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Modeling of the temperature field during drifting of transport

tunnels in cryolithic zone

ISAKOV A, GUDKOVA I

(Department of Survey, Design, and Construction of the Railways and Roads. Siberian State University of

Railway Engineering, Novosibirsk 630049, Siberian, Russia)

Abstract: A mathematical model and algorithm for solving axisymmetric problems associated with
determining the transient thermal field around a cylindrical stonedrift were described. A distinctive
feature of the proposed model was introducing an air thermal boundary layer at the contact with the
inner boundary of stonedrift in the formulation of the problem. The algorithm for this model was
tested by calculating the thawing depth in a rock massif located in permafrost zone in the Far
Eastern Part of Russia. The results show that these calculations yielded the thawing depth, which
depends upon the thickness of heat insulating layer outside the tunnel lining. The article also
presents the results for calculating the thawing depth for a rock mass along the tunnel’s length
when both sides of the tunnel are excavated. 6 figs, 10 refs.
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0 Introduction

Creating transport tunnels into cryolithic

zones has several problems, among which include

Received date: 2017-03-03

the thawing of strata that results in a stability loss
for stonedrift arches, and allows groundwater pen-
etration into the tunnel. Thus, it is very important

that, during tunnel construction design, the dy-
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namics data for permafrost degradation around the
stonedrift is available, but sometimes, even this
data is insufficient. It is more important to control
this process to effectively protect a tunneling from
groundwater penetration. Furthermore, it is im-
possible to model the change in soil’s permafrost
temperature around the stonedrift without mathe-
matical modeling. Numerous papers are devoted to
the prognosing the temperature field, which occurs
during mining work in the cryolitic zones. For in-
stance, Khokholov, et al. "', Soloviev, et al. !,
and Galkin,et al. !, among others, used different
semi-empirical dependencies to model the heat ex-
change between a tunnel’s inner surface and the air
flow inside the tunnel. In this case, the tunnel’s
surface temperature was assumed to be constant
throughout its cross section, as well as the air
stream’s temperature. But in reality, the tunnel’s
surface temperature changes in real time.

In the present paper, a model and an algo-
rithm are provided to solve axially symmetric prob-
lems that determine the non-stationary, thermal
field around cylindrical stonedrifts, where the heat
exchange between the tunnel surface and the circu-
lating air flow inside are accounted for, by introdu-
cing a thermal boundary layer into the model. In
this approach, changes in tunnel’s surface temper-
ature will be accounted as a function of time, even

when the air stream temperature is constant.

1 Formulation of the problem

The massif area surrounding the cylindrical
stonedrift possesses a diameter D, ( Fig. 1), and is
divided along its radius into separate tubular ele-
ments with singular lengths equal to the wall
thickness (Fig. 2). The air mass circulating in the
tunnel has a preset function describing the temper-
ature change T,, () = F (), which is separated
from the inner lining by the air’s thermal boundary
layer with thickness §. At the instantaneous time ¢

of t =0, the function describes the temperature

field for N elements in the environment. Tempera-
ture of the N-th element, with a distance of zero
year amplitudes from the cavity boundary, is con-
stant in time, and is equal to T,. The temperature
distribution for every element in the environment

must be determined for a random value of time z.

Thermal boundary layer

Heat insulating layer

Outer boundary of lining

Fig.1 Schematic of tunnel lining layers and
rocks of surrounding massif
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Fig.2 Diagram illustrating the discrete model

representing the problem
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The formulated problem assumes that heat
flow is spread only in radial directions throughout
the entire space, e. g. , as a one-dimensional mod-
el". Another commonly accepted assumption is
that air flow circulating in the tunnel is stationary,
i. e. , air speed in every layer is assumed to be a
function of only the distance from the tunnel

lining’s inner boundary. Then, the thickness of
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thermal boundary layer § can be estimated, using a
certain degree of approximation, following to
Buhmirov,et al. ™

o~ Do (1)

V/PrRe

where Pr=y/a is Prandtl number; Re=D,V,p../p
is Reynolds number; V, is average air flow speed
inside the tunnel; v is kinematic coefficient of viscos-
ity; p is dynamic viscosity; a is thermal diffusivity

(m’/$) 5 pu is the air density (kg/m®).

2  Algorithm of the problem

As mentioned in previous section, the model
is represented with tubular elements'®. The di-
mensions of i-th element: Ah is thickness of the
i-th element boundary layer; 2xR, , and 2=R; de-
scribe the lengths of inner and outer boundaries,
respectively, where R, =R, +iAh, R, is the inner
radius of the tunnel. The square of inner and outer
surfaces are denoted as S., = 2xR,_, (m*) and
S;i=2xR: (m*), respectively. In such a case the
quantity of heat AQ; yielded or received from out-
side by i-th element during time interval Az, may
be expressed as follow

AQi=(J =1 S0 —Ji+1Si1 AD (2)

where J,—, represents heat flow, transferred
through the unit of area from the i-th to the (i —
1)-th element during a unit of time, i=1,2,+, N,
as shown in Fig. 2, Eq. (3); J;.; describes the heat
flow transferred through the unit of area from the

(i+1)-th element to the i-th element during a unit

of time
T, (0)—T;()
Jioi =i ] AL — 3
T.(t)— T ()
Jon=h = — 4

where A; is heat conductivity coefficient for the i-th
element [W/(m « C) .

The law of energy conservation for the i-th el-
ement may be written as follow

AQ=mC.[T,(0)—T, ¢+ A ]+ Q,m; | =1, (5)

where m; = np; (R} —R} ;) is mass of the i-th ele-
ment; p; is density of the i-th element (kg/m’);
Qs T,y are the phase transition temperature and
heat, which describe freezing-up of the liquid in
soil.

When substituting Eq. (2) to Eq. (4) into Eq. (5),
the temperature of the i-th element at time incre-
ment t+ At is determined by Eq. (6)

AA71 I:Tifl (Z’)i

i

T, (t+A0) =T, (t)+2a, {

T.(0 R, I—ET,-<z>—T,+1<z>]R,-} :

At 4+ Q.. (AL
Ah(R!—R: ) C, Ph

where a; = A;/(p,C;) is thermal diffusivity of the

(6)

T=T,

i-th element; C; is specific heat of the i-th element
[1/(kg + CH 1.

Heat exchange between the thermal boundary
layer and the tunnel’s inner surface is described by

the equation of energy conservation by analogy

with Eq. (7)

T, (t+AD=T, (t)+2a, {A[T ()—
1

A
T.(O]IR,— LT, (t>_T2(Z)]R1} .

At n Qi (AD)

MR—RH G D

T=T,
where T, (¢) is the temperature of tunnel’s inner
surface (°C); T,..(2) is the temperature of the 1st
element in air’s boundary layer (‘C); A, is heat
conductivity coefficient for air [W/(m + ‘C) 7.

Heat exchange between inner elements of air’s
boundary layer is determined by analogy with Eq. (6)

T A0 =T, () +2a, {[ Turi 1 () —

Toirii (O IR iy — LT (1) —

At

T (O IR0 A(RE . —RAL)

(8

where @, = 2/ (ou: Cir) is thermal diffusivity of air,
and C,; is specific heat capacity of air [ J/(kg « ‘C)].
Soil’s thermal and physical characteristics are
determined by its moisture content, and by the ag-
gregative state of water contained within the soil,

where p=p,(1++W)/(14¢) is soil density (kg/m’).
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W represents the moisture in soil; is density of soil

hard particles (kg/m?), e is void ratio.
Cop,=(C,+WC,,)/(A+W)

where C, represents the specific heat capacity of

the thawed soil, C, is the specific heat of soil’s

hard particles.

Co=[CcAW—W,)C.+W,C,]/(A+W)
where Cy, is specific heat capacity of frozen soil.

W=k W,

where W, represents the unfrozen fraction of wa-
ter in the soil; W, represents the plastic limit of
the soil; k, is special coefficient depending on the
type of the soil.

arh:/\m/(pcth)
where a,, is thermal diffusivity of thawed soil.

ap=An/(pCr)
where ay, is thermal diffusivity of frozen soil.

Qw=Q.(W—W, ) /(1+W)

where Q,, represents specific heat of soil’s phase
transition (J/kg), Q. is specific heat of ice fusion
(J/kg) s Ag is the heat conductivity coefficient for
thawed soil, A is the heat conductivity coefficient
for frozen soil.

For each layer of N tubular elements, the
temperature is defined with Eq. (6) using two cy-
cles; first, increments in time and along radius are
represented by At and Ah, respectively; and sec-
ond, equations for heat exchange are used with the
thermal boundary layer for air contained in Eq. (7)
and Eq. (8). Note that this algorithm is based up-
on on the conservation of energy law, which

should produce correct results.

3 Practical calculations

The algorithm in previous section was imple-
mented in the computer program “Tube-1”, which
was designed at the Department of Survey., De-
sign, and Construction of Railways and Roads in
the Siberian State University of Railway Engin-

[7-8]

eers The example given below is a heat engin-

eering calculation for a tunnel designed for the cry-

olitic zone in the Far Eastern Part of Russia. A
two-coat lining was chosen for this example. The
inner layer consists of 0. 5 m thick concrete, and
the outer layer is composed of a heat insulating ma-
terial with varied thickness. The soil’s thermal and
physical characteristics were entered into the pro-
gramm’l(ﬂ .

(D particle density;

@ void ratio;

@ moisture content;

@ specific heat of soil’s particles;

® thermal conductivities for thawed and fro-
zen soil.

The thermal and physical characteristics for
the heat insulating material were also entered into
the program:

(D heat insulating material’s density;

@ moisture content;

@ specific heat;

@ thermal conductivity.

The soil behind the lining was assumed as
granite with the following characteristics:

(D the specific heat C,,=0.7 kJ/(kg * C);

@ the thermal conductivity A, =2.0 W/(m « C).

In the presented model, air flow inside the
tunnel is considered stationary during the entire
time simulation, while the temperature is assumed
to be a constant value of +10 °C. Other boundary
conditions also exist for the internal radius of the
tunnel, the radius of the calculation zone, and the
temperature of the surrounding mountain mass. In
the presented calculations, the internal radius of
the tunnel is 4 m, and the radius of the calculation
zone is 30 m, while the temperature at this zone’s
boundary is —1.5 °C, and is based upon a thermo-
metric investigation,

If all other conditions are equal, the following
factors affect the thawing depth of the surrounding
mountain mass:

(D temperature inside the tunnel;

@ air flow speed;
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® mode of tunnel ventilation;

@ thickness of the heat insulation layer.

Referring to the algorithm, from Eq. (10), it
is observed that the air flow speed V, influences
the thermal boundary layer’s thickness, which in
turn, affects the intense heat exchange between
the air flow and the tunnel wall’s lining. Fig. 3
shows the change in thawing depth over one year,
and is subject to the tunneling process, which de-
pends upon the thermal boundary layer’s thickness

and the parameters cited above.

W
T

Thawing depth/m
W

10 2 3 6 8 10

Thickness of heat boundary layer/cm

Fig. 3 Thawing depth as a function of the heat boundary
layer’s thickness over one year
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The most problematic variant is round-the-
clock ventilation of the tunnel with an air tempera-
ture of +10 °C. This is the minimum acceptable
level at which personnel can operate comfortably
during the tunneling process. In this case, the only
way to decrease the massif’s thawing zone is to in-
troduce the heat insulation material into the tunnel
lining during construction. Foamed polystyrene
was used as the heat insulation material, and pos-
sessed the following characteristics:

@D its density is 40 kg/m’;

@ its moisture content is 0. 01;

® its specific heat is 1 530 J/(kg » C ')

@ its coefficient of thermal conductivity is
0.035 W/(m « C).

In the subsequent calculations, the thickness
of thermal boundary layer is taken as 2 cm, which

is in accordance with Eq. (1), and the average air

flow velocity is 0. 4 m/s. As shown in Fig. 4,
while the change in the massif’s thawing depth ver-
sus time was measured for a fixed tunnel cross sec-

tion with different thicknesses of foamed polysty-

rene.
101
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Fig. 4 Changes in massif’s thawing depth with time under
different thicknesses of heat insulation material (A)
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Dynamics for the temperature changes in the
lining’s surface was measured for a fixed cross sec-
tion with different thicknesses of heat insulation
material as shown in Fig. 5.

In Fig. 6, calculation results for thawing depth
behind the massif’s lining along the tunnel are il-
lustrated. Both sides are excavate with a tunneling
speed of 30 m per month.

The results of thermometric measurements col-
lected in the mountain massif, and around the con-
structed tunnel in the given climatic zone, where meas-
urements were collected without an additional thermal
insulation layer, show that the massif’s thawing depth
varies within the limits of 4 to 7 m, and is subjected to

watering geological material.

4 Conclusions

(1) The simulation algorithm for heat ex-
change between the tunnel walls and the circulating
air flow considers the thermal boundary layers and
the dynamic temperature changes within the
tunnel’s internal walls.

(2) This algorithm reveals a more accurate tha-

wing process for the surrounding mountain mass while
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Fig. 6 Calculation results of thawing depth after both sides are
excavated with a excavating speed of 30 m per month
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it is drifting. The calculations show that the introduc-
tion of an additional thermal insulation layer, with a
thickness of 20 cm, decreases the thawing zone of the
mountain mass by 3 times, by the end of the first year
of tunneling construction.

(3)By the end of the third year of tunnel con-

struction, the maximum permafrost degradation

varies along the tunnel from a cross section of 0 to
8 m, or to the working face along the edge sec-
tions. It is noteworthy that the air temperature is

maintained at a constant value of +10 C.
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