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Energy pile takes a full use of shallow geothermal, the heat exchanger is buried
in the foundation extract the ground heat source for heating and cooling of the
upper building. Firstly, the geothermal potential of the region is calculated. Then,
the heat transfer efficiency of pile foundation under different operation conditions
is tested by field test. Finally, the numerical simulation software is used to ana-
lyze and compare the field measured results with the numerical simulation results
to simulate the heat transfer efficiency of the heat exchange pile under different
operation modes. The results shows the heat transfer efficiency of the double U
connected tubes is suitbable used in drilled pile, and the heat transfer capacity of
the energy piles does not decrease significantly during a year operation mode and
even long.
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Introduction

Energy pile is an efficient way to use shallow geothermal, the heat exchanger is buried
to the pile to extract the ground heat source for heating and cooling of the buildings. Energy
piles can take advantage of the good heat storage capacity and heat conduction performance of
concrete, and it also can save drilling costs and underground space. However, many scholars
have studied the influence of the application of energy piles on building. Laloui et al. [1] carried
out the in-situ thermal response test on different heat exchange pile with structure loads for 28
days. The test results showed that when the temperature and the structure load acted together,
the soil properties around the pile had a great influence on the change of the strain value of the
pile, and the considerable additional stress would be generated. Bourne-Webb et al. [2] through
experiments obtained that the temperature stress of the pile changed greatly with temperature
under cooling conditions. Although the heat exchange pile was subjected to the load of the
overlying structure, the middle and lower parts of the pile might still be subjected to tensile
stress. You et al. [3-5] carried out bearing capacity tests of energy piles, and discussed the test-
ing method of thermalphysical properties, heat transfer performance and load bearing capacity
of energy piles as well as the effect of ground-water. Gao et al. [6] have also conducted studies
from laboratory tests to field testing. Laloui et al. [ 7] proposed a corresponding numerical model
to simulate the temperature and stress distribution of the pile foundation and surrounding rock
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and soil under the working conditions of the heat pump of the heat exchange pile. Cooke [8]
found that the stress superposition method can better reflect the load-settlement relationship and
the load transfer law of pile group through the field test of pile group. Danno et al. [9] compared
and analyzed the pile groups with different pile spacings under the same working condition,
and found that the pile group effect weakened with the increase of pile spacing . Ren et al. [10]
carried out field tests on the thermal response tests of energy piles under five different operating
conditions. Fang et al. [11] studied the thermal response characteristics of energy piles through
a short-term operation mode. Wang [12] built a non-uniform temperature field through indoor
model tests, and studied the influence of the non-uniform temperature field on the internal force
of the pile and the soil around the pile during the temperature balance process. Dehghan et al.
[13, 14] established a numerical model of heat transfer of pile group by using COMSOL finite
element software, studied the influence of pile spacing on heat transfer performance.

This study aimed to evaluate the heat transfer efficiency of pile foundations under dif-
ferent operating modes through field tests and simulations. The test pile is located in a serviced
apartment. First of all, test pile formation and pipes burying were carried out, and then in-situ
tests on energy pile and borehole heat exchangers were performed to seek suitable shallow
geothermal energy utilization forms and heat exchange pile lay-out forms. Then, numerical
simulation software was used to carry out the 3-D non-linear finite element analysis of the heat
exchange pile, the field measurement results were compared with the numerical simulation
results, and the heat exchange efficiency of the long-term operation mode of the heat exchange
pile was simulated. This article aimed to provide the basis of design and calculation for the lay-
out and design of heat exchange pile foundations.

Testing procedure

The heat exchange piles are drill-pouring piles, the depth of the pile foundation is
20 m, the pile diameter is 800 mm, and the concrete strength is C30. The heat exchange pipes
are HDPE pipes with a diameter of 25 mm. Three piles are selected as heat exchange testing
piles. In order to compare and analyze the difference of heat exchange capacity between pile
foundation and bore hole exchanger, another 100 m deep borehole buried pipes were laid. Test
skeleton can be seen in tab. 1.

Table 1. Test skeleton

Layer Depth [m] Pipe connection Sensors Tests
Bore Hole 1 100 Parallel double-U - TRT
Bore Hole 2 100 Parallel double-U - TPT
Energy Pile 1 20 Series double-U Strain, temperature TRT
Energy Pile 2 20 Parallel double-U Strain, temperature TPT
Energy Pile 3 20 Triple-U in Series - TPT

Thermal balance calculation

The shallow geothermal deposit in this area is calculated:

0. :Zn:CIADlAt (1

i=1
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and

C=pC(1-D)+p,CO (2)
where O, is the geothermal potential, 4 — the area of calculation area, D — the thermal storage
thickness, At — the temperature difference between thermal storage temperature and annual
average temperature, C — the average specific heat capacity of heat storage rock and water,
p-— the density of heat storage rock, C, — the specific heat of heat storage rock, p,— the density
of geothermal water, C,, — the specific heat of water, and @ — the porosity of heat storage rock.

Heat performance of drilled energy piles
Heat transfer efficiency of borehole pipe exchanger

The initial average ground temperature is measured by gauges about 17.1 °C. The
thermal response test (TRT) of Bore Hole 1 heat exchanger takes 48 hours, and the differ-
ence between the inlet and outlet temperature is 2.5 °C. The flow rate is 0.8 m* per hourh, the
calculated single-U heating power is 2.3 kW. The total heating power of the borehole buried
pipe is 4.6 kW. From the relationship curve of average temperature with time, shown in fig. 1,
according to the line heat source model [15], it can be obtained that £ = 2.0446, m = 22.225.
The comprehensive thermal conductivity of the borehole is 1.792 W/m°C, and the thermal
resistance is 0.081 mk/W.
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Figure 1. Pipe 1; (a) variation of 7,,, T;,, and 7,, with time and (b) variation of heat transfer
capacity with time

The thermal performance test (TPT) of Borehole 2, given cooling condition. It is
cooled for 72 hours, and the inlet water temperature keeps constant at 5 °C. As shown in
fig. 2, the heat transfer rates per meter are achieved, and the results can be seen in tab. 2. The
average heat exchange rate of double-U parallel borehole heat exchange pipes is 26 W/m. The
temperature difference between the inlet and outlet water is stable at 2.4-2.5 °C, and the total
heat transfer is 2600 W.

Table 2. Heat transfer rates per meter results

Test time [hour] ¢ [Wm™] ¢ [Wm™] Grora [Wm™']
24 26.13 24.27 50.4
48 20.53 21.47 42

72 21.47 20.53 42
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Figure 2. Pipe 2; (a) variation of 7,,, Ti,, and T,, with time and (b) variation of heat
transfer capacity with time

Heat transfer efficiency of drilled energy pile

The TRT of drilled Pile 1 was performed. The inlet and outlet temperature difference
keeps at 2.5 °C, and the heating power is 2.33 kW. The test lasted for seven days. According to
the column heat source model [16], the comprehensive thermal conductivity is 3.5 W/m°C, and
the thermal resistance is 0.36 m°C/W.

The TPT of Pile 2 with double-U parallel connection was performed. The inlet water
temperature keeps constant at 5 °C, and the cooling test lasted for 28 hours. Figure 3 shows that
the heat exchange rate is 88 W/m, and the total heat exchange rate is 1760 W.
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Figure 3. Pile 2; (a) T, and T,,. of TPT test and (b) variation of heat transfer capacity of TPT test

The TPT of Pile 3 with triple-U series connection was carried out. The inlet water
temperature is 5 °C, and the test lasted seven days. Finally, the cooling power per meter is stable
at 60 W/m, the total heat transfer rate is 1200 W, and the temperature difference between inlet
and return water is stable at 1.3-1.4 °C.

The TPT of Piles 1 and 2 with parallel connection was conducted. The inlet water
temperature is 5 °C. The test time lasted for six days. Finally, the cooling rate per meter of
Pile 1 is stable at 80 W/m and that of Pile 2 is at 75 W/m. The total heat transfer rate of Pile 1
is 1600 W and that of Pile 2 is 1500 W. By comparing and analyzing the test results, we can see
that the long-term heat transfer efficiency of the series heat exchanger is better than that of the
double-U parallel heat exchanger. Because the heat transfer path of the fluid in the series pipe
is longer and the time for heat transfer is more abundant.
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As for the double-U and triple-U series heat exchanger, the heat transfer rate of
double-U in Pile 1 is 1600 W, and that of triple-U in Pile 3 is 1200 W. Although there are many
heat exchange tubes in triple-U and the distance between heat exchange tubes is small, the
temperature radiation range of single tube in heat exchange process affects other heat exchange
tubes. Therefore, for the drilled pile with a diameter of 800 mm, the optimal arrangement of
heat exchanger is double-U series connection.

Operation mode of heat exchange pile numerical analysis
The RSAS modelling theory

The 3-D model of underground soil and groundwater distribution is established based
on the geological survey data. According to Darcy’s law and the conservation of energy, the
percolation equations read:

,uaa—l;l =div(kgradH)+W 3)
and
V =—kgradH 4)

where H is the groundwater head, k — the permeability coefficient, u — elastic water release
coefficient, and /¥ — pumping volume per unit volume.

Redbud 3-D simulation and analysis system (RSAS) for geothermal is a new gener-
ation of 3-D linear elastic and elastoplastic finite element calculation and analysis system. It
can accurately simulate the heat exchange efficiency of double-U shaped heat exchange piles in
different operating modes, and can also analyze and check the heat exchange efficiency of heat
exchanger projects.

Heat transfer efficiency of drilled piles under
annual intermittent operation mode

Through the field experiments, it is found that the double-U series connection is the
most advantageous lay-out model. In order to verify its long-term operation effect, numerical
model is established to verify its heat transfer efficiency and the numerical simulation results
were compared with the measured values, shown in fig. 4. Under cooling condition, the inlet
water temperature is controlled to 5 °C, and the operation time is 10 hours. It takes 16 hours to
recover to room temperature and then the heating process is carried out. The inlet temperature
is controlled to 60 °C, and the flow rate is 0.6 m® per hour. The field test results show that the
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Figure 4. Cooling condition; (a) temperature curve of 7,, with time and (b) heat transfer per meter
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heat absorption rate in the cooling stage is 48.75 W/m, and the heat release rate in the heating
stage is 193 W/m. The numerical simulation results are basically consistent with the test results.
The heat absorption capacity is 43.7 W/m in the cooling stage and the heat transfer capacity is
203 W/m in the heating stage.

Figure 5 shows that under heating condition the inlet water temperature of energy pile is
controlled at 60 °C for 30 hours, the flow rate is 0.8 m? per hour, and it takes 16 hours to recover
to the room temperature, and then the cooling process is carried out. The inlet water temperature
keeps at 5 °C and the flow rate is 0.6 m* per hour. The field test results show that the heat absorp-
tion rate in the cooling stage is 99.2 W/m, and the heat release rate in the heating stage is 125.6
W/m. The numerical simulation results are basically consistent with the test results.
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Figure 5. Heating condition; (a) temperature curve of 7,, with time and
(b) heat transfer capacity per meter

Heat transfer efficiency of drilled piles
under long-term operation mode

In the annual intermittent operation, the heating stage is from May to September and
stops in October, and then cooling stage starts from November to March of the following year
and stops in April. Five-year intermittent operation was simulated under long term intermittent
operation, and the heat transfer performance of long-term operation mode for energy pile was
simulated. Figure 6 shows the distribution of temperature field inside and around the pile during
heating and cooling stage.

According to the field test results, shown in fig. 7, within 365 days of the whole opera-
tion period, the average heat release of 35 °C water inlet is 10 W/m, and that of 5 °C water inlet
is 12.5 W/m. Figure 7 show the operation mode of long term intermittent operation is five years
continuous operation. By comparing the operating period of one year and the five-year operating
period of heat transfer efficiency data, the simulation results can reflect that the heat transfer ca-
pacity of the energy piles does not decrease significantly with long term operation.
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Figure 6. Contour of vertical cross-section; (a) at S °C and the end of cooling and
(b) at 35 °C and the end of heating
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Figure 7. Heat exchange per meter and 7,,, under (a) the annual intermittent operation,
(b) the five-years intermittent operation, and (c) comparison of heat transfer capacity
between one year and five year operation

Conclusion

The drilled pile is a shallow geothermal energy utilization form. The in-situ test is
performed to achieved the heat transfer efficiency of energy piles, and numerical simulation are
carried out to investigate the influence of the operation mode on heat exchange capacity. The
heat transfer efficiency of the drilled pile is better than that of the borehole heat exchanger. The
heat performance of the double-U tubes in series connection is better than that of the parallel
connection styles. The field tests show that heat transfer capacity of triple-U exchanger pipe
in series is lower than that of the double-U form, the reason is mainly duo to the temperature
overlap effect of a pipe on others heat exchangers. so the optimal heat exchanger arrangement
of energy piles with 800 mm diameter is double-U in series. Based on the RSAS finite element
method analysis of energy pile, the results indicate that the heat transfer capacity of the energy
piles does not decrease significantly during a year operation mode and even long.
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Nomenclature

A —the area of calculation, [m?]

C —average specific heat capacity, [kJkg ']
C, - the specific heat, [kJkg'°C™]

C,, - specific heat of water, [klkg'°C'] U — elastic water release coefficient, [-]

W — pumping volume per unit volume, [m?]

Greek symbols

D —thermal storage thickness, [m]

H — groundwater head, [m]

k —permeability coefficient, [m per day]

q — average heat exchange rate, [Wm™ ]

At — temperature difference between thermal
storage temperature and annual average
temperature, [°C]
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p. — density of heat storage rock, [kgm=]
pw — density of geothermal water, [kgm™]
@ — porosity of heat storage rock, [%]

Acronyms

TPT - thermal permance test
TRT - response permance test
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