Calibration of a Geothermal Energy Pile Model
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Abstract: This paper outlines the calibration of a
numerical model for heat transfer from geothermal
energy piles into surrounding soil. The numerical
model was built using COMSOL Multiphysics Finite
Element software. Specifically, the heat transfer and
non-isothermal pipe flow modules were employed to
model a Thermal Response Test (TRT) performed on
an in-situ energy pile embedded in dry sandstone. In
addition to calibrating the modules using available soil
properties, several field data were incorporated,
including variables for atmospheric temperature, inlet
pipe temperature/flow, and subsurface temperature
gradients. Final model performance was encouraging.
However, the model did not account for phenomena
resulting from convective surface conditions and soil
moisture content/groundwater table rise.  These
differences manifested during long-term
approximations (after 21 days).
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1. Introduction

Indoor climate control accounts for almost 50%
of America’s residential energy consumption (EIA,
2009). As energy prices rise with demand increases
and supply shortages, America will need clean
renewable alternatives to heat/cool residential and
commercial buildings. Although ground source
heat pumps are a well-established energy
efficiency technology, their coupling to building
foundations provides a new way to transfer heat to
or from the ground for lower construction costs.
Heat is transferred by circulating heated or cooled
fluid through closed-loop heat exchangers
embedded in the foundations. In this way,
geothermal energy piles serve two purposes, first to
transfer building loads into the subsurface, but also
to extract thermal energy from surrounding soils.
Evaluation of energy piles is a multi-physics
problem as heat transfer is coupled with fluid flow
within the close-loop heat exchangers.

Evaluating long-term heat transfer between
geothermal energy piles and surrounding soils
remains a key area of research numerically
(Abdelaziz 2014a; Ouyang et al., 2011; Regueiro et
al., 2012; Suryatriyastuti et al., 2012; Wang et al.,

2014) and in the field (Abdelaziz et al., 2014b;
Laloui et al., 2006; Hamada et al., 2007; Loveridge
and Powrie, 2012; Murphy et al., 2014a, 2014b;
Olgun et al., 2012). In an attempt to gain insight
into geothermal energy pile behavior, a numerical
model was constructed and calibrated. This paper
details the development and calibration of a model
that will be ultimately used to evaluate long-term
thermal storage behavior.

2. Use of COMSOL Multiphysics
2.1 Overview

In a general setting, the thermal interaction of
energy piles with surrounding soils can be modeled
by considering both heat conduction and heat
convection. The concrete of the pile, the heat
exchanger pipes, and the heat exchange fluid also
contribute to the heat transfer problem. Therefore,
the model presented within this paper incorporated
three main domains: concrete energy piles,
embedded heat exchanger pipes containing fluid,
and the surrounding soil. Dry soil conditions were
considered for this study so convection in the soil
was not incorporated into the model.

The 3D model was constructed using two modules
in COMSOL: non-isothermal pipe flow and heat
transfer  through  solids/porous media. Three
dimensions were used to evaluate the heat transfer in
the wvertical axis and to compute 3D heat
exchanger/multi-pile interactions. Non-isothermal pipe
flow simplified the meshing problem associated with
drastically different element sizes between the 19mm
diameter heat exchanger tubes and the 19,000 m’ soil
block. Simplifying assumptions such as constant
temperature and flow velocity across the entire pipe
cross-section decreased mesh/computational
complexity but maintained accuracy. Furthermore,
turbulence of the fluid and thermal impedance of the
high-density polyethylene (HDPE) pipe wall were still
incorporated. Heat transfer through solids was applied
to the concrete piles, while heat transfer through
porous media was applied to the surrounding soil.

Simulations employed a time-dependent analysis
of four cylindrical energy piles operating
simultaneously. Probes were used to extract
temperature time series at any location within the
model. These temperatures were compared to field
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data which enabled the calibration of key parameters:
thermal conductivity (k) and heat capacity (C,,).

2.2 Governing Equations

Heat transfer within the concrete piles and
surrounding soils was computed using the
conservation of energy equation:
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Where p is density [kg/m’], C, is heat capacity at
constant pressure [J/(mK)], k is thermal
conductivity [W/(mK)], and T is temperature [K].
Equation 1 was used with equivalent (pC), and k,

values to account for heat transfer through porous
media as shown below:

(pCp)eq = epppcp + (1 - gp)psoilcp (2)

keq = 6pky + (1= 6,)kson 3)

Where (pCp)e & k, are the overall heat capacity

per unit volume and overall thermal conductivity.
pp & ky are the density and thermal conductivity
of the pore fluid (in this case air). Thus, (1-6,) is
the ratio of the area occupied by the solids to the
total cross sectional of the soil.

Non-isothermal pipeflow was computed using
conservation of momentum and energy equations:

1 _p 4
0=—Vip-ec—3fpglulu @

V.- (Apuey) =0
t ( p t) (5)
The second term on the right hand side of Equation
4 accounts for the pressure drop as a result of
internal viscous shear.
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Where p is the pressure in the heat exchanger tube
[N/m’], e, is the tangential unit vector along the
edge of the pipe, fp is the Darcy friction factor, dj,
is the hydrualic diameter of the pipe [m], u is the
velocity of the pipe flow [m/s], A is the cross

sectional area of the pipe [m’], T is the temperature
of the entire pipe cross section [K], and Qg
accounts for heat exchange through the HDPE tube
with the concrete [W/m]:

Qwall = hZeff(Text - T)
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where T,,; is the exterior temperature [K], 1y is the
inner radius of the heat exchanger tube [m], 7y is
the outer radius of the tube wall [m], hi,r & hext
are the film heat transfer coefficients determined
by the Nusselt number of the flow (which depends
on the Reynolds number, Prandtl number, and fp).

2.3 Geometry

All geometries were constructed within COMSOL
as shown in Figures 1 and 2. Each cylindrical pile had
a diameter of 0.61m and a length of 15.2-m. They
contained a W-shaped heat exchanger with one inlet
and one outlet. The inlet and outlet were placed 90°
apart and the heat exchangers were placed on the
inside of the rebar cage - approximately 0.46m in
diameter (Figure. 1). These heat exchangers were
19mm diameter HDPE tubes with 3mm wall
thicknesses. The soil block surrounding the piles
measured 40m x 21m x 22.5 m. This ensured 15m
between the pile and any of the subsurface boundary
conditions to avoid unwarranted boundary condition
interaction.

2.4 Boundary Conditions

All boundary conditions were applied using data
collected from the field experiment detailed by
Murphy et al. (2014a). This was achieved using
interpolation functions coupled with variables in
COMSOL.

Atmospheric  temperature observations were
applied to the ground level of the soil block with a
transient Dirichlet temperature boundary condition. A
thin layer of insulating air (50 mm) was used as a
buffer between the temperature boundary condition
and the soil/concrete slab. This buffer more accurately
represented reality and avoided error resulting from
direct application of atmospheric temperature to soil
surface.
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Subsurface temperature gradient measurements
were applied to the extents of the soil block with a
variable (with depth) Dirichlet temperature boundary
condition. Two additional Dirichlet boundary
conditions were applied to the inlet of the heat
exchanger tubes: transient temperature and flow. Inlet
temperatures collected from the field were directly
applied to the boundary condition within the model
(Figure 3). The flow condition within the heat
exchangers was variable with time, operating at 106
ml/s for the first 500 hours, followed by 1200 hours of
0 ml/s.

Finally, an adiabatic symmetric boundary
condition permitted the evaluation of only two of the
four piles active during the TRT (Figure 1). This
decreased the computational cost associated with the
model and resulted in a higher density mesh.

2.5 Mesh

The mesh used for this model was constructed
using COMSOL software. It consisted of 222k
elements ranging from 10 cm to 3 m.

A convergence study was performed to
investigate the accuracy of the solutions associated
with the mesh density. Increased mesh density
changed the solution by up to 5% but increased
computational cost exponentially. Therefore, the
aforementioned mesh density was chosen for its
efficiency.

3. Calibration

Calibration was performed using field data
reported by Murphy et al. (2014a). Temperature
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data stamped with time and location (X,y,z) were
collected at a five minute interval along the length
of the in-situ energy piles and nearby boreholes for
a duration of 1700 hours (71 days). First for 500
hrs of active energy pile heat rejection, followed by
1200 hrs of cooling observation.

Field data along the length of Foundation 4,
Borehole 4 (BH4), and Borehole 6 (BH6)(Figure 2)
were compared to temperature data output by the
COMSOL model. BH4 & BH6 were selected due
to diversity of distance from Foundation 4 and
exposure/non-exposure to atmospheric conditions.
BH4 represents a point of observation beneath the
concrete slab close to Foundation 4 (1.22m), while
BHO6 represents a point of observation exposed to
atmospheric  conditions and further from
Foundation 4 (2.44m).

The comparison of field data to model output at
the aforementioned locations resulted in the
calibration of thermal conductivities and heat
capacities of individual soil layers. These values
were tweaked to minimize the differences between
the model temperature output and the field
temperature observations. Soil and rock densities
were not altered from those reported by Murphy et
al. (2014a).

4. Results & Discussion

Simulations were conducted using the
calibrated model (Figure 4) and results were
compared with field data as shown in Figures 5 &
6. The model performed well during the period of
active heat rejection (0-500 hrs); model output was
within 5% of field data. Differences between the
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Figure 1. COMSOL model geometry
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Figure 2. USAFA geothermal energy pile experimental layout, red box indicates extent of TRT and model

model output and field data were larger during the
following cooling period between hours 500-1700;
model output was within 10% of field data. These
cooling temperatures are affected by ambient
temperature changes, which are not captured by the
boundary conditions implemented in this model.

These results are promising, however the model
predicted temperatures with less accuracy at the toe
of the energy pile and BH6 shown in Figures 5 and
6 (14.6 m within dense sand stone layer). This
anomaly may be due to unknown soil conditions at
that depth. Murphy et al. (2014a) commented on
the lower than expected temperature observations
at the 14.6 m depth and postulated possible
groundwater table rise may be responsible.

Larger differences between the model and field
observations in BH6 after 500 hrs may be a result
of unaccounted for phenomena resulting from
surface conditions (e.g. rain or wind). In
comparison BH4 remained protected by a concrete
slab throughout the duration of the experiment and
exhibited higher accuracy temperature predictions
after 500 hrs at the surface.

The model predicted temperatures with less
accuracy at the top of Foundation 4, exhibiting
differences greater than 10%. These temperature
differences may be attributed to the 0.91m deep
concrete beam running the length of the concrete
slab. This beam was not incorporated into the
model but would result in higher conductivity
values between the surface and the top of the pile,
resulting in higher temperatures.

Final calibrated properties agree with values
published in Murphy et al. (2014a) (Table 1) and

generally accepted heat capacity values for sandy
soil and sandstone rock.

5. Conclusion

In-situ geothermal energy piles were modeled
using COMSOL Multiphysics Finite Element
Analysis software. The time-dependent model
simulated a 71-day TRT. Calibration of the model
parameters was performed using TRT data detailed
in Murphy et al. (2014a).

The calibrated COMSOL model performed
well during the period of active heat rejection (0-21
days) and fair for long-term observations (21-71
days).

Future studies should include further
refinement of boundary conditions to incorporate
seasonal ambient temperature changes that
influence subsurface temperature gradients and
validation of the model using other data sets from
the same experimental pile group. Additionally,
mesh density should be increased and convection at
the ground surface (e.g. wind) and within the
subsurface (e.g. groundwater flow) need to be
accounted for to fully evaluate long-term cross-
seasonal energy pile behavior and thermal storage
accurately.
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8. Appendix
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Figure 3: Heat exchanger inlet temperature boundary condition applied to model

b)

Figure 4: Snapshot of COMSOL simulation at time=500 hrs a) cross sectional view of energy pile and
W-shape heat exchanger b) isometric view of entire model
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Figure 5: Calibrated model comparison for a) Borehole 6 & b) Borehole 4 during heating (146 hrs) at the end
of heating (500 hrs) and at the end of cooling observation (1700 hrs)
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Figure 6: Calibrated model temperature comparison for length of Foundation 4 during heating (138 hrs) at the
end of heating (500 hrs) and at the end of cooling observation (1700 hrs)

Table 1: Calibrated material properties used for COMSOL model

Property

Thermal Heat Total

Conductivity, | Capacity, Cp | density, p
Material k (W/mK) (J/kg K) (kg/m’) Porosity
Sandy Fill 1.1 860 1875 0.43
Dense Sand 0.65 935 1957 0.43
Sandstone 2.0 900 2200 0.15
Dense Sandstone 0.7 1000 2300 0.15
Concrete 1.4 840 2400 | -
Water 0.58 3267 1008 | -
Air 0.023 1 1.2 | -
HDPE 048 | - - -

Excerpt from the Proceedings of the 2014 COMSOL Conference in Boston





