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A new device for temperature stabilization of frozen soils is suggested. The advantage of the proposed
system is the ability to install the evaporative part of the system under the construction and operating facilities.
The difference from the analogous systems is the ability to repair and replace individual evaporator pipes with-
out dismantling the entire device while maintaining its high freezing capacity. To assess the efficiency of the
proposed system, an analytical mathematical model of its functioning has been developed. The modeling of the
functioning of the seasonal cooling device for the climatic conditions of the Arctic cities of Varandey, Salekhard,
and Igarka has been carried out. It is shown that this device can always freeze the soil under emergency buildings

and structures.
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INTRODUCTION

Currently, the trend towards increasing perma-
frost thawing depth continues. Cyclic warming also
plays an important role in this process. Warming is
evidenced by a rapid reduction in the Arctic ice cov-
er, an increase in the thickness of the seasonally
thawed permafrost layer, and a decrease in the dura-
tion of snow cover and other indicators | Roshydro-
met, 2020].

However, we should not forget about thermal
anomalies of the urban climate, which have a notice-
able impact on both the economy and ecology of the
city [ Esau et al., 2019]. In cities, heat flows lead to an
increase in the depth of seasonal thawing, which, in
turn, creates a threat to infrastructure facilities — the
bearing capacity of foundations decreases [ Roshyd-
romet, 2008]. Thus, the problem arises of preserving
the soils underlying buildings and structures in a fro-
zen state. At the moment, one of the most efficient
means of cooling and freezing soils under permafrost
conditions is seasonal cooling devices (SCD), a de-
tailed description and principle of operation of which
are given in [ Dolgikh et al., 2008; Anikin et al., 2011;
Anikin, Spasennikova, 2012]. Earlier, numerical mod-
eling of the SCD operation was carried out to assess
the efficiency of their use in certain geocryological
conditions in order to choose the most optimal ver-
sion of the system [Dolgikh et al., 2013, 2014, 2015;
Anikin et al., 2017, 2018; Gorelik, Khabitov, 2019;
Gorelik et al., 2019]. This work presents a new system

for temperature stabilization of frozen soils, patented
by the authors [Patent..., 2020]. The main advantage
of the proposed SCD model is the ability to install
evaporators under buildings (structures) under con-
struction and in operation on frozen soils, as well as
the ability to repair and replace individual evaporator
pipes without dismantling the entire device, while
maintaining its high freezing capacity. To assess the
effectiveness of the proposed system, an analytical
model of its functioning has been developed.

PRINCIPLE OF OPERATION
OF THE COOLING DEVICE

The device for temperature stabilization (Fig. 1)
is a condenser installed on a tower; the coolant supply
pipeline is made in the form of a vertical pipe that
turns into a horizontal one, and then an inclined pipe-
line removes the coolant. The evaporators located at
the base of the structure below the ground surface are
connected to an inclined pipeline. The supply pipe-
line and coolant discharge pipeline form a circuit
closed through the condenser.

From the condenser, the coolant liquid (carbon
dioxide, ammonia or other refrigerant) flows through
supply pipes into an inclined pipeline, from which it
flows into the evaporators. The refrigerant (coolant)
that has taken up the heat in the form of gas bubbles
moves upward under the influence of the Archimedes
force and enters the coolant removal pipeline, then
the two-phase coolant mixture enters the condenser.
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Fig. 1. General view of the installation designed to strengthen the foundations under existing structures

built on permafrost.

1 — condenser; 2 — coolant supply pipeline; 3 — coolant outlet pipeline; 4 — building; 5 — evaporator; 6 — ground level; 7 — fluid flow;

8 — gas flow.

The gaseous coolant is condensed in the condenser,
after which the liquid phase of the refrigerant enters
the evaporators, in which it evaporates cooling the
surrounding soil. The cycle is repeated many times.

A device for temperature stabilization of the
foundations of structures | Patent..., 2020] can be used
in the construction of residential and industrial
buildings on permafrost and also makes it possible to
strengthen the foundations of buildings and struc-
tures that are in emergency condition.

To assess the efficiency of the system, consider
the developed mathematical model.

MATHEMATICAL MODEL
OF THE SYSTEM PERFORMANCE

Let us consider the pipe with radius b and length
L, surrounded by frozen soil shaped as a cylinder with
radius Ry (Fig. 2).

To a first approximation, we assume that the
freezing front is motionless; then, the temperature of

the soil inside the frozen cylinder is given by the

equation:
1 d(rdt(r)/dr)
— (D
r dr
Here, ¢ is the temperature in degrees Celsius, 7 is
the radial coordinate of the cylindrical coordinate
system (the distance from the center of the evapora-
tor pipe to the ground point in question). The solu-
tion to this equation is written in the following form:

t(ry=Cln (r) + Cy, (2)

where C and Cj are constants that need to be deter-
mined.

The boundary conditions for the problem under
consideration are written in the form:

t (b) =lev, L (RO) = lpf. (3)

Here, b is the radius of the evaporator pipe; Ry is
the radius of the freezing boundary; ¢(b) is the tem-

=0.
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Fig. 2. Evaporator pipe design: (a) side view, (b) front view.

1 — evaporator, 2 — frozen soil, 3 — unfrozen soil; L, — distance between the pipes of the evaporation system.
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perature at 7 = b; t(Ry) is the temperature at r = Ry; tey

is the evaporator temperature; and ¢y is the phase

transition temperature. From Egs. (2) and (3) we ob-
N Ly — Loy

tain:
R
tyf —toy =Cln| =2 —bl__—ev
bf ey n(b} In(Ry /6]

The heat flux (dU), which is supplied to the
evaporator pipe element of length (dL), in absolute
value is equal to:

ot

dU = x—2nrdL 2n x( eV)dL (4)

In(R, /)
where A is the thermal conductivity coeflicient of frozen
soil. The total thermal power of the cooling system
(Uior) is limited by the efficiency of the condenser part
(aSM) and is equal to:

Uiot = (XST] (tcon - ta)v (5)

where o is the heat transfer coefficient of the condenser
surface; S is the surface area of the condenser; 1 is
the efliciency coeflicient of the condenser fins; ¢ oy is
the temperature of the condenser; and ¢, is the tem-
perature of the atmosphere. As follows from the work
[Anikin, Spasennikova, 2014], the temperatures of the
condenser and evaporateor are related to each other
by the relation:
_ PLgH

fev =teon M pJdr) ©
where g is the acceleration of gravity; H is the height
of the condenser rising above the evaporator; py is the
density of the liquid refrigerant; and Pis the saturated

vapor pressure of the refrigerant at temperature ¢ In
turn, H is equal to:

H=Hy+ Lsin ¢, (7)

where Hj is the height of the condenser above the
ground surface, L is the distance from the ground
surface to the evaporator point under consideration,
and ¢ is the angle between the evaporator pipe and
the ground surface. Taking into account Egs. (5)—(7)
we obtain:

Upor pLg(HO +Lsm(p)
aS n dP/dt '
Substituting (8) into (4), we get:

o, Ug _Pi8(Hy+Lsing)
bf ~ta (XST]
dU =2nh

=t +

a

(8)

ev

dP/dt

In(R,/b)

Carrying out integration over L, we obtain:
1
In(Ry/5)
21
2 .

=| te —t. — Utot _pLgHO LO _pLg(LO SlIl(p)
UM oS dp/de 2dPldt
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Or, which is the same:

In(Ry /D) U prgH
U——"tL =ty —t, ——2L _ELo— I (9
P s dP/dt ©)

2k
H=Hy+0.5Lysing,

where Ly is the length of the evaporator pipe (Fig. 1).
By multiplying both sides of Eq. (9) by the num-
ber of evaporator pipes (N), we get:

In(Ry/b) Ui _p18H
=| tye —t, ——2 L L. (10
O om, P s dP/dt | 10

Here, it is taken into account that the following
relations are satisfied:

Utot = UN, Lot = LN.

From Eq. (10), we find the value of the total
thermal power (Uyop):

_pugh ) J[ 1 In(Ry/b)
e dP/dtJ/[ocSnJr 2iALy, | an

Now let us consider the integral solution. The
amount of heat from the phase transition released by
the soil, when a cylinder of radius Ry and length Ly
freezes, is written as:

U tot — (tbf

Qs = GTCRO oty 0= GOY(M wo)

where Qyy is the heat of phase transition, J; o is the
specific heat of ice melting, J /kg; yis the density of the
rock skeleton, kg/m?; w is the total moisture content
of the rock; wy is the content of unfrozen water; and ¢
is the heat of freezing of one cubic meter of soil.

The heat Q; that leaves the system due to tem-
perature changes is equal to:

R,
Q= [ (er(to=tug )+ o (8o =£(r)) ) Luoe 2rdr. (12)
b
The solution to Eq. (1) can be written as:

tbf —ley r
Ol o
where #(r) is the temperature at a distance r from the
evaporator pipe, °C; ¢y is the volumetric heat capacity
of thawed soil, J/(m?-°C); ¢y is the volumetric heat
capacity of frozen soil; J /(m?-°C); and ¢ is the initial
soil temperature, °C.

Substituting (13) into (12), we get:

Q= (01 (to =g )+ o (i —t )) Ly mR) —

bof —
—¢yL, tOtl Ro/b Iln( jZm’dr

Thus, the energy balance equation will be writ-

ten as: .

J- tot( )dT_Qt+Qbf?

where 7 is time, days.

(14)
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Differentiating both sides of Eq. (14) with re-

spect to 1, we obtain:
dRy [ 2(Q,+Qi)
Utot = .
drt OR,

Note that the solution to the integral below can
be written as:

(15)

xln(x)dx:

»—'—.e-‘gd

I ln( J2nrdr 21b?

=2nb2[F(%]—F(1)j,

where F(x) is a function that is given by the following
expression:

(16)

Flx)="in(2)- (17)

Thus, the right side of Eq. (15), taking into ac-
count Egs. (16) and (17), will be written as:

o(Q,
%{]Qbf) = 2TCR0Lt0t (G+C1 (tO —tbf))‘f'
18
s 2nb2(F(R0/b)—F(1))( )
+C¢y Lot 5 .
(In(Ry/0)) Ko

Note that in Eq. (18) the following substitution
can be made:

2@{1{%}— ()]—nRoln( j n%g %’2.

Thus, we get:

o(Q, +
@ST(?MZ2nRoLtOt (5+C1 (to—tbf)'i‘

(19)
(In(Ry /6)-05+0.5b% R}

2(In(Ry /b))

To assess the correctness of the resulting solu-
tion, it is necessary to prove the convergence of the
right-hand side of Eq. (19) as Ry — b.

Assuming Ry= b + x, we get:

+Cy (tbf - tev

(In(Ry/b)-0.5+0.56*/RS)

2(In(Ry /b))’
£=0.5x2-05+05(1-2x+6x7) 95
2x2 :7.

x—0

=lim
x—0

Thus, Eq. (19) converges to a final, positive
value.

To simplify the obtained expressions, we intro-
duce the function ¢(x):

Inx—0.5+0.5/x2
(p(x)= (lnx)z/ .

Then, from (11), (15), (19) and (20) we obtain
the differential equation:

prgH 1
Ly =L, —
[bf a dP/dt]/(ocSnJr
dR
~ran vttt o )|

Or, which is the same:

e s p,8H r 2Ry umt+111(130 /b) )
b dp/dt O % | aSn 2n

x[c’+02 (4 —tev)cp[%n,

where the value ¢’ is given by the relation:

(20)

ln(RO/b)J:

2nAL,

@D

o' = o+ ¢t (Lo — tyf).

Let us consider the case when the condition is
met:

Cy (tbf —t, )(p(%) < o', a=const.

Then, Eq. (21) can be integrated explicitly:

— R2_b2
‘l{tbf_?a(r)_ PLgHJ: n( 0 )AG,Jr

dP/dt A

2 2
+b— B[ B Lo +0.25 |c
ailonr b ) ap?

Here, the quantities 7, and A are given by the
following relations:

(22)

jt v A:h.
osSn

Thus, an analytlcal solution has been obtained
that can be used to assess the efliciency of the system
presented in the work.

ASSESSMENT
OF THE SYSTEM EFFICIENCY

Let us consider soil freezing under the impact of
the described cooling device for different climatic
zones. For this purpose, we use meteorological para-
meters obtained by averaging archival data from
weather stations in the Arctic cities of Varandey,

Salekhard, and Igarka (Table 1) [Attps.//1p5.1u].
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Table 1. Mean monthly air temperatures (z,)
and wind speeds (v,) in Arctic cities

Table 3. The dependence of freezing radius (Ry)
on time (1) at different lengths

X of the evaporative system (L¢o)
Weather station and the thermal conductivity of frozen soil
Month Varandey Salekhard Igarka A =2W/(m-°C) for the conditions of Varandey
ta ‘C |0y, m/s| by, °C |vy, m/s| &, °C |0, m/s d Ry, m

January | 147 | 69 | -229| 22 | 261 31 o ews Lot =300 | Li=1000 | Li = 3000
February -189 | 63 | -192| 22 | -182| 26 0 0.016 0.016 0.016
March -130| 62 | -127| 28 |-146| 29 20 0.199 0.172 0.130
April -71 5.7 -5.5 3.2 -1.9 3.2 40 0.354 0.312 0.243
May -1.5 5.6 1.1 3.4 3.9 3.4 60 0.511 0.456 0.360
June 6.1 5.6 11.6 3.5 114 3.1 80 0.660 0.592 0.472
July 10.8 5.8 16.0 29 15.8 2.8 100 0.791 0.713 0.573
August 9.2 6.1 11.5 29 11.2 2.8 120 0.918 0.830 0.670
September 6.5 5.7 6.3 2.9 7.1 3.1 140 1.050 0.952 0.772
October 1.5 6.9 -2.5 2.7 -4.2 3.3 160 1.153 1.047 0.852
November -7.8 57 | -134| 25 | -192| 28 180 1.227 1.116 0.910
December -213| 28 | -176| 21 -24.4 | 3.2 200 1.271 1.157 0.944

It is worth noting that the analysis of the effi-
ciency of the proposed installation will be carried out
for a number of variable parameters, such as air tem-
perature, wind speed, thermal conductivity of frozen
soil, and the total length of the evaporator pipes. Of
course, there may be significantly more parameters,
but those that have the greatest impact on the effi-
ciency of the system have been selected.

The dynamics of changes in air temperature and
wind speed are different for each area for which the
operation of the proposed system will be calculated.
The calculation of the operating time of the installa-
tion for each of them, except for Varandey, is carried
out from the beginning of October, as the first month
with negative temperatures. For Varandey, calcula-
tions begin in November.

Table 2. The dependence of freezing radius (R,)
on time (1) at different lengths
of the evaporative system (L)
and the thermal conductivity of frozen soil
2 =2W/(m-°C) for the conditions of Salekhard

The output parameter that will be evaluated and
by which a conclusion will be made about the efficien-
cy of the system is the radius of the frozen soil around
the evaporator pipe. The criterion for the efficiency of
the proposed system will be considered to be the ra-
dius of the frozen soil halo Ry(t), at which the freez-
ing halos from two parallel evaporator pipes will
merge together, that is, the condition will be met:

Lx
RO (T) 2 ’
where L, is the distance between the pipes of the
evaporation system (Fig. 2b). It is worth clarify-
ing that during all calculations we assume that y =
— 1600 kg/m3, wy = 0, @ = 0.2, ¢, = 2.8-106 J /(kg-°C),
¢ =1.8-106 ] /(kg-°C).

Table 4. The dependence of freezing radius (Ry)
on time (1) at different lengths
of the evaporative system (L¢ot)
and the thermal conductivity of frozen soil
A =2W/(m-°C) for the conditions of Igarka

Ry, m Ry, m
7, days 7, days
Lot = 300 Lot = 1000 Lot = 3000 Lot = 300 Loy = 1000 Lioe = 3000

0 0.016 0.016 0.016 0 0.016 0.016 0.016
20 0.232 0.186 0.129 20 0.294 0.243 0.173
40 0.422 0.347 0.247 40 0.515 0.434 0.318
60 0.616 0.514 0.372 60 0.740 0.631 0.469
80 0.790 0.664 0.486 80 0.939 0.806 0.604
100 0.943 0.797 0.587 100 1.102 0.950 0.716
120 1.089 0.924 0.684 120 1.245 1.077 0.816
140 1.199 1.020 0.758 140 1.340 1.161 0.882
160 1.281 1.092 0.813 160 1.415 1.228 0.934
180 1.341 1.145 0.853 180 1.478 1.283 0.978
200 1.369 1.169 0.872 200 1.491 1.295 0.987
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The heat transfer coeflicient between the con-
denser and the atmosphere, in accordance with the
work [Royzen, Dulkin, 1977], is given by the follow-
ing expression:

a(t)= 0.105%@(9_0'54 (gj_m (V:)zt)Jm ,

where s is the distance between the fins of the capaci-
tor, m; d is the diameter of condenser pipes, m; % is the
capacitor fin length, m; A,(¢) is the thermal conduc-
tivity of air, W /(m - °C); va(¢) is the kinematic viscosity
of air, Pa-s; v is wind speed, m/s.

For the installation presented in the work, the
characteristics of the capacitor have the following
values: d =32 mm, s = 7 mm, 2 = 34 mm. The viscos-
ity and thermal conductivity of air depend on the

1.5+

Ro, m
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temperature of the atmosphere and are set according
to reference data [ Babichev et al., 1991].

Solving Eq. (22) for the meteorological parame-
ters of Salekhard, we obtain the following distribu-
tions of the radius of soil freezing depending on time
(Table 2).

Solving Eq. (22) for the meteorological parame-
ters of Varandey, we obtain the following distribu-
tions of the radius of soil freezing depending on time
(Table 3).

Solving Eq. (22) for the meteorological parame-
ters of Igarka, we obtain the following distributions of
the radius of soil freezing depending on time (Table 4).

For a better presentation of the data, Figs. 3a—3c¢
show a comparison of the analytical solution (22)
with the exact differential solution (21) for three Arc-
tic cities.

b
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Fig. 3. Dependence of the freezing radius (Ry) on
time (1) for (a) Salekhard, (b) Varandey, and (c)
Igarka with the thermal conductivity of frozen soil
r=2W/(m-°C).

1 — Lot = 300 m, Eq. (21); 2 — Lot = 300 m, Eq. (22);
3 — Lioe = 1000 m, Eq. (21); 4 — Lyoe = 1000 m, Eq. (22);
5~ Lioe = 3000 m, Eq. (21); 6 — Lot = 3000 m, Eq. (22).
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Thus, it is evident that the resulting analytical
solution (22) differs by less than 7% from the exact
differential solution (21) and can be used to assess the
efficiency of the functioning of temperature stabiliza-
tion systems for frozen soils.

According to the data obtained, it is clear that if
the distance between the pipes of the evaporation
system is 1 m, then the entire soil will freeze in
100 days, that is, in half the time of the winter season,
since the freezing radius during this time will, as a
rule, be more than 0.5 m.

To assess the practical significance, consider the
volume of frozen soil within a 1-m distance between
the pipes of the evaporation system:

Vit =TRGLyN = R§ L.

Thus, with a fin area of the condenser part of
100 m?, for 100 days of operation of the proposed
temperature stabilization system with a total length
of the evaporation part of 3000 m, for Salekhard,
Ro = 0.587 m, Vit = 3246 m?; for Varandey,
Ry = 0.573 m, Vi = 3093 m?; and for Igarka,
Ry=0.716 m, Vi = 4829 m?.

CONCLUSIONS

(1) The work presents a new device for tempera-
ture stabilization of frozen soils, the key advantage of
which is the possibility to install the evaporation part
of the system during construction, as well as during
operation of the facilities.

(2) The advantage of the presented system is the
possibility to repair and replace individual evaporator
pipes without dismantling the entire device while
maintaining its high freezing capacity.

(3) The work presents an analytical mathemati-
cal model of the functioning of the described system.
The efficiency of the proposed system was also as-
sessed by simulating the functioning of the seasonal
cooling device of various designs for the climatic con-
ditions of the Arctic cities of Varandey, Salekhard,
and Igarka.

(4) It is shown that it is always possible to freeze
a large area of soil under emergency buildings and
structures by installing the proposed system.

Acknowledgments. This study was carried out in
the Institute of the Earth’s Cryosphere, Tyumen Scien-
tific Center, Siberian Branch of the Russian Academy
of Sciences within the framework of state assignment
of the Ministry of Science and Higher Education of the
Russian Federation (research topic No. FWRZ-2021-
0007).

References

Anikin G.V,, Plotnikov S.N., Spasennikova K.A., 2011. Com-
puter modeling of heat and mass transfer in a horizontal soil
cooling system. Kriosfera Zemli XV (1), 33—39. (in Russian)

26

Anikin G.V., Spasennikova K.A., 2012. Computer modeling of
the soil cooling system under the oil reservoir. Kriosfera
Zemli XV (2), 60—64. (in Russian)

Anikin G.V,, Spasennikova K.A., 2014. On the choice of refrige-
rating fluid for type “GET” systems for seasonal cooling.
Earth’s Cryosphere XVIII (2), 26-28.

Anikin G.V,, Spasennikova K.A. , Plotnikov S.N., Ishkov A.A.,
2017. Method of stochastic prediction of soil temperatures
with GET systems. Soil Mech. Foundat. Engin. 54 (1), 65-70.

Anikin G.V, Spasennikova K.A., Plotnikov S.N., Ishkov A.A.,
2018. Improving the stochastic forecasting method of a
naturally-acting horizontal tubular system. Soil Mech. Foun-
dat. Engin. 54 (6), 414—419.

Babichev A.P., Babushkina N.A., Bratkovsky A.M., 1991.
Physical quantities. Handbook. Grigoriev LS., Meilikhov E.Z.
(eds.). Moscow, Energoatomizdat, 1232 p. (in Russian)

Gorelik J.B., Khabitov A.H., 2019. On the efficiency of adapting
thermal stabilizers during construction on permafrost soils.
Vestn. Tyumen Gos. Univ. Ser. Phizich. Matem. Modelirov. Neft,
Gaz, Energetika 5 (3), 25—46. (in Russian)

Gorelik J.B., Romanyuk S.N., Khabitov A.H., 2019. Constrain-
ing thaw boundary around multiple wells with regard to their
joint thermal effect. Earth’s Cryosphere XXI11 (2), 67-73.

Dolgikh G.M., Anikin G.V., Rilo I.P, Spasennikova K.A., 2015.
Statistical modeling of “GET” system installed at the base of
oil reservoir. Earth’s Cryosphere XIX (1), 61-68.

Dolgikh G.M., Okunev S.N., Anikin G.V., Spasennikova K.A.,
2013. Numerical calculation of non-stationary temperature
fields in the system “oil tank — seasonal cooling device”.
Kriosfera Zemli XVII (3), 70—75. (in Russian)

Dolgikh G.M., Okunev S.N., Anikin G.V., Spasennikova K.A.,
Zalessky K.V, 2014. Comparison of experimental data and
numerical modeling of the cooling system “GET” on the
example of the fire station of the Vankor field. Kriosfera
Zemli XVIII (1), 65—69. (in Russian)

Dolgikh G.M., Okunev S.N., Podenko L.S., Feklistov V.N., 2008.
Reliability, efficiency and controllability of system tempera-
ture stabilization of permafrost soils of the foundations of
buildings and structures. In: Resources of Polar and Highland
Areas. State and Prospects of Geocryology: Proc. Int. Conf.
Tyumen, OOO NPO FSA, p. 34—-39. (in Russian)

Esau I, Miles V., Varentsov M., Konstantinov P., Melnikov V,,
2019. Spatial structure and temporal variability of a surface
urban heat island in cold continental climate. Theor. Appl.
Climatol. 137, 2513-2528.

Patent RU 197180 U1. A Device for Temperature Stabilization
of the Foundations of Structures. Russian Federation: MPK
E02D 3/115 (2006.01). Patent Holders: Anikin G.V.,,
Melnikov V.P., Andrianov I.E., Spasennikova K.A.
No. 2019136458. Claimed Nov. 12, 2019. Published Apr. 8,
2020, Byull. No. 10. (in Russian)

Royzen L.I., Dulkin I.N., 1977. Thermal Design of Ribbed Sur-
Jaces. Moscow, Energiya, 244 p. (in Russian)

Roshydromet, 2008. Assessment Report on Climate Changes and
Their Consequences in the Russian Federation. Bedritskiy A.1.
et al. (eds.), vol. 1 (230 p.) and vol. 2 (291 p.).

Roshydromet, 2020. Report on Climate Features in the Russian
Federation in 2019. Moscow, 97 p. (in Russian)

URL: https://rp5.ru/Pogoda_v_mire (last visited: Sept. 28,
2020).

Received December 27, 2021
Revised January 12, 2024
Accepted January 17, 2024

Translated by A.V. Muraviev



