-
illary network greatly reduces the resistance of
the pipeline. The outer diameter of the capillary
tube is 4.3mm, the space occupied by a pipe is
small, the water flow of the single pipe is small,
and the safety is high. The whole capillary heat
exchanger system can compress or absorb more
heat compared with the conventional system,
which makes the system save energy significant-
ly, and the energy consumption is less than 50%
of the conventional system.

In this research, the capillary heat exchanger
is buried in the coastal shallows. Capillary poly-
propylene plaits are taken as an underground
energy extraction device and its optimal selec-
tion method and rationale are studied. In coast-
al areas, the seawater temperature has a big
influence on the capillary heat transfer. Thus,
it is important to understand the thermal and
fluctuation heat exchange behaviours between
seawater and seabed. The objective of this
research focuses on three aspects of the capillary
heat exchanger, including the optimum design
method, reasonable utilisation and comparison
on simulation results and field test data. First,
based on the minimum principle of entropy
theory, the optimum structure is designed for
the capillary heat exchanger. Second, the
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feasible utilisation and heat transfer effect anal-
ysis are carried out for the capillary heat
exchanger in coastal areas based on case studies.
Finally, a comparison between the results of the
numerical simulation and the previous experi-
mental field tests is made.

Methodology

To use capillary heat exchanger heat pumps to
reduce the energy consumption of buildings and
promote low carbon building design, it is neces-
sary to optimise the structural design of the cap-
illary heat exchanger device and its engineering
application in building. First, an investigation of
the overall background of the capillary heat
exchanger heat pump system is required. Then,
the related heat transfer theory of capillary heat
transfer is described.

Three steps have been taken to achieve this
aim. The first step is to optimise the structure of
the capillary heat exchanger according to the
basic principles of heat transfer. The second
step is to select a typical building to analyse
the heat transfer of the capillary heat exchanger
in both winter and summer. The third step is to
compare the data calculated by the numerical
simulation with field test data. The detailed
methods of the three steps are described in the
following sections.

Capillary heat exchanger system

The heat exchanger is composed of capillary
tubes with 4.3mm external diameter (do) and
2.8mm inside diameter (di), and the wall (Am)
is 0.75mm thick. The spacing between plastic
capillary tubes is 20mm, as shown in Figure
1.14 The heat transfer medium in the
polyethylene of raised temperature resistance
(PERT) materials capillary heat exchanger is
the aqueous solution of 12.5% ethylene glycol
fluid. The heat transfer per unit area is the heat

transfer per single mat capillary heat exchanger
per square metre.

Since the capillary heat exchanger is placed
undersea in coastal areas, the heat capacity of

the seabed is approximately infinite. The heat
pump systems consist of the capillary heat
exchanger, ethylene glycol solution flow circula-
tion, heat pump units and room terminal. The
heat pump system schematic drawing is shown
in Figure 2. The heat pump unit consists of the
evaporator, conversion valve, throttle device,
compressor and condenser. The heat transfer
process of the capillary heat exchanger is
described as follows. First, the capillary heat
exchanger extracts heat from the seabed. Then,
heat or cooling energy is transferred to the
indoor heat exchanger with the heat pump
unit. Finally, the indoor heat exchanger heats
or cools the indoor air in the room as the air-
conditioning system.15

The capillary heat exchanger has advantages:
it can be applied under high temperature, high-
pressure and corrosion resistance. It can be
designed with a thin tube wall for a large heat
exchange area to achieve high heat exchange
efficiency. Also, this new type of heat exchanger
has the advantages of utilizing low-quality
water. The buried part of the capillary heat
exchanger in the coastal areas is mainly in the
sandy under the shallow water near the coast.
The capillary heat exchanger heat pump system
in coastal areas, which uses renewable ocean
heat and seabed heat coupled with the charac-
teristics of ground source heat pump system and
seawater source heat pump system, is also
affected by the periodic change of ocean tide.
Such a heat pump system with this front-end
capillary heat exchanger is different from other
types of the heat pump system, the study of the
performance of this new type of heat pump
system is important.

Compared with the open seawater source heat
pump system, the benefit of a capillary heat
exchanger heat pump system in coastal areas is
avoided the corrosion to the heat pump unit and
pipework by seawater. It does not need to add
auxiliary equipment such as filtration and water
treatment and does not need to use a high-cost
Titanium alloy anti-corrosion heat exchanger,
therefore can greatly reduce the project invest-
ment and operation cost; it can also address the
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issue of fixing the front-end heat exchanger of

closed seawater source heat pump system, and

the capillary heat exchanger will not have the

problems of heat flow short-circuit and easy scal-

ing of a spiral coil heat exchanger. The system

has great significance in engineering application.

The capillary heat pump system provides a new

engineering solution for heating and cooling by

utilising renewable seawater heat and seabed

heat. The operation characteristics of a capillary

heat pump system in coastal areas are obtained

in this study, which can give guidance for the

large-scale heat pump system using the capillary

as the front-end heat exchanger and provide cor-

responding theoretical and technical support.
The relative physical parameters are defined

for the design of the capillary heat exchanger in

the coastal areas shown in Table 1. The average

design temperature of seawater is 3.7 �C in

winter and 24.6 �C in summer.16Seabed temper-

ature at a depth of -10m is maintained constant-

ly at 13.8 �C annually.17

Heat transfer theory

The heat transfer process of the capillary heat

exchanger is analysed. Heat transfer equations

of the sandstone layer around the capillaries are

given in equations (1) to (8).18–20

Heat transfer equation of the seabed around

the capillary:

qsCs
@Ts

@s
¼ ks

@2Ts

@y2
þ ks

@2Ts

@z2
(1)

1 2 3

4

5

6

7

Figure 2. Diagram of the heat pump system with capillary heat exchanger. 1. Indoor heat exchanger, 2. Evaporator,
3. conversion valve, 4. Throttle device, 5. Compressor, 6. Condenser, 7. Capillary heat exchanger.
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Figure 1. The capillary heat exchanger. (a) Cross-section of a capillary tube and (b) photo of a single mat capillary
heat exchanger.
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Heat conduction equation of capillary wall:

@2Tp

@r2
þ 1
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@t
(2)

Fluid heat transfer equation in a capillary
tube is given:

qfCf
@Tf

@t
¼ 2kp
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@Tp

@r
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(3)

For a microelement at any position in the
capillary, mass conservation equation:
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Conservation of momentum equation:
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Energy conservation equation:

@

@t
ðqEÞ þ r•

�
~vðqEþ pÞ

�

¼ r•
�
keffrT�

X
hj~Jj þ ðs¼eff •~vÞ

�
þ Sh (8)

The heat transfer design mathematic model is

composed of equations (1) to (8) equations for

the capillary heat exchanger, which has typical

characteristics of fluid-solid coupling heat trans-

fer. These 8 heat transfer equations need to be

combined to calculate the temperature distribu-

tion of the heat exchanger. The outlet tempera-

ture of the heat transfer medium in the capillary

is calculated using the computational fluid

dynamics (CFD) software.
According to the heat transfer theory, heat

energy exchange base on the heat transfer

medium in the capillary heat exchanger, heat

energy Q be calculated from equation (9).21–23

Q ¼ mcpDt ¼ kATm (9)

The formula for the performance coefficient

of seawater source heat pump units is given as

equation (10).24

b ¼ COP=EER ¼ Qh=Ep (10)

where, b is performance coefficient of seawater

source heat pump unit；COP is the coefficient

of performance in heating condition; EER is the

energy efficiency ratio, which is the coefficient

of performance in refrigeration condition; Qh is

the refrigeration/heating capacity of seawater

source heat pump for users (kW); Ep is the aver-

age input power of seawater source heat pump

unit (KW).

Table 1. Capillary heat exchanger system parameters.

Parameter Glycol Capillary Seawater Seabed

Coefficient of thermal conductivity（W/m�K） 0.53 0.24 0.56 1.6

The density（kg/m3） 1015 900 1025 1600

The specific heat at constant pressure（J/kg�K） 3980 2000 4217 2530

Pr 17.5
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Methodology

Capillary optimal design method. According to the
above capillary heat transfer design mathematic
model, the length of the capillary heat exchanger

is determined by the total energy load of the
building and the maximum outlet temperature
of the capillary. The following steps can be fol-
lowed to determine the total length of the
capillary:

1. The building hourly energy load is calculated
based on the detailed design of the building.
Then, the heat pump unit is selected.

2. The energy load Q of the capillary heat
exchanger is determined by the heat pump
unit.

3. The capillary heat exchanger length and its
wall surface temperature are calculated based
the above Q, the operation time, the seabed
thermal property parameter, and the given ini-
tial setting of the capillary heat exchanger.

4. The local water temperature is checked. The
summer and winter heat transfer temperatures
are determined by the local seawater tempera-
ture. With the rate of heat transfer assumed to
be constant, the inlet temperature of the capil-

lary heat exchanger could be obtained.
5. According to the type of capillary heat

exchanger, the difference capillary length
and the heat transfer temperature are calcu-

lated based on the unit-cooling load and heat
load of the heat exchanger.

6. To obtain the total cooling and heat load of
the capillary heat exchanger, the maximum

length of the capillary heat exchanger is cal-
culated under the total cooling and heating
load of the building.

7. Finally, the total amount of circulation flow
of the capillary heat exchanger is calculated,

and the number of capillary circuits required
in parallel is determined.

The heat energy transfer for the capillary
heat exchanger buried in the coastal shallows
is calculated considering the heat exchanger effi-
ciency as well as the inlet and outlet temperature

of fluids in the capillary. When the type of cap-

illary is given, the efficiency of the capillary heat

exchanger is reckoned. The higher and lower

temperature of the inlet and outlet medium

fluids is given as constant parameters. The suit-

able numbers of heat transfer units are selected

for the heat exchanger in the process of the cal-

culation method.23

By using the theory of steady-state heat

transfer, the heat energy transfer (ql) between

the fluid in a unit length capillary heat exchang-

er and the seabed is given by equation (11).25

ql ¼ klDt ¼ Dt0
1

hpd1
þ 1

2pk1
lnd2
lnd1

þ 1
2pk2

lnd3
lnd2

(11)

The heat exchange load of the unit area of a

capillary heat exchanger is Q0, when the medium

flow velocity is 0.1m/s in the capillary. The sim-

plified formula is given as equation (12).

Q0 ¼ p1DT
4þp2DT

3 þ p3DT
2 þ p4DTþ p5

(12)

When The heat energy transfer of capillary

heat exchanger and the temperature difference

in the capillary is fitted, based on numerical sim-

ulations, the results for p are p1¼ �0.03;

p2¼ 0.69; p3¼ 5.67; p4¼ 55.49; p5¼ 0.18.

Therefore, the Q for the unit area of the capillary

heat exchanger is calculated from equation (13).

Q0 ¼ �0:03DT4þ0:69DT3 � 5:67DT2 þ 55:49DT
þ 0:18

(13)

The total number of capillaries (m) required

is calculated using equation (14).

m ¼1:1
1:274Q0

qcpdivjt1 � t2j (14)

Entropy production (Ns) is a measurement

parameter for energy dissipation, which reflects
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operational effectiveness. The minimum entropy

theory has been extensively studied in the flow

and heat transfer of irreversible concentrating.26

Theoretically, the distribution of the available

energy loss is obtained by calculating the total

entropy production of the system. If the total

entropy production of the system is minimised,

the energy consumption is minimized, and heat

transfer optimized.22

Aiming at the convective heat transfer pro-

cess that is prevalent in the thermodynamic

cycle, the minimum entropy production theory

and heat transfer capacity evaluation system are

proposed. The thermodynamic optimisation of

total entropy production is caused by viscous

dissipation produced by entropy.27 Minimum

entropy production for capillary exchanger is

calculated in the coastal areas. The entropy pro-

duction is shown in equations (15) and (16).

ðNsÞmin ¼ 2g s
R

cp

f

St

� �1=2

(15)

g¼ m

A
ffiffiffiffiffiffiffiffi
2qP

p (16)

where the subscripts c and h represent the

cold fluid and the hot fluid as the equations

(17) to (19).

s¼ jTh � Tcjffiffiffiffiffiffiffiffiffiffiffi
ThTc

p (17)

St ¼ h

qucp
¼ Nu

RePr
(18)

Nu ¼0:023Re0:8Prn (19)

In equations (18) and (19), when the fluid is

heated, constant factor n¼ 0.4; when the fluid is

cooled, n¼ 0.3. Re and Pr as follows:

Re ¼ v•D

l
(20)

Pr ¼ lcpq
k

(21)

In the design method of the capillary heat
exchanger, the temperature difference method
and the effective heat transfer unit number
method are adopted.5 The effective heat transfer
unit method is used to evaluate the performance
of the capillary heat exchanger. The heat
exchanger efficiency, e, is defined as the ratio
between the actual heat transfer capacity and
the maximum heat transfer capacity. e is
shown in equations (22) and (23). The number
of the heat transfer unit (NTU) represents the
amount of heat transfer capacity as equation
(24). When the capillary heat exchanger efficien-
cy increases, the heat transfer performance is
better.12

e¼1� e�NTU (22)

e¼1� t2 � ts
t1 � ts

(23)

NTU ¼ 4Kd0l

qcpd2i v
(24)

From the above mathematical evaluation for
the capillary heat exchanger placed undersea,
internal flow velocity and capillary length are
identified as the main factors influencing the
efficiency of heat exchange. The e�NTU
method is adopted in the design of heat
exchanger efficiency and heat transfer calcula-
tion. In this method, when the medium flow
heat capacity and the inlet temperature are
selected, the temperature of the seabed (ts) is
obtained from the heat balance relationship of
the capillary heat exchanger. And then, the effi-
ciency e is associated with the medium flow inlet
temperature (ti) and outlet temperature (to). The
density of the medium flow (q) the heat transfer
coefficient (K) is obtained from the given
parameters. With e, q, K, cp, and detailed
dimensions of the capillary heat exchanger, the
NTU are obtained. Then, the heat transfer area
is deduced from the specified heat transfer area.
Finally, check the flow resistance, if the resis-
tance is too high, a repeated calculation cycle
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until it meets the requirements. In this repeated

calculation process, the efficiency e is obtained

from the flow pattern of the capillary heat

exchanger. The whole process is shown in

Figure 3 flowchart.

Capillary application method. To assure both the

heating load in winter and cooling load in

summer, it is necessary to calculate the heat

energy transfer of the capillary heat exchanger

in winter and summer. Then, a suitable number

of capillary tubes that meet the requirements of

both winter and summer can be selected to make

sure the capillary heat exchanger can accommo-

date the whole year.
After the optimum design of the capillary

heat exchanger is applied, the heat transfer per

unit area is calculated, the total heat energy

transfer by capillary is obtained when the sea-

water temperature is 3.7 �C in winter and

24.6 �C in summer. Finally, the total number

of capillaries and the number of grids is calcu-

lated in both winter and summer.

Comparison method. It is necessary to conduct a

comparative analysis and verification of the

capillary heat exchanger design method. To

place a given structure of capillary heat

exchanger at the coastal area in Qingdao P.R.

China, the heat transfer performance was tested

by an on-site experiment using the capillary

design method. According to the methods

described in the previous study, Zhou (2016)

selected the capillary heat exchanger of a certain

structural type and made tests in the field. The

verification is based on the measured experi-

mental data.16 The capillary heat exchanger is

shown in Figure 4, which is buried in the coastal

shallows.
The field testing of capillary heat exchanger

heat pump with horizontal pipes were buried in

the coastal shallows. The piles were buried 5.0m

in depth and 50.0m far away from the coast.

The flow rate was 10.4m3/h. The condenser

inlet average temperature was 35.4 �C and the

outlet average temperature was 40.6 �C in the

field testing period from 2nd April to 18th

April 2017. The evaporator inlet average tem-

perature was 11.0 �C and the outlet average tem-

perature was 6.5 �C during the test period from

4th of July to 12th of August 2017 for cooling.

(See appendix 1)

Figure 4. The capillary heat exchanger buried in the
coastal area.

Heat
transfer
areas A

t1, t2,
ts

Length 1

Maximum
{NTU}

NO

Yes

End

ε

Figure 3. Flow chart of the calculation process.
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Results and discussion

Optimisation of capillary design

The optimised design of the capillary heat

exchanger is of significance for energy reduction

and promotion of low carbon application in

buildings. This section describes the calculation

results of the optimal design for the capillary

heat exchanger. Figure 5 shows the Ns distribu-

tions in different conditions. It can be concluded

that with the increase of Re, Ns presented an

increasing trend. If the medium fluid was in a

turbulent state, the capillary heat transfer rate

and friction loss would increase. Therefore, the

number Ns increases rapidly after Re is higher

than 2000. Also, there is a minimum value of Ns

and the corresponding Re value is optimal at

this time. When the temperature difference

between the inlet and outlet of the capillary is

the lowest, Ns is less affected by capillary length.

Also, the flow velocity has a greater influence on

the capillary.28,29

According to the calculated results, the rela-

tionship between the capillary heat exchanger

energy load Q, the inlet and outlet temperature

difference DT and the flow rate G given, as

shown in equation (13). In Figure 6, the opti-

mum capillary heat exchanger energy load Q is

higher than the results before Q0 the optimiza-

tion. Under the condition of heat transfer load,

the optimum pipe length of the capillary heat

exchanger varies with the increase in the

medium flow rate. Also, the diameter size of

the optimal capillary increases with the flow

rate increase. When the capillary length is less

than 4m, the optimal capillary length increases

with the heat transfer load increase, while the

tendency to increase is not obvious. The size

requirement of the capillary heat exchanger

unit is determined by the system flow rate

which can be calculated. To determine the opti-

mal length and flow velocity, this paper provides

the theoretical methods for the optimal design

of the capillary heat exchanger to guarantee the

efficiency of system operation.

Application analysis for capillary heat

exchange in the coastal area

To demonstrate that capillary heat exchanger

technology can be utilised in low carbon build-

ing design, a typical building is chosen for the
field test. A typical building with 100m2 floor

area in Qingdao was selected as the pilot test

building. The building heat transfer rate was

60W/m2 in winter and 150W/m2 in summer,

according to previous records.16,17 The total
cooling load was 15KW in summer, and the
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total winter heat load was 6KW. The heat
transfer capacity per unit length tube of the hor-
izontally buried geothermal heat exchanger was
50W/m2 in summer and 30W/m2 in winter. The
total length of the buried caterpillar tube
required was calculated to be 300m. The hori-
zontal spacing of each buried tube was 1.5m,
and the total underground area was 300m2.

If the capillary flow rate is 0.1m/s, each cap-
illary mat length is selected as 3m for both
winter and summer based on the common engi-
neering application. A close circuit capillary
heat exchange system for a building is recom-
mended. In winter, the minimum temperature is
3.7 �C for seawater. Considering the operational
safety of the capillary heat exchanger, the rec-
ommended difference between the capillary inlet
and outlet temperatures is approximately 2 �C,
and the outlet temperature is 1 �C. The capillary
inlet and outlet temperature difference is 1.43 �C
in winter. The Winter unit area heat transfer
rate is 59.3W/m2. In summer, the seawater tem-
perature is 24.6 �C. The capillary inlet and outlet
temperature difference is 3.2 �C in summer.
Also, the total amount of heat transfer is
132.7W/m2.

As shown in Figure 7, the number of capillar-
ies varies with the different medium flow veloc-
ity inside the capillary. If the flow velocity is
0.1m/s in the capillary, the corresponding num-
bers of the capillary grid are 1690 in the summer
and 1888 in winter.

As shown in Figure 8, it is confirmed that the
numbers of capillary mat are 10 to satisfy the
total building load. Each capillary mat is 3m
long and 1.0m wide (Figure 1). There are
50 capillaries with an interval of 0.02m along
the width direction, and the heat exchange
area is 3m2.

Comparison between calculation and field test

A typical building is selected for testing and the
numbers of capillary layers are calculated. The
building maximum heat load is 60KW in
summer, and the building maximum cooling
load is 53KW in winter. The area of the

capillary tube is 204m2. The actual laying area

of the capillary is 244.8m2. The actual laying of

the capillary has a coefficient of 1.2, which is to

ensure the building gets enough energy. The

area of each capillary mat is 4m2. The number

of capillary layers is 61.
The average building monthly load is shown

in Figure 9. The highest heat load appears in

January, while the highest cooling load is in

August. The test periods during the last 4 days

in the heating season and the start of the tran-

sition season of Qingdao on the 2nd of April
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2017, the outdoor temperature ranged from

11 �C to 16 �C. The seawater temperature was
3.9 �C on 2nd April and 10 �C on 18th April,

the sea was at a distance of 50m from the select-
ed hotel building, and during the test period, the
average indoor temperature was 22.4 �C and the

seawater temperature was 14 �C. The COP was
4.06 in the seawater source heat pump unit. The

COP was 3.17 in the whole capillary heat
exchanger heat pump system. During the test

period from 4th of July to 12th of August
2017 for cooling, the outdoor air temperature

ranged from 28 �C to 33 �C, the seawater tem-
perature variation was from 24 �C to 32 �C. The
measured average indoor temperature was lower

than the design air-conditioning temperature of
25 �C. The EER was 4.5 in the seawater source

heat pump unit. The EER was 3.21 in the whole
capillary heat exchanger heat pump system. (See

appendix 1)
Figure 10 shows the heat exchange rate com-

parison between the calculated and experimen-
tal results. Three conditions are selected with

flow velocities of 0.13m/s, 0.15m/s and
0.17m/s respectively. It shows that the calculat-

ed results agree well with the experimental
results. When the capillary heat exchanger area
is 244.8m2

, in the cooling mode, the correspond-

ing heat transfer per unit area is 0.25KW/m2,
0.28KW/m2 and 0.29KW/m2 by calculation. In

heating mode, capillary heat transfer per unit

area is 0.19KW/m2, 0.20KW/m2 and
0.21KW/m2 by calculation. Capillary unit area

heat transfer in the cooling condition is higher

than that in the heating condition. The capillary

heat transfer per unit area in experimental
results is also shown in Figure 10.

The difference between the experimental

results and the calculated heat transfer rate of
the capillary heat exchanger in Figure 10 is ana-

lysed in both winter and summer conditions.

The results of the margin error analysis of heat

transfer are shown in Figure 11. In both winter
and summer conditions, following the different

velocity of the medium in capillary tubes, the

errors are less than 5%, which indicates that

both calculative and test heat transfer are con-
sistent within an acceptable range.

Based on the experimental data in winter and

summer, it has been shown that the capillary
design method is applicable for selecting the

heat exchanger in the coastal area studied. For

a typical building of 100m2 in the northern

coastal areas of China, the capillary tube num-
bers of each capillary grid are 1888. The capil-

lary tube numbers meet the requirement of a

total summer-cooling load of 15KW and a

total winter heat load of 6KW. The results
show that the calculation is consistent with the
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test data, which are proposed by the capillary

design method, further verifying the rationality

of the design method and the reliability of its

application.
The technical challenges and barriers for the

application of capillary heat exchangers are that

it proposes a high requirement on the medium

flowing in the capillary tube. To obtain a better

heat transfer effect, the distance between

capillaries should be large. The horizontal

arrangement of capillaries covers a large area.

In the case of blockage, it is not easy to maintain

and remove obstacles during operation. In

future, further research is proposed in this

area, such as the variation of water level

caused by the tide, durability, growth of algae,

and economic analysis which would add practi-

cal values for the designers and users.

Conclusions

In this paper, a new capillary heat exchanger for

use with heat pumps to reduce the energy con-

sumption of buildings is proposed. This paper

proposes the design and application of capillary

heat exchangers as an energy acquisition device

to extract energy from the seabed in coastal

areas. The main factors affecting the heat

transfer efficiency are the flow rate and the
length of the capillary used in the heat exchang-
er. Meanwhile, other factors have a minor influ-
ence on the heat transfer rate.

The key contributions of this research are
listed as follows:

1. An optimised design model of the capillary
heat exchanger was established, which
would fundamentally improve system perfor-
mance and reduce irreversible losses. A cap-
illary heat exchange formula is established
based on minimum entropy production. The
capillary heat exchanger design is considered
as the research objective in the minimum
entropy production process. The heat trans-
fer performance and the thermal short-circuit
consumption are regarded between the heat
and the capillary effect. In summer and
winter conditions, the maximum length of
the capillary is calculated. When parameters
such as heat transfer load, inlet capillary tem-
perature, outlet capillary temperature, and
water temperature are selected, the capillary
length and numbers are determined by the
number of heat transfer units.

2. The optimum design method of the capillary
heat exchanger is applied, which is based on
the minimum entropy theory. For the capil-
lary heat exchanger placed in the coastal
area, in winter, seawater temperature is
3.7 �C, the heat transfer rate is 60 W/m2;
when seawater temperature is 24.6 �C in
summer, the heat transfer is 150 W/m2. The
total number of capillaries and the number of
grids is calculated in both winter and
summer.

3. This paper compares the heat transfer effect
of a capillary heat exchanger for a typical
building. The theoretically calculated values
and experimentally determined values are
compared. The results show that the capillary
design method is validated by the experimen-
tal tests.

The limitation of this paper is that the different
weather conditions in different climates are not
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considered. In future work, different types of
building in each typical climate zone from differ-
ent countries (e.g., UK, China and America) will
be compared to consider the impact of climate
changes on capillary heat transfer. That will fur-
ther help to justify the application of capillary
heat exchangers in buildings to reduce energy
consumption and promote low carbon building
design around the world.
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Abbreviations

A The cross-sectional area of the heat
exchanger; (m2)

cp The constant pressure-specific heat for
the heat transfer medium. (J/kg•K)

C Cold fluid subscript
COP Coefficient of performance
d0 The inner diameter of the capillary

tube. (m)
di The outer diameter of the capillary

tube. (m)
e Heat exchange efficiency of the capil-

lary heat exchanger
EER Energy efficiency ratio
f The friction factor
G The flow rate of the capillary heat

exchanger, （kg/h）
g Dimensionless mass flow velocity.

h The convective heat transfer coefficient,
(W/m2•K)

~Jj The diffusion flux of j components
keff The effective thermal conductivity
kl The heat transfer coefficient of the unit

tube；
m0 Capillary number
m The total number of capillaries required

in parallel
Ns Entropy production
NTU The number of heat transfer units
u The component of the velocity vector

in the x
� The component of the velocity vector

in the y
w The component of the velocity vector

in the z
s The dimensionless temperature
P The pressure on the fluid

microelement (Pa)
Pr Prandtl number
Q Capillary heat exchanger unit seat area,

W/m2;
Q0 The unit area of the capillary heat

exchanger changes the heat. (W/m2)
Q0 Total heat transfer. (W)
ql Unit length capillarity in a moment of

heat exchange (W)
Re Reynolds number
R The ideal gas constant.
St Stanton;
Sh A volume reservoir
ts The ambient temperature of the

seabed. �C;
t1 The inlet temperature of the tube. �C
t2 The outlet temperature in the tube, �C
Dt The temperature of the fluid difference

between the inlet and outlet in the
capillary

Dt0 The temperature difference between the
fluid in the capillary and the outer wall
of the seabed column

DT Capillary import and export tempera-
ture difference, K

l The flow velocity in a single capillary
tube, (m/s)
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q Heat transfer medium density in tube,
kg/m3 Density (kg/m3)

k1 Thermal conductivity of capillary
(W/m•K)

k2 Thermal conductivity of the seabed.
(W/m•K)

k The thermal conductivity (W/m•K)

Appendix 1. Temperature record in

the field testing of capillary heat

exchanger heat pump.

Case Date

Indoor air

temperature (�C)
Outdoor air

temperature (�C)
Seawater

temperature (�C)

Heating condition 2 April 21.9 11.0 9.8

3 April 22.2 12.5 10.9

7 April 21.8 12.9 10.8

8 April 23.2 13.3 12.4

9 April 22.4 14.9 13.3

12 April 22.4 15.5 13.0

18 April 22.4 16.0 13.8

Refrigeration condition 4 July 22.1 28.1 23.9

6 July 22.2 28.4 26.5

7 July 22.7 30.4 26.7

13 July 23 31.8 27.8

14 July 22.6 31.5 28.2

15 July 21.9 30.7 28.2

16 July 22.6 31.0 28.3

17 July 23.0 30.6 28.2

1 August 23.7 31.0 28.9

7 August 24.0 32.9 29.4

11 August 25.3 32.8 31.4

12 August 25.1 31.5 32.1
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