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Impact of transient heat transfer and water flow on the long-term thermal response
of energy piles in unsaturated soils

Impact du transfert de chaleur transitoire et du 'écoulement d'eau sur la réponse thermale a long
terme des pieux énergétiques dans les sols non saturés

Fatemah Behbehani & John S. McCartney
Dept. of Structural Engineering, UC San Diego, La Jolla, USA fnbeh@eng.ucsd.edu

ABSTRACT: This paper uses a coupled heat transfer and water flow model to simulate the impact of four years of operation of a
pair of energy piles in heat exchange and heat storage modes on the distributions in temperature and degree of saturation in an
unsaturated soil layer surrounding the energy piles. The unsaturated soil layer was initially in hydrostatic conditions with an average
initial degree of saturation of 0.38 along the energy pile length. Although greater fluctuations in degree of saturation were observed
during heat storage mode with inlet fluid temperatures of 90 °C during heat injection and 10 °C during heat extraction, the changes
in degree of saturation were recoverable after each annual cycle. During heat exchange operations where the inlet fluid temperature
varied continuously between 10 and 35 °C, a gradual decrease in degree of saturation was observed over the 4 years. The changes in
degree of saturation led to a decrease in the thermal conductivity of the subsurface, reducing the heat transfer from the energy piles
but also resulted in greater heat storage near the energy piles. Despite the low initial degree of saturation, the efficiency of heat
extraction for the energy piles in unsaturated soil was 16% greater than energy piles in saturated soil and increased with time.

RESUME : Cet article utilise un modéle couplé de transfert de chaleur et d'écoulement d'eau pour simuler I'impact de quatre ans de
fonctionnement d'une paire de pieux énergétiques en modes d'échange et de stockage de chaleur sur les distributions de température et
de saturation dans une couche de sol non saturée entourant des pieux énergétiques. Bien que de plus grandes fluctuations du saturation
aient été observées pendant le mode de stockage de chaleur avec des températures de fluide d'entrée de 90 °C pendant I'injection de
chaleur et de 10 °C pendant I'extraction de chaleur, les changements de saturation étaient récupérables aprés chaque cycle annuel. Lors
d'opérations d'échange thermique ou la température du fluide d'entrée variait en continu entre 10 et 35 °C, une diminution du degré de
saturation a été observée sur les 4 ans. Les changements de saturation ont conduit a une diminution de la conductivité thermique,
réduisant le transfert de chaleur des pieux énergétiques, mais ont également entrainé un plus grand stockage de chaleur a proximité des
pieux énergétiques. Malgré la faible saturation initiale, I'efficacité de I'extraction de chaleur pour les pieux énergétiques dans un sol non
saturé était plus de 16% plus basse que a celle des pieux énergétiques dans un sol sec et augmentait avec le temps.

KEYWORDS: Energy piles, Unsaturated soil, Numerical modeling, Heat storage, Heat exchange efficiency, Heat transfer rate.

1 INTRODUCTION

Energy piles provide mechanical support for overlying structures
while also exchanging heat with the subsurface (Bourne-Webb
et al. 2009, McCartney and Murphy 2017). While energy piles
are often installed in unsaturated soil layers, the impact of
unsaturated conditions on their thermal performance over time
has only been investigated in a limited number of studies (Goode
and McCartney 2015, Akrouch et al. 2015, Behbehani and
McCartney 2020a, 202b). Changes in degree of saturation of
unsaturated soil due to thermally induced water flow may result
in changes in thermal conductivity that lead to transient changes
in the heat transfer process (e.g., Smits et al. 2011, Bager et. al.
2018). Behbehani and McCartney (2020a) found that applying a
sinusoidal temperature variation to a solitary energy pile led to a
permanent decrease in the degree of saturation in the soil close
to the energy pile, with the greatest changes within the first 200
mm from the energy pile. The impacts of coupled heat transfer
and water flow may become particularly important when energy
piles are used as part of a heat storage system, where a constant
high inlet fluid temperature is applied to the energy piles. In this
case, greater change in degree of saturation could be expected.
Behbehani and McCartney (2020b) found that thermally induced
water flow will lead to an increase in effective stress, leading to
an increase in axial pile capacity. This will also lead to an
increase in restraint against thermal expansion of the energy pile,
which could lead to greater thermal axial stresses in the energy
pile during heating that should be considered in design.

Many studies have simulated the heat transfer from a solitary
energy pile in dry or saturated soil layers. For example, Laloui et
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al. (2006) studied the axial displacement and the pore water
pressure—temperature response of saturated soil surrounding an
energy pile. Other simulations have considered the impacts of
pile properties, inlet fluid temperature and flow rate, variation of
applied thermal and mechanical loads, and surrounding soils
properties and saturation conditions (Batini et al. 2015, Saggu
and Chakraborty 2015, Gawecka et al. 2017, Behbehani and
McCartney 2020). Other simulation studies found that the
thermal behavior of energy pile groups may be different than
solitary energy piles in saturated soil layers (Di Donna et al.
2016, Caulk et al. 2016, Rotta Loria and Laloui 2017, 2018,
Ravera et al. 2020, Moradshahi et al. 2020). In unsaturated soils,
the zone between a pair of energy piles may have different
behavior from the zone outside the pair due to the combined
effects of both piles on the degree of saturation between the piles.

The objective of this study is to simulate the transient
behavior of unsaturated silt surrounding a pair of 0.9 m-diameter
energy piles having a length of 13.4 m and separated by 1 m. The
pile performance was assessed for both conventional heat
exchange inlet fluid temperatures as well as for heat storage
boundary conditions over four years of operation. A soil layer
was selected that had initial hydrostatic conditions and a water
table at a depth of 18 m, leading to a relatively low initial degree
of saturation of approximately 0.38 along the length of the pile.
Distributions in soil temperature and degree of saturation of the
soil at different radial locations from the energy pile were
assessed over time for locations between the energy piles as well
as outside the energy piles. Changes in energy pile heat
extraction efficiency in unsaturated soils were compared with the
cases where the soil layer was dry and saturated.



2 NUMERICAL MODELING APPROACH

A coupled heat transfer and fluid flow model was used to study
the behavior of a pair of energy piles in an unsaturated silt layer.
The model created in COMSOL Multiphysics version 5.6.0.341
using existing and self-implemented modules. Specifically, the
non-isothermal pipe flow model and the heat transfer in solid
model were used to simulate the water flow and the heat transfer
in the two energy piles. Heat conduction in saturated and dry soil
was accounted for using heat transfer in porous media module.
heat convection in the saturated case was modeled using the
Darcy’s law module. The coupled heat transfer and water flow in
unsaturated soil was modeled using a modified form of the
nonisothermal phase change model with enhanced vapor
diffusion of Smits et al. (2011) that was improved by Moradi et
al. (2016) and Baser et al. (2018). The governing equations and
material properties for this model are given in the following
sections. This model builds upon the original model for
nonisothermal fluid flow in porous media developed by Philip
and de Vries (1957), but better captures the kinetics of water
vaporization with temperature changes. Although models like
that of Thomas and He (1995) considered thermoelastic volume
changes during heat transfer, this study assumes that the soil does
not change significantly in volume with temperature. In addition
to the heat transfer and water flow model for unsaturated soils,
the behavior of energy piles in dry and saturated soil layers were
simulated for comparison by accounting for natural convection
and conduction in saturated soil and heat conduction in dry soil.

2.1 Governing equations

The liquid water nonisothermal mass balance equation in porous
media is given by (Bear 1972, Grifoll et al. 2005, Moradi et al.
2016, Bager et al. 2018):
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where n is the porosity, S, is the degree of water saturation,
pw is the density of water as function of temperature (Hillel
1980), P. is the temperature-dependent capillary pressure
defined by Grant and Salehzadeh (1996), k,,, is the relative
permeability function for water, x is the intrinsic permeability,
WUy 18 the temperature-dependent water dynamic viscosity, P,
is the pore water pressure, g is the acceleration due to gravity,
t is the time, and Ry, is the phase change rate between water
and vapor due to evaporation or condensation.

The nonisothermal gas mass balance equation in porous
medium is given by (Bear et al. 1991, Grifoll et al. 2005, Moradi
et al. 2016, Bager et al. 2018):

dpg 0S4 0P,
"ra e ¥ ™9 5P,
e @
+9.|pg | ——— ) (VB + pgg)| = Ryw
Hg
where S, is the degree of gas saturation, pg is the

temperature- and pressure-dependent density of gas, k4 is the
relative permeability function for gas in soil, u, is the gas
dynamic viscosity, and F; is the pore gas pressure.

The mass balance equation of water vapor is given by the
following equation (Smits et al. 2011):
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where w,, is the mass fraction of water vapor in the gas phase,
ugy is the velocity of gas, D, = D,T is the effective vapor
diffusion coefficient, D, is the diffusion coefficient of water
vapor in air, and 7 = nl/ 3ST7£371 is the tortuosity (Millington
and Quirk 1961). The enhancement factor for vapor diffusion 7n

is calculated using the form of the model of Cass et al. (1984)
used by Smits et al. (2011):
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where a is a fitting parameter and f; is the soil fines content.
The water liquid/vapor phase change rate is calculated as
follows (Bixler 1985, Zhang and Datta 2004, Moradi et al. 2016):

Row = (

where b is a fitting parameter, R is the universal gas constant,
T is the temperature, M,, is the water molecular weight, py,eq
is the equilibrium vapor density, p, isthe vapor density, and S,
is the residual degree of water saturation as a function of
temperature given by S, = Sy 93 k[1 — c(T —293)] where ¢
is a fitting parameter (She and Sleep 1998).

The heat transfer energy balance equation for porous media is
given as follows (Whitaker 1977, Moradi et al. 2016):
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where p is the total density of soil, Cp,, Cpy, and Cp4 are the

volumetric heat capacities of soil, water, and gas, respectively, 4

is the saturation-dependent thermal conductivity of soil, u,, is

the velocity of water, L,, is the latent heat of vaporization

(Monteith and Unsworth 1990), and Q is a heat source.

2.2 Geometry, soil properties, and boundary/initial conditions

The model geometry shown in Figure 1 is consisting of two
reinforced concrete energy piles with a closed-loop heat
exchanger consisting of three vertical U-loops connected in
series. The piles are one meter a part and are installed in a
uniform soil layer of Bonny silt. The concrete piles have a
density of 2400 kg/m?, a heat capacity of 960 J/(kg-K), and a
thermal conductivity of 1.4 W/(m-K). The piles have a diameter
0f 0.9 m and a length of 13.4 m and have an edge-to-edge spacing
of 1 m. This close spacing of deep foundations may be
encountered in buildings with high axial loads or where lateral
loads are encountered. The high-density polyethylene (HDPE)
heat exchanger pipes embedded with the piles have a thermal
conductivity of 0.48 W/(m-K). The pipe has a diameter of 44 mm
and a wall thickness of 3 mm. The heat exchange fluid is assumed
to be a glycol-water mixture having a density of 1008 kg/m?, a
specific heat capacity of 3267 J/(kg-K), and a thermal
conductivity of 0.58 W/(m-K). The soil layer extends to a depth
of 18 m and the soil layer surrounding the pile has a width of 20
m in both directions. A free triangular mesh was generated at the
boundaries of the piles and the remaining domain was meshed
using free tetrahedral elements, all with full coupling. The mesh
has a maximum element size of 1.6 m and a minimum of 0.05 m
and the complete mesh consists of 147,292 elements.
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Figure 1 Model geometry and energy pile schematics including
locations of thermal heat exchangers.

The soil properties used in this study are representative of
Bonny silt to build upon the parameterization of the coupled heat
transfer and water flow model for this soil reported by Baser et
al. (2018). The soil has a specific gravity Gg of 2.65, and the soil
layer was assumed to have a uniform porosity of 0.46 that
corresponds to a saturated hydraulic conductivity of
1.24x1077 m/s. The SWRC of Bonny silt was represented using
the Grant and Salehzadeh (1996) with parameters n,; = 1.61,
a,; = 0.33kPa™! and S, = —400 K. As noted by Alsherif
and McCartney (2016), the vapor diffusion enhancement factor
has an important influence on the heat transfer via convection,
who used a tank-scale test to calibrate a factor of a = 8 for
Bonny silt. Temperature dependency of the SWRC is considered
through the temperature effect on the matric suction defined by
Grant and Salehzadeh (1996) and the effects of temperature on
the residual saturation defined by She and Sleep (1998) and with
constant ¢ = 0.011. The soil thermal conductivity variations
with degree of saturation S;w were calculated using the model of
Lu and Dong (2015):
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where Sy is a parameter that represents the degree of
saturation at the onset of the funicular regime =0.145, 1,; =
0.37 W/m'K, A, = 1.28 W/m'K, and m = 2.62. Similarly, the
variations in volumetric heat capacity C, with degree of
saturation Srw were calculated as follows:
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where Cpq = 1.32M]/m3K, C,s = 2.75M]J/m3K, and the

values of Sy and m are the same as in Equation (7).

The soil layer was had an initial uniform temperature of
10 °C and is thermally insulated with zero water and air flux at
the boundaries. Although the piles were not connected with a slab
at the surface as the focus here is on the heat transfer process, the
surface insulation represents the effects of a slab (Murphy et al.
2015). The water table was set at a depth of 18 m, and the soil
layer was assumed to be initially in hydrostatic conditions. For
this case, the profile of the initial degree of saturation in the soil
is shown in Figure 2(a). Along the length of the pile of 13.4 m,
the average degree of saturation is 0.38.

Heat transfer and water flow was simulated in the soil layers
for a duration of four years where the energy piles were subjected
to two boundary conditions: (i) a sinusoidal inlet fluid
temperature was fitted to the measured inlet heat exchanger fluid
temperatures reported by McCartney and Murphy (2017) to
represent typical energy pile heat exchange boundary conditions,
and (ii) a constant heat injection inlet temperature value of 90 °C
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was applied for six months followed by a constant heat extraction
inlet fluid temperature of 10 °C for six months to represent heat
storage boundary conditions. The time series of the inlet
temperatures for both modes are shown in Figure 2(b). In both
cases, the volumetric flow rate for the heat exchange fluid was
100 cm’/s. In borehole heat storage systems, the inlet
temperature during heat extraction can be as high as 30 °C
(Catolico et al. 2016), but the low inlet temperature of 10 °C was
selected to represent an extreme case for heat extraction and for
comparison with the low temperatures encountered during heat
exchange operations. It also is the same as the initial temperature.
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Figure 2 (a) Initial profile of the degree of saturation along with
uniform initial temperature (b) Inlet fluid temperatures for heat
exchange and heat storage applications.

3 RESULTS

Time series of soil temperature and degree of saturation at
different locations from the energy pile group at a depth of 7m
are shown in Figure 3. The time series are shown for different
radial locations on the outside of one of the energy piles and
between the two energy piles. The soil temperatures between the
piles are higher for both the heat exchange and heat storage
applications than outside the piles. The temperatures between the
piles at different radial locations are closer than the temperatures
away from one of the piles. In the case of the heat exchange
application, a decrease in degree of saturation is observed within
a given year along with an overall decreasing trend over the 4
years. For the heat storage application, larger fluctuations in
degree of saturation occur in a given year, with a small
decreasing trend observed over the 4 years. The difference in
trends in degree of saturation over 4 years between the two
applications can be explained by the low sustained temperature
during heat extraction, which may facilitate condensation and
vapor diffusion back toward the piles. This is different from the
case simulated by Baser et al. (2018) who observed permanent
drying during ambient cooling. This may indicate that using a
fixed inlet temperature for heat extraction may lead to a balanced
reversal of thermally induced water flow from that imposed
during heat injection. During heat exchange, the maximum
temperature of 35 °C was only applied for a short period of time



before cooling, which means that there will be more liquid water
to evaporate and diffuse away from the piles on each cycle.
Distributions in degree of saturation with depth at the end of
heat injection and extraction in different years of operation are
shown in Figures 4(a) and 4(b) for locations between and outside
the piles (the radial distances are from either pile). More drying
is observed for the soil between the piles than outside. An
average permanent reduction in degree of saturation of only 0.8%
is observed during the last heat extraction, likely because active
heat extraction was simulated instead of ambient cooling. The
annual extreme soil temperature profiles between the piles for the
unsaturated soil layer along with those for saturated and dry soil
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layers are shown in Figure 5. The temperature ranges in the
unsaturated soil layer are between those in the dry and saturated
soil layers. The dry soil layer had higher temperatures in the
ground because of the lower thermal conductivity, meaning that
more heat was retained near the energy piles. Even though the
unsaturated soil has a low degree of saturation of 0.38, the ground
temperatures are closer to the saturated soil layer as enhanced
vapor diffusion plays a key role in heat transfer. Although lower
heat storage is observed in the unsaturated soil compared to the
dry soil, the rates of heat transfer are closer to the saturated soil.
This demonstrates the importance of considering unsaturated
conditions in heat storage applications.
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Figure 3 Time series results: (a) soil temperature between piles for heat exchange, (b) degree of saturation between the piles for heat
exchange, (c) soil temperature outside of piles for heat exchange, (d) degree of sturation outside of piles for heat exchange, (e) soil
temperature between piles for heat storage, (f) degree of saturation between the piles for heat storage, (g) soil temperature outside of piles
for heat storage, and (h) degree of saturation outside of piles for heat storage.
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Figure 5 Temperature profiles at the end of heat injection and heat
extraction between the two piles for (a) dry soil layer (b) unsaturated
soil layer, (c) saturated soil layer

To evaluate the energy pile thermal behavior in unsaturated,
saturated, and dry soil layers, the heat transfer rate was calculated
from the difference in inlet and outlet fluid temperatures:
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Q = Vi pwCw (Tin — Tour) O]
where V,, is the volumetric flow rate of the heat exchanger fluid,
and Ty, and T,y are the inlet and outlet fluid temperatures.
The heat transfer rates for heat exchange in Figure 6(a) shows a
declining trend line over each year, which could be attributed to
the decrease in the degree of saturation. Due to lower heat
capacity of the dry soil layer, the heat transfer rate reaches a peak
carlier than the other soil layers. A significant decrease with time
is not observed in the heat transfer rates for heat storage in Figure
6(b), likely because of the balanced thermally induced water flow
during heat injection and extraction. The heat transfer rate is
lowest for dry conditions in both applications. Although the
unsaturated soil layer has a low degree of saturation, the heat
transfer rate is close to the saturated soil layer. The heat transfer
rate of the two piles in unsaturated soil is about 1.5 times greater
than the heat transfer rate in dry soil and about 0.9 times the heat
transfer rate in the saturated one. The heat transfer rate curves
were integrated with time and the part of the year with heat
extraction was divided by the part of the year with heat injection
to define the operational efficiency shown in Figure 7. In both
cases, an increase in operational efficiency occurs over time
because the ground temperature during cooling does not return
to the ambient temperature (see Fig. 5). Dry soil leads to a higher
efficiency as more heat is retained in the ground due to its lower
thermal conductivity. The unsaturated soil layer will lead to rates
of heat injection and extraction similar to a saturated soil, but
lower efficiency than dry soil due to the lower temperatures.
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Figure 6 Heat transfer rates (a) heat exchange (b) heat storage.
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4 CONCLUSION

This study focused on the simulation of long-term coupled heat
transfer and water flow in unsaturated silt surrounding a pair of
energy piles in both heat exchange and heat storage applications.
Large transient changes in degree of saturation may occur in a
given year, but the particular inlet heat exchanger fluid
temperature determine whether or not a permanent decrease in
degree of saturation of the soil occurs over time. Heat transfer in
unsaturated soils, even with low degrees of saturation, may be
closer to that in saturated soil than that in dry soil because of
enhanced vapor diffusion. Changes in degree of saturation within
an energy pile group may be greater and more uniform than
outside the group. The efficiency of heat extraction is greater for
dry soil due to its lower thermal conductivity and less heat
transfer away from the pile group. Although the results show that



energy piles can be used for heat storage, changes in pile capacity,
restraint, and thermal stresses should be studied further.
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