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Abstract

The amplitude of diurnal variations in atmospheric air temperature may exceed 25 °C depending on the climatic zone
and season. This gives rise to unsteady heat-transfer processes in downcast mine shafts and in the subsequent under-
ground workings along the airflow path. The present study focuses on investigating the damping effect of the amplitude
of diurnal fluctuations in the thermodynamic parameters of atmospheric air in downcast shafts of potash mines. The
thermal damping effect consists in the attenuation of air temperature fluctuation amplitude as the airflow moves down
the shaft due to heat exchange with the shaft lining and mass-transfer processes. A combined theoretical and experi-
mental approach is proposed to predict air microclimate parameters at the junction of a downcast shaft with an under-
ground level using a conjugate convective-diffusive heat and mass transfer model that accounts for processes in the
shaft air, the lining, and the surrounding rock mass. A methodology for conducting in situ measurements at the study
sites is described, the necessary experimental and calculation parameters are provided, and field measurement data
obtained for two downcast shafts of potash mines with different depths are presented. The experimental data were used
to validate the proposed model. The agreement between measured and calculated results confirms the suitability of the
selected model for predicting air temperature at the shaft-underground level junction. Effective heat-transfer coeffi-
cients between the airflow and the shaft wall were determined for both downcast shafts, along with effective thermal
diffusivities of the surrounding rock mass. An empirical relationship was established for the air temperature in the shaft
bottom chamber of the underground level as a function of the daily mean temperature, the amplitude of surface tem-
perature fluctuations, and the shaft depth.
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Introduction
Atmospheric air entering a mine shaft is subject to both diurnal and seasonal temperature varia-

tions. Seasonal temperature fluctuations have been actively studied since the mid-20th century, particu-
larly in relation to mines in northern regions operating under natural thermal regimes [1]. Seasonal
temperature variations exert a substantial influence on the thermal conditions of underground workings,
extending even to remote working areas [2-4]. Diurnal temperature variations, by contrast, affect the
thermal regime of mine workings to a lesser extent [5]. Interest in this phenomenon has intensified only
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in recent decades, as advances in microclimate control technologies and in mathematical methods for
evaluating their efficiency have reached a level at which accurate design of ventilation and air-condi-
tioning systems [6-8] requires accounting for additional thermal factors of an unsteady nature [9-11].

The amplitude of diurnal atmospheric air temperature fluctuations depends on the climatic zone
and the season of the year and may exceed 25 °C [12]. This leads to the development of unsteady heat-
transfer processes in downcast shafts and in the subsequent mine workings along the airflow path [13].
A large portion of the temperature fluctuation amplitude is damped by the downcast shafts them-
selves [14]. According to some studies [15], the amplitude of temperature oscillations at the junction of
a downcast shaft with underground levels is relatively small. However, other investigations [12, 16]
indicate that this amplitude can be significant and, in some cases, exceed 10 °C. As correctly noted
in [17], the intensity of this phenomenon depends on shaft parameters. That study also identifies the
main parameters influencing air-temperature variation at the junction of downcast shafts with the shaft
bottom workings (Table 1). In our view, this classification is incomplete, since the listed factors are in
many cases interrelated or mutually dependent.

Table 1

Main factors determining the influence of daily temperature variation at the underground level [17]

Atmospheric factors Physical factors Dynamic factors
Atmospheric air temperature Shaft diameter Airflow rate
Atmospheric relative humidity Shaft shape Air travel time
Barometric pressure Shaft wall roughness Contact time with surfaces
Presence of water inflows in the shaft Shaft wall moisture
Air density Shaft equipment

It should be emphasized that, with increasing production capacities, mines require progressively
larger volumes of fresh air [18]. This challenge becomes even more pronounced when developing
deep-lying levels [19-21]. As a result, both the characteristic dimensions of designed shafts and the
ratio of shaft cross-sectional area to its perimeter increase, which reduces the influence of heat ex-
change with the shaft walls [22, 23] and enhances the thermal damping effect [24, 25]. For this reason,
the phenomenon in question requires further investigation.

From a practical standpoint, the study of thermal damping is important for several reasons. First,
accurate prediction of dry- and wet-bulb temperatures at the junction of a downcast shaft with an
underground level is critical for assessing microclimatic conditions in mine ventilation networks and
for deciding whether air-cooling systems are required to ensure acceptable working conditions in
mines [26-28]. Second, it is essential for calculating natural ventilation pressure under both normal
and reversed ventilation modes, since diurnal temperature variations can produce daily fluctuations
in natural draft exceeding 500 Pa for shafts with depths of about 1 km. Third, it is necessary to im-
prove the accuracy of emergency ventilation calculations in mines [29]. As is well known, air distri-
bution in reversed ventilation modes changes, among other reasons, due to variations in natural draft.
When the direction of airflow reverses, air temperature in the shafts changes, leading to the develop-
ment of unsteady heat-transfer processes [11].

The first in situ measurements confirming the smoothing of temperature fluctuation amplitudes
in downcast shafts were reported in [16]. The concept of the thermal damping effect was introduced,
and it was hypothesized that its influence on the thermal regime of shaft bottom workings would
differ for different shafts [26]. Analytical solutions accounting for the effect of thermal damping
based on unsteady heat and mass transfer processes were subsequently developed and have been im-
plemented in mine ventilation simulators. Experimental observations of the thermal damping effect
in polymetallic mines in Canada were also reported, demonstrating that the phase of periodic air-
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temperature variations changes between summer and winter. In study [30], continuous temperature
monitoring data collected over one week at various locations of a gold-copper mine were obtained
and analyzed to identify and quantitatively assess the behavior of the thermal flywheel effect. That
study showed that this phenomenon cannot be adequately described using steady-state thermal
models.

In studies [12, 17], the theoretical interpretation of measurements of diurnal temperature varia-
tion in downcast shafts was carried out using neural-network approaches. In particular, a NARX neu-
ral-network algorithm was employed in [12, 17] to predict air temperature in shaft bottom workings.
In [31, 32], a model based on multiple logistic regression was proposed to predict the direction of
heat flow. Despite the effectiveness of these neural-network methods, they suffer from a fundamental
drawback, namely the lack of physical transparency of the calculations.

In the present study, a different approach is proposed. It is based on predicting air microclimate
parameters at the junctions of downcast shafts with underground levels using a convective-diffusive
heat and mass transfer model that accounts for processes occurring in the shaft atmosphere, the shaft
lining, and the surrounding rock mass. Through physical analysis, the main dimensionless complexes
of the problem are identified, and the parameters governing the attenuation of the amplitude of diurnal
temperature fluctuations along the airflow path are determined.

Methodology. Experimental Measurements
To investigate the thermal damping effect, a series of in situ experiments was carried out under
the conditions of potash mines. The objects of study were a downcast shaft of a mine developing the
Verkhnekamskoye potash-magnesium salt deposit (shaft N 1) and a downcast shaft of a mine de-
veloping the Gremyachinskoye potash salt deposit (shaft N 2). Both mines employ a central ventilation
scheme, in which fresh air is supplied to the mine through downcast shafts and exhausted through
upcast ventilation shafts under the action of a pressure depression created by the main surface-
mounted ventilation fans. During the cold season, air-handling systems have a significant influence
on the formation and maintenance of the required air temperature in downcast shafts, as they largely
determine the thermal operating regime of mine

@3 shafts [33]. During the warm season, the air-handling

systems are switched off.

wlr During the in situ investigations conducted in the
— warm season, diurnal variations in the temperature and
2 humidity of the air supplied to the mine through the
Locations of \L 4 downcast shafts were measured. For this purpose,
meteorological _ portable meteorological data loggers Kestrel Drop D3
data logger Q'rggﬁ,\fmem were installed at the summer air intake of the downcast
::ﬁ: shaft and in the underground section at the junction of
the downcast shaft with the haulage level. These de-
vices recorded temperature and relative humidity of
‘L the incoming airflow. The data loggers are capable of
s long-term data storage with a user-defined sampling
pram — interval. During the measurements, temperature and
o relative humidity were recorded at 5-min intervals.
Fig.1. Layout of meteorological data logger installation The measurement accuracy of the data loggers is
in the downcast shaft +0.9 °C for temperature and +2 % for relative hu-
1-the ;“f‘;‘f;ua;[)Ii;‘gl'j;?g‘t_";ntﬁ:aze;ﬁei[ d‘i”nsé"j”a“"”? midity. The installation layout of the data loggers in

4 — air supply shaft; 5 — haulage level the downcast shaft is shown in Fig.1.
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The air flow rate was determined based on direct measurements of airflow velocity and the cross-
sectional area of the excavation in the ventilation workings of the shaft bottom chamber. Airflow
velocity was measured using an APR-2 anemometer with an accuracy of + 0.10 + 0.05V m/s, where
V' is the measured velocity. The cross-sectional area of the excavation was determined by direct
measurements of individual cross-sectional segments followed by calculation of the total area based
on the measured parameters, using a Leica Disto X3 laser distance meter with an accuracy of
+£2 (1.0 + 0.1-1073X) mm, where X is the measured distance.

Downcast shaft N 1 has a clear diameter of 7 m and is equipped with a combined skip-cage
hoisting system. The distance from the air intake to the junction with the haulage level is 381 m. The
volumetric airflow rate through the shaft reaches 9500 m3/min, with an average airflow velocity of
4.1 m/s.

Downcast shaft N 2 has a clear diameter of 8 m and is equipped with a skip hoisting system. The
depth of the junction with the haulage level is 1094 m. The volumetric airflow rate through the shaft
is 19,000 m*/min, and the average airflow velocity in the shaft is 6.3 m/s.

Both shafts are supported by cast-iron tubbing lining with tubbing back thicknesses ranging from
30 to 70 mm and a behind-tubbing concrete layer with a thickness of 600-750 mm.

Mathematical model

The process of unsteady coupled heat exchange between the airflow, shaft lining, and sur-
rounding rock mass, including moisture transfer, is described by a system of differential equations
for convective heat transfer in the shaft airspace

dT P dp dn 4«
— = L+ 22T (,D/2,X)-T 1
P ~p, ok P2 o oy (m(tD/2X)-T) @)

and heat conduction in the lining and surrounding rock mass

ot (t,r,x oT, (t,r,X

n(LrX) _, 18( aT(trx)) )
ot ror or

The model (1) incorporates state equations for moist air:

29P - 0.11p[ 479+ (11.52+1.62T " |

_ : 3
Pa 8.314(T + 273) )
o= - 175T Y @
611(0.622 + m)exp('j
T 12415
P =R, +p,0x. (5)

The boundary condition for the air temperature at the shaft inlet is specified based on experi-
mental measurements:

T(t.0)=To(t). (6)

At the initial time, the temperature of the surrounding rock mass at depth x is assumed to be
uniform along the radial coordinate r:

T, (0,1, X) =T, (). (7

The boundary conditions for equation (2) far from the shaft contour correspond to the tempera-
ture of the undisturbed rock mass at the given depth:

Tm (t’ Rout’ X) :TmO (X) (8)
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The outer radius of the thermal influence zone of the excavation can be estimated from equation

(8) according to [34]:
R. - \/4aman[ sATy J )
4ma o

At the shaft contour, the boundary condition for equation (2) is specified in accordance with the
Newton — Richman law:

ot
or

A

= U“(T _Tm)

r—»D/2

(10)

r—>D/2"

The effective heat-transfer coefficient between the airflow and the shaft lining is determined as
follows [11]:

V0.8

In the system of equations (1)-(11), the following notations are used: pa is the air density in the
shaft, kg/m?; ¢, is the specific isochoric heat capacity of air, J/(kg-°C); T is the air temperature in the
shaft, °C; P is the barometric air pressure at depth X, Pa; L is the latent heat of water condensation,
J/kg; m is the air moisture content, specified in the model based on experimental measurements,
kag/kg; D is the shaft diameter, m; V is the airflow velocity in the shaft, m/s; s is the heat-exchange
surface area, m?; T is the total duration of the heat-exchange process, s; A7o is the initial temperature
mismatch between the airflow and the shaft lining, °C; & is the temperature perturbation at the
boundary of the thermal equalization layer, taken as 0.1 °C; a is the effective heat-transfer coeffi-
cient, W/(m?2-°C); k is the dimensionless empirical coefficient accounting for wall roughness and mois-
ture content; 7Tm(t, r, X) is the shaft wall temperature, °C; an is the effective thermal diffusivity of the
“shaft lining — rock mass” system, m?/s [35].

Let us introduce the dimensionless variables in the following form:

>A<=L; -le; I5=E; T =—0: f= t : f)=£; F=t
H AT, R, AT, Aty Po D

3

where H is the shaft depth, m; AT is the surface atmospheric air temperature difference, °C; Atgay =
=24 h = 86400 s is the period of atmospheric air temperature variation.
Equations (1) and (2) are reduced to the dimensionless form:

ot Pop 1 .om
p A=Kcr—/f——p ~
OX poX Ste X

aT, 10,07,
T =Fo——| F—" |;
ot r or or

the boundary condition (10) in dimensionless form takes the following form:

oL I N
| =BI (T _Tm)| Fs1/2 7
Bi=—, Fo=—2"; Ste=2—2; K,=—2'—; K= ;
A D L PoC, AT, P, DV

where Bi, Fo, and Ste are dimensionless complexes representing the Biot, Fourier, and Stefan simi-
larity numbers, respectively; K¢ and K are additional dimensionless complexes.
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When the surrounding rock mass is modeled as a multilayer structure “tubbing — concrete lining —
rock mass”, additional dimensionless complexes appear in the model, representing the ratios of ther-
mal diffusivities of the individual layers.

The Biot number characterizes the ratio of heat transfer within the rock mass to heat transfer at
the air-wall boundary. The Fourier number describes the relationship between the rate of change of
thermal conditions in the surrounding air and the rate of temperature field adjustment within the
“lining — rock mass” system. The Stefan number is defined as the ratio of the characteristic change
in the sensible heat of the airflow to the change in latent heat due to moisture phase transitions in the
airflow. The dimensionless numbers K¢ and Kn characterize, respectively, the intensity of air heating
due to its downward movement along the shaft and due to its interaction with the shaft walls.

Results and discussion

As a result of the experimental campaign, time histories of air temperature and relative humidity
were obtained at the mine surface, as well as at the junctions of downcast shafts with the haulage
levels. The measurement results for shaft N 1 are shown in Fig.2; the monitoring duration was 78 h.
From Fig.2, a it can be seen that, at the depth of the haulage level, a phase shift of the diurnal tem-
perature oscillations occurs (daily lag) relative to the temperature variations observed at the mine
surface. The phase lag ranges from 20 to 65 min. During the investigated period, the average ampli-
tude of diurnal temperature variations at the surface was 5.8 °C, whereas at the underground level it
decreased to 2.6 °C. This indicates a pronounced manifestation of the thermal damping effect. The
air humidity also exhibits diurnal fluctuations (Fig.2, b). The average variation of relative humidity
of atmospheric air during the observation period reached 23 % at the surface, while at the haulage level
the average variation was 17 %. This confirms that, as the airflow moves down the downcast shaft, not
only temperature oscillations but also relative humidity oscillations are substantially attenuated.
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Fig.2. Diurnal variations in air temperature (a) and relative humidity (b) in shaft N1
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Fig.3. Diurnal variations in air temperature (a) and relative humidity (b) in shaft N 2

For shaft N 2, measurements were carried out over a period of 46 h. Figure 3, a shows a phase
shift of diurnal temperature oscillations at the depth of the haulage level of 10-15 min relative to
the surface temperature variations. Over this time interval, the air mass passing through the shaft
cooled from 31.3 to 25.6 °C during daytime conditions. During nighttime (cold) periods, over the
same time interval, the air temperature decreased from 26.7 to 15.6 °C while flowing down the
shaft. The average amplitude of diurnal atmospheric air temperature variations was 9.7 °C, whereas
the corresponding value at the junction with the underground level was 4.5 °C, which again reflects
the effect of thermal damping.

The average variation of relative humidity during the investigated period reached 32 % at the
mine surface and 17 % at the haulage level, further confirming the smoothing of relative humidity
oscillations of the airflow as it travels along the downcast shaft.

Substituting characteristic values typical for the investigated mine shafts yields the following
orders of magnitude for the similarity numbers: Bi ~10%-10%; Fo ~103-107%; Ste ~10~%; K¢ ~10%;
Kn ~10°. The obtained values of the Biot and Fourier numbers indicate that the main temperature
variations occur in the vicinity of the shaft surface, while temperature changes inside the rock mass
are relatively small, since heat transfer into the concrete lining proceeds slowly. The small values of
the Stefan number imply that significantly more heat is required for phase transitions (condensation
or evaporation of moisture in the airflow) than for changing the air temperature. The orders of mag-
nitude of K¢ and Kn indicate a substantial contribution to air heating from both air compression during
downward movement along the shaft and heat exchange with the shaft walls.

To preliminarily assess the contribution of each heat and mass transfer processes included in
equation (1) to the increase in air temperature at the junction with the underground level, character-
istic parameter values were substituted (Table 2). The average barometric pressure, average temper-
ature, and average air density in the shafts were taken as the arithmetic mean of the corresponding
parameters measured at the shaft collar and at the junction with the underground level.
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Table 2
Air properties and shaft parameters

Parameter Shaft N 1 Shaft N 2
Average air density in the shaft, kg/m? 1.235 1.26
Average barometric air pressure in the shaft, Pa 103,570 107,593
Average increase in air temperature in the shaft, °C 1.6 9.0
Average increase in moisture content in the shaft, kg/kg 0.83 0.41
Average lining temperature, °C 20.1 27.3
Shaft depth, m 381 1094
Shaft diameter, m 7 8
Air velocity in the shaft, m/s 4.1 6.3
Specific heat capacity of air, J/(kg-°C) 1005 1005
Latent heat of water condensation, ki/kg 2260 2260
Heat-transfer coefficient between airflow and shaft wall, W/(m?-°C) 16.6 135

Table 3 presents the relative contributions of various heat and mass transfer processes I; occur-
ring in the investigated shafts to the formation of the final air temperature at the junction with the
underground level. The contribution was calculated as the ratio of the heat added to or removed from
the airflow by a given factor to the change in internal energy of the airflow:

| = W 10006,
P.C, AT
where Wi is the heat associated with the i-th thermal factor.

The total contribution of all heat and mass transfer processes for each shaft equals 100 %,

meaning that the entire change in air temperature within the shaft is explained by these processes.

Table 3
Relative contribution of heat and mass transfer processes to air temperature
at the shaft-underground level junction, %
Factor Shaft N 1 Shaft N 2
Hydrostatic air heating due to compression +196.9 +84.8
Moisture evaporation from the shaft surface -116.6 -10.2
Heat exchange with the shaft lining +19.7 +25.4

Note. A positive sign indicates that the factor contributes to an increase in air temperature with depth, while
a negative sign indicates cooling.

Table 3 shows that, for shaft N 1, the dominant factor contributing to air temperature increase is
hydrostatic heating due to adiabatic compression, which is approximately ten times greater than the
contribution from heat exchange with the shaft lining. At the same time, a significant portion of the
airflow energy is expended on moisture evaporation from the lining surface. For shaft N 2, hydrostatic
heating due to adiabatic compression also dominates over heat exchange with the lining (by a factor
of 3.3); however, owing to the lower moisture content, energy losses due to evaporation are rela-
tively small.

The system of equations (1)-(11) was solved using the finite difference method, employing
a first-order explicit time scheme and a second-order central spatial scheme. As a result, time-
dependent air temperature profiles at the shaft bottom near the underground level were obtained.
The parameters am and k were treated as adjustable and were determined by successive approxima-
tions so that the results of the modeled air temperature T (t,) matched the experimental measurements

as closely as possible, i.e., satisfying condition
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— min. (12)

Jz?_l(f(ti)—T(m)z

n

Figure 4 shows contour lines of the root mean square error (12) in the phase plane “coefficient
k — thermal diffusivity of the rock mass” for the conditions of shaft N 2. The minimum of functional
(12) is achieved at k = 1.3 and an effective rock-mass thermal diffusivity am = 2.2-10~" m?/s. Figure 5
presents the time evolution of air temperature at the surface and at the junction with the underground
level. Curve 3 in Fig.5 corresponds to the solution of equations (1)-(11) obtained with k=1.3
and am = 2.2-10°7" m?/s.

Figure 6 shows contour lines of the root mean square error (12) in the “coefficient k — thermal
diffusivity of the rock mass” phase plane for shaft N 1. The minimum of functional (12) is reached at
k = 2.2 and an effective thermal diffusivity anm = 150-10~ m?/s. Figure 7 presents the time evolution
of air temperature at the surface and at the junction with the underground level. Curve 3 in Fig.7 was
obtained by solving equations (1)-(11) with k = 2.2 and am = 150-10~" m?/s.

Thus, the mathematical model of unsteady conjugate heat transfer between the airflow, shaft
lining, and surrounding rock mass, including moisture transport and calibrated using experimental
data, can be applied to predict the temporal evolution of air temperature at the underground level with
accuracy sufficient for engineering calculations. The minor deviations between modeled curves and
experimental data are mainly attributable to instrumental measurement errors.

The calibrated models for both shafts were subsequently used to determine the functional de-
pendence of the underground level air temperature Tiev(t) on the surface air temperature Ta(t) and
shaft depth H. For this purpose, a harmonic variation of surface temperature was specified as boundary
condition (6):

— AT 2t
T,@®)=T, +—Acos ,
A0 =T, 2 (1440)

where T, is the daily mean surface temperature, °C; AT is the amplitude of diurnal atmospheric air
temperature variations, °C; t is time, min. The parameters T,, AT, and H were varied.

The results of multiparametric modeling made it possible to establish the dependence of under-
ground air temperature on the varied parameters. The dependencies were approximated as a superpo-
sition of a time-averaged air temperature and an unsteady component representing harmonic oscilla-
tions about this mean value, with certain phase shifts caused by the inertia of the heat conduction
process. As a result of the multiparametric simulations, the following expressions were obtained for
predicting air temperature at the underground level for the investigated shafts:

T (), =T, +0.0073H + AT cos[0.048+ 2nt. j;
H™ 1440

_ 9.3AT 2nt
T, (t), =T, +0.0056H +H—oﬁf*cos(o.109+m].

The second terms in these expressions characterize the effect of the temperature gradient re-
sulting from the combined influence of hydrostatic compression and the time-averaged heat ex-
change with the surrounding rock mass.
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Fig.6. Contour lines of the root mean square error (12) 1 —in situ measurements at the shaft collar;

in the phase plane “coefficient k — rock mass thermal

2 — in situ measurements at the junction of the shaft with
the underground level; 3 — modelled temperature dynamics

diffusivity an” for shaft N 1 at the junction of the shaft with the underground level

The general form of the calculation formulas for determining the mean air temperature in the

shaft bottom chamber of a downcast shaft T,

the diurnal temperature variation ATiey and the phase

lev ?

shift of temperature oscillations ¢ is given by:

T

lev

=T, +aH,;
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AT
ATIev = bH—O/z,
At
=2n——,
? =00

where At is the daily lag of temperature oscillations at the junction with the underground level relative
to surface temperature oscillations, min; a and b are empirical coefficients that, in the general case,
depend on the similarity numbers Bi, Fo, Ste, as well as on K¢ and K.

Conclusion

The results of a study on the damping effect of the amplitude of diurnal variations in atmospheric
air temperature and humidity in downcast shafts of potash mines are presented. The study is based on
a combined theoretical and experimental approach, which includes in situ measurements of air mi-
croclimate parameters under underground mining conditions, as well as the application of a mathe-
matical model of conjugate convective-diffusive heat and mass transfer within the shaft, its lining,
and the surrounding rock mass, to predict air temperature at the junction of the shaft with the under-
ground level.

A methodology for conducting in situ measurements under mine conditions is described, and the
obtained data for two downcast shafts of potash mines with different depths are presented. These data
were subsequently used for the parameterization and validation of the proposed model of unsteady
conjugate heat transfer between the airflow, the shaft lining, and the surrounding rock mass.

Effective heat-transfer coefficients a between the airflow and the shaft wall were determined
for the investigated shafts, along with the effective thermal diffusivities of the surrounding rock
masses am. For shaft N 2, the following values were obtained o = 4.68(V°%/D%2) W/(m?-°C), am =
=2.2-107 m?/s; for shaft N 1: o = 7.92(V°8/D%2) W/(m?-°C), am = 150-10~" m?/s.

The calibrated models for both shafts were further employed in multiparametric simulations
aimed at determining an empirical relationship for the air temperature in the shaft bottom chamber of
the underground level as a function of the daily mean surface temperature, the amplitude of surface
temperature oscillations, and the shaft depth. As a result, calculation formulas were derived for esti-
mating the mean air temperature in the shaft bottom chamber of a downcast shaft, the diurnal tem-
perature variation, and the phase shift of temperature oscillations. It is shown that the amplitude of
air temperature oscillations in the shaft bottom chamber depends on its depth according to a power-
law relationship with an exponent of —0.6.

The results of this study can be used for the quantitative assessment of microclimatic conditions
in mine ventilation networks and for making decisions on the necessity of air-cooling systems to
ensure acceptable working conditions in mines. The proposed approach to evaluating the diurnal
variation of air temperature at the underground level also enables refinement of the calculation of the
temporal dynamics of natural ventilation pressure, both under normal and reversed ventilation modes,
which, in turn, improves the accuracy of predicting emergency ventilation scenarios in mines.
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