















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Some approaches to improve the ventilation system in underground potash mines

3, there are three groups regarding the clearness of the air arriving to the working faces,

each one will have different environmental conditions.

e Group 1: Provided with clean air.
e Group 2: Partially provided with clean air.

e Group 3: Mainly provided with recirculated air.

3.3. Data processing

Data have been analysed by group and working face. First, all measures have been split
in groups based on their ventilation characteristics by means of the GIS, having each
group 126, 70 and 69 measurements respectively. Afterwards, mean values of airflow,
effective temperature, CO, CO,, NO and NO; of each group and working face have
been calculated. These distinctions will allow analysing the situation by group and

individually.
Fig. 4 shows an example of one of the workplaces, called M8, and the evolution of its
position between April 2009 and September 2010, changing from group 1 to group 2,

thus this variation has to be taken into account to analyse the environment conditions,

moving from a clean air to a partially recirculated situation.

Fig. 4. Position evolution of the continuous miner M8.
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Without the usage of the GIS it would have been more difficult to discriminate this
information in the three groups proposed. Especially when the data collected is from a
long time ago.

4. Results and discussion

The following outcomes show some possibilities of the system created to control the
working conditions in an underground mine and evaluate the layout variations along the
time with the capabilities of the software. The data from next tables and figures have

been processed using the GIS.

Mean values of airflow, effective temperature, CO, CO, and NOy are gathered in Table

2, while Table 3 compares the percentage variation in the different underground

conditions.
Table 2. Mean values from the different groups.
Airflow Effective CO CO; NOy
(m%s)  temperature (°C)  (ppm) (ppm) (ppm)
Group 1 10,59 27,99 6,18 1819,27 7,974
Group 2 10,03 28,17 5,81 1641,62 8,28
Group 3 11,32 29,19 8,43 1883,53 9,306
Table 3. Percentage variation using group 1 as reference.
Airflow Effective CO (%) CO;2(%) NO(%)
(%) temperature (%)
Group 1 0,00 0,00 0,00 0,00 0,00
Group 2 -5,29 0,64 -5,99 -9,76 3,84
Group 3 6,89 4,29 36,41 3,53 16,70

As it can be seen, there is an increase in pollutants concentration and effective
temperatures comparing group 1 and 3 despite similar airflows, specially in CO and

NOy values. However, the comparison between group 1 and 2 provides mixed results,
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probably because there is air recirculation within the same group (group 1) as it can be

seen examining the position of the miners and the ventilation layout.

The individual analysis by miner is displayed in the next Tables and Figures, where
each miner stands for a row in Table 4 and a bar in Fig. 5 to 9. However, the same
miner has changed from one group to another in some cases, such as miners 2 and 3
from group 1, which are physically the same as miners 2 and 3 from group 2, because at
some point they were changed to another part of the mine. Therefore, they are
considered as different miners for the study of the environmental factors. However, their
identification names will be very important for managing the database in the GIS. In
addition, Table 5 compares the minimum and maximum values of the parameters

analysed among the miners.

Table 4. Name and number of measures from each miner.

Name of the miner Number of measures
21
15
17
27
21
23
17
21
14
18
24
27
18

[EEN

Group 1

Group 2

Group 3

W N P O PO O WWODN

The percentage variation of the conditions showed in Table 5 has been linked to the
information from Table 4 by the last column, called Group-miner, which identify the
group and then the miner having the maximum and minimum value of each condition

respectively.
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Table 5. Difference between maximum and minimum values in the working faces.

Maximum Minimum Difference Group-

Value value (%) miner

Airflow (m°®/s) 12,92 9,74 32,65 3.2-2.4

Effective 29,75 26,74 11,26 3.1-1.1
temperature (°C)

CO (ppm) 8,96 5,60 60,00 3.2-2.2

CO; (ppm) 2400,00 1291,88 85,78 1.3-2.1

NOy (ppm) 10,94 7,39 48,04 3.1-11

Meanwhile, Fig. 5 to 9 show the individual mean values of each miner, distinguishing
the three groups in different coloured bars depending on the airflow conditions: clean
air, partially recirculated or recirculated. As it can be seen, the quantity of continuous
miners per group is different; having groups 1, 2 and 3 a quantity of 6, 4 and 3 miners

respectively. The difference in the number of miners is just a matter of mine planning.

Airflow
14 -

10 -
) I
1 2 3 4 5 6

Continuous miners per group
B Group 1 B Group 2 Group 3

o N B OV
1

Fig. 5. Airflow per continuous miner, distinguishing each group.
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Effective temperature
30 -
29 -
28 -
°C
27 -
26 -
25 -
1 2 3 4 5 6
Continuous miners per group
HGroupl B Group 2 m Group 3

Fig. 6. Effective temperature in each continuous miner.

The airflow per continuous miner fluctuates around 10 m%s. All miners have a similar
quantity of air regardless the ventilation layout and the presence of recirculation.
Therefore, the variation in the workplace conditions is not caused by the airflow supply.
Analysing the effective temperature, all the mean values are between almost 27 and 30
°C, having the highest difference, 11,26%, between miner 1 from Group 1 and miner 1
from Group 3 according to Table 6. In accordance with the groups of clean and
recirculated airflow respectively. In addition, when both miners are individually
examined with the GIS, it can be appreciated that the one with the lowest effective
temperature is placed very close to the service tunnels, having less heat input to the

ventilation system than the other miners.

Carbon monoxide (CO)
10 ~
8 .
6 .
ppm
4 .
2 .
O .
1 2 3 4 5 6
Continuous miners per group
B Group 1l B Group 2 B Group 3

Fig. 7. Carbon monoxide concentration per continuous miner.
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Carbon dioxide (CO,)

3000 +
2500 -

2000 -
ppm 1500 -
1000 -
500 -
O .

1 2 3 4 5 6

Continuous miners per group
EGroupl B Group 2 m Group 3

Fig. 8. Carbon dioxide concentration per continuous miner.

Nitrous gases (NO,)

1 2 3 4 5 6

Continuous miners per group
B Group 1 B Group 2 W Group 3

12 4

ppm

Fig. 9. Nitrous gases concentration per continuous miner.

Carbon monoxide values from Group 3 show a trend of higher concentrations.
However, there is not any clear variation in CO levels between group 1 and 2.
Moreover, there is an important difference between the highest and lowest concentration
level within group 1, reaching a variation of 56,47%.

In the case of carbon dioxide, the trend is not clear either. This parameter should be
analysed thoroughly because it cannot be obtained any conclusion from individual and

group values.

Regarding nitrous gases, group 3 displays higher concentrations, but the trend is not as

clear as the mean values.
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If graphs are analysed together, it can be pointed out that the environmental conditions
vary considerably despite having the same airflow within each group. However, if the
ventilation circuit is assessed it does not explain this phenomenon, which is probably
caused by local uncontrolled airflow recirculation due to an unappropriated auxiliary

circuit.

The mine uses an exhausting system to renew the air in the working faces, leading the
pollutants and heat throw a duct to the main circuit. The information related to these
ducts has be included in the GIS such as position, leakages, layout of the auxiliary fans
and distance from the entry of the duct and the working face. In addition, information
regarding the discharge zone of the duct has to be included as well, so that tunnels with

potential recirculation can be taken into account.

5. Conclusions

The geographical information system has been proved as a proper tool to manage and
control the environmental conditions of an underground mine in medium and long term
as well as inquiring the data in many different ways to take decisions concerning the

ventilation circuit.

On the other hand, individual and general results extracted from the GIS have given
insight of the gasses and temperature evolution throughout the mine and the influence of

the airflow recirculation to the underground environmental conditions.

Although all the working faces comply with the current Spanish legislation, group 3
displays a considerable increasing in terms of temperature and pollutants compared to
the situation with clean air, there is an increase of around 36% in CO, 4% CO2, 17%
NOx and 4%. Whereas the conditions are acceptable if the airflow is only partially
recirculated. Hence, it would be advisable to partially change the ventilation layout in

the working faces from group 3 to provide air with less gases and heat.

Moreover, local airflow recirculation within each group has been found out with the

GIS created. The knowledge of their specific characteristics would help to plan better
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auxiliary ventilation circuits, which would impact positively on the efficiency rates of

the employees.
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Abstract

The generation of heat in underground spaces due to working activities is a factor that
has influence to the production and productivity rates. This paper analyses the heat
generation in an underground mine and some approaches to enhance the ventilation
conditions using electrical instead of diesel machines. This assessment has been carried
out by means of theoretical equations and modelling software. Investigations prove that
sensible and latent heat would be reduced around 50% and 84% respectively if the
change were applied in the case study. This reduction on heat input to the ventilation
system would improve the workplace environment because of lower effective
temperatures and gas concentrations, which would result in better safety conditions and
efficiency of the employees.

Keywords: Mine ventilation, safety and health, efficiency, heat, mining equipment.
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1. Introduction

Heat flow is an important aspect in underground mine ventilation and mining equipment
has a significant impact on it. As workings go deeper and mine evolves, factors such as
temperature and humidity become crucial to keep acceptable environmental conditions
and fulfil the legal requirements. Efficiency rates and safety levels are also influenced
by this factor. Many studies have been carried out regarding gases generated by diesel

engines [1] and the incidence of temperature in underground mines [2, 3, 4].

The reduction of heat flow in these cases is usually focused on optimising the efficiency
of the refrigeration system and cutting down its operating costs through an improvement
of the current systems [5, 6, 7, 8, 9], but this important issue has not been approached
trying to change the mining equipment. Diesel equipment have an overall efficiency
about one third of the electrical units. Hence, the usage of fuel will produce
approximately three times as much heat as electrical machines for the same mechanical
work output [10]. Moreover, the combustion process generates harmful pollutants that
have to be controlled, not only in the underground mining sector, but it is also crucial in
indoor placements and buildings [11], where the renewal of air depends on artificial

facilities like fans.

Apart from the type of energy source, there are other important factors that affect the
underground air temperature, for instance the outer climate, geological factors of the

zone or mineral exploitation method [12].

This paper determines these different heat inputs in an underground potash mine by
means of empirical equations and modelling software. Afterwards, heat flow
contribution of electrical and diesel equipment is compared with the idea to expose an
alternative to improve the environmental conditions in an underground infrastructure.

The procedure followed is:

e To determine the heat contribution of each source in the case study.
e To compare the situation using electrical energy instead of diesel trucks and

loaders.
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2. Methodology to measure the heat inputs

Data used in theoretical equations and modelling software have been provided by the
staff of the mine, measured in situ, between 2008 and 2014, or extracted from
bibliography in the case of the initial iterations with the software. The equipment

features have been obtained from the manufacturer’s data.

First, the airflow behaviour has been determined using Vnet. These initial results will be
used to know the climatic conditions of the airways and the heat sources (strata heat,

equipment and fragmented rock).

Figure 1 Modelling scheme of the mine using Vnet.

2.1. Strata heat

Heat emission from the strata is function of the type of rock, exploitation method and
depth and length of the airways. However, the amount of heat transmitted decrease over
the time, being the working faces where there is more transmission. Sometimes, strata
heat can be obtained by empirical methods based on other similar mines [10].
Unfortunately, there is not such information in this case and equations and software

have to be applied.
The equations method defines two expressions depending on the time since the tunnel

was opened. If it has been opened for more than 30 days, eg. (1) is used to determine the

radial heat flow.
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q =3,35-L- k5% . (VRT — 6d) 1)

Where q is heat flow from the strata (W); L is length of the tunnel (m); K is thermal
conductivity of the rock (W/m-°C); VRT is virgin rock temperature (°C); 6d is mean dry
bulb temperature (°C). Meanwhile eq. (2) is applied if the advancing has been done in
the last 30 days.

q=6-k-(L+ (4-DFA))- (VRT — 6d) )

Where L is length of the advancing end of the heading (m), which cannot be greater
than the length advanced in the last month; DFA is daily face advance (m). The main
problem from eq. (1) is to find out the period that heat is transferred from the strata to
the air until thermal equilibrium is achieved. This setback has been solved modelling
the strata behaviour with ClimSim. The software takes into account the heat flow
transferred to the air by radiation and convection methods, determining the heat flow of
a circular tunnel for a certain homogenous rock. Heat flow determination is based on the

radial heat conduction equation, expressed in polar cylindrical coordinates (W/m?).

rd%0 a0 1920 920 20
kg + (5) +7 () + i) = rec ®)

Heat transfer can be either from the strata to the air or from the air to the strata
depending on where temperature is higher, happening until there is a thermal
equilibrium. When airways have been opened for a long time, a phenomenon called
“thermal flywheel” could arise, transferring heat from the air to the strata during the day

and the opposite at night [13].

Figure 2 explains the ClimSim functioning. First, the climatic variables have to be
calculated or measured. Once the initial model is built, it has to be compared with real
measures to validate it, applying iterations as many times as necessary to achieve a

proper model.
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Input data: Climatic variables

!

ClimSim
modelling

Criteria
satisfied?

Yes

Modelling
achieved

R

Recalculation

Figure 2 Scheme of the ClimSim functioning based on the user’s manual explanation.

After several iterations, the rock conductivity and diffusivity were obtained, 6 W/m°C

and 5,55 m?/s-10° respectively. According to the manual, values are considered

acceptable when there is a difference around 1 °C between modelled and measured

mean values, between 2008 and 2014 in this case. Moreover, the iterations have carried

out in two different zones and four periods of the year in order to achieve more reliable

results. Table 1 displays the temperature difference once the modelling is correctly

adjusted.

Table 1 Temperature comparison of two points from the ventilation layout.

Point 1
Period Dry bulb temperature °C Wet bulb temperature °C
Measured | ClimSim | Difference | Measured | ClimSim | Difference
Overall 24 21,62 2,38 17 15,96 1,04
January 19 17,6 1,4 11 12,07 -1,07
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April 25 23,07 1,93 18 15,87 2,13
June 30 27,8 2,2 22 20,65 1,35
October 27 24,95 2,05 19 17,77 1,23
Point 2

Overall 26 25,45 0,55 17 17,93 -0,93
January 26 20,9 51 14 12,4 1,6

April 28 26,2 1,8 18 18,81 -0,81
June 31 30,7 0,3 23 22,62 0,38
October 31 27,95 3,05 21 19,75 1,25

On the other hand, Figure 3 details the effective temperatures, calculated according to
the Spanish law (RGNBSM, itc 04.7.02), te = 0,9-tw + 0,1-td, where te is effective

temperature, tw wet temperature and td dry temperature.

Effective temperatures
25
20
15 -
°C
10 -
05 -
00 -
Overall January April June October
B Point 1 measured ® Point 1 ClimSim = Point 2 measured H Point 2 ClimSim

Figure 3 Comparison of the effective temperatures modelled and measured in situ.

Subsequently, the base modelling has been used to calculate the length of the tunnels
giving heat to the airways changing some variables within the software called “age in”
and “age out”, which takes into account the time since the tunnel was opened, until the
sensible heat reaches a value of zero. In this case, the contribution of sensible heat to the

airways is near zero after approximately one year.
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After that, it has been calculated theoretically to corroborate the modelled values, giving

an average variation of only 9.97% between both ways. Table 2 and Figure 4 detail the

behaviour of the strata heat using ClimSim.

Table 2 Behaviour of the strata modelled by means of ClimSim.

Age in Age out Sensible heat  Latentheat Months with the tunnel
(days) (days) (kW) (kW) opened
30 0 17,93 33,72 1
90 60 6 27,28 3
182 152 2,64 25,97 6
365 335 0,13 25,08 12
730 700 -1,85 24,43 24

40 -

35 -

30 \

25

20 -

eC

15 -

10 -

5 .

0 —
sl 1 3 6 12 24

Months
= Sensible heat (kW) == Latent heat (kW)

Figure 4 Behaviour of the strata heat, either sensible or latent.

2.2. Mechanized equipment

The exploitation method determines the heat contribution from the equipment into the

ventilation system, having a huge difference in terms of heat generation between the

usage of diesel and electrical energy. Figure 5 describes the steps to determine the heat

input generated by electrical machines.
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1 2 3 4

Heat lossesfrom
the machine body

Pr-(1-E) (kW)
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Useful energy
U=Pn-E (kW)

\ Heat dissipated
™ along the machine
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]
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Figure 5 Scheme of the heat generated by electrical machines.

On the other hand, the efficiency of diesel machines is, approximately, 1/3 of the
electrical equipment and produces either sensible or latent heat, whereas the electrical
equipment only sensible. The three main heat sources are: 1) radiator and body of the
machine, 2) combustion gases and 3) movement and friction due to the usage of the
machine [10]. Its quantification can be achieved considering a ratio of 0.3 litres of diesel
per 1 kW per hour, with a calorific value of 34000 kJ/litre, and giving a heat generation

of 2.83 kJ/s for each kilowatt of mechanical output.

Each litre of fuel consumed will produce around 1.1 litres of water due to the
combustion gases [14]. However, this value could be several times higher because of
the refrigeration system. Some in situ analysis have pointed out that this ratio could vary
from 3 to 10 litres per litre of fuel consumed, depending on the power and maintenance
[15]. The following equation determines the total heat generated, which comprises

latent and sensible heat.
qgc=c- 1E—C - PC (4)

Where qc is heat emitted by the combustion (kW); c: combustible (I/s); Ec: combustion
efficiency (%); PC: combustible calorific value (kJ/I). McPherson [10] gives some
references for combustion efficiency, 95%, and the rate of liquid equivalent per litre of
fuel, 5. Last parameter is necessary to calculate the quantity of water generated by the

combustion.
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W=c-—-r (5)

Where W is water generated (I); r is rate of liquid equivalent. After determining the
water generated, latent heat is obtained taking into account a standard value of the water

latent vaporization heat, 2450 kJ/kg, and an equivalency 1:1 litre-kilogram of water.

ql=2w-W (6)

Where ql is latent heat (kW); Aw is water latent vaporization heat (kJ/kg). Finally,
sensible heat can be obtained deducting latent heat from the result in eq. 4.

2.3. Fragmented rock

When fragmented rock is exposed to the ventilation airstream and there is a difference

between rock and air temperature, heat transference is generated.

er=m'C'(91_92) (7)

Where gfr is heat load due to rock fragmentation (kW); m is mass flow of the mineral
exploited (Kg/s); C is specific heat of the rock (kJ/kg°C); 01 is temperature of the rock
immediately after fragmentation (°C); 0, is temperature of the fragmented rock at the
exit of the ventilation system (°C). Temperature 0; can be considered equivalent to the

virgin rock temperature with accuracy enough according to McPherson [10].
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3. Mining equipment

Tables 3 and 4 detail the current mining equipment in the case study and the features

needed to determine the heat input.

Table 3 Diesel equipment characteristics.

) Nominal Nominal Consumption
Type Quantity
power (CV) power (KW) (I/h)
Truck 22 400 294 67
Loader 12 300 221 58
Car 64 100 74 14
Jumbo 3 90 66 14
Auxiliary equipment 6 88 65 14

Table 4 Electrical equipment characteristics.

Type Nominal power (kW) Quantity

Continuous haulage machine 165 1
180
220
Conveyors 56
110
180
200
400
600

D W N PPN O

[EY
o

Continuous miner 529

The electrical trucks and loaders chosen have very similar characteristics compared to
the diesel ones regarding size and capacity. The models used have been the Scooptram
ST1030 and Scooptram EST1030 for the diesel and electrical loader respectively and
the MT 436B and EMT35 for the trucks.
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4. Results and discussion
Heat input described above are gathered in Tables 5 and 6 regarding latent and sensible
heat contribution of each source as well as the percentage contribution of heat added to

the whole system using internal combustion engine loaders and trucks or electrical ones.

Table 5 Heat input using diesel trucks and loaders.

Source of heat Sensible heat(kW) Latent heat (kW) (%)
Machines 11093 6248 73,8
Conveyors 1072 4,6
Continuous haulage machine 145 0,6
Miners 1455 6,2
Fragmented rock 297 1,3
Strata 1102 2072 13,5
Total 15163 8320 100,0

Table 6 Heat input using electrical trucks and loaders.

Source of heat Sensible heat (kW) Latent heat (kW) (%)
Machines 5609 987 51,8
Conveyors 1072 8,4
Continuous haulage machine 145 1,1
Miners 1455 114
Fragmented rock 297 2,3
Strata 1102 2072 24,9
Total 9679 3059 100,0

As it can be deduced from tables above and Figure 6, the main source of heat is due to
the machinery with regard to sensible or latent heat. Overall, the change of the loaders
and trucks would reduce the contribution of the mining equipment by 23%, meanwhile
assessing the sensible and latent heat, they would decrease about 36% and 63%

respectively.
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Diesel equipment Electrical equipment

m Machines

B Conveyors

m Continuous haulage machine
u Miners

M Fragmented rock

W Strata

Figure 6 Percentage variation of the different heat inputs using electrical or diesel

equipment.

Furthermore, Table 7 exposes the current fleet of vehicles using diesel and the proposal,

together with their heat generation and the percentage variation of both options.

Table 7 Summary of the heat generated by the vehicles.

Type Unit heat Total Difference  Total latent  Difference
(kW) sensible heat of sensible  heat (kW) of latent
(kW) heat (%) heat (%)
Dies. Elec. Dies. Elec. Dies. Elec.

Truck 4509 90 6345 1984 68,7 3574 0 -
Loader 390,3 156 2996 1873 37,5 1687 0 -

Car 39,3 - 1607 ! - 905 2 -
Jumbo 25,1 - 48 ! - 27 2 .
Auxiliary 251 - 96 ! - 54 2 -
equipment

Total 11093 5608 49,4 6248 986 84,2

'Only loaders and trucks are changed. Thus, other equipment using diesel is added to

the total sensible heat input after applying the proposal.

The unit heat per machine is considerably reduced using the electrical equipment.
Results above show a huge difference in terms of heat generation. Besides, as
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consumption of fuel would be cut down, the generation of pollutants such as NOx, CO
or CO2 would also decrease. Taking a ratio of 1:1 quantity of pollutants-litres of diesel
burned, the generation would be minimized by 88% based on the data used.

Despite the considerable improvements of the hypothetical change, it has to be pointed
out that these machines need a trolley or a cable in the majority of the cases to match the
power required, especially in the case of trucks, reducing the flexibility of the vehicle
fleet. Thus, it could be necessary a mix of both types of equipment. On the other hand,

more investigations to achieve suitable batteries have to be undertaken.

5. Conclusions

The usage of electrical loaders and trucks decreases the generation of sensible heat by
49.4% and latent heat 84.2%. Overall, the contribution of heat from machines
plummeted from 73.8% to 51.85%. In addition, the modelling by ClimSim has
permitted to know the behaviour of strata heat in a potash mine, finding out the trend of

sensible and latent heat in the airways.

Apart from higher energy efficiency of the electrical engines, less consumption of diesel
would mean a drop in temperature and pollutants concentration. Therefore, ventilation
requirements would be reduced and it could be achieved a better workplace
environment, which leads to higher productivity and production rates. The usage of
electrical equipment can also help to reduce the uncertainty in the future mining activity

regarding the oil price variations and more restrictive legal requirements.
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