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ABSTRACT: Computer software has been developed to link real time information generated by underground
mine ventilation airflow monitoring sensors into a network simulation program to undertake network simula-
tions and allow interpretation of key system data and operational changes. Results were used in the develop-
ment of a computerized monitoring and simulation system to provide immediate or real time data on air be-
haviour within each branch within an underground mine ventilation network through linking of sensors to the
ventilation network simulation software. The outcome of the project is an online system which can report
changes in the mine ventilation system, allow causes of changes to be isolated and rectified, improve balanc-
ing of available air throughout the mine, allow improved approaches to regulator setting and dispense with
much of the labour used for underground ventilation measurement. The main work activities involved in the
research program have involved examination and modelling of regulators used in two Australian mining (coal
and metalliferous) environments, software modification and considerable mine site testing and optimising ac-
tivities. The mathematical modelling of airflow through a variety of mine regulators was an important part of
the project and this aspect is discussed. There is some discussion on approaches to control of flow through

ventilation systems with increased information.

1 INTRODUCTION

The fundamental requirement of ventilation is to
provide controlled air distribution within the under-
ground mining operations to satisfy statutory and
safety requirements with respect to ventilation quan-
tity and quality. Ventilation design then facilitates
this distribution while using modelling and predic-
tive tools. The analysis of an operational ventilation
network during both normal and abnormal condi-
tions can be very complicated both on a theoretical
and analytical level, requiring computer based solu-
tions. Monitoring systems provide the ability to ob-
serve many aspects of the underground environment
simultaneously. Robust, suitable and intrinsically
safe instruments are available for measurement of,
for instance, gas concentrations, air velocity and air
pressure. These are often tied to extensive mine
monitoring and communication systems.

One approach to establishing air quantity through
a ventilation branch is through measurement of dif-
ferential pressure across an opening or regulator.
Mathematical relationships are available to relate
(with some qualification) pressure drop and quantity
through a regulator orifice placed symmetrically in a
round flow conduit. However these can, at best, only
be used to approximate mine regulator behaviour

due to the irregularity of mine regulators in shape,
symmetry and their positioning in mine airways, the
construction of the mine regulator opening and un-
controlled air leakage through the regulator or adja-
cent bulkhead.

The study briefly describes efforts to characterize
or mathematically model regulators. It then describes
how this information is used in the development of a
computerized monitoring and simulation system to
provide immediate or real time information on each
branch within an underground mine ventilation net-
work through linking of sensors to the ventilation
network simulation software.

The outcome of the study is an online system
which can report changes in the mine ventilation sys-
tem, allow causes of changes to be isolated and recti-
fied and improve balancing of available air through-
out the mine, It is envisaged that in time the real
time model will be an integral part of an online mine
wide planning, monitoring and control software plat-
form that will be updated continuously along with
the mine plan. The main steps involved in examina-
tion and modelling of regulators, software modifica-
tion and considerable mine site testing and optimis-
ing activities are described.



2 THEORY OF REGULATORS

A regulator can be described as a large thin plate
with an orifice installed in a fluid conduit. When a
difference in pressure exists between the two sides
fluid flows in the pattern shown in Figure 1. On the
low pressure side the fluid issues as a converging jet
in line with the centre of the orifice. The jet con-
verges to its smallest area at a distance of about half
the orifice diameter (Le Roux, 1990). This area is
called the vena contracta (Ac at Fig. 1). The ratio
between vena contracta and orifice area is the coef-
ficient of contraction , C. (Ac/A; at Fig. 1).

Figure 1. Airflow pattern through an orifice (after Burrows et
al, 1989).

McElroy (1935) found that the C. value is a rela-
tion between the ratio of the orifice and airway cross
sectional area, N (A//A at Fig. 1). Bernoulli s equa-
tion can be applied to both sides of the orifice as
shown in Figure 1 in order to calculate the velocity
and hence the airflow quantity.

A correction must be made for the contraction of
the jet at the vena contracta. The velocity equated
based on Bernoulli s equations is the velocity at the
vena contracta. Therefore, the velocity at the orifice
can be obtained with the following equation:
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Since airflow quantity through regulator Q =V, A,
it follows that:
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where A, is orifice opening area in m.
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3 FIELD TESTS OF REGULATORS

Field tests on several types of regulators were con-
ducted at various underground metalliferous and
coal mines. Initially verification of air behaviour in
flow through regulators was investigated. Parameters
measured were airflow quantity and pressure drop
across regulator. From pressure drop measurements,
airflow quantity through regulators can be calculated
with Equation 2. Results of this calculation can be
compared with measured values and the reasons for
significant differences investigated.

3.1 Drop board regulator tests

The regulator tested at the University of Queensland
Experimental Mine (UQEM) is the drop board type
as shown in Figure 2. Details of the tests and equa-
tions derived to account for leakage during meas-
urements were described and discussed by Wu et al
(2003) and Gillies et al (2002).
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Figure 2. Drop board regulator tested at UQEM.

The relationship between the regulator opening
area (A;) and total resistance (R;) can be derived as
shown in Figure 3. Based on this, pressure and air-
flow quantity relationships can be calculated from
mine regulator impedance characteristic curves.
These can be drawn for different mine configura-
tions as shown in Figure 4.
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Figure 3. Relationship between new total resistance and regula-
tor opening area.
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Figure 4. Drop board regulator characteristic curves.



3.2 C-section regulator tests

Similar tests were conducted on Drop Board style C-
section regulators. Figure 5 shows a photographic
view and the engineering drawing of a C-section
regulator used by an Australian mine. The regula-
tors were installed in either half or full sizes depend-
ing on the magnitude of the airflow regulation re-
quirements and the locations.
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Figure 5 Photographic views and engineering drawing of a half
size C-section regulator.

A half size ventilation regulator may consist of up
to a total of 16 C-section galvanised steel boards,
which are secured with humpback split pins to the
frame structure. The full sized version is two of
these regulator frames placed side by side. The frame
structure is secured in place using rock bolts to the
concrete floor base. Packing is used to seal the bulk-
head around the regulator frame structure. Dimen-
sions of each C-section board are 1.65 m in width
and 0.2 m in height. The maximum opening area of a
half size C-section regulator is 5.28 m?.

Several test series were also undertaken to verify
the relationship between the equivalent total regula-
tor resistance, Ry, and equivalent opening areas, A, at
various locations at the same mine. Figure 6 shows
the calculated relationships between R; and A, for the
C-section regulators. It can be seen that the relation-
ships are similar to the relationship established from
the drop board regulator tests.
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Figure 6 Relationship between R, and A, for C-section regula-
tors.

In Figure 6, a theoretical relationship between the
equivalent resistance and the opening area of a regu-
lator similar to the approximation equation proposed
by Le Roux (1990) was also included with assump-
tions made to account for the general mining condi-
tions, for example, C. @ 0.64 and /(1-N°) @ 1.
Therefore a value of 1.1 was suggested to replace
these terms and R; can be calculated from the follow-
ing equation at standard air density of 1.2 kg/m®,

R, =1.452A 7% @

In Figure 6, it can be seen that the equivalent total
resistance calculated from the tests was lower than
the theoretical regulator resistance. As mentioned
before, the equivalent total regulator resistance also
takes into account resistances of the leakage paths
which parallel air paths through the regulator open-
ing. It is expected that the values of R; will be lower
than the regulator resistance itself.

3.3 Louvre regulator tests

Tests were carried out on louvre type regulators.
This type of regulator is popular in Australian coal
mines and an example is shown in Figure 7. Gener-
ally a double vehicle door design has louvres placed
within panels of both doors. The louvre blades can
be adjusted to various angles to control airflow. In
this test both left and right doors could be set at nine
positions. Tests were undertaken both by holding
one side fixed and varying the other and by varying
both sides. Relationships between resistance and the
equivalent opening areas are shown in Figure 8.
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Figure 7 An example of a louvre regulator.
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Figure 8 Relationship between R; and A, for louvre regulator.



It would appear that both aspects follow a similar
relationship to that observed for the drop board or C-
section regulators tested. There is no doubt that the
resistance values increased as the equivalent opening
areas decreased. However, it is suspected that due
to the nature of fluid flow through louvre blade set-
tings, the relationship between the resistance and
equivalent opening areas is more complex than drop
board flow behaviour. A literature review on louvre
regulators indicated that limited research had been
conducted on louvre flow behaviour.

3.4 Roller door regulator tests

Use of a roller door as a ventilation regulator was
examined. Adjustment of the height of this door is
undertaken via an automated control system. There
is very little information on the use of roller doors as
ventilation regulators and on the automation of such
a system.

A roller door was installed for trial purpose as
shown in Figure 9. Basically the roller door works
like a Venetian blind, that is the lifting belt (made
from sling material) is attached at the bottom corners
of the door leaf and runs up inside the side guides to
the drive assembly at the top. As the drive winds the
belt, it lifts the bottom beam and each successive
horizontal aluminium beam stacks on the top caus-
ing the vinyl coated fabric to billow out on the both
sides as the air is expelled.

Several regulator characteristic tests were carried
out to establish the relationship between R; and A,.
The following figure shows the relationship between
R; and A, for roller door tested. It should be noted
that the air quantity and pressure was very low dur-
ing the tests. Therefore, the calculation of equiva-
lent resistance from measurements was difficult.

Figure 9 Schematic and photographic views of a roller door
regulator

Also as one of the tests was conducted when the
roller door was installed without a proper bulkhead
built around it, a temporary brattice was erected to
stop the airflows around the door. For this reason
the leakage was substantial which means the equiva-
lent resistance of the roller door regulator structure

tested was much lower. As measurement was taken
with the door fully closed it was possible to work out
the equivalent resistance of the leakage paths around
the door structure and then back calculate the resis-
tance of the roller door only, Rgoor, Without the leak-
age paths as shown in the Figure 10. It can be seen
that it gives a much better comparison with the theo-
retical relationship between R;and A..
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Figure 10 R; vs. A, for Roller Door regulator tested

It is proposed that further tests should be under-
taken under higher air pressure and quantity condi-
tions with a proper bulkhead built around the roller
door regulator. In summary, the behaviours of vari-
ous types of regulators examined can be described
by the equations shown in the following table.

Table 1 Summary of equations for various regulators tested

Type of Regulator
Drop Boards

Regulator Equations*
R, = 0.9998A,°*

C-sections R, = 0.7685A, 1761
Louvre R, = 1.2000A, 757
Roller Door R, = 0.6195A, 1816

* Equations derived from multiple test results.

4 REAL TIME MINE VENTILATION SYSTEM

The aim of this mine ventilation research was to de-
velop a computerised monitoring system to provide
immediate or real time simulated information on
each branch within an underground ventilation net-
work. The system measures airflow or air pressure
changes in selected ventilation branches and simu-
late flows through all other branches. This new ap-
proach to ventilation provides improved understand-
ing of airflows through all mine sections. The
popular Australian ventilation simulation modelling
program Ventsim has been used as a simulation
engine within the system. This software has been al-
tered by the program author, Mr Craig Stewart, o ac-
cept real time information generated by underground
mine ventilation monitoring sensors, undertake net-
work simulations and interpret key system data and



operational changes. Once the simulation program
has updated readings it can remodel the whole mine
system, report the flows in all branches and compare
individual branch readings with expected values.
Initially, the UQEM was used to test the integra-
tion of a telemetry system into the Ventsim net-
work analysis environment. The mine airflow moni-
toring system consisted of one El-Equip Flosonic
and two vortex shedding Sieger BA5 air velocity
sensors. The Flosonic air velocity sensor is an ultra-
sonic anemometer measuring the average air velocity
value across a drift (Casten et al, 1995 & McDaniel
et al, 1999). The aim of this testing was to use the
system to monitor changing ventilation conditions,
to establish airflow characteristics within the UQEM
and to observe the resimulated network results. De-
tails of the integration of the UQEM real time venti-
lation monitoring system including Ventsim modi-
fication have been described by Gillies et al (2000).

4.1 Real Time Ventsim Modifications

Real time monitoring and simulation functions have
been built into a recent version of the original Vent-
sim network simulation program. To run network
simulation with real time data input, real time sen-
sors installed in the ventilation network need to be
initially numbered. Details of the real time sensors
were input and edited in the Remote Station database
as shown in Figure 11.

The Remote Station database consists of a list of
remote locations and their detailed information such
as type of sensors (up to five sensors for each sta-
tion); unit of real time data, scale factor, alarm levels
(low and high) for each sensors; location of real time
input data file; sampling interval. Users have the op-
tions to select whether they want the real time

Ventsim to update airflow values, re-simulate
network and activate alarm or not. Up to 50 differ-
ent remote stations may be stored within the current
version of real time Ventsim .
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Figure 11 Example of information required for real-time input
stations

The real time data from underground remote sta-
tions must be made available to Ventsim through a

text file with a specified format that can be recog-
nised by Ventsim and stored in the directory as
specified in the Input Data File path. A specific tab
delineated text file format is required by real time
Ventsim as follows.

Table 2 Specific data format required by real time Ventsim

Station, Date, Time, Sensorl, S2, S3, S4, S5

1 13/06/2003 14:58:28 287 000 000 000 000
2 13/06/2003 14:58:28 438 000 000 000 000

Once the details of each remote station are stored
in the real time Ventsim , a remote station number
needs to be selected in the Airway Edit window as
shown in the following figure for each airway con-
taining real time sensors. If a remote station in a
particular airway is selected all sensor data (for in-
stance air velocity, quantity, differential pressure and
various gas levels) will be available to Ventsim for
display or for network simulation purposes. Once all
airways with remote stations have been edited, the
network can be simulated with real time data.
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Figure 12 Airway Edit Windows with Remote Station Selection

4.2 Trial at Capcoal Central Colliery

Capcoal s Central Colliery located in the Bowen Ba-
sin was the first modern underground longwall op-
eration in Queensland. Central colliery has an an-
nual production of 2.5 million tonnes per year
(mtpy). Longwall operations at the colliery have
spanned over 16 years.

It was determined that the ventilation system at
Central needed to be closely monitored with the in-
stallations of louvre type regulators and real time
sensors at strategic locations throughout the mine as
delivering required air quantities to the operating
faces was becoming difficult due to the high mine
resistance. Various airflow sensors were investi-
gated initially for the project. Certain problems had



been identified with air velocity sensors using vane
anemometers, thermal mass cooling, and vortex
shedding techniques. All of these sensor types
measure spot air velocity instead of average air ve-
locity. They are found to be difficult to re-calibrate
to variable airflow requirements in operating mines
and the output signal has a tendency to wander
away immediately ~ following  re-calibration
(McDaniel, et al, 1999). The unreliability and lack
of repeatability of these instruments will hamper the
continued development and use of these types of
sensors in mining industry. It was determined to in-
stall differential pressure sensors across regulators to
measure the pressure drop induced by the shock loss.

A total of eight underground remote monitoring
stations using intrinsically safe differential pressure
sensors were installed for the trial at Central Col-
liery. An additional four remote stations with moni-
toring data for surface fans were also included in the
system. Details of these monitoring stations and their
status are shown in the following table. In Capcoal
Central Colliery, real time underground monitoring
data are displayed on their mine control and moni-
toring system  Microview. This information is dis-
played in a purpose made page as shown in the Fig-
ure 13.

An example display of the Capcoal Central Col-
liery real time Ventsim model with live data is
as shown in Figure 14. Due to the site operational
constraints, currently, only five real time sensors
have been included in the Capcoal Central Colliery s
real time Ventsim model. However, during the
trial it was found that the system has the ability to

update the mine ventilation network model and keep
this mine planning tool current. Mine ventilation
models are normally static simulation models that
are accurate when calibrated after a mine ventilation
survey. Even with care in frequent updating, models
will tend to lose accuracy. The real time approach al-
lows the model to be seen as a dynamic entity that

can be tested for its accuracy at any time without the

effort of undertaking a full ventilation survey.

Table 3 Details of Remote Monitoring Stations Information at

Central Colliery

Stations Locations Type of Data

1 31-32ct A Heading Differential Pressure
2 47-48ct A Heading Differential Pressure
3 folrlTG Homotropal regula- Differential Pressure
4 311 MG regulator Differential Pressure
5 311 MG 2ct B-C Heading Differential Pressure
6 312 MG 2ct B-C Heading Differential Pressure
7 64-65ct E Heading Differential Pressure
8 Surface Station Barometric Pressure
9 Borehole Fan 311 Air Quantity

10 Borehole Fan 311 Differential Pressure
11 Main Fans Air Quantity

12 Main Fans Differential Pressure

¢ Macro¥iew Mavigator: Overview - Pressure & Heat Monitor - Page:11/31 = ﬁliﬂ
JJ[ || "[TUBE11.CH4 = 14.50 Ju=3 i |
Tube Bdl 11 7th hdar 12:40:48
|ITGPFLT(LONGWL2) OUT OF ALARM (TailGate Protec F Bugruiaw yi[FF niEt vl 4l
L g A
Pressure and Heat Monitoring ] a8
Station Charmel Type Location Lewel il ﬂ,
Mumber Mumber ﬁn&l
Station 1 1 Relative Hurnidity 32 CT C-D Helgy 00 X —
2 Temperature 32 CTC-D Hdy 0.0 DegC %
5 Pressure 31-32 CT A Hedg 0 Pa
Station 2 1 Fressure 47-48 CT A Hely 1120 Pa E ,E ,l;
2 Pressure 311 TG Homotropal Regulator =20 Pa
& Fressure 311 MG Regulator 90 Pa
4 Fressure 311 MG 2 CTE-C Heg 150 Pa
i
Station 3 1 Felative Humidity 311 MG 2-3 CT B Hdg 87 % Lljl
2 Temperature 311 MG 2-3 CT B Hdg 18.9 DegC
3 Fielative Humidity 312 MG 2-3 CT B Hdg 78 % %
4 Temperature 312 MG 2-3CTE Hdy 29.2 DeyC
5 Fressure 312 MG Homotropal Regulator 110 Pa
B Fressure B4-E5 CTE Hdg 50 Pa [\/_
-
Temperature Surface 31 DegC MIOR
Fielative Hurnicity Surface 38 %
Baro. Fressure Surface 955 hPa M
Lo =}
PREIM
_0GI

Figure 13 Pressure Monitoring Display at Central Colliery Microview System



Figure 14 An example of the real time“Ventsm” simulation display at Capcoal Central Colliery

In a typica coa mine operation, any ventilation
change must be authorized before the change is
made. Alternative options are evaluated through
computer network simulation or manual calculations
in the planning phases. Once the “ best achievable’
aternative is determined, authorization is gained and
necessary adjustments to some of the system regula-
tors made. Underground ventilation measurements
can be conducted to verify the effects of the change.

A real time ventilation monitoring system can re-
duce or eliminate the need for numerous under-
ground measurements necessary to verify the effects
of ventilation system changes. The real time sensors
installed in strategic locations will pick up airflow
changes and subsequently make predictions of quan-
tities in al other airways. However, after detection
of changes, the real time “Ventsim” models should
be modified to form an updated system reflecting
changes that have occurred and placed in a state for
future planning exercises. The project was initiated
to achieve the following benefits from improved un-
derstanding of the mine ventilation system:

Trouble shooting that would detect any abnor-
mal situation in the underground ventilation sys-
tem directly indicating where the trouble is lo-
cated (i.e. indication of airway numbers) and
what type of problem is involved (eg. insuffi-
cient air quantity, air short circuiting and major
leakage paths).

Monitoring the air quantity and air quality in the
return airway for determining the effectiveness
of the ventilation design.

Detecting regulator failure or incorrect setting
from a sudden increase in air velocity or air
guantity values and a decrease in differential
pressure.

Detecting stopping or seal failure from changes
in airflow and the resultant potential for gas mi-
gration or spontaneous combustion.

Detecting any blockage in the airway, which
will indicate the potential of roof, back or rib
failure or appropriate utilisation of equipment in
the airway.

Monitoring goaf leakage due to sudden change
of air velocity or air quantity and increase of gas
contamination levels through incorporated real
time gas monitoring system.

Providing an overall assessment of the fan per-
formance in order to provide recommendations
to ater the fan’s ventilation capacity to its opti-
mal level, and consequently saving of costs.

4.3 BHP Billiton Cannington Trial

The Cannington silver mine is located in north-west
Queendand, 200km south east of Mount Isa. The
deposit was discovered in 1990 and the mine was
commissioned in 1997. Full production was
achieved in early 1999 and since then capacity has



