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ARTICLE INFO ABSTRACT

Keywords: The excavation of tunnels and mining roadways requires auxiliary ventilation systems to dilute the noxious gases

Au’“har}’ ventilation from blasting and diesel engines and provide a safe environment for workers. Therefore, axial fans and ducting

;‘f“f‘enmg systems are generally installed to supply the required airflow rate to the working face. Due to the air leakage, the
ining

airflow rate varies along the ventilation duct and the design of the ventilation system is complex when leaky
ducts are used. Thus, to ensure the required airflow rate at the working face, a proper sizing of the ducting system
and auxiliary fan must be carried out. In this paper, analytical and CFD numerical models have been conducted
to investigate auxiliary ventilation systems considering different qualities of the ventilation ducts. A forced duct
of 0.6 m in diameter and 200 m long in a 14 m? cross section mining roadway has been selected to predict the
pressure drop and the air leakage along the duct. In addition, the power of the fan and the energy consumption
have also been studied in the analytical models to optimize the energy efficiency and ventilation costs. The
results obtained show that the power of the fan can be reduced by 74% if a duct 0.8 m in diameter is installed.
Good agreements were obtained between the numerical approach and the analytical results. Finally, novel no-
mograms have been developed to design the ducting system and the auxiliary fans and estimate the energy
consumption as a function of non-dimensional variables. Duct diameters between 600 and 2400 mm and tunnel
lengths up to 4000 m can be selected to design the auxiliary ventilation circuits optimizing the operation costs.

Ventilation costs
Leaky ducts
Design

1. Introduction

Auxiliary ventilation systems (Wallace et al., 2015) are required to
provide a safe working environment for the workers in dead-end mining
roadways and tunnels (Massanes et al., 2015; Parra et al., 2006). Axial
fans are typically installed at the tunnel portal to supply fresh air to the
working face through a ventilation duct (Auld, 2002). Electrical energy
is required to supply fresh air by an axial fan during the excavation of
tunnels and mining roadways, increasing energy consumption when the
power of the fan increases (Auld, 2004). The airflow rate generally de-
pends on the number of workers, power of the diesel engines operating
simultaneously and the amount and type of explosives used in blasting

* Corresponding author.
E-mail address: jesusfo@uniovi.es (J.M. Fernandez-Oro).

https://doi.org/10.1016/j.tust.2023.105298

operations (Menéndez et al., 2022). Toxic gases from blasting operations
and diesel engines must be diluted using the auxiliary ventilation sys-
tems, reducing its concentration below the threshold limit value ac-
cording to health and safety regulations (Lowndes et al., 2004;
McPherson, 1993). Different ventilation modes can be employed, being
the forced system the most used during the excavation of tunnels and
mining developments (Xin, 2021). The fresh air supplied by the fan
reaches the working face through the ventilation duct, while the dirty air
returns towards the tunnel outside through the tunnel section (Chang
etal., 2019). Depending on the tunnel length and amount of airflow rate
at the end of the ventilation duct, the axial fan and the ducting system
must be sized. Therefore, the power of the fan and the diameter of the
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ventilation duct have to be properly calculated to supply the required
fresh airflow to the working face (Vutukuri, 1993). Note that due to the
increase in air pressure, the power of the fan increases strongly when the
diameter of the ventilation duct decreases. Auxiliary ventilation systems
are easy sized if the ventilation duct is free-leak (Gupta et al., 1987; Lee,
2017). However, leaky ducts are generally used during the excavation of
tunnels and mining roadways and the design of the ventilation system is
complex (Onder and Cevik, 2008). Due to air leakage the airflow rate
varies along the ventilation duct until it reaches the working face.
Depending on the rate of loss along the ducting system, the airflow rate
at end of the duct can be lower than required. Air leakage is due to the
quality of the ventilation duct (ruptures in the wall) and the presence of
numerous joints in the ducting system (Auld, 2004). The quality of the
ventilation ducts generally worsens due to the damage caused by
blasting as well as by the mobile equipment that operates inside the
tunnel (dumper trucks, excavators, jumbos, shotcrete machinery...).
Different qualities of the ducts are considered according to the Swiss
Standard SIA 196. Hence, S, A and B duct classes are considered
depending on the active leakage surface and friction factors (SIA 196,
1998). The air leakage in the duct joints can be reduced if a suitable joint
system is selected and proper installation is carried out (De Souza,
2004). The rate of loss along the ventilation duct increases in leaky ducts
when the fan total pressure increases, reducing the airflow rate at the
end of the duct. Increasing the diameter of the ventilation duct, the rate
of loss is reduced along the ducting and the airflow rate increases in the
tunnel face. In addition, the energy costs are also reduced by increasing
the duct diameter, decreasing the fan pressure (De Souza, 2018).
However, the increase of duct diameter is difficult in many cases due to
the available cross-sectional area. The design of the excavation cross-
sectional area is carried out based on the diameter of the ventilation
duct, especially in mining developments. Sufficient clearance between
the ducting and the mobile equipment must be considered to avoid
damage to the air duct (De Souza, 2004). Hence, it is essential to carry
out an adequate analysis of the auxiliary ventilation systems to ensure
the required airflow rate at the working face and optimize investment
and energy costs during the excavation of tunnels and mining roadways
(Dang et al., 2021; Dang and Bui, 2020; De Vihena and Margarida,
2020).

Many researchers have investigated the auxiliary ventilation systems
in underground excavations. Onder et al., 2006 developed a computer
program to analyze the influence of ventilation variables on the airflow
provided to the working face. They carried out field measurements in an
underground coal mine and concluded that the increase of duct diameter
is the key to ensure the adequate airflow to the heading face. Auld, 2004
carried out a fan performance considering leaky ventilation ducts. He
used the Atkinson equation to analyze the sensitivity of a leak-free duct
considering different duct diameters, friction factors and airflow and
defined an equation to estimate the air leakage from a ventilation duct as
a function of a leakage coefficient, a nominal duct surface area (1000
m?), and a reference differential static pressure of 1000 Pa. Similarly, to
evaluate the air leakage, Vutukuri, 1983 and Onder, 2000 employed a
leakage coefficient defined as m® s™1 of air leakage per 100 m of duct
under a uniform pressure of 1 kPa. A design procedure for auxiliary
ventilation systems considering leakage was presented by Vutukuri,
1984. He analyzed the installation of the fan to avoid recirculation of
dirty air in the ventilation circuit. Millar et al. (2017) analyzed the air
leakage through the joints between duct segments in auxiliary ventila-
tion systems to improve the efficiency and reduce the ventilation costs.
They considered leaky systems with a low duct joint resistance of
104 Ns?> m 2 for each joint and non-leaky systems with duct joint re-
sistances per joint of 107 Ns?> m™®. Auxiliary ventilation systems with
variable and fixed speed fans were investigated. They concluded that the
cost of ventilation system could be reduced by using a ducting system
with lower Atkinson friction factor and selecting a duct system with non-
leaky couplings. De Souza, 2004 studied the air leakage in ducting
system and estimated an air leakage of 0.9 m> s~ per each joint.
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However, it is not specified the range of pressure and duct diameter and
friction factor. Leakage resistance values in long auxiliary ventilation
systems were estimated using the same length and duct diameter and
varying the fan pressure and airflow (Calizaya and Mousset-Jones, 1993,
1994, 1997). Although different resistance values were calculated for
each trial, a constant value should have been obtained considering the
same ducting system. A comprehensive design process for auxiliary
ventilation systems is presented in Duckworth and Lowndes, 2003. An
engineering software to design the auxiliary fan and the ducting system
was developed to optimize the auxiliary ventilation systems in mines
and tunnels. Different duct material and diameter, number and spacing
of axial fans and shock losses can be selected to improve the system
efficiency. Gillies and Wu, 1999 conducted field measurements on 0.45
and 0.915 m duct diameter and 100 m long using electronic pressure
transducers to determine the friction factor and air leakage. Atkinson
friction factors of 0.0021 and 0.0041 Ns? m~* were obtained for light-
weight and heavier material, respectively. Kosowski et al., 2022 inves-
tigated the air leakage in a forced air duct for the excavation of an un-
derground tunnel using CFD simulation. They considered 300 m long
and 1 m diameter ducting system with a 55 kW axial fan. The wall
roughness was investigated by Zhang et al., 2022 both experimentally
and numerically, to determine the influence on the ventilation resistance
coefficient during the excavation of tunnels.

Researchers also investigated the influence of the auxiliary ventila-
tion systems on the propagation and dilution of toxic gases in under-
ground excavations after blasting operations. The auxiliary ventilation
system was studied after blasting operations in an underground coal
mine by Torno et al., 2013. A CFD analysis was conducted to evaluate
the evolution of CO concentration after blasting. Menendez et al., 2022
studied the concentration, propagation and dilution of hazard gases
after blasting during the excavation of a railway tunnel. They conducted
analytical and three-dimensional CFD numerical models to predict the
propagation of toxic gases considering different ventilation modes. The
results obtained were validated with field measurements. Diego et al.,
2011 also investigated the air pressure loss in a mine tunnel using CFD
modelling. Huang et al., 2020 analyzed the propagation of CO after
blasting in a plateau mine under forced ventilation system. They
analyzed the effect of altitude, ventilation volume and distance between
duct mouth and working face and concluded that the CO concentration
produced after blasting operations was most affected by the distance
between end of the ventilation duct and heading face. A ventilation
system using both blowing and exhaust ducts was conducted by Yi et al.,
2020 using CFD simulation in a 36 m long and 2.9 m high mining tunnel.
They concluded that the use of both forced and exhaust ventilation ducts
is effective to provide the required fresh air to the working face. Bahrami
et al., 2019 studied the re-entry time after blasting in a limestone mine
using gas monitoring. They concluded that the use of gas monitoring can
be useful to reliably determine the re-entry time and reduce the risk for
workers. Torno and Torano, 2020 investigated the toxic gases behavior
after blasting in underground coal mines using CFD models and field
measurements. The CO and NO, concentration was evaluated to esti-
mate the safe re-entry time. Torano et al., 2009 carried out a CFD study
to predict the concentration and flow rate of methane in an underground
coal mine. They analyzed the auxiliary ventilation system and
concluded that can be effective to reinforce the forced system with
exhaust overlap, jet fans or compressed air injectors (Torano et al.,
2011). A CFD analysis was conducted by Lee, 2011 to determine the
diameter and position of the air duct to optimize the ventilation of the
working face in a limestone mine.

In this paper, auxiliary ventilation systems in mining and tunnelling
are investigated to optimize the energy efficiency and ventilation costs.
One-dimensional analytical and CFD numerical models have been con-
ducted in dead-end tunnels to analyze the pressure drop and air leakage
along the leaky ventilation ducts. According to the Swiss Standard SIA
196, three different classes of ducts in relation to their quality were
considered: S, A and B classes. Depending on the class of duct, different
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leakage parameters (active leakage surface per duct surface) and friction
factors have been considered. Leakage parameters of 5, 10 and 20 mm?
m~2 and constant friction factors of 0.015, 0.018 and 0.024 are
considered for S, A and B classes, respectively, according to SIA 196
These coefficients can be determined specifically for each scenario from
the numerical models depending on the duct quality and operating
airflow rate. A forced ventilation duct of 0.6 m in diameter and 200 m
long in a mining tunnel has been considered as a case study to predict the
leakage and airflow at the working face depending on the class of duct.
The models developed allow sizing the ducting system and fan power to
optimize the energy efficiency and ventilation costs. The results ob-
tained in the one-dimensional analytical model have been validated
with the CFD model. In addition, the results have also been compared to
other existing research works in the literature. Finally, novel nomo-
grams have been developed to design the auxiliary ventilation systems
in mining and tunnelling. Non-dimensional variables defined as power
coefficient and energy coefficient have been determined to design the
ducting system and the auxiliary fans depending on the duct class,
tunnel length, airflow rate at the working face, tunnel altitude and fan
efficiency. In order to select the most efficient solution, the energy
consumption has also been estimated considering a utilization factor of
the fan and the efficiencies of the motor and variable frequency drive.

2. Methodology
2.1. Problem statement

Ventilation systems are required during the construction of tunnels
and mining roadways to provide a safe environment for workers and
dilute the blasting fumes and combustion gases from diesel equipment
(Parra et al., 2006). In addition, according to the international regula-
tions, a minimal air speed in the underground infrastructure must also
be guaranteed. The schematic diagram of a typical auxiliary ventilation
system of dead-end tunnels and mining roadways is shown in Fig. 1.

The ducting system and auxiliary fan must be sized to ensure the
required airflow to the working face. However, to design the ducting
system, the size of the tunnel and mobile equipment must be considered
to allow sufficient clearance between the vent duct and mobile equip-
ment. The axial fans are located at the tunnel portal to avoid the recir-
culation of dirty air in the ventilation circuit. The power of the fans
depends on the total pressure and the delivered airflow. Forced venti-
lation modes with leaky flexible ducts are generally used to supply fresh
air directly to the working face in dead-end tunnels. The dirty air returns
towards the tunnel portal through the tunnel section.

The problem statement is formulated as shown in Fig. 2. A leaky
ventilation duct, 200 m in length and 0.6 m in diameter, with 10 uni-
formly distributed leakage points in a forcing system is considered. A fan
total pressure is applied at the inlet of the duct as a boundary condition.
The airflow does not vary in leak-free ducts (Qyw = Qf). However, the

WORKING
FACE
> FRESHAIR
> DIRTYAIR
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airflow is lower in the working face when leaky ducts are used in
auxiliary ventilation systems (Qy < Qg). The frictional pressure loss is
caused by friction between the air and duct wall and the airflow rate and
dynamic pressure decrease along the duct due to air leakage. Therefore,
the pressure drop, air leakage along the duct and airflow rate at the end
of the duct are investigated using analytical and CFD numerical models
considering different classes of ventilation ducts. In order to optimize
the energy efficiency, different duct diameters are also analyzed to es-
timate the air leakage and the power of the fan in each scenario.

Table 1 shows three different classes of ventilation ducts in relation
to their quality according to the Swiss Standard SIA 196 (SIA 196, 1998).
Friction factor, active leakage surface and unit surface leakage are
considered for three duct classes S, A and B to predict the pressure drop,
the air leakage and the airflow rate at the working face. S class is a new,
properly mounted and regularly maintained duct, with segments longer
than 100 m and few connections (very low leakage and friction losses). A
class is a new, properly mounted with low duct damage risk (low air
leakage and friction losses). Finally, B class is a duct already in operation
or it is being used with regular maintenance. The unit surface leakage is
calculated for each duct class considering a total duct surface of 377 m?
and 10 air leakage points along the ventilation duct 200 m long and 0.6
m in diameter.

2.2. Analytical model

The longitudinal evolution of the pressure along the ventilation duct,
as well as distribution of the leakage flow rate and bulk velocities have
been resolved numerically from the one-dimensional equation (ODE)
system composed by Eq. (1) and Eq. (2).

du 4 | 2p
& D p(1+¢) M

dpii

uZ

@ 2 2

where u is the local bulk velocity in the duct (m s’l), D is the duct
diameter (m), 1 is the friction factor (-), and p is the static pressure of the
air (Pa) (with density p) at every longitudinal position x of the duct. In
addition, f’ represents, according to the SIA standard (SIA 196, 1998)
the leakage parameter accounted as the ratio of the estimated leakage
surface with respect to the total surface of the duct, whereas ¢ holds for a
characteristic coefficient of minor losses, typically around 0.3 (SIA 196,
1998). This coefficient also includes the fan losses (protected mesh
screen, tubular silencer and transition piece). The first equation estab-
lishes a simple balance between the longitudinal velocity decay and the
radial leakage velocity (driven by the local static pressure); while the
second equation stands for the classic D’Arcy-Weisbach expression for
major losses in conduits.

For a required value of discharged flow rate at the final end of the

FORCED
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Fig. 1. Schematic diagram of a typical auxiliary ventilation system of dead-end tunnels and mining roadways.
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Fig. 2. Leaky duct, 200 m long and 0.6 m in diameter, in the forcing ventilation system.

Table 1
Different ventilation ducts classes (SIA 196, 1998).

Duct Friction Active leakage surface, f' Unit surface
Class coefficient, A (-) (mm? m3?) leakage (mm?)
S 0.015 5 189

A 0.018 10 377

B 0.024 20 743

duct (Qy), imposed as a boundary condition for the discharge velocity in
Eq. (1), and an expected static pressure at the ventilated section of the
tunnel for the boundary condition in Eq. (2), (assumed atmospheric, i.e,
p = 0, manometric), the forth-order Runge-Kutta method was sequen-
tially employed within the MATLAB code to resolve the equation system.
Moreover, since the interest is placed on the initial flow rate required for
the fan to assure the net flow rate at the working face, an additional
iterative routine was implemented in the numerical modelling. The
convergence threshold was fixed to the typical value 10~3, which in the
worst cases, required around 10,000 iterations to achieve the final so-
lution (for a representative situation of N = 10 leakage points). The
model provides, as a function of the number of leakage positions
(equally spaced), the pressure and velocity distributions, p(x) and u(x),
along the vent duct.

The frictional pressure drop along the tunnel in the return circuit
towards the exit can be calculated as a leak-free duct using Eq. (3) (Le
Roux, 1979). The pressure drop in the tunnel is normally negligible

Inlet mesh

Wall

Leak Detail

compared to the pressure in the ventilation duct.

_KeCeLeQ pyua

AP yE

3
Pstandard

where AP is the pressure drop in the return circuit (Pa), K is the
Atkinson friction factor (kg m~>), depending on the type of tunnel and
support system, being 0.014 kg m~3 for arch-shaped tunnels with rock
bolts and mesh as support system (Mc Pherson, 1993), C is the perimeter
of tunnel (m), L is the length of tunnel (m), Q is the airflow rate in the
return circuit towards the tunnel outlet (m> s_l), A is the cross sectional
area of tunnel (mz), Pactual 1S the density of air (kg m’g), Pstandard 1S the
density of standard air (1.2 kg m~).

2.3. Numerical modelling

The CFD software ANSYS Fluent R17.0 was used to simulate airflow
rate inside the ventilation duct. A two-dimensional model was devel-
oped to simulate the axisymmetric air flow inside the duct. Structured
grid was generated in order to discretize the numerical domain
considering 10 leakage points along the duct (duct connections and
ruptures in the wall are simulated). Fig. 3 shows some details of the
mesh and the zone where the grid was refined to accurately capture the
physical phenomenon. As in the analytical model, a ventilation duct 200
m long and 0.6 m in diameter has been considered as a case study. As
indicated in Table 1, a B class duct with a leakage surface of 743 mm?
has been simulated.

Qutlet mesh
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Wall

0,01 mm
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T
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200 m
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Fig. 3. Model grid and boundary conditions.
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In addition, air flow in a ventilation duct is significantly affected by
the walls, where the regions of viscosity have large gradients in the
solution variables. An accurate representation of the region near the
wall determines a successful prediction of wall-bounded turbulent flows.
Therefore, a turbulent k-w SST model was used to simulate the flow
within the vent duct and a y + around 1 was imposed to deal with near-
wall region velocity gradients. Vijiapurapu and Cui, 2010 demonstrated
that regular RANS turbulence models, like k—¢, k-w, or Reynolds stress
models (RSM), as well as filtered Navier-Stokes equations along with
Large Eddy Simulation (LES), perform equally well in predicting the
time-averaged flow statistics to study the fully-developed turbulent flow
in circular pipes. The k-w SST model avoids the use of enhanced wall
treatment characteristics from classic k-¢ family models, reducing the
modelling issues. To achieve the y+, the first cell of the model was
placed at a distance of 0.01 mm from the wall. In summary, a total
number of 2.3 M cells, with a [3000x75] cell distribution for every
segment between the leakage joints, was selected. The main parameters
of the numerical model conducted in Ansys Fluent are summarized in
Table 2.

In order to simulate the pressure increase produced by the fan, a
pressure inlet condition is imposed in the duct inlet. On the other hand,
the discharge of the ventilation duct and the exit of the air through the
cracks occurs at atmospheric pressure, therefore a condition of atmo-
spheric pressure is imposed on all the outlets of the domain. Also, a non-
slip boundary condition is fixed at the duct walls.

2.4. Nomograms of auxiliary ventilation systems for tunnelling and
mining

Finally, in order to optimize the energy efficiency and operation
costs, novel nomograms have been developed to design the ducting
system and auxiliary fans considering leaky ducts in forcing systems.
The power of the fan is calculated as a function of class of duct (quality),
tunnel length, airflow rate at the working face, duct diameter, tunnel
altitude and fan efficiency. Tunnels lengths up to 4000 m and duct di-
ameters between 600 and 2,000 mm are considered in the nomograms.
The power consumption is determined considering a time operation of
20 h day ! and efficiencies of the motor and variable frequency drive of
0.97 and 0.965, respectively (IEC, 2014).

2.5. Model validation

The results obtained in the 1D model have been validated with the
CFD simulation. Fig. 4a shows the static pressure along the ventilation
duct 200 m long and 0.6 m in diameter for a B class duct. Fig. 4b depicts
the air leakage flow rate, in percentage with respect to the inlet flow
rate, at every leakage joint. An airflow rate of 10 m® s ™! is considered at
the working face. As it can be seen in Fig. 4, good agreements were
reached between both 1D analytical model and CFD numerical results.

To validate the accuracy of the computational mesh, the non-
dimensional velocity distribution of the streamwise velocity uh
along the radial coordinate in wall units (y*), in the case of a free-leak
duct, has been compared to the empirical correlations which are well-
documented in the literature (Pope, 2000). In particular, Fig. 5a
shows a full match in the inner region of the boundary layer (y* <300)

Table 2

Parameters of the numerical model.
Numerical model Parameter
Solver Pressure-based with PISO velocity coupling
Model 2D Axisymmetric - Steady

Spatial discretization
Gradient calculation
Turbulence model k- SST
Cells number 2.3 million
Convergence criteria 1071

First-order upwind
Least-squares cell-based
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between the CFD results (black dots) and the universal law of the wall
(red line), including the viscous sublayer (y© <5) through the classic
blending equation provided by Van Driest (White, 2005). Precisely, this
agreement confirms that the mesh distribution adopted is sufficient to
resolve the wall-shear flow and guarantees the value of y© ~ 1. As the
distribution evolves towards the duct center (y+ >300), there is a pro-
gressive deviation which is also in complete concordance with the ex-
pected trends from the bibliography. Hence, in the outer part of the
boundary layer (>20% 3, being 6 the width of the boundary layer, i.e.
the radius of the duct), the universal logarithmic law is no longer valid,
with the classic Coles’ law of the deficit for the velocity prevailing
instead (blue line), as also confirmed by the CFD results. Note that no
experimental values are available for the velocity profile in case of
leakage ducts. However, this figure demonstrates that the high-dense
meshes employed for the pipe flow are capable to reproduce with high
fidelity the time-averaged wall-shear flow in the perpendicular direc-
tion, in case of high Reynolds numbers for smooth pipes. In addition, it
has been introduced a progressive mesh along the axis direction (up to
3000 mesh nodes for every segment), which is also clustered towards the
circumferential rings simulating the radial leakages (0.04 mm in length).
Moreover, it has been carefully selected to present an accurate and high-
quality discretization, with similar characteristics and cell sizes to the
perpendicular direction (x* ~ 1).

The results obtained have also been validated with other existing
research works in the literature. Fig. 5b shows a comparative analysis of
the variation of the airflow rate along a ventilation duct 1000 m long
and 915 mm in diameter. The model developed in this study to predict
the quantity of air delivered to the working face has been compared to
the British National Coal Board leakage nomogram and the experimental
models developed by Vutukuri, 1983 and Gillies and Wu, 1999. As seen
in Fig. 5, good agreements have been obtained.

3. Results and discussion
3.1. Analytical model results

The analytical model has been applied to analyze an auxiliary
ventilation system in a dead-end mining roadway 14 m? cross section. A
leaky ventilation duct 200 m long and 0.6 m in diameter has been
considered to predict the air leakage and the required pressure at the fan
outlet to ensure an airflow rate of 10 m® s™! at the working face (Q).
Fig. 6a shows the bulk velocity along the duct for the three duct classes.
Similarly, Fig. 6b represents the reduction of static pressure inside the
duct. In order to take over the expected leakage, an airflow of Qf =
10.47 m® s7! is required for the fan at the tunnel inlet section when a B
class duct (duct in operation) is considered
f =f/VT+=20mm?>m 2 and A = 0.024). The static pressure rea-
ches 6250 Pa (total pressure of 7310 Pa) at the fan discharge. Consid-
ering a typical fan efficiency of 0.75, a power of the fan of 103 kW is
obtained. The required airflow and pressure at the outlet of the fan
decrease when better quality ducts are used.

In order to optimize the design of the ventilation circuit, the model
has been solved for the three duct qualities considering a ventilation
duct 0.8 m in diameter. Fig. 7a represents the longitudinal velocity along
the duct and Fig. 7b shows the pressure drop from the fan to the working
face. Compared to the scenario indicated in Fig. 6, a significant pressure
reduction at the outlet of the fan was obtained, reaching 1460 Pa (total
pressure of 1793 Pa) for B class ducts (red line). Therefore, the power of
the fan decreases down to 25 kW, representing a reduction by 74%. The
size of the mining roadway and mobile equipment should be considered
to select the adequate ducting system in each case. An increase in the
size of the mining roadway allows the installation of a larger diameter
duct but significantly increases the excavation costs.
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Fig. 7. Analytical results considering a leaky duct 200 m long and 0.8 m in diameter. (a) Longitudinal velocity along the duct and airflow at the working face; (b)

Evolution of the static pressure for the three duct classes.
3.2. Numerical model results

To validate the results of the analytical model, a CFD numerical
model has been performed. Fig. 8 shows the velocity vectors in three
different leakage points along the duct. As it can be seen, the air velocity
reaches 65 m s~ ! at the first point and decreases to 32 and 19 m s~ ! as
the flow approaches the end of the tube. The pressure drop and the air
leakage in each leakage joint are presented in Fig. 4, showing good
agreements with analytical model.

3.3. Nomograms of auxiliary ventilation system

The model developed in this study has been applied to investigate the
variation of the airflow rate along the ventilation duct in order to predict
the airflow delivered to the working face. The size of the ducting system
and auxiliary fan is essential to optimize energy consumption and
ventilation costs. The air leakage and the power of the fan are estimated
considering different duct classes and tunnels lengths up to 4000 m.
Fig. 9 shows the analysis of forced ventilation systems considering S
class with duct diameters of 800, 1400 and 2000 mm. Different values of

airflow for the fan are considered depending on the duct diameter. Red
lines represent the variation of the airflow rate from the fan discharge to
the working face depending on the tunnel length. Black lines represent
the fan power in kW for the different fan operating flow rates in m> s~
The air velocity and the total pressure increase strongly when the
diameter of the duct decreases (Fig. 9a). Hence, to avoid problems in the
duct during the operation the air velocity inside the duct must be
limited. The power of the fan is calculated on a logarithmic scale
considering a typical fan efficiency of 0.75 and an air density of 1.2 kg
m~3 (black y-axis in the plots).

Fig. 10 and Fig. 11 represent the nomograms of auxiliary ventilation
systems considering A and B duct classes with active leakage surface of
10 and 20 mm? m~2 and friction factors of 0.018 and 0.024, respec-
tively. The results obtained show that the airflow delivered to the
working face decreases as the length of the duct increases. The air
leakage increases strongly in low quality ducts. In addition, due to the
increase in pressure inside the duct, the delivered airflow rate also de-
creases when the duct diameter is reduced. The power of the fan is
directly proportional to the total pressure and the airflow delivered by
the fan. Considering the same airflow, the fan power decreases strongly

mis Velocity Vector

— S N

FAN
TOTAL
PRESSURE

0.6 m

Fig. 8. Velocity vectors on the leakage points along the ventilation duct.
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1400 mm; (¢) 2000 mm.

when a smaller diameter duct is installed. However, the diameter of the
duct could be limited by the size of the tunnel and the mobile equipment.
The increase in the duct diameter would imply an increase in the size of
the excavation section, implying a significant increase in investment
costs. Considering a B class duct of 1250 m in length with an airflow at
the fan exit of 21 m® s™!, the power of the fan reaches 770 kW with a

duct 0.8 m in diameter. The fan power decreases down to 65 kW and 12
kW for duct diameters of 1.4 and 2 m, respectively.

Finally, novel nomograms have been developed to design auxiliary
ventilation systems in mining and tunnelling and optimize the energy
efficiency and ventilation costs using forced modes and flexible leaky
ducts. Two non-dimensional variables defined as power coefficient (&)
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and energy coefficient (€) have been determined to estimate the power
of the fan and the annual energy consumption. The power coefficient
and the energy coefficient are defined as indicated in Eq. (4) and Eq. (5),
respectively.

Wf'?f
= —lo (4)
¢ e
_ Eyearliy
©= s (ﬂQiF U ) ®

where Wf is the power of the fan (kW), p is the air density (kg m’B),
depending on the tunnel altitude, Q,, is the airflow rate delivered to the
working face, (m® s’l), 1 is the fan efficiency, Eyeqr is the annual energy
consumption (MWh), 5 is the global efficiency considering the auxiliary
fan, motor and variable frequency drive and FU is an utilization factor
that depends on the daily operation time of the fan, being FU = 1 when
the operation time is 24 h day !. Fig. 12 shows the fan power and air
leakage nomogram for S class ducts considering a friction factor of 0.015
and an active leakage surface of 5 mm? m 2. The power of the auxiliary
fan can be calculated as a function of the airflow rate delivered to the
working face, duct diameter, tunnel length, air density and fan effi-
ciency. Depending on the ventilation circuit, duct diameters between
600 and 2400 mm and tunnel lengths up to 4000 m can be selected. Red
lines in Fig. 12 represent the relation between the airflow supplied by
the fan (Qp and the airflow delivered to the working face (Qy), and black
lines represent the power coefficient. Thus, from the airflow supplied by
the fan, the airflow at the end of the duct can be estimated depending on
the selected ducting system. Hence, the air leakage along the ventilation
duct can be easily estimated as the difference between both airflow rates
(Qr -Qu). Fig. 13 shows the energy consumption nomogram for S class
ducts. As the fan power nomogram, duct diameters between 600 and
2400 mm and tunnel lengths up to 4000 m are considered. These pa-
rameters can be applied to most similar underground infrastructures.
Note that lengths greater than 4000 m and different duct diameters can
be easily resolved by applying the analytical model presented in the
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Fig. 12. Fan power and air leakage nomogram for S class considering duct
diameters from 600 to 2400 mm and tunnel lengths up to 4000 m.

present research work, being able to size any auxiliary ventilation sce-
nario from two novel non-dimensional variables that have been defined:
power coefficient (&) and energy coefficient (€). However, these situa-
tions are not recommended because higher duct diameters would be
required to avoid dramatic flow rate leakages, easily higher than 50%
(especially for B class scenario). Blue lines in Fig. 13 represent the en-
ergy coefficient as a function of the duct diameter and tunnel length. The
nomogram represented in Fig. 13 can be used to optimize the energy
efficiency and ventilation costs. Finally, from the non-dimensional var-
iables obtained from the nomograms, the power of the fan and the
annual energy consumption can be calculated by applying Eq. (6) and
Eq. (7). The global efficiency 57 is obtained as indicated in Eq. (8) as a
function of the fan efficiency (177), motor efficiency (4mo) and variable
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Fig. 13. Energy consumption nomogram for S class considering duct diameters
from 600 to 2400 mm and tunnel lengths up to 4000 m.

frequency drive efficiency (17,q). Typical values of 0.75, 0.965 and 0.96
are generally considered for the auxiliary fan, motor and variable fre-
quency drive efficiencies, respectively. A utilization factor of 0.83
(operation time of 20 h day™!) is normally considered when drill and
blast method is used to excavate underground infrastructures.

. O,
Wf - rlf 1 O,: (6)
pQyFU
E . — w
vear =108 @
N =1y ® Nyor ® Nyar ®)

The design of the auxiliary ventilation system can be carried out for A
and B duct classes using the fan power and air leakage nomograms
shown in Fig. 14 and Fig. 16. The values of the non-dimensional variable
& have been determined considering friction factors of 0.018 and 0.024
and active leakage surface of 10 and 20 mm? m~2 for A and B duct
classes, respectively. Finally, energy consumption nomograms and en-
ergy coefficients for A and B duct classes are shown in Fig. 15 and
Fig. 17, respectively.
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Fig. 14. Fan power and air leakage nomogram for A class considering duct
diameters from 600 to 2400 mm and tunnel lengths up to 4000 m.
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Fig. 15. Energy consumption nomogram for A class considering duct diameters
from 600 to 2400 mm and tunnel lengths up to 4000 m.
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Fig. 16. Fan power and air leakage nomogram for B class considering duct
diameters from 600 to 2400 mm and tunnel lengths up to 4000 m.

A comparative study has been carried out using the nomograms
developed in the present study. A leaky ventilation duct 1000 m long has
been analyzed for the three duct qualities considering an airflow rate at
the working face of 25 m® s, air density of 1.2 kg m~3, fan efficiency of
0.75, motor efficiency of 0.965, variable frequency drive efficiency of
0.96 and FU = 0.83. The airflow rate at the fan discharge, non-
dimensional variables, fan power, air leakage along the ducting sys-
tem and annual energy consumption have been calculated considering
duct diameters of 1.4 and 1.6 m. The results obtained can be observed in
Table 3 and Table 4. A significant increase in fan power and air leakage
has been observed for both duct diameters as duct quality worsens. The
increase in fan power implies an increase in annual energy consumption,
which increases from 529.32 MWh in the S-class duct to 1,017.61 MWh
in the B-class duct. Increasing the duct diameter to 1.6 m, the fan power
and the air leakage decrease significantly. The annual energy con-
sumption is reduced by 48.44%, 49.16% and 50.68% for duct classes S,
A and B, respectively, when the duct diameter increases from 1.4 to 1.6
m. According to the economic analysis presented in Table 5, although
the cost of the duct 1.6 m in diameter is higher, due to energy
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Table 3
Design of auxiliary ventilation system. Leaky duct 1000 m long and 1.4 m in
diameter.

Diameter 1.4 m S Class A Class B Class
Q/Qw 1.030 1.066 1.156
Power coefficient, & 2.571 2.470 2.287
Energy coefficient, € 1.628 1.528 1.344
Wy (kW) 67.17 84.68 129.14
Qm3s™) 25.75 26.66 28.90
Air leakage (m®s™1) 0.75 1.67 3.91
Eyeqr (MWh) 529.32 667.25 1,017.61
Table 4

Design of auxiliary ventilation system. Leaky duct 1000 m long and 1.6 m in
diameter.

Diameter 1.6 m S Class A Class B Class
Q/Quw 1.025 1.054 1.127
Power coefficient, & 2.858 2.764 2.594
Energy coefficient, € 1.916 1.821 1.651
Wy (kW) 34.63 43.05 63.69
Qm3s™) 25.61 26.35 28.18
Air leakage (m® s™!) 0.61 1.35 3.17
Eyeqr (MWh) 272.91 339.22 501.86

Table 5

Economic analysis. B class duct 1000 m long and 1.4-1.6 m in diameter.
Parameter Dia. 1.4 m Dia. 1.6 m
Duct cost (€) 15,000 20,000
Duct installation cost (€) 22,000 22,000
Energy consumption (MWh year™!) 1,017.61 501.86
Electricity cost (€ MWh™1) 160 160
Energy cost (€ year 1) 162,818 80,298

consumption, the ventilation costs can be significantly reduced by
increasing the diameter from 1.4 to 1.6 m. Thus, the annual ventilation
costs are reduced 77,520 €, representing a reduction in cost by 39%.

4. Conclusions

In this work, analytical and CFD numerical models have been con-
ducted to investigate auxiliary ventilation systems with flexible ducts in
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tunnels and mining roadways. Air leakage and pressure drop along the
duct have been analyzed considering three different duct qualities ac-
cording to the Swiss Standard SIA 196 (S, A and B). In order to ensure the
required airflow rate at the working face and optimize the energy effi-
ciency and ventilation costs, the sizing of the fans and ducting system is
carried out. The results obtained in the analytical model have been
validated with the CFD numerical model. Good agreements were ob-
tained between the CFD numerical approach and the analytical results.

A leaky duct 200 m long and 0.6 m in diameter has been selected as a
case study in a 14 m? cross section mining roadway with an airflow rate
at the working face of 10 m® s, The results obtained for a B class duct
(typical duct class in underground excavations) indicate that the fan
power reaches 103 kW with an air leakage along the ventilation duct of
0.47 m® s1. In addition, it has also been observed that the air leakage
along the ventilation duct increases when the fan total pressure in-
creases, reducing the airflow rate at the working face. The fan power and
the air leakage decrease for S and A duct classes. Increasing the duct
diameter to 0.8 m, the fan power decreases down to 25 kW, representing
a reduction by 75%. The ventilation system can be improved to reduce
the pressure and minimize the air leakage along the duct. The connec-
tions between the duct segments could be tightened and the ruptures in
the wall should be repaired.

Additionally, in order to analyze auxiliary ventilation systems for
different tunnel lengths, novel nomograms have been developed to
optimize the energy efficiency and ventilation costs. Two non-
dimensional variables have been determined to estimate the air
leakage, power of the fan and annual energy consumption. Different
duct qualities, fan efficiencies, air densities and utilization factor of the
fans can be selected with duct diameters between 600 and 2400 mm and
tunnel lengths up to 4000 m. A case study of a tunnel 1000 m long with a
duct diameter of 1.4 m and an airflow at the tunnel face of 25 m® s~ has
been selected. Using the nomograms for a B class duct, a reduction in
annual ventilation costs of 39% would be obtained by increasing the
diameter of the duct to 1.6 m.

The size of the tunnels and mobile equipment should be considered
to select the adequate ducting system in each case. An increase in the
size of the tunnel allows the installation of a larger diameter duct but
significantly increases the excavation costs.

This work includes a scientific analysis combined with a novel
practical application which allows for quick and reliable sizing forced
ventilation systems in tunnels and mines, directly obtaining the power of
the fan, the air leakage and the annual consumption of electrical energy.
Therefore, the results obtained can be used by mining and tunneling
engineers to design and optimize forced ventilation systems considering
different fan efficiencies and air densities (tunnel altitude). Therefore,
the models developed in this work allow a reliable technical and eco-
nomic decision to be made, optimizing the ventilation costs. Specific
friction coefficients according to the duct class and operation airflow
rate and random system of holes with different diameters could be
considered in future research works.
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