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a b s t r a c t 

Targeting the heat transfer performance of geothermal pile-foundation heat exchanger in ground source 

heat pump system (GSHP), the physical models of 3-U pile-foundation heat exchanger and heat exchanger 

group were established. CFD software was used to simulate heat transfer processes and heat transfer 

performance was analyzed both in cooling and heating mode. The simulation results indicated that the 

higher thermal conductivity of pile-foundation heat exchanger contributed to the higher heat transfer ef- 

ficiency than soil. Heat transfer flux per meter of the pile-foundation heat exchanger gradually decreased 

with time went on. After operating for ten years, the average soil temperature increased by 2.96 K in 

non-equilibrium condition and decreased by 0.61 K in equilibrium condition. The equilibrium condition 

of cooling and heating load was beneficial to operation system’s safety and efficiency. The experimental 

values of temperature differences were 2.2 K, 2.5 K and 3.5 K, and the heat transfer flux were stable at 58.1 

W ·m 

− 1 , 65.9 W ·m 

− 1 and 46.2 W ·m 

− 1 in three schemes separately. The maximum difference value was 

8.4% for temperature difference between experiment and simulation. The simulation results corresponded 

well with experimental data, indicating the reliability of simulation. The study results were approximate 

to the actual situation and can be used as theoretical basis for design and application of pile-foundation 

heat exchanger in GSHP system. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

With the development of society and improvement of people’s

iving standards, energy consumption has been growing apace.

owadays, urban heating has been accounting for the largest pro-

ortion of the total building energy consumption in China [1] .

or the purpose of saving energy and protecting environment,

eothermal energy, as one of renewable energies, has attracted

ncreasing interest around the world. One of the main technolo-

ies of using geothermal energy is ground source heat pump sys-

em (GSHP), which has been widely studied and applied since the

arly 20th century. In contrast to traditional air conditioning sys-

em, GSHP system has a lot of significant advantages. By extract-

ng heat into and injecting heat from soil, GSHP system can op-

rate stably by avoiding the impact of weather changes on sys-

em performance, meeting the requirements of sustainable devel-
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pment strategy. Without material exchanges with atmosphere, the

ollution of waste heat, vapor and noise can be reduced. More-

ver, GSHP system has a great advantage in investment and main-

enance costs [2] . 

However, the disadvantages of GSHP system cannot be ignored

either. To invest a new system, a large area of land is needed and

rilling holes costs additional investment. In 1994, steel pipes in

ile foundation were applied to buildings for the first time, and

hen the concept of pile-foundation heat exchanger was proposed

3] . Consequently, geothermal pile-foundation heat exchangers in

SHP system with pipes laying inside the foundation and fixing

ia concrete are applied, contributing to declining outlays, saving

round area and reducing thermal interference between heat ex-

hanger [4] . Compared with horizontal pile-foundation heat ex-

hanger, vertical heat exchangers had better performance in heat

ransfer efficiency and land consumption [5] . Heat transfer per-

ormance around pile-foundation heat exchanger was investigated 

n detail based on numerical and experimental methods [6] . In

ractical engineering applications, stability and rigidity in pile-

oundation heat exchangers were verified to be crucial to the ef-
ansfer performance of geothermal pile-foundation heat exchanger 
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face and set as adiabatic. 
cient operation of system [7] . Heat transfer performance of heat

xchangers with different configurations including single U-shaped,

ingle W-shaped, double U-shaped, treble U-shaped and spiral

orms were studied and analyzed [ 8 , 9 ]. The structure of single U-

haped form is simple with the disadvantage of low heat trans-

er efficiency. Compared with single U-shaped form, although the

ingle W-shaped one can enhance the heat transfer efficiency, the

as accumulated in pipes remains another problem. The struc-

ures of double U-shaped and treble U-shaped are more com-

lex, and the latter one has the higher heat transfer efficiency

bviously [10] . 

Nowadays, the research on heat transfer performance and heat

ransfer processes via theory, simulation and experiment and re-

ated technologies has been widely conducted [11–14] . In theoret-

cal study, Kelvin was the first to put forward the theory of line

eat source, which laid the theoretical foundation for the later

esearch on ground source heat pump technology. Based on the

elvin’s line heat source model, Ingersoll and Plass made simpli-

ed assumptions for the underground soil. The buried pipe heat

xchanger was approximately a line heat source with constant heat

ow and infinite length, and a modified line heat source model

as established, which was also the most classical line heat source

odel [15] . On the basis of previous studies, Kavanaugh consid-

red the thermal short circuit between buried pipes, regarded the

nderground heat exchanger as an infinite cylinder and estab-

ished an infinite cylinder heat source model closer to the actual

eat transfer process [16] . In addition, a large number of achieve-

ents in heat transfer performance of pine-foundation heat ex-

hangers with different configurations of pipes have been made

17–20] . Focusing on the effect of groundwater advection on heat

ransfer performance of heat exchangers, Go et al. [21] designed

 novel hybrid algorithm and found that groundwater could en-

ance the heat transfer through attenuating thermal interference

etween piles. Meanwhile, mathematical models and analytical so-

utions are also developed and improved. In contrast, the numer-

cal method was more widely applied on account of the authen-

icity of results, cost-saving and time-saving [22] . Numerical heat

ransfer model was mainly based on finite difference method, fi-

ite element method and other numerical analysis methods [23] ,

ncluding Yavuzturk model, Emerson model, Mitchell model and

WWA model. Hackel [24] concluded that applicability of com-

osite ground source heat pump system was superior to single

round source heat pump system in larger summer cooling load

ase by simulation. Morino [3] used the finite difference method to

onduct numerical simulation and experiment on the heat trans-

er characteristics of buried pipe in building pile foundation, and

roposed the concept of buried pipe heat exchanger based on pile

oundation for the first time. Pahud [25] conducted a numerical

imulation analysis and research on the heat transfer process of u-

ype buried pipe with a Duct Ground Heat Storage model, and a

ile-based buried pipe heat exchanger was designed and applied

n Zurich airport building based on the simulation results of simu-

ation software developed on the TRNSYS platform. Gao [26] used

LUENT software to study the effect of different run length and

rilling arrangement factors on the performance of heat exchanger,

nd thermal effect of different arrangement of heat exchanger

roup on the soil in the process of system operation. Simulation

nalysis and experimental verification was an important way to

ffectively study the heat transfer performance of ground source

eat pump. 

Compared with single U type, series 2-U type, parallel 2-U

ype and spiral type, the parallel 3-U pipe configuration [27] had

 larger heat transfer performance and higher efficiency. In ad-

ition, the pile-foundation heat exchanger group with the better

ile-foundation configuration was needed to study. The parallel 3-

 pipe was a better choice. Finally, the number and depth of build-
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
ng pile-foundation were limited and it can’t be designed by them-

elves like ordinary drilling holes. Under this premise, parallel 3-

 pipe configuration can greatly improve the heat transfer per-

ormance and make full use of existing building pile-foundation.

n this paper, the treble U-shaped in parallel form of geothermal

ile-foundation heat exchangers in GSHP system was selected and

tudied via numerical and experimental method. The objects of

ile-foundation heat exchanger and heat exchanger group buried

n soil were established and were simulated by Fluent based on

he Finite Volume Method for Nanjing area in China, which was

 typical representation of hot summer and cold winter area with

ultry in summer, wet and cold in winter, small daily temperature

ange, large annual precipitation and less sunshine. Heat transfer

rocesses of pile-foundation heat exchanger and heat exchanger

roup were studied in different conditions. Pile-foundation heat

xchanger group was running for ten years in non-equilibrium and

quilibrium condition to simulate more realistic long-term results.

he non-equilibrium condition referred to the isolated operation

f pile-foundation heat exchanger group of GSHP system, and the

quilibrium condition referred to the joint operation of GSHP sys-

em and cooling tower system. Experimental tests were carried out

s a contrast to simulation result. 

. Simulation models and methods 

.1. Simplification and assumption 

The heat transfer between pile-foundation heat exchanger and

oil is a complex unsteady process involving a long time scale and

 large spatial area. Consequently, the actual heat transfer process

annot be fully realized by simulation. In order to improve the sim-

lation speed and to ensure the reliability of simulation as far as

ossible, some hypotheses should be put forward before creating

he model and simulating. The thermal physical properties of the

ubsurface soil and other materials at temperature from 278 K to

13 K are considered uniform and constant; the initial soil tem-

erature is considered uniform; the fluid flow rate and tempera-

ure of water in the same cross section are the same; the impact

f groundwater and the contact resistance between different parts

f pile-foundation heat exchanger are neglected [28] to ensure the

ure heat conduction process between buried pipe and pile foun-

ation concrete, and between pile foundation concrete and soil.

hysical parameters of materials [29] used in simulation calcula-

ion at 291 K are shown in Table 1 . 

.2. Physical models and specifications 

The physical models and configurations of pile-foundation heat

xchanger and heat exchanger group were shown in Fig. 1 . Tre-

le U-shaped in parallel form of geothermal pile-foundation heat

xchangers in GSHP system was selected and modeled. The phys-

cal model of pile-foundation heat exchanger was a vertical cylin-

er with the diameter of d 1 and depth of h 1 . The concrete pile

ith diameter of d 2 and depth of h 2 combined with treble U-

haped buried pipes was laid inside soil. The buried pipes were

igh-density polyethylene (HDPE) with inner diameter of d 3 , thick-

ess of k and depth of h 3 , fixed via concrete inside the pile. The

istance between two pins of U-shaped pipe was l 1 and the center

f U-shaped pipe was l 2 away from center of concrete pile. The rel-

vant model parameters were listed in Table 2 . 3 × 3 concrete piles

ere chosen to constitute the model of heat exchanger group, de-

icted in Fig. 1 (b). The distance between piles was 10 m and the

hole size of heat exchanger group was 30 m × 30 m × 30 m. The

odel top of heat exchanger group was regarded near ground sur-
ansfer performance of geothermal pile-foundation heat exchanger 
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Fig. 1. Physical models and specifications (a. Pile-foundation heat exchanger; b. Pile-foundation heat exchanger group). 

Table 1 

Physical parameters of materials. 

Materials Density Heat Capacity/ J ·kg −1 ·K − 1 Thermal Conductivity / W ·m 

− 1 ·K − 1 

Water 1000 4200 0.6 

HDPE 1100 1465 0.42 

Concrete 2500 837 1.628 

Soil 1847 1200 1.3 

Table 2 

Model parameters. 

Parameter h 1 / m h 2 / m h 3 / m d 1 / m d 2 / m d 3 / m l 1 / m l 2 / m k / m 

Value 30 28 27 20 0.60 0.02 0.20 0.10 0.003 
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.3. Solution and method 

The objects of pile-foundation heat exchanger and heat ex-

hanger group buried in soil were established and were simulated

y Fluent for Nanjing area in China. 

When simulation for heat transfer performance of pile-

oundation heat exchanger was carried out, inlet velocity of water

as set to be 0.6 m ·s − 1 both in cooling and heating conditions.

n addition, the inlet water temperature was specified about 308 K

n cooling condition and 278 K in heating condition. The Reynold

umber of flow in pipes was more than 70 0 0, indicating the tur-
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
ulent water flow. Standard k- ε was opted for simulation as well

s energy equation. Turbulence intensity was calculated about 5%

ased on 0.16 ×Re −1/8 equation. For Nanjing area, the initial tem-

erature of soil and piles was set to be 291 K both in cooling

nd heating conditions, and the temperature of outer surfaces was

reated as constant according to the Dirichlet Problem [30] . SIM-

LE algorithm was selected to evaluate the pressure-velocity cou-

ling in the flowing Section. 3 D double precision solver and sep-

rate and implicit solution were chosen to improve the accuracy.

he inlet boundary of pipe was “Velocity inlet” and outlet bound-

ry was “Outflow”. The bottom and side of cylindrical model was
ansfer performance of geothermal pile-foundation heat exchanger 
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Table 3 

Main parameters in three schemes. 

Scheme Inlet Temperature / K Inlet Velocity / m ·s − 1 Depth of pipe / m Diameter of pipe / m 

1 308 0.60 27 0.6 

2 313 0.60 27 0.6 

3 308 0.30 27 0.6 

Fig. 2. Axial variation of heated wall y + . 
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Table 4 

Experimental data of final state. 

Scheme Outlet Temperature / K Temperature difference / K q / W ·m 

− 1 

1 305.8 2.2 58.1 

2 310.5 2.5 65.9 

3 304.5 3.5 46.2 
hermostatic wall, and the top was thermal isolation. The interface

etween circulating water and buried pipe, buried pipe and pile-

oundation, and pile-foundation and soil was defined as “Coupled”

oundary condition. The time step is 10 s for short time simulation

ike several hours, 120 s for medium time simulation like several

ays to 1 month and 1800s for long time simulation like 1 year to

0 years. 

For pile-foundation heat exchanger group, the method settings

ere the same as that of single pile-foundation heat exchanger.

he bottom and side of cube model was thermostatic wall, and the

op was thermal isolation. In addition, four User Defined Function

UDF) programs were programmed as source items according to

alculating data of dynamic building load. 

Various mesh elements and types were applied in different

arts of each configuration. Generally, the simulation would be

ore approximate to the actual results with larger mesh num-

ers. But it will slower the simulation process and take more time.

or the purpose of improving simulation speed and ensuring sim-

lation reliability as far as possible, the model was meshed with

ense grids in complex structure inside and sparse grids in the

ther zone. For pile-foundation heat exchanger, the meshes of pipe,

oncrete pile and soil in the x and y direction adopted Tgrid type

ith size of 4 mm, 40 mm and 80 mm separately. The meshes of

ipe and concrete pile in the z direction were divided into the

pper and lower areas, with the dividing line 2 m away from the

ower area. The upper region adopted cooper grid with a size of

00 mm both for pipe and concrete pile. The lower region adopted

ooper grid of 10 mm for pipe and Tgrid type of 40 mm for con-

rete pile. The meshes of soil adopted cooper grid of 300 mm in

hole z direction. For heat exchanger group, all meshes adopted

ooper grid of 300 mm in whole x, y and z direction. Grid in-

ependence was first checked before carrying out extensive case

tudies by doubling the number of elements with changes of less

han 0.5% and halving the number of elements with changes of

ore than 2% in the outlet water temperature of final state. As the

resent case corresponds to turbulent flow, it was also important
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
o evaluate non-dimensional distance, y + , from the wall based on

he selected cell size. It was defined as y + = 

y u t 
v , where y, u t and v

ere absolute distance from the wall, friction velocity and kinetic

iscosity of mixture respectively. Non-dimensional distance repre-

ented a standard measure of mesh refinement for heat and mass

ransfer phenomena of interest. This parameter fluctuated along

he channel due to property variation and local phase change. As

escribed in Fig. 2 , the selected cell size yields y + < 5 along the

eated wall for the entire channel length, which was small enough

o capture relevant physical phenomena in the viscous sublayer. Fi-

ally, mesh numbers of pile-foundation heat exchanger and heat

xchanger group were 1,796,568 and 981,500 respectively. Struc-

ures of meshes on the models were depicted in Fig. 3 . 

. Results and discussion 

.1. Experiment 

.1.1. Experimental platform 

Schematic diagram of experimental system was depicted in

ig. 4 . It included temperature monitoring system, temperature

ontrol system, water transport system and pile-foundation heat

xchanger. Temperature monitoring system composed of tempera-

ure acquisition module and temperature probe. Water bath was

sed to control the inlet water temperature. Pump, valve, flowme-

er, pipe and water tank constituted the water transport system.

xperimental platform of single-U pipe was set up in Jiulonghu

ampus of Southeast University, as was shown in Fig. 5 . Thermo-

tatic water tank was applied to keep the inlet temperature con-

tant. The experimental study was carried out in three designed

chemes based on constant temperature method. The relevant pa-

ameters were depicted in Table 3 . The difference between scheme

 and scheme 2 was inlet temperature, and the difference between

cheme 1 and scheme 3 was inlet velocity. 

.1.2. Experimental result 

In three designed schemes, the temperature difference between

nlet and outlet was depicted in Fig. 6 (A) and heat transfer flux

er meter of pile-foundation heat exchanger ( q ) was shown in

ig. 6 (B). The increasing of inlet temperature could enhance the

emperature difference between inlet and outlet temperature and

he heat transfer flux per meter of the pile-foundation heat ex-

hanger. In addition, the decrease of inlet velocity could also in-

rease the temperature difference while the heat transfer flux de-

reased. It was because the inlet velocity decreased more than the

ncrease of temperature difference. Experimental data of final state

an be observed in Table 4 . The values of temperature differences

ere 2.2 K, 2.5 K and 3.5 K, and the heat transfer flux were stable

t 58.1 W ·m 

− 1 , 65.9 W ·m 

− 1 and 46.2 W ·m 

− 1 in three schemes,

espectively. 
ansfer performance of geothermal pile-foundation heat exchanger 
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Fig. 3. Structures of meshes on the model. 

Table 5 

Direct measurement relative error. 

Item Maximum measurement error of equipment Minimum measurement value Maximum relative error 

Inlet water temperature 0.15 K 20.1 K 0.75% 

Outlet water temperature 0.15 K 18.1 K 0.83% 

Temperature difference between inlet and outlet water 0.15 K 1.95 K 7.69% 

Flow flux 0.003 m 

3 /h 0.349 m 

3 /h 0.86% 
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.1.3. Experimental error analysis 

The error analysis is inevitable due to the influence of various

actors for experiment. The results are meaningful only when the

rror of measured value is within an acceptable range, indicating

he accuracy of experiment. 

Measurement maximum relative error of inlet water tempera-

ure, outlet water temperature, temperature difference between in-

et and outlet water, and flow flux were described in Table 5 . The

aximum direct measurement relative error was 7.69%. 

Indirect measurement error of heat release per unit length

f meter was calculated as followed: The calculation formula of
 m  

Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
eat transfer between pile foundation heat exchanger and soil was

hown in the following equation: 

 = 

c p · m · ( T in − T out ) 

L 
(1) 

Where c p was constant-pressure specific heat of circulating wa-

er (W/m), m was mass flow of circulating water (kg/s), T in was

nlet water temperature (K), T out was outlet water temperature (K),

nd L was depth of pile foundation (m). 

Error analysis was conducted based on the error transfer

ethod of Kline [32] , and the standard deviation of heat release
ansfer performance of geothermal pile-foundation heat exchanger 
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Fig. 4. Schematic diagram of experimental system. 

Fig. 5. Experimental platform. 

Fig. 6. Parameters with different schemes (A. temperature difference; B. q ). 
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Fig. 7. Positions of M1, M2, L1, P1, P2 and P3 . 
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er unit length of meter was as followed: 

q = 

√ (
∂q 

∂m 

)2 

σ 2 
m 

+ 

(
∂q 

∂�T 

)2 

σ 2 
�T 

(2) 

The experimental data were taken in Eq. (2) to obtain the max-

mum relative error of the measured heat release per unit length

f meter, which was 7.73% within the acceptable range. 

Based on the above experimental error analysis results, it can

e concluded that the errors of all measured values were small,

ndicating a high credibility of experimental results. 

.2. Simulation 

.2.1. Pile-foundation heat exchanger 

In order to observe and analyze simulation results, planes

 1 ( Z = −15 m), M 2 ( X = 0.2 m), line L 1 ( Y = 0.0 m, Z = −15.0 m),

oints P 1 ( X = 0.4 m, Y = 0.0 m, Z = −15.0 m), P 2 ( X = 1.0 m, Y = 0.0 m,

 = −15.0 m) and P 3 ( X = 1.6 m, Y = 0.0 m, Z = −15.0 m) were created

nd described in Fig. 7 . 

.2.1.1. Temperature distributions of planes M 1 and M 2 . Heat transfer

imulations with system operating for one month in cooling and

eating modes were carried out and shown in Fig. 8 . With the op-

ration of system, heat transfer was gradually carried out from the

irculating water, buried pipe, pile foundation concrete and then to

he soil. The heat effect radius of heat exchanger on the soil kept

xpanding, while its increasing rate gradually decreased. With pile

oundation as the center, the temperature of surrounding soil in-

reased gradually in cooling mode and decreased gradually in heat-

ng mode. In the x - y plane, the soil temperature rose more quickly

n cooling mode and decreased more rapidly in heating mode with

loser to the pile foundation wall surface, by the effect of temper-

ture gradient in the radial direction within the range of thermal

ction. 

.2.1.2. Temperature distributions of L 1 . The temperature distribu-

ions on line L 1 in created model with system running were de-

icted in Fig. 9 . The position of concrete pile is between −0.3 m

nd 0.3 m, marked as the yellow area in the figure. It can be con-

luded that temperature in concrete pile was obviously higher than

hat in soil in cooling mode. Moreover, soil temperature decreased

ith the increase of distance between soil and pile surface. With

ime went on, the temperature both in concrete pile and soil in-

reased. However, the upward trend of temperature was reduced
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
nd it tended to be stable after 10 days. Thermal effect was op-

osite in heating mode to that in cooling mode, while the change

rend was similar to each other. However, the maximum tempera-

ure change is higher in cooling mode than that of heating mode

ecause the cooling load in summer was higher than heating load

n winter. 

.2.1.3. Soil temperature distributions of P 1 , P 2 , and P 3 . Soil temper-

ture distributions at created points P 1 , P 2 , and P 3 with system

unning were depicted in Fig. 10 . With time went on, soil temper-

ture at different points within thermal effect area increased grad-

ally in cooling mode, while the upward trend was slowing down.

he final soil temperature at different points tended to be stable.

owever, when the point was closer to pile surfaces, the soil tem-

erature rose earlier and the final stable temperature was higher

n account of soil temperature gradients. In addition, the change

rend was opposite in heating mode. 

.2.1.4. Heat transfer flux. Heat transfer flux per meter of the pile-

oundation heat exchanger ( q ) was depicted in Fig. 11 . It was ap-

arent that the maximum heat transfer rate appeared at the first

ay and the values were about 270 W ·m 

− 1 and 230 W ·m 

− 1 sepa-

ately in cooling and heating mode. It was because the temperature

ifference between pile-foundation heat exchanger and soil was

argest at the first day. What’s more, the soil temperature would

ncrease and the temperature difference would decrease with the

ime went on, resulting in the decrease of heat transfer flux, as

ell as the attenuation rate. The heat transfer flux tended to be

table after 30 h and finally it dropped to 107 W ·m 

− 1 and 87

 ·m 

− 1 for cooling and heating mode. 

.2.2. Pile-foundation heat exchanger group 

.2.2.1. Building load. An office building located in Nanjing was in-

roduced and the all-year dynamic building load was calculated

ith DeST, including the cooling period from June to September,

he heating period from December to March and two recovery pe-

iods, shown in Fig. 12 . The design load was calculated according

o the maximum cooling and heating load which were not guar-

nteed for 5 days in a year. Based on this requirement, the design

ooling load ( Q c ) was 530 kW and heating load ( Q h ) was 400 kW.

elated parameters of a brand of ground source heat pump unit

ere obtained as followed: EER = 5.52 and COP = 4.63. Finally, the

argest heat taken ( Q t ) and heat gain ( Q g ) of pile-foundation heat

xchanger group could be calculated by following equations [31] :
ansfer performance of geothermal pile-foundation heat exchanger 
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Fig. 8. Temperature distributions (A. cooling mode; B. heating mode). 

Fig. 9. Temperature distributions on line L 1 in created model. 
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 t = Q c ×
(

1 + 

1 

E E R 

)
(3)

 g = Q h ×
(

1 − 1 

COP 

)
(4)

After calculation, the largest heat taken was 626 kW in cool-

ng mode and largest heat gain was 313.6 kW. Based on the above
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
esearch of single pile-foundation heat exchanger, more than 250

ile-foundation heat exchangers were needed to meet the require-

ents of office building load. For the whole project, the number of

ile-foundation heat exchangers was very large and the heat trans-

er process had a long time span and a large space span. Consider-

ng the orderly arrangement of pile-foundation groups, 3 × 3 pile-

oundations were selected as the research object to study and an-

lyze the heat transfer process of pile-foundation heat exchanger

roup. 
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Fig. 10. Soil temperature distributions. 

Fig. 11. Heat transfer flux per meter of the pile-foundation heat exchanger. 
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.2.2.2. Soil temperatures distribution of specific points and line.

n order to observe and analyze simulation results, line L 2 
 Y = 0.0 m, Z = −15.0 m), points P 4 ( X = 1.0 m, Y = 0.0 m, Z = −15.0 m),

 ( X = 2.0 m, Y = 0.0 m, Z = −15.0 m), P ( X = 3.0 m, Y = 0.0 m,
5 6 

Fig. 12. All-year dynam

Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
 = −15.0 m) and P 7 ( X = 5.0 m, Y = 5.0 m, Z = −15.0 m) in the model

ere created and depicted in Fig. 13 . 

In non-equilibrium and equilibrium conditions, soil tempera- 

ures distribution at selected points with the beginning of cool-

ng period and on line L 2 after different periods were depicted in

ig. 14 . As was well known, the thermal effect on soil varied ac-

ording to building load, time and relative position to pile surfaces.

In non-equilibrium condition of Fig. 14 (A), for the soil tempera-

ure of P 4 , P 5 and P 6 during the cooling period in summer, the soil

emperature rose rapidly within the range of thermal action and it

ose much faster with the closer to pile wall surface. In the recov-

ry period in autumn, the soil temperature rapidly decreased and

radually tended to be stable. The soil temperature declined faster

nd the final stable temperature value was higher with closer to

he pile foundation wall surface. In the winter heating period, the

oil temperature decreased gradually and the soil temperature also

ecreased faster with closer to the pile wall surface. In the spring

ecovery period, the soil temperature gradually tended to be sta-

le. Due to the summer cooling load was much higher than winter

eat load when pile-foundation GSHP system ran separately, the

ncrease soil temperature of monitoring points in the summer was

ignificantly greater than the decrease value in the winter. In ad-

ition, with the increase of distance between points and pile wall,

he hysteresis of soil temperature change was more obvious and

oil thermal response time gradually increased, which caused the

hange trend of soil temperature at P 7 . In Fig. 14 (C), due to the ex-

stence of temperature gradient in the radial direction of pile foun-

ation, soil temperature decreased rapidly after cooling period in

ummer and increased quickly after the winter heating period with

he greater distance from pile foundation wall surface. The cooling

oad in summer was much higher than that in winter, leading to

he more obvious heat effect of heat exchanger group on the soil

n summer. Soil temperature recovery in autumn and spring had

 significant effect on soil temperature recovery, which was con-

ucive to improving the heat transfer performance of pile heat ex-

hangers in the following winter heating period and summer cool-

ng period. 

The soil temperature was obviously higher than the initial soil

emperature after operating for one cycle in non-equilibrium con-

ition. In addition, the adverse results will be gradually amplified

ith the long-term operation of the system. The combined opera-

ion of cooling tower system and pile-foundation GSHP system was

ntroduced in this paper to reduce the adverse effect caused by the

mbalance of cold and heat load. In Fig. 14 (B) and Fig. 14 (D), vari-
ic building load. 
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Fig. 13. Positions of L 2 , P 4 , P 5 , P 6 and P 7 . 

Fig. 14. Soil Temperature distributions (A. non-equilibrium condition of P 4 , P 5 , P 6 and P 7 ; B. equilibrium condition of P 4 , P 5 , P 6 and P 7 ; C. non-equilibrium condition of L 2 ; 

D. equilibrium condition of L 2 ). 
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e  
tion of soil temperature with different periods was similar to it

n non-equilibrium condition. However, the increase of soil tem-

erature in summer at each monitoring point was basically consis-

ent with the decrease of temperature in winter, because the cold

oad in summer was roughly equal to the heat load in winter in

quilibrium condition. What’s more, the final soil temperature af-

er spring recovery period was nearly equal to the initial soil tem-

w  

Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr
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erature of the cycle, indicating that pile-foundation GSHP system

ould gain the heat from the soil sustainably. 

.2.2.3. Average soil temperature distribution. The distribution of av-

rage soil temperature with system running in non-equilibrium

nd equilibrium conditions was depicted in Fig. 15 . In non-

quilibrium condition, heat injection into soil in cooling mode

as obviously higher than heat extraction from soil in heating
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Fig. 15. The distributions of average soil temperature (A. one year; B. ten years). 

Table 6 

Change of soil temperature after heating and cooling modes within 10 years. 

Time / year 1 2 3 4 5 6 7 8 9 0 

Non-equilibrium (K) 

After cooling mode 2.86 3.36 3.79 4.16 4.48 4.75 4.96 5.13 5.26 5.35 

After heating mode 0.65 1.15 1.59 1.96 2.28 2.54 2.76 2.93 3.05 3.15 

Equilibrium (K) 

After cooling mode 1.65 1.51 1.40 1.31 1.24 1.19 1.16 1.13 1.12 1.11 

After heating mode −0.42 −0.56 −0.67 −0.76 −0.83 −0.88 −0.92 −0.94 −0.95 −0.96 

Table 7 

The average difference of relevant parameters between experiment and simulation. 

Scheme Outlet Temperature Temperature difference q 

Average Value / K Percentage /% Average Value / K Percentage /% Average Value / W ·m 

− 1 Percentage /% 

1 0.18 0.55 −0.17 7.73 −2.91 5 

2 0.26 0.69 −0.21 8.4 −4.96 7.53 

3 0.13 0.41 −0.27 7.71 −1.45 3.14 
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ode. The value of average soil temperature increased by 0.42 K

nevitably after system running for one year and it rose to 2.96 K

fter ten cycles. Furthermore, it would increase ceaselessly with

ystem running. Contrastively, the average soil temperature was re-

uced by 0.16 K after running for one year in equilibrium condi-

ion and the value decreased to 0.61 K after ten cycles. With sys-

em running, the average soil temperature tended to be stable at

he end of the following cycles. The change of soil temperature af-

er heating and cooling modes within 10 years was described in

able 6 . In non-equilibrium condition, soil temperature continued

ncreasing with time went on both after cooling and heating mode.

owever, the result was opposite in equilibrium condition. What’s

ore, the decrease degree in equilibrium condition was smaller

han increase degree in non-equilibrium condition. Therefore, the

quilibrium condition of cooling and heating load was beneficial

o the system running safely and efficiently. 

.3. Compare of experiment and simulation result 

The 3-U pipe configuration was applied in simulation, while it

as single-U pipe for experiment. According to previous research

esults [27] , the heat release per meter of the buried pipe heat ex-

hanger with parallel 3-U pile foundation was about 87% higher

han that of the single U type under the same initial parameters.
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
herefore, the simulated values are converted based on this. The

emperature difference and heat flux difference between experi-

ental data and simulation results was described in Fig. 16 . As

an be seen from the figure, the parameter differences became sta-

le after 20 h and the following discussion was based on stable

tates of parameter differences. In addition, the temperature dif-

erences of outlet water and inlet water with different schemes

ere in the range of 0.53 K and 0.57 K respectively. The heat flux

ifference was between −6.78 W ·m 

− 1 and 2.31 W ·m 

− 1 . Due to

he inevitable small amount of heat loss in experiment, it was fi-

ally reflected in the increase of temperature difference of inlet

nd outlet water. Therefore, the simulated heat flux was slightly

ower than experimental value and the average difference was neg-

tive. The average values of parameter differences between experi-

ental data and simulation results were described in Table 7 . The

aximum difference values of outlet temperature, temperature dif-

erence and q between experiment and simulation were all hap-

ened in scheme 2. The corresponded difference value was 0.26 K

nd 0.69% for outlet temperature, −0.21 K and 8.4% for tempera-

ure difference, and −4.96 W ·m 

− 1 and 7.53% for q . The simulation

esults corresponded well with experimental data, indicating the

eliability of simulation. The difference between experiment and

imulation was caused by the direct and indirect errors of experi-

ent. 
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Fig. 16. Difference of parameters between simulation and experiment (A. temperature; B. q ). 
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. Conclusions 

In this paper, the treble U-shaped form of geothermal pile-

oundation heat exchanger in GSHP system was selected and stud-

ed via numerical simulation. Simulation and analysis were carried

ut by CFD software based on the Finite Volume Method for Nan-

ing area in China. Heat transfer processes of the pile-foundation

eat exchanger and heat exchanger group were studied in differ-

nt conditions. Experimental study was carried out as a contrast

o simulation results. Several conclusions were summarized as fol-

ows: 

• The higher thermal conductivity of pile-foundation heat ex-

changer contributed to higher heat transfer efficiency than soil.

In cooling mode, the temperature in concrete pile was obvi-

ously higher than that in soil. After 10 days consecutively run-

ning, the temperature in the pile tended to be stable while

the temperature in soil that away from pile surface in thermal

area remained slowly increasing, which was opposite in heating

mode. 
• With time went on, soil temperature at different points within

thermal effect area increased gradually in cooling mode. Nev-

ertheless, when the point was closer to pile surfaces, the soil

temperature rose earlier and the final stable temperature was

higher on account of soil temperature gradients. In addition, the

change trend was opposite in heating mode. Heat transfer flux

per meter of the pile-foundation heat exchanger gradually de-

creased in cooling and heating mode with system running and

the attenuation rate gradually went down. 
• After ten year’s running, average soil temperature increased by

2.96 K in non-equilibrium condition and decreased by 0.61 K in

equilibrium condition. The equilibrium condition of cooling and

heating load was beneficial to system running safely and effi-

ciently. 
• The experimental values of temperature differences were 2.2 K,

2.5 K and 3.5 K, and the heat transfer flux were stable at 58.1

W ·m 

− 1 , 65.9 W ·m 

− 1 and 46.2 W ·m 

− 1 in three schemes sep-

arately. The maximum difference value was 8.4% for tempera-

ture difference between experiment and simulation. The simu-

lation results corresponded well with experimental data, indi-

cating the reliability of simulation. 

The study results in this paper were approximate to actual re-

ults. It provided the research results about thermal response of

oncrete in pile-foundation during heat transfer process of pile-

oundation heat exchanger and the soil thermal response of pile-
Please cite this article as: B. Xu, H. Zhang and Z. Chen, Study on heat tr

with 3-U pipe configuration, International Journal of Heat and Mass Tr
oundation heat exchanger group under long-term operation con-

ition. In addition, 308 K of inlet temperature of buried pipe and

.60 m/s of flow rate in the pipe was appropriate to be set under

ooling condition in summer. The equilibrium condition of cooling

nd heating load was beneficial to system running safely and effi-

iently. Therefore, it can be used as theoretical basis for design and

pplication of pile-foundation heat exchanger in GSHP system. 
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