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Abstract

In this paper, we present a novel air flow modeling strat-
egy for deep wells that is suitable for real-time control
of large-scale systems. We consider the mining venti-
lation control application, where specifically designed
models are crucial for new automation strategies based
on global system control and energy consumption op-
timization. Two different levels of complexity are pro-
posed. Starting from a general model based on Navier-
Stokes equations, we derive a 0-D, Bond Graph model.
This model is used to set a real-time simulator for the
mine aerology problem.

1. Introduction

Traditionally, the control of large-scale systems,
such as mining ventilation, has been performed locally
with decentralized control actions. The termscontrol
andoptimizationconsequently refer to the preliminary
design of the global system and automation devices.
Mining ventilation provides for an interesting exam-
ple of the automation evolution for large-scale systems.
After a short bibliographical investigation, without any
pretention of completeness, we can track mathemati-
cal modeling efforts back to 1968, where a steady-state
compartmental model was proposed for flow networks
with complex topology [1]. In 1973, new results on
the experimental determination of turbulent diffusion
coefficients were presented in [2], indicating a motiva-
tion for more advanced models. We have to wait un-
til the 90’s to find the first use of Navier-Stokes equa-
tions, with simplified chamber-like [3] and general mine
aerology [4] models. The associated problems of non-
linearity and nonstationary behavior, high dimension-
ality and numerical issues have been quickly reported
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[5]. This short historical overview also illustrates the
parallel evolution of magnetic ventilation modeling and
computation capability.

Mining engineers have been primarily concerned
with the proper design of ventilation tunnels, fans and
turbines, and more generally the short and long term
planning of ventilation requirements [6]. Recent tech-
nological developments, in the fields of embedded con-
trol and wireless sensing capabilities, motivate some
new research efforts seeking global automation strate-
gies that would allow for an optimized real-time control
of the ventilation system. The novel socio-political con-
cern for energy consumption and increase of electricity
prices in a context of worldwide competition also mo-
tivate theoretical research leading to improved control
algorithms.

In this paper, we address the problem of defining a
proper physical model of the air flow in a deep well with
point-wise exhausts for real-time control applications.
More precisely, we define a novel model for the main
ventilation shaft, extraction rooms and exhaust, where
the aerodynamics depends on the atmospheric condi-
tions, surface heater and turbine, underground fans op-
eration and extraction rooms flow conditions. Starting
from the full Navier-Stokes equations (conservation of
mass, momentum and energy) a 0-D model, based on
a bond-graph approach, is proposed to model the full
mine aerology problem. This model includes the main
aerodynamics and has the necessary real-time capabil-
ities for future developments of model-based control
strategies, as illustrated by the simulations.

The paper is organized as follows. First, the mining
ventilation problem is described and the main physical
properties are provided. A 2-D model based on Navier-
Stokes equations is presented in Section 3. The bond-
graph 0-D model is addressed in Section 4 and followed
by simulations results that detail the dynamics of the
flow for a specific test-case.



Figure 1. Airflows in an underground mine.

2. Mining ventilation description

The mine ventilation topology considered in this
work is presented in Figure 1, where fresh air is car-
ried from the surface to the extraction rooms through a
vertical inflow shaft and is expelled through an exhaust
shaft. From a control perspective, this ventilation sys-
tem can be divided into two subsystems:

• the primary system, which corresponds to the in-
flow shaft and associated automation devices. Its
dynamics is governed by the Navier-Stokes equa-
tions (including the compressibility, viscous losses
and thermodynamic effects), due to the large mass
flow rate and the length of the shaft considered.
The regulated inputs are the heater (used during
winter in northern countries to prevent freezing in
the shaft’s entrance) and turbine powers. The fans
as well as atmospheric conditions act as known
disturbances on this system. The primary system
provides the fans with an appropriate flow pres-
sure, which is then the regulated output;

• thesecondary systems, which include the airflows
between the fans (included) and the extraction
rooms exits. Note that there is one secondary sys-
tem for each extraction level. For this system, the
aerodynamics of the flow can be greatly simpli-
fied in comparison with the uncertainties induced
by the complexity of the chemical processes. We
then consider the airflow in the tarpaulin tubes as
inviscid, incompressible and adiabatic, and use a
semi-empirical model for the chemical processes
that strongly relies on the use of a wireless sen-
sor network in the extraction room. The secondary

system is actuated by the fans, the regulated output
is the gas concentration in the room and the verti-
cal shaft pressure as well as the number of trucks
in the room are known disturbances.

The interconnection between the two subsystems is
the pressure at the fans location, which is a key param-
eter to investigate the relative efficiency of the turbine
with respect to the fans to ensure that the room gas con-
centration is within safety bounds.

The global modeling and control problem is then
divided into two subproblems:

• one that is driven by continuous dynamics and for
which we can obtain a precise model from physical
laws (inflow shaft);

• one with hybrid dynamics (the discrete part being
the number of trucks in the room) and a highly un-
certain model, thus strongly relying on the avail-
able measurements (secondary systems).

Detailed modeling and control of the secondary
system is addressed in the companion papers [8, 9]. The
present paper is focused on the aerodynamics modeling
in the ventilation shafts, highlighting the behavior of a
large airflow in a deep well, and the secondary systems
are considered as smaller tubes with an expansion at the
extraction rooms locations.

3. Navier-Stokes 2-D model

We consider the compressible and viscous laminar
flow in the vertical ventilation shaft presented in the left
part of Fig. 2(a), wherex is the vertical direction (with
x = 0 at the ground level andx = L at the bottom of the
shaft) andy indicates the position along the diameter.
This flow is characterized by its densityρ(x,y, t), ve-
locity V(x,y, t) = u(x,y, t)i+v(x,y, t)j (wherei andj are
unit vectors in thex andy directions), pressurep(x,y, t)
and temperatureT(x,y, t).

The dynamics of the flow is obtained from the con-
servation of mass, momentum and energy, along with
the perfect gas equation of statep = ρRT, whereR is
the specific gas constant, and the hypothesis that the gas
is calorifically perfecte = cvT, wherecv = R/(γ − 1)
(γ = 1.4) is the specific heat at constant volume. Choos-
ing a conservativeform (in the numerical sense) of
Navier-Stokes equations, we have that [10]:
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where⊗ is the tensor product of two vectors,τ is the
shear stress vector,k(x,y, t) is the thermal conductivity,



(a) 2D model (b) Averaged model

Figure 2. Vertical shaft aerodynamics: 2-D
model and volume-averaged approximation.

H = E+ p/ρ is the total enthalpy,E is the total energy
per unit mass and ˙q(x,y, t) is the rate of heat addition
(see [11] for a precise description). Using the subscripts
to indicate the partial derivatives dependency,τ is com-
puted from
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whereµ(x,y, t) is the viscosity andλ (x,y, t) is the bulk
viscosity coefficient. They can be computed using
StokesandSutherlandapproximations as

λ = −
2
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where thesl subscript denotes the sea level condi-
tions. The thermal conductivity is obtained fromk =
1.45 µcp, wherecp = γR/(γ −1) is the specific heat at
constant pressure.

Another possibility is to use the experimental re-
sults presented in [12], where turbulent diffusion and
heat conduction coefficients in underground mines are
proposed. Such model can be adapted to the set of equa-
tions (1) thanks to a proper definition of the shear stress
vectorτ.

As we are considering a viscous flow, specific care
should be taken in the definition of the boundary con-
ditions (BC). The inflow BC are the same as in the in-
viscid case but the wall conditions are greatly modified
(no-slip BC on velocity and temperature status set by
the geothermal effect). The outflows BC are also criti-
cal, as the fans operation may destabilize the numerical
scheme. The presence of boundary layers implies a par-
ticularly refined mesh close to the walls.

Arbitrary initial conditions (i.e. the sea level ones)
and a classical discretization scheme, such asMacCor-
mac’s predictor-corrector method, can be used for sim-
ulation purposes.

4. Bond graph 0-D model

Non-dimensional modeling has an increasing use
in the design, validation and tuning of control laws. The
two main advantages of this approach are the integra-
tion of as many physical properties as possible (avoid
data mapping) and a reduced computation time (close
to real-time, approximately 10 times slower in the worst
cases). It then allows for predictive models on non-
identified operating points with satisfying computation
times. The model components presented here are di-
rectly inferred from [13, 14] and based on 1D Euler
equations (inviscid flow hypothesis). This section is fo-
cused on the main dynamics of the model and its ap-
plication to the mining case, leading to the bond graph
representation. We refer to [14] for a more detailed de-
scription.

This model is based on Euler equation by consider-
ing the time differential equation
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which is discretized using finite volume method. The
flow dynamics in a given control volume are directly ob-
tained by considering time differential operator∂ · /∂ t
as the source of internal flow dynamics and the gradient
operator∇ as the difference between output and input
flow conditions (see [13] for more details). The result-
ing dynamics are simplified thanks to the hypotheses:

H1) Only the static pressure is considered, implying
that the kinetic energy term in the energy conser-
vation equation is omitted (E = U , the internal en-
ergy);

H2) The impulsive term is negligible compared to the
pressure:ρv2 << p in the momentum conserva-
tion equation.



The conservation equations are then written as
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wherem is the mass,Qm(t) = ρSv= L/S
∫ t

0 ∆p(s)dsthe
mass flow,h = cpT the mass enthalpy,S the flow cross
section andL the control volume length. The subscripts
i and o denotes the input and output components, re-
spectively.

Figure 3. Bond graph model of the control vol-
ume.

Note that the enthalpy flow is directly obtained as
Qh = QmcpT. The pressure and temperature are ob-
tained from the state variables using the first Joule law
(U = mcvT) and the perfect gas relationship as

T =
γ −1

R
U
m

and p = (γ −1)
U
v

(4)

Pressure losses are typically linear or singular, and mod-
elled thanks to Bernoulli’s equation (supposing incom-
pressibility) as∆P= ζQ2

m/(2ρS2), whereζ is a friction
coefficient.

Bond graph description (see Fig. 3) can now be in-
troduced with capacitiveC (mass and energy conserva-
tion), inductiveI (momentum equation) and resistiveR
elements. The efforts are the pressure and temperature,
and the flows are the mass and enthalpy. The resistive
elements are introduced to approximate the momentum
equation with the algebraic Saint Venant relationship
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(5)

whereCd is an experimentally-based correction factor.
This approximation reduces the numerical instabilities
introduced by the inductive term and allows for a larger
computation time-step.

Figure 4. Fan specification map (blue points:
experimental values).

The turbine and fans are compressors that gener-
ate a flow depending on a pressure gradient and a ro-
tational speed. Their characteristics depend on specifi-
cation maps such as the one presented in Fig. 4. The
fans enthalpic flow simply write asQh = QmcpT. Sup-
posing adiabatic and isentropic compression, the output
temperature is obtained as
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whereηc is a conversion efficiency factor. The bond
graph model is finally constructed from the previous ef-
fort and flow relationships, using (4) and (5) for the ca-
pacitive and resistive elements, respectively.

5. Simulation results

The inflow and outflow ventilation shafts are both
discretized with 28 control volumes. The extraction
levels (3 in this simulation) are modelled with a room
and two control volumes on each side, as presented in
Fig. 5. Heat exchange is introduced, in each control vol-
ume, to take into account the geothermal effect. This is
modelled withQp = HcS∆T, whereHc depends on air
temperature and flow. The resulting simulator, coded
in Simulinkr, allows for the regulation of the turbine
and fans. Flows, pressures and temperatures in each
control volume can be measured. The case study pre-
sented here corresponds to the following scenario: the
turbine rotation speed is increased from 260 to 280 rpm
at t = 1000s, the 1st level fan is not operated, the 2nd

level fan goes from 0 to 150 rpm att = 2000s and the
3rd level fan is operated at 200 rpm during the whole
simulation. ACO pollution is injected att = 500sdur-
ing 80s in the 3rd level room. The time evolution of the



Figure 5. HynX 0D model of the mine ventila-
tion.

flow, pressure, temperature and pollution is measured at
the surface and extraction levels.

The simulation results presented in Fig. 6 illustrate
the time evolution of the physical and chemical air-
flow properties for the scenario described above at dif-
ferent depths. The pressure losses in the inflow shaft
(Fig. 6(a)) show the energy losses associated with the
flow transport in a deep well, the increase associated
with the turbine extra-actuation and the drastic pressure
losses that occur when the fan 2 is switched on. The
rooms ventilation rate (Fig. 6(b)) highlight the physical
interconnection between the rooms and the importance
of a global control strategy for the primary system.

The temperature evolution (Fig. 6(c), where we
chose a particularly cold initial condition to empha-
size the dynamics) is driven by the geothermal effect
and strongly affected by the fans compression. We
are also able to take into accountNOx and/orCO pol-
lutant and track the concentration evolution along the
exhaust shaft (Fig. 6(d)): the time-delay effect associ-
ated with the transport phenomenon is particularly high-
lighted. The computation time is very satisfying as the
simulation is 34 times faster than real-time in an Intel
Centrinor 1.83 GHz PC.

The proposed 0-D model efficiently provides for a
fast and representative global model for the mine venti-
lation problem. Indeed, a good quantitative estimation
of the main dynamics and associated delays is obtained
despite the relatively low number of states. The preci-
sion can be increased by increasing the number of con-
trol volumes and the associated number of state vari-
ables, but it has a direct consequence on the simulation
time. The proposed simulation is based on 142 state
variables (28 cells per shaft, 5 cells per extraction level
and 2 states per cell) and is 34 times faster than real-
time, which is particularly appropriate for the design of
control laws.

Conclusions

In this work, we addressed the problem of provid-
ing an appropriate model for mining ventilation con-
trol as a modeling problem focused on the flow aero-
dynamics. Two different classes of models were con-
sidered: the classical 2-D Navier-Stokes equation and a
0-D bond-graph model. Several issues, such as turbu-
lence, nonlinearities and interconnections, were briefly
discussed. The main objective of theses models is to
motivate future works on model-based real-time control
(simulation results of the 0-D model illustrate its useful-
ness for such applications), advanced PDE-based con-
trol strategies (1-D model) or the development of com-
plex simulators for flows analysis (2-D model).



(a) Pressure losses in the inflow shaft

(b) Extraction rooms ventilation rate

(c) Extraction rooms temperature

(d) CO pollutant concentrations in the exhaust shaft

Figure 6. Simulation results for a 3-levels mine.
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