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A model is suggested for simulation of soil heat and moisture transfer around a single seasonal cooling
device (a thermosyphon). The numerical results are compared with temperature measurements in the ﬁeld. The
revealed heat and moisture patterns around a thermosyphon show seasonal dynamics.
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INTRODUCTION

Global change for the past three decades poses
problems to construction and operation of buildings
and utilities on permafrost. Warming induces degradation of permafrost, uneven heaving, soil subsidence
and creep, which in its turn causes deformation of
basements and foundations and settlement of structures. Therefore, special engineering solutions are required for maintaining the stability of structures, including the worldwide use of thermosyphons [Chen et
al., 2000; Dolgikh et al., 2011b; Velchev et al., 2013].
Seasonal cooling devices (thermosyphons) can accumulate and store cold and change the patterns of soil
heat and moisture transport. This paper presents a

numerical model of heat and moisture transfer around
a thermosyphon.
PROBLEM FORMULATION

Heat and moisture transfеr around a thermosyphon (Fig. 1) can be described by the system of differential equations in cylindrical coordinates [Permyakov and Ammosov, 2003; Dolgikh et al., 2011а;
Anikin et al., 2013]
c
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The system of equations includes three unknowns and is solved with an additional function for
the amount of unfrozen water
Ww = Wufw (Т, W).

Fig. 1. Modeling domain: zone around a thermosyphon.

The boundary condition of heat exchange on the
evaporator wall, present in winter and absent in summer, is
∂T ⎪⎧r α eff (Tev − T )Tair < 0,
rλ
=⎨
at r = r0,
∂n ⎪⎩ 0,
Tair ≥ 0,
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where T is the temperature, K; c, cw are the heat
capacity of soil and water, respectively, J/(m3⋅K); τ is
the time, s; ρ is the density of soil skeleton, kg/m3;
W = Wice + Ww is the total weight soil moisture content,
at the account of ice (Wice) and unfrozen water (Ww);
λ is the soil thermal conductivity, W/(m⋅K); r, z are
the spatial coordinates (r is the radius around the
thermosyphon axis and z is the distance along the
vertical axis (depth), m); L is the speciﬁc heat of phase
change, J/m3; V = (Vr, Vz) is the inﬁltration rate, m/s;
k is the diffusion coefficient, m2/s; H is the head
pressure, Pa; H = P – zρwg; P is the suction pressure, Pa;
ρw is the water density, kg/m3; g is the acceleration due
to gravity, m/s2; kf is the ﬁltration coefficient, m/s;
θ = θice + θw is the total volumetric moisture content,
at the account of ice (θice) and unfrozen water (θw);
αeff is the effective heat transport to the thermosyphon
outer surface, W/(m2⋅K); ν = 0, 1 (ν = 0 in Cartesian
coordinates and ν = 1 in cylindrical coordinates); R
and H1 are, respectively, the width and depth of the
∂T
modeling domain Ω, m;
is the derivative along the
∂n
normal n; Tev and Tair are the temperatures of the
evaporator and the ambience (air), K.
Equation (1) describes soil freezing and thawing
with regard to heat transport by moisture. Moisture
transport and ice segregation are given by equations
(2)–(4). Both equations (2) and (3) are applicable to
predict the moisture regime; Richard’s equation (2) is
commonly used in both saturated and unsaturated
soils while (3) is rather for unsaturated soils.
SOLUTION ALGORITHM

The system of equations (1)–(3) is nonlinear
and the simulation is implemented as an implicit difference scheme with iterations [Permyakov and Ammosov, 2003]. The system is split into a chain of 1D
linear solutions:
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hj+1 and hj refer to the grid spacing; Tj, Pj, Wj, θj are grid
functions of temperature, pressure, weight and
s
volumetric moisture; μ s = ∂θw
∂P is the volumetric
moisture as a function of capillary pressure; η, i
are dimensionless coefficients (of the shares of ice and
water, respectively, found from W = Wice + Ww, where
i = Wice/W, η = 1 – i); the superscript s is the iteration
number.
The input data for the numerical experiment correspond to the climate conditions of Yakutsk city. The
third-order boundary condition is speciﬁed on the
surface of the domain Ω at z = 0 as
T js++11

− T js +1
h +j

=

∂T
= α (T − Tair )
∂z
for thermal conductivity; the effective heat loss
α includes the insulation effect of vegetation and
snow. The amounts of atmospheric precipitation and
evaporation from the ground surface are included in
equations (2) and (3). The values of mean monthly
air temperature Tair, the effective heat loss α, and the
amounts of precipitated and evaporated moisture are
λ

Boundary condition parameters on ground surface
Parameter

Month
I

Air temperature Tair, K
231.5
Effective heat loss α, W/(m2⋅K) 0.65
Precipitated moisture, mm
5.5
Evaporated moisture, mm
0.2

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

238.4
0.56
4.5
0.15

251.1
0.56
3.0
1.0

265.4
0.80
5.5
5.0

278.1
13.6
9.0
22.75

287.3
20.3
16.5
34.5

290.8
20.8
21.5
35.0

287.1
19.8
21.0
24.0

278.7
13.8
23.0
5.5

265.0
3.87
10.0
1.0

245.9
1.67
8.0
0.2

234.7
0.85
6.0
0.2
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listed in Table 1. The boundary conditions on the sides
and base of the domain Ω correspond to zero heat and
moisture transport.
The soil lithology changes with depth as: top soil
(0–0.3 m); pale yellow clay silt (0.3–0.6 m); ﬁne sand
(0.6–8.4 m); and ﬁne sand with quartz pebble below
8.4 m. The modeling includes unsaturated and nonsaline soils at construction sites in Yakutsk city, with
their total moisture distributed unevenly taking into
account annual water budget. Thermophysical and
mass exchange parameters are speciﬁed according to
data of the temperature monitoring station of Yakutsk [Pavlov, 1979]. Temperature, total moisture,
and ice content dependences of these parameters for
different soil types were reported earlier [Permyakov
and Ammosov, 2003]. The effective heat transport to
the evaporator outer surface (heat loss) αeff is assumed to be 2.8 W/(m2⋅K) according to technical
speciﬁcations of the thermosyphon and ﬁeld measurements.
NUMERICAL RESULTS

Experiment 1
Ground temperature curves for the site of Triumf
stadium in Yakutsk were obtained by logging at a
thermosyphon [Bolshev et al., 2014] and numerically
(Fig. 2). The thermosyphon with an outer diameter of
77 mm was ﬁlled with cooling agent-22 and installed
to a depth of 10 m. In October 2010 (beginning of the
experiment), drilling stripped unfrozen soil (active
layer) at a depth of 3.5–8.3 m. In the course of its
operation, the thermosyphon cooled down the soil
(Fig. 2) and produced a block of ice-rich ground

growing at a rate equal to the cooling rate. As the
thermosyphon ran, frozen ground froze up further
and the ice-rich zone expanded. After summer warming, some amount of soil around the thermosyphon
remained frozen (Fig. 2) and maintained a cold
(–3 °C) temperature of the foundation soil. The ﬁeld
and computed temperature curves agree quite well
(Fig. 2).
Late March temperature, total moisture, and ice
content variations with depth around the thermosyphon were estimated for three years (Fig. 3, I–III)
relative to the initial patterns of temperature and
moisture based, respectively, on logging in a monitoring borehole (on 21.10.2010) and on engineering surveys. The thermosyphon operated in winter since the
air temperature became negative. Simulations show
the ground to cool down from October to March
while moisture migrates toward the zone of cooling
and produces an ice cover growing in size from year
to year.
Experiment 2
Thermosyphons have been successfully used to
stabilize soils under different engineering structures
[Dolgikh et al., 2011а]. Experiment 2 focused on temperature and moisture patterns to a depth of 30 m
within a distance of D0 = 0.04 m around a thermosyphon. The calculations were performed relative to the
initial temperature distribution and total soil moisture as shown in Fig. 4, I. Unfrozen soil with a total
moisture of 15 % occurred at depths between 10 and
20 m. The temperature, soil moisture, and ice content
patterns a year after the installation of the thermosyphon in the end of April were as follows (Fig. 4, II). In

Fig. 2. Ground temperature patterns at depths of ﬁeld measurements at the Triumf site. Measured and
computed data, compared.
Curve numbers correspond to ﬁeld measurements on 21.10.2010 (1, initial value), 17.10.2011 (2), 21.10.2012 (3), 21.10.2013 (4)
and to simulation results for 21.10.2011 (5), 21.10.2012 (6), 21.10.2013 (7).
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Fig. 3. Variations of ground temperature, °С (a), total moisture, % (b), and ice content, % (c) off the thermosyphon axis, for different times:
March 2011, ﬁrst year (I); March 2012, second year (II); March 2013, in 3 years (III).

63

P.P. PERMYAKOV ET AL.

Fig. 4. Initial patterns of temperature, °С (a), total moisture, % (b), and ice content, % (c) off the thermosyphon axis, for different times:
Late October (I), March, ﬁrst year (II), October, ﬁrst year (III), March, in 2 years (IV), March, in 3 years (V).
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Fig. 4 (continued).
winter, the circulation of coolants induced migration
of pore water and produced a 1 m thick layer of icerich soil (Fig. 4, II, c), with its thickness reducing in
the end of the summer season (Fig. 4, III).
The thermosyphon began operating at the onset
of the winter season; it cooled down the adjacent
ground and caused accumulation of moisture around
the evaporator by the segregation mechanism. The
radius of the frozen layer increased successively relative to that in the previous years. The process repeated periodically every year: negative temperature set
up, decreased further, and an ice cover formed and
grew thus maintaining the cold temperature of permafrost by consuming much heat for phase change
(Fig. 4, IV–V).

allows simulating and predicting the temperature and
moisture patterns around a vertical thermosyphon.
The simulation results have been checked against
ﬁeld measurements at the site of Triumf stadium in
Yakutsk city, and the computed and measured data
showed good agreement.
The numerical experiments allowed estimating
the growth of the ice-rich layer as a result of moisture
migration around the evaporator during the thermosyphon operation. Thermophysical calculations and
temperature predictions should be made with due regard for this process. Thus, the use of themosyphons
for freezing soil under buildings and utilities on permafrost can ensure their stability in the conditions of
changing climate.

CONCLUSIONS
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