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Soil thermal responses around a field-scale energy pile

Mohammed Faizal"", Aria Moradshahi', Abdelmalek Bouazza' and John McCartney?

"Monash University, Department of Civil Engineering, 23 College Walk, Clayton, Vic. 3800, Australia
University of California San Diego, Department of Structural Engineering, 9500 Gilman Drive, La Jolla, CA 92093-0085, USA

Abstract. This paper presents the results of field and numerical studies of the soil thermal response around a
field-scale energy pile. The investigation focuses on the effect of monotonic heating, cooling, and daily cyclic

temperature changes of the energy pile on the soil thermal response. The ground temperature changes are found to
be highest near the edge of the energy pile and reduce with increasing radial distance for all operating modes. The
cyclic temperature changes in the energy pile impose lower ground temperature changes compared to monotonic

temperature changes due to frequent ground thermal recoveries during each thermal cycle. The soil zone
experiencing radial thermal influence is also smaller for cyclic temperature changes of the energy pile. The results
generally indicate that cyclic temperature modes of the energy pile will improve geothermal energy utilization

with lower thermal impacts on the ground for long term operations of energy piles.

1 Introduction

Energy piles are generally subjected to monotonic or cyclic
temperature changes, depending on the season of operation
or daily thermal energy requirements of the building. They
are subjected to daily cyclic temperatures from intermittent
operations of the ground source heat pump (GSHP) with
natural or forced ground thermal recoveries during the non-
operating times of the GSHP [1 - 9].

The heat transfer between the heat exchanger loops, the
concrete, and the ground leads to changes in the
temperatures of the soils surrounding the piles. The soil
temperatures vary depending on the magnitude of the pile
temperature changes. Field studies on isolated energy piles
subjected to monotonic temperatures have indicated that
ground temperature changes are greatest near the edge of the
energy pile and reduce with increasing radial distance [9 -
18].

There are, however, limited studies conducted on the
effects of daily cyclic temperature changes of energy piles at
a field scale [7, 9,17]. These limited studies have indicated
that cyclic temperature changes improve geothermal energy
utilization and induce lower ground temperature changes
compared to monotonic temperature operations.

Cyclic temperature operations have the potential of
reducing the radial thermal influence zone of the soil
compared to monotonic temperatures. This would be
beneficial in reducing thermal interactions between energy
piles operating in groups and improving energy utilization
and reducing ground temperature changes for long term
operations.

This paper examines the impact of monotonic and cyclic
temperature changes of an energy pile on the surrounding
soil temperatures, experimentally and numerically. A field-
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scale energy pile was subjected to monotonic heating,
monotonic cooling, and daily cyclic temperature changes for
the above purpose.

2 Experimental and

procedure

setup

The experiments were conducted on a field-scale energy pile
installed in dense sand. There were no head loads on the
pile, and the pile head was exposed to the atmosphere. The
pile was instrumented with vibrating wire strain gauges
(VWSG), and two soil boreholes located 0.5 m and 2 m,
respectively, from the edge of the pile, were instrumented
with thermocouples to a depth of 16 m (Fig. 1). The
geological and instrumentation details of the pile details are
also shown in Figure 1. There were two Osterberg Cells
installed at depths of 10 m and 14 m, respectively, which
were previously used to study shaft resistance by partially
translating the upper 10 m pile section [19]. Three heat
exchanger U-loops were installed in the pile to a depth of
14.2 m. The U-loops pipes were made of high-density
polyethylene (HDPE) with inner and outer diameters of 20
mm and 25 mm, respectively.

Three scenarios were investigated; these are: 1)
monotonic heating with inlet fluid temperatures of ~45°C, ii)
monotonic cooling with inlet fluid temperatures of ~5°C,
and cyclic temperature changes with 16 hours of cooling
with a temperature range of 7°C - 16°C followed by 8 hours
of heating with a temperature range of 30°C -55°C. The
inlet fluid temperatures are shown in Figure 2. The field data
used in the current investigation was previously reported in
[7, 8, 14, 19].
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Fig. 1. Schematic diagram of the field setup [19].
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Fig. 2. Inlet fluid temperatures.

3 Numerical modelling

A 3D numerical model was developed in COMSOL
Multiphysics using the heat conduction equation in the
software’s inbuilt heat transfer module and the field
boundary conditions. The dimensions of the numerical
model were 30 x 15 x 15 m®. The model consisted of
326524 tetrahedral mesh elements from which 912178
elements were used to describe the energy pile. Finer
meshes were adopted near the energy pile to improve the
accuracy of the numerical model. There were no interface
elements defined between the soil and the pile as they were
bounded together. The pile and the soil thermal properties
used in the numerical model were estimated from previous
studies conducted on the site [14, 15, 19, 20]. The pile and
the ground temperatures from field tests were used to
calibrate the numerical model. A heat source boundary was
considered at the pile-soil interface based on the pile
temperatures recorded in the field. Roller and fixed
boundary conditions were considered for the sides and

bottom of the model, respectively. The initial temperatures
of the ground and the energy pile were the same as those
recorded at the beginning of each experiment. A diffusive
surface with surface emissivity of 0.95 was assumed at the
top surface of the model to account for atmospheric
temperature changes recorded during the experiments.

Fig. 3. Dimensions and boundary conditions of the numerical
model.

4 Results and discussions

The pile temperatures for all three experiments are shown in
Figure 4a. The pile temperatures reached up to ~36°C for
the heating mode and reduced to ~7°C for the cooling mode.
The pile temperatures varied between ~10°C to ~32°C for
the cyclic mode.

The differences between pile temperatures recorded
during the experiments and the initial, thermally
undisturbed, soil temperatures are shown in Figure 4b. The
temperature differences for the heating and cooling modes
were ~20°C and ~ -10°C, respectively. The larger
temperature difference for heating imposed higher soil
temperature changes compared to cooling, as discussed
later. It would have been ideal to have similar temperature
differences for the two monotonic temperature changes for a
better comparison of the results. This comparison was,
however, not possible due to the different equipment used
for heating and cooling purposes. The temperature
difference ranged between ~ -10°C to ~ 15°C for the cyclic
temperature changes.

The experimental and numerical soil temperature results for
all the experiments are shown in Figure 5. The numerical
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results matched well with the field data. The soil
temperature changes are most significant closer to the pile at
a radial distance, R, of 0.5 m. There are minimal changes in
soil temperatures at R = 2 m, for all the experiments. Cyclic
temperatures (Figure 5c) imposed lower soil temperature
changes compared to monotonic heating (Figure 5a) and
cooling (Figure 5b). The soil temperature changes during
heating are more significant compared to that during cooling
due to higher pile temperatures (and hence higher
differences between pile and soil temperatures) developed in
the heating mode, as shown in Figure 3. The validated
numerical model was wused to investigate the soil
temperature variations at different radial distances from the

energy pile (Figure 6c¢). This temperature amplitude is
highest at R = 0.2 m and becomes negligible after R = 0.6
m. These results indicate that the immediate effects of
frequent cyclic temperatures will be up to given radial
distances from the piles; hence this region will have higher
heat exchange with the energy pile due to frequent
temperature reversals compared to farther radial regions.
The ATs,; magnitudes variation with increasing radial
distance for d = 6 m and Day 15 are shown in Figure 6d.
Average magnitudes are shown for the cyclic mode. The
ATs,; magnitudes reduce gradually with increasing radial
distance for all three cases. The cyclic experiment imposes
lower ground temperatures compared to monotonic heating
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Fig. 6. Change in soil temperatures, AT,
comparison of all three modes at Day 15.

The change in soil temperatures with respect to initial
conditions, ATs,;, at a depth of 6 m and different radial
distances from the edge of the energy pile is shown in
Figure 6. The soil is assumed to be homogeneously
distributed at different radial distances for a given depth.
The ground temperatures experience highest temperature
changes near the energy pile at R = 0.2 m and reduce with
increasing radial distance, for all experiments. Cyclic
heating/cooling induces lower overall ground temperature
changes compared to monotonic heating and cooling. The
thermal gradient between the energy pile and the soil is
frequently reversed in the cyclic experiment (Figure 6b);
hence lower ground temperature changes are induced in the
cyclic experiment.

The temperature amplitudes in the energy pile during
cyclic heating and cooling are transferred to the soil near the
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at depth of 6 m and different radial distances, R: a) heating, cooling, cyclic, and d)

thermally affecting a small volume of soil surrounding the
energy pile. These results indicate that cyclic operating
modes of the energy pile will reduce the radial thermal
influence zone of the surrounding soils compared to
monotonic heating/cooling.

Cyclic temperature operations of energy piles are thus
expected to be beneficial in reducing thermal interactions
between energy piles operating in groups. This will help
mitigate cumulative increases or reductions in ground
temperature and improve heat exchange capacity of energy
piles for long term operations.

Conclusions
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This paper examined the distribution of soil temperature
around a field-scale energy pile installed in dense sand. The
energy pile was subjected to monotonic heating and cooling
and daily cyclic temperature changes. A three-dimensional
numerical model was developed and validated with field
results. The numerical results matched well with field data.
The numerical model was used to complement the field
results by evaluating the soil temperatures at different radial
distances from the edge of the energy pile. The soil
temperature changes were greatest near the energy pile and
reduced with increasing radial distance, for all operating
modes. Cyclic temperature changes imposed lower soil
temperature changes compared to monotonic heating and
cooling. The soil radial thermal influence zone for cyclic
temperatures was, therefore, lower than monotonic
temperatures. These results indicate that cyclic operating
modes of energy piles will be beneficial in preventing long
term cumulative soil temperature changes; hence improving
geothermal energy usage, compared to monotonic
temperatures. Lower soil temperatures and lower radial
influence zone in the cyclic mode will also be beneficial in
reducing thermal interactions between energy piles
operating in a group.
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