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Abstract. A description of a new non-stationary thermophysmadel in the "hot tank-frozen
ground” system is given, taking into account maassfer of pore moisture. The results of
calculated and experimental data are presentedthanposition of the thawing front is shown
to be in good agreement with the convective heaisfer due to moisture migration in the
thawed ground.

1. Introduction

Processes, united by the general influence of thegenic factor, are very diverse and complex in
nature [1]. Freezing, frost heaving and thawingnoist soil are complex thermodynamic processes in
freezing bases. In the process of thawing as thedeature field changes, moisture migration to the
freezing front takes place [2].

In this regard, the study of the processes of laeat mass transfer in the ground and their
interaction with engineering structures acquirgipalar urgency. It is important to solve the joiask
"environment - construction - ground".

The experimental setup and the results of the @rpats on thawing of frozen ground under a hot
oil tank are presented in [4, 5].

It was experimentally discovered that when a frozemist ground is heated from above, a vertical
filtration flow of thawed water may occur, and, ogito this, a significant (approximately twofold)
increase in the mean velocity of the thawing froolvement.

This can be explained by the fact that since tHamme of water is less than the volume of ice,
pores appear in the thawed ground through which water moves down to the center of the melt
front, convective heat transfer occurs, which iases the thawing rate [4].

The dependences of the temperature change of $hgpgae and the hot heat-transfer medium over
time have also been obtained [5]. At the beginmifhfilling an empty tank, the temperature of oill fe
as it was heating the walls of a cold metal tanfteiAreaching the thermal balance of the metal wall
and oil, the temperature of the heat-transfer madiached the value to which it was heated in the o
tank - 57 °C. In the stand-by mode, the temperanfrehe heat-transfer medium decreased
exponentially (according to Shukhov's formula).

A change in the temperature of the gas space uglstlgldifferent: in the injection mode, the
temperature increased sharply, but when the otheghthe maximum temperature, the temperature of
the gas space continued to grow for some time.iftiease in the temperature of the gas space is
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evidently due to evaporation of light fractionsodf as well as a complicated nature of convecgjas
flows in the gas space inside the tank.

2. Analytical solution

The authors in [4] found an approximate analytmpahsi-stationary solution of the two-dimensional
Stefan problem in cylindrical coordinatesx in the classical formulation, both taking into agnt the
transport of pore moisture and without taking tbiaccount.

The system of equations for the ground thawing lerak(the two-dimensional Stefan problem in
cylindrical coordinates, x in the classical formulation without convectiostthe form [4]:

o, (07T, 10T, 07T,
ot 2ok rar ox? )

where subscripts 1 and 2 refer to the thawed aozkefr zones, respectively. These zones are
separated by a moving surface (the melt fréiit)x,t) = 0. The initial condition is the absence of a
thawed zone and the equality of the temperatutiedrentire region to initial valug, (in this casd, =
-9°C). The boundary conditions on the fixed boundatnizge the form:

T
le(xzo,r>R):T0’—/]lﬂ =q= Wz,a 1,2
' X x=0,r<R nR ar r=0

whereR - radius of the tankV - heater wattage (in this modekE 1Zm, W= 500W). At the melt

front, the temperatures are eqliak 7, = 0°C, and the energy balance condition is given, ottdled
the Stefan condition:

(1)

:0,T2(r — 00,X—> 00) _’TO'

oF /ot
(4,|gradT,| /12.|gradT2|)‘F:0 = Lw, )

where4, , - thermal conductivity coefficients in the thawasad frozen zoneg, - volumetric heat of
melting (J3/n).

There is no exact analytical solution to this peoty] but approximate quasi-stationary solutions of
a number of related problems are known, publishefd 1, 12]. Following the procedure outlined in
these works, let us seek the solution of equatipim(formT(F), whereF = const - isothermal surface
equation; in particulaf; = 0 - zero isotherm equation. Let us calculatetion F in the form:

t
F=x-f(r)-[g(adt, ) (3
0
wheref(r) andg(t) - unknown functions in advance. Differentiatin@) byr, x, t, one will find:
T 0T _ .02 0°T oT
—:_T'Df,,_:f' D_"—T'Df",—:T",—Z— D—,’ 4
or or? o o 9 @
2 2
where T' ::—::-, T" = a1 f' f f"= df . Substituting (4) into (1) and neglecting the

dF?’ dr’ dr?
difference between; anda, (that is, let us assume ~ a, = a), let us obtain an ordinary differential
equation with respect to functidr):
p(i+7)-t-21+9=0, (5)
r a
where
P=T"/T'. (6)
For (5), an analytical solution can be obtaineohi# assumes thgtandP are constants. However,
after the temperature field is found, when it ibdituted into the Stefan's condition (2), let aswuane
thatg andP are functions, which allows us to find the velgaiff the front motion. Physically, this
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means that the melt front moves so slowly that care consider the temperature field to differ little
from the stationary one (the quasi-stationary axipration). Introducing notationsP = B?,

B*+g/a=A’, y=ABr, f'=-w(y)/(BW(Y)), let us transform (5) to the form:

1
W +=w+w=0, (7)
y
the solution of which, as we know, is the Besseicfion of the first kind of zero ordel(y).
Returning to previous notations, let us obtainlatgm for functionf(r):

1 273+T, )
f(r)=——<In———=""+1In| J,(ABr) |, 8
(r) Bz{ e [3( )]} ®
whereT;(r) — ground surface temperature. Obviously, thetgwlwobtained makes sense if:
ABr < 2.4 )
where 2.4 - the first zero of the Bessel functigrHence, assumingBR = 2.4, there is:
2.4\’
=a| — | —aB’®. of1
9=a 22 11
On the other hand, integrating (6), let us find:
T =PTe™, T=Te" +T,. (11)
Substituting in (2), one obtains the second refelietweerg andP = B
B°T,[A,— A
g =—1|L1 2 : 12}
ExcludingB? from (10) and (12), let us obtain the relationiesng and 77
2
_24 | a(TJA-4]) (13)
R\L(T A - +aL)

The experimental dependence of the temperaturbeofjtound surface at point= 0 on time is
shown in Figure 1 (curve 1 approximates the expamtad points). Fig. 1 shows calculated curve 2
obtained as a result of numerical integration aiction g(T,(t)). As can be seen from the figure, the
coincidence with the experimental points (denotgdtlie symbols +) is observed only for the
beginning of warm-up, when the transfer of heatri@t water is negligible.

Let us write the equation of thermal conductivikihg into account the convective heat transfer.
Here let us assume that only the convective tramdbmg thex axis is essential, and the transfer along
ther axis is negligible:

2
aT oT = a_T+la_T+ﬂ , (14)
or> ror ox
wherev(r,t) - average projection of the melt water rate omnica axisx.

As it was mentioned above, it is necessary to sesédution in forml(F) and functionF in
the form:

F=x-1(r) —h(r)j'g(t)dt =x- f(r)=h(r) x(t), v(r,t) = g(t) On(r), (15)

where functionf(r) is assumed to be known from the previous solutwra stationary medium,
and functionh(r) - unknown. Differentiatingl(F) by r, x, t, and substituting in (14), one obtains a
differential equation with respect to functiciiy andh(r):

P[1+(f'+h'z)2]—(f"+h"z)—%(f'+h'z):o, (16)

whereP, as it was mentioned above, is determined byRéplacingy = P-r:
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f'+h'z=-U/(Pu), (17)
let us obtain an equation for functian
2
d_l: + 1% +u=0, (18)
dy” ydy

coinciding in the form with equation (7). The sabut of this equation is the Bessel functiorr
Jo(y) = Jo(Pr), and U' =—PLJ,(P[t), whereJ; - the Bessel function of the first kind of thesfir

order. From (17) let us find:
h'(r):_l(iﬂﬂj:l JPH)_ o] (19)
z\ Pu z\ J,(P¥)

t
Using the experimental values of functi) = j g(t)dt, one can numerically integrate (19). The
0

result of the calculations is shown in Fig. 1, ZusctionF(r xt) = 0 at different times, as well as in
Fig. 1 as the dependence of the coordinate ofénéec of the front on time (curve 3). It can bensee
that, in contrast to the solution in a stationagdiam, it is possible to obtain a satisfactory agrent
with the experimental data.

Vo
T, oC

X.sm

100 200 300 400 ; mIN

Figure 1. The temperature of the ground surfacEjgure 2. Position and shape of the thawing front
2 - the coordinate of the thawing front centéaking into account convective heat transfer:
without taking into account convective heat 1-t=10min; 2+t =90 min; 3 +=180 min;
transfer;, 3 - the same taking into accou#t-t =270 min; 5 { =540 min.

convective heat transfer; + - experimental points.

3. Numerical modeling

Computer modeling of this problem was consideredséyeral authors [6, 7, 8] who confirm the
conclusion obtained experimentally by the authdrhe article that the movement of the liquid i th
ground creates an additional thermal flux that nlestaken into account when solving the thermal
conductivity equation. In low-water soils, this rhaaism can be neglected, which does not apply to
soils in the north of Russia, through which mosthef existing and under construction pipelines and
facilities of the fuel and energy complex pass [7].

Physical and mathematical modeling is based onnaerigal solution of a system of equations
consisting of thermal balance equations for the ayas oil phases, the heat-transfer medium flow
equation, the thermal conductivity equation in @-thmensional setting, taking into account phase
transformations and migration of pore moisture.

The non-stationary thermophysical model can besssrted in the following form [5]:
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Qg = _le + ngl + ngZ -Q
Q =Q; +Qp +Qs +Qy

o R ) Lo ()

at r or

5 =k 9 =k Y
or 0z
c=me

dt
Q, =C, Ly IR* [{H - h)Gd(Tdi_T‘)) Q|=QD0.DR2Eﬂh)Bd”'d7;T°);
Q. =C, bp, IR’ [T, TO)L Q.1=C.mDﬂ2EﬂT.O—T.)B‘%
Quur = Ky [T, =T, ) IR, =k,0 T - T,) 27Rh

ngz _kQOZI:ﬁT To)mm[qH _h); kls[ﬂT )Dj?2

Q =0ay EﬁTg _TI)D-RZ ng =0y EﬁTI _TQ)DRZ

whereT, - ambient temperature, K - temperature of the heat-transfer medium at tle ta the
tank at a constant flow rat& , K; kgol- coefficient of heat transfer through the rooftbé tank,

V%Tm(); kgo2 - coefficient of heat transfer through the siddlwhthe tank in the gas space region,
VV y ; ay and ay, - coefficient of heat exchange from the gas-airtorix to the "hot" heat-transfer
medium and back\%mzm(); k., - coefficient of heat transfer through the sidelwdlthe tank in the
liquid space regior\%nZDK); k. - coefficient of heat transfer through the tanktdm from the "hot”

heat-transfer medium to the foundation of the tagk, .; C,, .and p,,.- heat capacity and
(n12EIK) gl,s g,l,s
density of the gas-air mixture, heat-transfer medand ground, respectivelyj/,(k x)’ m; R, H -
g
radius and height of the tank, = height of the heat-transfer medium filling, ;- flow rate of the

3
heat-transfer mediumf™ A , a, - coefficient of thermal diffusivity of ground%, J and J, -

filtration rate of pore moisturek — isothermal coefficient of moisture conductivityr/z,w -
S

moisture content by weight (subscriptg,|,S denote, respectively, gas, liquid and ground

components of the system).
The technique for finding coefficients of heat stan is described in [9, 10, 11]. System (1) is
solved using an implicit scheme [12] with the feliag initial and boundary conditions:
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Initial conditions: Boundary conditions:
att=0h=0T, =T,.T, =T, z>07T, =T,(2)
J=k T -T.)oR =0 z=L,T, =T(L) = const
atz=0T, =T, J:k|SDR2[q-|_| _TS)ZAaaTS

z z=0

4. Discussion of the numerical solution

The physical and mathematical modeling of the psepgaon-stationary model in the "hot tank-frozen
ground" system taking into account the effect efthigration of pore moisture gives a fairly accerat
agreement with the experimental data, unlike thimmawithout taking it into account [4].

5. Conclusion
A significant influence of pore moisture migration the shape and velocity of the thawing front
during thermal interaction in the "hot tank-frozgnound” system has been established experimentally.
A non-stationary thermophysical model is develoffet takes into account the migration of pore
moisture, the numerical solution gives a fairlyisfattory agreement with the experimental data.
The solution of the non-stationary thermophysigatam can be adapted to predict the halo of
thawing when storing oil and oil products on frozeils.
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