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Abstract. The results of numerical and experimental studies devoted to the evaluation of the effect
of phase transitions of pore moisture in the soil mass surrounding the borehole heat exchangers (BHE)
on the thermal conductivity of the adjacent soil and on the temperature of the coolant circulating through
the heat exchanger are presented. A mathematical model is presented that allows one to describe the
spatial non-stationary thermal regime of a soil massif with BHESs, taking into account the processes
associated with phase transitions of moisture in the pore space of the soil. This mathematical model is
based on the method of accounting the latent heat of phase transitions of pore moisture in the ground by
the use of such a parameter as the "equivalent" thermal conductivity. The essence of the method is to
take into account the heat of phase transitions of pore moisture in the ground by introducing a new
"equivalent" thermal conductivity of the soil, consisting of the direct thermal conductivity of the soil and an
additive that is responsible for the freezing / thawing of pore moisture. The methods, equipment and
results of experimental studies on the «equivalent» thermal conductivity of soil accounting the phase
transition of pore moisture during freezing and thawing performed in laboratory on the test bench
simulating borehole heat exchangers working conditions are described. The results of the simulation
illustrate the need to take into account the phase transitions of the ground moisture in the ground during
the design of BHEs. The effect caused by pore moisture condensation during the operation of BHEs and
the associated intensification of the processes of heat exchange was experimentally observed.

AHHOoTaumMa. B cTaTbe npuBedeHbl pesynbTaTbl YUCIIEHHbIX W 3KCMEepPUMEHTarbHbIX
nccrenoBaHui, MOCBSILLEHHBIX OLEHKe BRUSHUA hasoBbiX NMEpPEXOoOoB MOPOBOW BrnarM B PYHTOBOM
MaccvBe, OKpYXKaloLleM TEepPMOCKBaXWHbl, Ha TEMNoNpPOBOAHOCTb MPWIEralollero rpyHTa M Ha
Temnepatypy  TEMNOHOCUTENs,  UMPKynvpytlollero  yepe3  TennoobmeHHuk.  [peacTaeneHa
matemMaTnyeckass Modernb, MO3BonsALWas onucaTb MPOCTPaAHCTBEHHbIN HeCTaLMOHapHbLIN TennoBow
PEeXWM TPYHTOBOrO MaccuBa C TEPMOCKBaXKMHaMM C YYETOM MPOLIECCOB, CBSI3aHHbIX C (ha30BbIMU
npeBpalleHMsIMM  Bnarm B MOPOBOM MPOCTPAHCTBE rpyHTa. [aHHas MaTemaTtudyeckas Moferb
OCHOBbIBAETCA Ha MeTode y4YEéTa CKpbITON TennoTbl ha3oBbIX NMEpPEXoAoB MOPOBOV Barn B rpyHTe 3a
CYET MCMONb30BaHMSA TaKoro napamMeTpa, Kak «3KBMBarleHTHasi» TennonpoBogHocTb. CyTb MeToda
COCTOUT B TOM, YTODObI y4YecTb TEnnoTy pa3oBbiXx MEpPexofdoB MOPOBON BMnar B FPyHTE C MOMOLLbIO
BBEOEHUS HOBOW «3KBMBArIEHTHOM» TEnronpoBOAHOCTU TPyHTa, COCTOSILLEA W3 HEMNOCPedCTBEHHO
TENMONPOBOAHOCTM [pyHTa W [obaBku, y4YWTbIBalOLLE 3aMep3aHue/oTTaumBaHWE MOPOBOW Briaru.
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OnucaHbl MeToabl, obopygoBaHve W pesynbTaTbl JKCMEPUMEHTarnbHbIX WCCNEAOBaHWA MO OLEHKe
«3KBMBANEHTHOM» TENMONPOBOAHOCTU PYHTA, y4uTbiBalOWen as3oBbi nepexon NnopoBOM Bnaru fnpu
3aMopaxvBaHMM M OTTamBaHUMU [PYyHTa, BbINOMHEHHble B  nabopaTopHbIX  YCNOBUSIX  Ha
3KCMepuMeEHTaNbHOM  CTeHAde, MOAENUPYIOLLEM  SKCNITyaTauMOHHbIE  PEXMMbI  TEPMOCKBaXWH.
PesynbtaTtamMm MogenupoBaHusa MNpOUNCTpypoBaHa HeobxoaMMocTb Yy4yéTa (has3oBbiX MNEPEXonoB
nopoBoW BnarM B rpyHTe npu npoektupoBaHun [TCT. OkcnepumeHTanbHO o6HapyxeH addexT,
BbI3blBaeMbli KoHAeHcauuen npu akcnnyatauum TCT BoadHoro napa, cogepkallerocd B MopoBOM
NPOCTPaHCTBE [PyHTa, M CBsi3@aHHas C 3TUM WHTEHCMdMKaLMA MpoLeccoB TennoobMeHa Mexay
TEPMOCKBaXXMHOWM N FPYHTOM.

Introduction

Currently, the use of geothermal heat pumps (GSHP) is quite a popular solution for providing
heating, hot water supply and conditioning in buildings of various purposes due to their energy efficiency
and environmental friendliness [1-3]. These systems are actively used including in regions with a cold
climate [4-7].

One of the most important parts of such systems are the borehole heat exchangers (BHE) which
are used for extraction/rejection heat from the ground and in most cases determine the whole systems
efficiency.

The two most commonly used modifications of BHEs are coaxial and U-shaped.

Coaxial BHESs represent a large diameter pipe, inside which a smaller diameter pipe is located so
that the coolant supplied through the inside pipe is then introduced into the annular channel, raising there
and exchanging heat with the surrounding ground through the wall of the larger (outside) tube. Coaxial
BHESs can be made of both metal and polyethylene, where the inner tube is usually made of polyethylene
as a material with a lower thermal conductivity in order to minimize the thermal interference of
descending and ascending flows of coolant (thermal short circuit effect).U-shaped models are mainly
made of plastic tubes and used in two modifications - with one or two U-shaped loops within a single
borehole.

BHESs functioning in cold regions have to meet some additional challenges. The heating period in
most of Russia’s territory is noticeably longer and the ambient temperatures are much lower than, for
example in Europe, all this leads to a significant decrease in ground temperatures during the operation of
the GSHP, which in turn leads to a decrease in their efficiency.

There are several ways to cope with this effect: increasing borehole space [8, 9], modifying
borehole layout [10], improving thermal properties [11], but the most common way is to increase the
length or the number of the ground heat exchangers [12].

At present, many works are being devoted to the search for ways to improve the efficiency of
ground heat exchangers, and part of them are aimed at studying the thermal conductivity: the effect of
both the thermal conductivity of the materials used in the heat exchanger [13—-15] and the thermal
conductivity of the soil surrounding BHEs [16, 17].

The long-term operation of GSHP in the climatic conditions of most Russia's territory causes
freezing and thawing of the soil surrounding the borehole heat exchanger [18, 19]. Accounting for these
processes within mathematical models of such complicated multi-component pore structures as soil is an
extremely difficult task [20].

In a precise approach, in the design of borehole heat exchangers not only ground moisture phase
transition mechanisms and heat and mass transfer processes, but also chemical and mineralogical
composition of soil, mechanical structure of hard particles material, the degree of dispersion in the
medium, shape and size of both particles and pores, the ratio of different water phases and their
distribution across the soil, and lots of other physical and chemical parameters of soil massif should be
accounted for. A detailed account of these factors with the help of a modern mathematical apparatus, as
demonstrated by the study of existing heat transfer models of the soil-BHE system [21-24], is practically
impossible. But on the other hand we have to make a years-long forecast of how BHE will interact with
ground during GSHP operation in order to guarantee system'’s reliability.

To make a quite accurate forecast and at the same time to simplify calculations, for the practical
purposes in the GSHP design it is possible to describe all these multiple factors using the model of
«equivalent» thermal conductivity developed by A.F.Chudnovsky [21] by the standard conductivity
equation with "equivalent" heat and mass transfer parameters. In this case, the soil is considered as a
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guasihomogeneous body, to which the usual heat conduction equation is applicable, and its thermal
characteristics can vary both in time and in coordinates.

Special mention should be made of the need to take into account the influence of pore moisture
and it's migration has on the thermal processes occurring during the operation of the GSHP. In the
capillary-porous system, which is a soil massif, the presence of moisture in the pore space has a
significant effect on the process of heat distribution. So, for example, if there is a temperature gradient in
the ground massif, the water vapor molecules move to a zone having a lower temperature. But at the
same time, under the action of gravitational forces, a directed flow of moisture in the liquid phase appears
which can partially compensate for heat fluxes carried by vapor moisture and, consequently, reduce the
influence of migration processes of moisture on the thermal performance of BHE. Correct accounting of
such influence for today is associated with considerable difficulties.

This research is devoted to developing of simple and accurate enough for practical purposes
method of considering ground moisture freezing and thawing around the BHE during its operation. The
objectives of research are to propose and adequate mathematical model, using an "effective" heat and
mass transfer characteristics of soil to account for ground moisture phase transitions, and to evaluate
«effective» thermal conductivity of soil in both heat rejection and heat extraction modes.

In this research, the problem of developing a mathematical model allowing one to describe in
simple form the heat transfer process in a two-phase medium with an unknown position of the phase
boundary (Stefan's problem) was solved, as well as the problems of estimating the effect of phase
transitions of the ground moisture in the soil on its "equivalent" heat conductivity and on the overall
efficiency of the geothermal heat pump system.

Research methods

Numerical study

The non-stationary process of heat transfer, including taking into account the humidity of the
medium, is considered in [25-27].

The mathematical model represented here is based on a simplified description of the spatial non-
stationary thermal regime of the cylindrical soil massif in which the BHESs are located.

The heat conduction equation for this case in cylindrical coordinates is as follows [28]:

2 2
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where 7 —is time, hours;
r — radius of the cylinder under consideration, m;
z — vertical coordinate, m;
T(r,z, 7) - deviation of soil temperature from natural values, °C;
¢ — specific heat of the soil, J/(kgx°C);
p — soil density, kg/m?;
Ag— thermal conductivity of the soil, J/(hxmx°C);

It is important to note that equation (1) does not take into account the latent heat of phase
transitions; therefore, it is applicable only if the ground temperature remains positive during the operation
of the heat pump. In actual fact, during the operation of the GSHP the temperature of the soil near the
borehole heat exchangers can drop below zero. In this case, the moisture contained in the soil will freeze,
releasing the latent heat of the phase transition of water from the liquid state to the solid state. After heat
collection is terminated (e.g. in summer) the frozen moisture will thaw, i.e. there will be a reverse phase
transition that absorbs additional heat energy from the soil.

Thus, instead of equation (1) the Stefan problem should be solved — the problem concerning the
heat transfer in a biphasic system with the unknown position of the phase boundary. The solution for the
Stefan problem in this case may be obtained only numerically, besides because of the problem's non-
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linear nature, these methods i=ought to be iterative. Moreover, solving the Stefan problem for a
considerably long period (years) requires a lot of CPU time. And for the significant cost of computational
resources used for obtaining an accurate solution in the design of GSHP as a rule are not justified.
Therefore, at the design stage, it is advisable to use more cost-effective methods of taking into account
the latent heat of phase transitions for the determination of soil temperature, one of which was developed
by the authors of this paper and is presented below.

The essence of the method is to account for the heat of phase transition of ground moisture in the
soil by introducing a new "equivalent" ground thermal conductivity Aeq consisting of ground thermal
conductivity itself and additives, taking into account the freezing / thawing of ground moisture.

During the freezing of the soil, the volumetric heat of the phase transition can be determined by the
following equation [29]:

L, =mop @)

where Ly — volumetric heat of phase transition, Wh/m?;
m — volumetric humidity of soil, (m® of moisture/m? of ground);

G — phase transition heat of a unit of weight of water, equals 93 W-h/kg [29];
p — density of the solidification agent (ice), kg/m3.

Consider the problem of freezing an unlimited body of soil with a cylindrical cavity (borehole heat
exchanger tube), the design scheme of which is shown in

Figure 1, where the following notation is used:

Rk — boundary of soil freezing, m;

gst — heat flow density (per 1 linear meter of cylinder) from the unfrozen soil, W/m;

tp — temperature at the surface of the cylindrical cavity, °C;

to — freezing temperature of water in the pores of the body of soil, to = 0 °C;

t- — the temperature of the soil infinitely distanced from the cylindrical cavity (borehole heat
exchanger), °C;

Ro — radius of the cylindrical cavity (the borehole heat exchanger), m.

The design scheme in fact illustrates the operating conditions of a borehole heat exchanger with
radius Ro. Indeed, after a time T (h) when the soil contacting with the heat exchanger tube reaches the
temperature tp (°C), lower than to = 0 °C, a region of frozen soil of radius Rk appears.

The heat balance equation for the soil freezing around the heat exchanger with radius r = Rk in the
absence of heat input from the unfrozen soil ((tr= or slightly greater than to) is as follows.

Ot = Qst T Oty (3

where qt— specific (per 1 meter of the tube) thermal flow to the heat exchanger tube, W/m;

gst — specific heat flow from the unfrozen soil, W/m;

gr — specific heat flow, caused by the release of latent heat of ground moisture phase transition in
the freezing soil, W/m.

Figure 1. Design scheme for freezing an unlimited body of soil with a cylindrical cavity
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Assume that all heat flows are conditionally constant and averaged over time. Then to determine
them the following expressions can be used:

— 27[2’31(‘6 _
%= R R R, /RO)(to tp) , (4)
27[29
=0 (t,—t
qst In (Rk /RO)( 0 p) (5)
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where: A4 . .
9 — thermal conductivity of the frozen soil, W/(m-°C);

A

oK6 - “equivalent” thermal conductivity of the soil, accounting for the release of the latent heat of
ground moisture phase transition, W/(m-°C);

T - time needed for freezing of soil within the radius Rk, h.

Thus by introducing A, we substituted the problem of thermal conditions in a cylinder of frozen
soil around the heat exchanger tube with radius R« and thermal conductivity A , by a quasi-stationary

problem (4) with similar temperature distribution, same boundary conditions (boundary temperatures are
respectively to and tp), but with another “equivalent” thermal conductivity A which accounts for pore
moisture phase transitions.

oK !

An "equivalent" problem is the problem of the stationary thermal regime of an unlimited soil massif
with a cylindrical cavity whose temperature field coincides with the temperature field of the main problem
(with the region of the frozen ground of the Stefan problem), presented in Figure 1, but there is no latent
heat released. Obviously, it is possible to achieve an approximately similar temperature distribution in

both cases only by introducing new thermal conductivity of the soil to the second problem - A__, that is in

fact an "equivalent" thermal conductivity of the soil, that ensures that temperature distributions coincide,
or at least are very similar to one another.

oK !

To determine g+ we use the same quasi-stationary problem (5), with the same boundary
conditions, but with the actual thermal conductivity of the soil, W/(m-°C).

To determine gr (6) lets average the amount of thermal energy released during the freezing of the
hollow cylinder with an inner radius Ro and outer radius Rk over time 7.

The other way to determine g is to, as in expressions (4) and (5), use the same quasi-stationary
problem (remember, that the heat flow from the unfrozen soil equals "0") with thermal conductivity A, ,

that ensures thermal impact on the heat exchanger equivalent to (6). In this case, gr can be expressed as
follows

g =M (1 —t ) ,
“ThR/R) v

Thus by introducing expressions (4), (5) and (7) into equation (3), we may present the heat
balance equation in a new form:
272, 7l 27y
— \t, -t )=\, -t )+ —— L, -t
(e, )& i, ) e, R “
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2
Dividing both parts of the equation (8) by il )(to —tp), produces a new expression

In (Ry /Ro
for A4,
ﬂ’al«f :/,lg +ﬂ"ft. (9)

Finally, the “equivalent” thermal conductivity of ground, accounting for the latent heat of pore
moisture phase transitions, equals to the actual ground thermal conductivity, increased by the "virtual"

part A, , which can be determined from the equality of expressions (6) and (7):

27 Ay, L,
— 1 (t,-t_)=x|R? —RZ )~ 10
In(Rk/Ro)(O p) ( ‘ 0) 4o
Solving the equation (10) for A, , obtain the required expression
R/ —RS
ft_LV( : O)In(Rk/Ro) (11)

o o2e(t, - t,

Thus, all the unknowns needed to calculate the “equivalent” thermal conductivity of the soil A
except for Rk have been determined.

K6 !

To determine R« consider the same quasi-stationary problem (the case when gst = 0) and write
down the heat balance equation at the boundary of soil freezing]

B b-t, | R, 12
"Rn(R/R,) T dr

The solution for this equation looks as follows:
7¢(2In 7 ~1)+1=41T (13)

where:
n =& = lgr(to _tp)
R LR

The equation (13) may be solved numerically, using, for example, the Newton's method. The
obtained value of R« is used for calculating A, from (11).

(14)

Experimental study

Experimental study of estimation of “equivalent” thermal conductivity of the ground, accounting for
the phase transition of the ground moisture during the thawing and freezing of the soil, has been
performed in the laboratory on the test bench simulating borehole heat exchangers working conditions.
The scheme of the test bench is shown on Figure 2, and its photograph on Figure 3.

The test bench consisted of two models of borehole heat exchangers - metal tubes with the outer
diameter of 33.5 mm, inner diameter of 27.1 mm and wall thickness of 3.2 mm. Metal-plastic pipes
15 mm in diameter were placed inside metal pipes, and the ends of the metal tubes were plugged. Heat-
carrying medium was pumped into the borehole model through the inner pipes, and flowed out through
the annulus. Water solution of ethylene glycol was used as heat-carrying medium. Models of boreholes
were placed inside plastic finned tubes with internal diameter of 314 mm. The space between borehole
model and the plastic tube is filled with soil. Borehole model No. 1 is placed in loam and borehole model
No. 2 is placed in sand. The soil properties are shown in the Table 1 [30]. The length of each model is
2 m. The borehole models are parallel connected to the hydraulic circuit along with the refrigeration unit
and the electric heater. Either the electric heater or the refrigeration unit are turned on depending on
experiment's purpose - simulating of summer or winter conditions. The refrigeration unit was placed into
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isolated chamber to avoid the influence of heat from its condensers on thermal conditions of the
laboratory facilities and boreholes under study.

To measure the soil temperature, the soil temperature sensors of the TP101 series were used with
the measurement error = (0.15 °C + 0.002 | T |), and the coolant temperature was measured by
submersible Pt1000 sensors with a measurement error of 0.3°C + 0.002 | T |, where T - current measured
temperature.

The flow rate of the heat carrier was determined from the readings of the water meter with a
measurement error of + 2 %.

The measurements were carried out with a periodicity of 5 minutes.
The thermal load Nt, W, supplied to the BHE, was determined as
Nt=Cp * AT * G,

where Cp - is the specific heat of the coolant, J / (kg * °C);
AT - temperature difference at the inlet and outlet of the BHE;
G - coolant flow, kg / s.
Table 1. Thermal and physical properties pf the soil [30]

Soil type | Density, | Heat capacity | Heat capacity Thermal Thermal
kg/m?3 when thawed, | when frozen, conductivity when conductivity when
J/ (kg * K) J/ (kg * K) thawed, W/ (m * K) | frozen, W/ (m * K)
Borehole 1 Clay 2000 2.26 2.10 1.16 1.27
loam
Borehole 2 Sand 1800 2.42 2.04 1.97 2.20

Three series of experiments were conducted.

The purpose of the first series of experiments was to determine the «equivalent» thermal
conductivity of the soil at heat extraction regime.

The procedure for conducting experiments in this series was as follows. The flow rate of the
heating medium through Borehole 2 was overlapped in order to ensure that all cooling power was
directed to Borehole 1. The refrigeration machine was switched on and ground temperatures were
recorded. At the same time, the room temperature was maintained at +18 °C. The soil around the
Borehole was frozen. The soil was humidified, and then kept at almost stationary humidity conditions.
The electric power meter was measured using an electric meter, after which the «equivalent» thermal
conductivity of the soil was determined.

The purpose of the second series of the experiments was to determine the «equivalent» thermal
conductivity of the soil at heat rejection regime.

The procedure for conducting experiments in this series was as follows. The water heater was
turned on, equal coolant flow rates for both boreholes were set, and the parameters of the soil
temperature and humidity were recorded. At the same time, the room temperature was maintained at
20 °C. After the heater was turned off, the soil was moistened, brought to the stationary humidity regime,
after which the heater was switched on again. By electric meter, the electric power consumption was
measured, and then the «equivalent» thermal conductivity of the soil was determined.

The purpose of the third series of the experiments was to evaluate the impact of cyclical loads and
heat-accumulating properties of the soil on its “equivalent” thermal conductivity.

The experiments of this series included three periods: the first period - heat extraction - the chiller
was switched on, the second period - the heat rejection - the electric heater was turned on, and the chiller
was switched off, and the third period - heat extraction - the electric heater was switched off and the
chiller was switched on again. At the same time, the temperature of the indoor air in the laboratory room
was maintained at a constant level. The electric meter measured the consumed electric power, the
specific heat exchange was determined for 1 m of the length of the boreholes, and then the “equivalent”
thermal conductivities of the soil were determined for each period.
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Figure 2. Test bench schematics Figure 3. Photo of borehole models

Results and discussion

Numerical study

Numerical studies were carried out using the mathematical model described above. To implement
it, a computer program was created.

Calculations were carried out using the example of a hypothetical cottage with a heated area of
200 square meters, equipped with GSHP with a single vertical borehole of 0.16 m in diameter and 70 m
in depth. Climatic conditions were taken for the city of Moscow. Ground considered was a loam with a
volume weight of 2000 kg / m? with a thermal conductivity of 1.16 W / (m * °C). The natural undisturbed
temperature of the ground is 8 °C. GSHP provides only the heating, without domestic hot water. The
beginning of the countdown is the beginning of the heating season - October 1. The time horizon for
modeling is the first 60 months of system’s operation.

When performing calculations, the influence of the process of pore moisture freezing was
evaluated. Two options were calculated - without taking into account the freezing and with its account. As
the evaluation criterion, the temperatures of the coolant and the ground at the entrance to the borehole
were assumed (the minimum temperature, after the heat pump evaporator).

Figure 4 shows the graphs of the temperature change of the heat carrier of borehole during
operation, calculated without taking into account and taking into account the freezing of pore moisture.

Figure 5 shows graphs of the change in the freezing radius of the soil around the borehole during
its operation, as well as the “equivalent” thermal conductivity of the soil, determined according to the
methodology described in paragraph 2.1. of this article.
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Figure 5. Radius of frozen soil around the borehole heat exchanger and «equivalent» thermal

conductivity of the soil

As can be seen from the graphs presented in Figure 4, that taking into account the freezing of pore

moisture the coolant temperature by the end of the heating period (the minimum points in the graph of
Figure 4) is higher by 3 °C in the first year of operation than in the calculation without taking the freezing
into account, but in following years this temperature difference decreases.

The maximum temperature of the coolant in the case of freezing is below the analogous

temperature for the case when phase transitions of pore moisture are not taken into account.

The upper graph in Fig. 5 shows that in the operating conditions under consideration, an ice

formed around the borehole during its work, has enough time to defrost in first two years, but on the third
and subsequent periods complete melting of ice does not occur.

The «equivalent» thermal conductivity of the soil (the lower graph in Fig. 5.), taking into account

the latent heat of freezing of the pore moisture, varies from 1.16 to 3.0 W / (m * ° C) during the heating
period, and the average for the first five heating periods “equivalent” thermal conductivity is
1.49W/(m*°C).
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Experimental study

The results of all three series of experiments are shown in table 2. The data in Table 2 are
obtained by averaging the corresponding parameters during the test period (indicated in the second
column). Average for a period of specific heat extraction from 1 m of the BHE was calculated by dividing
the average heat load per BHE by its length.

Table 2. The results of the three series of experiments

Average
extrr]:;tion Average soil Av:(r)?ltge Avgrage Avgerage
from 1 Average temperature | temperatur “equivalent” ‘equivalent”
No TEST meter of coolant 50 mm awa e 100 mm thermal thermal
- PERIODS temperatur y conductivity of | conductivity of the
BHE from the away from . 7 . =
: e °C o the soil Rk=50, soil Rk=100,
during the BHE, °C the BHE, W/(m°C) W/(m°C)
period Qst, °C
W/m
First series (heat extraction)
BHE
Nel 1 No. 1 (77 h) 291 -13.9 3.3 0.3 6.81 6.98
(clay
loam)
Second series (heat rejection)
_§ No. 1 (89.9 h) 33.00 42.1 31.0 24.5 0.73 0.64
;’é‘ No. 2 (40.7 h) 68.00 55.2 39.3 28.1 1.05 0.85
| @
E 21| No.3(21.4h) 72.00 53.7 45.3 35.6 211 1.35
5 No. 4 (75.2 h) 96.00 53.7 37.0 30.1 1.42 1.38
~ No. 1 (89.9 h) 33.00 42.1 28.8 25.0 0.61 0.65
2T | No.2 (40.7 h) 68.0 55.2 35.6 29.8 0.86 0.91
W @
5 £ | No. 3 (21.4 h) 72.0 53.7 40.7 35.7 1.37 1.36
No. 4 (75.2h) 96.00 53.7 37.0 30.1 1.42 1.38
Third series (cyclic loads)
No- 10621 | 17103 259 7.10 9.29 4.37 4.90
BHE cooling
Ne1 No. 2 (119.5 h)
(clay heating 58.74 50.84 29.32 26.91 0.49 0.60
loam) | No. 3 (141.0 h)
cooling 188.09 -1.58 8.81 10.77 4.46 5.16

It should be mentioned that during the first series borehole 2 was shut off, and all the cooling
capacity was directed to borehole 1, yet no stationary regime was achieved. This fact is apparently due to
the influence of the latent heat of pore moisture freezing on thermal balance of borehole. Experimentally
obtained values of “equivalent” thermal conductivity of the soil of 6.8-7.0 W/m°C, are 5.3 to 5.5 times
higher than the value of the thermal conductivity of loam in the frozen state, equal to 1.27 W/(m*°C)
(Table 1). The results of the first series of experiments in a graphical form are shown in Figure 6.

The purpose of the second series of the experiments was to determine the thermal conductivity of
the soil in heat rejection mode. This series included 4 periods; soil in the borehole heat exchangers'
models during all the periods was thawed and heated. The water heater was turned on; coolant flow rates
for both boreholes were equalized, while temperature of soil and coolant was logged. Before the
beginning of the third period, 2 liters of water were poured into the borehole 1, and 4 liters - into the
borehole 2. Then before the fourth period, 8 more liters were poured into the borehole 1, and 11 more -
into the borehole 2. We note the fact that coolant temperature in the borehole heat exchangers during
periods 2, 3 and 4 was almost constant, while soil temperature and specific heat rejection underwent
quite regular changes in accordance with the increasing humidity of the soil: specific heat rejection per 1
meter increased, while the difference between soil and coolant temperatures decreased. The results of
the second series of experiments are shown in Figures 7 and 8.
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Figure 7. Second series results, BHE No. 1
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Figure 8. Second series results, BHE No. 2

During the third series of experiments, the impact of cyclic loads (annual cycle) and heat
accumulating properties of the ground on its “equivalent” thermal conductivity was studied. The
experiments included three periods: the first period - heat extraction - the chiller was switched on; the
second period — heat rejection - the electric heater was switched on, and the chiller was switched off; and
the third period - heat extraction - the electric heater was switched off and the chiller was turned back on.
The results of the third series of experiments presented in Table 2 illustrate the independence of the
specific heat gains from 1 meter of the borehole heat exchanger from the cyclicity of the heat load. The
results of the third series of experiments are presented in Figures 9 and 10.
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Figure 9. Third series results BHE, No. 1
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Figure 10. Third series results, BHE No. 2

The calculation results showed that accounting for phase transitions of pore moisture in the soil
has a significant effect on the temperature of the coolant circulating through the ground heat exchanger.
These changes relate to both minimum and maximum temperatures of the coolant in the annual cycle,
and taking into account the phase transitions of the pore moisture, the coolant temperature minimums are
higher than in the calculation that does not take into account the phase transitions, while the maximums,
on the contrary, are lower. The same thermal behavior was demonstrated in [31], where the similar
problem of incorporating phase change effects into a final element method software for ground properties
simulation was investigated. This observation can be offered the following explanation. At a time when
heat is removed from the ground and associated processes of pore moisture freezing are taking place,
the latent heat of the phase transition is released during crystallization, which changes the heat balance
and leads to higher temperatures of the coolant. At a time when heat from the ground is not consumed
and its natural recovery occurs, the frozen ground thaws due to the influx of heat from the external
environment. Calculations that take phase transitions into account show that in this case the temperature
of the coolant is lower than in calculations without considering the phase transitions. The heat of the
phase transition is taken into account in this case with a negative sign, and some of the heat coming from
the environment is used to compensate for the latent heat of melting, so not all heat can be transferred to
the heat carrier, which leads to lower temperatures.

The general trend of reducing the temperature of the coolant during consecutive heating periods is
maintained for both variants of calculation. The temperature of the ground does not have time to return to
its initial value over the summer period, and the longer the heat recovery period, i.e. heating period, so,
accordingly, less time remains for the restoration of soil, and the stronger this trend will be.

It should be noted that the calculations, taking into account the phase transitions, on average give
lower values of the coolant temperature (Fig. 4). The result will be a lower COP of the geothermal heat
pump system.

Under given conditions, the ice that formed during the heating period around the boreholes is
completely melted only after the first two seasons of operation (Fig. 5).

“Equivalent” thermal conductivity of the soil, taking into account the latent heat of freezing of pore
moisture, during the heating period changes significantly and can increase by 2-3 times in comparison
with the intrinsic thermal conductivity of the soil.

An important result of the experimental studies, according to the authors, is the fact that the values
of the ground “equivalent” thermal conductivity in periods 1 and 3 of the third series of experiments
(Table 2) differ from the analogous values obtained in the first series for the heat extraction mode. The
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fact is that in the third series of experiments the soil was in a thawed state. Despite the small negative
temperatures of the coolant during periods 1 and 3, the soil temperatures throughout the third series of
experiments were positive and freezing of moisture in the ground did not occur. In this case, one would
expect that the thermal conductivity of the soil in periods 1, 2 and 3 will be close, since in all regimes the
ground is in a thawed state, but in reality we obtained a different picture: the «equivalent» thermal
conductivity of the soil in periods 1 and 3 is 8-10 times higher than the thermal conductivity of soil in
regime 2. The authors assume that we are dealing with a little-studied effect caused by the condensation
of water vapor contained in the pore space of the soil and the related intensification of the heat exchange
processes between BHEs and the ground. As it turned out, the influence of this effect on the intensity of
heat exchange in the soil can be commensurate and even exceed the effect of freezing / thawing of pore
moisture. This effect deserves attention and further study, as it can fundamentally change our current
understanding of the BHEs performance.

Conclusions

A new method of accounting of pore moisture phase transitions in the ground during BHE
operation is proposed together with mathematical model. The essence of the method is to introduce a
new "equivalent" thermal conductivity of the soil, consisting of the direct thermal conductivity of the soil
and an additive that is responsible for the freezing / thawing of pore moisture.

The model proposed helps to solve the Stefan problem of heat transfer in a biphasic system with
the unknown position of the phase boundary for BHE operational parameters forecast while designing
GSHP system simple enough for engineering calculation.

Numerical simulation results show, that accounting for phase transitions leads to lower amplitude
of temperature variation of the coolant in the annual cycle while keeping the general trend of reducing the
temperature of the coolant during consecutive heating periods. The important thing is that accounting for
the phase transitions on average gives lower values of the coolant temperature which will result in lower
design COP of GSHP.

"Equivalent" thermal conductivity of the soil, accounting the latent heat of freezing of pore moisture,
during the heating period changes by 2-3 times in comparison with the intrinsic thermal conductivity of
the soil. If not frozen, ground’s "equivalent" thermal conductivity appears to be 8 to 10 times higher in
heat extraction mode than in hear rejection. The author’s assumption is that the effect is caused by the
condensation of water vapor contained in the pore space of the soil. Authors suppose that effect is worth
for further study.
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