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Numerical study on the cooling characteristics of hybrid
thermosyphons: Case study of the Giant Mine, Canada

Ahmad F. Zuetera , Greg Newmanb , Agus P. Sasmitoa∗

a) Department of Mining and Materials Engineering, McGill University, 3450 University, Frank
Dawson Adams Bldg., Montreal, QC H3A0E8, Canada
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Abstract

Hybrid thermosyphons have been installed in several permafrost protection appli-

cations due to their ability to operate continuously irrespective of seasonal temper-

ature variations. In winter seasons, the thermosyphon operates passively by trans-

ferring energy between the ground and cold ambient air; while in warmer/summer

seasons, an active refrigeration plant is used as a substitute for colder climate

to extract the heat and freeze the ground. This study presents a novel conju-

gate mathematical model of hybrid thermosyphons based on thermal resistance

networks, coupled with transient two-phase artificial ground freezing heat flow

based on the enthalpy method. The model is validated against laboratory experi-

mental data from literature and field test data from the Giant Mine in Yellowknife,

Canada. Various design and operating parameters are investigated with the aim to

maximizing ground heat extraction while minimizing energy consumption. The

results indicate that active refrigeration substantially accelerates the formation of
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the desired frozen ground volume. After a certain time, passive cooling mode

can be continuously adopted to reduce the energy consumption of refrigeration

plants while maintaining the desired frozen ground thickness. Finally, the model

can be used to assist engineers and practitioners to optimize the design of hybrid

thermosyphon for permafrost protection or other ground freezing applications.

Keywords: Hybrid thermosyphon, Energy saving, Numerical modeling,

Artificial ground freezing, Permafrost regions, Giant Mine.

Nomenclature

Latin letters

A Area [m2]

cp Specific heat capacity [J kg−1 K−1]

f Friction factor [-]

h Convective heat transfer coefficient [W m−2 K−1]

h f g Specific latent heat of evaporation [J kg−1]

k Thermal conductivity [W m−1 K−1]

L Specific latent heat of fusion [J kg−1]

ṁ Mass flow rate [kg s−1]

Nu Nusselt number [-]
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Pr Prandtl number [-]

q Heat flux [W m−2]

R Thermal resistance [K W−1]

r Radial coordinate [m]

Re Reynolds number [-]

T Temperature [K]

t Time [s]

z Axial coordinate, where z = 0 at the top of the domain [m]

Greek letters

δ Frozen ground thickness [m]

γ Liquid fraction [ - ]

µ Viscosity [Pa s]

φ Porosity [ - ]

ρ Density [kg m−3]

τ Active operation period per year [s]

Subscripts

` Liquid state
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a Air

c Coolant

e Evaporator

f Liquid state

i Inner wall

n Condenser

o Outer wall

r Rock

s Saturation state

w Water, in its frozen or unfrozen states

1. Introduction1

The Giant Mine used to be one of the major driving forces of economic growth2

of the Northwest Territories (Canada) in the second half of the twentieth century3

[1]. More than 7,000,000 oz of gold were produced from around 20,000,0004

tonnes of milled ore [2]. During the production process, the ore was roasted to5

high temperatures creating more than 237,000 tonnes of highly toxic arsenic tri-6

oxide waste [1]. The arsenic waste has been stored in underground chambers and7

stopes extending from around 20 to 90 meters below ground surface. These cham-8

bers and stopes used to be securely surrounded by solid impenetrable permafrost9
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[3]. Nonetheless, due to global warming and underground activities, permafrost10

thawing has been intensifying, thereby increasing the risk of arsenic leakage. Con-11

sequently, industrial teams initiated the Giant Mine Remediation Project to assess12

different options of long-term management of the arsenic dust. Ultimately, encap-13

sulating the arsenic waste within an artificially frozen shell was selected due to its14

construction reliability, robustness, and low risk on the workers and communities15

[4]. Following that, optimization studies were conducted to test different artificial16

ground freezing (AGF) techniques. A full-scale field test was developed around17

one of the smaller arsenic chambers which included conventional ground freez-18

ing, passive thermosyphon freezing (e.g. climate only), and hybrid thermosyphon19

freezing. The field test site was fully instrumented so that a complete understand-20

ing of the performance, as well as the capital and operating costs, could be estab-21

lished for each technology. Ultimately, passive thermosyphons with an optional22

conversion to hybrid cooling have been selected and construction will commence23

in 2021.24

In addition to the Giant Mine, several AGF applications have tested and in-25

stalled hybrid thermosyphon technologies. The first commercial use of this tech-26

nology dates back to 1984 in Galena, Alaska, where it was used to freeze and27

stabilize the foundations of a communication site [5, 6]. Perhaps a more notable28

application of hybrid thermosyphons was the containment of contaminated wa-29

ter at the Oak Ridge National project in 1997 [7, 8]. In this case, fifty hybrid30

thermosyphons were used to create a frozen wall preventing the leakage of ra-31

dionuclides rich water. More recently, hybrid thermosyphons have been widely32
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used in civil and mining applications in Canada. For example, they have been em-33

ployed to speed up ground freezing for earlier construction of the Inuvik Hospital34

(Northwest Territories, Canada), to increase the efficiency of partially damaged35

passive thermosyphons of the Female Young Offender Facility (Northwest Terri-36

tories, Canada), and to protect frozen ground affected by heat supply lines at the37

Simon Allaituq School (Nunavut, Canada) [9]. In the mining industry, the Diavik38

Diamond Mine (Northwest Territories, Canada) installed hybrid thermosyphons39

to accelerate the ground freezing associated with the construction of the mine40

dams [10] and the Lac De Gras dikes [9]. Furthermore, it is reported that hybrid41

thermosyphons are being employed more frequently in Russia [11]. In general,42

hybrid thermosyphons are attracting a widespread interest in the fields of AGF43

and permafrost protection because of their high operational adaptability to differ-44

ent ground and weather conditions.45

A hybrid thermosyphon is made of a conventional refrigerant filled thermosyphon46

with the addition of a hybrid mechanical cooling unit as as shown in Fig. 1. They47

feature two types of condensers: an active condenser and passive condensers. Ac-48

tive condensers require a refrigeration system to supply a low temperature coolant49

during warm seasons, as shown in Fig. 1(a). This coolant is pumped through a50

helical coil to condense the refrigerant and extract its heat. On the other hand,51

passive condensers are equipped with radiator fins which exploit the cooling ca-52

pacity of the ambient air during cold seasons to extract heat from the refrigerant,53

as can be seen from Fig. 1(b). In addition to the two condenser sections, hybrid54

thermosyphons comprise an evaporator section embedded in the ground. Overall,55
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the thermosyphon operation is a multi-scale and multi-physics problem.56

Accordingly, many mathematical studies have investigated passive cooling57

of thermosyphons in AGF applications. Yang et al., Lu et al., and Duan et al.58

[12, 13, 14] built mathematical models based on fields measurements to evalu-59

ate heat absorption by thermosyphons. To the best of our knowledge, the first to60

develop a coupled thermal resistance model of passive thermosyphons for AGF61

applications is Yang et al. [15, 16, 17] in 1998, in attempts to monitoring the62

freezing expansion of soil in the vicinity of construction foundations. Their model63

discretized the ground in 2D cylindrical co-ordinates and included the thermal re-64

sistance of the wind, condenser wall, liquid film condensation, liquid film boiling,65

pool boiling, and evaporator wall, as can be depicted from Fig. 2(a). Zhi et al.66

[18], Xu et al. [19], and Abdalla et al. [20, 21] simplified the thermal resistance67

network by considering a superconductor thermosyphon, linking the ambient air68

temperature with the outer wall temperature of the evaporator by a single ther-69

mal resistance located between the ambient air and the condenser, as shown in70

Fig. 2(b). Nevertheless, they added a switch, S 1, to deactivate the natural con-71

vection cycle of the thermosyphon when the evaporator temperature is lower than72

the condenser temperature; In addition, a 3D numerical model for the ground was73

considered. Wang et al. and Tian et al. [22, 23] assumed a similar superconductor74

thermal resistance model, but selected Nusselt correlations that depended on the75

wind velocity in their calculation of the wind thermal resistance. In 2011, Zhang et76

al. [24] used a 3D numerical model while extending the thermal resistance model77

by including the conduction, evaporation, and condensation thermal resistances78
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inside the thermosyphon in addition to the S 1 switch and wind thermal resistance,79

as shown in Fig. 2(c). Film and pool boiling regimes were modeled by a single80

Nusselt correlation [25] applicable to both regimes. Since then, this 3D thermal81

resistance model has been used by many researchers to investigate passive cooling82

of thermosyphons for AGF applications [26, 27, 28, 29, 30]. Recently, Pei et al.83

[31, 32] firstly considered the inclination angle of the thermosyphon by modifying84

the evaporation and condensation correlations.85

While there is a considerable amount of literature on passive thermosyphons86

[33, 34, 35, 36, 37] and conventional freeze-pipes [38, 39, 40, 41, 42], few studies87

have considered hybrid thermosyphons as an AGF technique. Haynes et al. [43]88

performed a series of experiments on hybrid thermosyphons to study the effects89

of the coolant inlet temperature and flow rate on the equivalent thermal conduc-90

tance of hybrid thermosyphons. The maximum inlet temperature and minimum91

inlet flow rate of the coolant were found to be -16 [◦C] and 0.24 [kg s−1], respec-92

tively, to obtain an equivalent thermal conductance of 3 [W m−1K−1] or greater93

— which is considered adequate for most foundation stabilization applications in94

Alaska [43]. Wagner and Yarmak [44, 45] investigated the quickness of frozen95

barrier formation by conducting several tests in Alaska. The frozen body thick-96

ness reached to 1 [m] during the active operation in the summer which lasted for97

60 days, and then extended to 3.8 [m] during the passive operation in the winter98

season.99

Previous work on hybrid thermosyphon technologies of AGF applications is100

limited to the experimental level. Nevertheless, there is a need for mathematical101
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modeling of these technologies to better understand the underlying physics of their102

operation and thereby improve their performance in the field. As a consequence,103

the aim of our work is to develop a reliable coupled heat transfer model of hybrid104

thermosyphons. To this end, a thermal resistance model will be developed and105

validated against experimental measurements from the literature and field data106

from the Giant Mine technical reports [3, 46]. The model will be then employed107

to study the influence of various operational parameters on the performance of108

hybrid thermosyphons, namely the frozen ground expansion and the cooling load109

of refrigeration plants.110

The paper is organized as follows. First, the mathematical model is presented,111

including a detailed derivation of the thermal resistance model of hybrid ther-112

mosyphons. After that, the model is validated against experimental measurements113

from the literature and field data from the Giant Mine tests. Finally, a set of para-114

metric studies are conducted to analyze the design of hybrid thermosyphons115

2. Mathematical model formulation116

In this section, the governing equations and boundary conditions of the hybrid117

thermosyphon model are presented.118

2.1. Governing equations119

The computational domain of the present study is made up of the ground,120

a porous medium that consists of rock and water. Throughout this study, the121

saturated porosity of the ground does not exceed 10%, and the thermophysical122
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properties of the rock and water are very close to that of the experimental study of123

Zueter et al. [39]. For this range of properties, Zueter et al. [39] determined that124

the local thermal equilibrium (LTE) assumption [47] is valid. Energy conservation125

in the ground can thus be expressed by balancing the diffusive and transient terms126

of the temperature field considering a one-temperature model as127

∂(ρcpT )
∂t

= ∇ · (k∇T ) + S , (1)

where ρcp and k are the equivalent heat capacity and thermal conductivity of the128

ground (rock and water), while the source term, S , is added to include the latent129

heat of the water and is expressed as130

S = −
∂(γρL)
∂t

, (2)

where ρL is the equivalent volumetric latent heat of the ground and γ is the liquid131

fraction calculated based on the temperature as132

γ =



0 , T < Tsol;

T−Tsol
Tliq−Tsol

, Tsol ≤ T ≤ Tliq;

1 , T > Tliq,

(3)
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where Tsol and Tliq denote the solidus and liquidus temperatures, respectively. The133

equivalent latent heat content is related to the ground porosity, φ, as134

ρL = φρwLw, (4)

where ρw and Lw are the density and latent heat of water, respectively.135

2.2. Boundary conditions136

The thermosyphon boundary condition is the source of heat extraction from137

the ground and will therefore be analyzed separately in Section 2.2.1. After that,138

mathematical modeling of the other boundaries will be presented in Section 2.2.2.139

2.2.1. Hybrid thermosyphon boundary condition140

The thermosyphon boundary condition is modeled with the aid of a thermal141

resistance network, as shown in Fig. 2(d) and listed below:142

1. Evaporator wall (R1): The conductive thermal resistance of the evaporator143

wall, R1, is given as [48]144

R1 =
1

2πksteel`e
ln

(Do,e

Di,e

)
, (5)

where ksteel, `e, Do,e, and Di,e are the thermal conductivity of steel, length145

of the evaporator section, outer diameter of the evaporator wall, and inner146

diameter of the evaporator wall, respectively.147

2. Liquid film and pool boiling (R2,3): Immura’s correlation [25] for the heat148

transfer coefficient of combined liquid film and pool boiling is adapted in149

11



this study as it has been employed and verified in multiple studies [49, 50].150

The overall heat transfer coefficient is expressed as151

h2,3 = 0.32
[
ρ0.65

f k0.3
f c0.7

p, f g
0.2q0.4

e

ρ0.25
g h0.4

f gµ
0.1
f

]( Ps

Patm

)0.3
(6)

where g, µ, h f g, and Patm are the gravitational acceleration, viscosity, latent152

heat of vaporization, and atmospheric pressure, respectively. The subscripts153

f , g, and s refer to the liquid, gas, and saturated state of the refrigerant154

inside the thermosyphon. The overall boiling thermal resistance, R2,3, can155

now be determined as156

R2,3 =
1

h2,3Ai,e
, (7)

where Ai,e is the area of inner wall of the evaporator section.157

3. Film condensation (R4): The heat transfer coefficient correlation derived by158

Nusselt [51] is selected due to its agreement with the laminar flow regime159

of this study, as well as its frequent reliability [52]. The film condensation160

heat transfer coefficient is given as161

h4 = 0.925
[k3

fρ
2
f gh f g

µ f qn`n

]1/3

. (8)

where qn is the heat flux through the condenser while Ln is the length of the162

condenser. The condensation thermal resistance can then be calculated as163

R4 =
1

h4Ai,n
, (9)
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where Ai,n is the area of the inner side wall of the condenser.164

4. Condenser wall (R5): The conductive thermal resistance of the condenser165

wall is given as [48]166

R5 =
1

2πksteel`n
ln

(Do,n

Di,n

)
, (10)

where Do,n and Di,n are the height of the condenser section, the outer di-167

ameter of the condenser wall, and the inner diameter of the condenser wall,168

respectively.169

5. Air-fin (R6): The Nusselt number of air flow across the condenser relies on170

the Reynolds number of the wind, Rea, as [48, 53]171

Nua =
h6Do,c

ka
=



η f in 0.989Re0.330
a Pr1/3

a , Rea < 4;

η f in 0.911Re0.385
a Pr1/3

a , 4 ≤ Rea < 40;

η f in 0.683Re0.466
a Pr1/3

a , 40 ≤ Rea < 4000;

η f in 0.193Re0.618
a Pr1/3

a , 4000 ≤ Rea < 40000;

η f in 0.027Re0.805
a Pr1/3

a , 40000 ≤ Rea,

(11)

where η f in is the fin efficiency, which is a function of the fin geometry and172

determined to be 65% according to the charts of Gardner [54, 48] for circu-173

lar fins. The thermal resistance of the air flow across the condenser can now174

be calculated as175

R6 =
1

h6A f in
, (12)

where A f in is the finned area of the condenser. Heat convection from the176
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unfinned part is neglected due to its small contribution in the heat transfer177

as compared with the finned part.178

6. coil-condenser (R7): In hybrid thermosyphons, helical coils are compactly179

wrapped around the active condenser region. Active cooling is achieved by180

pumping a refrigerated liquid into these coils to condense the refrigerant181

and force the thermosyphon evaporation/condensation cycle. These coils182

are well insulated to maximize heat extraction from the condenser and min-183

imize heat gain from the ambient air to the coolant. Heat transfer efficiency184

between such insulated coils and thermosyphons, ηhc, is assumed to be 90%185

as measured experimentally by Wang et al. [55].186

The Nusselt number correlation proposed by Seban and Mclanghin [56, 57]187

is adapted as its range of Reynolds number, Prandtl number, and Deans188

number is within the limits of our study. This correlation is expressed as189

Nu =
h7Dc

kc
= 0.065 f 0.33

c Re0.66
c Pr0.33

c , (13)

where fc is the friction factor of the coolant flow calculated as [58]190

fc =
64
Rec

{
1 −

[
1 −

(11.6
Dnc

)]0.45}−1

(14)

where Dnc is the Deans number. The thermal resistance of the helical coils191

can then be calculated as192

R7 =
1

ηhch7Ac
, (15)
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where Ac is the heat transfer area of the coils.193

After calculating each individual thermal resistance, the equivalent thermal194

resistance is determined. The evaluation of the equivalent thermal resistance de-195

pends on the status of the three switches shown in Fig. 2. S 2 and S 3 are user-196

controlled representing active and passive cooling regimes. During passive oper-197

ations in cold seasons, S 3 is switched on to activate passive cooling while S 2 is198

switched off indicating that the refrigeration plant is inactive. On the other hand,199

during warm seasons, S 3 is switched off while S 2 is switched on. The coils are200

often designed to be large enough to ensure that the refrigerant condenses in the201

active condenser section before reaching the passive condensers. Unlike S 2 and202

S 3, S 1 is not user-controlled; it represents the status of the natural convection cy-203

cle of the refrigerant inside the thermosyphon. Particularly this switch is opened204

only when the heat sink temperature (air or coolant temperature) is higher than205

that of the evaporator wall temperature.206

Once the equivalent thermal resistance, Req, is found, the equivalent heat flux207

across the evaporator wall, qe, can be determined as208

qe =
Qtotal

Ae
=

T∞ − Te

ReqAe
, (16)

where subscript e refers to the outer evaporator wall, and T∞ represents the heat209

sink temperature. The thermal boundary condition along the evaporator wall can210

then be expressed as211

−k
∂T
∂n

∣∣∣∣∣
e

= qe, (17)
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where n is a normal vector to the boundary.212

2.2.2. Ground boundary conditions213

In addition to the hybrid thermosyphon boundary, other boundary conditions214

are mathematically modeled. An axi-symmetric boundary is set in most of the215

simulations where the variations of the temperature field in the angular direction is216

negligible as compared with that of the radial and axial directions. This boundary217

is often considered in simulations that involve a single thermosyphon in an axi-218

symmetric computational domain. In these simulations, the change of temperature219

in the radial direction equals to zero along the axis of symmetry as [48]220

∂T
∂r

∣∣∣∣∣
axis

= 0. (18)

Along the bottom boundary, geothermal heat flux is set as [48]221

−k
∂T
∂n

∣∣∣∣∣
bottom boundary

= qgeo, (19)

where qgeo = 0.06 [W/m2].222

Boundary independence study was conducted at the far boundary from the223

evaporator to ensure that this boundary has no effect on the temperature field near224

the thermosyphon. The study shows that a distance of 50 [m] is sufficient to obtain225

a boundary independent solution. The far boundary is an insulated wall as226

∂T
∂n

∣∣∣∣∣
f ar boundary

= 0. (20)
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The top boundary of field simulations is subject to atmospheric convection as227

−k
∂T
∂n

∣∣∣∣∣
top boundary

= h(T |top boundary − Ta), (21)

where Ta is the air temperature and the atmospheric heat transfer coefficient is set228

at 3 [W/(m2K)].229

3. Choice of numerical parameters230

The spatial and transient terms of the governing equation of the ground (Eq. (1))231

were discretized by second order upwind schemes. The non-linear equations of232

the thermal resistance network model were solved inside a set of user-defined-233

functions (UDF) iteratively, in conjunction with the iterative solution of the gov-234

erning equations of the ground and other boundary conditions listed in Section 2.2.2.235

ANSYS Fluent 18.1 was used to compute the equations as prescribed by our236

model and UDFs.237

Prior to validating our model and running the parametric studies, mesh in-238

dependence study was conducted and ensured. The selected mesh size and type239

greatly relies on the simulation scenario as we have conducted various 3D and 2D240

simulations of different length scales. In all cases, the mesh and geometry were241

generated with the aid of ANSYS Fluent 18.1.242
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4. Validation243

The model was validated in three consecutive stages. First, the passive cooling244

regime was validated against an experimental study from the literature [59]. After245

that, this passive model was extended to field scale and validated against field246

data from the Giant Mine test study [3]. Lastly, the active cooling regime was247

incorporated to the passive cooling model, and the combined model was validated248

against field data from the Giant Mine freezing optimization study (FOS) [46].249

4.1. Passive cooling validation against an experimental study250

Mathematical modeling of the passive cooling mode was validated against251

the experimental study of Pei et al. [59]. The experimental setup consisted of a252

thermosyphon filled by ammonia, a 9.8% porous soil, and fans, as shown in Fig. 3.253

Prior to starting the experiment, the soil temperature was uniformly set at 16 [◦C]254

as recorded by multiple thermocouples. After that, air was blown by a fan for 72255

hours at a speed of 2.8 m/s and a sinusoidal temperature of256

T [◦C] = −12 sin
( 2π
216

t[hr]
)
. (22)

The transient temperature data of three thermocouples, shown in Fig. 3, were257

reported. More details about the experiment can be found in [59].258

Very good agreement is noted between the results of our mathematical model259

and the experimental measurements, as shown in Fig. 4. The sinusoidal behavior260

of the temperature profile is caused by the sinusoidal variation of the air tempera-261

ture, as noted from Eq. 22. The thermosyphon extracts heat from the ground when262
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the air temperature is lower than the evaporator temperature, resulting in reduc-263

tion of ground temperature. Nevertheless, as the thermosyphon is inactive when264

the air temperature is higher than the evaporator wall temperature (S 1 opens), the265

temperature of the ground near the thermosyphon increases due to the incoming266

heat from the surrounding warmer ground. The small time lag between the nu-267

merical results and the experimental data of the ground temperature is attributed268

to the uncertainty of the thermal diffusivity of the sand and exact phase change269

temperature of the water content.270

4.2. Passive cooling validation against the Giant Mine field test study271

Although thermosyphons have been used in the AGF industry for many decades272

prior to the Giant Mine Remediation Project, most of the applications have ther-273

mosyphons installed closer to the ground surface. However, the arsenic chambers274

which need to be frozen at the Giant Mine are 75 meters deep with one extra zone275

requiring thermosyphons to be 140m deep. For this reason, a preliminary exper-276

imental study was initiated at the Giant Mine in 2002 to ensure the capability of277

thermosyphons to extract heat over longer depths.278

The field experiment involved a 102.1[m] deep thermosyphon (refer to Ta-279

ble 1 for details on the geometry [60]) embedded in layered ground. Specifically,280

the top five meters of the ground was overburden (clay and silt mixture), sitting281

above bedrock (greenstone). The thermosyphon was charged by pressurized car-282

bon dioxide rather than ammonia since the latter tends to form non-condensable283

gases that occupy significant portions of the condenser and thereby reduce the284
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condenser efficiency. In addition, ammonia was avoided since it poses signifi-285

cant health and safety risks on the workers. The thermophysical properties of the286

overburden, bedrock, and carbon dioxide are listed in Table 2. Approximately287

20 thermocouples were fixed either directly to the outer wall of the evaporator288

to monitor heat transfer across the ground-pipe contact, or within an adjacent in-289

strumentation hole to monitor cooling in the ground. This hole was originally290

targeted to be 2 meters away from the thermosyphon, but vertical alignment sur-291

vey revealed that the distance between the thermosyphon and the thermocouples292

ranges between 2.1 [m] and 2.8 [m], as shown in Fig. 6(a). After completing the293

installation, the field experiment started on the fifth of March 2002, and the initial294

results were reported on the third of May 2002. The temperatures of the ground295

and evaporator wall in these two dates were measured, as shown in Fig. 6(b) and296

Fig. 6(c), respectively.297

The accuracy of our mathematical model was tested against the field data mea-298

surements. The air temperature and speed data were not averaged (curve-fitted)299

as Fong et al. [61] found that heat transfer calculations are highly influenced by300

the instantaneous variations of environmental data. Instead, hourly data measured301

by the Giant Mine weather station [62] were adopted in this study, as shown in302

Fig. 5. The results demonstrated the ability of the mathematical model to antici-303

pate the evaporator and ground temperatures in field dimensions. The temperature304

of the ground 5 meters below the surface is noted to be slightly warmer than that305

of 10 meters below the surface due to the presence of the highly porous overbur-306

den at the top. The significance of layered ground modeling is studied in detail by307
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Zhou et al. [63]. Overall, the ground temperature decreased by around 0.5 [◦C]308

throughout the depth of the thermosyphon. Such a small difference in tempera-309

ture is expected since only a single thermosyphon was operated during relatively310

warm months (as compared to winter seasons) and for a short period of time.311

Still, this study successfully achieved its primary objective of operating deep ther-312

mosyphons in AGF applications.313

4.3. Hybrid cooling validation against the Giant Mine field data314

Following the success of deep lone thermosyphons test, the freezing perfor-315

mance of multiple AGF techniques were investigated at full field scale around316

the perimeter of one of the smaller arsenic chambers, as shown in Fig. 7. From317

this study, we have selected group F to validate our hybrid thermosyphon model.318

This group includes four hybrid thermosyphons and three instrumentation holes319

as shown in Fig. 7. The thermosyphons were initially set on the passive cool-320

ing mode from the 5th of March 2011 till the 25th of May 2011, as noted from321

Fig. 8(a). From this date onward, active cooling mode was adopted for a period of322

around 7 months. A type of hydrocarbon refrigerants called R-507 was chosen to323

be the coolant of the active cooling regime because of its environmentally friendly324

and non-corrosive qualities. The geometry of the hybrid thermosyphons and the325

thermophysical properties of R-507 [64] can be found in Table 3 and Table 2,326

respectively.327

The results of our mathematical model are in a good agreement with the field328

measurements, as can be seen from Fig. 8(b). During passive operation, the heat329
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flux fluctuated due to the hourly variation of the wind temperature and speed.330

By the end of the passive operation, the air temperature became warmer than331

the evaporator temperature. Consequently the natural convection cycle inside the332

thermosyphon stopped, cutting the heat transfer circuit (the S 1 switch shown in333

Fig. 2(d) is opened) and resulting in a zero heat flux. This led to an increase334

in the ground temperature by the end of the passive regime. Once active opera-335

tion is switched on (S 2 is closed), the heat flux significantly increased, and the336

ground freezing process resumed. The results also show that the ground tem-337

perature dropped faster in the active cooling mode as compared with the passive338

one. This would be the case of such hybrid thermosyphons using coolants run-339

ning at low temperatures (around -35 [◦C]) and high flow rates (20-100 [kg/hr]).340

The small deviations of the third instrumentation hole is likely due to the spatial341

variations of the water content of the bedrock especially near the chamber.342

5. Results and discussion343

In this section, the frozen ground development and cooling load of hybrid344

thermosyphons are investigated. First, the change of the frozen ground profile is345

analyzed for a period of two years. After that, the impact of various parameters346

are investigated to understand and optimize hybrid thermosyphons.347

5.1. Year-round frozen barrier profile348

The extent of the frozen ground profile was tracked on a monthly basis for two349

years, as shown in Fig. 9. Active cooling was switched on during warmer seasons350
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from the 15th April till the 15th of October, thereby operating the thermosyphon351

actively six months a year.352

In the first year, the frozen ground extents increased for two months due to the353

colder climate in January and February. The positive slope of the phase transition354

front was caused by the geothermal gradient of the initial condition. In March,355

the air temperature increased which significantly decreased heat extraction by the356

thermosyphon; consequently, the frozen ground shrank due to heat gain from the357

underlying and surrounding ground. By the end of April, the frozen ground ex-358

panded again as active cooling was activated on the 15th April. In the following359

months, though the active layer (few meters deep from ground surface) thawed360

due to the warm air, the frozen body continued to dilate as long as active cooling361

was operated until the middle of October.362

By the end of October, the frozen ground extent slightly decreased since ac-363

tive cooling was switched off. Despite the cold wind temperature of the winter364

season, the frozen ground tended to contract throughout the passive operation in365

the second year. This could be understood by conducting a simple energy balance366

on the frozen ground based on the first law of thermodynamics:367

Ė f = Ėin − Ėout = Ėr − Ėt − Ės (23)

where Ė f is the transient change of energy of the frozen ground, Ėr is the rate of368

incoming heat from surrounding unfrozen rocks, Ėt is the rate of heat extraction369

of the thermosyphon during passive operation, and Ės is heat extraction/addition370
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from the ground surface. The decline of frozen ground size correlates to a positive371

Ė f indicating that energy added by the surrounding unfrozen rocks is higher than372

that extracted by the thermosyphon. This is primarily attributed to the very low373

temperature of the frozen ground following the active operation due to the low374

coolant temperature (-30 [◦C]). Nonetheless, after switching on active cooling375

again in the middle of April of the second year, the frozen ground expanded again376

in a similar manner of that of the first year.377

In the second year, the extent of the frozen ground is larger at a depth of 10378

meters than on the ground surface even during winters seasons. This indicates379

that the cold energy absorbed by the ground surface (top few meters) in the first380

year was lost due to the summer season heating. On the other hand, the deeper381

portion of the ground stores the cold energy more effectively since it is away382

from the ground surface. At these deeper levels, the cold energy is lost to the383

warmer surrounding ground only which is much less significant than seasonal384

ground thawing observed on the surface.385

5.2. Parametric analysis386

In this section, we will study the impact of different operational parameters of387

hybrid thermosyphons on the frozen ground expansion and the heat extracted by388

hybrid thermosyphons in passive and active modes.389

5.2.1. Coolant temperature390

Reducing the coolant temperature enlarged the frozen ground even during win-391

ter seasons when active cooling was switched off, as shown in Fig.10. This implies392
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that the benefits of active cooling are still realized throughout the year despite its393

intermittent operation. Nonetheless, the transient expansion rate of the frozen394

ground volume lessened as the coolant temperature is reduced, even though de-395

creasing the coolant temperature resulted in a linearly proportional increase in396

the cooling load of active freezing plants, as noted in Table 4. For example, by397

examining winter-time subplots of the first and second years shown in Fig. 10,398

the radius of the frozen ground at a depth of 50 meters expands by 67%, 60%,399

and 50% at coolant temperatures of -20 [◦C], -30 [◦C], and -40 [◦C], respectively.400

This observation indicates that lower coolant temperature consumed more energy401

to over-cool the frozen ground. Accordingly, it might be desirable to intensively402

reduce the coolant temperature (e.g., -40 [◦C]) in early stages of operation to speed403

up the freezing process, but then increase the coolant temperature in subsequent404

years to reduce the cooling load.405

5.2.2. Coolant flow rate406

At the Giant Mine freeze study, a high coolant flow rate was often considered407

to exist between 20 [kg/hr] to 100 [kg/hr], in order to ensure that the coolant408

continued to extract heat throughout the length of the helical coil. Increasing the409

coolant flow rate resulted in higher Reynolds number and Nusselt number, as can410

be noted from Eq. (13). Since the Nusselt number is inversely proportional to the411

thermal resistance of the flow (R7), heat extracted is higher at larger flow rates,412

leading to a larger frozen ground as shown in Fig. 11. Specifically, after two years413

of operation, the extent of frozen ground at a flow rate of 100 [kg/hr] was larger414
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by 7% and 25% as compared to that of 60 [kg/hr] and 20 [kg/hr], respectively415

(these percentages are calculated at a depth of 50 meters). Nevertheless, as more416

heat was extracted at higher flow rates, the resulting cooling load was higher, as417

mentioned in Table 4.418

5.2.3. Active cooling operation period419

In the Giant mine, the coolant often runs at low temperature of around -35420

[◦C] and high flow rates of around 60 [kg/hr]. Active cooling is therefore usu-421

ally larger than passive cooling despite the cold temperature of the ambient air,422

as demonstrated in Fig. 8. A larger frozen ground is therefore expected as the423

active cooling operation period, τ, increases, as shown in Fig. 12. Specifically,424

the frozen ground radius at a depth of 50 meters increased by 30.9% and 63.9%425

when τ was increased from 4 months to 6 months and 8 months, respectively.426

Longer τ however indicates that the refrigeration plants were operated for a longer427

time. Accordingly, the cooling load almost doubled when τ was increased from 4428

months to 8 months, as noted in Table 4. Although the passive operational period429

at τ = 4 [mo.] is twice as long as that of τ = 8 [mo.], the increase in passive energy430

extraction amounts to 25% only after two years of operation. This is attributed to431

the warm air temperature in the spring and fall seasons, causing the thermosyphon432

to be almost idle for around 3 months per year as implied by Fig. 13(b).433

In reality, several hybrid thermosyphon applications involve a series of adja-434

cent thermosyphons working together, rather than a single thermosyphon, to cre-435

ate a frozen barrier, as shown in Fig. 13(a). The spacing between them is designed436
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according to the desired duration to reach a particular δ, which is the laterally out-437

ward frozen ground thickness from the row of the pipes as shown in Fig. 13(a). In438

other words, freezing needs to continue until a minimum desired δ is reached. As-439

suming the desired δ to be 6[m], running the thermosyphons actively for 8 months440

(τ = 8 [mo.]) could achieve this objective in 4.5 months, as can be seen from441

Fig. 13(c). Similarly, when τ = 4 [mo.], 6.5 months were needed to obtain δ =442

6[m]. On the other hand, if the thermosyphons were operated passively only with-443

out the use of mechanical refrigeration, δ would extend to 6 [m] after more than444

two years. Evidently, adding mechanical refrigeration units to the thermosyphon445

substantially speed up the freezing process.446

Once the desired δ is reached, active cooling units may no longer be needed447

especially in arctic regions, where the ambient air temperature is low enough to ef-448

fectively operate the thermosyphon passively. Fig. 13(c) shows that passive cool-449

ing is sufficient to maintain the desired δ after around two years of operation even450

if it was not preceded by active cooling. This observation is important as main-451

taining long active operation period for long lasting AGF systems, such as the452

arsenic containment of the Giant Mine, can result in additional cooling load of453

around 20 [MWh] per year per thermosyphon, as can be seen from Fig. 14(a).454

Furthermore, the evaporator wall temperature becomes very low after few years455

of operation resulting in a significant decrease during passive heat extraction at456

longer τ, as shown in Fig. 14(b). Consequently, in the case of the Giant Mine,457

active cooling would be needed in the early stages to accelerate the formation of458

the desired frozen ground in the first year, but the cold ambient temperature could459
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be reliably utilized to passively run the thermosyphon and maintain the desired460

frozen body thickness without running refrigeration plants in the following years.461

5.2.4. Helical coil curvature ratio462

The curvature ratio, R∗, of the helical coil is defined as the radius of the ther-463

mosyphon divided by the radius of the helical coil. In this subsection, the cur-464

vature ratio of the coil was changed from 5 to 15 by changing the coil diameter465

given the same coil height and thermosyphon diameter. Increasing the curvature466

ratio enhances the active freezing process as can be depicted from Fig. 15. This467

is attributed to the higher Reynolds number and thereby heat transfer coefficient468

of the coolant flow at larger curvature ratios. Particularly, the heat transfer coef-469

ficient rises from 42 [W/m2k] at R∗ = 5 to 236 [W/m2k] at R∗ = 15. The higher470

heat extraction at larger R∗ resulted in larger cooling load as can be seen from Ta-471

ble 4. Despite the enhanced heat extraction at higher curvature ratios, increasing472

R∗ led to a longer coil which may increase the overall coolant temperature (de-473

pending on the mass flow rate) and accordingly reduce heat extraction from the474

ground. Thus, these results may somewhat overestimate the enhancement of heat475

extraction at higher curvature ratios, especially at low mass flow rate.476

5.2.5. Number of helical coils477

Varying the number of helical coils was one of the design concerns of hybrid478

thermosyphons in the Giant Mine FOS. For this reason, field testing was con-479

ducted with single-coil thermosyphons and double-coil thermosyphons. It was ob-480

served that a double-coil thermosyphon had a similar thermal effect on the ground481
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as that of a single-coil thermosyphon.482

The results of the present study agree with the field observations. As can be483

seen from Fig. 16, the frozen ground of a double-coil thermosyphon was larger484

by only few centimeters than that of a single-coil thermosyphon. while marginal485

increase was caused by the larger surface area of a double-coil thermosyphon,486

a significant enhancement on the freezing rate would not be possible since heat487

conduction from the ground is slower than heat convection of the coils. However,488

the influence of doubling the number of coils could be larger if shorter coils are489

considered or if the length of the evaporator piping is extended.490

6. Conclusion491

A hybrid thermosyphon is an artificial ground freezing (AGF) technique that492

balances climate induced cooling, mechanical cooling and ground heat extraction.493

During cold seasons, hybrid thermosyphons operate passively by taking advantage494

of the cold air temperature; nonetheless, during warm seasons, they run actively495

with the aid of refrigeration plants, which refrigerate a coolant that flows around496

the thermosyphon through a helical coil. In this study, a new mathematical model497

of hybrid thermosyphons has been developed for ground freezing applications.498

Particularly, a conjugate thermal resistance network model was derived to find499

the net heat flux extracted by a hybrid thermosyphon. The equivalent heat flux500

in the condenser section of a thermosyphon was then applied to the ground heat501

extraction, which is itself modeled by a two-phase transient energy conservation502

equation. This conjugate model was firstly validated against experimental mea-503
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surements from the literature. After that, the model was extended to field dimen-504

sions and then further validated against field data from the Giant Mine preliminary505

tests and freeze optimization studies.506

Following the validation of our thermal resistance model, a set of paramet-507

ric studies were carried out to analyze and optimize the operational parameters508

of hybrid AGF systems. First, decreasing the coolant temperature and increasing509

the coolant flow rate enlarged the frozen ground, but decreasing the coolant tem-510

perature to below -30 [◦C] resulted in overcooling the frozen ground at the cost511

of unnecessary energy consumption. Second, increasing active operation period512

might be desired in the first year of operation; however, shorter operation peri-513

ods (around 3 months) or fully passive operation can maintain the targeted frozen514

ground in the following years with a lesser energy consumption. Third, doubling515

the number of coils does not provide significant freezing advantage for the evap-516

orator pipe lengths considered here, especially if long coils (more than 2 meters517

high) are selected. Lastly, the cooling rate of thermosyphons is highly influenced518

by the curvature ratio of the coils (helical coil curvature diameter divided by the519

coil diameter); particularly, tripling the curvature ratio from 5 to 15 increased the520

heat transfer coefficient of the coil by one order of magnitude, from 42 [W/(m2K)]521

to 236 [W/(m2K)].522

In our future work, we aim to improve the applied and fundamental aspects523

of this work. We will propose an innovative cold energy storage technology that524

minimizes the need for refrigeration plants. Further, we aim to find the opti-525

mal combination of operational parameters to obtain the optimum frozen ground526
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thickness based on the energy consumption for the Giant Mine.527
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property value
Finned area of passive condenser 39 [m2]
Evaporator outer diameter 73 [mm]
Evaporator thickness 5.3 [mm]
Condenser outer diameter 88.9 [mm]
Condenser thickness 8 [mm]

Table 1: Geometry of the test thermosyphon used in the passive model validation. Details on the
geometry can be found in [60].

Material ρ [kg/m3] cp [J/(kg·k)] k [W/(m·k)] µ [Pa s]
Condensate CO2 [65] 959 2396 0.117 1.09E-4
Vapor CO2 [65] 81.9 1643 18.0E-2 1.42E-5
R-507 [64] 1263 1279 89.1E-2 2.61E-4
Frozen overburden [3] 1867 1158 2.09 -
Unfrozen overburden [3] 1900 1564 1.40 -
Frozen rock-1 [3] 2958 784 2.61 -
Unfrozen rock-1 [3] 2959 792 2.59 -
Frozen rock-2 [46] 2926 814 3.45 -
Unfrozen rock-2 [46] 2927 822 3.44 -

Table 2: Thermophysical properties of the materials used in the Giant Mine tests. Rock-1 and
rock-2 refer to the bedrock of the passive experiment and the bedrock of the hybrid experiment,
respectively. The water content is 1% of all field simulations [3, 46].

property value
Finned area of passive condenser 39 [m2]
Thermosyphon outer diameter 114 [mm]
Thermosyphon thickness 10 [mm]
Helical coil outer diameter 10.3 [mm]
Helical coil thickness 1.7 [mm]
Helical coil height 2.4 [m]

Table 3: Geometry of hybrid thermosyphons used in our calculations [46].
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Simulation E(t = 1[yr])
[MWh]

E(t = 1[yr])
[MWh]

E(t = 2[yr])
[MWh]

E(t = 2[yr])
[MWh]

active passive active passive
Base-case 30.8 17.1 60.5 33.4
Tc = −20[◦C] 20.7 17.4 40.5 34.4
Tc = −40[◦C] 40.8 16.8 80.3 32.6
ṁc = 20[kg/hr] 25.1 17.3 49.3 34
ṁc = 100[kg/hr] 33.5 17.0 65.7 33.2
τ = 4[mo.] 21.0 18.2 41.3 35.7
τ = 8[mo.] 40.5 15.1 79.4 28.7
R∗ = 5 13.4 17.7 26.6 35.1
R∗ = 15 38.8 16.9 76.1 32.8
double-coil 42.2 16.8 82.6 32.5

Table 4: Active and passive energy extracted by the coolant in different simulation scenarios.
The simulation parameters of the base case are Tc = −30[◦C], ṁc = 60[kg/hr], τ = 6 [months],
R∗ = 10, and a single helical coil.
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Figure 1: The operating principle of hybrid thermosyphons in artificial ground freezing appli-
cations: a) Active operation employing a refrigeration plant during warm season and b) passive
operation utilizing cold air temperature during cold seasons (not-to-scale).
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Figure 2: Progression of thermal resistance models of thermosyphons: a) The first passive cooling
model developed by Yang et al. [15, 16, 17], b) passive cooling model assuming thermosyphon
as a super-conductor [18, 19, 20, 21, 22, 23], c) the most widely used passive cooling model
[24, 26, 27, 28, 29, 30, 31, 32], and d) hybrid cooling model of the present study (not-to-scale).
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Figure 3: Non-to-scale schematic of the experimental setup of Pei et al. [59]. The blue circles in-
dicate the thermocouples (TC) positions (please refer to Fig. 1 to find the labels of other symbols).
TC-1 is fixed at the outer wall of the evaporator, while TC-2 and TC-3 are displaced 0.2 [m] and
0.5 [m] from the thermosyphon, respectively. The ground volume is 2.5 [m] × 1.84 [m] × 1.0 [m].
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Figure 4: Validation of the present model against the experimental study of Pei et al. [59] a) At the
evaporator wall (TC-1), b) horizontal distance of 0.2 [m] from the evaporator wall (TC-2), and c)
horizontal distance of 0.5 [m] from the evaporator wall (TC-3). The position of the thermocouples
is shown in Fig. 3.
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Figure 5: Hourly air data measured by the Giant Mine weather station [62]: Air temperature data
of the a) passive thermosyphon test and b) hybrid thermosyphon test, and air speed data of the c)
passive thermosyphon test and d) hybrid thermosyphon test.
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Figure 6: Validation of the passive cooling model of the present study against the Giant Mine field
test [3]: a) Displacement of the instrumentation hole from the thermosyphon, b) Initial ground
temperature as measured by the thermocouples and then curve-fitted, and c) validation of our
mathematical model (red line) against the experimental measurements of the temperature on the
thermosyphon wall (o) and in the instrumentation hole (×).
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Figure 7: Freeze optimization study (FOS) of the Giant Mine surrounding one of the arsenic cham-
bers included 12 different groups to compare between various AGF techniques [46]. In this study,
group F is selected which involves four hybrid thermosyphons (HT) and three instrumentation
holes (IH). Non-to-scale coordinates of each HT and IH are provided in the zoomed figure with
respect to an arbitrary reference point.
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Figure 8: Mathematical modeling results of the Giant Mine Field tests [46]: a) Averaged heat flux
extracted by the four hybrid themrosyphons during passive and active operations and b) validation
of the hybrid model of the present study against the temperature measurements recorded by three
different instrumentation holes (IH), shown in Fig. 7. The heat flux of each thermosyphon is
calculated based on the heat-flux boundary condition coupling the ground with the thermosyphons
(Eq. (17)). The calculated heat flux of each thermosyphon was found to be almost identical due
to their identical operational parameters although there are very small differences because of their
different spatial positions.
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Figure 9: Monthly deformation of the frozen ground throughout the operation of a single hybrid
thermosyphon for a period of two years. The dashed line represents the axis of symmetry of the
thermosyphon and the computational domain. Light blue corresponds to the frozen ground in the
first year of each month, while dark blue shows the increased frozen ground volume in the second
year of the same month. The operational parameters are: Tc = −30[◦C], ṁc = 60[kg/hr], and τ = 6
[months], whereas the geometry of helical coil is given in Table 3. The results are plotted at the
end of each month.
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Figure 10: The effect of coolant temperature on the frozen ground volume during summer seasons
(1st of July) and winter seasons (31st of December): a) Tc = −20 [◦C] - summer, b) Tc = −20 [◦C]
- winter c) Tc = −30 [◦C] - summer, d) Tc = −30 [◦C] - winter, e) Tc = −40 [◦C] - summer, f)
Tc = −40 [◦C] - winter. Other operational parameters and description of the figure colors can be
found in the caption of Fig. 9.
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Figure 11: The effect of coolant flow rate on the frozen ground volume during summer seasons (1st

of July) and winter seasons (31st of December): a) ṁc = 20 [kg/hr] - summer, b) ṁc = 20 [kg/hr]
- winter c) ṁc = 60 [kg/hr] - summer, d) ṁc = 60 [kg/hr] - winter, e) ṁc = 100 [kg/hr] - summer,
f) ṁc = 100 [kg/hr] - winter. Other operational parameters and description of the figure colors can
be found in the caption of Fig. 9.
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Figure 12: the effect of active cooling operational period per year, τ, on the frozen ground volume
during summer seasons (1st of July) and winter seasons (31st of December): a) τ = 4 [months] -
summer, b) τ = 4 [months] - winter c) τ = 6 [months] - summer, d) τ = 6 [months] - winter, e)
τ = 8 [months] - summer, f) τ = 8 [months] - winter. Other operational parameters and description
of the figure colors can be found in Fig. 9.
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Figure 13: Thermal analysis on the influence of active cooling operational period per year, τ,
when multiple thermosyphons are adjacent to each other. a) A non-to-scale schematic illustrating
the lateral thickness of the frozen ground, δ. The gray circles represent thermosyphons while blue
and brown colors indicate frozen and unfrozen ground. b) Transient heat flux extracted by the
thermosyphons, and c) transient lateral ground thickness at different τ (τ = 0 indicates a fully
passive operation). All the results plotted in this figure and Fig. 14 are obtained by simulating
multiple thermosyphons in a straight row as shown in sub-figure (a).
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Figure 14: Influence of active operation period per year, τ, on the a) active, and b) passive heat
extraction from the ground by every thermosyphon when multiple thermosyphons are working
together as shown in Fig. 13(a) (τ = 0 indicates a fully passive operation).
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Figure 15: The effect of the curvature ratio of the helical coil, R∗, on the frozen ground volume
during summer seasons (1st of July) and winter seasons (31st of December): a) R∗=5 - summer, b)
R∗=5 - winter c) R∗=10 - summer, d) R∗=10 - winter, e) R∗=15 - summer, f) R∗=15 - winter. Other
operational parameters and description of the figure colors can be found in the caption of Fig. 9.
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Figure 16: The effect of the number of helical coils on the frozen ground volume during summer
seasons (1st of July) and winter seasons (31st of December): a) single coil - summer, b) single
coil - winter c) double coil - summer, d) double coil - winter. Other operational parameters and
description of the figure colors can be found in the caption of Fig. 9.
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