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ABSTRACT

Mine ventilation is a crucial factor for the sake of underground operations. Not only
does it affect efficiency and effectiveness rates, but it also influence the health and
safety of the employees. Despite it is a topic thoroughly analysed, every mine has its
particularities and there is not much specific information concerning potash mines

currently.

This thesis investigates the main characteristics of the ventilation system in two potash
mines, using a room and pillar method, with the idea to analyse their specific behaviour
in terms of airway particularities, heat exchange and gas concentrations. Data regarding

subsurface ventilation conditions have been collected from 2008 to 2015.

First, it has been necessary to create a system able to manage such quantity of different
parameters related to ventilation and obtain results from short to long term. For this
purpose, it has been used a geographical information system (GIS), being able to model
the behaviour of the environmental conditions as well as establish a methodology for
other types of mines or underground infrastructures. This system has allowed to
determine the weaknesses of the ventilation systems and where the investigations
regarding efficiency and health and safety should be focused on. Part of the data
managed by the GIS has been used to determine the friction factors of the airways and

heat inputs of both mines.

The airways of the cases studied have a particular roughness due to the exploitation
method and intrinsic characteristics of evaporitic minerals. The results achieved have
given standard friction factors in potash mining applicable to other similar mines for
modelling the ventilation system and know the airflow behaviour.

The investigations have also been focused on calculating the heat load of the system and
proposing some approaches to reduce temperatures and gas concentrations in
underground environments. Based on the friction factor results and the GIS created, the
characteristic heat factors in the case study have been determined as well as the different

heat inputs, comparing the variation in heat generation using diesel and electrical
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equipment. The outcomes display an important reduction in heat generation and

subsequently a potential increasing improvement in the workplace conditions.

Keywords:

Mine ventilation; Geographic information system (GIS); Health and safety; Friction

factor; Heat; Underground environment.
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NOMENCLATURE
A Cross section area of the airway/tunnel (m?)
Ag Area of the obstacle (m?)
o Thermal diffusivity (m?/s)
C Specific heat (J/Kg°C)
c Combustible (1/s)
Co Shape correction obstacle factor (dimensionless)
DFA Daily face advance (m)
Dh Hydraulic diameter (m)
E Efficiency of machine (%)
Ec Combustion efficiency (%)
e Height of the roughening (m)
f Coefficient of friction (dimensionless)
g Gravity force (m/s)
H Enthalpy (J/KQg)
K Thermal conductivity (W/meC)
k Atkinson friction factor (kg/m?)
K Angle compensation of the airway bend (dimensionless)
L Length of the airway/tunnel (m)
Leq Equivalent length (m)
Aw Water latent vaporization heat (kJ/kg)
m Mass flow (Kg/s)
NVP Natural ventilation pressure (Pa)
0 Temperature (°C)
P Pressure (Pa)
PC Combustible calorific value (kJ/I)
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Pn Nominal power (W)

Per Perimeter (m)

p Air density (kg/m?)

Q Airflow (m*/s)

q Heat flow (W)

Osen Sensible heat flow (W)

gl Latent heat flow (W)

R Atkinson’s resistance (Ns*/m®)
r Rate of liquid equivalent

Re Reynolds number

n Fan efficiency (%)

u Velocity of the air (m/s)

M Viscosity (Ns/m?)

VRT Virgin rock temperature (°C)
wW Water generated (I)

X Shock loss factor (dimensionless)
Z Depth relative (m)
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CHAPTER 1

INTRODUCTION
OBJECTIVES
HYPOTHESIS AND METHODOLOGY

“You must be the change you wish to see in the world.” —Gandhi
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INTRODUCTION

Mine ventilation is an important matter since the earliest underground mines started to
exploit natural resources, appearing the first book that treats ventilation issues in the
Middle Ages, called “De Re Metallica” by Georgius Agricola. However, it does not
become crucial until the first and second Industrial Revolutions due to the increase of
coal demand. In this period, it is when engineers and technicians start to concern about
the necessity of airflow supply in workshops and initial handbooks are published, such

as “On the theory of the ventilation of mines” by John Job Atkinson.

The aim of an underground ventilation system is to provide clean air to the parts of the
mine where people are working, either permanently or sporadically, in order to ensure
health and safety conditions. Despite what is understood by acceptable underground
conditions differs among countries in terms of allowable temperature, airflow, dust or
gas concentrations, this difference is gradually converging and it has similar

requirements nowadays.

The intrinsic characteristics of a mine and the method used to exploit the mineral
determine the underground environmental conditions together with the requirements
established under the national and international legislation, which influence its
operational capacity in terms of costs and efficiency. Hence, improving the ventilation

system has become so important during the lifetime of mines.

In spite of a large amount of information —surveys and studies related to mine
ventilation— each mine has its own particular conditions and requires specific solutions.
Here it is where the idea of this thesis arises, trying to improve the ventilation
conditions in two case studies. Investigations have been focused on two mines called
Vilafruns and Cabanasses, which belong to ICL Iberia, and they are currently exploiting
potassium and salt from the Catalan basin. The Polytechnic University of Catalonia
(UPC) and the company have an agreement to make research in the fields of
underground ventilation and subsidence through the Iberpotash Chair in Mining

Sustainability.
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Although both mines are exploiting the same resource with the same theoretical method,
the geological conditions and mine planning are different. These differences will have
an influence on the weaknesses of their ventilation systems and therefore the approaches
to solve the problems will be different as well. Despite they fulfil the Spanish legal
requirements, as it is seen along this thesis, Vilafruns has more difficulties for managing
gas concentrations, while Cabanasses suffers more problems related to temperatures in

workshops.

The dissertation is focused on analysing the natural factors of the mines and the design

of the ventilation system. The following aspects have been studied:

o Layout of the ventilation circuit
o Airway characteristics

o Mining method

o Mining equipment

o Characteristics of the mineral exploited

1.1 Regional geology

The characteristic of the deposit will determine the mine planning and consequently
mine ventilation will be influenced by the geology as well. In addition, other factors
such as strata heat conditions the operational functioning of the mine as it will be seen
in subsequent sections of the dissertation.

Catalan basin was formed due to convergence movement of the Eurasian and Iberian
Plates between upper Cretaceous and lower Miocene, creating an evaporation deposit
formed by anhydrite, halite and potash with a variable strata sequence, overcoming
thickness of 300 meters. Deposits from Sallent and Sdria, location of Vilafruns and
Cabanasses respectively, are placed within this basin (Del Santo et al., 2000; Cenddn et
al., 2003). The geological repository displays a typical sequence of manganese-sulphate
divided in four units (Cendon et al, 2003).
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BAU, basal Anhydrite Unit
LHU, lower Halite Unit

UHU, upper Halite Unit

These

PU, potash Unit, a base formed by sylvinite-halite and upper carnalite-halite

layers were subsequently covered by sedimentary materials such as

conglomerates, sandstone and lutites. Afterwards, tectonic movements affected the

evaporitic deposits, folding and placing part of the evaporitic minerals near the surface

(Cendon et al., 2003).
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Figure 1. Catalan Basin with the place of the potassium system pointed in green
(Cabrera et al, 2002).

1.2 Facilities

As it has been said, the operational functioning of both mines is slightly different due to

the deposit configuration and facilities available. Cabanasses uses a two shaft system for

the connection surface-underground, while Vilafruns has a shaft for the personal entry

and a ramp to carry the mineral to the surface.
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These differences are going to determine, in part, the ventilation system configuration
and underground environmental conditions as it will be seen along the thesis.

1.2.1. Exploitation method

The resource is exploited between 500 and 900 metres below the surface, depending if it
is Vilafruns (shallower) or Cabanasses (deeper), by means of an irregular room and
pillar system. Figure 2 displays a theoretical system in a horizontal layer and working

faces in two different levels.

frant benching

benching of
thicker parts
of ore body
Source: H. Hamrin, Guide to Uedergrownd
7 tinivg Metheds and Applications
) 2007 Encyclopadia Eritannica, Ine. [Stockholm: Atlas Copoo, 19200

Figure 2. Scheme of the room and pillar method (Hamrin, 1980).

Normally, the underground tunnels are placed in two different levels. The exploitation
zone, working faces and workshops, are placed in the upper levels. Meanwhile the
service tunnels are in a lower level, which are used to connect the different parts of the
mine and a conveyor belt system that carries the mineral to the shaft or directly to the
surface through a ramp. The mineral transmission between exploitation and service
levels is done by vertical downholes with a length of approximately 30 meters. Their

diameter will be proportional to the particles size in order to avoid any blockage.
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Figure 3. Image of some pillars in a potash mine (Source: ICL Iberia).

The exploitation is done using continuous mining machines, also known as miners, in
both mines. They are usually equipped with a radial head, digging and transmitting the
mineral into a truck that carries the burden to the downholes connection levels.
Commonly, a loader is used to achieve a better mineral transmission between both
levels, while there is a transmission system formed by a crusher and a continuous
haulage machine attached to the conveyor belt system in the service level. Figures 4 and
5 show two types of miners with different head, radial and axial, respectively.
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Figure 4. Radial miner. (Source: Potash Corporation).

Figure 5. Axial continuous mining machine (Source: Mineral resources of

Saskatchewan).

On the other hand, service tunnel maintenance is done by smaller miners, obtaining less
roughness. This feature will be very important so as to achieve the lowest possible

friction factors and therefore better conditions for air to flow.

With regard to energy sources, miners and conveyor systems use electricity, whereas
trucks, loaders and other auxiliary machinery are equipped with internal combustion
engines. These conditions are important concerning heat inputs to the ventilation system

in terms of sensible and latent heat as will be seen in following sections.

1.3. Ventilation system

The system in both mines has some similarities. They have the main fans located at the
beginning of the ventilation circuit forcing the air and an additional fan in the upcast

shaft in the case of Cabanasses. All the fans are placed in the underground facilities.
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The air is led to the workshops using intermediate booster fans as well as temporary

stoppings, curtains and doors, with the following characteristics:

o Door: Double door system capable of mitigate airflow leakages. When a vehicle
wants to cross the door system, it has to pass the first one, wait in an
intermediate space until it is closed and then the second door can be opened.

o Curtain: It is used to partially guide the airflow, varying its length and weight

depending on the quantity of air wanted to redirection.

On the other hand, the auxiliary circuit provides clean air, removes the pollutants and
the heat generated in every working face through a duct system, using an exhausting
system with a fan placed in an intermediate location. Sometimes it is necessary a
connexion of several fans in series or an overlap forcing-exhausting system when the

circuit exceeds a certain length.

Despite the similarities stated above, their ventilation layouts are quite different because
of distinct mine planning approach and geological characteristics of the mineral deposit.

Following subsections give insight of their singularities.

1.3.1. Vilafruns mine

Potash is exploited around 500 metres below surface and the connection surface-
underground is done by a shaft for the intake and a ramp for the return. Distance
between entry and exit is around 4 kilometres. Figure 6 details the ventilation system of
the mine and the parts in colours: the intake sea blue, the return red, the leakage sky

blue and the auxiliary ventilation pink. Airflow direction has also been indicated.

Air from the intake is partially led to the first workshop and then mixed with the clean
air forward. Subsequently, this mixture goes to the second and third workshop
consecutively. Finally, it flows through the return to the ramp and then to the surface.
The layout showed in Figure 6 varies as mine workings spread out. However, the

ventilation circuit concept remains the same.
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Main Fan

Ramp

Figure 6. Scheme of Vilafruns mine.

1.3.2. Cabanasses
The depth of the mine varies between 700 and 900 meters below the surface

approximately. Having a U-shape circuit provided with two shafts separated around 100
meters. As it can be seen in Figure 7, there are two main sections in the principal
ventilation circuit, either for the intake or the return, commonly called north zone and
south zone. In addition, Cabanasses is equipped with an exhausting main fan at the

bottom of the upcast shaft.

In both sections, the circuit follows the same pattern. There is a main airway intake
deepen as it is further from downcast, while the return is a parallel airway with air
flowing in the opposite direction. When air reaches the workshop levels, clean air is
taken from the intake and then it goes directly to the return after refreshing the working
faces. Perpendiculars airways displayed in Figure 7 are used to connect the intake with

the return and the auxiliary circuit in each workshop.
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Figure 7. Scheme of the Cabanasses mine.

Schemes of Cabanasses and Vilafruns follow the same distinctive colours to
differentiate the main parts of the ventilation system. Their creation have been done by
means of a geographic information system, which is used later to accomplish some

objectives of this dissertation.

10
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OBJECTIVES

1.4. General objective

The aim is to assess and study the natural factors inherent of underground potash mines

and intrinsic of the zone where they are placed, as well as determine the influence of

mining design factors to the ventilation conditions in order to find out better alternatives

in terms of health and safety and efficiency improvements.

1.5. Specific objectives

Several specific goals have been stablished for such purpose. However, each one

requires a particular methodology and approach. The objectives are:

Determine a method able to collect all data from the ventilation circuit in a long
term, taking into account the time when measures were done and their spatial
reference, likewise having the possibility to obtain results and extract
conclusions.

Find out the characteristic friction factors of potash mines using a room and
pillar exploitation method and continuous miners.

Assess the heat generated by the strata and mining equipment used in
underground mines with a system of electrical continuous miners and diesel
trucks and loaders in order to estimate the difference heat inputs to the
ventilation circuit using electrical machinery instead of diesel.

Evaluate the underground environmental conditions in the principal and
auxiliary ventilation systems and their variation depending on the layout of the
circuit. Comparing the behaviour of gas concentrations and temperatures

between both mines and finding out trends for future modelling and simulations.

11
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HYPOTHESIS AND METHODOLOGY

Hypothesis 1:
The creation of a system able to manage all the ventilation data will give solutions
and improvements to the environmental working conditions in terms of gases

concentration and temperatures.

Two databases regarding the main ventilation features from Cabanasses and Vilafruns, —
collected between 2008 and 2015- will be created by means of a geographic
information system (GIS). This system will stand for the situation in the principal and

auxiliary ventilation circuits in a long and short term.

The GIS will allow to assess the underground environmental conditions and extracting
conclusions and trends from two case studies, likewise creating a suitable tool to control

the characteristics of any other underground space.

Hypothesis 2:
The ventilation layout is the main factor that influences the concentration of gases
in working faces, workshops and the principal circuit in a system with airflow

recirculation.

Ventilation layouts of Vilafruns and Cabanasses are going to be thoroughly analysed by
means of in situ data from the principal and auxiliary ventilation circuit. This
information —through the GIS created— will give the possibility to know the conditions
in the working faces, intake and return taking into account the airflow recirculation and
the variations in the ventilation layouts along the years and how this influences the

temperature and gas concentrations levels.

12
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Hypothesis 3:
The variation and evolution of underground environmental conditions in each

mine can be modelled.

These variations will be modelled by means of in situ measures taken in some chosen
points that stand for the ventilation conditions of the mine. Modelling equations will
give the possibility to know the conditions of the mine in future workshops.

Hypothesis 4:
Mines exploiting potash by means of continuous mining machines in a room and

pillar system have their specific friction factors.

Several key points that represent the conditions of the principal ventilation circuit in
terms of airways characteristics are going to be measured every month in order to obtain

the representative friction factor values of the mines.

Hypothesis 5:
The main factor that affects air temperature, in a potash mine with a middle
depth, is diesel machinery, being possible a huge reduction of heat input to the

system using electrical equipment.

First, characteristics from strata heat and mining equipment are going to be either
collected or calculated by means of theoretical equations and modelling software.
Subsequently, heat input from all factors (strata, machinery and fragmented rock) will
be determined regarding sensible and latent heat. Finally, the results will be compared
with a possible change of the current diesel loaders and trucks to electrical ones and
how it would vary the heat transferred to the airways because of that.

13
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CHAPTER 2

LITERATURE REVIEW
FUNDAMENTALS OF MINE VENTILATION

“You can’t connect the dots looking forward; you can only connect them looking

backwards.” —Steve Jobs

14



Some approaches to improve the ventilation system in underground potash mines

LITERATURE REVIEW

The review of the literature has been focused on three areas. The first one is an
overview of the underground environmental conditions and their management to know
and improve the workplace conditions. Next, it is focused on the current friction factor
values in different underground mines. The last one discusses the subsurface heat
sources, either endogenous of the zone or exogenous, and their influence to wet and dry

temperatures.

2.1. Underground environmental conditions

The mining sector have one of the toughest working conditions and for this reason
environmental factors such as effective temperature, gases concentration or airflow —all
of them related to the ventilation system— have to be controlled and kept within an
acceptable range. Otherwise, occupational hazards and operating cost rise exponentially
either by legal restrictions or by a reduction in the worker’s performance due to

inappropriate working conditions (Sanmiquel et al., 2012; Sanmiquel et al., 2015).

Thus, a ventilation management system is necessary in underground spaces and a proper
one should deal with efficiency and health and safety questions at the same time. Both
concepts are crucial issues, but sometimes this important connection is overlooked.
According to Reddy (2009), up to 60% of the mining operating cost is attributable to
mine ventilation, while the relationship among accidents, worker’s efficiency and
hygienic conditions such as effective temperature, airflow or gas concentration has been
previously mentioned by Payne and Mitra (2008) and Garcia-Herrero et al. (2012).

Many investigations have been focused on occupational health and safety as well as
efficiency (Allen and Keen, 2008; Kurnia et al., 2014a; Mahdevari et al., 2014;
Sanmiquel et al., 2014), and they used many times a software to get a better
understanding of the ventilation, modelling and optimising different parts of the system

(Brunner, 1995; Hargreaves and Lowndes, 2007; Szmyd et al., 2013; Torafio et al.,

15
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2011; Torno et al., 2013). Figure 8 displays an example of modelling using a CFD

software.
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Figure 8. Velocity distribution at worker’s breathing level in a conveyor belt system
using CFD modelling software (Ren et al., 2014).

Velocity vector

The usage of a GIS for purposes related to mining is quite frequent due to majority of
the data generated have some sort of spatial component that can be represented or linked
in a map form. There is a wide range of possibilities with this software, varying from
mineral exploration (Harris et al., 2000) to management (Bahuguna and Kumar, 2006;
Dheeraj, 2010), pollutants emission (Puliafito et al., 2002), subsidence (Kim et al.,
2006) or underground ventilation (Likar and Cadez, 2000; Diizgin et al., 2011; Cheng
and S. Yang, 2012). However, it is rarely used for the management of ventilation issues
(Liu and D. Yang, 2004; Salp et al., 2009) and the concept of efficiency is not even

mentioned.

16



Some approaches to improve the ventilation system in underground potash mines

@ O
Data Sources

\ 1

Data Archiving & Meta- |
Pre-Processing Database

Database

-

l
M
I

o©
=

®
r—
USER i
|  Process & Models |

Analysis |

—b[ Basic Mapping Operations I Anual Air Velocity Distribution l

il

e

]

—] Find Gallory Quory | Thematic Maps |

'I Info Tool I Finding Emorgoncy Routo I

—b{ Information Query using SQL I

Figure 9. GIS usage scheme for safety issues in underground coal mining (Salp et al.,
2009).

Despite that, a geographic information system is able to provide tools, frameworks and
understanding of the real situation inside the mine (Saleh and Cummings, 2011) so
programs and procedures can be implemented to ensure occupational health and safety
objectives (Akcil, 2006) through a database collected from underground environment

features such as airflow, gases or air pressure drop, among others.

The fulfilment of these objectives can contribute to improve the working conditions and

the efficiency of the whole mine in from short to long term.

Specifically, these problems are mainly because of high temperatures (dry and wet
temperatures), gas concentrations (CO, CO,, NOy...) and not enough airflow provided
to the workshops. Similar problems have been deeply studied taking different
approaches, such as controlling the airflow leakages (Widiatmojo, et al., 2014), focused
on underground gases and finding out more efficient ventilation designs (Kurnia et al.,
2014b) or improving the underground environment conditions in coal mines reducing
the level of dust and methane (Xi et al., 2014; Zhang et al., 2014; Zhang et al., 2015).

17
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Unfortunately, dilute gases and removing heat becomes more difficult as the mine
spreads out and the ventilation circuit gain complexity. Hence, it is important to find
methodologies to predict the future operating conditions of the mine (Kocsis et al.,
2008). In spite of a large quantity of studies carried out is this field, there is little

information focused on non-metallic mines and more specifically potash exploitations.

For achieving such purpose, the characteristics of the mine need to be determined, either
as a consequence of natural conditions or created by the resource exploitation
conditions. The origin of gases and temperature levels in a mine can be consequence of
the mineralization or the exploitation method used (mining equipment, blasting, etc.). In
some special cases, potash mines placed in a zone that has previously suffered
volcanism, carbon monoxide and dioxide can be spontaneously released in huge

quantities (Carrasco et al., 2011).

The importance of controlling their concentration levels is because they affect
employees health in short and long term, being toxics and some of them even cancerous
(Attfield et al., 2012; Silverman et al., 2012). Several investigations have been carried
out, especially in coal mining (Noack, 1998; Sasmito et al., 2013; Cheng et al., 2015), to
determine if the airflow supplied to the working faces is enough. Figure 10 show an
analysis of the underground environment in several auxiliary configurations in a

working face.

18
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Figure 10. Air velocity profile using different auxiliary systems (Kurnia et al., 2014a).
However, the relationship between ventilation layout and the trend of gases and

temperature has not already been studied. This condition will be very important to know

the underground conditions in future workings.
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2.2. Friction factors

Friction factors define the behaviour of the ventilation system in a mine and their
determination will be necessary for modelling the circuit (Shalimov, 2011), having a
huge influence to the resistance against the flow of the air through the airways
(Alymenko, 2012). This parameter will be basically affected by the exploitation
method, geometric characteristics of the tunnels and physic conditions of the mine
(Duckworth and Prosser, 1998).

A part from the resistance of the airways due to obstacles like conveyor belts, roughness
will determine the friction factor value. In this respect, potash mines have some special
characteristics because of the properties of evaporitic minerals. This kind of mines is
very deformable due to pressure of the surrounding rock, producing a considerable
roughness in the surface of the tunnels. Besides, changes in conditions such as

temperature or humidity affect their values as well.

One of the first studies concerning friction factors in mining was done by McElroy
(1935), which was based on data of the pressure loss gauged in several coal and metal
mines. Table 1 displays the friction factor values depending on the airways
characteristics at the time. These values have been used for a long time (Hartman,
1997), introducing only some changes in coal mining by Kharkar et al. (1974), who

pointed out the influence of support and lining to friction factors.
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Table 1. Friction factor references according to McElroy (1935).

Values of 10%°-k*
Straight Sinuous or curved
Irregularities Slightly Moderately | High degree
Type of of surfaces, - 3 e = =
: 2 || B ko ko i
airway areas and s S| 2 5|8 5|8 5|8
alignment S | 2|8 5|3 5|3 5 | B
= §= > = S} = S} =1 S}
& ° | @ 8| > a1 > 21 >
2 > | & o | @ o | @ o |
c |E| & > s > s > s
8 |2/ 8|s|E[38|s|E|8|5|E|3
o |mlz|2|2ll2|2l2l2]|2]S
Olnl2loln|l=z|loln | =
Minimum 10 [15|25]20|25|35|25 (30|40 35|40]50
Smooth-lined | Average 15 |[20|30|25[30]|40|30 35|45 40| 45|55
Maximum 20 | 25(35|30|35|45|35|40|50]|45|50|60
_ Minimum 30 |35|45|40|45|55|45|50|60]|55]60]|70
Sedimentary %00 e 55 (6070|6570 80|70 75]85(80]85]095
rock (or coal)
Maximum 70 | 758580 |85 |95|85|95|100| 95 |100(110
Minimum 80 |85 (95|90 |95 |105| 95 [100(110|105|110(120
Timbered Average 95 |100(110]105|110(120|110{115|125|120|125|135
Maximum 105 [110]120]115(120|130|120 |125|135|130 |135 145
Minimum 90 | 95 105100105 |115|105(110120|115|120|130
Igneous rock | Average 145 [150|160|155 [160|165|160 |165|175|170|175|195
Maximum 195 200 (210|205 |210 (220|210 |215[225|220 | 225|235

110 in the table is equivalent to 0,0000000010; 100 to 0,0000000100. All values are for
air weighing 0,075 pound per cubic foot.

The problem of values released by McElroy is that current openings are much larger and
the equipment used is completely different, a fact that makes varying these values. For
this reason, several studies have been undertaken in metal and long wall coal mines to
obtain new friction factors more suitable with the current situation (Wala, 1991;
Duckworth and Prosser, 1998; Prosser and Wallace, 1998; Prosser and Wallace, 2002;
Duckworth et al., 2012; Hurtado et al., 2014). Some of these values are displayed in the

following tables.
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Table 2. Friction factors in coal mining long wall (Duckworth and Prosser, 1998).

Description of airway Atkinson friction factor (kg/m°®)

Very poor | Poor |Average| Good |Very good
Headgate 0,0088 |0,0072| 0,0056 |0,0046| 0,0036
Tailgate 0,1808 |0,1475| 0,1142 |0,0934| 0,0726

Table 3. Friction factors for metal mines in kg/m?® (Prosser and Wallace, 1998).

LEYEI Ramp Allr_nak Bored Beltway | TBM drift
drift raise raise
Average value |0,00879]0,01158] 0,01126 | 0,00466 | 0,01399 0,0044
Maximum value |0,01284 [0,01739| 0,01579 |0,00698 | 0,01664 0,0056
Minimum value |0,00468 |0,00698| 0,00874 | 0,0023 | 0,001228 | 0,00341
Standard 0,00239| 0,0031 | 0,0033 |0,00152 | 0,00184 | 0,00111
deviation
Number of 40 20 5 10 5 3
measurements

Table 4. Friction factors in coal mines (Prosser and Wallace, 1998)

Intake drift| Return drift | Belt drift | Cribbed drift
Average value 0,00753 0,00872 0,01058 0,06781
Maximum value 0,01148 0,01133 0,01757 0,14409
Minimum value 0,00482 0,00566 0,00459 0,04522
Standard deviation 0,00219 0,00176 0,00636 0,02516
Number of measurements 23 15 5 7

Prosser and Wallace (1998) also gathered the friction factor values in the United States,

comparing different bibliographic sources of the moment.
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Table 5. Comparison of friction factors (kg/m?) from published data (Prosser and
Wallace, 1998).

Mean MVS Hartman
. Suggested | McPherson
Airway type measured MVS value (2009) et al.

data (1997)
Rectangular airway —
Clean airway (coal or soft
rock with bolts limited 0.0075 0.0075 0,009 0.008
mesh)
Rectangular airway —
Some irregularities (coal 0,0087 0,0087 0,009 0,0091
or soft rock with bolts
limited mesh)
Metal mine drift (arched
and bolted with limited 0,0088 0,01 0,012 0,0269
mesh)
Metal mine ramp (arched
and bolted with limited 0,0116 0,013 - 0,0297
mesh)
Metal mine beltway (large
area, rock bolted with 0,014 0,015 - -
mesh)
Bored C|_rcular raise (with 0,0047 0,005 0,004 0,0028
entry/exit loss)
Rectangular alimark raise 0,01126 0,0129 0,014 -
TBM drift (rock bolts 0,0044 0,005 0,0055 0,0037
with mesh)

Meanwhile, a doctoral thesis done by Meyer (1998) also determined some friction
factors in coal mining. The main difference compared to previous bibliography is the
fact that these values were determined for a room and pillar method using continuous

miners, which suits with the method used in the case studies of the dissertation.

23



Some approaches to improve the ventilation system in underground potash mines

Table 6. Friction factors for conventional room and pillar mining (Meyer, 1998).

Low seam mining (< 2,0 metres) Ns?/m*
Intake airways 0.01107
Return airways 0.01210
Medium seam mining (2,0 to 4,0 metres) | Ns*/m*
Intake airways 0.01334
Return airways 0.01467
High seam mining (> 4,0 metres) Ns?/m*
Intake airways 0.01482
Return airways 0.01584

Table 7. Friction factors for mechanical room and pillar mining (Meyer, 1998).

Low seam mining (< 2,0 metres) Ns?/m?*
Intake airways 0.00950
Return airways 0.01040
Medium seam mining (2,0 to 4,0 metres) | Ns*/m?*
Intake airways 0.00990
Return airways 0.01090
High seam mining (> 4,0 metres) Ns?/m?*
Intake airways 0.01060
Return airways 0.01170

Another study takes into account the geometric characteristics and the roughness of the

walls in metal mining (Fytas and Gagnon, 2008).
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Table 8. Friction factor in metal mines, Quebec (Fytas and Gagnon, 2008).

Type of airways | Wall roughness | Mean k (Kg/m?)-10™

Very smooth 44

Regular airways Smooth 8
9 4 Normal 117
Typical k 107

. 97

Small airways Smooth to normal 59
i iftc | Smooth to normal 96
Inclined haulage drifts 0
: Smooth to normal 221
Spiral ramp 167

In addition, Carrasco Galan et al. (2011) in the handbook called “Manual de ventilacion
de minas y obras subterraneas” details many empirical equations to calculate friction

factors and other possible resistances of the airways.

Information regarding friction factors in coal and metallic mining is far more extensive,
being able to find values for specific situations in such type of mines. However, there is

a lack of information in non-metallic mines, including potash mining.

2.3. Heat sources

Underground temperatures are function of the heat inputs, generated either naturally or
due to the exploitation process. Nowadays, it is a matter of great concern because it
conditions the running of the mine (Hardcastle and Butler, 2008; Aminossadati et al.,
2010), affecting safety issues and efficiency rates. Thus, climatic conditions in
subsurface environments are very important aspects to pay attention, especially as
underground workings go deeper and there is a more intense use of mechanization
(Hardcastle et al., 2008; Zhongpeng, 2012). The four major heat sources according to
Kocsis et al. (2008) are:
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o Conversion of potential energy into thermal energy as air descends vertical
airways (auto-compression).

o Mining machinery. Using diesel or electricity

o Strata (geothermal gradient).

o Pressure generators. Primary, booster and auxiliary fans.

In addition, there are other possible factors like ground water or fragmented rock carried
along the airways that can also have a significant contribution. Depending on the mine,
the input of each part varies due to its specific characteristics. Figure 11 shows a graph

of the heat inputs percentage contribution in a case study.
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Figure 11. Heat contributor in a metal mine, case study (Payne and Mitra, 2008).

However, the quantification of these heat sources needs some fundamental parameters
that have to be previously determined. Without them, it will not be possible to achieve a
prediction model of the ventilation circuit (Zhou et al., 2011). Strata heat characteristics
can be obtained from bibliographic information (McPherson, 2009), but the values can
vary considerably from real conditions of the mine. Thus, it is necessary to take in situ
measures and apply laboratory essays to determine these values (Mousset-Jones and
McPherson, 1984; Krishnaiah et al., 2004; Sundberg et al., 2005). However, it is not
always possible to obtain results this way and it has to be done by means of equations
and modelling software, being able to achieve outcomes with accuracy enough for mine

ventilation surveys (McPherson, 2009).
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The reduction of heat flow in underground mines is usually focused on optimising the
efficiency of the refrigeration system and cutting down its operating costs (Del Castillo,
1988; Swart, 2003; He et al., 2010; Vosloo et al., 2012; Edgar et al., 2013). Recently, a
different approach has come out with the idea of improving the efficiency of the mine
through reducing power consumption of the ventilation system and providing the
necessary airflow to the workshops and workplaces monitoring the underground
conditions, commonly called ventilation on demand method or simply VOD (Hardcastle
et al., 2006; Li et al., 2011; Kazakov et al., 2013). Despite that, none of them have
considered the benefits in ventilation conditions of changing part of the mining
equipment using diesel to electrical ones, comparing the contribution difference of heat
input to the airways in both situations.

Apart from the type of energy sources of the mines, there are other important factors
that affect the underground air temperature such as: the outer climate, geological factors
of the zone and mineral exploitation method (Xiaojie et al., 2011). All of them should

be taken into account for any accurate survey.
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FUNDAMENTALS OF MINE VENTILATION

Main expressions used along the dissertation are detailed in the following subsections. It
Is also the basis to understand subsurface ventilation and the principals of the

specialized software.

2.4. General ventilation theory

2.4.1. Airflow behaviour

The square law and Atkinson equation are the basic expressions to know airflow
behaviour in underground mines (Hall, 1981; Meyer, 1998; McPherson, 2009; Diego et
al, 2011). The first one relates the concepts of pressure, airflow and resistance to pass

the air through an airway.

AP =R - (2 (1)

Where:
AP — Pressure or difference pressure (Pa);
R — Atkinson resistance (Ns%/m?®);

Q — Amount of airflow (m%/s).

Pressure difference in an airway will be function of the resistance, characteristics of the
tunnel, obstacles and quantity of air flowing through the airway. This difference is a
crucial factor to determine in mine ventilation and it can be calculated by means of two

different methods.
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1. Direct methods: There are two additional alternatives, obtaining more accurate
values with the gauge and tube method, but being more difficult to apply
(Prosser and Loome, 2004).

o Gauge and tube: System formed by a manometer and a tube with a
certain length. The orientation of the tube will have to face the airflow
direction. Figure 12 displays the system.
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Figure 12. Gauge and tube technique (Prosser and Loomis, 2004).

o Barometer survey: It determines the relative pressure in a certain part of
the ventilation circuit. It is only necessary to measure the representative

points of the circuit.

2. Indirect method: When it is not possible to use a direct method, the pressure
difference can be achieved measuring the airflow and characteristics of the

airways. Equations (8-9) detail this procedure.

Square law (1) is used for turbulent flows. If it felt to a transitional or laminar regime,
corresponding values of resistance would vary. In such case, the square expression

should change as it follows.

P=R-Q" ()
Where:
n — It is a value that would vary in a range between 1 from laminar regimes to 2,05 for

fully turbulent ones (dimensionless).
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While airways are always within a turbulent flow, laminar and transitional regimes can
be found when air flows through stoppings, doors or old workings (McPherson, 2009).

The way to know the regime of the fluid is calculating the Reynolds number.

__ puDh
Re = ; 3)

Where:

Re — Reynolds number (dimensionless);

p — Air density (kg/m®);

Dh — Hydraulic diameter, Dh = 4A/per (m);
u — Velocity of the airflow (m/s);

i — Viscosity (Ns/m?).

The flow will be in a laminar regime when the Reynolds number is below 2000, being
in a transition zone between 2000 and 3000 and in a turbulent regime when the value is
above 3000 (McPherson, 2009).

One of the necessary values to determine the pressure drop or pressure difference is the
resistance factor. The Atkinson resistance of the airway included in the formula (1) can

be obtained by means of the following equation (Atkinson equation).

Per-p

PEEp: @

R=k-L

Where:

R — Atkinson resistance (Ns%/m?®);

k — Atkinson friction factor (kg/m®);
per — Perimeter (m);

L — Length of the tunnel (m);

p — Air density (kg/m®);

A — Section of the tunnel (m?).
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Usually, the airways have dimensional and directional variations or obstacles such as
airway bends or conveyors that influence the flow of the air. All these elements are
independent of roughness and are not included in the friction factor. However, these
variations add resistance to the ventilation circuit and have also to be taken into account.
Carrasco Galan et al. (2011) contain many empirical equations for variations in the
tunnels, using some of them along the thesis. Once the shock loss is obtained, it has to
be added to the Atkinson’s equation as an equivalent length. The shock loss factor, X, is
experimentally determined (McElroy, 1935; Hartman et al., 1997; Montecinos and
Wallace, 2010), adding an equivalent increase in the length of the tunnel where air
flows (Meyer, 1998). The length increase (equivalent length) will vary depending on the
type of obstacle (Carrasco, 2011), obtaining a corrected Atkinson equation. Its
determination is achieved using a relationship between equivalent length and shock loss

factor.
_ X
Leq = o Dh (5)

Where:
X — Shock loss factor (dimensionless);

Dh — Hydraulic mean diameter (m).

The most typical shock losses in airways are gathered in the following Figures (13-16).
Figures 13 and 14 are used to calculate the loss due to bends. First it is calculated the

shock loss, X, for an angle of 90° through the radius and hydraulic diameter.
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Figure 13. Shock loss factor in an equivalent circular cross section with an angle of 90°

(McPherson, 2009).
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Once it is known the X value, it has to be applied the next expression (6) to correct the
value taking into account the airway bend angle through Figure 14.
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Figure 14. Bend correction depending on the airway angle (McPherson, 2009).

ky factor from Figure 14 varies the value from Figure 13, considering if the bend is
sharp or rounded. The final value from equation (6) is used in equation (5) to know the
equivalent length of each bend.

Xo = Xog - ky (6)

Where:
Xo — Shock loss factor with the real angle (dimensionless);
Xgo — Shock loss factor with an angle of 90° (dimensionless);

kx — Angle compensation depending on the shape of the airway (dimensionless).

Shock loss can also be consequence of cross section areas changes and linear

obstructions as it is seen in Figures 15 and 16.

A,
A
uq —> u; —>
A = Cross sectional area
Aj
| A, u = Air velocity
— u — U

Figure 15. Shock loss due to changes in cross section (McPherson, 2009).
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A A

L
Figure 16. Linear obstructions (McPherson, 2009).

Linear obstructions will be very important in the two case studies because the conveyor
belt system is mainly placed in the intake. Its value will be calculated with the following

expression.

X=Cp-— (7)

Where:

X — Linear shock loss factor (dimensionless);

Cp — Shape correction obstacle factor (dimensionless);
Ag — Area of the obstacle (m?);

A — Area of the airway (m?).

The value called Cp depends on the shape of the obstacle. Figure 17 display such

relationship. This figure is also used to determine the resistance generated by obstacles

in the shafts.
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Figure 17. Resistance factor of shape depending on the obstacle (Bromilow, 1960).
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The following expression shows how the equivalent length calculated is included within

the Atkinson equation.

Per-p

R=k-(L+Leq) YRE (8)

Where:
Leq — Equivalent length (m).

In addition, Carrasco et al. (2011) expose several resistance values for doors, brattices

and curtains.

On the other hand, the resistance determination depends on the friction factor as well,
which at the same time is function of the coefficient of friction, f, and roughness of the
airways, e. Friction factors can be obtained by means of values determined in previous

studies, tables that gather standard values or determining in situ using the next equation.

2k 1

2
. |:2.10g10(D?h>+1.14]

\H
I
I
I

©)

Where:

Dh — Hydraulic mean diameter of the gallery (m);
e — Height of the roughening (m);

f — Coefficient of friction (dimensionless).

The values needed to measure in situ are roughness, perimeter and section of the
airways, being able to obtain the coefficient of friction. Its relationship with the friction
factor used in the Atkinson equation is done through air density, which influences its
value and subsequently the resistance of the airways. Air density will vary with the
depth and its flow through the workings, changing pressures and temperatures.
However, it can be considered as incompressible, because this variation will not have

significance for the calculations (McPherson, 2009).
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roughness and hydraulic mean diameter (McPherson, 2009).

Apart from friction factor and potential obstacles, the airway resistance is also function
of the airway characteristics (McPherson, 2009):

1. Size: As it can be seen in the expression (4), resistance is proportional to the

perimeter and section, per/A®,

2. Shape: Perimeter and section factors determine the shape of the airway, being

the circular one the most favourable and the rectangular the most adverse.

Besides, in terms of resistance, the shafts are the most difficult parts to assess and
determine the value. Actually, it is one of the ventilation circuit parts that contribute

more due to high velocities and elements complicating the flowing of the air. The

principal resistance elements are:

Pipes, cables, ropes, etc.

Skips or cages

o o k~ w

Loading and unloading points

The resistance from whole circuit of the mine is needed to know the size of the main

fans. This value can be achieved by means of the Kirchhoff’s laws, which are also

Shaft walls: Function of the friction factors
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applicable to fluid networks. In order to simplify the survey, those zones with small
leakages and dead heading do not need to be taken into account for representing the

network.

The problem of applying the Kirchhoff’s equations directly to full mine circuits is that it
can give several hundred equations. For this reason, it is necessary to use analytical
methods to simplify the ventilation circuit, obtaining the equivalent resistance, or
through numerical methods, applying the Hardy Cross technique. Currently, these

outcomes are achieved by means of computer packages.

2.4.2. Fans
The objective of fans is to provide an increasing of pressure that allows to flow the air

through airways and workings. Equation (10) gives the pressure of the fan.
- op
Pn = - (10)

Where:

Pn — Nominal power of the fan (W);

Q — Cabal (m%/s);

p — Increasing pressure generated by the fan (Pa);
n — Fan efficiency (%).

There are three types of fans in subsurface mine ventilation, accomplishing different

objectives within the ventilation circuit:

1. Main fans
2. Booster fans

3. Auxiliary fans

Main fans are used to lead air through airways and they can be placed underground or
on the surface just before the shaft. Depending on their position in the ventilation
circuit, they are forcing or exhausting and if it is required they can be connected in

series or parallel, Figures 19 and 20. The selection of a mine fan is established by
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several duty points based on the airflow and pressure required along the life of the mine
(Gamble et al., 2009).

—Pa—> — Pp—>

combined fans

fan b

Fan Pressure p
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effective
resistance curve

Q
Airflow Q

Figure 19. Mine resistance curve and two fans connected in series (McPherson, 2009).

Connection from Figure 19 gives more pressure to the system than only one fan.
However, it is necessary that both have the same or very similar power. Otherwise, the
weaker one becomes an obstacle to the system. On the other hand, the connection in

parallel provides more airflow to the system, Figure 20.

D — o ————
—Q —
—— b —be/_
Q fana fan b
Q
5 |, A B /c
m L
(2]
Q
=
o
c combined
I.‘I.“ fans
E
Qa Qc= Qa"'Qb

Qp
Airflow Q

Figure 20. Mine resistance curve and two fans connected in parallel (McPherson, 2009).
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The idea of both connections is to provide enough pressure to overcome the resistance
of the mine generated by the elements described in the previous section and placed in
the principal circuit. However, it is not always possible to achieve it or it is too
expensive and then it is necessary to use one or more booster fans that can reduce the
pressure required from the main fan and decrease leakages (Martikainen and Taylor,
2010). Figure 21 display a basic situation where it would be necessary a booster fan.

Main Fan Booster Fan

8 18]

Pressure

Distance T

Figure 21. Pressure profile using a booster fan (Hartman et al., 1997).

Many times, the airflow from the principal circuit does not reach the working faces and
workshops, being necessary an auxiliary system formed by one or more fans and a duct

line. Figure 22 shows two simplified examples of what it could be an auxiliary system.
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Figure 22. Scheme of two types of auxiliary systems (McPherson, 2009)

38



Some approaches to improve the ventilation system in underground potash mines

Together with the fans, the air is led through a system of doors, curtains and brattices
that intercept or split the airflow circulation. Sometimes a portion of the air from the
return is directed to the intake again. This recirculation can increase the air velocity near
the production areas (Marks, 1989). Unfortunately, there are also uncontrolled
recirculation situations, creating a potential risk for the employees in terms of heat, dust
and pollutants.

2.4.3. Natural ventilation pressure

Once the air enters to the shaft and goes down, its pressure increases due to more weight
in the air column. This phenomenon is called auto-compression and it increases the air
temperature apart from modifying the air density. In addition, the temperature can also
vary because of the strata heat exchange, increasing or decreasing the airflow
temperature, and the friction through the shaft. These conditions could vary depending
on hour, day or season because of different atmospheric conditions. This circumstance
is called flywheel and was discovered by Stroh (1979), the heat from the air is

transferred to the strata during the day and receive heat during the night.

Other important factor is the natural ventilation pressure (NVP). Depending on the
ventilation system and the thermodynamic conditions it can go to the same direction as
the artificial ventilation or against (in dip workings, natural ventilation energy, NVE, is
summarized to the applied ventilation energy while in rise working the NVE subtracts
from the artificial ventilation energy, AVE, the added pressure). Heat exchange in
underground workings is the cause of the NVP movement. Figures 23 and 24 display
the PV (pressure-volume) and TS (temperature-entropy) diagrams, respectively, for an
underground mine using an exhausting fan at the top of the upcast shaft. Point 4 is the
inlet of the fan at a sub-atmospheric pressure and when air passes through the fan it

goes back to atmospheric pressure.
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Figure 23. PV diagram in a mine with an exhausting fan (McPherson, 2009).
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Figure 24. TS diagram with an exhausting fan (McPherson, 2009).

Observing previous Figures, heat exchange is produced in the downcast and working
areas. However in the cases studied the downcast part does not have an influence to the

temperatures as large as workings.
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NVP =g -(Z1 = Z3) - (Pma — Pmu) (11)

Where:

NVP — Natural ventilation pressure (Pa);

g — Gravity force (m/s°);

Z — Depth relative (m);

pmu — Mean air density at the inlet (kg/m®);
pmd — Mean air density at the outlet (kg/m®).

2.5. Subsurface climatic conditions

Climatic conditions in underground spaces are function of endogenous and exogenous
factors. Strata heat, mining equipment and fragmented rock are the main heat load
factors, but there are also others such as explosives, oxidation or water flow that could

have some influence depending on the mining method and conditions.

2.5.1. Strata heat
There is a large amount of variables that have to be taken into account for determining

the strata heat load.

- Length and geometry of the opening

- Depth below surface and inclination of the airway
- Mining method

- Wetness of the airway surfaces

- Roughness of the airway surfaces

- Rock breaking

- Time elapsed since the airway was driven

- Volume flow of air

- Barometric pressure

- Wet and dry temperatures

- Virgin rock temperature

- Distance of the workings from downcast shafts
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- Geothermic step or geothermic gradient
- Thermal properties of the rock
- Machinery and cooling plants

The amount of heat transmitted decrease over the time, being the working faces the
places with more transmission. Its quantification is usually done by means of computer
simulations, but some of the parameters described above have small influence and a
heat flow approximation can be achieved with simple equations. Another possible
option would be using data from other similar mines in order to determine the strata
heat load, although the results cannot have the expected accuracy (McPherson, 2009).
As there is no information from similar mines, empirical equations and modelling

software will be used. Figures 25 and 26 show the strata heat behaviour.
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Figure 25. Strata heat flow and airflow behaviour (McPherson, 2009)

Heat flow displayed in Figure 26 can be positive or negative, depending on
temperatures of the air and rock. The presence of water evaporation/condensation will
influence the heat balance and therefore sensible heat, gsn, and latent heat, g, Both
types of heat are explained below in the section regarding the equipment.
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Figure 26. Heat exchange between the strata and the air (McPherson, 2009).

The specific software used for modelling are called ClimSim and VnetPro+, which
allow simulating airflow and heat flow behaviours. Their functioning is also explained

in a subsequent section.

The method by means of simple equations distinguishes between established tunnels
and advancing end of a heading. In both cases the radial heat flow is obtained but it

requires different data.

2.5.1.1. Established tunnels

q =3,35-L-K%5*. (VRT — 6d) (12)

Where:

g — Heat flow from strata (W);

L — Length of the tunnel (m);

K — Thermal conductivity of the rock (W/m-°C);
VRT - Virgin rock temperature (°C);

0d — Average dry temperature (°C).

In well stablished return airways, it can occur an equilibrium of temperatures between
surrounding rock and air. In these cases there is no heat transfer, having an adiabatic
and isothermal process. Despite that decompression produce a fall in temperature, the

frictional heat generates a very similar rate of heat, maintaining the equilibrium. When
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air returns to the surface through a shafts or ramp, there is a decompression, increasing
the specific volume despite a decrease in temperature. Comparing the heat exchange
between downcast and upcast shafts, the last one is less susceptible to heat exchange.

2.5.1.2. Advancing end of a heading

q=6-K-(L+(4-DFA))- (VRT — 6d) (13)

Where:
L — Length of the advancing in the previous month (m);
DFA — Daily face advance (m).

Tunnels with more than 1 month are considered as established tunnels and
subsequently, equation 12 has to be used instead of 13 one. The main problem of the
equations detailed above is the mean dry temperature, which has to be estimated. For
this reason, climate simulation software is necessary to achieve more accurate values. In

this case it has been used ClimSim.

Some parameters included in equations 12 and 13 have to be described in order to get a
better understanding of the heat behaviour. Temperature of the rock depends mainly of
the depth of the rock (Sundberg et al., 2009), which is a function of the geothermic

gradient (m/°C) and the rock virgin temperature (°C).

The rock virgin temperature (VRT) increases at the same time of the depth due to the
heat of the Earth’s core. The presence of groundwater or radioactivity could modify its
value. The most precise method to determine it is by means of down-holes and
laboratory analysis (Sundberg et al., 2009). Despite that, there is an alternative method,
when there is no such information, using the fragmented rock from working faces as

equivalent value (McPherson, 2009).
With respect to geothermic gradient, it takes into account the temperature increasing as

depth increase, varying with the type of mineralogy. Its determination also needs
samples and laboratory tests (Krishnaiah et al., 2004; Sundberg et al., 2005; Di Sipio et
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al.,, 2013), but there is extensive information, particularly in the zone studied

(www.igc.cat).

Regarding rock thermal conductivity (W/m°C), it is a factor that determines the capacity
to transmit heat into the tunnel. The higher the value is, the easier the heat transference
from the strata is. This parameter is mostly based on its mineralization and density,
while temperature of the rock and mechanic stress have less influence. When high
precision is needed, rock thermal conductivity has to be obtained from samples analysed
in laboratory, although aspects like groundwater and rock fracture can modify the
results (Mousset-Jones and McPherson, 1984; Krishnaiah et al., 2004; Sundberg et al.,
2005). Rock conductivity and heat flow are related by means of the Fourier’s Law.

g=-K-4-(3) (14)

Where:

K — Thermal conductivity (W/m°C);
A — Section (m?);

6 — Temperature (°C);

x — Distance (m).

6+d6 6

Figure 27. Heat conduction (McPherson, 2009).
In addition, rock thermal conductivity, together with the specific heat and density,

determine the cooling velocity of the rock exposed to the airways, known simply as

rock thermal diffusivity (m?/s).
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a=—" (15)

- pr-Cr

Where:

o — Thermal diffusivity (m?/s);

Kr — Rock thermal conductivity (W/meC);
pr — Density of the rock (J/Kg-°C);

Cr — Specific heat of the rock (J/Kg°C).

Finally, the geothermal step (m/°C) is obtained by the next expression and data collected

in the zone.

D

Geothermal step = Z—e (16)

2.5.2. Equipment

The obtaining procedure for the mining equipment heat load is different if the power
source is electricity or diesel. Besides, heat load composition of both types will be
different. In the case of diesel equipment there will be sensible and latent heat, while

electrical equipment only produces sensible heat

Latent heat is the energy of a system during a constant temperature process, such as a
change of state of matter, evaporating liquid water into the airway. In mine ventilation it
is a very important factor linked to the wetness factor and humidity. It has also
influence for calculating the effective temperature. On the other hand, sensible heat is
the heat exchanged by a system. Strata or machinery heat generated is added to the

ventilation circuit, increasing its temperature.
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2.5.2.1. Electrical equipment
Figure 28 displays the methodology followed in different steps to obtain the sensible

heat produced and added to the airways.
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Figure 28. Electrical equipment heat load generation.

2.5.2.2. Diesel equipment
They have an efficiency of approximately 1/3 compared to the electrical equipment. In
addition, they produce sensible and latent heat. The main sources, in a similar

proportion, are:

o Radiator and machine body.
o Exhaust gases generated by intern combustion.

o Frictional processes of the machine doing their task.

The relationship electrical-diesel equipment can be done with a rate of 0,3 litres of
diesel per 1 kW per hour with a calorific value of 34000 kJ/litre. Giving as heat emitted
to the airways 2,83 kW for each kilowatt of mechanical output (McPherson, 2009).

(=22-) - 34000 = 2,83 0 kW (17)

60-60

In order to know the heat produced, it is necessary to determine the diesel consumption

per shift or the average rate of machine utilization.
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On the other hand, latent heat generated can be calculated using a ratio of 1,1 litres of
water per litre of fuel consumed (Kibble, 1978). However, in situ measures have
reported from 3 to 10 litres of water per litre of fuel, depending on the engine power and
maintenance (McPherson, 1986). The equation below explains the reaction generated

when fuel is consumed.

C,H, + 0s = H,0 + CO, (18)

Apart from heat generated and a certain quantity of water and CO,, the combustion
produce other gases and pollutants that affect the workplace environment and increase

mine ventilation costs.

2.5.3. Fragmented rock

When the mineral exploited is exposed to the airways, there is a temperature difference
between air and rock, generating heat transference. These conditions are found in
working faces and the conveyor belt system in the cases studied. The amount of heat

can be determined by the next equation.

er=m'C'(91_92) (19)

Where:

gfr — Heat load generated by the broken rock (kW);

m — Mass flow of rock (Kg/s);

C — Specific heat of rock (kJ/kg°C);

0; — Temperature of the rock after the fragmentation (°C);

0, — Temperature of the rock at the end of the ventilation system (°C).
Rock temperature at working faces is slightly below the VRT, but the friction applied

for digging the mineral increases its value to a similar temperature. So, temperature 60;
can be considered equal to the VRT (McPherson, 2009).
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2.5.4. Auto-compression
Flowing of the air downward increases its pressure and internal energy. Therefore,

temperature of the air will do the same.

(Hy—Hy) =(Z1—2Zy) g+ 4q12 (20)

Where:

H — Enthalpy (J/KQ);

Z — Height from the surface (m);

g — Gravity force (m/s?);

q — Heat added/extracted from surroundings (J/Kg).

2.6. Safety issues

Underground environmental conditions are bound to health and safety issues. Gas
concentrations, temperatures and humidity will affect working conditions, but the
majority of these situations can be improved providing the proper airflow. All these

factors are regulated by the Spanish legislation and detailed in the RGNBSM.

2.6.1. Subsurface gases

Airflow has to be enough to evacuate the strata gas, dust, diesel exhaust fumes and heat
according to the legal requirements and with the aim of providing health and safety
workplaces. These factors will be conditioned by the airflow quantity and air velocity

limit at the same time.

Air from the surface, theoretically, is composed of 78% nitrogen, 21% oxygen and 1%
of other gases. This initial mixture changes as air flows through the underground mine
due to strata gas such as methane, carbon dioxide, chemical reactions, the usage of

explosives, machinery, etc.

All of them can generate hazardous situations to the employees because of their
explosive and/or toxic characteristics for short duration exposures. Moreover, some of

them can also be cancerous in long term exposures.
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The admissible pollutant and gas concentrations are limited by the threshold limit
values (TLV). Three different types of TLV have to be distinguished; the time-weighted
average (TWA) which is the average concentration per 8 hours shift and 40 hours per
week, the short-term exposure limit (STEL) for no more than 15 minutes and the ceiling
(C) which cannot be exceeded at any time. There are several organizations, such as
NIOSH, INSHT or OSHA that release their threshold limit values. Tables 9 and 10 have
gathered the TLV of the present gases in the potash mines studied according to the most

representative organizations.

Table 9. TLV depending on the organization.

REL (NIOSH)

Gas PEL (OSHA) | MAC TWA | STEAL
CO (ppm) 50 30 35 -
CO; (ppm) 5000 5000 | 5000 | 30000
SO, (ppm) 5 2 2 5
SH, (ppm) 20 10 - 10
NO (ppm) 25 - 25 35
NO; (ppm) 1 - - 1

Table 10. TLV depending on the organization.
Gas TLV (ACGIH) | TLV (INSHT)
TWA | STEAL | TWA | STEAL
CO (ppm) 25 400 25 -
CO; (ppm) | 5000 | 30000 | 5000 -
SO, (ppm) 2 5 2 5
SH, (ppm) | 10 15 10 15
NO (ppm) | 25 35 25 -
NO; (ppm) 3 5 3 5

According to the Spanish law, apart from individual analysis, values of NO and NO;
have to be summarised (RGNBSM, ITC 04.7.02) to analyse the fulfilment of the
legislation. It is very important to involve all the managers and employees to identify
hazards in their workplace environments with the aim to manage them (Bahn, 2013).

As underground mining presents an environment with several gases and pollutants, it is
necessary to analyse the situation taking into account a gas mixture when they affect the
same part of the body. The following expression has to be used to determine the

threshold limit values.
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PR (21)
Where:
Ei — Different chemical agent exposure;
TLVi — Threshold limit value.

When the result is above 1, the threshold limit value is considered as overcome and

measures to reduce gas concentrations have to be applied (Carrasco et al., 2011).

Gases generated can be a consequence of the mineralization exploited or the
exploitation method (mining equipment, blasting, etc.). In potash mining, carbon
monoxide and dioxide can be spontaneously released (Carrasco et al., 2011; Hedlund,
2012). However, natural CO, generation is not a problem in the mines studied since
there is no geologic information about volcanic CO; inclusions to the evaporitic layers.
Being diesel combustion the main factor, producing carbon monoxide and dioxide,
sulphur dioxide, nitric oxide, nitrous oxide and aldehydes such as benzene,
formaldehyde and hydrocarbons (Rundell et al., 1996). All these gases are hazardous

since they are toxics or cancerous:

- Toxic gases: NOx, sulphur dioxide and carbon monoxide.

- Cancerous gases: benzene and hydrocarbons.

In addition, the ingestion of combustion particles (DPM) increases lung cancer
mortality (Attfield et al., 2012; Silverman et al., 2012). DPM is composed by soot and
unburned diesel components. The main problem is that this particles can have a size of
less than 0,1 um and combined with other elements from fuel, can remain within the
lungs in a long term. It is believed these particles may cause different type of cancers
among other symptoms (Noll et al., 2007). Table 11 shows the hazards and origin of

potential gases produced in underground potash mines.
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Table 11. Origin and effects of the gases (Carrasco et al., 2011).

Gas Physical risk Hygienic risk Principal origin
Explosive  Asphyxiating Engine combustion
CO . L
Inflammable Toxic Strata emissions
Asphyxiating Engine combustion
CO, .
Strata emissions
Irritant . .
SO, Toxic Engine combustion
NOx Toxic Engine combustion
SH, Asphyx!atmg Engine combustion
Toxic
Benzene Cancerous Engine combustion
Hydrocarbons Cancerous Engine combustion
Explosive i . . .
H, Inflammable Asphyxiating  Electrical engines and batteries

Gas concentration can be reduced using filters, catalytic converters or diesel with low
percentage of sulphur. Ventilation can also be used to reduce or eliminate the hazardous

gases in some cases.

2.6.2. Temperature

Underground conditions suffered by employees can produce an unbalanced metabolic
heat situation and for this reason it has to be controlled. One of the main parameters is
the effective temperature obtained by the following equation, according to the Spanish
law (Royal Decree 863/1985).

te=09-tw+0,1-td (22)

Where:

te — Effective temperature (°C);
tw — Wet temperature (°C);

td — Dry temperature (°C).

Cold and hot environments can create problems when the body cannot regulate heat
load, appearing problems with mental and manual work. Moreover, the productivity rate
decrease and safety levels are reduced. If the situation is extended for a long time risks

such as heat fainting, exhaustion or cramps can arise, causing even heat strokes if the
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core temperature rises above 41 °C. This risk can be reduced by means of an

acclimatization process in hot environments.

Figure 29 displays the influence of effective temperature to the worker performance.
According to McPherason (2009), it can be considered that when cooling power of the
airstream decreases below 300 W/m2 in hot workings, psychological and physiological

effects can arise.
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Figure 29. Relationship effective temperature — worker performance (Poulton, 1970).

2.6.3. Dust and aerosols

The hazard of dust exposure depends on the size of the particle and the potential effects.
When particles are greater than 10 um they are not able to accumulate within the
organism. In the case of potash mining, as potassium and salt are soluble lung problems

are highly reduced.

53



Some approaches to improve the ventilation system in underground potash mines

CHAPTER 3

APPROACHES IN THE CASES STUDY

“I have not failed. I’ve just found 10,000 ways that won’t work.” —Thomas A. Edison
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APPROACHES IN THE CASES STUDY

3.1. Data collection

Initial data used along the dissertation have been obtained from in situ measures and
bibliographical values when the first option has been impossible. The same procedure is

applied in Cabanasses and Vilafruns.

As it is not possible to take measures along all the airways, places standing for the
ventilation system have to be found, either in the principal or the auxiliary ventilation

system. Characteristics taken into account for such purpose are:

o Principal ventilation system: Key points from the intake and return, taking into
account features such as split airways, the presence of doors and curtains or
significant cross section and shape changes.

o Auxiliary system: Each working face is a point of measure in the auxiliary

circuit.

All points are measured monthly and then the information is gathered in a database
created for such purpose. The factors measured are: Air velocity, temperatures, carbon
monoxide (CO), carbon dioxide (CO,), nitric oxide (NO), nitrogen dioxide (NO,),
oxygen (O,), section (m?) and other relevant information such as pipeline length,
position of the miners and points, wall roughness, etc. All the data collected is explained

in the following three sections.

Usually, control points are in fixed places, but the evolution of the workings varies the
position of some control points along the time, having fewer measures recorded in some
of them. For this reason, the data analysis has been done merging some points when

their characteristics were similar.
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3.2. Geographic information system creation

As both mines, Cabanasses and Vilafruns, have a lot of data linked to the ventilation
conditions, a geographic information system (GIS) of each mine has been created,
giving the possibility to study the conditions separately or mixing data from both mines.

For such purpose it has been used the software ArcMap 9.3.

This software is a good choice for managing information from the ventilation system
due to its user friendliness and capability to deal with huge quantity of interconnected
spatially referenced information, monitoring and analysing the ventilation parameters
and finally extracting conclusions in maps, tables and even converting the information
to other software files. The possibility to display and query historic data can give insight
to the current situation of the mine and how it would react in the future if any variable
change. Moreover, this system can also be applied in any other underground

infrastructure following a similar pattern.

Its creation gives a new usefulness for a GIS, fitting perfectly with what is demanded
for a place like a mine that is spreading out every day and generating a huge quantity of
information coming from monitoring a dynamic environment (Gibert et al., 2006).
Figures 30 and 31 are a scheme of the ventilation system of Cabanasses and Vilafruns
created by means of the GIS. The return is coloured with red, the intake with sea blue

and the leakages with sky blue.
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Figure 30. Scheme of the principal ventilation circuit in Cabanasses, created by means
of GIS.
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Figure 31. Scheme of the principal ventilation circuit in Vilafruns, created by means of
GIS.

As it can be seen in previous Figures, each mine has a different ventilation circuit and
therefore the individual analysis will be distinct as well as the data processing and

results achieved.

3.2.1. GIS construction and database management

Collection data

First of all, the placement of the points registered was chosen in order to stand for the
situation of the ventilation system according to the rules described in the previous

section.

The parameters were obtained in situ and they were measured by conventional methods,
taking them during two consecutive days every month, one day for the principal
ventilation circuit and the other one for the auxiliary. All the measures were always

taken during the same period of time, from 7 am to 1 pm.

978 points have been measured in Vilafruns since April 2008 until October 2015,
belonging 725 points to the principal ventilation system and 253 to the auxiliary system.
Meanwhile in Cabanasses were 481, 336 in the principal and 145 in the auxiliary within

the same period.
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The validity of the analysis depends on the reliability of the method used to obtain the
data. The lower the reliability of the outcome is, the more difficult it is to detect the
effects of an intervention (Cook et al., 1990; Lipsey, 1990). Low reliability of measures
can occur because of instability in what is being measured and variations in the measure
instrument (Shannon et al., 1999). For this reason, the equipment is calibrated regularly
in order to keep its accuracy and measures are taken twice. In addition, if there is any
measure with an abnormal value, it is taken again and the equipment has to be tested

additionally when two values do not gauge consistent values.

Data format and characteristics

Initially, the information consisted of several maps and the collected database. Maps
were in dxf (AutoCad) format and contained the layout of the mine, while the database
was in xIs (Excel) and contained the ventilation features. Both files were merged and
transformed to a shape file through ArcMap software. The reference system used has
been the Universal Transverse Mercator projection (UTM), based on the European
Datum 1950 in the zone 31 N.

Pre-processing
For the construction of the GIS file, data from maps and ventilation characteristics have

been divided in different layers as of two conditions: principal or auxiliary ventilation
and depending on the layout of the ventilation system. This division is necessary
because each one has different features and makes the management of the database
easier. Next step was to store the information of the database that belongs to each point,
taking into account the division described. Once the database of the GIS has been
created, some parameters have been used to calculate important features such as airflow
or effective temperature, while the others are used directly as a characteristic of the

ventilation behaviour.

3.2.1.1. Ventilation parameters description
Parameters described below are either measured in situ or calculated by means of the
initial data. There are 16 parameters concerning the principal ventilation layer and 20 in

the auxiliary. Each parameter means a column in the GIS file.
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Principal ventilation

1.

© oo N o g bk~ w D

e T o
~A W N - O

15.
16.

Point: Identification number.

Coordinates (UTM): Position of the point within the ventilation circuit (m).

Date of the measure: The day, month and year of the taken measure.

Hour: Time when the measure has been taken during the day.

Air velocity (m/s): Measured with a rotating vane anemometer.

Dry temperature (°C): Measured with a sling psychrometer.

Wet temperature (°C): Measured with a sling psychrometer.

Carbon monoxide (CO): in parts per million, ppm. Measured with a gas detector.

Carbon dioxide (CO,): in ppm. Measured with a gas detector.

. Nitric oxide (NO): in ppm. Measured with a gas detector.

. Nitrogen dioxide (NOy): in ppm. Measured with a gas detector.

. Oxygen (O,): Expressed as a percentage. Measured with a gas detector.

. Section (m?): It is calculated regularly with a laser distance measurer.

. Airflow (m%s): Knowing the air velocity and the section, it can be calculated

using the formula Airflow = Air velocity x Section.

Effective temperature (°C): It is calculated through equation (16)

NOy (ppm): The nitrous gases (NO and NO,) have to be summarised as the
Spanish law explained previously requires.

Auxiliary ventilation

1.

© ©® N o g bk~ DN

[ N T
w N B O

Continuous miner: ldentification number.

Miner state: If it is working or in standby while taking the measures.
Coordinates (UTM): Position of the miner (m).

Date of the measure

Hour

Air velocity (m/s)

Section (m?): It is provided by the supplier.

Dry wet temperature (°C)

Wet temperature (°C)

. Effective temperature (°C):
. Carbon monoxide (CO)

. Carbon dioxide (CO,)

. Nitric oxide (NO)
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14. Nitrogen dioxide (NOy)

15. Oxygen (O,)

16. Airflow pipeline entry (m®/s): Knowing the Air velocity and the section, it can
be calculated using the formula Airflow = Air velocity x Section.

17. Airflow pipeline exit (m/s)

18. Distance between the working face and the pipeline entry (m): Using a laser
distance measurer.

19. Type of fan: If it is exhausting, forcing or an overlap system exhausting-forcing.

20. Other information: Any incident or remarkable situation taking the measures.

All the parameters without procedure explanation have been calculated or measured

following the same approach applied in the previous subsection.

3.2.1.2. Database design and management

After the database has been correctly introduced into ArcMap and calculations are done,
the information is properly organized. Figure 32 shows different configurations that
refer the ventilation layout depending on the evolution of the mine workings. Within
each configuration, there are two different files that represent the principal and the
auxiliary ventilation, having the database stored inside. The principal includes the points
where measures have been taken and intake, return and leakage airflows. This
distinction is created by 3 different layers in colours, allowing either individual or group
analysis. On the other hand, the auxiliary contains the position of the continuous miner

and the pipeline that provides airflow.
In addition, the mine workings layer stand for all the galleries exploited until now and it

helps to get a better understanding of the reality and the layout configuration of the

ventilation system.
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B £F Layers
= O Configuration_1_(April2009-September2009)
[ Principal_ventilation_1
[0 Auxiliary_ventilation_1
Configuration_2_(October2009-September2010)
Configuration_3_(October2010-February2011)
Configuration_4_(March2011-January2012)
Configuration_5_(February2012-October2012)
Configuration_6_(November2012)
Configuration_7_(December2012)
Mine workings
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[+

#
| ) I )3

# &

Figure 32. Structure of the geographic information system file created.

The information within each configuration is thoroughly detailed in Figure 33. Data
from the principal and auxiliary ventilation circuit are stored in the points called

P_Principal and Miner.

£F Layers . .
|E| O Cu:lnfigura1:inr1_1|—‘;_, a0 ngat-m;_l
® O Configuration_2 E O %m{;ip .-
@ [ Configuration_3 4 ary

@ [ Canfiguration_4
@ [ Caonfiguration_5
@ [ Configuration_@&
@ [ Canfiguration_7
= O Mine workings |

Wl
B O Configuration_1
B O Principal
B P Principal —=» Database
*
& Leakage

= Intake

g Fl Return

g [ Air direction

g O Auwxliary
B F Miner —= Database
*
B & Auwsiliary

Figure 33. Internal organization scheme of the GIS created.
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Figure 34 illustrates the steps followed to create the GIS file described above. The layer
called “mine workings” has not been included in the scheme, following the stages 1, 2

and 3 for its creation.

Stage 1 2 3 4 5
Principal
CAD file | ventilation
. Data division
Merging | Shapefile | .7 jicterent —
process config. layers
Auxiliary
Excel file | ventilation

Figure 34. Scheme of the process followed to create the GIS file.

Figure 35 represents one of the configurations, in different colours to achieve a better
visual understanding (sea blue for the intake, red the return, blue sky for the leakages
and pink the auxiliary ventilation system). In addition, there are the points that represent
those places where measures are taken. Points called “Mxx” are continuous miners

while numbers “xx” are key points of the principal circuit.

16

a9 311

«

o=

5

Figure 35. Image of the configuration 7.
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Figure 36 is an image regarding part of the ventilation circuit and mine workings. Both
layers, displayed at the same time, are useful to understand the ventilation circuit and

figure out any possible variation in the airflow route.

Figure 36. Part of a ventilation circuit in detail with the mine workings layer activated.

Data stored inside the points are divided in columns, standing for each column a
representative parameter of the mine ventilation, either measured or calculated

previously. Table 12 shows part of the data stored and how is organized inside the GIS.

Table 12. Partial data from the principal ventilation system in the configuration 4.
Point X Y Velocity Section Cabal Td Tw
0  406644,520 4632795,437 4,52 40,00 180,80 16 13
1 406299,020 4632649,864 5,30 3454 183,06 22 17
36 406312,822 4632339,316 1,20 31,84 3821 24 17
3 405239,806 4633032,355 4,30 34,04 146,37 22 17
4  404338,413 4632913,879 4,25 27,86 118,41 27 18
37 404179,622 4632847,245 0,40 34,80 13,92 28 23
34  404875,824 4632946,927 0,60 28,37 17,02 27 21
7  405059,097 4632507,499 0,41 2386 9,78 31 23
8  404125,445 4632587232 0,41 3154 1293 35 22
38 403666,696 4633134,300 1,37 32,29 4424 31 20
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35 404044,481 4631896,851 3,96 27,83 110,21 38 28
39 404861,197 4632294,199 5,08 26,89 136,60 37 25
11  406344,243 4632305,139 6,18 2436 150,54 32 25
13 407122,589 4632553,472 4,90 3596 176,20 33 24
16  407039,769 4632738,951 0,45 21,61 9,72 34 24
40 403634,961 4632619,300 1,52 31,33 4762 32 21

Once the database has been stored and linked to the graphical information, the system

can be inquired and extract results using the tools of the GIS software.

3.2.2. Results

The following results are part of the possibilities to analyse the ventilation conditions of
an underground mine. These outcomes could vary depending on the necessities of the
technicians and the parameters collected. If it was necessary the system created could be
adapted to any other type of underground infrastructure. Results from Vilafruns and

Cabanasses have been achieved.

3.2.2.1. Vilafruns mine

The principal and auxiliary ventilation system are analysed in the following subsections
regarding the underground environment, assessing the parameters measured and
calculated in the GIS.

3.2.2.1.1. Principal ventilation system

Air velocity

It is a key parameter either for health and safety or operation costs. Air velocity is also
important for modelling the airflow necessities of the principal and auxiliary ventilation
circuit considering the number of people working there, the gases produced by diesel
engines, the necessity to remove excessive temperature due to strata heat or machines
and the maximum velocity of the air permitted by law. Gas concentrations and
temperatures increase rapidly without an adequate air supply, worsening the

environmental conditions of the workers as well as their efficiency.
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The system proposed gives insight in a long term airflow analysis, comparing the air
velocities depending on the ventilation layout variations. Figure 37 displays an analysis
of the air velocity in three different chosen points from the ventilation system.

Air velocity (m/s)
6,000
=
5,000 — —
4,000 ~
3,000
2,000
1,000
,000
O O O Q Q Q Q Q Q Q
Q Q Q Ny N N > > > >
S S S R S S S S S
,\Q/ ,\t\./ ,Q,/ Q\./ Qq,/ be/ Qb‘/ Q<«)/ Q‘O/ QQ/
=== Ajr velocity pointl (m/s) === Air velocity point8 (m/s)
Air velocity point13 (m/s)

Figure 37. Air velocity in points 1, 8, and 13 from configuration 2.

Point number 1 is the first place where a measure is taken in the ventilation system after
the airflow has passed through the downcast and main fan, while 13 is at the beginning
of the ramp, the last one before the airflow in the return flows to the surface. On the
other hand, point 8 is placed in an intermediate position.

Gases

Points 1 and 13 have been used once more to compare the gases. Table 13 shows how
the first one doesn’t have any concentration, while their values in the return airflow
have significantly increased. However, they remain always under the TLV specified by
the Spanish law, RGNBSM ITC 04.7.02, about the maximum gas concentrations

allowed.
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Table 13. Comparison between gas concentrations from points 1 and 13.

Point 1
Month  Year Day NO (ppm) NO; (ppm) CO (ppm) CO, (ppm)
October 2009 23 0,00 0,00 0,00 0,00
November 2009 26 0,00 0,00 0,00 0,00
December 2009 1 0,00 0,00 0,00 0,00
January 2010 11 0,00 0,00 0,00 0,00
February 2010 25 0,00 0,00 0,00 0,00
March 2010 24 0,00 0,00 0,00 0,00
April 2010 4 0,00 0,00 0,00 0,00
May 2010 17 0,00 0,00 0,00 0,00
June 2010 18 0,00 0,00 0,00 0,00
September 2010 20 0,00 0,00 0,00 0,00
Point 13
Month  Year Day NO (ppm) NO; (ppm) CO (ppm) CO, (ppm)
October 2009 23 5,00 0,20 8,00 2500,00
November 2009 26 5,00 0,20 8,00 2800,00
December 2009 1 5,00 0,20 9,00 3000,00
January 2010 11 1,00 0,00 0,00 500,00
February 2010 25 2,00 0,00 4,00 1900,00
March 2010 24 0,00 0,00 1,00 1500,00
April 2010 4 0,00 0,20 0,00 800,00
May 2010 17 6,00 0,10 4,00 2100,00
June 2010 18 0,00 0,10 7,00 400,00
September 2010 20 4,00 0,00 0,00 100,00

Its comparison, together with the visualization of the ventilation system from Figure 38,
illustrates the evolution of the gases in the airflow from the principal ventilation system
between the entry and the exit. These points are important because they are permanent

regardless any possible variation in the ventilation circuit.
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Figure 38. Principal ventilation layout of configuration 2 with points 1 and 13 selected

in green.

3.2.2.1.2. Auxiliary ventilation system

Effective temperature

Not only does it show whether the temperature is below the maximum permitted by law,
but figures can also be used to compare the real situation of the mine after changing
some characteristics of the ventilation system. Having the temperature below a certain
value improves the efficiency of the mine because employees are able to stay in the
working faces more time and their degree of mental concentration increases when the
workplace remains within an acceptable temperature range (Garcia-Herrero et al. 2012).
Table 14 comprises a selection, using GIS tools, of the measures in working faces that
have been over 30 °C during 2012, while Figure 39 displays the location of those

miners.
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Table 14. Selection of the measures over 30°C during 2012.

Miner X Y Month  Year Day E.temp. (°C)
M5 403584,3210 4631491,2930 February 2012 21 34,40
M5 403501,3440 4631512,6890 April 2012 21 32,10
M1l  403192,3100 4632604,5000 April 2012 21 31,00
M15  402635,8200 4632536,1770 April 2012 21 30,20
M7 403423,8600 4631908,2440 May 2012 23 30,00
M1l  403198,0640 4632596,1310 May 2012 23 31,00
M14  403016,5470 4633352,8320 October 2012 19 30,80
M2 404010,7660 4633606,8540 October 2012 19 32,00
M12  403802,5090 4633316,2760 October 2012 19 32,50
M6 404061,2650 4631677,4540 October 2012 19 31,80
M5 403500,6710 4631509,1540 October 2012 19 33,80
M7 403521,0480 4631717,8980 October 2012 19 30,00
M5 403403,1010 4631515,7260 November 2012 22 30,00
M1l  403243,7040 4632742,6100 November 2012 22 31,10

As it can be seen, only 14 in 156 measures from 2012 have exceeded the conditions
imposed. Using the GIS, it is possible to detect adverse conditions more easily and
quickly. Knowing when it has happened, how many times and which parts are the most
negative with regard to health and safety.

Figure 39. Principal and auxiliary ventilation system from configuration 7 with the

placement of the key points and miners.
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Relationship temperature-gases-airflow

Several features can also be studied together. Figure 40 relates all the data collected
concerning temperature, gases and airflow from the auxiliary circuit (159 measures in
total). Unfortunately, there is a short period without CO and airflow measures. The

concentration of the CO; (in ppm) has been divided per 100 to get a more visual chart.

Relationship temperature-gases-airflow
120

100 l |

60
40

20

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151
m Airflow (m3/s) M Effective temperature 2C B NO+NO2 (ppm)

H CO (ppm) m C02/100 (ppm)*

Figure 40. Measures of temperature, gases and airflow of the auxiliary ventilation

system.

As it can be seen, there is a correlation between temperature, gases and airflow. The
larger the airflow is, the higher the temperature and the gases concentration are. The air,
supposedly clean, flows from a working face to another, carrying part of the gases from
the previous miner and so on. This approach can be useful to assess any change in the
auxiliary system and to find unwanted local airflow recirculation. This important issue

is deeply studied in the following subsection.

3.2.2.1.3. Underground environmental analysis

In this part the environmental conditions in the principal and auxiliary circuit are
assessed in order to determine the gas concentrations and temperatures behaviour
pointed out in Figure 40.
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Auxiliary ventilation system

Gas concentrations are a crucial matter in Vilafruns. The mine uses a partial
recirculation ventilation system in which a controlled fraction of the air returning from a
working face goes back into the intake. This method has the advantage of be more
economical, but the airflow has to be monitored to control that gas concentrations are
below a certain value in a short term. The GIS has allowed determining three groups in
terms of air clearness arriving to the working faces (auxiliary system). Each group have

different environmental conditions.

- Group 1: Working faces provided with clean air.
- Group 2: Working faces partially provided with clean air.

- Group 3: Working faces mainly provided with recirculated air.

Figure 41 details the groups created using the data collected and the visual information

by means of the geographic information system.

Main Fan
Group 2

Ramp

= |ntake
= Return
Air leakage
= Auxiliary ventilation system

Figure 41. Vilafruns mine scheme.

Data have been analysed by group and individually by continuous miner. All measures
have been split in three groups, having each group 123, 67 and 63 measurements
respectively. Afterwards, means of airflow, effective temperature, CO, CO,, NO and

NO, from each group and continuous miner have been calculated.
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The possibility of combining spatial referenced continuous miners with the information
of gases and airflow has permitted to split the information in three groups using all the
information. In addition, as miners move from one place to another, the GIS provides a
simple tool to distinguish the information depending on the group. Figure 42 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.

M8

Miner

Intake

Return

Auxiliary ventilation system

M8

Figure 42. Position evolution of the continuous miner M8.

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.

Mean values of airflow, effective temperature, CO, CO, and NOy from all the data are
gathered in Table 15. While Table 16 compares the percentage variation in the different

underground conditions.

Table 15. Mean values of the different environment groups.

Airflow Effective (6{0) 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
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Table 16. Percentage variation using Group 1 as a reference.

Airflow (%) Effective temperature (%) CO (%) CO; (%) NOy (%)

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 3,93 16,70

As it can be seen from the tables above, there is an increasing of gas concentrations and
effective temperature with a similar amount of airflow comparing groups 1 and 3,
especially regarding CO and NOy parameters. However, the comparison between groups
1 and 2 provides mixed outcomes; 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 17 and a bar in Figures 43 to 47. 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 18 compares the minimum and maximum values of the parameters

analysed among the miners.
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Table 17. Name and number of measures from each miner.

Name of the miner Number of measures
1 21

15
17
27
21
23
17
21
14
18
24
27
18

Group 1

Group 2

Group 3

W N P WODN RO O B~ WOWDN

The percentage variation of the conditions showed in Table 18 has been linked to the
information from Table 17 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.

Table 18. Difference between maximum and minimum values in the working faces.

Maximum Minimum Difference .
Group-miner

Value value (%)
Airflow (m?/s) 12,92 9,74 32,65 3.2-2.4
Effective temperature (°C) 29,75 26,74 11,26 3.1-1.1
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 31-1.1

Meanwhile, Figures 43 to 47 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
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of 6, 4 and 3 miners respectively. The difference in the number of miners is just a matter

of mine planning.

Airflow

14

12
10 -
m3/s
1 2 3 4 5 6

Continuous miners per group

o N b O

HGroup 1l B Group 2 m Group 3

Figure 43. Amount of airflow per continuous miner, distinguishing each group.

Effective temperature

1 2 3 4 5 6

Continuous miners per group

HGroup 1l H Group 2 m Group 3

Figure 44. 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.
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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 18. 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
0
1 2 3 4 5 6
Continuous miners per group
B Group 1 B Group 2 W Group 3

Figure 45. Carbon monoxide concentration per continuous miner.

Carbon dioxide (CO,)

1 2 3 4 5

Continuous miners per group

3000
2500

2000

ppm 1500
1000

500

6

HGroup 1 B Group 2 m Group 3

Figure 46. Carbon dioxide concentration per continuous miner.
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Nitrous gases (NO,)
12

10

g
ppm 6 -
4
2
0 -
1 2 3 4 5 6

Continuous miners per group

HGroup 1l B Group 2 Group 3

Figure 47. 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.

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. Information related to these ducts
should 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
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regarding the discharge zone of the duct should also be included, so that tunnels with

potential recirculation can be taken into account.

Principal ventilation system

Regarding the principal ventilation system and taking into account the 3 groups from

the auxiliary system, there will also be 3 different groups.

o Group 1: Clean air provided by the intake
o Group 2: Air partially clean.
o Group 3: Recirculated air.

Group 1 does not have any concentration level of gas due to it is clean air from the
downcast. Meanwhile the other 2 groups will show a certain quantity of pollutants.
Tables 19 and 20 show the control points concerning Groups 2 and 3 and their means,

respectively.

Table 19. Control points from group 2.

Control Effective CO (%) CO;(%) NOx(%) Number of
point  temperature (°C) measures
6 27,00 5,40 1240,00 4,60 12
7 26,99 6,20 1157,14 5,74 14
Mean 26,99 5,80 1191,67 5,25 26

Table 20. Control points from group 3.

Control Effective CO (%) CO;(%) NOx(%) Number of
point  temperature (°C) measures
10 28,68 8,00 1500,00 7,97 13
12 27,60 6,17 1450,00 7,66 10
13 25,82 6,00 1300,00 6,36 10
14 26,30 6,00 1362,50 6,03 14
Mean 27,26 6,65 1413,89 7,10 47
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Group 3 has higher effective temperatures and gas concentrations than Group 2. These
values are in accordance with the analysis of the auxiliary ventilation system previously

done.

3.2.2.2. Cabanasses mine

As the ventilation layout of Cabanasses is different compared to Vilafruns, the analysis
will need another approach. The intake and return do not need a distinction per groups,
because the employees that are working in those parts do not have a permanent
workplace, moving from one part to another such as electricians, mechanics, conveyor
maintenance, auxiliary workings, etc. Therefore, the most important are the
environmental mean values in the intake and return. On the other hand, continuous

miners in workshops and working faces receive clean air without any recirculation.

In this mine, the main problems come from the gases generated individually in each
working face and temperature levels. There are two main exploitation zones, thus the
database has been managed according to this characteristic. From now on the control

points will be referred as north and south zones as it is indicated in Figure 48.

North zone

South zone

—

Main fans/
Upcay/'///‘

® Downcast

Figure 48. Cabanasses mine scheme with both zones.
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3.2.2.2.1. Principal ventilation system
Tables 21 and 22 display the mean values of the environmental conditions from

measures taken in the north and south zones regarding the intake.

Table 21. Environmental parameters measured in the south zone.

Control Effective CO (%) CO,(%) NOx(%) Number of
point  temperature (°C) measures
1 19,03 0 375 0,25 14
2 20,58 0 466,67 0,17 14
3 22,61 0 533,33 0,83 14
4 21,8 0 475 0,75 14
5 23,14 0,5 575 1,13 14
6 23,51 3 520 0,8 15
7 26,36 0 666,67 0,83 17
8 26,63 0 825 1,25 13
9 28,05 3 1000 1,63 13
10 29,63 2,5 1008,33 2 17
11 30,65 4 1150 2,25 12

Table 22. Environmental parameters measured in the north zone.

Control Effective CO (%) CO,(%) NO4(%) Number of
point  temperature (°C) measures
12 24,21 0 575 0,88 14
13 25,54 0 625 1,13 13
14 28,43 1,5 768,33 1,83 17

The number of measures in each control point varies depending on the availability of

the place at the moment planned to take them.

Figures 49 to 51 display the visual information from Table 21. Meanwhile values from
Table 22 have not been plotted because there are too few control points to obtain a clear
trend. When the north zone spread and there are more ventilation control points, an

environmental conditions tendency will also be possible.
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In addition, CO values from south zone are neither plotted due to the wide disparity of

the values.
Effective temperature
35
30 X X
20 o X X X
x 7N
eC
15
10
5
0
o 1 2 3 4 5 6 7 8 9 10 1
Intake control point

Figure 49. Effective temperature from the intake in the south zone.

Carbon dioxide (CO,)
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Figure 50. Carbon dioxide behaviour from the intake in the south zone.
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Nitrous gases (NO,)
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Figure 51. Nitrous gas behaviour from the intake in the south zone.

It can be seen that there is an increasing trend of gas concentrations and effective
temperatures as the control point is further from the intake shaft. However, points are
not equally separated among them. Table 23 indicates the actual distance of each control
point from the downcast. This information is needed for modelling the behaviour of the

mine in the intake.

Table 23. Actual distance of each control point from the downcast.

Control point Horizontal distance (m)
1 60
454
530
714
2109
2319
3569
4064
4344
4494
4714

© 00 N o O B~ wWwN

e
_ O
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These values can be useful to predict the environmental conditions in new openings.
Mean values from each point are linked to their actual distance from the downcast.
Figures 52 to 54 display the tendency of the intake in the south zone. As it was

previously stated, the north zone and CO values have not been plotted due to lack of

information.
Effective temperature
35
30 X
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m

Figure 52. Effective temperature trend in the intake, south zone.
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Figure 53. Carbon dioxide trend in the intake, south zone.
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Nitrous gases (NO,)
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Figure 54. Nitrous gases trend in the intake, south zone.

Previous Figures display a trend to increase the effective temperature, CO and NOy, but
it is not until last control points that the increment is clear, probably due to it is where
new openings are placed and there are the majority of the mining equipment. Figures 55

to 57 gather the information regarding the last four points (points 8, 9, 10 and 11).

Effective temperature

31

30 /<
X
29
* /
28

7N\

- y = 0,0064x + 0,53
)/ R? = 0,9784

26
4000 4100 4200 4300 4400 4500 4600 4700 4800
m

Figure 55. Mean effective temperatures of the last four control points.
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Figure 56. Mean carbon dioxide values of the last four control points.
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Figure 57. Mean nitrous gas values of the last four control points.

Last three Figures give a clear approach of the future conditions in hypothetical new
openings in the south zone. Giving the possibility to calculate the CO, NOy and
effective temperatures through equations exposed in the graphs. Still, more intermediate

points should be stablished to achieve results with higher representativeness.

The equations below and their coefficient of determination display the future behaviour
of effective temperatures, CO, and NOy in the south zone as well as the adjustment of

the possible results.
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Effective temperature:

y = 0,0064-X — 0,53 (23)
R? =0,9784
Carbon dioxide (CO,):
y =0,4778-X — 1108,6 (24)
R? = 10,9602
Nitrous gases (NOy):
y =0,0016 - X — 5,2099 (25)
R? = 10,9834

On the other hand, Table 24 shows the mean environmental conditions from the return.
Individual values of each point are not relevant for the conditions of the employees in
this zone of the mine, as it has been previously explained.

Table 24. Mean environmental conditions in the return, Cabanasses.

Mean value Number of measures
Effective temperature (°C) 27,3 106
CO (ppm) 5 64
CO; (ppm) 1036,8 135
NOy (ppm) 4,1 135

3.2.2.2.2. Auxiliary ventilation system
The auxiliary ventilation system has been analysed globally and individually. Table 25
exposes the mean values per miner (working face), while Figures 58 to 62 compares

each factor among all miners.
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Table 25. Mean values of the environmental factors in the working faces.

Miner Cabal Ef.temperature CO CO; NOy Number of
(m°/s) (°C) (ppm)  (ppm)  (ppm)  measures

1 9,17 27,94 7,67 121429 6,29 12

2 9,15 29,13 9,57 172500 9,91 15

3 7,68 29,84 7,33 1675,00 8,06 12

4 11,56 29,45 8,64 1463,64 7,35 11

5 10,50 28,83 6,71 1183,33 5,00 12

6 10,54 27,76 6,44  1090,00 4,48 10

7 10,92 29,55 6,33 1254555 7,15 12

8 8,49 30,25 5,08 131091 4,77 9

9 6,74 30,60 3,00 1833,33 6,05 9

10 16,57 27,65 6,00 1175,00 6,25 9

11 11,96 27,49 7,14 945,45 3,89 12

12 5,82 31,27 3,00 1133,33 2,47 9

13 7,13 30,19 9,43 1585,71 6,69 8

14 9,11 31,90 3,00  1400,00 3,48 5
Mean 9,54 29,18 7,05 1340,19 6,12 145

Airflow
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Figure 58. Amount of airflow per continuous miner.
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Effective temperature
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Figure 59. Effective temperature per continuous miner.
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Figure 60. CO concentration per continuous miner.
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Figure 61. CO, concentration per continuous miner.
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Figure 62. NOy concentration per continuous miner.

Individual analysis and mean values have considerable differences among them in gas
concentrations, airflow and effective temperatures. Probably, the contrast is because of
local factors from each working face or workshop. The auxiliary ventilation system of
each one should be assessed to know if the circuit it is properly set up and the
effectiveness of it.
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3.2.2.3. Other outcomes

The system can also be used to complement other software or feed them with the correct
data. It can give a selection of the data for further processing.

In this case, the GIS has been used to provide data to VVnetPro+ and ClimSim (see the
software functioning in section 9). Figure 63 exposes the temperature evolution when
the air from the leakages returns to the intake though the doors.
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Figure 63. ClimSim modelling of the temperature along the intake in Cabanasses.
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3.3. Friction factor determination

Friction factor is a key issue to model the ventilation circuit in any underground mine
and know the air behaviour. It effects and determines the airflow supply along the mine
and therefore the viability of mine operations. This parameter depends on the
exploitation method, natural characteristic of the geological layers and any other
specific condition of the mine. Actually, it can vary from one part to another within the
same exploitation as well. Hence, the obtaining of these factors will be very important.

As it has been previously stated, there is a lack of information about friction factors in
potash mining. For this reason, they have been determined following the steps described
in the paragraphs below. The study has been carried out in both mines.

3.3.1. Methodology
According to the section “fundamentals of mine ventilation” from this dissertation,
friction factors can be obtained using the expression detailed below, which is a form of

the Cherzy-Darcy equation and it can be obtained combining equations 1, 4 and 9.

Per u?

p=flL—p (26)

Where:

f — Coefficient of friction (dimensionless);
p — Pressure loss (Pa);

Per — Airway perimeter (m);

A — Area (m);

p — Air density (kg/m°);

u — Air velocity (m/s);

L — Length of the airway (m).

Later on, it was adapted to the well-known Atkinson’s equation, expressed in frictional

pressure drop, where all the variables have been previously described.
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P
Rzészgﬁ (27)

The Von Karmén equation gives a relationship with the friction factor of the Atkinson
equation for turbulent flows. It is applicable to circular and non-circular airways, by
means of the hydraulic mean diameter, following the relationship Dh=4A/Per, which is

used to adapt noncircular diameters to the next equation.

2k 1

f=== (©)

2
+ |:2.10g10<DTh)+1.14]

Once the coefficient of friction is calculated through roughness in situ measures, friction
factor can be obtained and subsequently the resistance of the airways and the whole
mine using equation (8). The equivalent length factor, Leq, is used for obstructions in

the airways.

— perp
R=Kk(L+Leq) 55 (8)
Apart from roughness measures, it is necessary to determine air velocities, sections and

perimeters. Air density is considered as 1,2 kg/m® due to its small influence in such

calculations.

3.3.2. Roughness determination

First, the ventilation system have been analysed in order to know where are the places
that could stand for the specific conditions of each mine and how many control points
are needed. For their selection it has been taken into account that each one must be
representative of the permanent features in the mine, avoiding temporary conditions,

such as machines or material stacked in a certain place.

According to the conditions of the mines, 18 and 19 key points have been considered in
Vilafruns and Cabanasses, respectively. Roughness of each point has been measured
once every month during a year. It is important to take measures in different periods of

the year because potash mines are influenced by the outer climatic conditions (pressure,
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temperature and humidity), affecting walls and roof of the tunnels and producing
fractures and the fall of small rocks into the airways. Roughness is measured with a
tape, five times in each point, and then the average is taken as the monthly value. Figure
64 displays an example of the points used to obtain the friction factors, detailing their

specific characteristics. The rest are attached in the appendix.

Control point 1
Description: Point after the main fan, Coordinates:
which propels the airflow to the tunnels X: 406366
and workings. Y: 4632678
Data:
Section 34,54 m®
Perimeter 24,09 m
Mean roughness 0,149 m
Friction factor k | 0,00826 kg/m®

= Theoretical frame

Real frame

Figure 64. Control point description.
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3.3.3. Results
Data collected from both mines have been processed separately, Vilafruns and
Cabanasses, and then the outcomes are compared between them and with other types of

mining.

3.3.3.1. Vilafruns

Table 26 shows the mean values used to calculate the friction factors, taking special
relevance the coefficient of friction (f), which is function of the other data from the
table. They have been measured in situ or calculated using the data collected and the

equations previously detailed.

Table 26. Mean parameters used to calculate the friction factors.

Point A (m Per(m)  Dh(m) e (m) f

0 40,00 24,60 6,50 0,36300  0,01880
1 34,54 24,09 5,74 0,14900  0,01345
2 31,84 22,60 5,64 0,14390 0,01336
3 34,04 23,22 5,86 0,13260 0,01273
4 27,86 21,85 5,10 0,11000  0,01250
5 34,80 23,24 5,99 0,14170  0,01296
6 28,37 21,50 5,28 0,23330  0,01687
7 23,86 17,50 5,45 0,23750  0,01676
8 31,54 25,00 5,05 0,11910  0,01295
9 32,29 23,09 5,59 0,30000  0,01845
10 27,83 22,03 5,05 0,18240  0,01543
11 26,89 20,73 5,19 0,11440 0,01261
12 24,36 18,00 5,41 0,10000 0,01178
13 35,96 26,28 5,47 0,12000  0,01258
14 21,61 20,00 4,32 0,17480  0,01622
15 31,33 19,34 6,48 0,17480 0,01366
A 29,82 21,89 5,45 0,30000 0,01868
D 33,40 23,00 5,81 0,23750  0,01630
Mean 0,18522
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Values displayed in Table 27 correspond to the mean friction factors per season and the
global value per point, taking into account the four season values in each key point, as

well as their corresponding standard deviation (Box et al., 2005).

Table 27. Mean friction factors and standard deviation from each point.

Point  Spring Summer Autumn  Winter General Standard

k (kg/m® k (kg/m®) k (kg/m®) k (kg/m?) value deviation

k (kg/m®)

0 0.01163  0.01134 0.01168  0.01184 0.01162 0.00021
1 0.00821  0.00801  0.00822  0.00838 0.00820 0.00015
2 0.00835  0.00848  0.00835  0.00853 0.00843 0.00009
3 0.00794  0.00778  0.00787  0.00802 0.00790 0.00010
4 0.00781  0.00796  0.00781  0.00796 0.00788 0.00009
5 0.00743  0.00701  0.00750  0.00739 0.00733 0.00022
6 0.00876  0.00872  0.00875  0.00933 0.00889 0.00029
7 0.00860  0.00856  0.00857  0.00856 0.00857 0.00002
8 0.00894  0.01014  0.00900  0.00940 0.00937 0.00055
9 0.00947  0.00787  0.00952  0.00900 0.00896 0.00077
10 0.00890  0.00890  0.00900  0.00893 0.00893 0.00005
11 0.00735  0.00729  0.00738  0.00732 0.00733 0.00004
12 0.00690 0.00686  0.00677  0.00677 0.00682 0.00007
13 0.00798  0.00855  0.00803  0.00821 0.00819 0.00026
14 0.00956  0.00956  0.00963  0.00956 0.00958 0.00003
15 0.00758  0.00694  0.00821  0.00759 0.00758 0.00052
A 0.01081 - 0.01207  0.01088 0.01125 0.00071
D 0.00956 - 0.00972  0.00960 0.00963 0.00009

It has to be pointed out that there are no results in the points called A and D during

summer, because the ventilation circuit was partially modified.
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3.3.3.2. Cabanasses
Tables 28 and 29 detail the coefficient of friction, friction factors per season and other

parameters needed to calculate the global friction factor from each point.

Table 28. Mean parameters used to calculate the friction factors.

Point A (m Per(m)  Dh(m) e (m) f

A 40,03 27,49 5,82 0,09000  0,01102
1 30,29 21,83 5,55 0,10600 0,01193
B 25,47 21,17 4,81 0,06200 0,01033
C 25,60 20,93 4,89 0,05600  0,00991
D 34,50 26,23 5,26 0,04800  0,00918
4 20,79 18,37 4,53 0,05500  0,01012
| 31,02 22,97 5,40 0,06300  0,00999
G 38,28 27,44 5,58 0,05200  0,00924
R 32,83 22,62 5,81 0,10600 0,01173
H 49,45 29,66 6,67 0,11400 0,01144
11 27,37 20,72 5,28 0,12000  0,01275
12 34,91 23,95 5,83 0,11700 0,01214
V 19,49 17,84 4,37 0,09500  0,01254
K 28,64 20,92 5,48 0,15800  0,01402
L 32,84 27,81 4,72 0,06600 0,01063
M 30,85 21,67 5,69 0,16300  0,01401
N 47,80 29,47 6,49 0,15300  0,01293
9 29,98 23,13 5,18 0,16200  0,01450
8 26,32 20,92 5,03 0,21000  0,01644
Mean 0,10505
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Table 29. Mean friction factors and standard deviation from each point.

Point  Spring Summer Autumn  Winter General Standard

k (kg/m® k (kg/m®) k (kg/m®) k (kg/m?) value deviation

k (kg/m®)

A 0,00655  0,00665  0,00664  0,00661 0,00661 0,00005
1 0,00709  0,00686  0,00720  0,00716 0,00708 0,00015
B 0,00614  0,00594  0,00623  0,00620 0,00613 0,00013
C 0,00589  0,00570  0,00598  0,00595 0,00588 0,00012
D 0,00546  0,00555  0,00554  0,00551 0,00551 0,00004
4 0,00601  0,00582  0,00610  0,00607 0,00600 0,00013
| 0,00594  0,00633  0,00603  0,00600 0,00607 0,00017
G 0,00549  0,00531  0,00557  0,00554 0,00548 0,00012
R 0,00697  0,00675  0,00708  0,00704 0,00696 0,00015
H 0,00680  0,00658  0,00690  0,00687 0,00679 0,00014
11 0,00758  0,00733  0,00769  0,00765 0,00756 0,00016
12 0,00794  0,00699  0,00733  0,00729 0,00739 0,00040
V 0,00745 0,00721  0,00756  0,00752 0,00743 0,00016
K 0,00833  0,00806  0,00845  0,00841 0,00831 0,00018
L 0,00632  0,00611 0,00641  0,00638 0,00631 0,00013
M 0,00832  0,00805 0,00844  0,00840 0,00830 0,00018
N 0,00769  0,00744  0,00776  0,00776 0,00766 0,00015
9 0,00862  0,00834  0,00874  0,00870 0,00860 0,00018
8 0,00978  0,00946  0,00992  0,00987 0,00976 0,00021
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3.3.3.3. Results comparison

Once friction factors are determined, a comparison between both mines and the current
bibliography is useful to know the margin variation and concordance of the outcomes.
Table 30 compares the mean friction factor from all the points depending on the season

in Vilafruns and Cabanasses.

Table 30. Comparison of the friction factors per season.

) ) General
Spring  Summer Autumn  Winter | Standard
value
k (kg/m®) Kk (kg/m® k (kg/m® k (kg/m®) .. deviation
k (kg/m)

Vilafruns 0,00865  0,00837  0,00878  0,00874  0,00869  0,00024
Cabanasses 0,00707  0,00687  0,00714  0,00710  0,00704  0,00016
Dif. (%0) 22,4 21,9 23,1 23,0 23,4 52,4

Although values are quite similar, friction factors from Cabanasses are lower in all
seasons than in Vilafruns, having a difference of 23,4% between both mines. Thus,
Cabanasses will offer better conditions for the air to flow. However, there are other

features that influence this flow, as it has been stated in previous sections.

Figure 65 show a graph comparing the friction factors in both mines and their evolution
along the seasons. As it can be seen, their trends are quite similar, having higher values
in spring and autumn than in winter and summer. This relation could be because the
zone where mines are placed spring and autumn have important variations in climate
and humidity conditions, affecting the air going down through the downcast and
therefore the stability of roofs and walls in the airways suffer, increasing the roughness

a subsequently the friction factor values.
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Season friction factor (kg/m?3)
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Figure 65. Graph of the friction factor per season
As there are no bibliographical values from potash mines, the comparison is done with
friction factors from coal and metal mines. Tables 31 and 32 compare the results with

published data.

Table 31. Comparison between published data and the values obtained.

Prosser and McPherson Hartmanet Potash mine

Airway type
Wallace (2002) (2009) al. (1997) values
Rectangular Airway
— Clean Airway
0,0076 0,0075 0,009 0,008
(Coal and soft
rocks)
Rectangular Airway
—Some
o 0,0076 0,0087 0,009 0,0091
Irregularities (Coal
and soft rocks)
Metal Mine Drift 0,0122 0,0088 0,012 0,0269
Metal Mine Ramp 0,0082 0,0116 - 0,0297

The comparison from the ramp airway type has only been done with values from
Vilafruns, because there is no ramp in Cabanasses. The other values are obtained using
data from both mines, regarding the information collected in the control points included

in the appendix and matching the points with more similarities to the airway type
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according to the bibliographical information. In addition, Table 32 analyse the

percentage difference from values gathered in Table 31.

Table 32. Percentage difference between the values obtained and the bibliography

values.
Difference (%)
Potash
) ) Prosser and
Airway type mine McPherson Hartman et
Wallace
values (2009) al. (1997)
(2002)
Rectangular Airway —
) 0,0076 -1,32 18,42 5,26
Clean Airway
Rectangular Airway —
o 0,00762 14,17 18,11 19,42

Some Irregularities
Mine Drift 0,01215 -27,57 -1,23 121,40
Mine Ramp 0,00823 40,95 - 260,87

It can be summarised that friction factors from potash mining are quite similar to values
from coal and metal mines. Despite the results are usually higher than in other types of
mining, outcomes from the ramp part are significantly different, perhaps due to fewer

data available.

3.3.4. Validation
The friction factors obtained have been used to model both mines with ventilation
software, VnetPro+, and subsequently a comparison between the airflow modelled and

the in situ measures have been done, either in Cabanasses or Vilafruns.

3.3.4.1. Vilafruns
Four different models, corresponding to the four season of the year with their friction

factors, have been carried out in the case of Vilafruns (see appendix Il) and the results
are consistent. Table 33 gathers the airflow variation in Vilafruns regarding the in situ
measures and modelling outcomes. Taking into account the mean friction factor values

and airflow of the whole year.
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Table 33. Comparison between the measures and the modelling results in Vilafruns.

Control Percentage Absolute variation o
point  variation (%) (m°fs) Description
0 0,79 1,41 Beginning of the ventilation
circuit
1 0,67 1,18 Intake after the main fan
2 2,99 1,03 Leakage 1
3 2,17 3,03 Intake intermediate position
4 1,31 1,51 Leakage 2
5 17,62 2,68 Entry workshop 1
6 5,55 1,50 Leakage 3
7 22,34 3,50 Leakage 4
8 27,38 3,45 Leakage 5
9 2,85 2,65 workshop north zone
10 6,34 7,06 Intake south zone
11 2,37 2,96 intake south zone
intermediate
12 1,51 2,14 Return
13 2,53 4,29 Ramp
14 26,88 2,29 Leakage 6
A 9,61 6,76 Recirculation workshops
north and 1
D 15,16 3,47 Leakage 7

The modelling outcomes are satisfactory, having only appreciable variations in some

leakages in terms of percentage.

3.3.4.2. Cabanasses
Following the same procedure of the previous subsection, Table 34 gathers the airflow
percentage variation between the control point measures and the ventilation circuit

modelled. As the different configurations depending on the season did not show a

100



Some approaches to improve the ventilation system in underground potash mines

significant variation, it has only been done a modelling with the mean values in the case

of Cabanasses.

Table 34. Comparison between the measures and the modelling results in Cabanasses.

Control Percentage Absolute o
_ o o 3 Description
point variation (%) variation (m?/s)

A 8,83 18,40 Begin. of the ventilation circuit

B 9,69 151 Leakage 1

C 3,36 1,81 Storage connection

D 0,63 1,21 Main intake

G 8,62 6,13 Beginning of the north zone

H 3,30 2,44 Intermediate north zone

I 4,55 4,06 Beginning of the east zone
6,45 2,22 Entry workshop 1

L 6,33 519 Intermediate east zone

M 4,19 1,00 Entry workshop 2 a

N 13,60 8,59 Entry workshop 2 b

R 296,50 8,48 Leakage 2

1 11,62 2,45 Leakage 3

4 5,29 8,34 Return connexion zones

8 0,58 0,62 Return workshop 1
5,79 6,21 Return workshop 2

11 3,97 2,94 Return north zone ending

12 3,75 2,67 Return north zone intermediate

\V 2,45 511 Exit

Except the values from one of the leakages, where the percentage variation is important

but not the airflow quantity, the other results display a strong similarity.
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3.4. Heat sources study

Environmental conditions inside an underground mine are highly influenced by heat
exchanges with strata and machinery due to the geological characteristics of the
repository and the exploitation method. As it has been mentioned in the literature
review, auto-compression in vertical shafts and fans also increase the temperature of the

air.

This part is focused on determining the heat load from machinery and strata in potash
mines using a room and pillar method. Afterwards it is proposed a change of the diesel

equipment to electrical one because of fewer heat input produced and higher efficiency.

Internal combustion engines from diesel equipment have an overall efficiency only
about one third of the one achieved by electrical units. Hence, the usage of diesel will
produce approximately three times as much heat as electrical equipment for the same
mechanical work output (McPherson, 2009). Obviously, this hypothetical change
cannot be applied to all machines, but the aim would be to reduce it as much as possible

within the possibilities of the mine.

Heat analysis has been backed by theoretical equations and two modelling software:
VnetPro+, used to determine the air pressure drop and airway resistances, and ClimSim,
which provides predicted values of the variation in psychometric and thermodynamic
properties of the air regarding heat inputs from strata and machinery. For such purpose,
data collected from 2009 to 2015 has been used, as well as bibliographic information
when the first option was not possible. In addition, ClimSim has been used to determine
some parameters impossible to obtain in situ without affecting the mine operations. The
study is focused on Vilafruns because of the huge quantity of data available. Overall,
the sequence followed to determine the climate parameters and make the comparison is:

1. Gather and select the necessary data for modelling and apply theoretical
equations, with the aid of the GIS created.
2. Modelling the ventilation circuit by means of VnetPro+ with the information

collected in situ and the friction factors determined in the previous section.
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3. Determine the rock thermal conductivity and diffusivity of the mine using
ClimSim.

4. Calculate the current heat load from the strata and machinery, diesel and
electrical, using ClimSim and theoretical equations.

5. Make a proposal of changing the diesel equipment for electrical one and

determine the heat input variation to the ventilation circuit.

3.4.1. Data used
Data needed to determine the heat inputs have been either collected in situ, provided by
the staff of the mine, calculated or found in previous publications.

- Airway dimensions: Cross section, length and perimeter measured in situ.

- Friction factors: Calculated in the previous section.

- Airflow: Measured in situ.

- Stopping, doors and any possible obstacle in the airways through field
inspections. Resistance of doors and curtains to let the air pass through them is
obtained from Carrasco et al. (2011).

- Fans characteristics: Provided by the staff of the mine.

- Temperatures: Dry and wet bulb temperatures measured in situ.

- Virgin rock temperature: Temperature of the rock immediately after being dug
by a continuous miner.

- Depth of the tunnels and airways: Consulting the historical planning data in
CAD format.

- Wetness factor: Obtained from bibliographical information (McPherson, 2009).

- Age of the tunnels: Consulting the historical planning data in CAD format.

- Geothermal gradient: It has been obtained from the “Institut Cartografic de
Catalunya” (www.icc.cat), where there is a compilation of the geothermal
gradients along Catalonia.

- Rock conductivity and diffusivity have been obtained from bibliographic
references (McPherson, 2009) and afterwards the initial values have been
adjusted by means of iterations using ClimSim.

- Daily face advance of the stopes where there are continuous miners working:

Information provided by the staff of the mine.
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Electrical and diesel equipment characteristics: Nominal power, consumption,

efficiency, number of machines, etc. The information has been obtained from the

staff of the mine and commercial catalogues.

Rate of water per litre of fuel: Obtained from McPherson (2009).

Age and depth of the tunnel are two factors from the list that have not been explained in

the section “fundamentals of mine ventilation” because are specific parameters required

for modelling by ClimSim. Within the software are called “age in”, “age out”, “depth

in” and “depth out”. Factors “depth in” and “depth out” stand for the depth at the

beginning and end of the airway modelled. On the other hand, the terms “age in” and

age out” describe the time (in days) since beginning and end of the airways were

opened

3.4.1.1. Mining equipment

Tables 35-37 display a list of the current mining equipment in the mine before the

change proposed and their features needed to determine the heat input.

Table 35. Current equipment of the mine.

Electrical machines Diesel machines
Continuous miners Underground trucks
Conveyors Underground loaders

Continuous haulage machines Jumbo drillings
Auxiliary equipment

Cars

Table 36. Diesel equipment characteristics.

N. Power  N. Power Consumption

Type Quantity V) (kW) () Model
Truck 22 400 294 67 MT 436
Loader 12 300 221 58 ST 1030
Car 64 100 74 14 Iveco massif
Jumbo 3 90 66 14 -
Auxiliary equipment 6 88 65 14 -
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The equipment detailed in Table 37 has been used together with their positions and
lengths.

Table 37. Electrical equipment characteristics.

Type Nominal power (kW) Quantity
165 1
Continuous haulage machine 180
220
56
110
180
200
400
600

Conveyors

D W N P DN O

[EY
o

Continuous miner 529

3.4.2. Determination of the fundamental heat parameters

3.4.2.1. VnetPro+ modelling
Before determining the heat parameters, airways pressure drop needs to be calculated

since they are part of the parameters required by ClimSim.

First, the ventilation circuit has been imported in dxf format, which contain the X, Y
and Z coordinates of the tunnels, into the VnetPro+. Figure 66 displays the modelling,
distinguishing intake and return in different colours. Information of all the branches is

attached in the appendix.
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Figure 66. Principal ventilation circuit from Vilafruns modelled by means of VnetPro+.

Equations (1) and (4) are the basis of VVnetPro+ internal functioning in terms of airflow

behaviour. All variables involved have been previously explained.

AP =R - Q? (1)
— L. 7. Per-p
R=k-L 5 (4)

As airways have different characteristics along the ventilation circuit, the software
allows introducing the features of each branch. Figure 67 shows all the parameters

needed to determinate or measure to model the ventilation circuit.

From: & To: 7 H
Description:
Tope: (B Select K Factor
Resistance: /Q 8] R
Pressure Drop: E/Ff et )
Branch Code:
ben (1) Surface State:
Friction Factor: |0 (kg/n?) Branch Symbok
Resistance per Length: 0 [R#1000m) Auto Length: [Enabled =
Length: 221 ()
Equivalent Length: 0 [m) I
Area: 100 (rr?)
Perimeter. | 40 (m)
Parallel Factor: 1
Group Number:
| Group Name:

Figure 67. VVnetPro+ branch characteristics.
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Once the airways are defined, it is only necessary to know the position and curve of the
main fans and boosters to model the ventilation. Subsequently, results of pressure drop

and airflow can be plotted. Figures 68 and 69 show part of the modelling achieved.

72.78 72 357 %‘ =

’4‘° 61 3964 58
__F_ﬂ*mﬁﬁﬂ—“ %
3.9 % ]

77
5 on A8
621 0% 5507 827

Figure 68. Scheme of Vilafruns and its ventilation characteristics.

e Branch Results @
Total 2 Pressure Air Power Operatin -
Br:: ch s - n Resiianca Q(‘::s'l‘;‘?/ Drop Loss p(:ost ? Description | [
g (Ns¥/m"8) (Pa) (KW) (Shyr)

1 11 10 0.00350 186.03 1211 2253 11277
2 1 2 0.02000 193.73 750.7 145.43 72800

3 3 4 0.00075 206.02 31.8 6.55 3279 =
4 - S 0.00075 236.59 42.0 9.94 4974
5 5 6 F 0.00075 236.59 42.0 9.94 4974
6 6 4 2.50000 30.57 2336.2 71.42 35750

7 6 7 0.00075 206.02 31.8 6.55 3279 —
8 73 8 0.00075 206.02 31.8 6.55 3279
9 8 9 0.00075 186.03 26.0 4.84 2421
10 9 11 0.00320 186.03 110.7 20.59 10309
11 10 59 0.00450 171.98 1331 22.89 11458
12 14 88 0.00080 78.99 5.0 0.39 198
13 15 16 0.00120 78.99 75 0.59 297
14 16 17 0.00110 171.98 325 5.59 2798
15 17 18 0.00110 186.03 38.1 7.09 3548
16 18 19 0.00110 186.03 38.1 7.09 3548
17 19 20 0.00110 186.03 381 7.09 3548
18 20 21 0.00380 206.02 161.3 33.23 16635
19 21 22 0.00380 206.02 161.3 33.23 16635
20 22 23 0.00280 193.73 105.1 20.36 10192
21 23 24 0.00280 193.73 105.1 20.36 10192
22 10 25 0.00100 14.06 0.2 0.00 0
23 25 26 2.50000 14.06 494.0 6.95 3477
24 26 17 0.00100 14.06 02 0.00 0
25 27 28 0.00380 8.72 03 0.00 0
26 28 29 2.50000 8.72 190.2 1.66 830
27 29 16 0.00380 92.99 329 3.08 1531
28 8 30 0.00460 19.99 1.8 0.04 18
29 30 31 2.16000 19.99 862.9 17.25 8635
30 31 20 0.00380 19.99 15 0.03 15
31 22 32 0.00200 12.29 0.3 0.00 0
32 32 38 0.00200 12.29 0.3 0.00 0

33 2 34 0.00100 87.00 76 0.66 331 -

Figure 69. Collection of the internal information from each branch.
Once the circuit has been modelled, pressure drop results have been compared to

theoretical validation to ensure its reliability. It is very important to know the pressure
drop in the zones where ClimSim will be used.
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The validation has not been done in whole ventilation circuit, it has only done in two
stretches, between points 1-3 and 3-4 as it can be seen in Figure 70. The reason is
because it will be used the same part of the circuit to determine some of the fundamental
parameters from the strata heat of the mine. This specific part has been chosen because
of the small interference of mining equipment as it is advised by the ClimSim user’s

manual.

o 3 us
- i 13045 w
T~
4
\y B
ﬂ;.-- -‘_‘%/ /'/{- \

Figure 70. Ventilation circuit, detailing the airflow direction and airways in colours. The

intake in blue and the return in red.

Pressure drop has been calculated using equations (1) and (3) and two methods: the
procedure explained in Figures 13 and 14 (McPherson, 2009) and some empirical
expressions regarding the airway variations from Carrasco Galan et al. (2011), exposed
below. Its determination can be obtained with the following expressions and the

planning information of the mine.
2
=02 =+() (28)

Where:
ek — Increasing resistance factor (dimensionless);

6 — Rotation angle of the airway.
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R, =061k (29)

A2

Where:
Ry — Resistance added to the airway (Ns?/m®);

A — Airway section (m?).

Table 38 displays the theoretical and modelled pressure drop results in the stretches

analysed using both methods.

Table 38. Comparison of the theoretical and modelled pressure drop results.

Stretch | VnetPro + | Theoretical
1-3 140,57 142,22
3-4 03,98 99,26

There is a difference of 1,2% between theoretical and modelled values in the stretch 1-3
and 5,6% in the stretch 3-4. This difference has been considered as acceptable for a
system with a very adverse environment in terms of measuring the conditions and where
it is difficult to achieve accurate values. Therefore, the VnetPro+ modelling of the mine
is confirmed as reliable concerning the geometrical characteristics of the airways as well
as the pressure drop.

3.4.2.2. ClimSim modelling

Stretches displayed in Figure 70 are used to obtain the strata heat characteristics by
means of ClimSim iterations from initial data, bibliographical values in this case. The
adjustment of these values has to be done in a place as free as possible of equipment,
specially of diesel machines, with the aim of avoiding any possible alteration in the
moment of determine the strata heat parameters (M.V.S., 2013).

Following these conditions, parts chosen are at the beginning of the ventilation circuit.
The survey has been done in two stretches instead of only one in order to achieve a
higher accuracy. First stretch is from point 1 to 3 and the other one from point 3 to 4,
Figure 70. It is the zone with the least possible disturbances in the airway and with a

stable geometry along the time. Moreover, there are ventilation data in each point,
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which will be very important to run simulations. The only downside is the presence of a

conveyor belt carrying mineral exploited along the part analysed.

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 as Figure 71 describes.

Figure 71. Heat flow in a hypothetical circular airway (McPherson, 2009).

The heat flow determination using ClimSim is based on radial heat conduction

equations —expressed in polar cylindrical coordinates— detailed below. Equations (30)

and (31) display two different forms of the same equation.

k 9%0 1(06 1 (926 2%6 06
L) G -
p-Ctor2  r\dr r2 \ 90?2 dz2 at

Or
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110
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Figure 72 is a simplified scheme of the ClimSim functioning based on the information

from the user’s manual.

Input data: Climatic variables

!

ClimSim «—] Recalculation
modelling

Criteria
satisfied?

Modelling
achieved

Figure 72. Scheme of the ClimSim functioning.

Computer modelling needs some previously determined parameters and characteristics
of the stretches analysed. Parameters stated below have been either calculated or
measured following the methodology explained in the section “fundamentals of mine
ventilation” and in the “heat sources study, data obtaining”. These required data are

listed below.

- Dry bulb at inlet (°C)
- Wet bulb inlet (°C)

- Pressure at inlet (kPa)
- Airflow (ms)

- Length (m)
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- Depth in (m)

- Depth out (m)

- Cross section area (m?)

- Perimeter (m)

- Friction factor (kg/m®)

- Wetness factor

- Age in (days)

- Age out (days)

- VRT (°C)

- Geothermal step (m/°C)

- Rock conductivity (W/m-°C)
- Rock diffusivity (m?/s-10°®)

Figure 73 shows part of the data already introduced into the software. It is possible to

connect more than one tunnel to model them at the same time.

iteracio_1,cw2 - Branch Table =2 ‘
Branch Name Dry Bulb Wet Bub Pressure Quantty Length Depth In Depth Out Area Perimet
(*C) (*C) (kPa) (m¥/s) (m) (m) (m) (m*) {m)

1 20,00 15.00 104,257 15850 1153 SO0 SO0 34.50 23
2 0.00 0.000 0.00 0 0 0 0.00 0

Figure 73. Some of the parameters introduced to ClimSim for running the software.

Once all the parameters have been introduced to the software, the sources of heat due to

conveyors, continuous haulage machines and fragmented rock have to be introduced.

The program allows spot and linear sources of heat. In this case there is a conveyor

system carrying the mineral all the length of the stretches. Hence, sources of heat have

been considered as linear. Figure 74 details the heat contribution of fragmented rock and

the sum of conveyors and continuous haulage machines as linear heat sources within the

stretches analysed.
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Spot

Blectric | Diesel | Linear

Linear heat sources

Lecation
(m}

Length
(m)

Sensible Heat
KWV}

Latent Heat
(KW

Description

-

0

1011

145.64

0.00

0

1011

100.00

0.00

| Add | | Remaove |

Figure 74. Linear heat sources.

Either the conveyor system or the fragmented only generate sensible heat in contrast to
diesel machines. The power taken by the machine that is not transformed to work is
dissipated, producing sensible heat. In the case of broken rock, heat exchange is due to
higher temperature of the rock than the air from the airways. The obtaining of their

values is achieved by means of equation (19) and the next expression (32).

Regarding the part analysed, there is system formed by conveyor belts and continuous
haulage machines. Despite that, they can be considered as only one item at the moment
of calculating the heat generation because they are always set up together and in both
cases they use electricity as energy source.

q="Pn- (100 —E) (32)
Where:
g — Heat generated by the head (kW);

Pn — Nominal power (KW);
E — Efficiency of machine (%).

The efficiency of the machines is based on values provided by the staff of the mine.
Meanwhile the heat generated by lights and the Joule effect produced by the electrical
cables have not been taken into account because of their small contribution to the

overall heat generation (McPherson, 2009).
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When rock is fragmented by continuous mining machines, a temperature difference is
created between rock and air of the tunnel, generating heat transference to the
ventilation circuit. These conditions can be found in workshops and conveyors carrying

mineral. Its determination is done using the following expression.

qfr=m-C-(91—92) (19)

Next step after introducing the initial parameters is to produce outcomes by means of
iterations so that correct values of rock diffusivity and conductivity can be determined.
The value is considered acceptable when simulations give the same dry and wet bulb
temperature measured in situ with an acceptable range variation of £1 °C at the end of
the stretch, points 3 and 4 from Figure 70 in this case. Temperatures comparison has
been done with the mean wet and dry bulb temperature from data between 2009 and
2014,

Figure 75 shows part of the results from iterations. The program gives results every
certain distance between the beginning and end of the stretch, normally every 20 meters,
even though this distance can be modified at the discretion of the technician. Full results

are attached in the appendix.
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Figure 75. Part of iteration results using ClimSim.

Once rock conductivity and diffusivity are adjusted in stretches 1-3 and 3-4, they have

been evaluated using data from different seasons of the year in order to validate the
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results. In this case four months have been chosen to stand for the four seasons (June,
October, January and April), using the mean airflow as well as wet and dry bulb
temperature from each month. After several iterations, the values adjusted are the

following.

o Rock thermal conductivity: 6 W/m°C.
o Rock thermal diffusivity: 5,55 m?/s-10°.

Hence, they can be considered as the characteristic values to model despite it can be
some variations along the mine. Tables 39 and 40 display the comparison of airways
modelling climatic conditions, dry and wet bulb temperatures, with the mean

temperatures measured in situ and using the values of rock thermal conductivity and

diffusivity obtained by means of ClimSim iterations in the first case.

Table 39. Comparison of the modelling climatic conditions in the stretch 1-3.
Point 3
Wet bulb temperature (°C)

Dry 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
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

Table 40. Comparison of the modelling climatic conditions in the stretch 3-4.
Point 4
Wet bulb temperature (°C)

Dry bulb temperature (°C)

Measured | ClimSim | Difference | Measured | ClimSim | Difference
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
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The comparison has given an acceptable range according to mean dry and wet bulb
temperature from points 3 and 4 except in dry bulb temperature between point 1 and 3
in October and January. Probably due to remaining deviations of water evaporation or
condensation caused by air from the surface, which varies considerably its moisture
fraction in these months. Wetness factor should also be thoroughly assessed and then
check if there is any difference respect to the value used.

On the other hand, Figure 76 expose the outcomes from Tables 39 and 40 with their
corresponding 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

25,0

20,0

15,0

10,0

5,0

0,0

Overall January April June October
B Point 3 measured B Point 3 ClimSim

Figure 76. Comparison of the effective temperatures modelled and measured in situ.
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3.4.3. Heat input determination

3.4.3.1. Strata heat

As there is no information from other similar mines, strata heat needs to be calculated
by means of equations and ClimSim. When the tunnel studied has been opened for more
than 30 days, equation (12) has been used to determine the radial heat flow into

established tunnels.

q =3,35-L-k%5* . (VRT — 6d) (12)

While in the case of the advancing done in less than 30 days, equation (13) has been

applied.

q=6-k-(L+(4-DFA))- (VRT — 6d) (13)

Mean dry bulb temperature has been determined using data measured in situ between
2009 and 2014, meanwhile rock thermal conductivity and virgin rock temperature have
been calculated in previous paragraphs. The main problem of equation (12) is to know
the time that strata transfer heat to the air until thermal equilibrium is achieved. This

setback has been solved modelling the strata behaviour using ClimSim.

Parameters that take into account time since the tunnel analysed was opened are “age
in” and “age out”. The program computes the age of each section of the airway by
interpolating linearly between ages of two points. These two factors have been used to
determine the heat contribution to the airways along the time. Table 41 gathers the

initial values of the zone studied, which will be a new opening.
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Table 41. Initial values used for modelling.

Parameter Value
Dry bulb temperature (°C) 36,68
Wet bulb temperature (°C) 26,37
Initial pressure (kPa) 103,824
Cabal (m®/s) 15
Length (m) 500
Depth in (m) 500
Depth out (m) 500
Cross section (m?) 30
Perimeter (m) 25
Friction factor (kg/m®) 0,01136
Wetness factor 0,25
Age in (days) 50

Age out (days) 1

VRT (°C) 40
Geothermal step (m/°C) 33

Rock thermal conductivity (W/m°C) 6
Rock thermal diffusivity (m%/s-10°) 5,55

Once the table is filled, it has given a fix value for the length (500 meters), which is the
average monthly face advance, and changing the values “age in” and “age out” in
several iterations the sensible heat has reached a value of zero. After that, it has been
calculated by means of theoretical equations the sensible heat of one month face
advance to corroborate the modelling values, equation (13).

Table 42 and Figure 77 detail the behaviour of strata heat (sensible and latent) using

ClimSim. Results have been used to know the length of the tunnel giving heat to the
airways based on the monthly advance of the miners.
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Table 42. Behaviour of the strata modelled by ClimSim.

Agein Ageout  Sensible heat Latent heat Months since the tunnel
(days) (days) (kW) (kW) was 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

The contribution of sensible heat to the airways is near zero after one year since the
airway was opened. This value has been used to know the strata heat input. After this

period, rock receives heat from the airways until it reaches a thermal equilibrium.
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Figure 77. Graphical behaviour of the strata heat.
Modelling results compared to theoretical equations have given a percentage variation

of 9,97%, reaching an acceptable accuracy for an environment with such degree of

uncertainty.
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3.4.3.2. Mechanized equipment
The exploitation method determines its influence to the heat load. The equipment in the
case study uses diesel or electrical energy for their functioning. However, there is an

important difference in terms of heat generation between both types.
The determination of heat generated by electrical equipment has been done following
the scheme in Figure 28. On the other hand, diesel machines heat load has been

calculated using bibliographic values according to McPherson (2009).

Conveyors, continuous haulage machines and continuous miners

In this case, the main part that generates heat is the power head, calculated by the

following expression.

q =Pn-(100—-E) (32)
The efficiency of the machines is based on values provided by the staff of the mine. In
the case of continuous miners, it has to be taken into account that they are equipped

with several motors: The cutter, the hydraulic power pack and the loader.

Diesel machines

The following equation determines the total heat generated, which comprises latent and

sensible heat.

qc=c-%-PC (33)
Where:
gc — Heat emitted by the combustion (kW);
¢ — Combustible (1/s);
Ec — Combustion efficiency (%);
PC — Combustible calorific value (kJ/I);

McPherson (2009) gives some references used in this dissertation for the combustion
efficiency, 95%, combustible calorific value, 34000 kJ per litre, and the rate of liquid

120



Some approaches to improve the ventilation system in underground potash mines

equivalent per litre of fuel, 5. The last parameter is necessary to calculate the quantity of

water generated by the combustion.

W=c2=.r (34)

Where:
W — Water generated (1);
r — Rate of liquid equivalent.

After determining the water generated, latent heat is calculated taking into account a
standard value of the water latent vaporization heat, 2450 kJ/kg, and an equivalency 1:1
litre-kilogram of water.

gl =w-W (35)

Where:
gl — Latent heat (kW);
Aw — Water latent vaporization heat (kJ/kg).

Finally, sensible heat can be obtained deducting latent heat from the result of equation
(33). The comparison between electrical and diesel equipment has been done using the
information supplied by the manufacturer, which states that electrical trucks and loaders
generate 80% and 40% less heat respectively, producing only sensible heat. These
values take as a reference the whole heat generated by the machines. The information of
the electrical mining equipment used in the calculations has been extracted from
AtlasCopco website (http://www.thenewgreenline.com). Trucks and loaders chosen are

from the branch called green line.
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3.4.3.3. Fragmented rock

These conditions are found in the working faces, workshops and conveyors. The next
equation is used to calculate its value. Specific heat of the rock, C, has been obtained
from bibliographical information (McPherson, 2009), while the mass flow of rock, m,

was provided by the staff of the mine.

er:m'c‘(el—ez) (19)

3.4.4. Changing equipment proposal

The change of electrical machinery instead of the diesel equipment currently employed
is detailed in Tables 43 and 44. As it can be seen, either the proposal machines or the
current ones have very similar characteristics, matching perfectly with the requirements

of the current exploitation method.

Table 43. Comparison of the underground loaders.

Current diesel equip. Electrical equip. chosen
Model Scooptram ST1030 Scooptram EST1030
Capacity (metric tonnes) 10 10
Nominal power (kW) 186 132
Width (mm) 2490 2352
Height (mm) 2355 2548
Turning radius (°) 42,5 42,5

Table 44. Comparison of the underground trucks.

Current diesel equip. Electrical equip. chosen
Model MT 436B EMT35
Capacity (metric tonnes) 32,6 35
Nominal power (kW) 298 400
Width (mm) 3065 3246
Height (mm) 2680 3177 - 3789
Turning radius (°) 42,5 42
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In spite of the similarities, there are some differences that should be pointed out. The
operational functioning is less flexible in the case of electrical ones, because loaders use
a cable as power source, being limited by its extension. Meanwhile trucks have a small

diesel engine, but they need a trolley line set up in their habitual route.

3.4.5. Results

Heat input factors described in previous subsections are gathered in Tables 45 and 46 in
terms of latent and sensible heat contribution from each source as well as the percentage
contribution to the whole heat added into the system using internal combustion engine

or using electrical ones.

Table 45. 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 46. 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 11,4
Fragmented rock 297 2,3
Strata 1102 2072 24,9
Total 9679 3059 100,0

123



Some approaches to improve the ventilation system in underground potash mines

As it can be deduced from tables above and Figure 78, 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.

Diesel equipment Electrical equipment

W Machines

W Conveyors

H Continuous haulage machine
H Miners

M Fragmented rock

W Strata

Figure 78. Percentage variation of the different heat inputs using electrical or diesel

equipment.

Table 47. Summary of heat generated by the vehicles.

Total
Unit heat ) Difference | Total latent | Difference
sensible heat )
Type (kW) (kW) sensible heat (kW) latent 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 251 | - 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 after applying the proposal.

®Electrical equipment does not produce sensible heat, so only the other equipment is added.
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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
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.
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CHAPTER 4

MAIN FINDINGS AND DISCUSSION
CONCLUSIONS
REFERENCES

“The real voyage of discovery consists not in seeking new lands but seeing with new

eyes.” —Marcel Proust
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MAIN FINDINGS AND DISCUSSION

4.1. Findings and hypothesis fulfilment

4.1.1. Creation of a GIS database

The system proposed to manage the environmental conditions of an underground mine,
a GIS, has been proved as a reliable option to manage any possible factor involved with
ventilation issues in a long term and it is able to improve health and safety conditions as

well as efficiency matters. Therefore, the first hypothesis stated has been fulfilled.

The methodology exposed to create the GIS, which splits the information between
principal and auxiliary circuits depending on the evolution of the ventilation layourt,
gives a simple system to extract results from the database. The ventilation
characteristics such as air velocity, effective temperature, airflows and gas

concentrations have been studied regarding different conditions proposed to the system.

Results have allowed to control the TLV and temperatures in a long term and how the
ventilation layout evolution along the time influences the underground conditions. In
addition, adverse situations like leakages and airflow recirculation have been located
and analysed, determining its influence to the workshops and working faces. In the mine
called Vilafruns, 3 groups concerning different zones with airflow recirculation have
been located: the first group with no recirculation, the second one with partial
recirculation and the third one with fully recirculated airflow. These conditions create
adverse workplaces in terms of effective temperatures, CO, CO, and NOy. However,
this comparison does not give clear results about the contribution of the layout to these

conditions. For this reason, the second hypothesis is only partially arisen.

Finally, some expression of the gasses and temperature behaviour are proposed in order
to model the mine for future openings taking into account their special geological
characteristics and exploitation conditions. This model has been achieved in the mine
called Cabanasses, which presents a very interesting relationship between control points
and workings. As it has few interferences in the intake airways, the evolution of the
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mine workings can be linked with gas concentrations and effective temperatures. On the
other hand, Vilafruns has a ventilation system quite complicated, being difficult to
obtain a conclusion with the data collected in this regard. Hence, the third hypothesis

is also partially accomplished.

4.1.2. Friction factor determination

The fourth hypothesis has been fulfilled, obtaining the characteristic friction factors
of 2 underground potash mines using continuous miners in a room and pillar system.
Roughness of the airways from Vilafruns and Cabanasses varies depending on the
ventilation circuit zone. In addition, consistent difference of the friction factors along
the year are found in both mines, but these differences are small enough to not influence
the ventilation circuit modelling. In both cases the models have matched the measured

airflows with a variation below 10%.

Moreover, the comparison made with bibliographical friction factors from metal and

coal mines shows similar order of magnitude values, Table 48 displays these outcomes.

Table 48. Potash mine friction factors.

Airway type Potash mine values
Rectangular Airway — Clean Airway 0,0076
Rectangular Airway — Some Irregularities 0,0076
Mine Drift 0,0122
Mine Ramp 0,0082

Thus, values are considered as acceptable. However, more investigations should be
undertaken, in both mines, to confirm the validity and accuracy of these results along

the time.
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4.1.3. Heat sources study

After obtaining the rock thermal conductivity and diffusivity, 6 W/m°C and 5,55
m?/s-10° respectively through several iterations with the software ClimSim, the heat
input of each part has been determined.

The diesel equipment represents almost a 52% of all the heat generated (taking into
account all the equipment, strata and fragmented rock). Besides, sensible and latent heat
difference between diesel equipment and the change proposed would be reduced about
63% and 36% respectively. Therefore, the fifth hypothesis is fulfilled.

The change proposed would cut down the dependence of the company to oil prices
variation and therefore its degree of uncertainty at the moment of making any decision.
Nowadays, health and safety legislation in Europe and Spain has a clear trend to
improve the environmental working conditions of the employees, which means more
restrictive TLV and in conclusion, it leads to efficiency reductions and an increase of
the exploitation costs if no changes are implemented.
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Table 49. Advantages and disadvantages of using diesel and electrical equipment.

Advantages Disadvantages

- Low energy efficiency,
which generates an
important heat load to the
ventilation system.

- Increase of the humidity
- Very flexible to rate due to the combustion
Diesel equipment )
undertake different tasks. process.

- Production of gases and
pollutants that affects the
underground environment.
- Higher airflow

requirements

- High energy efficiency.

- Lower humidity rates,
latent heat and sensible
heat load to the ventilation

system. - Less flexibility to take
Electrical equipment - Non-existent gases and different tasks. It depends
pollutants generation. on the electric cable.

- Lower airflow
requirements, either the
principal or the auxiliary

ventilation system.

As it can be deduced from Table 49, the usage of electrical equipment also reduces the
energy consumption due to the lower ventilation requirements and more efficient
machinery. Obviously there are other possible alternatives to improve the ventilation
conditions, such as implementing a VOD system, increasing the airflow or installing a

heat exchanger, but none of them is able to fulfil both conditions.
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4.2. Implication of the findings, further research and improvements

The study gives some approaches to manage health and safety conditions as well as
presents some characteristic values and expressions for modelling the ventilation system
and the underground environment conditions. These findings based on two case studies
can also be used as reference values for other potash mines with similar exploitation

features.

In spite of the results achieved, it would be necessary to improve the models and make
further research to back the current outcomes and widen the research scope in terms of
better working conditions and more efficient ventilation system. The following
paragraphs explain about the weaknesses, possible improvements and further needed

research.

4.2.1. Creation of a GIS database

The system could be automatized instead of taking the measures in situ manually,
providing real time operating data, which would help to improve safety aspects and
efficiency of the whole mine (Michell et al., 1986). Currently, there are several
softwares able to simulate the environmental conditions of a mine, but the feedback
between simulation and the real situation is quite new. Although some underground
facilities start to use modelling software, monitor the conditions and provide the system
with collected data to give feedback between the simulation and the real situation
(Ruckman and Prosser, 2010), the GIS could be an intermediate step between the data
collected and the simulation, because it is more efficient discriminating the information

by means of knowledge and necessities of the technicians.

On the other hand, there are some pollutants not measured in the cases studied that
would be important to control because their origins come from diesel combustion
according to Carrasco et al. (2011) and Attfield et al. (2012).

- Sulphur dioxide (SOy): It is toxic, irritating and it creates problems in the

respiratory system.

- Hydrogen sulphide (SH,): Irritation of the eyes and respiratory system.
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- Aldehydes and polycyclic aromatic hydrocarbons (PAH): Their health effects
vary depending on the PAH, but they are all related to cancer diseases.
- DPM: Small particles are able to get to the respiratory system and cause cancer

diseases according to some studies.

Moreover, the working faces analysis in Vilafruns does not show a very clear trend. In
the first case, the comparison between CO and CO, mean values from the first group
(clean airflow) and the second one (partially recirculated airflow), taking the first as a
reference, gives a decreasing level of almost 6% in CO and 10% in CO,, even though it
should give higher concentrations in the second group. Analysing in detail each working
face, some miners display higher CO and CO, concentrations in the first group. As there
is no historical volcanic activity known in the zone that could explain this difference,
the problem must come from the auxiliary ventilation system. Further investigation
should be undertaken to determine if there is local recirculation within the same group

or if the duct circuit is properly installed.

Regarding Cabanasses, the expressions obtained in the principal ventilation system
would need more data from each point to achieve better accuracy. Besides, it would be
necessary to take more control points —especially in the north zone— to get the trend of
the underground environmental conditions. Also, workshops give quite different gas
concentrations despite there is a very different layout in contrast to the situation in
Vilafruns and the airflow is clean in all the situations. Therefore, the auxiliary
ventilation system should be thoroughly analysed as well. The air in the working faces
is led by a duct to the main circuit. Information related to these ducts should be included
in the GIS, such as position, leakages, layout of the auxiliary fans or distance between
the entry of the duct and the working face. In addition, data regarding the discharge
zone of the duct would be important as well, so that tunnels with potential recirculation

could be taken into account.
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4.2.2. Friction factor determination

In order to reach more reliable values, it would be necessary to follow the same process
described to continue measuring the roughness of the airways. It would also be
advisable to study other potash mines using a similar exploitation method and compare

their friction factors.

4.2.3. Heat sources study

Rock thermal conductivity and diffusivity used to model the heat load in Vilafruns
should be thoroughly studied in order to reach more accurate values with the software
ClimSim. As the main deviations are produced by the dry bulb temperature, all possible
sources of water evaporation and condensation must be analysed. Besides, the same
study should be carried out in Cabanasses to determine its fundamental conditions and
know if there are some local differences in terms of heat from the strata and machinery.
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CONCLUSIONS

The main conclusions obtained from this study are the following:

o It is confirmed that the GIS created is a useful tool to provide a healthier and
safer work environment as well as to improve the efficiency of the ventilation
system. The possibility of improving the GIS and complement it with any other
software gives an enormous flexibility in order to control an environment that is
evolving every day and where the requirements could change anytime, either by
legal issues, new factors to take into account or the evolution of the mine and the
ventilation system. It could also be adapted to any other type of underground
facility.

o The GIS is able to analyse information in long and mid-term periods and
discriminate temporary abnormal conditions labelled by monitoring systems as
unacceptable, which are quite common in underground mining.

o The most sensitive parts of the mine in terms of gases, temperature, air velocity
and airflow have been located in the principal and auxiliary circuit. All these
factors have been analysed individual and collectively.

o CO and NOy concentrations in working faces from Vilafruns —where the
majority of the air has been previously recirculated— comply with the current
Spanish legislation, but more restrictive regulation in the future would cause
operating difficulties. In addition, a reduction in the level of gases would
improve the workplace conditions and increase the productivity of the mine. It
would be advisable to partially change the ventilation layout of the working
faces from the group 3, so that part of the airflow was not previously
recirculated.

o Working faces in both mines show problems in the auxiliary ventilation system,
varying their working conditions in similar theoretical situations.

o The characteristic friction factors in potash mines using a room and pillar
method have been determined. Despite each mine has its own parameters, it has
been achieved a framework for future studies related to mine ventilation in this

type of exploitations.
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The airways roughness in potash mining is due to, basically, the exploitation
method and the nature of the deposit, which has certain deformable properties
that define the shape of the tunnels. At the same time, roughness is affected by
the climatic conditions of the air from the surface.

Some approaches to determine the rock conductivity and diffusivity using
modelling software instead of laboratory analysis have been exposed.

The usage of electrical loaders and trucks decrease the sensible heat generation
by almost 50% and latent heat around 84%. Overall, the contribution of heat
from the machines plummeted from 73,8% to 51,85. Moreover, the model has
permitted to know the behaviour of the strata heat in a potash mine, finding out
the trend of sensible and latent heat in Vilafruns.

It would be advisable to combine electrical and diesel equipment with the idea
of keeping the same operational flexibility.

The decrease in heat load would allow higher energy efficiency due to lower
ventilation requirements and better workplace environment, which at the same
time would improve worker’s efficiency owing to lower effective temperature
and combustion gases generation. Hence, the number stops when temperature or
gases exceed the maximum values according to the law could be reduced.

The geological characteristics of the deposit, such as thickness and morphology
of the seams or depth of the deposit determine the mine planning and therefore,
the section of the airways and tunnels. These factors will influence the strata
heat input, machinery used and behaviour of the airflow.

The usage of electrical equipment can help to reduce the uncertainty of the
mining activity in terms of oil price variations, fight more restrictive legal values

and get a better vision from the society towards mining activities.
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5.1. Appendix I: Friction factor control points

The following points correspond to the control points where all the data are gauged.

5.1.1. Vilafruns

Control point 0

_— i Coordinates:
Description: Point after the downcast

) X: 406847
shaft and before the main fan.
Y: 4632883
Data:
Section 40 m?
Perimeter 24,6 ,m
Mean roughness 0,363 m
Friction factor k  |0,01170 kg/m®

= Theoretical frame

Real frame
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Control point 1
Description: Point after the main fan, Coordinates:
which propels the airflow to the tunnels X: 406366
and workings. Y: 4632678
Data:
Section 34,54 m°
Perimeter 24,09 m
Mean roughness 0,149 m
Friction factor k | 0,00826 kg/m®

- Theoretical frame

Real frame
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Control point 2

Description: Leakages control point in the
door called S-4

Coordinates:
X: 406320
Y: 4632339

Data:
Section 31,84 m°
Perimeter 22,6 m
Mean roughness 0,1439 m
Friction factork | 0,00847 kg/m®

= Theoretical frame

Real frame
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Control point 3

Coordinates:

Description: Airway called diagonal. X: 405268
Y: 4633026
Data:
Section 34,04 m*
Perimeter 23,22 m
Mean roughness 0,1326 m
Friction factor k 0,00794 kg/m®

= Theoretical frame

Real frame
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Control point 4

Coordinates:

Description: Point before the door S — 16. X: 404352
Y: 4632920
Data:
Section 27,86 m°
Perimeter 21,85 m

Mean roughness 0,11 m
Friction factor k [0,00791 kg/m®

= Theoretical frame

Real frame
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Control point 5

_— i . Coordinates:
Description: Point after the first airflow

_ X: 404048
split to the group 1.
Y: 4632821
Data:
Section 34,8 m’
Perimeter 23,24 m
Mean roughness 0,1417 m
Friction factor k 0,00733 kg/m®

= Theoretical frame

Real frame
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Control point

Description: Point after the door S -16

Coordinates:
X: 404908
Y: 4632872

Data:
Section 28,37 m°
Perimeter 215m
Mean roughness 0,2333m

Friction factor k

0,00892 kg/m®

= Theoretical frame

Real frame
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Control point 7

_ . ) Coordinates:
Description: Point control after the airway

_ X: 405066
of the point 6.
Y: 4632494
Data:
Section 23,86 m*
Perimeter 17,5m
Mean roughness 0,2375m
Friction factor k 0,00858 kg/m®

= Theoretical frame

Real frame
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Control point 8

o _ Coordinates:
Description: Control point before the door

X: 404123
S-14.
Y: 4632593
Data:
Section 31,54 m?
Perimeter 25m
Mean roughness 0,233 m
Friction factor k 0,00943 kg/m®

= Theoretical frame

Real frame
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Control point

Description: Control point north zone.

Coordinates:
X: 403603
Y: 4633593

Data:
Section 32,29 m*
Perimeter 2309 m
Mean roughness 0,146 m

Friction factor k

0,00898 kg/m®

= Theoretical frame

Real frame
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Control point

10

Description: Control point south zone.

Coordinates:
X: 403955
Y: 4631859

Data:
Section 27,83 m’
Perimeter 22,03 m
Mean roughness 0,1824 m

Friction factor k

0,00894 kg/m®

= Theoretical frame

Real frame
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Control point 11

. . Coordinates:
Description: Point in the south zone after

X: 407465
the door S- 14.
Y: 4632256
Data:
Section 26,89 m°
Perimeter 20,73 m
Mean roughness 0,1144 m
Friction factor k 0,00734 kg/m®

= Theoretical frame

Real frame
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Control point 12

_ . ) Coordinates:
Description: Airflow control point at the

X: 406320
return.
Y: 4632283
Data:
Section 24,36 m°
Perimeter 18 m
Mean roughness 0,1m
Friction factork | 0,00678 kg/m®

= Theoretical frame

Real frame
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Control point 13

Coordinates:

Description: Point at the end of the return. X: 407177
Y: 4632530
Data:
Section 35,96 m*
Perimeter 26,28 m
Mean roughness 0,12m
Friction factor k 0,00823 kg/m®

= Theoretical frame

Real frame
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Control point 14

. Coordinates:
Description: Leakages from the downcast

X: 407062
shaft
Y: 4632657
Data:
Section 21,61 m°
Perimeter 20 m
Mean roughness 0,1748 m
Friction factor k 0,00958 kg/m®

= Theoretical frame

Real frame
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Control point 15

_ . . Coordinates:
Description: Point at the beginning of the

_ X: 403637
intake at the group 2.
Y: 4632620
Data
Section 31,33 m?
Perimeter 19,34 m
Mean roughness 0,1m
Friction factor k 0,00758 kg/m®

= Theoretical frame

Real frame

163




Some approaches to improve the ventilation system in underground potash mines

Control point A

_— : . o Coordinates:
Description: Airflow recirculation in the

X: 403093
north part.
Y: 4632470
Data:
Section 29,82 m*
Perimeter 21,89 m
Mean roughness 0,3m
Friction factor k 0,01136 kg/m®

= Theoretical frame

Real frame
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Control point

D

Description: Leakage control after the

Coordinates:

X: 404237
door S - 18.
Y: 4632321
Data:
Section 33,4 m’
Perimeter 23m
Mean roughness 0,2375m
Friction factor k 0,00960 kg/m®

= Theoretical frame

Real frame
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5.1.2. Cabanasses

Control point 1

_ : . Coordinates:
Description: First door between intake and

X: 396482
return
Y: 4633081
Data:
Section 30,29 m*
Perimeter 21,83 m
Mean roughness 0,106 m
Friction factor k 0,00716 kg/m®

= Theoretical frame

Real frame
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Control point 4

o _ Coordinates:
Description: Next to the maintenance

X: 398389
workshop
Y: 4634010
Data:
Section 20,79 m®
Perimeter 18,37 m
Mean roughness 0,055 m
Friction factor k 0,00607 kg/m®

sfg
&

12
R

(LR

%0,

> >

= Theoretical frame

Real frame
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Control point 8

o ) Coordinates:
Description: Return, exit from T-13. Zone

X: 400072
south.
Y: 4634744
Data:
Section 26,32 m*
Perimeter 20,92 m
Mean roughness 0,210 m
Friction factor k 0,00987 kg/m®

= Theoretical frame

Real frame
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Control point 9

o ) Coordinates:
Description: Return, exit from T-14. Zone

X: 400659
south.
Y: 4635066
Data:
Section 29,98 m*
Perimeter 23,13 m
Mean roughness 0,162 m
Friction factor k 0,00870 kg/m®

ALY

22
KK

= Theoretical frame

Real frame real

DO
AR
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Control point

11

Description: Return, south zone.

Coordinates:
X: 398689
Y: 4635481

Data:
Section 27,37 m’
Perimeter 20,72 m
Mean roughness 0,120 m

Friction factor k

0,00765 kg/m®

= Theoretical frame

Real frame
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Control point

12

Description: Return, south zone,

intermediate control point.

Coordinates:
X: 398811
Y: 4634856

Data:
Section 34,91 m?
Perimeter 23,95 m
Mean roughness 0,117 m

Friction factor k

0,00729 kg/m®

= Theoretical frame

Real frame
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Control point

A

Description: Intake, beginning of the

ventilation circuit.

Coordinates:
X: 396537
Y: 4633089

Data:
Section 40,03 m?
Perimeter 27,49 m
Mean roughness 0,090 m

Friction factor k

0,00661 kg/m®

= Theoretical frame

Real frame
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Control point

B

Description: Leakage after the main

forcing fan, intake.

Coordinates:
X: 396809
Y: 4633375

Data:
Section 25,47 m*
Perimeter 21,17 m
Mean roughness 0,062 m
Friction factor k 0,00620 kg/m®

= Theoretical frame

Real frame

s
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o
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Control point

C

Description: Leakage conveyor belt

system, next to the main forcing fan.

Coordinates:
X: 396716
Y: 4633332

Data:
Section 25,60 m*
Perimeter 20,93 m
Mean roughness 0,056 m
Friction factor k 0,00595 kg/m®

= Theoretical frame

Real frame

DN

o)

v‘v
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Control point

D

Description: Intake, after the main forcing

Coordinates:

X: 396985
fan
Y: 4633515
Data:

Section 34,50 m?

Perimeter 26,23 m

Mean roughness 0,048 m

Friction factor k 0,00551 kg/m®

= Theoretical frame

Real frame

LA
i)
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Control point G

Coordinates:

Description: Intake, beginning north zone X: 398769
Y: 4634262
Data:
Section 38,28 m*
Perimeter 27,44 m
Mean roughness 0,052 m
Friction factor k 0,00554 kg/m®

ANt
mmm

L ! ! |
= Theoretical frame /

Real frame
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Control point

H

Description: Intake, end of the

north zone

Coordinates:
X: 398923
Y: 4635177

Data:
Section 49,45 m*
Perimeter 29,66 m
Mean roughness 0,114 m
Friction factor k 0,00687 kg/m®

= Theoretical frame

Real frame

V‘V
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Control point I

e . Coordinates:
Description: Intake, beginning of the south

X: 399009
zone
Y: 4634201
Data:
Section 31,02 m?
Perimeter 22,97 m
Mean roughness 0,063 m
Friction factor k 0,00600 kg/m®

POED NP,
o

= Theoretical frame

Real frame

V‘V
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Control point K

Coordinates:

Description: Intake, entry of T-13 X: 400264
Y: 4634735
Data:
Section 28,64 m°
Perimeter 20,92 m
Mean roughness 0,158 m
Friction factor k 0,00841 kg/m®

= Theoretical frame

Real frame
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Control point

L

Description: Intake, between T-13 and T-

Coordinates:
X: 400505
Y: 4634909

14
Data:
Section 32,84 m*
Perimeter 27,81 m
Mean roughness 0,066 m
Friction factor k 0,00638 kg/m®

= Theoretical frame

Real frame

2N m@ﬂ
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Control point M

Coordinates:

Description: Intake, entry of T-14 X: 400747
Y: 4634989
Data:
Section 30,85 m*
Perimeter 21,67 m
Mean roughness 0,163 m
Friction factor k 0,00840 kg/m®

= Theoretical frame

Real frame
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Control point R

- . _ . Coordinates:
Description: Intake, intermediate point in

X: 398820
the north zone
Y: 4634705
Data:
Section 32,83 m’
Perimeter 22,62 m
Mean roughness 0,106 m
Friction factor k 0,00704 kg/m®

= Theoretical frame

Real frame

182




Some approaches to improve the ventilation system in underground potash mines

Control point \/

o ) Coordinates:
Description: Return, before the main

: X: 396522
exhausting fan.
Y: 4633232
Data:
Section 19,49 m?
Perimeter 17,84 m
Mean roughness 0,095 m
Friction factor k 0,00752 kg/m®

= Theoretical frame

Real frame
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5.2. Appendix II: VnetPro+ modelling

As the friction factors change along the year, several simulations have been done,

corresponding to each ventilation circuit, in order to verify the adequacy of the values

obtained in Vilafruns.

On the other hand, as the mean values of the whole year have given a very good match
with the real airflows it has only been carried out 1 model with the mean values in the

case of Cabanasses, giving similar values between the model and the reality.

5.2.1. Fan characteristics
The modelling have been done using the main and booster fans described in Tables 50-

52. Each fan has several operating positions. All these data have been introduced in the

software.
Table 50. Booster fan positions, type 1.
Position 1
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 29 1,81 76 69
2 33 1,67 78 71
3 43 1,32 79 72
4 50 1,03 78 66
5 56 0,67 76 49
6 62 0,35 70 31
Position 2
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 40 2,16 77 112
2 45 2,01 78 116
3 50,5 1,79 80 113
4 61 1,33 80 101
5 67 1,01 78 87
6 76 0,39 70 42

184




Some approaches to improve the ventilation system in underground potash mines

Position 3
Point | Airflow (m®s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 51 2,21 78 145
2 57 2,03 80 145
3 61 1,93 84 140
4 72 1,52 84 130
5 75 1,37 80 128
6 80 1,10 78 113
7 92 0,42 70 55
Position 4 (nmax = 78%)
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 63 2,40 78 194
2 72 2,20 84 189
3 89 1,66 84 176
4 97 1,27 78 158
5 106 0,88 75 124
6 114 0,48 70 78
Position 5 (nmax = 75%)
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 73 2,58 78 241
2 100 1,90 84 226
3 125 0,85 74 144
4 134 0,53 70 101
Position 6 (nmax = 72%o)
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 86 2,64 78 291
2 112 2,21 80 309
3 138 1,10 74 205
4 156 0,59 70 131
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Table 51. Booster fan positions, type 2.

Position 1
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 29 1,81 76 69
2 33 1,67 78 71
3 43 1,32 79 72
4 50 1,03 78 66
5 56 0,67 76 49
6 62 0,35 70 31
Position 2
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 40 2,16 77 112
2 45 2,01 78 116
3 50,5 1,79 80 113
4 61 1,33 80 101
5 67 1,01 78 87
6 76 0,39 70 42
Position 3
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 o1 2,21 78 145
2 57 2,03 80 145
3 61 1,93 84 140
4 72 1,52 84 130
5 75 1,37 80 128
6 80 1,10 78 113
7 92 0,42 70 55
Position 4
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 63 2,40 78 194
2 72 2,20 84 189
3 89 1,66 84 176
4 97 1,27 78 158
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Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
5 106 0,88 75 124
6 114 0,48 70 78
Position 5 (nmax = 77%)
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 73 2,58 78 241
2 100 1,90 84 226
3 125 0,85 74 144
4 134 0,53 70 101
Position 6 (nmax = 74%)
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 86 2,64 78 291
2 112 2,21 80 309
3 138 1,10 74 205
4 156 0,59 70 131
Table 52. Main fan positions.
Blade angle -8°
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 120 2,45 77 382
2 130 2,28 81 366
3 147 2,07 82 371
4 165 1,77 79 370
5 185 1,42 76 346
6 200 1,08 70 309
Blade angle -6°
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 125 2,53 79 400
2 143 2,38 82 415
3 170 2,01 81 422
4 191 1,65 78 404
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Point | Airflow (m®s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
5 223 1,08 70 344
Blade angle -4°
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 143 2,60 80 465
2 153 2,50 82 466
3 177 2,23 82 481
4 204 1,83 79 473
5 222 1,55 76 453
6 238 1,18 70 401
Blade angle -2°
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 155 2,70 80 523
2 166 2,60 82 526
3 190 2,35 82 545
4 222 1,91 79 537
5 240 1,57 75 502
6 254 1,27 70 461
Blade angle 0°
Point | Airflow (m%s) | Pressure (kPa) | Efficiency (%) | Effective power (kW)
1 170 2,75 80 584
2 179 2,70 82 589
3 212 2,36 81 618
4 230 2,11 79 614
5 250 1,77 76 582
6 268 1,42 70 544
Blade angle +2°
Point | Airflow (m®/s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
1 182 2,79 80 635
2 208 2,61 81 670
3 232 2,28 79 670
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Point | Airflow (m®s) | Pressure (kPa) | Efficiency (%) | Effective power (KW)
4 255 2,02 77 669
5 283 1,56 70 631

5.2.2. Vilafruns

5.2.2.1. First configuration

Table 53. Initial data of the first configuration.

Branches Description Section (m?) | Perimeter (m)
11 | 10 Control room 35 22,66
1| 2 Shaft
3 | 4 Cross section change 40 24,6
4 | 5 Inlet main fan 34,54 24,092
5 6 Main forcing fan 34,5 24,092
6 | 4 Double door 34 23,25
6 7 Bend 120° 34,8 24,09
7| 8 Bend 140° 35 24,09
8 | 9 Conveyor belt 34,5 23,216
9 | 11 Conveyor belt 34,04 23,216
10 | 59 |Conveyor belt and cross section change 34,04 21,85
14 | 88 No obstacles 28 19,50
15 | 16 No obstacles 29 19,50
16 | 17 No obstacles 29 19,50
17 | 18 No obstacles 29 19,50
18 | 19 No obstacles 29 19,50
19 | 20 Bend 120° 29 18,00
20 | 21 Conveyor belt 31,84 22,60
21 | 22 Conveyor belt 31,84 22,60
22 | 23 Bend 125° 31,84 22,66
23 | 24 Conveyor belt 35,96 26,28
10 | 25 No obstacles 28,37 20,00
25 | 26 Double door 28,37 20,00
26 | 17 No obstacles 28,37 20,00
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Branches Description Section (m?) | Perimeter (m)
27 | 28 Conveyor belt 31,54 22,66
28 | 29 Double door 31,54 22,46
29 | 16 Conveyor belt 33,4 25,00
8 | 30 Conveyor belt 32 23,22
30 | 31 Double door 32 23,88
31 | 20 Conveyor belt 32 22,60
22 | 32 Conveyor belt 30 22,60
32 | 38 No obstacles 21,61 20,00
2 | 34 No obstacles 21,61 20,00
33 | 37 No obstacles 21,61 20,00
35 | 36 No obstacles 21,61 20,00
38 | 39 Double door 22 20,00
39 | 33 No obstacles 22 20,00
27 | 96 Conveyor belt 31,33 19,34
56 | 33 Bend 90° 32,3 21,00
100 | 56 Bend 110° 32,30 21,00
59 | 27 Conveyor belt 34,04 23,41
59 | 60 No obstacles 34,08 23,24
60 | 57 Curtain
57 | 58 No obstacles 34,08 23,24
58 | 61 Bend 100° 34 23,24
61 | 62 Duct system 32,29 23,09
62 | 97 Duct system 32,29 23,09
63 | 64 No obstacles 31,080625 22,66
64 | 65 Bend 90° 31,080625 22,66
65 | 66 No obstacles 31,080625 22,66
66 | 67 No obstacles 31,080625 22,66
67 | 68 No obstacles 31,080625 22,66
68 | 69 Bend 90° 31,080625 22,66
69 | 70 No obstacles 31,080625 22,66
70 | 71 No obstacles 31,080625 22,66
71 | 72 Bend 120° 32,29 22,66
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Branches Description Section (m?) | Perimeter (m)
72 | 73 No obstacles 31,080625 22,66
73 | 74 No obstacles 31,080625 22,66
74 | 75 No obstacles 31,080625 22,66
75 | 76 No obstacles 31,080625 22,66
76 | 78 Bend 90° 30 22,66
78 | 79 No obstacles 31,080625 22,66
79 | 80 Bend 90° 30 22,66
80 | 81 No obstacles 30 22,66
81 | 82 Bend 110° 31,080625 22,66
82 | 83 Bend 90° 31,080625 22,66
83 | 84 Bend 110° 31,080625 22,66
84 | 85 Bend 110° 31,080625 22,66
85 | 86 Bend 100° 31,080625 22,66
86 | 87 Bend 90° 27,83 22,03
87 | 14 Bend 90° 27,83 22,03
88 | 89 Bend 120° 27,83 22,03
89 | 90 Bend 120° 27,83 22,03
90 | 15 Bend 90° 27,83 22,03
97 | 63 Bend 90° + duct system 31,08 22,66
96 | 97 Conveyor belt + Bend 90° 32,29 23,09
99 | 3 Occasional obstacles 31,081 22,66
36 | 99 Control room 40 24,60
37 | 35 Bend 90° 21,61 20,00
34 | 100 Bend 100° 21,61 20,00
100 | 37 Bend 90° 21,61 20,00
82 | 111 Bend 120° 31,080625 22,66
111 | 112 Bend 90° 31,080625 22,66
112 [ 113 Bend 90° 31,080625 22,66
113 | 114 No obstacles 31,080625 22,66
114 | 115 Bend 80° 31,080625 22,66
115|116 No obstacles 31,080625 22,66
116 | 117 No obstacles 31,080625 22,66
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Branches Description Section (m?) | Perimeter (m)
117 | 118 No obstacles 31,080625 22,66
118 | 119 No obstacles 31,080625 22,66
119 | 14 No obstacles 27,83 22,03
2 |99 Occasional obstacles 31,080625 | 22,6621875
Table 54. Friction parameters, first configuration.
Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
11 | 10 | 6,18 0,01157
1 2 0,01020
3| 4 | 650 0,00822 1,4833
4 5 5,73 0,00822
5 6 5,73 0,00822
6 | 4 | 585 |[Nofriction factor R 2,5
6 7 5,78 0,00822 25,310
7 8 5,81 0,00822 21,577
8 | 9| 5% 0,00794 19,150
9 | 11 | 5,86 0,00794 19,54
10 | 59 | 6,23 0,00802 229,093
14 | 88 | 5,74 0,00891
15 | 16 | 5,95 0,00851
16 | 17 | 5,95 0,00732
17 | 18 | 5,95 0,00732
18 | 19 | 5,95 0,00851
19 | 20 | 6,44 0,00655 38,3531
20 | 21 | 5,64 0,00860 18,514
21 | 22 | 5,64 0,00860 18,514
22 | 23 | 5,62 0,00851 24,756
23 | 24 | 5,47 0,00859 14,355
10 | 25 | 5,67 0,00851
25 | 26 No friction factor R 2,5
26 | 17 | 5,67 0,00851
27 | 28 | 5,57 0,00851 16,832
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
28 | 29 No friction factor R 2,5
29 | 16 | 5,34 0,01015 12,882
8 | 30 | 551 0,00794 19,541
30 | 31 No friction factor R 0,45
31 | 20 | 5,66 0,00860 18,514
22 | 32 | 531 0,00860 18,514
32 | 38 | 4,32 0,00959
2 | 34| 432 0,00959
33 | 37 | 4,32 0,00959
35|36 | 4,32 0,00959
38 | 39 No friction factor R 2,5
39 | 33 | 4,40 0,00959
27 | 96 | 6,48 0,01015 16,725
56 | 33 | 6,15 0,00959 16,038
100 | 56 | 6,15 0,00959 3,208
59 | 27 | 5,82 0,01015 16,3623
59 | 60 | 5,87 0,00703
60 | 57 No friction factor R 0,45
57 | 58 | 5,87 0,00703
58 | 61 | 5,85 0,00703 20,818
61 | 62 | 5,59 0,00787 3,1089
62 | 97 | 5,59 0,00787 3,1089
63 | 64 | 5,49 0,00851
64 | 65 | 5,49 0,00851 19,3327
65 | 66 | 5,49 0,00851
66 | 67 | 5,49 0,00851
67 | 68 | 5,49 0,00851
68 | 69 | 5,49 0,00851 19,333
69 | 70 | 5,49 0,00851
70 | 71 | 5,49 0,00851
71 | 72 | 5,70 0,00851 24,102
72 | 73 | 5,49 0,00851
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
73 | 74 | 549 0,00851

74 | 75 | 5,49 0,00851

75 | 76 | 5,49 0,00851

76 | 78 | 5,30 0,00851 18,6605
78 | 79 | 5,49 0,00851

79 | 80 | 5,30 0,00851 18,6605
80 | 81 | 5,30 0,00851

8l | 82 | 549 0,00851 21,2660
82 | 83 | 549 0,00851 19,3327
83 | 84 | 549 0,00851 19,3327
84 | 85 | 5,49 0,00851 21,2660
85 | 86 | 549 0,00851 19,3327
86 | 87 | 5,05 0,00891 17,0079
87 | 14 | 5,05 0,00891 17,0079
88 | 89 | 5,05 0,00891 20,4095
89 | 90 | 5,05 0,00891 20,4095
90 | 15 | 5,05 0,00891 17,0079
97 | 63 | 5,49 0,00851 19,333
9 | 97 | 5,59 0,00787 42,619
9 | 3 5,49 0,00851

36 | 99 | 6,50 0,01157 38,880
37 | 35 | 4,32 0,00959 13,520
34 |100| 4,32 0,00959 13,520
100 | 37 | 4,32 0,00959 13,520
82 |111| 5,49 0,00851 23,199
111 (112 | 5,49 0,00851 19,333
112 ({113 | 5,49 0,00851 19,333
113 (114 | 5,49 0,00851

114 | 115| 5,49 0,00851 21,266
115116 | 5,49 0,00851

116 | 117 | 5,49 0,00851

117 ({118 | 5,49 0,00851
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
118 | 119 | 5,49 0,00851
119 | 14 | 5,05 0,00891
2 199 | 549 0,00851

Table 55. Modelling results from first configuration.

Branches | Resistance (N-s°/m®) | Airflow (m®s) | Pressure drop (Pa)
11 | 10 0,00056 139,56 10,9
1 2 0 146,72 0
3 4 0,00459 168 129,5
4 5 0,00031 175,13 9,5
5 6 0,00032 175,13 9,8
6 4 250.000 7,13 127
6 7 0,00116 168 32,7
7 8 0,00061 168 17,2
8 9 0,00061 139,56 11,9
9 | 11 0,00599 139,56 116,7
10 | 59 0,00453 113,41 58,3
14 | 88 0 118,74 0
15 | 16 0 118,74 0
16 | 17 0 130,58 0
17 | 18 0 139,56 0
18 | 19 0 139,56 0
19 | 20 0,0053 139,56 103,2
20 | 21 0,00072 168 20,3
21 | 22 0,00357 168 100,8
22 | 23 0,00101 146,72 21,7
23 | 24 0,01315 146,72 283,1
10 | 25 0,00261 26,15 1,8
25 | 26 0,435 26,15 297,5
26 | 12 0,00038 26,15 0,3
27 | 28 0,00181 11,83 0,3
28 | 29 170.000 11,83 238
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
29 | 16 0,00286 11,83 0,4
8 | 30 0,00083 28,44 0,7
30 | 31 0,668 28,44 540,3
31| 20 0,0015 28,44 1,2
22 | 32 0,00071 21,28 0,3
32 | 38 0,00255 21,28 1,2
2 | 34 0,00027 7,97 0
33 | 37 0,00082 17,43 0,2
35 | 36 0,00169 29,25 14
38 | 39 0,668 21,28 302,5
39 | 33 0,00201 21,28 0,9
27 | 96 0,00176 81,03 11,6
56 | 33 0,00044 -3,85 0
100 | 56 0,00026 -3,85 0
59 | 27 0,0003 92,86 2,6
59 | 60 0,00045 20,54 0,2
60 | 57 0,075 20,54 31,6
57 | 58 0,00021 20,54 0,1
58 | 61 0,00039 20,54 0,2
61 | 62 0,00296 20,54 1,2
62 | 97 0,00025 20,54 0,1
63 | 64 0,00075 89,75 6
64 | 65 0,00081 89,75 6,5
65 | 66 0,00017 89,75 14
66 | 67 0,0001 89,75 0,8
67 | 68 0,00015 89,75 1,2
68 | 69 0,00025 89,75 2
69 | 70 0,00024 89,75 19
70 | 71 0,00021 89,75 1,7
71 | 72 0,00074 89,75 6
72 | 73 0,00094 89,75 7,6
73 | 74 0,00046 89,75 3,7
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
74 | 75 0,00031 89,75 2,5
75 | 76 0,00018 89,75 14
76 | 78 0,00029 89,75 2,3
78 | 79 0,00028 89,75 2,3
79 | 80 0,00059 101,57 6,1
80 | 81 0,00084 101,57 8,7
81 | 82 0,00063 101,57 6,5
82 | 83 0,00057 93,12 49
83 | 84 0,00156 93,12 13,5
84 | 85 0,00086 93,12 7,5
85 | 86 0,00075 93,12 6,5
86 | 87 0,00291 93,12 25,2
87 | 14 0,00118 93,12 10,2
88 | 89 0,00087 118,74 12,3
89 | 90 0,00053 118,74 7,5
9 | 15 0,00343 118,74 48,4
97 | 63 0,0004 89,75 3,2
96 | 97 0,00403 69,21 19,3
9 | 3 0,00009 168 2,5
36 | 99 0,00028 29,25 0,2
37 | 35 0,00151 29,25 1,3
34 | 100 0,00064 7,97 0
100 | 37 0,00171 11,82 0,2
82 | 111 0,00081 8,45 0,1
111|112 0,00043 8,45 0
112 | 113 0,00062 8,45 0
113 | 114 0,00046 8,45 0
114 | 115 0,00045 8,45 0
115|116 0,00041 25,62 0,3
116 | 117 0,00053 25,62 0,3
117 | 118 0,00198 25,62 1,3
118 | 119 0,00019 25,62 0,1
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
119 | 14 0,1 25,62 65,7
2 |99 0,00017 138,75 3,3
12 | 17 0 8,98 0
12 {115 0 17,17 0
9% | 79 0,5 11,82 69,9

5.2.2.2. Second configuration

Table 56. Initial data of the second configuration.

Branches Description Section (m?) | Perimeter (m)
11 | 10 Control room 35 22,66
1 2 Shaft 0,00
3 | 4 Cross section change 40 24,6
4 | 5 Inlet main fan 34,54 24,092
51| 6 Main forcing fan 34,5 24,092
6 | 4 Double door 34 23,25
6 | 7 Bend 120° 34,8 24,09
7 8 Bend 140° 35 24,09
8 | 9 Conveyor belt 34,5 23,216
9 | 11 Conveyor belt 34,04 23,216
10 | 59 |Conveyor belt and cross section change 34,04 21,85
14 | 88 No obstacles 28 19,50
15 | 16 No obstacles 29 19,50
16 | 17 No obstacles 29 19,50
17 | 18 No obstacles 29 19,50
18 | 19 No obstacles 29 19,50
19 | 20 Bend 120° 29 18,00
20 | 21 Conveyor belt 31,84 22,60
21 | 22 Conveyor belt 31,84 22,60
22 | 23 Bend 125° 31,84 22,66
23 | 24 Conveyor belt 35,96 26,28
10 | 25 No obstacles 28,37 20,00
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Branches Description Section (m?) | Perimeter (m)
25 | 26 Double door 28,37 20,00
26 | 17 No obstacles 28,37 20,00
27 | 28 Conveyor belt 31,54 22,66
28 | 29 Double door 31,54 22,46
29 | 16 Conveyor belt 33,4 25,00

8 | 30 Conveyor belt 32 23,22
30 | 31 Double door 32 23,88
31 | 20 Conveyor belt 32 22,60
22 | 32 Conveyor belt 30 22,60
32 | 38 No obstacles 21,61 20,00
2 | 34 No obstacles 21,61 20,00
33 | 37 No obstacles 21,61 20,00
35 | 36 No obstacles 21,61 20,00
38 | 39 Double door 22 20,00
39 | 33 No obstacles 22 20,00
40 | 41 No obstacles 31,33 19,34
27 | 96 Conveyor belt 31,33 19,34
41 | 42 No obstacles 31,33 19,34
42 | 43 No obstacles 31,33 19,34
43 | 44 No obstacles 31,33 19,34
54 | 53 No obstacles 32,3 25,82
55 | 54 Bend 90° 33 23,10
44 | 55 Bend 90° 33 23,10
56 | 33 Bend 90° 32,3 21,00

100 | 56 Bend 110° 32,30 21,00
59 | 27 Conveyor belt 34,04 23,41
59 | 60 No obstacles 34,08 23,24
60 | 57 Curtain
57 | 58 No obstacles 34,08 23,24
58 | 61 Bend 100° 34 23,24
61 | 62 Duct system 32,29 23,09
62 | 97 Duct system 32,29 23,09




Some approaches to improve the ventilation system in underground potash mines

Branches Description Section (m?) | Perimeter (m)
63 | 64 No obstacles 31,080625 22,66
64 | 65 Bend 90° 31,080625 22,66
65 | 66 No obstacles 31,080625 22,66
66 | 67 No obstacles 31,080625 22,66
67 | 68 No obstacles 31,080625 22,66
68 | 69 Bend 90° 31,080625 22,66
69 | 70 No obstacles 31,080625 22,66
70 | 71 No obstacles 31,080625 22,66
71| 72 Bend 120° 32,29 22,66
72 | 73 No obstacles 31,080625 22,66
73 | 74 No obstacles 31,080625 22,66
74 | 75 No obstacles 31,080625 22,66
75 | 76 No obstacles 31,080625 22,66
77 | 102 Conveyor belt 31,33 22,66
76 | 78 Bend 90° 30 22,66
78 | 79 No obstacles 31,080625 22,66
79 | 80 Bend 90° 30 22,66
80 | 81 No obstacles 30 22,66
81 | 82 Bend 110° 31,080625 22,66
82 | 83 Bend 90° 31,080625 22,66
83 | 84 Bend 110° 31,080625 22,66
84 | 85 Bend 110° 31,080625 22,66
85 | 86 Bend 100° 31,080625 22,66
86 | 87 Bend 90° 27,83 22,03
87 | 14 Bend 90° 27,83 22,03
88 | 89 Bend 120° 27,83 22,03
89 | 90 Bend 120° 27,83 22,03
90 | 15 Bend 90° 27,83 22,03
53 | 12 Duct system 32,3 25,82
12 | 13 Duct system 32,3 25,82
13 | 91 Duct system 32,3 25,82
91 | 92 Duct system 32,3 25,82
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Branches Description Section (m?) | Perimeter (m)
92 | 93 Duct system 32,3 25,82
93 | %4 Duct system + Bend 75° 32,3 25,82
94 | 95 Duct system + Bend 90° 32,3 25,82
95 | 80 Duct system + Bend 90° 32,3 25,82
9 | 98 Conveyor belt 31,33 19,34
97 | 63 Bend 90° + duct system 31,08 22,66
9% | 97 Conveyor belt + Bend 90° 32,29 23,09
98 | 77 Conveyor belt 31,33 19,34
99 | 3 Occasional obstacles 31,081 22,66
36 | 99 Control room 40 24,60
37 | 35 Bend 90° 21,61 20,00
34 | 100 Bend 100° 21,61 20,00
100 | 37 Bend 90° 21,61 20,00
102 | 40 Conveyor belt+ Bend 120° 31,33 19,34
102 | 101 Bend 90° 31,080625 22,66
101 | 103 No obstacles 31,080625 22,66
103 | 104 No obstacles 31,080625 22,66
104 | 29 Bend 90° 31,080625 22,66
82 |111 Bend 120° 31,080625 22,66
111 | 112 Bend 90° 31,080625 22,66
112 | 113 Bend 90° 31,080625 22,66
113 | 114 No obstacles 31,080625 22,66
114 | 115 Bend 80° 31,080625 22,66
115 | 116 No obstacles 31,080625 22,66
116 | 117 No obstacles 31,080625 22,66
117 | 118 No obstacles 31,080625 22,66
118 | 119 No obstacles 31,080625 22,66
119 | 14 No obstacles 27,83 22,03
2 |99 Occasional obstacles 31,080625 | 22,6621875
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Some approaches to improve the ventilation system in underground potash mines

Table 57. Friction parameters, second configuration.

Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
11 | 10 | 6,178 0,011613

1 2 0,010200

3 | 4 | 6504 0,008164 1,4932

4 5 | 5,735 0,008164

5 6 | 5728 0,008164

6 | 4 | 5849 |No friction factor R 2,5

6 7 | 5,778 0,008164 25,4792

7 8 | 5811 0,008164 27,7611

8 | 9 | 5944 0,007945 19,1272

9 | 11 | 5,865 0,007945 19,5176

10 | 59 | 6,233 0,008050 228,1154

14 | 88 | 5,744 0,008904

15 | 16 | 5,949 0,008568

16 | 17 | 5,949 0,007322

17 | 18 | 5,949 0,006946

18 | 19 | 5,949 0,008568

19 | 20 | 6,444 0,006946 36,1851

20 | 21 | 5,635 0,008587 18,5510

21 | 22 | 5,635 0,008587 18,5510

22 | 23 | 5,620 0,008568 24,5976

23 | 24 | 5473 0,008587 14,3548

10 | 25 | 5,674 0,008568

25 | 26 No friction factor R 2,5
26 | 17 | 5,674 0,008568

27 | 28 | 5,567 0,008568 16,7239

28 | 29 No friction factor R 2,5
29 | 16 | 5,344 0,010178 12,8471

8 | 30 | 5513 0,007945 19,5176

30 | 31 No friction factor R 0,45
31 | 20 | 5,664 0,008587 18,5497

22 | 32 | 5310 0,008587 18,5497
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
32 | 38 | 4,322 0,009553
2 | 34 | 4,322 0,009553
33 | 37 | 4,322 0,009553
35 | 36 | 4,322 0,009553
38 | 39 No friction factor R 2,5
39 | 33 | 4,400 0,009553
40 | 41 | 6,480 0,006967
27 | 96 | 6,480 0,006967 24,3680
41 | 42 | 6,480 0,006967
42 | 43 | 6,480 0,006967
43 | 44 | 6,480 0,006967
54 | 53 | 5,004 0,010880

55 | 54 | 5,714 0,010880 13,1301
44 | 55 | 5,714 0,010880 13,1301
56 | 33 | 6,152 0,009553 16,1000
100 | 56 | 6,152 0,009553 3,2200
59 | 27 | 5,816 0,006967 23,8399
59 | 60 | 5,866 0,007058

60 | 57 No friction factor R 0,45
57 | 58 | 5,866 0,007058

58 | 61 | 5,852 0,007058 20,7270
61 | 62 | 5,594 0,007917 3,0918
62 | 97 | 5594 0,007917 3,0918
63 | 64 | 5,486 0,008568

64 | 65 | 5,486 0,008568 19,2087

65 | 66 | 5,486 0,008568
66 | 67 | 5,486 0,008568
67 | 68 | 5,486 0,008568
68 | 69 | 5,486 0,008568 19,2087
69 | 70 | 5,486 0,008568
70 | 71 | 5,486 0,008568
71 | 72 | 5,699 0,008568 23,9474
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
72 | 73 | 5,486 0,008568

73 | 74 | 5,486 0,008568

74 | 75 | 5,486 0,008568

75 | 76 | 5,486 0,008568

77 1102 | 5,530 0,008568 18,5409
76 | 78 | 5,295 0,008568 18,5409
78 | 79 | 5,486 0,008568

79 | 80 | 5,295 0,008568 18,5409
80 | 81 | 5,295 0,008568

81 | 82 | 5,486 0,008568 21,1296
82 | 83 | 5,486 0,008568 19,2087
83 | 84 | 5,486 0,008568 19,2087
84 | 85 | 5,486 0,008568 21,1296
85 | 86 | 5,486 0,008568 19,2087
86 | 87 | 5,053 0,008904 17,0254
87 | 14 | 5,053 0,008904 17,0254
88 | 89 | 5,053 0,008904 20,4304
89 | 90 | 5,053 0,008904 20,4304
90 | 15 | 5,053 0,008904 17,0254
53 | 12 | 5,004 0,010880 12,8148
12 | 13 | 5,004 0,010880 12,8148
13 | 91 | 5,004 0,010880 12,8148
91 | 92 | 5,004 0,010880 12,8148
92 | 93 | 5,004 0,010880 12,8148
93 | 94 | 5,004 0,010880 19,3162
94 | 95 | 5,004 0,010880 27,5946
95 | 80 | 5,004 0,010880 27,5946
96 | 98 | 6,480 |No friction factor R

97 | 63 | 5,486 0,008568 19,2087
96 | 97 | 5,593 0,007917 34,0076
98 | 77 | 6,480 0,006967 26,7193
99 | 3 | 5,486 0,008568
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Branches|Dh (m)| K (kg/m®) |Total Leq (m)|R (Ns°/m®)
36 | 99 | 6,504 0,011613 38,7487
37 | 35 | 4,322 0,009553 13,5721
34 100 | 4,322 0,009553 13,5721
100 | 37 | 4,322 0,009553 13,5721
102 | 40 | 6,480 0,006967 54,6232
102 | 101 | 5,486 0,008568

101|103 | 5,486 0,008568

103 | 104 | 5,486 0,008568

104 | 29 | 5,486 0,008568 19,2087
82 | 111 | 5,486 0,008568 23,0505
111 (112 | 5,486 0,008568 19,2087
112 | 113 | 5,486 0,008568 19,2087
113|114 | 5,486 0,008568 0,0000
114 | 115 | 5,486 0,008568 21,1296
115|116 | 5,486 0,008568

116 | 117 | 5,486 0,008568

117|118 | 5,486 0,008568

118 | 119 | 5,486 0,008568

119 | 14 | 5,053 0,008904

2 | 99 | 5,486 0,008568

Table 58. Modelling results from second configuration.

Branches | Resistance (N-s°/m®) | Airflow (m®s) | Pressure drop (Pa)
26 | 115 0 15,05 0

11 | 10 0,00055 149,18 12,2

1 2 0 165,21 0

3 4 0,00456 174 138,1

4 5 0,00031 175,32 9,5

5 6 0,00032 175,32 9,8

6 4 250.000 1,32 4,4

6 7 0,00115 174 34,8

7 8 0,0006 174 18,2
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
8 9 0,00061 149,18 13,6
9 | 11 0,006 149,18 133,5
10 | 59 0,00455 124,97 71,1
14 | 88 0,00029 116,9 4
15 | 16 0,00038 116,9 5,2
16 | 17 0,00472 140,02 92,5
17 | 18 0,00478 149,18 106,4
18 | 19 0,0009 149,18 20
19 | 20 0,0056 149,18 124,6
20 | 21 0,00072 174 21,8
21 | 22 0,00356 174 107,8
22 | 23 0,001 165,21 27,3
23 | 24 0,01315 165,21 358,9
10 | 25 0,00257 24,22 15
25 | 26 0,56 24,22 328,4
26 | 17 0,00022 9,17 0
27 | 28 0,00178 11,15 0,2
28 | 29 130.000 11,15 161,8
29 | 16 0,00286 23,12 1,5
8 | 30 0,00084 24,82 0,5
30 | 31 120.000 24,82 738,9
31| 20 0,0015 24,82 0,9
22 | 32 0,00071 8,79 0,1
32 | 38 0,00255 8,79 0,2
2 | 34 0,00027 20,27 0,1
33 | 37 0,00082 16,54 0,2
35 | 36 0,00169 29,06 14
38 | 39 500.000 8,79 386,2
39 | 33 0,00201 8,79 0,2
40 | 41 0,00012 36,38 0,2
27 | 96 0,00123 98,38 11,9
41 | 42 0,00135 36,38 1,8
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
42 | 43 0,00005 36,38 0,1
43 | 44 0,00019 36,38 0,3
54 | 53 0,01598 36,38 21,1
55 | 54 0,00027 36,38 0,4
44 | 55 0,00018 36,38 0,2
56 | 33 0,00044 7,75 0
100 | 56 0,00026 7,75 0
59 | 27 0,00024 109,53 2,9
59 | 60 0,00046 15,43 0,1
60 | 57 0,1 15,43 23,8
57 | 58 0,00021 15,43 0,1
58 | 61 0,0004 15,43 0,1
61 | 62 0,00298 15,43 0,7
62 | 97 0,00025 15,43 0,1
63 | 64 0,00073 65,47 3,1
64 | 65 0,0008 65,47 3,4
65 | 66 0,00017 65,47 0,7
66 | 67 0,0001 65,47 0,4
67 | 68 0,00014 65,47 0,6
68 | 69 0,00025 65,47 11
69 | 70 0,00023 65,47 1
70 | 71 0,00021 65,47 0,9
71 | 72 0,00073 65,47 3,1
72 | 73 0,00092 65,47 3,9
73 | 74 0,00045 65,47 1,9
74 | 75 0,00031 65,47 1,3
75 | 76 0,00017 65,47 0,7
77 | 102 0,00088 48,35 2,1
76 | 78 0,00029 65,47 1,2
78 | 79 0,00028 65,47 1,2
79 | 80 0,00058 65,47 2,5
80 | 81 0,00083 101,85 8,6
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
81 | 82 0,00058 101,85 6
82 | 83 0,00047 54,65 14
83 | 84 0,00153 54,65 4,6
84 | 85 0,00085 54,65 2,5
85 | 86 0,00074 54,65 2,2
86 | 87 0,00291 54,65 8,7
87 | 14 0,00118 54,65 3,5
88 | 89 0,00087 116,9 11,9
89 | 90 0,00053 116,9 7,2
9 | 15 0,00342 116,9 46,7
53 | 12 0,00051 36,38 0,7
12 | 13 0,00047 36,38 0,6
13 | 91 0,00115 36,38 1,5
91 | 92 0,00033 36,38 0,4
92 | 93 0,00127 36,38 1,7
93 | 94 0,00044 36,38 0,6
94 | 95 0,0005 36,38 0,7
95 | 80 0,00109 36,38 14
96 | 98 0,001 48,35 2,3
97 | 63 0,00039 65,47 1,7
96 | 97 0,00402 50,03 10,1
98 | 77 0,0008 48,35 1,9
9 | 3 0,00009 174 2,7
36 | 99 0,00028 29,06 0,2
37 | 35 0,0015 29,06 1,3
34 1100 0,00064 20,27 0,3
100 | 37 0,0017 12,52 0,3
102 | 40 0,00083 36,38 1,1
102 | 101 100.000 11,97 143,2
101 | 103 0,00118 11,97 0,2
103 | 104 0,00263 11,97 0,4
104 | 29 0,00037 11,97 0,1
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
82 | 111 0,00081 47,19 1,8
111|112 0,00042 47,19 0,9
112 | 113 0,00062 47,19 14
113 | 114 0,00045 47,19 1
114 | 115 0,00045 47,19 1
115|116 0,00041 62,24 1,6
116 | 117 0,00051 62,24 2
117|118 0,00195 62,24 7,6
118 | 119 0,00019 62,24 0,7
119 | 14 0,00128 62,24 5
2 |99 0,00017 144,94 3,6

5.2.2.3. Third configuration

Table 59. Initial data of the third configuration.

Branches Description Section (m?) | Perimeter (m)
11 | 10 Control room 35 22,66
1 2 Shaft
3 | 4 Cross section change 40 24,6
4 5 Inlet main fan 34,54 24,092
51| 6 Main forcing fan 34,5 24,092
6 | 4 Double door 34 23,25
6 | 7 Bend 120° 34,8 24,09
7 8 Bend 140° 35 24,09
8 | 9 Conveyor belt 34,5 23,216
9 | 11 Conveyor belt 34,04 23,216
10 | 59 |Conveyor belt and cross section change 34,04 21,85
14 | 88 No obstacles 28 19,50
15 | 16 No obstacles 29 19,50
16 | 17 No obstacles 29 19,50
17 | 18 No obstacles 29 19,50
18 | 19 No obstacles 29 19,50
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Branches Description Section (m?) | Perimeter (m)
19 | 20 Bend 120° 29 18,00
20 | 21 Conveyor belt 31,84 22,60
21 | 22 Conveyor belt 31,84 22,60
22 | 23 Bend 125° 31,84 22,66
23 | 24 Conveyor belt 35,96 26,28
10 | 25 No obstacles 28,37 20,00
25 | 26 Double door 28,37 20,00
26 | 17 No obstacles 28,37 20,00
27 | 28 Conveyor belt 31,54 22,66
28 | 29 Double door 31,54 22,46
29 | 16 Conveyor belt 33,4 25,00
8 | 30 Conveyor belt 32 23,22
30 | 31 Double door 32 23,88
31 | 20 Conveyor belt 32 22,60
22 | 32 Conveyor belt 30 22,60
32 | 38 No obstacles 21,61 20,00
2 | 34 No obstacles 21,61 20,00
33 | 37 No obstacles 21,61 20,00
35 | 36 No obstacles 21,61 20,00
38 | 39 Double door 22 20,00
39 | 33 No obstacles 22 20,00
40 | 41 No obstacles 31,33 19,34
27 | 96 Conveyor belt 31,33 19,34
41 | 42 No obstacles 31,33 19,34
42 | 43 No obstacles 31,33 19,34
43 | 44 No obstacles 31,33 19,34
44 | 45 Duct system + Bend 90° 29,6 25,82
45 | 46 Duct system + Bend 110° 34 23,50
46 | 47 Duct system 32 21,00
47 | 48 Duct system + Bend 90° 33,6 21,50
48 | 49 Duct system + Bend 120° 34 21,40
49 | 50 Duct system 33 23,60
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Branches Description Section (m?) | Perimeter (m)
50 | 51 Duct system 32 24,00
51 | 52 Duct system 31 19,80
52 | 53 Duct system + Bend 90° 32,3 25,82
54 | 53 No obstacles 32,3 25,82
55 | 54 Bend 90° 33 23,10
44 | 55 Bend 90° 33 23,10
56 | 33 Bend 90° 32,3 21,00
100 | 56 Bend 110° 32,30 21,00
59 | 27 Conveyor belt 34,04 23,41
59 | 60 No obstacles 34,08 23,24
60 | 57 Curtain
57 | 58 No obstacles 34,08 23,24
58 | 61 Bend 100° 34 23,24
61 | 62 Duct system 32,29 23,09
62 | 97 Duct system 32,29 23,09
63 | 64 No obstacles 31,081 22,66
64 | 65 Bend 90° 31,081 22,66
65 | 66 No obstacles 31,081 22,66
66 | 67 No obstacles 31,081 22,66
67 | 68 No obstacles 31,081 22,66
68 | 69 Bend 90° 31,081 22,66
69 | 70 No obstacles 31,081 22,66
70 | 71 No obstacles 31,081 22,66
71| 72 Bend 120° 32,290 22,66
72 | 73 No obstacles 31,081 22,66
73 | 74 No obstacles 31,081 22,66
74 | 75 No obstacles 31,081 22,66
75 | 76 No obstacles 31,081 22,66
77 102 Conveyor belt 31,330 22,66
76 | 78 Bend 90° 30,000 22,66
78 | 79 No obstacles 31,081 22,66
79 | 80 Bend 90° 30,000 22,66
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Branches Description Section (m?) | Perimeter (m)
80 | 81 No obstacles 30 22,66
81 | 82 Bend 110° 31,081 22,66
82 | 83 Bend 90° 31,081 22,66
83 | 84 Bend 110° 31,081 22,66
84 | 85 Bend 110° 31,081 22,66
85 | 86 Bend 100° 31,081 22,66
86 | 87 Bend 90° 27,830 22,03
87 | 14 Bend 90° 27,830 22,03
88 | 89 Bend 120° 27,830 22,03
89 | 90 Bend 120° 27,830 22,03
90 | 15 Bend 90° 27,830 22,03
53 | 12 Duct system 32,300 25,82
12 | 13 Duct system 32,300 25,82
13 | 91 Duct system 32,300 25,82
91 | 92 Duct system 32,300 25,82
92 | 93 Duct system 32,300 25,82
93 | 94 Duct system + Bend 75° 32,300 25,82
94 | 95 Duct system + Bend 90° 32,3 25,82
95 | 80 Duct system + Bend 90° 32,3 25,82
96 | 98 Conveyor belt 31,33 19,34
97 | 63 Bend 90° + duct system 31,08 22,66
9% | 97 Conveyor belt + Bend 90° 32,29 23,09
98 | 77 Conveyor belt 31,33 19,34
99 | 3 Occasional obstacles 31,081 22,66
36 | 99 Control room 40 24,60
37 | 35 Bend 90° 21,61 20,00
34 | 100 Bend 100° 21,61 20,00
100 | 37 Bend 90° 21,61 20,00
102 | 40 Conveyor belt+ Bend 120° 31,33 19,34
102 | 101 Bend 90° 31,08 22,66
101 | 103 No obstacles 31,08 22,66
103 | 104 No obstacles 31,08 22,66
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Branches Description Section (m?) | Perimeter (m)
104 | 29 Bend 90° 31,08 22,66
82 | 111 Bend 120° 31,08 22,66
111|112 Bend 90° 31,08 22,66
112 | 113 Bend 90° 31,08 22,66
113|114 No obstacles 31,08 22,66
114 | 115 Bend 80° 31,08 22,66
115|116 No obstacles 31,08 22,66
116 | 117 No obstacles 31,08 22,66
117 | 118 No obstacles 31,08 22,66
118 | 119 No obstacles 31,08 22,66
119 | 14 No obstacles 27,83 22,03
2 |99 Occasional obstacles 31,08 22,66

Table 60. Friction parameters, third configuration.

Branches|Dh (m)| K (kg/m°) Total Leq (m) |R (Ns*/m®)
11 | 10 | 6,18 0,01170
1 2 0,01020
3 4 6,50 0,00837 1,457
4 | 5 | 573 0,00837
51| 6 | 573 0,00837
6 | 4 | 585 |Nofriction factor | No friction factor
6 | 7 | 578 0,00837 24,855
71 8| 581 0,00837 27,081
8 9 5,94 0,00819 18,555
9 | 11| 586 0,00819 18,934
10 | 59 | 6,23 0,00110
14 | 88 | 5,74 0,00895
15 | 16 | 5,95 0,00869
16 | 17 | 5,95 0,00732
17 | 18 | 5,95 0,00688
18 | 19 | 5,95 0,00869
19 | 20 | 6,44 0,00688 36,544
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Branches|Dh (m)| K (kg/m°) Total Leq (m) |R (Ns*/m°)
20 | 21 | 5,64 0,00742 21,476

21 | 22 | 5,64 0,00742 21,476

22 | 23 | 5,62 0,00869 24,264

23 | 24 | 5,47 0,00821 15,013

10 | 25 | 5,67 0,00869

25 | 26 No friction factor | No friction factor 2,5
26 | 17 | 5,67 0,00869

27 | 28 | 5,57 0,00869 16,497

28 | 29 No friction factor | No friction factor 2,5
29 | 16 | 5,34 0,01024 12,771

8 | 30 | 551 0,00819 18,934

30 | 31 No friction factor | No friction factor 0,45
31|20 | 5,66 0,00742 21,476

22 | 32 | 531 0,00742 21,476

32 | 38 | 4,32 0,00959

2 | 34| 432 0,00959

33 | 37 | 4,32 0,00959

35| 36 | 432 0,00959

38 | 39 No friction factor | No friction factor 2,5
39 | 33 | 4,40 0,00959

40 | 41 | 6,48 0,00778

27 | 96 | 6,48 0,00778 21,814

41 | 42 | 6,48 0,00778

42 | 43 | 6,48 0,00778

43 | 44 | 6,48 0,00778

44 | 45 | 4,59 0,01113 12,488

45 | 46 | 5,79 0,01113 15,402

46 | 47 | 6,10 0,01113 2,694

47 | 48 | 6,25 0,01113 16,668

48 | 49 | 6,36 0,01113 16,914

49 | 50 | 5,59 0,01113 2,398

50 | 51 | 5,33 0,01113 2,358
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Branches|Dh (m)| K (kg/m°) Total Leq (m) |R (Ns*/m°)
51| 52 | 6,26 0,01113 2,858
52 | 53 | 5,00 0,01113 13,427
54 | 53 | 5,00 0,01113 0,000
55 | 54 | 5,71 0,01113 12,831
44 | 55 | 5,71 0,01113 12,831
56 | 33 | 6,15 0,00959 16,034
100 | 56 | 6,15 0,00821 3,746
59 | 27 | 5,82 0,00778 21,342
59 | 60 | 5,87 0,00766

60 | 57 No friction factor | No friction factor 0,45
57 | 58 | 5,87 0,00766

58 | 61 | 5,85 0,00766 19,104
61 | 62 | 5,59 0,00797 3,070
62 | 97 | 5,59 0,01024 2,391
63 | 64 | 5,49 0,00869

64 | 65 | 5,49 0,00869 18,948
65 | 66 | 5,49 0,00869

66 | 67 | 5,49 0,00869

67 | 68 | 5,49 0,00869

68 | 69 | 5,49 0,00869 18,948
69 | 70 | 5,49 0,00869

70 | 71 | 5,49 0,00869

71 | 72 | 5,70 0,00869 23,622
72 | 73 | 5,49 0,00869

73 | 74 | 5,49 0,00869

74 | 75 | 5,49 0,00869

75 | 76 | 5,49 0,00869

77 | 102 | 5,53 0,00869 18,289
76 | 78 | 5,30 0,00869 18,289
78 | 79 | 5,49 0,00869

79 | 80 | 5,30 0,00869 18,289
80 | 81 | 5,30 0,00869
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Branches|Dh (m)| K (kg/m°) Total Leq (m) |R (Ns*/m°)
81 | 82 | 5,49 0,00869 20,843
82 | 83 | 549 0,00869 18,948
83 | 84 | 5,49 0,00869 18,948
84 | 85 | 5,49 0,00869 20,843
85 | 86 | 5,49 0,00869 18,948
86 | 87 | 5,05 0,00895 16,935
87 | 14 | 5,05 0,00895 16,935
88 | 89 | 5,05 0,00895 20,321
89 | 90 | 5,05 0,00895 20,321
90 | 15 | 5,05 0,00895 16,935
53 | 12 | 5,00 0,01113 12,522
12 | 13 | 5,00 0,01113 12,522
13 | 91 | 5,00 0,01113 12,522
91 | 92 | 5,00 0,01113 12,522
92 | 93 | 5,00 0,01113 12,522
93 | 94 | 5,00 0,01113 18,876
94 | 95 | 5,00 0,01113 26,965
95 | 80 | 5,00 0,01113 26,965
96 | 98 | 6,48 |No friction factor | No friction factor
97 | 63 | 5,49 0,00880 18,710
9 | 97 | 5,59 0,00797 33,568
98 | 77 | 6,48 0,00778 23,919
99 | 3 5,49 0,00869 0,000
36 | 99 | 6,50 0,01198 37,561
37 | 35| 4,32 0,00959 13,517
34 1100 | 4,32 0,00959 13,517
100 | 37 | 4,32 0,00959 13,517
102 | 40 | 6,48 0,00778 48,899
102 | 101 | 5,49 |No friction factor | No friction factor
101 {103 | 5,49 0,00869
103 | 104 | 5,49 0,00869
104 | 29 | 549 0,00869 18,948
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Branches|Dh (m)| K (kg/m°) Total Leq (m) |R (Ns*/m°)
82 |111| 5,49 0,00869 22,738
111 (112 | 5,49 0,00869 18,948
1121113 | 5,49 0,00869 18,948
113|114 | 5,49 0,00869

114 | 115| 5,49 0,00869 20,843
115|116 | 5,49 0,00869

116 | 117 | 5,49 0,00869

1171118 | 5,49 0,00869

118 {119 | 5,49 0,00869

119| 14 | 5,05 0,00895

2 |99 | 549 0,00869

Table 61. Modelling results from third configuration.

Branches | Resistance (N-s°/m®) | Airflow (m®s) | Pressure drop (Pa)
11 | 10 0,00056 145,54 11,9
1 2 0,01127 169,07 322,2
3 4 0,00465 175,11 142.,6
4 5 0,00031 175,33 9,5
5 6 0,00033 175,33 10,1
6 4 250.000 0,22 0,1
6 7 0,00117 175,11 35,9
7 8 0,00061 175,11 18,7
8 9 0,00067 145,54 14,2
9 | 11 0,0066 145,54 139,8
10 | 59 0,00462 125,86 73,2
14 | 88 0,00029 115,41 3,9
15 | 16 0,0004 11541 53
16 | 17 0,00473 138,97 91,4
17 | 18 0,00474 145,54 100,4
18 | 19 0,00094 145,54 19,9
19 | 20 0,00555 145,54 117,6
20 | 21 0,00065 175,11 19,9
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
21 | 22 0,00317 175,11 97,2
22 | 23 0,00103 169,07 29,4
23 | 24 0,01319 169,07 377
10 | 25 0,00268 19,67 1
25 | 26 0,88 19,67 340,5
26 | 17 0,00284 6,56 0,1
27 | 28 0,00185 13,99 0,4
28 | 29 0,88 13,99 172,2
29 | 16 0,00289 23,56 1,6
8 | 30 0,00091 29,57 0,8
30 | 31 0,85 29,57 743,4
31| 20 0,00134 29,57 1,2
22 | 32 0,00065 6,04 0
32 | 38 0,00255 6,04 0,1
2 | 34 0,00027 23,47 0,1
33 | 37 0,00082 16,38 0,2
35 | 36 0,00169 29,51 15
38 | 39 2.000.000 6,04 729
39 | 33 0,00201 6,04 0,1
40 | 41 0,00012 29,71 0,1
27 | 96 0,00126 96,83 11,8
41 | 42 0,00137 29,71 1,2
42 | 43 0,00005 29,71 0
43 | 44 0,00019 29,71 0,2
44 | 45 0,00122 30,71 1,2
45 | 46 0,00189 30,71 1,8
46 | 47 0,00045 30,71 0,4
47 | 48 0,00039 30,71 0,4
48 | 49 0,00081 30,71 0,8
49 | 50 0,00047 30,71 0,4
50 | 51 0,0005 30,71 0,5
51 | 52 0,00022 30,71 0,2
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
52 | 53 0,00048 30,71 0,5
54 | 53 0,00036 -1 0
55 | 54 0,00035 -1 0
44 | 55 0,00021 -1 0
56 | 33 0,00044 10,35 0
100 | 56 0,00024 10,35 0
59 | 27 0,00024 110,82 2,9
59 | 60 0,00047 15,05 0,1
60 | 57 0,12 15,05 27,2
57 | 58 0,00021 15,05 0
58 | 61 0,0004 15,05 0,1
61 | 62 0,00302 15,05 0,7
62 | 97 0,00033 15,05 0,1
63 | 64 0,00077 72,59 4,1
64 | 65 0,00083 72,59 4,4
65 | 66 0,00017 72,59 0,9
66 | 67 0,0001 72,59 0,5
67 | 68 0,00015 72,59 0,8
68 | 69 0,00025 72,59 1,3
69 | 70 0,00024 72,59 1,3
70 | 71 0,00021 72,59 11
71 | 72 0,00076 72,59 4
72 | 73 0,00096 72,59 51
73 | 74 0,00047 72,59 2,5
74 | 75 0,00032 72,59 1,7
75 | 76 0,00018 72,59 0,9
77 1102 0,00091 39,28 14
76 | 78 0,00029 72,59 1,5
78 | 79 0,00029 72,59 1,5
79 | 80 0,0006 72,59 3,2
80 | 81 0,00086 102,3 9
81 | 82 0,0006 102,3 6,3
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
82 | 83 0,00049 54,39 14
83 | 84 0,0016 54,39 4,7
84 | 85 0,00088 54,39 2,6
85 | 86 0,00077 54,39 2,3
86 | 87 0,00292 54,39 8,6
87 | 14 0,00118 54,39 3,5
88 | 89 0,00088 115,41 11,7
89 | 90 0,00053 11541 7,1
90 | 15 0,00343 11541 45,7
53 | 12 0,00067 29,71 0,6
12 | 13 0,00062 29,71 0,5
13 | 91 0,00158 29,71 14
91 | 92 0,00043 29,71 0,4
92 | 93 0,00175 29,71 15
93 | 94 0,00056 29,71 0,5
94 | 95 0,00061 29,71 0,5
95 | 80 0,00144 29,71 1,3
96 | 98 0,025 39,28 38,6
97 | 63 0,0004 72,59 2,1
96 | 97 0,00405 57,55 13,4
98 | 77 0,00081 39,28 1,2
9 | 3 0,00009 175,11 2,8
36 | 99 0,00028 29,51 0,2
37 | 35 0,0015 29,51 1,3
34 | 100 0,00064 23,47 0,4
100 | 37 0,0017 13,13 0,3
102 | 40 0,00083 29,71 0,7
102 | 101 130.000 9,57 119,1
101 | 103 0,00124 9,57 0,1
103 | 104 0,00274 9,57 0,3
104 | 29 0,00038 9,57 0
82 | 111 0,00084 47,92 1,9
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
111 | 112 0,00044 47,92 1
112 | 113 0,00064 47,92 15
113 | 114 0,00047 47,92 11
114 | 115 0,00046 47,92 11
115|116 0,00042 61,03 1,6
116 | 117 0,00053 61,03 2
117|118 0,00204 61,03 7,6
118 | 119 0,00019 61,03 0,7
119 | 14 0,00129 61,03 4,8
2 | 99 0,00018 145,6 3,8
26 | 115 0 13,11 0

5.2.2.4. Fourth configuration

Table 62. Initial data of the fourth configuration.

Branches Description Section (m?) | Perimeter (m)
108 | 109 New opening south zone 34,1 22,3
109 | 86 New opening south zone 34,1 22,3
45 | 105 New opening south zone 34,1 22,3
105 | 106 New opening south zone 34,1 22,3
108 | 109 New opening south zone 34,1 22,3
11 | 10 Control room 35 22,66
1| 2 Shaft
3 | 4 Cross section change 40 24,6
4 | 5 Inlet main fan 34,54 24,1
5 6 Main forcing fan 34,5 24,1
6 | 4 Double door 34 23,3
6 7 Bend 120° 34,8 24,1
7 8 Bend 140° 35 24,1
8 9 Conveyor belt 34,5 23,2
9 | 11 Conveyor belt 34,04 23,2
10 | 59 |Conveyor belt and cross section change 34,04 21,8
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Branches Description Section (m?) | Perimeter (m)
14 | 88 No obstacles 28 19,5
15 | 16 No obstacles 29 19,5
16 | 17 No obstacles 29 19,5
17 | 18 No obstacles 29 19,5
18 | 19 No obstacles 29 19,5
19 | 20 Bend 120° 29 18,0
20 | 21 Conveyor belt 31,84 22,6
21 | 22 Conveyor belt 31,84 22,6
22 | 23 Bend 125° 31,84 22,7
23 | 24 Conveyor belt 35,96 26,3
10 | 25 No obstacles 28,37 20,0
25 | 26 Double door 28,37 20,0
26 | 17 No obstacles 28,37 20,0
27 | 28 Conveyor belt 31,54 22,7
28 | 29 Double door 31,54 22,5
29 | 16 Conveyor belt 33,4 25,0

8 | 30 Conveyor belt 32 23,2
30 | 31 Double door 32 23,9
31 | 20 Conveyor belt 32 22,6
22 | 32 Conveyor belt 30 22,6
32 | 38 No obstacles 21,61 20,0
2 | 34 No obstacles 21,61 20,0
33 | 37 No obstacles 21,61 20,0
35 | 36 No obstacles 21,61 20,0
38 | 39 Double door 22 20,0
39 | 33 No obstacles 22 20,0
40 | 41 No obstacles 31,33 19,3
27 | 96 Conveyor belt 31,33 19,3
41 | 42 No obstacles 31,33 19,3
42 | 43 No obstacles 31,33 19,3
43 | 44 No obstacles 31,33 19,3
44 | 45 Duct system + Bend 90° 29,6 25,8
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Branches Description Section (m?) | Perimeter (m)
45 | 46 Duct system + Bend 110° 34 23,5
46 | 47 Duct system 32 21,0
47 | 48 Duct system + Bend 90° 33,6 21,5
48 | 49 Duct system + Bend 120° 34 21,4
49 | 50 Duct system 33 23,6
50 | 51 Duct system 32 24,0
51 | 52 Duct system 31 19,8
52 | 53 Duct system + Bend 90° 32,3 25,8
54 | 53 No obstacles 32,3 25,8
55 | 54 Bend 90° 33 23,1
44 | 55 Bend 90° 33 23,1
56 | 33 Bend 90° 32,3 21,0
100 | 56 Bend 110° 32,30 21,0
59 | 27 Conveyor belt 34,04 23,4
59 | 60 No obstacles 34,08 23,2
60 | 57 Curtain

57 | 58 No obstacles 34,08 23,2
58 | 61 Bend 100° 34 23,2
61 | 62 Duct system 32,29 23,1
62 | 97 Duct system 32,29 23,1
63 | 64 No obstacles 31,08 22,7
64 | 65 Bend 90° 31,08 22,7
65 | 66 No obstacles 31,08 22,7
66 | 67 No obstacles 31,08 22,7
67 | 68 No obstacles 31,08 22,7
68 | 69 Bend 90° 31,08 22,7
69 | 70 No obstacles 31,08 22,7
70 | 71 No obstacles 31,08 22,7
71| 72 Bend 120° 32,29 22,7
72 | 73 No obstacles 31,08 22,7
73 | 74 No obstacles 31,08 22,7
74 | 75 No obstacles 31,08 22,7

223




Some approaches to improve the ventilation system in underground potash mines

Branches Description Section (m?) | Perimeter (m)
75 | 76 No obstacles 31,08 22,7
77 | 102 Conveyor belt 31,33 22,7
76 | 78 Bend 90° 30,00 22,7
78 | 79 No obstacles 31,08 22,7
79 | 80 Bend 90° 30,00 22,7
80 | 81 No obstacles 30,00 22,7
81 | 82 Bend 110° 31,08 22,7
82 | 83 Bend 90° 31,08 22,7
83 | 84 Bend 110° 31,08 22,7
84 | 85 Bend 110° 31,08 22,7
85 | 86 Bend 100° 31,08 22,7
86 | 87 Bend 90° 27,83 22,0
87 | 14 Bend 90° 27,83 22,0
88 | 89 Bend 120° 27,83 22,0
89 | 90 Bend 120° 27,83 22,0
90 | 15 Bend 90° 27,83 22,0
53 | 12 Duct system 32,30 25,8
12 | 13 Duct system 32,30 25,8
13 | 91 Duct system 32,30 25,8
91 | 92 Duct system 32,30 25,8
92 | 93 Duct system 32,30 25,8
93 | 94 Duct system + Bend 75° 32,30 25,8
94 | 95 Duct system + Bend 90° 32,30 25,8
95 | 80 Duct system + Bend 90° 32,30 25,8
9% | 98 Conveyor belt 31,33 19,3
97 | 63 Bend 90° + duct system 31,08 22,7
9% | 97 Conveyor belt + Bend 90° 32,29 23,1
98 | 77 Conveyor belt 31,33 19,3
99 | 3 Occasional obstacles 31,08 22,7
36 | 99 Control room 40,00 24,6
37 | 35 Bend 90° 21,61 20,0
34 | 100 Bend 100° 21,61 20,0
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Branches Description Section (m?) | Perimeter (m)
100 | 37 Bend 90° 21,61 20,0
102 | 40 Conveyor belt+ Bend 120° 31,33 19,3
102 | 101 Bend 90° 31,08 22,7
101 | 103 No obstacles 31,08 22,7
103 | 104 No obstacles 31,08 22,7
104 | 29 Bend 90° 31,08 22,7
82 | 111 Bend 120° 31,08 22,7
111 | 112 Bend 90° 31,08 22,7
112 | 113 Bend 90° 31,08 22,7
113 | 114 No obstacles 31,08 22,7
114 | 115 Bend 80° 31,08 22,7
115|116 No obstacles 31,08 22,7
116 | 117 No obstacles 31,08 22,7
117 | 118 No obstacles 31,08 22,7
118 | 119 No obstacles 31,08 22,7
119 | 14 No obstacles 27,83 22,0
2 |99 Occasional obstacles 31,08 22,7

Table 63. Friction parameters, fourth configuration.

Branches| K (kg/m°) Total Leq (m) |R (Ns°/m®)
108 | 109 0,00881 0
109 | 86 0,00881 0
45 105 0,00881 0
105 | 106 0,00881 0
108 | 109 0,00881 0
11 | 10 0,01171 0
1 2 0,01020 0
3 4 0,00821 1,484
4 5 0,00821 0
5 6 0,00821 0
6 | 4 |No friction factor | No friction factor 2,5
6 7 0,00821 25,325
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Branches| K (kg/m®) Total Leq (m) |R (Ns“/m°)

7|8 0,00821 27,593

8 9 0,00780 19,478

9 | 11 0,00780 19,875

10 | 59 0,00759 241,816

14 | 88 0,00909 0,000

15 | 16 0,00881 0,000

16 | 17 0,00743 0,000

17 | 18 0,00698 0,000

18 | 19 0,00881 0,000

19 | 20 0,00698 36,006

20 | 21 0,00809 19,680

21 | 22 0,00809 19,680

22 | 23 0,00881 23,916

23 | 24 0,00747 16,508

10 | 25 0,00881 0,000

25 | 26 | No friction factor | No friction factor 2,5
26 | 17 0,00881 0,000

27 | 28 0,00881 16,260

28 | 29 | No friction factor | No friction factor 2,5
29 | 16 0,00784 0,000

8 | 30 0,00780 19,875

30 | 31 | No friction factor | No friction factor 0,45
31 | 20 0,00809 19,680

22 | 32 0,00809 19,680

32 | 38 0,00966 0,000

2 | 34 0,00966 0,000

33 | 37 0,00966 0,000

35 | 36 0,00966 0,000

38 | 39 | No friction factor | No friction factor 2,5
39 | 33 0,00966 0,000

40 | 41 0,00821 0,000

27 | 96 0,00821 20,684
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Branches| K (kg/m®) Total Leq (m) |R (Ns“/m°)
41 | 42 0,00821 0,000
42 | 43 0,00821 0,000
43 | 44 0,00821 0,000
44 | 45 0,01207 11,522
45 | 46 0,01207 14,212
46 | 47 0,01207 2,486
47 | 48 0,01207 15,379
48 | 49 0,01207 15,606
49 | 50 0,01207 2,212
50 | 51 0,01207 2,175
51 | 52 0,01207 2,637
52 | 53 0,01207 12,389
54 | 53 0,01207 0,000
55 | 54 0,01207 11,839
44 | 55 0,01207 11,839
56 | 33 0,00966 15,916
100 | 56 0,00747 4,120
59 | 27 0,00821 20,236
59 | 60 0,00796 0,000
60 | 57 |No friction factor | No friction factor 0,45
57 | 58 0,00796 0,000
58 | 61 0,00796 18,381
61 | 62 0,01116 2,194
62 | 97 0,00784 3,123
63 | 64 0,00881 0,000
64 | 65 0,00881 18,676
65 | 66 0,00881 0,000
66 | 67 0,00881 0,000
67 | 68 0,00881 0,000
68 | 69 0,00881 18,676
69 | 70 0,00881 0,000
70 | 71 0,00881 0,000

227



Some approaches to improve the ventilation system in underground potash mines

Branches| K (kg/m®) Total Leq (m) |R (Ns“/m°)
71 | 72 0,00881 23,284
72 | 73 0,00881 0,000
73 | 74 0,00881 0,000
74 | 75 0,00881 0,000
75 | 76 0,00881 0,000
77 1102 0,00881 18,027
76 | 78 0,00881 18,027
78 | 79 0,00881 0,000
79 | 80 0,00881 18,027
80 | 81 0,00881 0,000
81 | 82 0,00881 20,544
82 | 83 0,00881 18,676
83 | 84 0,00881 18,676
84 | 85 0,00881 20,544
85 | 86 0,00881 18,676
86 | 87 0,00909 16,684
87 | 14 0,00909 16,684
88 | 89 0,00909 20,021
89 | 90 0,00909 20,021
90 | 15 0,00909 16,684
53 | 12 0,01207 11,554
12 | 13 0,01207 11,554
13 | 91 0,01207 11,554
91 | 92 0,01207 11,554
92 | 93 0,01207 11,554
93 | %4 0,01207 17,416
94 | 95 0,01207 24,881
95 | 80 |No friction factor | No friction factor
96 | 98 | No friction factor | No friction factor
97 | 63 0,00881 18,676
96 | 97 0,01116 26,595
98 | 77 0,00821 22,680
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Branches| K (kg/m®) Total Leq (m) |R (Ns“/m°)
9 | 3 0,00881 0,000
36 | 99 0,01171 38,421
37 | 35 0,00966 13,417
34 1100 0,00966 13,417
100 | 37 0,00966 13,417
102 | 40 0,00821 46,366
102 | 101 | No friction factor | No friction factor
101 | 103 0,00881 0,000
103 | 104 0,00881 0,000
104 | 29 0,00881 18,676
82 | 111 0,00881 22,412
111 | 112 0,00881 18,676
112|113 0,00881 18,676
113 (114 0,00881 0,000
114 {115 0,00881 20,544
115|116 0,00881 0,000
116 | 117 0,00881 0
117|118 0,00881 0
118 | 119 0,00881 0
119 | 14 0,00909 0

2 | 99 0,00881 0

Table 64. Modelling results from fourth configuration.

Branches | Resistance (N-s°/m®) | Airflow (m®s) | Pressure drop (Pa)
108 | 106 0,0002 91,91 0

109 | 86 0,000234 91,91 0

45 | 105 0,000342 91,91 0

105 | 106 0,0003422 91,91 0

108 | 109 0,0023 91,91 0

11 | 10 0,00056 136,94 10,5

1 2 0,00078 175,43 0

3 4 0,00459 184,2 155,7
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
4 5 0,00031 175,62 9,6
5 6 0,00032 175,62 9,9
6 4 250.000 8,58 184
6 7 0,00116 184,2 39,4
7 8 0,0006 184,2 20,4
8 9 0,0006 136,94 11,3
9 | 11 0,00589 136,94 110,5
10 | 59 0,00435 128,54 71,9
14 | 88 0,00029 99,57 2,9
15 | 16 0,0004 99,57 4
16 | 17 0,00479 128,54 79,1
17 | 18 0,0048 136,94 90
18 | 19 0,00095 136,94 17,8
19 | 20 0,00563 136,94 105,6
20 | 21 0,00069 184,2 23,4
21 | 22 0,00337 184,2 114,3
22 | 23 0,00104 175,43 32
23 | 24 0,01145 175,43 352,4
10 | 25 0,0027 8,41 0,2
25 | 26 20 8,41 1413
26 | 17 0,00286 8,41 0,2
27 | 28 0,00187 26,09 1,3
28 | 29 184.430 26,09 1255,7
29 | 16 0,0022 28,97 1,8
8 | 30 0,00082 47,26 1,8
30 | 31 0,7854 47,26 1754
31| 20 0,00142 47,26 3,2
22 | 32 0,00068 8,77 0,1
32 | 38 0,00257 8,77 0,2
2 | 34 0,00027 22,54 0,1
33 | 37 0,00083 17,78 0,3
35 | 36 0,0017 31,31 1,7
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
38 | 39 500.000 8,77 384,5
39 | 33 0,00203 8,77 0,2
40 | 41 0,00014 67,79 0,6
27 | 96 0,00143 90,78 11,8
41 | 42 0,00158 67,79 7,3
42 | 43 0,00006 67,79 0,3
43 | 44 0,00022 67,79 1
44 | 45 0,00125 61,2 4,7
45 | 46 0,00193 -30,71 -1,8
46 | 47 0,00046 -30,71 -0,4
48 | 49 0,00083 -30,71 -0,8
49 | 50 0,00048 -30,71 -0,5
50 | 51 0,00051 -30,71 -0,5
51 | 52 0,00022 -30,71 -0,2
52 | 53 0,00049 -30,71 -0,5
54 | 53 0,00037 6,6 0
55 | 54 0,00035 6,6 0
44 | 55 0,00021 6,6 0
56 | 33 0,00044 9,01 0
100 | 56 0,00021 9,01 0
59 | 27 0,00026 116,87 3,6
59 | 60 0,00051 11,67 0,1
60 | 57 0,1236 11,67 16,8
57 | 58 0,00023 11,67 0
58 | 61 0,00044 11,67 0,1
61 | 62 0,00419 11,67 0,6
62 | 97 0,00025 11,67 0
63 | 64 0,00077 31,78 0,8
64 | 65 0,00083 31,78 0,8
65 | 66 0,00017 31,78 0,2
66 | 67 0,0001 31,78 0,1
67 | 68 0,00015 31,78 0,2
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
68 | 69 0,00025 31,78 0,3
69 | 70 0,00024 31,78 0,2
70 | 71 0,00022 31,78 0,2
71 | 72 0,00076 31,78 0,8
72 | 73 0,00097 31,78 1
73 | 74 0,00047 31,78 0,5
74 | 75 0,00032 31,78 0,3
75 | 76 0,00018 31,78 0,2
77 1102 0,00092 70,66 4,6
76 | 78 0,0003 31,78 0,3
78 | 79 0,00029 31,78 0,3
79 | 80 0,0006 31,78 0,6
81 | 82 0,0006 7,66 0
82 | 83 0,00049 -24,55 -0,3
83 | 84 0,00161 -24,55 -1
84 | 85 0,00093 -24,55 -0,6
85 | 86 0,00203 -24,55 -1,2
86 | 87 0,00116 67,36 53
87 | 14 0,0012 67,36 54
88 | 89 0,00089 99,57 8,8
89 | 90 0,00053 99,57 53
9 | 15 0,00349 99,57 34,6
53 | 12 0,00069 -24,12 -0,4
12 | 13 0,00063 -24,12 -0,4
13 | 91 0,00162 -24,12 -0,9
91 | 92 0,00043 -24,12 -0,3
92 | 93 0,00179 -24,12 -1
93 | 94 0,00057 -24,12 -0,3
94 | 95 0,00062 24,12 -0,4
95 | 80 200.000 24,12 -1163,1
96 | 98 0,231 70,66 1153,5
97 | 63 0,00041 31,78 0,4
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Branches | Resistance (N-s*/m°®) | Airflow (m®/s) | Pressure drop (Pa)
9 | 97 0,00559 20,11 2,3
98 | 77 0,00092 70,66 4,6
9 | 3 0,00009 184,2 3,1
36 | 99 0,00028 31,31 0,3
37 | 35 0,00152 31,31 15
34 1100 0,00064 22,54 0,3
100 | 37 0,00172 13,53 0,3
102 | 40 0,00093 67,79 4,3
101 | 103 0,00124 2,87 0
103 | 104 0,00276 2,87 0
104 | 29 0,00038 2,87 0
82 | 111 0,00084 32,21 0,9
111 | 112 0,00044 32,21 0,5
112 | 113 0,00064 32,21 0,7
113|114 0,00048 32,21 0,5
114 | 115 0,00046 32,21 0,5
115|116 0,00043 32,21 0,4
116 | 117 0,00053 32,21 0,5
117 | 118 0,00205 32,21 2,1
118 | 119 0,0002 32,21 0,2
119 | 14 0,00131 32,21 14
2 | 99 0,00018 152,89 4,2
47 | 48 0 30,71 0
102 | 101 10 2,87 82,5
80 | 81 20 7,66 11745
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5.2.3. Cabanasses
Table 65. Initial data of the model.

Branches Description Section (m?) | Perimeter (m)
1 7 Conveyor belt 34,49 26,22
3 |107 Bend 120° 40,06
4 1104 Bend 93° 25,6 20,93
5| 4 Parking 40,06 27,5
7 | 8 Conveyor belt 34,49 26,22
8 | 9 |Conveyor belt and Bend 159° 34,49 26,22
9 | 12 Conveyor belt 34,49 26,22
10 | 15 Bend 89° 32,89 27,82
11 | 10 Conveyor belt 32,89 27,82
12 | 18 Conveyor belt 32,9 24,57
13 | 98 Bend 90° 49,71 29,85
13 | 11 Conveyor belt 32,89 27,82
13 | 98 Conveyor and bend 90° 49,71
14 | 13 Conveyor belt 32,89 27,82
15 | 16 Bend 100° 31,75 25,43
16 | 57 Bend 159° 29,99 23,13
17 | 14 Conveyor belt 32,89 27,82
17 | 184 Entry and curtain 30,82
18 | 20 Conveyor belt 32,9 24,57
19 | 17 Conveyor and bend 120° 32,89 27,82

20 | 26 Conveyor belt 32,9 24,57
21 | 19 Conveyor belt 32,89 27,82
22 | 164 Bend 155° 28,63 20,92
22 | 21 Conveyor belt 32,89 27,82
22 | 164 Entry and bend 155° 28,63

23 | 28 | Conveyor belt and parking 31,01 22,97
24 | 23 Conveyor belt 31,01 22,97
25 | 24 Conveyor belt 31,01 22,97
26 | 27 Conveyor belt 32,9 24,57
27 | 36 Conveyor belt 32,9 24,57
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Branches Description Section (m?) | Perimeter (m)
28 | 31 Conveyor belt 31,01 22,97
29 | 25 Conveyor belt 31,01 22,97
30 | 45 Conveyor belt 38,3 27,44
31 | 39 Conveyor belt 31,01 22,97
32 | 34 Conveyor belt 32,9 24,57
33 | 29 Conveyor belt 31,01 22,97
33 | 30 | Conveyor belt and parking 34,21 25,42
34 | 118 Bend 84° 30,6 22,6
34 | 33 | Conveyor belt and bend 110° 32,9 24,57
34 | 118 Bend 84° 30,6
35 | 32 Conveyor belt 32,9 24,57
36 | 35 Conveyor belt 32,9 24,57
37 | 22 | Conveyor belt and bend 140° 33,03 25,16
38 | 37 Conveyor belt 33,03 25,16
39 | 38 Conveyor belt 31,01 22,97
40 | 91 Bend 129° 27,38 20,72
41 | 42 Bend 94° 33,04 24,02
41 | 50 Bend 125° 33,04 24,02
41 | 42 Conveyor belt 33,04 24,02
43 | 46 Conveyor belt 38,3 27,44
44 | 43 Conveyor belt 38,3 27,44
45 | 44 Conveyor belt 38,3 27,44
46 | 48 Conveyor belt 38,3 27,44
47 | 41 Bend 137° 33,04 24,02
47 | 41 Conveyor belt 33,04 24,02
48 | 49 Bend 135° 38,3 27,44
48 | 49 Conveyor belt 38,3 27,44
49 | 47 Conveyor belt 33,04 24,02
50 | 114 Bend 64° 33,04 24,02
60 | 56 Bend 156° 19,69 17,84
64 | 63 Bend 159° 24,03 19,54
65 | 67 Bend 36° 24,03 19,54
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Branches Description Section (m?) | Perimeter (m)
66 | 74 Bend 138° 20,78 18,36
67 | 64 Bend 159° 24,03 19,54
73 | 68 Bend 133° 23,59 19,63
74 | 77 Bend 138° 20,78 18,36
84 | 65 Bend 146° 24,03 19,54
89 | 87 Bend 150° 27,38 20,72
98 | 112 Bend 91° 49,75 29,86
100 | 94 Conveyor belt 25,6 20,93
102 | 1 Bend 158° 40,06 27,5
103 | 101 Bend 142° 25,6 20,93
104 | 100 Conveyor belt 25,6 20,93
106 | 103 Bend 151° 25,6 20,93
107 | 106 Bend 160° 25,6 20,93
107 | 102 Conveyor belt 40,06 27,5
112 | 113 Bend 95° 49,75 29,86
113 | 85 Bend 84° 49,71 29,85
114 | 115 Bend 115° 33,04 24,02
118 | 125 Conveyor and parking 114 43
147 | 150 Bend 124° 28,63 20,92
148 | 147 Bend 158° 28,63 20,92
149 | 153 Bend 127° 28,63 20,92
150 | 152 Bend 113° 28,63 20,92
152 | 154 - 28,63 20,92
153 | 151 Bend 122° 28,63 20,92
154 | 113 - 38,29 26,5
154 | 156 - 28,63 20,92
155 | 149 Bend 151° 28,63 20,92
156 | 159 Bend 80° 28,63 20,92
158 | 155 Bend 129° 28,63 20,92
159 | 160 Bend 88° 28,63 20,92
160 | 173 Bend 140° 28,63 20,92
161 | 160 Bend 109° 28,63 20,92
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Branches Description Section (m?) | Perimeter (m)
162 | 158 Bend 124° 28,63 20,92
163 | 161 Bend 71° 28,63 20,92
168 | 169 Bend 128° 28,63 20,92
169 | 171 Bend 72° 28,63 20,92
173 | 174 Bend 139° 28,63 20,92
175|176 Bend 80° 30,82 21,65
177 | 175 Bend 60° 30,82 21,65
178 | 177 Bend 138° 30,82 21,65
179 | 178 Bend 101° 30,82 21,65
180 | 179 Bend 58° 30,82 21,65
181 | 180 Bend 122° 30,82 21,65
182 | 181 Bend 146° 30,82 21,65
183 | 182 Bend 135° 30,82 21,65
187 | 188 Bend 146° 30,82 21,65
188 | 189 Bend 87° 30,82 21,65

Table 66. Friction parameters.

Branches | D, (m)| K (kg/m®) |Total Leq (m)|R (Ns¥m®)
1 | 7 | 6,661 |No friction factor R 5
3 | 107 | 6,661 0,0078 34,39
4 1104 | 4,892 0,006 159,01
5 4 | 5,262 |No friction factor R 2,5
7 8 | 5,827 0,0066 24,96
8 9 | 5,262 0,0055 35,73
9 | 12 | 5,262 0,0055 24,96
10 | 15 | 4,729 0,0075 66,21
11 | 10 | 4,729 0,0064 20,22
12 | 18 | 5,262 0,0055 25,71
13 | 98 | 6,661 0,0078 53,47
13 | 11 | 4,729 0,0064 265,26
13 | 98 | 4,892 0,006 20,22
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Branches |Dy (m)| K (kg/m®)  |Total Leq (m)|R (Ns?/m®)
14 | 13 | 4,729 0,0064 66,42
15 | 16 | 4,994 0,0075 25,76
16 | 57 | 5,186 0,0075 25,71
17 | 14 | 4,729 0,0064 20,22
17 | 184 | 4,729 | No friction factor R 1
18 | 20 | 5,262 0,0055 20,22
19 | 17 | 4,729 0,0064 31,3
20 | 26 | 5,356 0,0057 7,82
21 | 19 | 5,251 0,0062 56,7
22 | 164 | 5,474 0,0084 67,91
22 | 21 | 5,251 0,0062 26,12
23 | 28 54 0,006 26,12
24 | 23 54 0,006 25,71
25 | 24 54 0,006 25,71
26 | 27 | 5,356 0,0057 26,12
27 | 36 | 5,356 0,0057 26,12
28 | 31 54 0,006 23,85
29 | 25 | 5,356 0,006 25,28
30 | 45 | 4,729 0,0064 25,71
31 | 39 54 0,006 39,62
32 | 34 | 5,356 0,0057 128,52
33 | 29 | 5,356 0,0057 24,42
33 | 30 | 4,729 0,0064 213,58
34 1118 | 5,416 0,0062 25,71
34 | 33 | 5,356 0,0057 25,71
35 | 32 | 5,356 0,0057 23,08
36 | 35 | 5,356 0,0057 23,08
37 | 22 54 0,0062 25,28
38 | 37 54 0,0062 101,72
39 | 38 54 0,006 160,16
40 | 91 | 5,286 0,0076 15,83
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Branches |Dy (m)| K (kg/m®)  |Total Leq (m)|R (Ns?/m®)
41 | 42 | 5,502 0,0073 21,16
41 | 50 | 5,502 0,0073 21,16
41 | 42 | 5,502 0,0069 21,16
43 | 46 | 5,583 0,0062 19,01
44 | 43 | 5,583 0,0055 129,37
45 | 44 | 5,383 0,0055 128,25
46 | 48 | 5,583 0,0062 21,72
47 | 41 | 5,502 0,0069 32,5
47 | 41 | 5,583 0,0069 50,19
48 | 49 | 5,583 0,0069 8,52
48 | 49 | 5,583 0,0062 8,26
49 | 47 | 5,583 0,0069 85,9
50 | 114 | 5,502 0,0073 80,15
60 | 56 | 4,415 0,0068 6,61
64 | 63 | 4,919 0,0067 591
65 | 67 | 4,919 0,0067 42,3
66 | 74 | 4,527 0,0061 87,88
67 | 64 | 4919 0,0067 16,7
73 | 68 | 4,807 0,008 66,8
74 | 77 | 4,527 0,0061 11,01
84 | 65 | 4,919 0,0067 73,31
89 | 87 | 5,286 0,0073 192,24
98 | 112 | 6,664 0,0078 111,19
100 | 94 | 5,502 0,0073 28,67
102| 1 | 5,827 0,0061 128,96
103 | 101 | 4,892 0,0066 12,23
104 | 100 | 5,502 0,0069 28,67
106 | 103 | 4,892 0,0066 10,01
107 | 106 | 10,605 0,005 77,84
107 | 102 | 6,664 | No friction factor R 1,5
112 | 113 | 6,664 0,0078 139,38
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Branches |Dy (m)| K (kg/m®)  |Total Leq (m)|R (Ns?/m®)
113 | 85 | 6,661 0,0078 110,49

114 | 115 | 5,502 0,0073 22,61

118 | 125 | 10,605 0,005 163,9

118 | 125 | 4,892 0,006 51,32

147 | 150 | 5,474 0,0084 5,87

148 | 147 | 5,474 0,0084 17,11

149 | 153 | 5,474 0,0084 124,64

150 | 152 | 5,474 0,0084 20,53

152 | 154 | 5,474 | No friction factor R 6
153 | 151 | 5,474 0,0084 8,8

154 | 113 | 5,474 | No friction factor R 5
154 | 156 | 5,474 | No friction factor R 1
155149 | 5,474 0,0084 39,1

156 | 159 | 5,474 0,0084 10,75

158 | 155 | 5,474 0,0084 49,85

159 | 160 | 5,474 0,0084 13,69

160 | 173 | 5,474 0,0084 161,29

161 | 160 | 5,474 0,0084 15,88

162 | 158 | 5,474 0,0084 26,88

163 | 161 | 5,474 0,0084 4,89

168 | 169 | 5,474 0,0084 80,65

169 | 171 | 5,474 0,0084 188,11

173 | 174 | 5,474 0,0084 25,42

175|176 | 5,694 0,0084 183,03

177 | 175| 5,694 0,0084 50,33

178 | 177 | 5,694 0,0084 1449

179 | 178 | 5,694 0,0084 183,03

180 | 179 | 5,694 0,0084 22,88

181 | 180 | 5,694 0,0084 10,17

182 | 181 | 5,694 0,0084 12,2

183 | 182 | 5,694 0,0084 30,5
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Branches |Dy (m)| K (kg/m®)  |Total Leq (m)|R (Ns?/m®)

187|188 | 5,694 0,0084 152,52
188 | 189 | 5,694 0,0084 111,85

Negative airflows in the next table means there is recirculation.

Table 67. Modelling results of Cabanasses.

Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
6 | 5 0,0001 187,35 3,5
514 0,00034 208,43 14,8
4 | 2 0,00034 154,2 8,1
2 |105 0,00008 154,2 19
3 | 107 0,00016 154,61 3,8
17 0,00104 192,85 38,7
7 | 8 0,00081 192,85 30,1
8|9 0,00031 192,85 11,5
9 |12 0,0004 192,85 14,9
12 | 18 0,00104 184,57 35,4
18 | 20 0,00111 184,57 37,8
20 | 26 0,00064 175,89 19,8
26 | 27 0,00041 175,89 12,7
27 | 36 0,00096 175,89 29,7
36 | 35 0,00088 175,89 27,2
35 | 32 0,00023 169,73 6,6
32 | 34 0,00065 169,73 18,7
34 | 33 0,00093 153,98 22,1
33 | 29 0,00044 76,77 2,6
29 | 25 0,00077 76,77 45
25 | 24 0,00096 79,46 6,1
24 | 23 0,00063 79,46 4
23 | 28 0,0011 79,46 6,9
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
28 | 31 0,00023 79,46 15
31| 39 0,00174 79,46 11
39 | 38 0,00036 79,46 2,3
38 | 37 0,0005 96,03 4,6
37 | 22 0,00213 96,03 19,6
22 | 21 0,00045 64,93 1,9
21 | 19 0,00032 64,93 1,3
19 | 17 0,0023 73,52 12,4
17 | 14 0,00034 52,33 0,9
14 | 13 0,00047 52,33 1,3
13 | 11 0,00042 -4,59 0
11 | 10 0,00018 -4,59 0
10 | 15 0,0014 -1,07 0
33 |30 0,00059 77,21 3,5
30 | 45 0,0015 77,21 8,9
45 | 44 0,00023 80,09 15
44 | 43 0,00022 80,09 14
43 | 46 0,00044 80,09 2,8
46 | 48 0,00065 80,09 4,2
48 | 49 0,00059 80,09 3,8
49 | 47 0,00037 80,09 2,4
47 | 41 0,00242 80,09 15,5
41 | 42 0,00124 -3,43 0
15 | 16 0,00068 -1,07 0
42 | 40 25 -3,43 -294
51 |61 0,00136 208,43 59,1
53 | 51 0,00493 208,43 214,2
54 | 53 0,00476 192,85 177
55 | 54 0,00224 192,85 83,3
56 | 55 0,0013 192,85 48,4
60 | 56 0,00314 192,85 116,8
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
62 | 60 0,00446 184,57 151,9
69 | 62 0,00245 184,57 83,5
72 | 69 0,0014 175,89 43,3
75 | 72 0,00224 175,89 69,3
78 | 75 0,0017 175,89 52,6
79 | 78 0,00212 175,89 65,6
77 | 79 0,00108 169,73 31,1
74 | 77 0,00209 153,98 49,6
66 | 74 0,00294 153,98 69,7
68 | 66 0,00047 76,77 2,8
73 | 68 0,00512 76,77 30,2
80 | 73 0,00577 79,46 36,4
83 | 80 0,0011 79,46 6,9
81 | 83 0,00039 79,46 2,5
82 | 81 0,00257 79,46 16,2
76 | 82 0,00432 96,03 39,8
71| 76 0,00185 96,03 17,1
70 | 71 0,0013 84,91 9,4
59 | 70 0,00431 93,5 37,7
58 | 59 20 -4,59 -420,8
57 | 58 0,00061 -1,07 0
16 | 57 0,00097 -1,07 0
63 | 66 0,00041 77,21 2,4
64 | 63 0,00094 77,21 5,6
67 | 64 0,00049 77,21 2,9
65 | 67 0,00137 77,21 8,2
84 | 65 0,00411 77,21 24,5
86 | 84 0,00166 77,21 9,9
88 | 86 0,00016 80,09 1
87 | 88 0,00025 80,09 1,6
89 | 87 0,00161 80,09 10,3
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
90 | 89 0,00104 80,09 6,7
91| 90 0,00099 80,09 6,4
40 | 91 0,00461 80,09 29,6
5 (108 0,00022 -21,09 -0,1
108|109 0,35 -21,09 -155,6
109|110 0,00013 -21,09 -0,1
110| 52 0,00011 -21,09 0
1041100 0,00082 54,23 2,4
94| 1 0,006 53,82 17,4
100| 94 0,00088 54,23 2,6
94 | 96 0,00027 0,41 0
96 105 2,5 0,41 0,4
107|106 0,00078 36,46 1
106|103 0,0002 36,46 0,3
103|101 0,00047 36,46 0,6
101] 99 0,00017 36,46 0,2
99 102 0,00111 36,46 15
102 | 95 5 15,58 1213,4
95 | 92 0,00038 15,58 0,1
92 | 93 0,00066 15,58 0,2
93 | 97 0,00007 15,58 0
97 |111 0,00008 15,58 0
111| 53 0,00026 15,58 0,1
12 1119 0,00007 8,28 0
119|120 10 8,28 685,7
120|117 0,00035 8,28 0
117121 0,00012 8,28 0
121123 0,00008 8,28 0
123|124 0,00011 8,28 0
1241 60 0,00004 8,28 0
20 (130 5 8,68 377
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
130|129 0,00012 8,68 0
129|127 0,00032 8,68 0
127|126 0,00004 8,68 0
126|128 0,00018 8,68 0
128 | 69 0,00035 8,68 0
35|79 1,5 6,16 56,9
25 | 73 25 -2,69 -181
38 | 82 1 -16,58 -274,8
19 | 70 5 -8,59 -368,6
10 | 58 0,00034 -3,52 0
45 | 86 25 -2,88 -206,9
22 164 0,018 31,1 17,4
164|162 0,00011 31,1 0,1
162|158 0,00043 31,1 0,4
158|155 0,00052 31,1 0,5
155|149 0,00051 31,1 0,5
149|153 0,00052 31,1 0,5
153|151 0,00058 31,1 0,6
151|148 0,00031 31,1 0,3
148|147 0,00043 31,1 0,4
147|150 0,00131 31,1 1,3
150|152 0,00148 18 0,5
152|154 0,00073 18 0,2
154|156 0,001 -1,97 0
156|159 0,00143 -1,97 0
159|160 0,0005 -1,97 0
161|160 0,00059 13,1 0,1
163|161 0,00196 13,1 0,3
157|163 0,0008 13,1 0,1
150|157 0,00076 13,1 0,1
171 71 0,00046 11,12 0,1
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
169|171 25 11,12 3093,4
168|169 0,00051 11,12 0,1
166|168 0,00064 11,12 0,1
170|166 0,00075 11,12 0,1
1741170 0,00147 11,12 0,2
173|174 0,00089 11,12 0,1
160|173 0,00062 11,12 0,1
17 (184 0,02 21,19 9
1841183 0,00018 21,19 0,1
183|182 0,00048 21,19 0,2
182|181 0,00025 21,19 0,1
181|180 0,00098 21,19 0,4
180|179 0,00153 21,19 0,7
179|178 0,00169 21,19 0,8
178|177 0,0006 21,19 0,3
177|175 0,00146 21,19 0,7
175|176 0,00148 21,19 0,7
189 | 59 0,00118 98,08 11,4
188|189 0,00108 98,08 10,4
187|188 0,00069 98,08 6,6
176|187 0,00073 98,08 7
107|102 0,00026 118,15 3,6
102 1 0,00038 139,03 7,3
105| 3 0,00009 154,61 2,2
4 1104 0,00155 54,23 4,6
116| 6 0,00217 187,35 76,2
52 122 0,00217 187,35 76,2
13| 98 0,00096 56,91 3,1
98 112 0,00046 56,91 15
1121113 0,00039 56,91 1,3
113| 85 0,00034 76,89 2
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Branch | Resistance (N-s¥m®) | Airflow (m®/s) | Pressure drop (Pa)
85 |176 0,00047 76,89 2,8
61 | 52 0,00193 208,43 83,8
115 40 0,00043 83,52 3
114]115 0,0009 83,52 6,3
50 |114 0,00106 83,52 7,4
41 | 50 0,00081 83,52 57
34 (118 0,00138 15,75 0,3
118|125 0,00004 15,75 0
125 77 0,00013 15,75 0
1541113 0,00268 19,98 11
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5.3. Appendix III: ClimSim results from iterations

The following tables display results from the simulations done by means of ClimSim,
taking into account the variation of the conditions from each season of the year. The
software gives information of temperatures every 20 meters from the initial point to the

end.

Table 68. Stretch between points 1-3 January.

Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
0 16.00 11.00 580 16.70 11.49
20 16.01 11.01 600 16.74 11.51
40 16.02 11.02 620 16.77 11.53
60 16.03 11.03 640 16.80 11.55
80 16.04 11.04 660 16.83 11.57
100 16.05 11.05 680 16.86 11.59
120 16.06 11.06 700 16.90 11.62
140 16.07 11.07 720 16.93 11.64
160 16.08 11.08 740 16.96 11.66
180 16.09 11.10 760 16.99 11.68
200 16.10 11.11 780 17.02 11.70
220 16.11 11.12 800 17.06 11.72
240 16.14 11.14 820 17.09 11.74
260 16.18 11.16 840 17.12 11.76
280 16.21 11.18 860 17.15 11.78
300 16.24 11.20 880 17.18 11.80
320 16.28 11.22 900 17.21 11.82
340 16.31 11.24 920 17.24 11.84
360 16.34 11.26 940 17.28 11.86
380 16.38 11.29 960 17.31 11.88
400 16.41 11.31 980 17.34 11.90
420 16.44 11.33 1000 17.37 11.92
440 16.47 11.35 1020 17.40 11.94
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
460 16.51 11.37 1040 17.43 11.96
480 16.54 11.39 1060 17.46 11.98
500 16.57 11.41 1080 17.49 12.00
520 16.61 11.43 1100 17.52 12.02
540 16.64 11.45 1120 17.55 12.04
560 16.67 11.47 1140 17.58 12.06
1153 17.60 12.07
Table 69. Stretch between points 3-4 January.
Stretch | Dry temperature | Wet temperature | Stretch bry wet
temperature | temperature

40 19.08 11.06 540 20.04 11.76
60 19.12 11.09 560 20.08 11.79
80 19.16 11.12 580 20.12 11.82
100 19.20 11.14 600 20.15 11.84
120 19.24 11.17 620 20.19 11.87
140 19.28 11.20 640 20.23 11.90
160 19.32 11.23 660 20.26 11.92
180 19.35 11.26 680 20.30 11.95
200 19.39 11.29 700 20.34 11.98
220 19.43 11.31 720 20.37 12.01
240 19.47 11.34 740 20.41 12.03
260 19.51 11.37 760 20.45 12.06
280 19.55 11.40 780 20.48 12.09
300 19.59 11.43 800 20.52 12.11
320 19.62 11.46 820 20.55 12.14
340 19.66 11.48 840 20.59 12.17
360 19.70 11.51 860 20.63 12.19
380 19.74 11.54 880 20.66 12.22
400 19.78 11.57 900 20.70 12.25
420 19.82 11.59 920 20.73 12.27
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
440 19.85 11.62 940 20.77 12.30
460 19.89 11.65 960 20.81 12.33
480 19.93 11.68 980 20.84 12.35
500 19.97 11.71 1000 20.88 12.38
520 20.00 11.73 1011 20.90 12.40
Table 70. Stretch between points 1-3 April.
Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature

0 22.00 15.00 580 22.42 15.39
20 22.00 15.01 600 22.44 15.41
40 22.00 15.01 620 22.46 15.42
60 22.00 15.02 640 22.49 15.44
80 21.99 15.03 660 22.51 15.46
100 21.99 15.04 680 22.53 15.47
120 21.99 15.04 700 22.56 15.49
140 21.99 15.05 720 22.58 15.51
160 21.99 15.06 740 22.60 15.52
180 21.99 15.07 760 22.63 15.54
200 21.99 15.07 780 22.65 15.56
220 21.99 15.08 800 22.67 15.57
240 22.01 15.10 820 22.70 15.59
260 22.04 15.12 840 22.72 15.61
280 22.06 15.13 860 22.74 15.62
300 22.08 15.15 880 22.76 15.64
320 22.11 15.17 900 22.79 15.66
340 22.13 15.19 920 22.81 15.67
360 22.16 15.20 940 22.83 15.69
380 22.18 15.22 960 22.86 15.71
400 22.20 15.24 980 22.88 15.72
420 22.23 15.25 1000 22.90 15.74
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
440 22.25 15.27 1020 22.92 15.76
460 22.28 15.29 1040 22.95 15.77
480 22.30 15.31 1060 22.97 15.79
500 22.32 15.32 1080 22.99 15.81
520 22.35 15.34 1100 23.01 15.82
540 22.37 15.36 1120 23.04 15.84
560 22.39 15.37 1140 23.06 15.85
1153 23.07 15.87
Table 71. Stretch between points 3-4 April.
Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
0 25.00 18.00 520 25.64 18.42
20 25.03 18.02 540 25.66 18.44
40 25.05 18.03 560 25.68 18.45
60 25.08 18.05 580 25.71 18.47
80 25.10 18.07 600 25.73 18.48
100 25.13 18.08 620 25.75 18.50
120 25.15 18.10 640 25.78 18.52
140 25.18 18.11 660 25.80 18.53
160 25.20 18.13 680 25.82 18.55
180 25.22 18.15 700 25.85 18.56
200 25.25 18.16 720 25.87 18.58
220 25.27 18.18 740 25.89 18.60
240 25.30 18.20 760 25.92 18.61
260 25.32 18.21 780 25.94 18.63
280 25.35 18.23 800 25.96 18.64
300 25.37 18.24 820 25.99 18.66
320 25.40 18.26 840 26.01 18.67
340 25.42 18.28 860 26.03 18.69
360 25.44 18.29 880 26.06 18.71
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
380 25.47 18.31 900 26.08 18.72
400 25.49 18.33 920 26.10 18.74
420 25.52 18.34 940 26.12 18.75
440 25.54 18.36 960 26.15 18.77
460 25.57 18.37 980 26.17 18.78
480 25.59 18.39 1000 26.19 18.80
500 25.61 18.41 1011 26.20 18.81
Table 72. Stretch between points 1-3 June.
Stretch | Dry temperature | Wet temperature | Stretch bry wet
temperature | temperature
80 26.97 20.02 620 27.31 20.31
100 26.96 20.02 640 27.33 20.32
120 26.96 20.03 660 27.35 20.33
140 26.95 20.03 680 27.37 20.35
160 26.94 20.04 700 27.39 20.36
180 26.94 20.04 720 27.41 20.37
200 26.93 20.05 740 27.43 20.39
220 26.93 20.05 760 27.45 20.40
240 26.95 20.06 780 27.46 20.41
260 26.97 20.08 800 27.48 20.42
280 26.99 20.09 820 27.50 20.44
300 27.01 20.10 840 27.52 20.45
320 27.03 20.12 860 27.54 20.46
340 27.04 20.13 880 27.56 20.47
360 27.06 20.14 900 27.58 20.49
380 27.08 20.15 920 27.59 20.50
400 27.10 20.17 940 27.61 20.51
420 27.12 20.18 960 27.63 20.53
440 27.14 20.19 980 27.65 20.54
460 27.16 20.21 1000 27.67 20.55
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
480 27.18 20.22 1020 27.68 20.56
500 27.20 20.23 1040 27.70 20.58
520 27.22 20.25 1060 27.72 20.59
540 27.24 20.26 1080 27.74 20.60
560 27.26 20.27 1100 27.76 20.61
580 27.28 20.28 1120 27.78 20.63
600 27.30 20.30 1140 27.79 20.64
1153 27.80 20.65
Table 73. Stretch between points 3-4 June.
Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
0 30.00 22.00 520 30.41 22.32
20 30.02 22.01 540 30.42 22.34
40 30.03 22.03 560 30.44 22.35
60 30.05 22.04 580 30.45 22.36
80 30.06 22.05 600 30.47 22.37
100 30.08 22.06 620 30.48 22.38
120 30.10 22.08 640 30.50 22.40
140 30.11 22.09 660 30.51 22.41
160 30.13 22.10 680 30.53 22.42
180 30.14 22.11 700 30.54 22.43
200 30.16 22.13 720 30.56 22.45
220 30.17 22.14 740 30.57 22.46
240 30.19 22.15 760 30.59 22.47
260 30.21 22.16 780 30.60 22.48
280 30.22 22.18 800 30.62 22.49
300 30.24 22.19 820 30.63 22.51
320 30.25 22.20 840 30.65 22.52
340 30.27 22.21 860 30.66 22.53
360 30.28 22.22 880 30.68 22.54
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
380 30.30 22.24 900 30.69 22.55
400 30.32 22.25 920 30.71 22.57
420 30.33 22.26 940 30.72 22.58
440 30.35 22.27 960 30.74 22.59
460 30.36 22.29 980 30.75 22.60
480 30.38 22.30 1000 30.76 22.61
500 30.39 22.31 1011 30.77 22.62
Table 74. Stretch between points 1-3 October.
Stretch | Dry temperature | Wet temperature | Stretch bry wet
temperature | temperature

0 24.00 17.00 580 24.36 17.34
20 24.00 17.01 600 24.38 17.36
40 23.99 17.01 620 24.40 17.37
60 23.99 17.02 640 24.42 17.39
80 23.98 17.02 660 24.44 17.40
100 23.98 17.03 680 24.46 17.42
120 23.98 17.04 700 24.48 17.43
140 23.97 17.04 720 24.51 17.45
160 23.97 17.05 740 24.53 17.46
180 23.97 17.06 760 24.55 17.48
200 23.96 17.06 780 24.57 17.49
220 23.96 17.07 800 24.59 17.51
240 23.98 17.08 820 24.61 17.52
260 24.01 17.10 840 24.63 17.54
280 24.03 17.11 860 24.65 17.55
300 24.05 17.13 880 24.67 17.57
320 24.07 17.15 900 24.69 17.58
340 24.10 17.16 920 24.71 17.60
360 24.12 17.18 940 24.74 17.61
380 24.14 17.19 960 24.76 17.63
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
400 24.16 17.21 980 24.78 17.64
420 24.18 17.22 1000 24.80 17.66
440 24.20 17.24 1020 24.82 17.67
460 24.23 17.25 1040 24.84 17.68
480 24.25 17.27 1060 24.86 17.70
500 24.27 17.28 1080 24.88 17.71
520 24.29 17.30 1100 24.90 17.73
540 24.31 17.31 1120 24.92 17.74
560 24.33 17.33 1140 24.94 17.76
1153 24.95 17.77
Table 75. Stretch between points 3-4 October.
Stretch | Dry temperature | Wet temperature | Stretch bry wet
temperature | temperature
0 27.00 19.00 520 27.50 19.39
20 27.02 19.02 540 27.52 19.40
40 27.04 19.03 560 27.54 19.42
60 27.06 19.05 580 27.56 19.43
80 27.08 19.06 600 27.58 19.45
100 27.10 19.08 620 27.60 19.46
120 27.12 19.09 640 27.61 19.48
140 27.14 19.11 660 27.63 19.49
160 27.16 19.12 680 27.65 19.51
180 27.18 19.14 700 27.67 19.52
200 27.20 19.15 720 27.69 19.54
220 27.22 19.17 740 27.71 19.55
240 27.24 19.18 760 27.72 19.57
260 27.25 19.20 780 27.74 19.58
280 27.27 19.21 800 27.76 19.60
300 27.29 19.23 820 27.78 19.61
320 27.31 19.24 840 27.80 19.62
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Stretch | Dry temperature | Wet temperature | Stretch bry et
temperature | temperature
340 27.33 19.26 860 27.82 19.64
360 27.35 19.27 880 27.83 19.65
380 27.37 19.29 900 27.85 19.67
400 27.39 19.30 920 27.87 19.68
420 27.41 19.32 940 27.89 19.70
440 27.43 19.33 960 27.91 19.71
460 27.45 19.35 980 27.92 19.73
480 27.46 19.36 1000 27.94 19.74
500 27.48 19.38 1011 27.95 19.75
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Abstract

The management of the ventilation system is crucial to deal with efficiency, health and
safety issues in an underground environment. This paper presents the design of a
Geographic Information System —also known as GIS— capable to store, manipulate and
extract results from the data collected regarding the ventilation features of an
underground mine. The GIS can also be adapted to other types of underground

infrastructures or include any additional parameter required.

A database of these parameters, in a case study, has been created taking into account
two conditions: the changeable layout of the ventilation system during the evolution of
the mine and the location of the control points, so the information can be analysed with
the GIS in many different ways and purposes. Therefore, the system can control the
underground conditions in the long term and evaluate any change applied to the

ventilation circuit.

258


mailto:mbascomptem@gmail.com
mailto:sanmi@emrn.upc.edu
mailto:josep@emrn.upc.edu

Some approaches to improve the ventilation system in underground potash mines

The study has given insight of the most sensitive parts of a mine in terms of gases,
temperature, air velocity and airflow —either from the principal or auxiliary ventilation
circuit— finding a relationship among the airflow quantity, gases concentration and

effective temperature.

Keywords: Underground ventilation, geographic information system (GIS), health and
safety, efficiency.

1 Introduction

Environmental conditions such as effective temperature, gases concentration or airflow
have to be controlled and kept within an acceptable range in underground infrastructures
where there is a presence of people. These types of space can be found in underground
mining, civil infrastructures and tourist mines and caves, being of great concern the
implementation of a management system for such purposes (Duzgiin et al., 2011,
Alfonso et al., 2013).

In general, the most adverse conditions appear in the mining sector, where the control of
the underground environment is compulsory. Therefore, it is important the
implementation of a methodology for managing this question, otherwise occupational
hazards and operating cost rise exponentially either by legal restrictions or by a
reduction in the worker’s performance. Thus, the system will have to take into account
all the ventilation parameters to deal with efficiency and health and safety issues at the
same time. However, their connection is usually overlooked. According to Reddy
(2009), up to 60% of the mining operating costs are attributable to mine ventilation,
while the relationship among hygienic conditions, accidents and worker’s efficiency has

been previously mentioned by Garcia-Herrero et al. (2012).

Many investigations have been focused on occupational health and safety or efficiency
(Allen and Keen, 2008; Kurnia et al., 2014), and some of them use a software to
optimise or modelling parts of the ventilation system (Hargreaves and Lowndes, 2007;
Torafio et al., 2011; Cheng and S. Yang, 2012; Likar and Cadez, 2000). Moreover, the
usage of GIS in mining is quite frequent, varying from management (Dizgin et al.,
2011) to pollutants emission (Puliafito et al., 2002) or subsidence (Kim et al., 2006)
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among other applications. However, it is rarely used for the management of ventilation
matters (Liu and D. Yang, 2004; Salp, et al., 2009) and not even mentioning the
efficiency concept. Despite that, a geographic information system is able to provide the
tools, frameworks and understanding of the real situation inside a mine (Saleh and
Cummings, 2011) so programs and procedures can be implemented to ensure health and
safety objectives (Akcil, 2006) through a database of the underground environment
features such as airflow, gases or air pressure drop.

The aim of this paper is to propose a system for managing an underground environment
that is able to analyse the real conditions in the long term and provide insight for
controlling the current situation and future improvements in terms of working
conditions and efficiency of the mine. Its creation will also give a new utility for a GIS.

The software fits perfectly with what is demanded in a place that spreads out every day
and generates a huge quantity of interconnected spatially referenced information from
monitoring a dynamic environment (Gibert et al., 2006). Having the possibility to
analyse the data and finally extract conclusions in the form of tables, graphs and even

convert the information to other software formats.

2. Case of study: Mine description

The investigation has been focused on a Spanish mine, which is exploiting potassium
from the Catalan basin. The resource is exploited by means of a room and pillar system
500 meters below the surface and the connection underground-surface is done through a
shaft (intake) and a ramp (return). The main fan is placed at the beginning of the
ventilation circuit, leading the airflow by temporary stoppings, curtains and doors.
Meanwhile the auxiliary circuit provides clean air to every working face through a duct
system. Fig. 1 is a scheme of the mine described above with the most important
elements labelled. The image is one of the configurations created using the GIS and it
displays the parts of the ventilation system in different colours: the intake is in colour
sea blue, the return red, the leakage sky blue and the auxiliary system pink. The airflow

direction has also been indicated.
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Main Fan

Ramp

Fig. 1. Scheme of the ventilation circuit.

Initially, the staff of the mine had not stablished the position of the ventilation control
points and an adequate analysis of the data collected was almost impossible when the

factor time was included in the assessment, being needed a systematic method.

Salp et al. (2009) exposes an interesting approach for managing this type of
environments, but it does not take into account all the parameters required for fully
control the environmental conditions in this case, so it has been created a GIS based on
the factors mentioned by Cheng and Yang (2012) and McPherson (2009) regarding

efficiency and safety variables.

3. Methodology and database

Among all the software available, it has been chosen the ArcGIS because of its user-
friendly platform, it is widespread in many different sectors and can be employed in any
underground space apart from mines. The version used is the 9.3, but anyone would
suit.

3.1. Data collection

First, several points standing for the real conditions of the whole ventilation system
have been determined based on the following rules:
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e Principal circuit: Important places from the intake, return and leakage airways.
e Auxiliary circuit: Variable position corresponding to the continuous miner

location in the working faces.

Parameters used in the paper were obtained in situ and measured by conventional
methods. They were taken during the same period of time in two consecutive days every
month, one for the principal circuit and other for the auxiliary. Overall, 753 points have
been stored in an Excel file since April 2009, 594 from the principal and 159 from the

auxiliary.

The validity of the analysis depends on the method used for obtaining the data. The
lower the reliability of the outcome is, the more difficult it is to detect the effects of an
intervention (Lipsey, 1990), typically because of instability in what is measured and
variations in the instrument (Shannon et al., 1999). For this reason, the equipment is

calibrated regularly and measures are taken twice.

3.2. Data format and characteristics

The initial information consisted of several maps in dxf format (AutoCad) containing
the layout of the mine along the time and the database in xIs (Excel) with the ventilation
parameters. Both files were merged and transformed to a shape file through ArcGIS,
connecting the information from the key points with their position in the ventilation
layout using the Universal Transverse Mercator projection (UTM) as a reference
system. The merger process requires a standardised format for the database, otherwise

problems can arise in the pre-processing stage.

3.3 Pre-processing

For the construction of the GIS file, these maps and ventilation data have been divided
in different layers regarding two conditions: principal and auxiliary circuit with regard
to every ventilation layout. This division makes the database management easier since
they have different features and therefore separate analyses are required. Next step was
to adequate the database storage from each point, taking into account the division

previously described and the calculation of parameters such as airflow or effective
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temperature by means of the ArcGIS tools, which allow to introduce simple formulas.

These equations are indicated in the following section 3.3.1.

3.3.1 Ventilation parameters description

The parameters described below are either measured in situ or calculated using the

initial data. 18 parameters concerning the principal ventilation system and 22 in the

auxiliary have been chosen to stand for the ventilation conditions. Each parameter is a

column in database.

Principal ventilation

Point: Identification number.

Coordinates (UTM): Position of the point.

Date of the measure: Hour, day, month and year.

Air velocity (m/s): Measured with a rotating vane anemometer.

Dry and wet temperature (°C): Using a sling psychrometer.

Carbon monoxide, CO (ppm), carbon dioxide, CO2 (ppm), nitric oxide, NO
(ppm), nitrogen dioxide NO2 (ppm) and oxygen, O2 (%). Determined by a gas
detector.

Section (m2): Calculated with a laser distance measurer.

Airflow (m3/s): Using the next expression. Airflow = Air velocity x Section.
Effective temperature (°C): Through the equation stated by 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.

NO + NO2 (ppm): NO and NO2 have to be summarised as the Spanish law
requires (RGNBSM, itc 04.7.02) to know if it is below the threshold limit value
(TLV-TWA), which is the maximum level that a worker can be exposed day

after day without adverse health effects.
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Auxiliary ventilation

Continuous miner: Identification number.

Miner state: Working or in standby during the measures.

Coordinates (UTM): Position of the miner.

Date of the measure: Hour, day, month and year.

Air velocity (m/s): Measured in front of the entry and exit of the pipeline.

Pipe section (m2): Provided by the supplier.

Airflow pipeline entry and exit (m3/s).

Distance between working face and pipeline entry (m): Using a laser distance
measurer.

Type of fan: Exhausting, forcing or both.

Other information: Any incident or remarkable situation.

Dry, wet and effective temperature (°C).

CO (ppm), CO2 (ppm), NO (ppm), NO2 (ppm), NO + NO2 (ppm) and O2 (%).

3.4 Database design and management

Fig. 2 shows the structure of the GIS once the data has been properly introduced,

organized and calculations are done. Each configuration is a different ventilation layout

with the principal and the auxiliary circuits. The principal includes the intake, return,

leakages and the points where measures are taken. Meanwhile, the auxiliary contains the

continuous miner positions and ventilation ducts. In addition, the mine workings layer

stand for all the tunnels exploited along the time.
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Fig. 2. Internal structure of the geographic information system.

On the other hand, Fig. 3 illustrates the steps followed to create the structure described
above. Stages 1, 2 and 3 would be the same in the case of another sort of underground
space, varying only the last two stages, 4 and 5, in accordance with its specific

characteristics.

Stage 1 2 3 4 5
Principal
CAD file | ventilation
) Shape file Data division
Merging _| P |___in 7 different —<
process config. layers
Auxiliary
Excel file — | ventilation

Fig. 3. Scheme of the process followed to create the GIS file.
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The process explained is captured in Fig.4, which is one of the configurations with the
airflows painted as in Fig. 1. In addition, there are some points that represent the places
where measures are taken. The dots called “Mxx” are continuous miners, while the

numbers “xx” are control points from the principal circuit.
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Fig. 4. Ventilation circuit in configuration 7.

Furthermore, Fig. 5 is an image of part of the ventilation circuit and mine workings.
Both layers —displayed at the same time— are useful to understand the airflow route and

relate the ventilation system with the mine planning.

Fig. 5. Part of a ventilation circuit in detail with the mine workings layer activated.
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Table 1 shows part of the data stored and how is organized inside the GIS. Once the
database is linked to the graphical information, the system can be inquired depending on
the necessities of the space and extract results using the GIS tools. The initial excel file
can also be linked to the software and update automatically the system with new data

introduced, as well as carry out the calculations stated in section 3.3.1.

Table 1. Data from the principal ventilation system in configuration 4.

Velocity Section  Airflow Td Tw

Point X Y

(m/s) (m?) (ms)  (°C) (°C)
0 406644 4632795 4,52 40,00 180,80 16 13
1 406299 4632649 5,30 34,54 183,06 22 17
36 406312 4632339 1,20 31,84 38,21 24 17
3 405239 4633032 4,30 34,04 146,37 22 17
4 404338 4632913 4,25 27,86 118,41 27 18

37 404179 4632847 0,40 34,80 13,92 28 23
34 404875 4632946 0,60 28,37 17,02 27 21
7 405059 4632507 0,41 23,86 9,78 31 23
8 404125 4632587 0,41 31,54 12,93 35 22
38 403666 4633134 1,37 32,29 44,24 31 20
35 404044 4631896 3,96 27,83 110,21 38 28
39 404861 4632294 5,08 26,89 136,60 37 25
11 406344 4632305 6,18 24,36 150,54 32 25
13 407122 4632553 4,90 35,96 176,20 33 24
16 407039 4632738 0,45 21,61 9,72 34 24
40 403634 4632619 1,52 31,33 47,62 32 21

Overall, the GIS gives an important connection among visual information, ventilation
parameters and evolution of the mine along the time. The fact that all the data is
connected and georeferenced in a database provides a very useful tool to control and
analyse the reality of an underground environment in a long term and make future

research in the field.
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4. Further improvements and applications

The system could be automatized instead of taking in situ measures and provide real
time operating data, which would help to improve safety aspects and the efficiency of
the whole mine (Michell et al., 1986). Currently, there are several software that are able
to simulate the environmental conditions of a mine, but the feedback between the
simulation and the real situation is quite new. Although some underground facilities
start using the software simulator, monitoring the conditions and using the collected
data to give feedback between the simulation and the real situation (Ruckman and
Prosser, 2010), the GIS could be an intermediate step between the data gathered and the
simulation because it is more efficient discriminating the information by means of

knowledge and necessities of the technicians.

Moreover, the system proposed can be extrapolated to other spaces instead of a mine,
such as tourist caves, confined spaces or any underground infrastructure where

environmental conditions have to be controlled.

5. Results and discussion

The following results are obtained from the analysis of the data collected in situ and
processed by the GIS, either the principal or the auxiliary ventilation system, giving
some approaches of the possible assessments that can be achieved. The most sensitive
characteristics of the ventilation system are set out below.

5.1. Principal ventilation system

Air velocity

It is a key parameter for health and safety, operation costs and modelling the airflow
necessities of the principal and auxiliary circuit considering the number of workers,
gases produced by diesel engines, necessity to remove excessive temperature and
maximum air velocity permitted by law. Gas concentrations and temperature increase
rapidly without an adequate air supply, worsening the workplace conditions and
efficiency rate of the employees. Fig. 6 displays an air velocity evaluation, from data

collected in situ, in three different chosen points from the principal circuit.
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Air velocity point13 (m/s)

Fig. 6. Air velocity of the points 1, 8, and 13 from configuration 2.

Point 1 is at the beginning of the ventilation circuit after the main fan, while 13 is the

last one before the airflow, in the return, flows to the surface. On the other hand, point 8

is in an intermediate position. The system created can assess the air velocity taking into

account the different ventilation layouts.

Gases

Points 1 and 13 have been used once more to compare the quantity of gases. Table 2

shows that the first one does not have any concentration of gases, while it is

significantly higher in the return. Despite that, values always remain under the TLV
specified by the Spanish law, ITC 04.7.02.

Table 2. Gases concentration comparison between points 1 and 13.

Point 1
Month Year Day NO (ppm) NO;(ppm) CO (ppm) CO; (ppm)
October 2009 23 0,00 0,00 0,00 0,00
November 2009 26 0,00 0,00 0,00 0,00
December 2009 1 0,00 0,00 0,00 0,00
January 2010 11 0,00 0,00 0,00 0,00
February 2010 25 0,00 0,00 0,00 0,00
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March 2010 24 0,00 0,00 0,00 0,00
April 2010 4 0,00 0,00 0,00 0,00
May 2010 17 0,00 0,00 0,00 0,00
June 2010 18 0,00 0,00 0,00 0,00
September 2010 20 0,00 0,00 0,00 0,00
Point 13
Month Year Day NO (ppm) NO;(ppm) CO (ppm) CO; (ppm)

October 2009 23 5,00 0,20 8,00 2500,00
November 2009 26 5,00 0,20 8,00 2800,00
December 2009 1 5,00 0,20 9,00 3000,00
January 2010 11 1,00 0,00 0,00 500,00
February 2010 25 2,00 0,00 4,00 1900,00
March 2010 24 0,00 0,00 1,00 1500,00
April 2010 4 0,00 0,20 0,00 800,00
May 2010 17 6,00 0,10 4,00 2100,00
June 2010 18 0,00 0,10 7,00 400,00
September 2010 20 4,00 0,00 0,00 100,00

Additionally, Fig. 7 illustrates the location of the measures taken and used in Table 2. It
clarifies the airflow route and gives some clues about where the main sources of gases
could be. Therefore, efforts can be focused on the most adverse zones and subsequently

control the effectiveness of any remedial action.

Fig. 7. Principal ventilation circuit with points 1 and 13 selected in green.
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5.2. Auxiliary ventilation system

Effective temperature

When temperature is kept below a certain value, the efficiency of the mine increases,
because the workforce is able to stay more time in the working faces, according to the
law, with a higher mental concentration (Garcia-Herrero et al., 2012). Table 3 comprises
a selection, using the GIS tools, of the miners that have been over 30 °C during 2012,

while Fig. 8 displays the location of these miners.

Table 3. Selection of the measures over 30°C during 2012.

Miner X Y Month Day Te (°C)
M5 403584,3210 4631491,2930 February 21 34,40
M5 403501,3440 4631512,6890  April 21 32,10
M11 403192,3100 4632604,5000  April 21 31,00
M15 402635,8200 4632536,1770  April 21 30,20
M7 403423,8600 4631908,2440 May 23 30,00
M11 403198,0640 4632596,1310 May 23 31,00
M14 403016,5470 4633352,8320  October 19 30,80
M2 404010,7660 4633606,8540  October 19 32,00
M12 403802,5090 4633316,2760  October 19 32,50
M6 404061,2650 4631677,4540  October 19 31,80
M5 403500,6710 4631509,1540  October 19 33,80
M7 403521,0480 4631717,8980 October 19 30,00
M5 403403,1010 4631515,7260 November 22 30,00
M11 403243,7040 4632742,6100 November 22 31,10

As it can be seen, only 14 in 156 measures from 2012 have exceeded the conditions
imposed. Using the GIS, it is possible to detect adverse conditions more easily and
quickly. Knowing when it has happened, how many times and which parts are the most
negative with regard to health and safety.
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Fig. 8. Principal and auxiliary ventilation system with the control points and miners

position (configuration 7).

Relationship temperature-gases-airflow

Several features can also be studied together. Fig. 9 relates all the data collected
concerning temperature, gases and airflow from the auxiliary circuit (159 measures in
total). Unfortunately, there is a short period without CO and airflow measures. The

concentration of the CO; (in ppm) has been divided per 100 to get a more visual chart.

Relationship temperature-gases-airflow

120

100 L “ |

60
40
20

1 11 21 31 41 51 61 71 81 91 101 111 121 131 141 151
M Airflow (m3/s) H Effective temperature 2C B NO+NO2 (ppm)
H CO (ppm) H C0O2/100 (ppm)*

Fig. 9. Values of temperature, gases and airflow from the auxiliary ventilation system.

As it can be seen, there is a correlation between temperature, gases and airflow. The

larger the airflow is, the higher the temperature and the gases concentration are. The air,
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supposedly clean, flows from a working face to another, carrying part of the gases from
the previous miner and so on. This approach can be useful to assess any change in the

auxiliary system and to find unwanted local airflow recirculation.

5.3. Other possible outcomes

Although the core issues of the case study have already been treated, the capabilities of
the GIS could be focused on other aspects depending on the underground space and its

specific necessities.

6. Conclusions

The GIS created has been confirmed as a powerful tool to provide a safer and healthier
work environment and improve the efficiency of the ventilation system. The connection
of both concepts is crucial to make any decision that concerns applying changes to the
ventilation system and the use of the geographic information system can be helpful for
such purpose. In addition, the possibility to complement the GIS with other software
and include other factors when it is necessary gives an enormous flexibility to control

an underground environment.

In this case, the system has given insight of the most sensitive parts concerning gases,
temperature, air velocity and airflow in the principal and auxiliary ventilation circuits.
The factors have been assessed individual and collectively. Specifically, the variations
of velocity and gases concentration along the principal circuit have been obtained using
all the historical data. Meanwhile, the most adverse working faces in terms of effective
temperatures and gases concentration have also been studied. In the auxiliary system, a
pattern among airflow, gases concentration and effective temperature has also been

found.
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Abstract

The friction factor is an essential parameter to take into account for modelling the
ventilation system. One of the principal features that define the friction factor is the
roughness, which not only does it have influence on the airway resistance, but it has
also a direct bearing on the rate of heat transfer between the rock and the airstream. In
this paper, the characteristic friction factors of a potash mine exploited using a room and
pillar method has been determined by means of the Chezy-Darcy and Atkinson
equations. The results give an impulse to achieve standardized friction factor values in

potash mines very useful for future mining ventilation surveys.

Keywords: Mining ventilation, friction factor, potash mine, room and pillar

exploitation method.
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Introduction

The knowledge of the ventilation system and the parameters that define its behaviour is
crucial for modelling it [1]. Among all of them, one of the most important aspects to
take into account is the friction factor, which will be basically affected by the
exploitation method, geometric characteristics of the tunnels and physic conditions of
the mine [2].These factors have a huge influence to the resistance against the flow of the
air through the airways [3]. However, there is little information about potash

exploitations, being mainly focused on coal and metal mines.

This paper give insight of the friction factors in an underground potash mine that uses
continuous mining machines to exploit the mineral and carrying it to the surface through
a conveyor belt system. These kinds of mines are very deformable due to the pressure
from the surrounding rock, producing a considerable roughness in the surface of the
galleries. This roughness can also be caused for the exploitation method, the

temperature and the humidity grade.

One of the first studies concerning friction factors in mining was done by McElroy [4],
which was based on data of the pressure loss collected from coal and metal mines.
Many subsequent related studies adding data and determining new values have been
published [5-11], even with the goal to standardise the friction factors [12], but there is

still a lack of data for other exploitations than metal and coal mines.
1. Ventilation theory
Frictional pressure drop is an essential parameter to know the ventilation conditions in

an underground mine. It can be obtained using the equation below, which is a form of

the Chezy—Darcy expression:

Per u?
= fL— p— (Pa),
p Apz( )
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where f is the dimensionless coefficient of friction; Per is the airway perimeter, m; A
is the area, m?; p is the air density, kg/m®; u is the air velocity, m/s; L is the length of

the airway, m.

Later on, it was adapted by Atkinson to the well-known Atkinson equation, expressed in

frictional pressure drop:

Per
=kL—u? (Pa),
p y (Pa)

where k is the friction factor, kg/m®.

The same equation can also be showed in terms of resistance, using the square law, and
taking into account any other air density inside the mine due to pressure or temperature
factors [13, 14]:

R= % _ kL%ﬁ (Ns? /m®),
The Atkinson friction factor is not a constant value, it varies with the Reynolds Number.
However, the flow of the air in the vast majority of underground places is turbulent in
nature except in few cases such as behind the stopings [15]. The Von Karméan equation
gives a relationship with the friction factor from the Atkinson expression for turbulent
flows. The equation is applicable to circular and non-circular airway, by means of the

hydraulic mean diameter calculated with the following relationship Dh =4 A/Per:

2k 1 . .
f=" . (Dimentionless),

4{2 log

1024114
e

where Dh is the hydraulic mean diameter of the tunnel, m; e is the height of the

roughening, m.
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In addition, the airflow also suffers shock losses due to obstacles in the ventilation
circuit like direction changes, machines, conveyors, etc. All these elements are
independent of the roughness and it is not possible to include it in the friction factor.

However, it can be used the equivalent length concept:

Leqzo'l%Dh,

where Leq is the equivalen length, m; X is the shock loss factor.

The shock loss factor X is experimentally determined [4, 8, 14], adding an equivalent
increase in the length of the tunnel where the air flows [17]. The length increase will
vary depending on the type of obstacle [18], obtaining a corrected Atkinson equation:

Per p

FE (N32 /m8)

R =k(L + Leq)

3. Methodology

Achieving a proper ventilation system planning not only does it need a good knowledge
of the ventilation laws, but it is also necessary an updated database of the ventilation
features [17]. For this reason, 18 key points that stand for the principal ventilation
circuit have been selected, collecting the main ventilation parameters every month from
2008 to 2013, which are detailed below. Figure 1 displays an example of the points used

to obtain the friction factors.

—Geometric features of the galleries: section, perimeter, length, roughness and any
permanent obstacles in the ventilation circuit.

—Dry and wet temperatures: used to control and link airway roughness and surface
climate conditions

—Auir velocity: knowing the section, it is possible to calculate de airflow.
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Control point 1

Description: Point after the main fan which propels the airflowto the
galleries.

Coordmates:
X: 406366
Y- 4632678

1 a5

Data:
Section 34,54 m?
Perimeter 2400 m
Mean roughness 0.149m
Mean velocity 5.11m's Width §756m
0.00826
Friction factork kg/m’

Height 439m

——— Theoretical frame
Real frame

A

Fig. 1. Description of one of the control points.

Two important aspects in the process of calculating the friction factors have been taken
into account in this paper, the Reynolds number and the hydraulic diameter. The first
one is necessary to know the fluid rate and so use the proper equation and the second

one to adapt the noncircular diameter of the galleries to the equations.

Once all the information detailed above has been collected, the fiction factors have been
calculated for each key point four times, corresponding the four seasons of the year,
because airflow and temperatures suffer an important variation during the year,
affecting the friction factor result. Finally, the mean friction for each point has been

obtained.
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3. Results

Table 1 shows the mean parameters used to calculate the friction factors. They have
been either measured in situ or calculated with the data collected from 2008 to 2013.
The values displayed in table 2 correspond to the mean friction factors per season and
the general value per point, taking into account the four seasons values in each key
point, as well as the standard deviation [19].

The current bibliography details the friction factor values for coal and metal mines.
Tables 3 and 4 compare the results obtained in this paper with the published data among
different types of airways. Despite the survey is focused on a potash mine, not on coal

or metal mines, it is possible to get a rough idea of the reliability of the results.

Table 1. Parameters used to calculate the friction factor

Point A m’ Per, m Dh, m V, m/s e, m f
0 40.00 24.60 6.50 4.42 0.36300 0.01880
1 34.54 24.09 5.74 5.11 0.14900 0.01345
2 31.84 22.60 5.64 0.94 0.14390 0.01336
3 34.04 23.22 5.86 4.33 0.13260 0.01273
4 27.86 21.85 5.10 4.36 0.11000 0.01250
5 34.80 23.24 5.99 0.52 0.14170 0.01296
6 28.37 21.50 5.28 0.81 0.23330 0.01687
7 23.86 17.50 5.45 0.43 0.23750 0.01676
8 31.54 25.00 5.05 0.38 0.11910 0.01295
9 32.29 23.09 5.59 1.71 0.30000 0.01845
10 27.83 22.03 5.05 4.07 0.18240 0.01543
11 26.89 20.73 5.19 5.62 0.11440 0.01261
12 24.36 18.00 541 6.40 0.10000 0.01178
13 35.96 26.28 5.47 4,70 0.12000 0.01258
14 21.61 20.00 4.32 0.46 0.17480 0.01622
15 31.33 19.34 6.48 1.58 0.17480 0.01366
A 29.82 21.89 5.45 0.91 0.30000 0.01868
D 33.40 23.00 5.81 0.71 0.23750 0.01630
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Table 2. Mean friction factor and standard deviation for each point

Point Spring Summer | Autumn Winter | General value | Standard
k, kg/m® | k, kg/m® | k, kg/m® | k, kg/m® k, kg/m? deviation
0 0.01163 0.01134 |0.01168 |0.01184 |0.01162 0.00021
1 0.00821 0.00801 |0.00822 |0.00838 |0.00820 0.00015
2 0.00835 0.00848 |0.00835 |0.00853 |0.00843 0.00009
3 0.00794 0.00778 |0.00787 |0.00802 |0.00790 0.00010
4 0.00781 0.00796 |0.00781 |0.00796 |0.00788 0.00009
5 0.00743 0.00701 |0.00750 |0.00739 |0.00733 0.00022
6 0.00876 0.00872 |0.00875 |0.00933 |0.00889 0.00029
7 0.00860 0.00856 |0.00857 |0.00856 |0.00857 0.00002
8 0.00894 0.01014 |0.00900 |0.00940 |0.00937 0.00055
9 0.00947 0.00787 |0.00952 |0.00900 |0.00896 0.00077
10 0.00890 0.00890 |0.00900 |0.00893 |0.00893 0.00005
11 0.00735 0.00729 |0.00738 |0.00732 |0.00733 0.00004
12 0.00690 0.00686 |0.00677 |0.00677 |0.00682 0.00007
13 0.00798 0.00855 |0.00803 |0.00821 |0.00819 0.00026
14 0.00956 0.00956 |0.00963 |0.00956 |0.00958 0.00003
15 0.00758 0.00694 |0.00821 |0.00759 |0.00758 0.00052
A 0.01081 - 0.01207 |0.01088 |0.01125 0.00071
D 0.00956 - 0.00972 |0.00960 |0.00963 0.00009

Table 3. Comparison between published data and values from the paper

Prosser and
) McPherson | Hartman et
Airway type Wallace Paper values
(1993) al. (1997)
(2002)
Rectangular ~ Airway-
Clean Airway (Coal | 0.0075 0.0090 0.0080 0.0073
and soft rocks)
Rectangular  Airway—
Some Irregularities | 0.0087 0.0090 0.0091 0.0084
(Coal and soft rocks)
Metal Mine Drift 0.0088 0.0120 0.0269 0.0115
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Metal Mine Ramp 0.0116 - 0.0297 0.0082

Table 4. Percentage difference between paper and bibliographic values

Difference, %
) Paper Prosser and
Airway type McPherson Hartman et al.
values Wallace
(1993) (1997)
(2002)
Rectangular
Airway—Clean 0.0073 2.32 22.78 9.14
Airway
Rectangular
Airway-Some 0.0084 3.20 6.76 7.95
Irregularities
Potash Mine Drift 0.0115 23.68 4.08 133.30
Potash Mine
0.0082 40.95 - 260.87
Ramp
Conclusions

The characteristic friction factors in a potash mine using a room and pillar method have
been determined. Despite each mine has its own characteristics, it has been achieved a
framework for future studies related to mine ventilation in this type of exploitations.

The Chezy—Darcy and Atkinson equations have been employed to calculate the friction
factor k, using the parameters measured in the control points. Roughness of the airways
is due to, basically, the exploitation method and the nature of the de deposit, which has

a certain deformable properties that define the shape of the tunnels.
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Abstract

Gases such as CO, CO; or NOy are constantly generated in any underground mine by
the equipment and the ventilation layout has a very important influence to their
concentrations in the working faces. Hence, a method able to control the workplace
environment in a long term is crucial. This paper proposes a geographical information
system (GIS) for such goal. The system created provides the necessary tools to manage
and analyse an underground environment connecting the pollutant generated and the

ventilation characteristics along the time.

Data concerning the ventilation system in the case study has been taken every month
since 2009 and integrated into the management system, which has quantified the gasses
concentration along the mine due to the characteristics and evolution of the ventilation
layout. Three different zones concerning CO, CO,, NOy and effective temperature have
been found as well as some variations among the workplaces within the same zone due

to local airflow recirculation.
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Keywords: Underground environment; pollutants management; safer workplace;

ventilation layout.

1. Introduction

A safe underground environment is crucial for the running of a mine and the sake of its
employees. The issue has been deeply studied, taking different approaches such as
controlling airflow leakages (Widiatmojo, et al., 2014), focused on underground gases
and finding out more efficient ventilation designs (Kurnia et al., 2014) or improving the
underground environment conditions in coal mines reducing the level of dust and
methane (Su et al., 2008; Xi et al., 2014; Zhang et al., 2015).

One of the main functions of a ventilation system is to remove and dilute gases to keep
a workplace safe and fulfil the national regulations. Unfortunately, it becomes more
difficult as the mine spreads out and the ventilation circuit gains complexity. The origin
of gases generated in a mine can be a consequence of the mineralization exploited or
exploitation method (mining equipment, blasting, etc.). In potash mining, carbon
monoxide and dioxide can also be spontaneously released in some particular geological
conditions (Carrasco et al., 2011; Hedlund, 2012).

The importance of controlling the concentration levels is because they affect the health
of the employees in short and long them, being toxics and even some of them cancerous
(Rundell et al., 1996). For this reason, it is very important to provide the tools to design
a proper underground ventilation system able to control gas concentrations and keep the
environmental conditions below the maximum allowable levels. Several investigations
have been carried out in this field, especially in coal mining (Cheng et al., 2015; Noack,
1998; Sasmito et al., 2013). Despite that, the relationship between ventilation layout and
gas concentrations has not been thoroughly analysed. This paper gives insight to the
affection of airflow recirculation to the level of pollutants and effective temperature in
the working faces and proposes a system, by means of a geographical information
system (GIS), to manage and analyse the data collected in the long term. This method
can provide the adequate tools, frameworks and understanding of the real situation

inside a mine (Saleh and Cummings, 2011). The objectives of the study are as follows:
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e To create a system able to manage, store and manipulate ventilation data to
assess the ventilation circuit.
e To evaluate the relationship among gas concentrations, effective temperature

and airflow in the working faces depending on the ventilation layout.

1.1. Safety and health impact of the underground environment

Although the origin of the gases is diverse, diesel combustion is the main factor of
generation in the case analysed. Table 1 details the gases studied by the mining activity
as well as their threshold limit values (TLV), either the time weighted average (TWA)
or the short-term exposure limit (STEL), according to the Spanish legislation (Royal
Decree 863/1985).

Table 1. Origin and effects of the gases.

o TLV TLV
] ] Hygienic o o
Gas Physical risk Principal origin TWA STEAL

risk
(ppm) (ppm)

Explosive Asphyxiating  Engine combustion 50 100
Inflammable  Toxic Strata emissions

Asphyxiatin Engine combustion
CO, PhyX J J o 5000 12500
Strata emissions

NOy Toxic Engine combustion 10 25

2. Data collection

The mine uses a room and pillar exploitation method, extracting the mineral by means
of continuous mining machines and carried to a conveyor system by trucks and loaders.
As the most adverse locations, in terms of environmental conditions, are in the working
faces, where the continuous machines are placed, a control point has been stablished in
each one to monitor these conditions. The system is fed with measures taken regularly.
265 measures have been collected and gathered between 2009 and 2014. The equipment

is calibrated regularly to keep the accuracy of the data.
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The list below details the parameters measured in the workshops based on the mine
particular exploitation characteristics, Spanish law (Royal Decree 863/1985) and

bibliographic references (McPherson, 1993; Carrasco et al., 2011):

e Control point: Coordinates of points.

e Date: Day and hour of the measure.

e Air velocity (m/s): Measured with a rotating vane anemometer.

e Dry and wet temperature (°C): Using a sling psychrometer.

e Carbon monoxide (CO), carbon dioxide (CO,), nitric oxide (NO) and nitrogen
dioxide (NO,) in ppm. Measured with a gas detector.

e Cross section (m?): Using a laser distance measurer.

Once the parameters previously stated have been obtained, airflow has been calculated

by means of the GIS following the well-known equation.

S
Il
<
oS

1)

Where, Q= Airflow (m%/s), u= air velocity (m/s), A= cross section (m2). According to
the Spanish law, the temperature analysis has to done by means of the following

expression.

te=09 -tw+0,1-td (2)

Where, te= effective temperature (°C), tw= wet temperature (°C), td= dry temperature
(°C). On the other hand, nitric oxide and nitrogen dioxide have to be summarized and

analysed together (NOy) to see if it is below the threshold limit value according to the

law.
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3. Management system

3.1. GIS creation

All the data described in the section 2 have been stored in a GIS created to manage the
ventilation parameters together with the different ventilation layouts of the mine along
the years. This connection will allow better assessments of the ventilation system and
the knowledge of any variation in the environmental conditions. The ArcGIS software
has been chosen because of its user-friendly platform. Fig. 1 displays the steps followed
to create the GIS file. Starting with the ventilation layouts, in CAD format, and the data
collected, which have been merged in a single file that connects both types of
information by means of the ArcGIS tools. This creation gives the possibility to connect
graphical and numerical information about the ventilation system taking into account its

evolution along the time.

CAD file Excel file

Merging
process

Shape file

Auxiliary
ventilation

Fig. 1. Scheme of the process followed to create the GIS file.

Fig. 2 stands for different ventilation layouts regarding the period of time and evolution
of the auxiliary ventilation system. On the other hand, the layer called mine workings
helps to obtain an easier understanding of the mine development. Each configuration

can be analysed and inquired concerning gases, temperature and airflow.
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Layers
Configuration_1_{April2009-5epternber2009)
Configuration_2_{October2009-5eptember2010)

Configuration_3_{October2010-February2011)
Configuration_d_{March2011-January2012)
Configuration_5_{February2012-October2012)
Configuration_&_{Movemnber2012)
Configuration_7_{December2012)

Mine workings

oooooood

Fig 2. Auxiliary ventilation layers.
3.2. Case study description
Fig. 3 details part of the ventilation circuit with the groups regarding the working faces
and their environmental conditions after storing the data with the GIS. As there is a

continuous miner in each working face, it will be simply referred as miner henceforth.

The number of these miners in each group varies depending on the configuration.

Group 2

= [ntake
= Return
Air leakage

= Auxiliary ventilation system
Group 3

Fig. 3. Scheme of the ventilation circuit in the case study.

The mine uses a partial recirculation ventilation system in which a controlled fraction of
the air returning from a working face goes back into the intake. This method has the
advantage to be more economical, but the airflow has to be monitored to control that the

gas concentrations are below a certain value in the short term. As it can be seen in Fig.
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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.

M8

Miner

Intake

Return

Auxiliary ventilation system

M8

Fig. 4. Position evolution of the continuous miner M8.

293



Some approaches to improve the ventilation system in underground potash mines

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.

295



Some approaches to improve the ventilation system in underground potash mines

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.

297



Some approaches to improve the ventilation system in underground potash mines

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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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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