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Super-long thermosyphons exceeding 100 m are being employed more frequently in artificial ground
freezing (AGF) applications. In this study, we develop a fully-conjugate computational-fluid-dynamics
(CFD) model to fundamentally analyze the heat extraction capacity and profile of super-long ther-
mosyphons in AGF. The CFD model couples a heterogeneous condensation/evaporation mass transfer
model inside the thermosyphon with thermosyphon-pool hydrostatic pressure distribution and heat dif-
fusion from the ground. The heterogeneous model also considers the kinetic energy required for bubble
nucleation and has been validated against experimental studies from the literature. Three main param-
eters have been investigated: 1) the filling ratio, 2) the charge pressure inside the thermosyphon, and
3) the wind temperature. The results reveal a no-boiling-zone below 10-25 m of pool surface. Further,
the charge pressure significantly affect the start-up of the thermosyphon. Lastly, lower wind tempera-
ture extracts more heat from the ground in a qualitatively similar manner (similar heat flux profile along
thermosyphon wall) to that of higher wind temperature. Overall, the results of this study provide funda-
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mental understanding of the performance of super-long thermosyphons in AGF.
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1. Introduction

Two-phase-closed-thermosyphons (TPCT) are heat transfer de-
vices of simple construction with no moving parts. While they
have been firstly invented by by Perkin and Buck by the end of the
nineteenth century [1,2], Erwin Long (an Alaska based engineer)
obtained the US patent for successfully employing TPCT in artificial
ground freezing (AGF) systems in 1965 [3]. The first known field
installation of these devices dates back to 1960 for foundations
stabilization of communication sites at Aurora (Manitoba, Canada)
and Glenallen (Alaska, US) [4]. Since then, TPCT have attracted a
worldwide interest especially in cold regions due to their passive
ability to utilize the available cold wind to freeze the ground. In
the 1970s, 120,000 TPCT were installed to support the 800-miles-
long Trans-Alaska pipeline built on continuous and discontinuous
permafrost regions [5]. In China, 20,000 TPCT were installed be-
tween 2006-2009 to raise the permafrost table underlying the
142-km-long Chaidaer-Muli railway [6]. Further, TPCT are widely
used across Qinghai-Tibet Plateau, China, to protect the underlying
permafrost of railways [7], roadways [8], and power transmission
towers [9,10]. The vast majority of present TPCT in permafrost pro-
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tection applications extend to around 5-30 m below the ground
surface. Nevertheless, much deeper TPCT at the Giant Mine Reme-
diation Project are needed to contain arsenic waste stored in un-
derground chambers. Particularly, 706 deep thermosyphon, in ad-
dition to 152 shallow ones, will be installed to freeze the ground
around the contaminated chambers and, thus, prevent arsenic leak-
age [11]. The deep TPCT can extend to 100-160 m below the
ground surface. The multiphysics boiling and condensation phe-
nomena of deep thermosyphons is different from that of shallow
ones.

A TPCT has two main sections: 1) evaporator - embedded in
ground and 2) condenser - exposed to cold air. A refrigerant in-
side the TPCT absorbs heat from the ground in the evaporator
section and evaporates as a result. It then flows upwards to-
wards the condenser section, where it exudes the absorbed heat
to the ambient air as shown in Fig. 1(a). Upon releasing the
heat, it condenses and falls down towards the evaporator sec-
tion, thus, creating a continuous cycle of heat absorption and re-
lease. Thermosyphon-based AGF operation is a multi-scale and
multi-physics problem with two aspects: 1) TPCT condensation-
evaporation cycle and 2) heat diffusion in the rock. In shallow
thermosyphons, the boiling temperature across the evaporator is
almost uniform due to the relatively uniform pressure distribu-
tion across the liquid pool, which is almost equivalent to the over-
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Latin letters

A Area [m?]

p Specific heat capacity [J kg~! K-1]

f Friction factor [-]

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

hye Specific latent heat of evaporation [J kg~1]

k Thermal conductivity [W m~1 K-1]

L Specific latent heat of water freezing/thawing [J
kg™1]

Mer Mass transfer rate from liquid to vapor [kg m™3 s—!]

Nu Nusselt number [-]

Pr Prandtl number [-]

q Heat flux [W m~2]

S Source term (unit depends on term)

T Temperature [K]

u Velocity [m/s]

t Time [s]

z Axial coordinate, where z = 0 at the bottom of ther-

mosyphon [m]

Greek letters

1) Porosity [ - ]

y Liquid fraction [ - |

0 Density [kg m—3]

% Dynamic viscosity [Pa s]

o Phase (liquid/gas) fraction| - ]

o Surface tension [N/m]

Subscripts

a Air

e Evaporatoration

fe evaporation/condensation

g Gas state of refrigerant

S Steel

c Condensation

14 Liquid state of refrigerant

r Rock

ref Refrigerant (in liquid or gas states)
sat Saturation state

w Water, in its frozen or unfrozen states

lying vapor pressure. Nonetheless, deeper TPCT contains a much
larger liquid pool which linearly increases the hydrostatic pressure
along the pool depth. The linear increase in the pressure profile
consequently increases the boiling temperature, which creates four
unique zones, as shown in Fig. 1(b). The first zone from the top
is the condensation zone, adjacent to cold wind where the vapor
refrigerant condeses and falls back to the evaporator. The second
zone is the film zone, which extracts heat through a liquid film
falling towards the pool surface. The third zone is the active pool
zone in which the pool boils as heat is extracted from the ground.
The hydrostatic pressure increases linearly with pool depth which
in turn increases the boiling temperature and slows down the boil-
ing rate. When the boiling temperature exceeds the pool tempera-
ture, a dead pool zone is formed, where heat is extracted through
conduction and single-phase natural convection.

Previous scientific research has proposed various mathemati-
cal models of different complexity to model shallow TPCT in AGF
systems. A simplified TPCT cycle by Abdalla et al. [12,13] assumes
a super-conductor thermosyphon and directly correlates ambient
air flow with the heat flux at the evaporator wall. As indicated
by results, size of the thaw settlements in the permafrost regions,
below warm pipelines, was significantly reduced. A thermal re-
sistance network model was derived by Zhang et al. [14] that
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Fig. 1. Not-to-scale schematic illustrating a) the operating principle of passive arti-
ficial ground freezing systems using thermosyphons and b) the various heat extrac-
tion/dissipation zones in the case of deep thermosyphons.

accounted for the thermal resistance of condensation and evapo-
ration cycles. They demonstrated that the frozen grounds below
the Qinghai-Tibet railways and roads are ensured to be protected
with TPCT embankment. The thermal resistance network model
was extended by Pei et al. [15,16] using L-shaped and inclined TPCT
embankments. Yang [17], Cunzhen et al. [18], Yang and Cunzhen
[19] used the same thermal network model, but considered a dif-
ferent boiling phenomena in the film-boiling zone. Recently, Zueter
et al. [20] derived the first thermal network model for hybrid TPCT
that run year-round by employing the cold wind in winter seasons
and refrigeration plants in warmer seasons. Such numerical studies
modeled the expansion of frozen grounds successfully. However,
little attention has been given to full-scale modeling of the boil-
ing and condensation phenomena in thermosyphons, especially in
AGF applications.

Apart from AGF, thermosyphons have been used as a heat
transfer device in several applications such as geothermal en-
ergy extraction [21-23] and electronics cooling [24-26]. Accord-
ingly, CFD studies that examine the boiling and condensation phe-
nomena in thermosyphons have been conducted in the litera-
ture for various purposes. Alizadehdakhel et al. [27] derived a 2D
CFD model for thermosyphons based on the conservation princi-
ples of mass, momentum, and energy. The volume-of-fluid (VoF)
method [28] is employed to model the equivalent thermophysical
properties, as well as the velocity and temperature fields, across
the thermosyphon. The evaporation and condensation rate, Sy,
are modeled using Schepper et al. [29] correlation given as

,T < Ty (condensation);

S _ Be x vy (Tsae —T)/Tsar
e ,T > Ty (evaporation),

,Be Pe Oy (Tsat - T)/Isat
(1)
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Fig. 2. Not-to-scale schematic illustrating a) the computational zones and their boundary conditions and b) part of the mesh highlighting the heterogeneous boiling condi-

tions where nucleation is only allowed in the marked cells right next to steel pipe.

where p, Bc, Be, X, oy, @, and T represent the density, con-
densation frequency, evaporation frequency, mole fraction of heat-
transfer-fluid inside the thermosyphon (water in Alizadehdakhel
et al. [27] experiment), volume fraction of vapor phase, volume
fraction of liquid phase, and temperature, respectively. The sub-
scripts v, ¢, and sat refer to vapor phase, liquid phase, and sat-
uration (temperature), respectively. The mole fraction of water
is added to the condensation source term due to water’s ten-
dency to formulate non-condensable gases. Formation of non-
condensable gases can significantly reduce the long-term con-
denser efficiency as the these gases occupy the top region of the
condenser, thus, decreasing the heat exchange area with the con-
denser heat sink. This was an issue in the operation of ammonia-
filled thermoysphons along the Trans-Alaska pipeline. Currently,
CO, is preferred over ammonia in cold thermosyphon applications
due to its chemical stability.

Fadhl et al. [30] used a similar CFD methodology examining wa-
ter as the working fluid inside the thermosyphon and validated the
model against experimental data however without including the
mole fraction effect on the condensation. This can be attributed

ﬁepzaz (Tsat — T)/Tsar
Sing = 0

Bepeoty (Tsar — T) /Tsar

to the short duration of experimental studies as compared to the
much longer time needed for formation of non-condensable gases.
Fadhl et al. [31] then tested thermosyphon performance with other
commercial refrigerants such as R134a and R404a. The bubbles
formed in these refrigerants are much smaller than that of wa-
ter, possibly due to the different critical nucleation site radius.
Xu et al. [32] considered the effect surface wettability for mini-
thermosyphons in electriconics cooling applications. Kamburova
et al. [33] and Abdullahi et al. [34] numerically investigated the
impact of the condenser capacity and thermosyphon inclination
angle, respectively. Jouhara et al. [35] extended the geometry to 3D
in order to observe the geyser boiling phenomena mathematically.
Kafeel and Turan [36] derived a more complex Eulerian mathemat-
ical model that treats each phase independently.

The discussed CFD studies thus far consider short ther-
mosyphons (less than 10 m) and assume that bubble nucleation is
initiated once the liquid temperature exceeds the saturation tem-
perature. Wang et al. [37] conducted a pioneering study which
considered the excess temperature needed, dT;, to form a nucle-
ation site and thus adjusted the evaporation model as

.1>0ag;>0and T > Ty(gas expansion);
,og =0 and T < T + dT;(no nucleation);
,0g =0 and T > T + dTy(nucleation).

(2)
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This improved model was employed to observe the geyser boiling
phenomena of water [37] and investigate lab-scale thermosyphons
in shallow geothermal applications using ammonia [38]. After
that, Wang et al. [39] derived a novel pressure-based evaporation
model based on the Hertz-Knudsen kinetic theory of gases [40].
The pressure-based model also considers the variation of the
saturation pressure according to the liquid’s temperature. Wang
et al. [41] demonstrated that the variation of the saturation pres-
sure in deep thermosyphons can be quite significant in geothermal
applications due to the huge hydrostatic pressure accumulating at
the bottom of the thermosyphon.

According to the literature presented above, the following re-
search gaps need to be addressed regarding the operation of ther-
mosyphons in artificial ground freezing applications in particular
and other applications in general:

e Full-scale CFD models of thermosyphon-based AGF systems us-
ing CO, have not been conducted yet. Previous AGF literature
model thermosyphons using a simplified thermal resistance
network model assuming ideal evaporation and condensation.
Nonetheless, thermosyphon operation is limited by several op-
erational parameters especially very deep ones such as those
operating at the Giant Mine.

The heterogeneous nature of the boiling phenomena in ther-
mosyphons has not been considered in previous CFD models
where nucleation sites should only be formed alongside the
thermosyphon shell.

e The impact of the initial charge pressure has not yet been in-
vestigated for the case of deep TPCTs (even the shallow ones to
the best of authors knowledge).

Lack of CFD models for thermosyphons exceeding 100 m in
depth, such as those installed at the Giant Mine.

Thus, the primary purpose of this study is to develop a full-
scale CFD model for deep-thermosyphon-based AGF systems cou-
pled with heterogeneous boiling phenomena. Specifically, CFD
model for TPCT is initially developed and then validated against
the experimental results that are available in the literature. The
TPCT CFD model is then coupled with the heat flow in the ground
model from our previous work [42,43] that is principally based
on enthalpy-porosity method [44]. This model is also extended to
field conditions to examine the fundamental and applied impact
of three main parameters: 1) thermosyphon filling ratio, 2) ther-
mosyphon charge pressure, and 3) cold wind temperature. This pa-
per is presented with the following sequence of demonstration:

1. Presentation of a mathematical model for TPCT alongside the
heat-flow-in-the-ground model.

2. Validation of TPCT model with experimental results from the
literature.

3. Examination of the effects of FR, thermosyphon charge pressure
(ICP) and wind temperature in AGF.

2. Mathematical modeling

A 2D CFD model is built following the conservation principles of
mass, momentum, and energy, alongside the heterogeneous bubble
nucleation theory. There are three main computational zones: 1)
ground occupied by porous rocks, 2) steel pipes, and 3) TPCT filled
by a refrigerant, as shown in Fig. 2(a). Mathematical modeling of
each zone in addition to their corresponding boundary conditions
are provided in the next three subsections.

2.1. Mathematical modeling of the ground

The enthalpy-porosity method has been implemented to calcu-
late the temperature profile of the ground. Local thermal equilib-
rium (LTE) is assumed due to low porosity of the ground and small
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Table 1
Thermophysical properties of the materials used in this study. The ground porosity
is 1% according to the measurements of the Giant Mine bedrock [47].

Material p [kg/m?] ¢p [JI(kg-K)] k [W/(m-K)] [Pa s]
Liquid CO, [46] 959 2396 0.117 1.09 x 10
Vapor CO, [46] Ideal gas 1643 18.0x1072 1.42 x 107>
Liquid NH3 [46] 645 4592 89.1 x 102 1.79x104
Vapor NHj [46] Ideal Gas 2613 23.0 x 102 8.19x10°6
Frozen rock [47] 2926 814 3.45 -

Unfrozen rock [47] 2927 822 3.44 -

difference between thermal conductivity of sand particles and wa-
ter. Zueter et al. [42] provided an elaborate justification for us-
ing LTE in AGF applications as employed in multiple AGF studies
[43,45,51]. Thus, the temperature distribution can be calculated us-
ing a one-temperature model given as:

a(,OGC.rT)
— =V (kVT)+5, (3)
where the subscript r refers to the ground rock and the source
term, S, accounts for the latent heat as:

S=—¢pula Y. @)
where pyLy is the volumetric latent heat of water, ¢ is the ground
porosity, and y is the liquid fraction. In the mushy zone where
both liquid water and ice water coexist, y is calculated by linear
interpolation of the temperature with respect to the solidus and
liquidus temperatures. The thermophysical properties of ground
and water can be found in Table 1.

The ground zone is enclosed by several boundaries, as shown in
Fig. 2(a). On the top, the ground is subjected to atmospheric heat
convection given as

- 0T
_krai = h(Tltop boundary — Tu), (5)

top boundary

where T, is the air temperature, h is the atmospheric heat trans-
fer coefficient, and n is a normal vector to the boundary. One the
sides, a boundary independent insulation is modeled 0.5 m away
from the thermosyphon, so that the temperature distribution in
the vicinity of the thermosyphon is not affected by the side bound-
aries. This is mathematically expressed as:

T
?T =0. (6)
n side boundaries
Geothermal heat flux at the bottom boundary is set as:
—dT
_kri = 0.06[W/m?] (7)
on
bottom boundary

Finally, thermal coupling between the ground zone and the steel
zone is given as:

ar, o

E =ks

pipe—ground

(8)

pipe—ground
where the subscript s refers to the steel zone.

2.2. Mathematical modeling of the steel pipe

Heat flow in the steel is calculated as:
ad (ps€psT)
at

The outer wall of the steel pipe in the evaporator section is in con-
tact with the ground. Coupling between the ground and the steel

=V . (ksVT) 9)
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Table 2
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Summary of boiling and condensation cases of Eq. (13).

Bubble nucleation is not allowed until reaching the nucleation temperature.

Heterogeneous nucleation: Bubble nucleation is only allowed on a solid surface.

Case 1:  Expansion (or contraction) of an already developed bubble.
Case 2:

Case 3: Homogeneous nucleation within the bulk liquid is not allowed.
Case 4:

Case 5: Condensation

pipe is already shown in Eq. (8). In the condenser section above
the ground level, convective heat of the wind is modeled as:

aT;

h (Tow—To) = ks%
ow

(10)

where h is the heat transfer coefficient of the wind approximated
at 150 [W/(m2K)], T is the wind temperature, and subscript cw
refers to the outer condenser wall. In this study, three cases of
wind temperature are considered: 1) -15 [°C], 2) -20 [°C], and 3)
-30 [°C]. Along the inner walls of the TPCT, the steel pipe zone is
thermally coupled with the TPCT zone as:

el Tref 0 T

krefi = ks=— (11)

pipe—TPCT pipe—TPCT

where the subscript ref refers to the operating refrigerant.

2.3. Mathematical modeling of the TPCT

Novelty of this work lies in its capability to fully couple the
evaporation and condensation cycles of the TPCT with ground
freezing. The volume-of-fluid (VoF) model has been adapted in this
study due to its superior computational efficiency over other CFD
techniques for modeling evaporation and condensation. In addi-
tion, the VoF model has demonstrated sufficient reliability in many
TPCT studies for non-AGF systems.

The VoF model expresses the continuity of the refrigerant with
two equations for the 1) liquid phase and 2) vapor phase. Continu-
ity equation of the liquid phase is given as:

ad _
&(Maz) + V- (o pll) = —myr, (12)

where 1 is the velocity field and «, is the liquid fraction of the
refrigerant (not to be confused with y and ¢ which are correlated
to the ground domain) whereas subscripts ¢ and v denote the lig-
uid phase and vapor phase, respectively. The liquid to vapor mass
transfer source term (boiling/condensation rate), depends on the
nucleation temperature, Ty, which relies on pressure-dependent
saturation temperature Ty, = f(P). Heterogeneous bubble nucle-
ation, in which bubbles are formed on the wall surface, prevails
over homogeneous bubble nucleation, where bubbles are formed
inside the bulk of the liquid [48]. This is attributed to the high re-
quired rate of nuclei formation (exceeding 10'2 [nuclei cm3s71])
for the case of homogeneous boiling [48]. Accordingly, in this
study, bubble nucleation is allowed only on computational nodes
attached to the solid surface, as shown in Fig. 2(b).

The mass transfer source term is thus calculated according to
five different cases as per Eq. (13) and Table 2.

Bepeate (T — Tsar) / Tsar
0

My = 0
Bepeoty (T — Tsar) /Tar
Bepgtg(T — Tsar) /Tsar

where B, and f. are the evaporation and condensation frequency,
respectively, and subscript v refers to vapor state.

The saturation temperature is determined by curve-fitting the
temperature-pressure saturation curve [46] as:

Teat (P) =4 P4+C2 P3+C3 P2+C4 P+ cs, (14)

where the coefficients c¢; through cs5 can be found in Table 3.
Rohsenow [49] determined the nucleation temperature follow-
ing a semi-analytical derivation as

80 Tarq
hygpgke

As there are only two phases in the thermosyphon, the vapor
volume fraction, o, in Eq. (13) is the compliment of the liquid
fraction, oy, as:

oy = 1—o (16)

Thuc = Tsar + Pry (15)

The conservation of momentum is given as:

8<pref E) N
T+V' (,Oref u u)

— T e
= VP4V [ (V i 4V ) |+ per & 45 (17)

where g is the gravitational acceleration and S is the surface ten-
sion source term. The thermosyphical properties of the refrigerant
are set according to the phase of the each computational node as
listed in Table 1. Nonetheless, the density of the vapor phase is
assumed to obey the ideal gas law. When both liquid and vapor
phases exist together in the same computational node, the ther-
mophysical properties are calculated based on volume averaging.
The energy conservation is expressed as:

ad PrefCp.r T -
% +V- (pcpwrefT u) =V [kref(VT)] + 5 (18)

where the source term, Sy, is added to incorporate the latent heat
of vaporization and is calculated with respect to the mass transfer
source term, myy, as:

Sgg=—Mur hyg, (19)

where hy, is the specific latent heat of the refrigerant.

The refrigerant is fully bounded by the steel shell. Thermal
coupling between the refrigerant and the steel shell is given in
Eq. (11). Further, a no-slip condition is imposed as

ﬁ|steel wall = 0 (20)

,ay <1land T > Ty (case 1);
,op=1and T < Ty (case 2);
,ay, =1 and T > Ty, and none-wall cell(case 3); (13)
,a,=1and T > Ty, and wall-cell(case 4);
T < Ty (case 5);
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Table 3

The coefficients of Eq. (14), as curve-fitted from NIS [46].
Material ~ ¢; [K/Pa?*] c; [K/Pa3]
CO, -8.049x10-%6  1.285x10-18
NH; -6.656x10724  4.238x10-"7

o3 [K/Pa?) ¢, [K/Pa] ¢ [K]
-8.645x1072  3.8x107%5 203
-1.016x10°°  1.32x10~* 232

3. Numerical method

A two-dimensional implicit CFD model was developed with the
aid of ANSYS FLUENT/18.1 to compute the mathematical model as
prescribed by the governing equations and boundary conditions.
The non-iterative-time-advancement (NITO) scheme is used in this
study where velocity, pressure, and temperature undergo seperate
inner iterations rather than large outer iteration loops. This aspect
of the NITO scheme significantly reduces its computational time,
which is highly desirable in our simulations where each case lasts
for around six months of computational time due to the small time
step of 0.01s required for solution convergence. Furthermore, the
governing equations were discretized by second-order schemes in
space and explicit first-order schemes in time. The convergence
criteria of the continuity and momentum equations were set at
1E-4 whereas that of the energy equation was set at 1E-8. A mesh
independence study is conducted and ensured in this study. Specif-
ically, we tested our simulations at four different mesh sizes at 1)
237,142 nodes, 2) 387,618 nodes, 3) 411,306 nodes, and 4) 529,746
nodes. The computational time of these cases range between three
to six months. The results show that the heat extraction rate at the
evaporator section is mesh independent at a mesh size of 387,618
nodes. The heat extraction rate at this mesh size is found to be
within 10% of that at a mesh size of 529,746 (and 8% of that at
mesh size of 411306).

4. Results and discussion

In this section, the mathematical model is firstly validated
against experimental measurements. Then, the impact of the
following operational parameters on the performance of ther-
mosyphons in field-scale conditions is examined: 1) filling ratio of
the working fluid, 2) charge pressure, and 3) air temperature. In
all field simulations, apart from validation in Section 4.1, the ther-
mosyphon is filled with pressurized CO,. Furthermore, the length
of thermosyphon evaporator, adiabatic, and condenser sections is
set to: 100 m, 2 m, and 6.27 m, respectively, as per field ther-
mosyphons data [20,50]. The thermosyphon diameter is 10 cm.
In field conditions, the ground is initialized at a temperature of
1[°C], whereas the initial thermosyphon temperature is set equal
to the saturation temperature of the thermosyphon charge pres-
sure, which is 2.5[MPa] unless otherwise stated. Additionally, the
wind temperature is set at -20 [°C], except in the last subsection,
where it is varied from -30 [°C] to -15 [°C]. The base fill-ratio is
also set at 75% unless otherwise stated.

4.1. Model validation

The mathematical model of this study includes two main parts:
1) The ground freezing model using the enthalpy method, and 2)
The VOF model of TPCT using the Lee model. The former of these
parts have been validated in our previous work [42]. Thus, this
subsection is dedicated to validate the VOF model. The experimen-
tal and mathematical study of Wang et al. [37] was selected for
validation purposes.

0 50 100

0 50 100 150 200
() O F ===
— 20
=
C 10

0 2 2 2
0 50 100 150 200
t [s]

Fig. 3. Validation of the numerical model against the experimental measurements
of Wang et al. [37]: a) condenser wall temperature, b) evaporator wall temperature,
and c) heat extraction at the condenser (the dashed line represents the input heat
transfer rate at the evaporator section in the experiment and model).

The experimental setup is composed of a @9 x 1 [mm] cylin-
drical thermosyphon filled with ammonia. The lengths of the evap-
orator, adiabatic, and condenser sections are 20 cm, 10 cm, and
20 cm, respectively. The evaporator is subject to fixed heat flux
of 5026.6 [W/m2] whereas, the condenser is cooled by a flow of
water having an overall heat transfer coefficient of 539 [W/(m2K)]
and temperature of 8.2 [°C]. As can be seen from Fig. 3, the exper-
iment was initialized at a temperature of around 8 [°C] and lasted
for 200 [s]. The average temperature of the evaporator and con-
denser were determined using eight thermocouples installed along
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Fig. 4. Thermosyphon wall temperature (in red) and nucleation temperature (in black) along the thermosyphon wall at different filling ratios. Subplots (a-d) are plotted
after one hour of operation, whereas subplots (e-h) are plotted after 10 h of operation. The bottom of the thermosyphon is considered as a reference point at z = 0; thus,
the ground level is at z = 100 [m]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the wall. Our numerical model agrees well with the experimental
data, as shown in Fig. 3.

4.2. Impact of thermosyphon filling ratio

In this subsection, the impact of filling ratio of CO, inside a
100 m deep thermosyphon is investigated in AGF systems. The fill-
ing ratio is the initial volume of liquid CO, divided by the volume
of the evaporator. Four filling ratios are investigated in the present
study: FR = 100%, FR = 75%, FR = 50%, and FR = 25%, as shown in
Figure 7.

The filling ratio evidently impacts the axial distribtion of the
nucleation temperature, Ty, as can be seen in Fig. 4. While Ty
is uniform above the pool level, hydrostatic pressure of the liquid
column causes the nucleation temperature to increase linearly at a
rate of 0.125 [K] per meter depth of the pool. Accordingly, increase
in the nucleation temperature across the pool is linearly propor-

tional to the filling ratio. For instance, after one hour of operation,
the nucleation temperature at FR = 25% has decreased by around
3 [K] from the pool surface at z = 25[m] to the bottom of the ther-
mosyphon. On the other hand, in the case of FR = 100%, the nu-
cleation temperature has increased by around 12 [K] from the pool
surface at z = 100[m)] to the bottom of the thermosyphon. It is also
observed that the nucleation temperature increases with time. For
instance, by comparing Fig. 4(a) with (e), the nucleation tempera-
ture line shifts to the right by around 6 [K]. As the thermosyphon
extracts heat from the ground, the temperature and pressure in-
side the thermosyphon increases, which in turn also increases the
nucleation temperature.

The proportional increase of T, along the thermosyphon depth
substantially affects the boiling phenomena inside the pool. At a
filling ratio of 25% in the first hour, the wall temperature is al-
ways higher than the nucleation temperature - indicating that boil-
ing occurs throughout the pool depth, as shown in Fig. 4(a). How-
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ever, as the filling ratio increases, the wall temperature intersects
with the nucleation temperature at higher axial positions - creat-
ing larger dead zones where boiling does not occur, as schemat-
ically illustrated in Fig. 1(b). The axial position of the pool dead
zone increases in the first hours as the thermosyphon approaches
steady state, as can be seen in Fig. 5. Thermosyphons with higher
filling ratios approach a steady state faster than the lower ones due
to the less distance needed for the vapor volume to travel from
the pool surface to the condenser. While the dead zone is propor-
tional to the filling ratio, the active pool zone tends to be nonethe-
less larger at higher filling ratios. The effect of the dead zone on
the boiling rate as well as the heat flux along the thermosyphon
wall is evident in Fig. 6(a-d). At higher filling ratios, no boiling oc-
curs at the bottom of the thermosyphon until the wall temperature
is higher than the nucleation temperature near the pool surface.
Nonetheless, the boiling rate in the active zone at higher filling ra-
tios after 10 h of operation, is found to be higher than that of the
lower ones due to the feedback from the condenser. As for the film
zone, the boiling rate is found to be negligible, compared to that
of the pool zone.

The dead zone is further illustrated by visualizing the vapor
fraction, oy, at the evaporator section in Fig. 7 for different fill-
ing ratios. At FR = 100%, the dead-zone is observed at a depth of
around 25 m below the ground surface, as shown in Fig. 7(b,c)
where vapor fraction ag reaches zero at z~ 75 [m]. Similarly, the
deadzone is observed to be around 20 m deep in the remain-
ing cases. Nevertheless, at filling ratio of 50% and 25%, the dead-
zone becomes larger after six hours (smaller boiling zone). This is
attributed to the slow evaporation/condensation cycle due to the
long distance between the pool surface and the condenser section.
The pool surface level is even noted to slightly decrease in these
scenarios due to the slow feedback from the condenser.
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Fig. 6. Mass transfer rate and heat flux along the thermosyphon wall at different filling ratios (positive mass transfer rate denotes evaporation while negative mass transfer
rate represents condensation). The red, green, and blue lines are plotted after one hour, five hours, and 10 h of operation, respectively. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this articles)
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Fig. 7. Boiling phenomena at different filling ratios: subplots (a), (d), (g), and (j) are schematic illustration for filling ratios of 100%, 75%, 50%, and 25%. It should be noted
that the axial reference is set at the bottom of thermosyphon (z = 0 at thermosyphon bottom), and ground surface is therefore located at z = 100 [m] for our cases. Subplots
(b), (e), (h), and (k) are plotted after one hour of operation for filling ratio of 100%, 75%, 50%, and 25%, respectively. Subplots (c), (f), (i), and (1) are plotted after six hours of

operation for filling ratio of 100%, 75%, 50%, and 25%, respectively.

To further examine the condensation cycle, Fig. 8 shows vapor
fraction and velocity vectors at the condenser section. In the first
hour, a liquid film is observed along the walls of the condenser.
The liquid film remains at a filling ratio of 100% due to the fre-
quent availability of vapor. Nonetheless, at smaller filling-ratios, as
there is little vapor circulation, the temperature of the entire con-
denser section decreases. This leads to condensation within the
bulk of the condenser as well as the walls.

The axial heat extraction profile heavily relies on the the re-
lationship between the filling ratio and the boiling rate, as can
be seen in Fig. 6(e-h). In the dead zone, the heat flux is uni-
form - implying that heat is mainly extracted by conduction. On
the other hand, in the active zone, the heat flux fluctuates due to
boiling phenomena but increases near the pool surface due to the
lower nucleation temperature in that region. The fluctuations are
essentially formed by the non-uniform bubble nucleation across
the evaporator at each instant. In other words, where a bubble is

forming, there is a high mass transfer rate and a high heat flux.
At the same instant, where a bubble is not forming yet at a dif-
ferent point along the evaporator, the heat flux is lower. Thus, de-
pending on the bubble nucleation stage at each location across the
evaporator, mass transfer rate fluctuates and accordingly heat flux
fluctuates. In all cases, the boiling rate and heat extraction capacity
decrease with time - as the ground temperature decreases. Never-
theless, the heat flux profile of the film zone becomes larger with
time, indicating that the film is developing. At a filling ratio of 75%,
heat extraction is observed throughout the film zone, as shown in
Fig. 6(g). On the other hand, at a filling ratio of 25%, the depth of
the heat extraction profile in the film zone is increased to 40 m
(z=60 [m]) after of 10 h of operation.

The amount of heat extracted in each zone depends on the
filling ratio, as can be seen in Fig. 9. Evidently, heat extracted in
the film-zone is inversely proportional to the filling ratio down to
FR = 50%, indicating that the film cold energy is utilized around
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Fig. 8. Condensation phenomena at different filling ratios: Subplots (a), (c), (e), and (g) are plotted after one hour of operation for filling ratio of 100%, 75%, 50%, and 25%,
respectively. Subplots (b), (d), (f), and (h) are plotted after six hours of operation for filling ratios of 100%, 75%, 50%, and 25%, respectively. Please refer to Figure 8 for further
schematic illustration.
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Fig. 10. Modes of heat transfer at different filling ratios where Qs, Q;, and Qr represent sensible heat transfer, latent heat transfer, and total heat transfer, respectively.
Subplots (a-d) are calculated at the active pool zone, whereas subplots (e-g) are calculated at the film zone (there is no film zone at FR = 100%).

a depth of 50 m, as can be seen in Fig. 9(a). On the other hand,
the pool active zone is proportional to the filling ratio down to
FR = 50%, below which the effect of the filling ratio becomes neg-
ligible, as can be seen in Fig. 9(b). Also, as for the dead pool zone,
the amount of heat extracted is larger at higher filling ratios due
to the larger volume of the dead zone, as can be seen in Fig. 9(c).
Nevertheless, heat extracted at the dead zone decreases exponen-
tially and is expected to have a minimal contribution once the
thermosyphon approaches a steady state. Overall, after 10 h of op-
eration, the amount of heat extracted is proportional to the filling
ratio, as shown in Fig. 9(d).

Heat extracted in each zone can be in the form of latent heat or
sensible heat, as can be seen from Fig. 10. In the active pool zone,
sensible heat is initially higher than latent, as shown in Fig. 10(a-
d). However, as thermosyphons approach steady state, latent form
of heat becomes more dominant than sensible heat. This happens
more rapidly at higher filling ratios because of the faster feedback
from the condenser which accelerates the steady-state behavior. As

1

for the film zone, it can be seen that sensible heat is much more
dominant than latent heat.

4.3. Impact of thermosyphon charge pressure

The charge pressure of the thermosyphon can significantly in-
fluence the initial saturation temperature along the depth of the
thermosyphon, as seen in Fig. 11. For instance, initializing the ther-
mosyphon at a pressure of 1.5 [MPa] results in an initial vapor sat-
uration temperature of -16.6[°C]; however, an initial charge pres-
sure of 3.5 [MPa] results in a vapor saturation temperature of -
1[°C], as shown in Fig. 11(a,c). After ten hours of operation the va-
por saturation temperature increases substntially at the cases of
low initial charge pressure. Particularly, at an initial charge pres-
sure of 1.5 [MPa], the vapor saturation temperature has increased
by 11 [K] (from -16 [°C] to -5 [°C]), as shown in Fig. 11(a,d). At a
charge pressure of 2.5 [MPa], the vapor saturation temperature also
increased but by 5 [K] only, as shown in Fig. 11(b,e). Interestingly,
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Fig. 11. Thermosyphon wall temperature (in red) and nucleation temperature (in black) along the thermosyphon wall at different charge pressures. Subplots (a-c) are plotted
after one hour of operation, whereas subplots (d-f) are plotted after 10 h of operation. The bottom of the thermosyphon is considered as a reference point at z = 0; thus,
the ground level is at z =100 [m]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

at even higher initial pressure of 3.5 [MPa] the vapor saturation
temperatures slightly decreases by 1 [K]. Apparently, as the three
cases approach steady state, the saturation temperature line con-
verge to the same profile. The higher initial temperature difference
at lower charge pressure results in a higher initial evaporation rate
and heat flux, as can be seen in Fig. 12. This leads to a lower wall
temperature, as shown in Fig. 11(c), which causes the evaporation
rate and heat flux to decrease significantly after longer periods. As
shown in Fig. 13, the dead zone at lower charge pressure is ini-
tially lower than that at higher pressures, but becomes larger with
time as the wall temperature decreases and the saturation temper-
ature increases. Another important observation from Fig. 12 is the
more stable start-up of the thermosyphon at higher charge pres-
sure. At lower charge pressures of 1.5[MPa] and 2.5[MPa], the heat
extraction rate is very high initially and then decreases with time.
On the other hand, at initial charge pressure of 3.5 [MPa], the heat

12

extraction rate increases slowly and progressively, which is prefer-
able on starting-up the thermosyphon. This is possibly the reason
that field thermosyphons at the Giant Mine can be charged up to
5 [MPa] [11].

Similar qualitative trends are observed in different heat extrac-
tion zones along the thermosyphon at initial charge pressure of
1.5 [MPa] and 2.5 [MPa], as shown in Fig. 14. In the film zone, the
amount of heat extracted is similar in both scenarios, as shown in
Fig. 14(a). The initial fluctuation of heat flux at a charge pressure
of 1.5[MPa] is attributed to very low feedback from the condenser
in the first few hours, as implied in Fig. 12(a), due to the low sat-
uration temperature of condensation at lower charge pressure. For
an initial charge pressure of 3.5 [MPa], the initial heat extraction
rate is almost negligible due to the low thermal gradient between
the initial vapor saturation temperature and the ground. As film
feedback develops from the condenser, the heat extraction rate in-
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Fig. 12. Mass transfer rate and heat flux along the thermosyphon wall at different charge pressure. (positive mass transfer rate denotes evaporation while negative mass
transfer rate represents condensation). The red, green, and blue lines are plotted after one hour, five hours, and 10 h of operation, respectively. (For interpretation of the
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Fig. 13. Extent of dead zone in the thermosyphon at different charge pressures
through the first 10 h of operation - the dashed lines represent the pool surface
for all cases.
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creases. In the pool active zone, heat extraction changes rapidly
in the first few hours of operation, as can be seen in Fig. 14(b).
However, higher charge pressure extracts more heat after a certain
period as steady-state is reached faster, as discussed in the previ-
ous paragraph. In regards to the dead zone, lower charge pressures
extracts more heat due to the lower associated initial tempera-
ture - which is set according to the charge pressure - as shown
in Fig. 14(c). Overall, lower charge pressure extracts more heat,
mainly because the dead-zone. Nevertheless, the three scenarios
are expected to be equal as the simulations reach steady state, due
to the exponential decrease of heat extraction in the dead-zone.
In the active pool zone, decreasing the charge pressure delays la-
tent heat extraction, as can be seen in Fig. 15(a-c). As for the film
zone, it is observed again that the sensible heat extraction is more
dominant compared to the latent heat extraction. At lower charge
pressure, it is observed that the latent heat extraction approaches
zero in the first few hours - implying an absence of the film, as
already discussed in Figs. 12(a) and 14(a).

4.4. Impact of wind temperature

The last parameter investigated in this study is the wind tem-
perature. Three different wind temperatures are investigated: 1)
Tir = —15[°C], 2) Ty = —20[°C], and 3) T, = —30[°C]. Evidently,
lower wind temperature increases the condensation rate, which
in turn increases the evaporation and heat extraction rate, espe-
cially after longer periods, as shown in Fig. 16. The dead-zone is
also shrunk at lower wind temperature, as observed in Fig. 17, af-
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Fig. 14. Heat transfer rate at different charge pressures in the a) film zone, b) active pool zone, and c) dead pool zone, in addition to the d) total heat transfer rate.
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Fig. 15. Modes of heat transfer at different charge pressures where Qs, Q;, and Qr represent sensible heat transfer, latent heat transfer, and total heat transfer, respectively.

subplots (a-c) are calculated at the active pool zone, whereas subplots (d-f) are calculated at the film zone.
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Fig. 16. Mass transfer rate and heat flux along the thermosyphon wall at different wind temperatures (positive mass transfer rate denotes evaporation while negative mass
transfer rate represents condensation). The red, green, and blue lines are plotted after one hour, five hours, and 10 h of operation, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 17. Extent of dead zone in the thermosyphon at different wind temperatures
through the first 10 h of operation - the dashed lines represent the pool surface for
all cases.

ter three hours of operation. This is attributed to the cooler feed-
back from the condenser, which in turn decreases the tempera-
ture of CO, below the saturation temperature. Overall, the cooler
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the air temperature, the lower the feedback temperature from the
condenser, resulting in higher heat extraction capacity of ther-
moysphons in all zones - except for the dead-zone, as shown in
Fig. 18. The deadzone is too far from the pool surface to be af-
fected by the wind temperature in the first ten hours. Lastly, the
mode of heat extraction is qualitatively similar in all scenarios, as
shown in Fig. 19, but quantitatively different.

5. Conclusion

In this study, a CFD model is developed for super-long ther-
mosyphons in artificial ground freezing (AGF) applications. The
CFD model couples liquid/vapor mass transfer inside the ther-
mosyphon with two-phase heat diffusion within the ground. Par-
ticularly, a novel heterogeneous mass transfer model is derived con-
sidering two main aspect: 1) bubble nucleation temperature is set
according to kinetic energy theory and 2) bubble nucleation site
is formed at the thermosyphon wall only. Furthermore, as the
hydrostatic-pressure profile varies significantly across deep ther-
mosyphons, the saturation temperature is modeled as pressure-
dependent. This creates three unique heat extraction zones in the
evaporator: 1) film zone above pool surface, 2) active pool zone
where bubbles are nucleated, and 3) dead pool zone without boil-
ing.

Following mathematical derivation, the model has been vali-
dated and then extended to field conditions. Three different pa-
rameters associated to AGF have been considered: 1) the filling
ratio of the thermosyphons, 2) the charge pressure of the ther-
mosyphon, and 3) the wind temperature. The following observa-
tions are interpreted from the results:

o The extent of the active zone is 10-25 m from the pool surface.
Below this distance, a dead-zone is observed.
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Fig. 18. Heat transfer rate at different wind temperatures in the a) film zone, b) active pool zone, and c) dead pool zone, in addition to the d) total heat transfer rate.
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Fig. 19. Modes of heat transfer at different wind temperatures where Qs, Q;, and Qr represent sensible heat transfer, latent heat transfer, and total heat transfer, respectively.
subplots (a) though (c) are calculated at the active pool zone, whereas subplots (d) through (f) are calculated at the film zone.

o In the film zone, sensible heat extraction dominates throughout

the operation of the thermosyphon.

the pool. Nevertheless, the effect of the initial charge pressure

seems to fade away after around 10 h of operation.

o At low initial charge pressure, heat extraction capacity of the
thermosyphon is high due to the corresponding low initial tem-
perature of the pool. On the other hand, at high initial charge
pressure, the heat extraction capacity of the thermosyphon is
lower due to the corresponding high initial temperature of

16

o Lower wind temperature increases the heat extraction capacity
in the film zone and the active pool zone.

In our future work, we aim to investigate the impact of other
technological difficulties such thermosyphon inclination. Further,
we will use this dynamic analysis of deep thermosyphons to verify
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reduced-order models that feature higher computational efficiency.
The reduced-order models will be implemented to analyze deep
thermosyphon applications over long periods (years) considering
the seasonal temperature.
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