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ABSTRACT

There are many sources of gas in underground mines including development and production
blasting, strata gases, spontaneous combustion, diesel equipment, chemicals used for a wide range
of functions, welding activities and fires.

It is only in relatively recent times that electronic gas monitors (or detectors) have become both
safe and affordable for routine use.

In modern mines, gas monitors should be in daily use by the ventilation department as well
as blasting re-entry (or clearance) crews, and are often used by drilling crews, shift supervisors,
hygienists and mine rescue or fire fighting crews.

When first released, electronic gas monitors needed to be sent off-site periodically for calibration
at a suitable accredited laboratory. Between calibrations, their accuracy was unknown. More
recently, ‘bump testing” and field calibration has become possible on the mine site, improving both
reliability and safety as well as reducing the total number of gas monitors that need to be in use.

There has been almost an overwhelming increase in the number and sophistication of gas monitor
features in recent years. This paper reports on a case study into the key criteria that ventilation
Y pap P y y
practitioners should be aware of with respect to the specification and selection of the most recent
gas monitoring systems, and recommends good practice for site-based operation and calibration.

INTRODUCTION

There is a bewildering and at times conflicting amount of
technical information regarding gas monitors currently
available to the mine ventilation engineer. This paper sets out
the key technical issues that ventilation engineers should be
aware of prior to specifying and then evaluating gas monitors
for their operating mine. It provides a series of criteria against
which a new gas monitoring system could be reviewed for a
mine, based on a case study.

FLAMMABILITY AND TOXICITY ISSUES WITH
REGARD TO SENSORS

It is important to note that there are three principal hazards
from gases. All gases (except oxygen) are asphyxiating, ie in
high concentrations they displace so much oxygen that the
air is no longer safely breathable. In addition, some gases are
toxic (harmful to human health, either in the short-term or
long-term or both, even when in the presence of sufficient
oxygen) and some are explosive. There are also several gases
that are both toxic and explosive.

Even in hard rock mines, it is not uncommon to encounter
the presence of flammable gases. Any gas that is flammable
becomes explosive when mixed with air within certain
concentration limits and then confined. If the volume of
flammable gas within its explosive range is small, or the gas
is not confined, then an ignition (eg a spark) will result in a

fire or deflagration (low pressure explosion). If the volume
of explosive gas is larger and if it is constrained (eg in a
tunnel) then it will become an explosion and the violence will
progressively increase. If there is sufficient ‘run-up’ distance
for the flame front of the flammable gas to accelerate, it will
become a detonation (an explosion that travels above the
speed of sound).

In hard rock mines, the following relatively common gases
are all explosive: methane (CH,), hydrogen (H,), carbon
monoxide (CO), hydrogen sulfide (H,S) and ammonia
(NH,). This is not a complete list of all possible flammable
gases in underground mines, but the other more common
hard rock mine gases (O,, N,, CO,, SO,, NO,and NO) are all
non-flammable (Brake, 2015).

All flammable gases have a concentration in air below
which the mixture is not flammable, and a concentration in
air above which the mixture is not flammable. These two
limits are called the “lower explosive limit’ (LEL) and “upper
explosive limit" (UEL). In most cases, the objective is to keep
the concentration of flammable gas below its LEL, so it is the
LEL that is generally more important in any practical sense
than the UEL.

As noted above, some flammable gases are non-toxic. For
example, methane is explosive but providing there is sufficient
oxygen in the air, breathing air with methane in it does not
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cause any human ill-health effects. By contrast, some flammable
gases are also toxic. The toxicity of a gas is given by its time
weighted average (TWA), short-term exposure limit (STEL)
and immediate danger to life and health (IDLH) values (all
defined by the American Conference of Government Industrial
Hygienists (ACGIH, 2015)) which are shown in Table 1 for the
common flammable gases, along with the LEL and UEL values.

If a gas meter reads “per cent LEL’ it means the percentage
of flammable gas in the air as a ratio of the LEL value for
that flammable gas. For example, a reading of 20 per cent
LEL would mean 20 per cent x five per cent for methane (the
LEL for methane is five per cent) or one per cent methane,
assuming the LEL sensor has been calibrated using methane.

One important thing to note from this table is that if a gas
is toxic, then it is usually only very low (ppm) concentrations
that are needed for serious health effects but if the same gas
is flammable then it is several per cent that is required for
a hazard to exist. In other words, gases that are both toxic
and flammable are usually of concern because they are toxic,
whereas gases that are flammable but non-toxic are of concern
because they are flammable or explosive. This distinction
is important when understanding the correct selection of
sensors for gas monitors.

In terms of preventing explosions, the purpose of a gas
monitor is to detect a flammable gas irrespective of what
flammable gas is present. In other words, the gas monitor
should detect any explosive gas present, even if this is an
unknown gas. In practice, this is strictly impossible; however,
most flammable gases of interest in mines can be detected
using a catalytic combustion sensor even when the actual gas
is unknown.

SENSORS

Types of sensors

There are four principal types of sensors that are used in
hand-held gas monitors (detectors). These are:

1. Catalytic combustion (CC) sensors. These will detect any
flammable gas but cannot determine which flammable
gas they have detected. They are designed for flammable
but non-toxic gases, where the concentrations of interest
are greater than about one per cent on a volumetric basis.
They are usually calibrated using methane but this means
their reading is less reliable if they are actually exposed
to a different flammable gas. Fortunately, the response of
CH, and H, (the two most important flammable gases in
underground mines) to a CC sensor is relatively similar,
especially since alarm levels are usually set at 20 per cent
and 40 per cent of LEL (or direct readout in CH,).
CC sensors are not suitable for measuring flammable gas
concentrations above the LEL or for measuring in low
oxygen environments (under ten per cent O,) (see later).

2. Electrochemical (EC) sensors. These are commonly used for
toxic gases where the concentrations of interest are in the
ppm range. Some EC sensors can measure two gases from
the one sensor. The most common such arrangement is
CO and H,S (the so-called “COSH’ or “duo’” sensor). Some
of the gases of interest measured by EC sensors are both
toxic and flammable (eg carbon monoxide) but in this case,
the toxicity issue is far more important than flammability
(eg CO is toxic at a few hundred ppm but only explosive
at about 12.5 per cent or 125 000 ppm). EC sensors should
not be used for CO, due to the severe time-related loss of
accuracy.

3. (Non-dispersive) Infrared (IR or NDIR) sensors. These are
used for carbon dioxide (as it cannot be reliably measured

by EC sensors) and also for reading the concentration of
flammable gases above their LEL (usually up to 100 per cent
flammable gas, eg for checking propane or methane
concentrations in pipelines). They are also specific to a
particular flammable gas; however, they cannot measure
molecules that are not IR-active such as hydrogen.? Some
IR sensors can read both ppm and high concentrations of
the same gas at the same time. IR sensors are also used
in atmospheres with low oxygen or in atmospheres that
would poison a CC sensor (see later). IR sensors are more
expensive than other types, but are poison-free and last
much longer with fewer problems.

4. Photo ionisation (PID) detectors (sensors). These are used to
measure so-called volatile organic compounds (VOCs),
which are organic substances (those containing carbon)
with a high vapour pressure and low water solubility such
as diesel, gasoline, kerosene and other fuels, solvents,
hydraulic fluids, paint thinners and dry-cleaning agents,
etc commonly used in urban settings. These substances
are both flammable and toxic at low concentrations. The
industry standard is for PID sensors to be calibrated to
isobutylene. Mine ventilation engineers are not usually
concerned with measurement of VOCs.

The advantages and disadvantages of the various sensor
technologies is summarised in Appendix 1. PID sensors have
been excluded for reasons noted above.

Sensors on hand-held monitors and number of

gases that can be measured

The most recent multigas monitors have up to five sensor
positions or ‘channels’. However, typically one position is
reserved (and only suitable) for an IR sensor and another is
reserved (and only suitable) for a CC sensor with the remaining
three (say) being available for EC and PID sensors (Table 2).

Since some sensors can measure two gases, it is therefore
possible for a five-channel gas monitor to be able to measure
seven gases. However, this would only be possible for a
specific set of gases and not the general case. In fact, if the IR
or CC channel is not needed for a gas of interest, then a five-
channel gas monitor may only be able to measure three gases.

Sensor combinations

Various specialist sensors or sensor combinations can be
produced by manufacturers to cover specific situations. A
small portion of the sensors available from one manufacturer
is shown in Table 3. Examples include:

¢ dual sensors for combustible gases and CO,
e dual sensors for CO and H,S (COSH sensor)
e CO sensor with reduced H, sensitivity.

For this reason, it is important to carefully assess not only the
gases that need to be measured, but any other gases that may
be present either in normal or in abnormal conditions, to allow
the supplier to make the most appropriate recommendation
for the sensor configuration.

‘Plug and play’ or ‘plug-in’ sensors

Most sensors have a life of one to three years (IR sensors
can last five years or longer). At the end of this time they
must be replaced. Plug and play or plug-in sensors refers to
sensors that can be replaced by the user without returning the

2. In order for a molecule to be IR-active, the vibration must produce an oscillating dipole.
This usually means that the bond (or bonds) in question are polar to begin with, so that
they have a dipole. Therefore symmetrical molecules like 0,, N, and H, are not IR active,
but molecules like H,0 with polar bonds are IR active (Anon, 2014b).
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e Calibration is often also necessary whenever a sensor is
replaced.

e Calibration is also needed when the monitor is subject to
being dropped or experiencing another significant impact,
being exposed to water, failing a bump test or has been
repeatedly exposed to an over-range gas concentration
(positive or negative in the case of O,).

Off-site (laboratory) calibration

In the past, electronic gas monitors were required to be
returned to the manufacturer or an approved laboratory each
year or more frequently for calibration and recertification.
Apart from the costs, transport issues and additional
monitors needed to cover the time the instruments were off-
site, this meant that there was no certainty that the monitor
was working correctly after it was returned to the user. Such
a calibration strategy is considered to be poor practice today
(Anon, 2013). Even more frequent off-site calibration intervals
(every 90 or 30 days) still pose risks.

In the subsequent discussion, note that there are no agreed
international definitions for the following terms, so they may
vary between locations, states or countries.

The different types of calibration can be broadly classified
as detailed below.

Zero calibration or self-test (usually on start-up) means
using ambient air to check that the instrument is measuring
20.9 per cent O,, 300 or 350 ppm CO, and nil other gases. It is
also possible to use a special calibration gas often called ‘zero
air’ (air from which the carbon dioxide has been removed,
often using a simple disposable filter) to zero calibrate for
CO,.

(Functional) bump testing or challenge festing at its most
basic level means using a bottle of compressed gas of known
concentration(s) to ensure the sensors will alarm within a
specified time when exposed to a concentration of gas above
(or below, for O,) the alarm levels. In other words, it will
respond to the ‘challenge’ of gas levels that should set it off.
If the gas monitor is only being used to check for dangerous
conditions and only needs to alarm when these occur, then
this type of testing is possibly all that is required. Bump
testing should be performed before the monitor is used each
day. The compressed gas may also consist of a mixture of
the particular gases that the monitor measures, which allows
several challenge tests to occur using the one gas bottle. Bump
testing usually checks both alarms are triggered, plus checks
the audible and visible alarms on the monitor. Therefore,
bump testing confirms that each gas is capable of reaching the
sensors (protective membrane is not blocked, etc), that when
the gas does reach the sensors that they respond, the response
time (time-to-alarm) after gas is applied is within normal
limits, and that the audible and visual alarms are activated
and function properly. However, it does not check that the
displayed (measured) values are actually correct (accurate).

In some contexts, bump testing may also (unfortunately)
refer to checking the accuracy of the meter’s sensors, often
then called a “calibration check’. This is important if the gas
monitor is going to be used to record actual gas concentrations
at given times or locations (eg for surveys or audits or for legal
reasons). For example, the displayed LEL may be required
to be within +0 per cent to -20 per cent of the true LEL
and other gases to within 10 per cent to 20 per cent of the
known value (depending on the manufacturer’s allowances).
Whilst such a calibration check may check the accuracy of
the monitor, it does not necessarily calibrate the monitor to
the known values, even though this form of bump testing is
sometimes referred to as ‘calibration’. Modern bump testing

and calibration checks can be performed in seconds and often
permanently record the instrument number and test results
for every bump test. These records will be important if there is
an incident involving a gas monitor. Where the monitor fails
the calibration check, it must not be used until it has been re-
calibrated.

Field calibration or span calibration is similar in some ways to
bump testing but the monitor is designed so that it can actually
recalibrate itself to the known values from the calibration gas
cylinder. Field calibration often uses a more sophisticated
docking module that also charges the monitor and performs
diagnostic checks and is therefore a more expensive system.
In most cases, the monitor is only calibrated to a single known
concentration of each gas for which it has a sensor (ie not across the
full range of concentrations). Hence the term “span calibration’
as it recalibrates itself only to this upper value (as well as the
nil concentration on start-up). With modern apparatus, if a
bump test is performed and if it fails, the docking station will
automatically initiate a span calibration.

Laboratory calibration or ‘full calibration” means testing by
an approved laboratory. This usually means the monitor is
tested against more than one concentration of each gas.

Calibration gases and cylinders

Calibration gases are certified compressed gas mixtures that
are often also called span gases. Calibration gases are broadly
classified into:

e Non-reactive gases, which are stable under most
conditions. This includes mixtures of N,, CO, H,, CO,
CH,, etc.

e Reactive gas mixtures in which at least one of the gases is
reactive (Cl, H S, SO,, HCI, NH,, etc).

Non-reactive gas mixtures have longer shelf lives and
can be packaged in less expensive cylinders. Reactive gas
mixtures are usually packaged in aluminium cylinders that
are specially treated and passivated to reduce reaction with
the reactive gas(es) inside.

Cylinders are usually between 34 and 58 L of compressed
gas in size. This makes them quite small; for example, a 58 L
compressed gas cylinder is about 1 L in size.

It is very important to not use calibration gas beyond
its expiry date. The expiry date should be stamped on the
cylinder.

Calibration gases are treated as dangerous goods in terms of
transport and cannot be sent via air freight and are therefore
intended as being disposable (non-returnable). In addition, a
spare set of calibration gases should always be kept on-site
as replacement can take some time because gas cylinders are
made to order (usually only in a few selected countries in the
world) and then there is the surface transport time involved.

Docking stations have a limited number of calibration
gas input ports to which bottles of calibration gases can be
connected. However, if a dock has four ports, it can still have
ten or more gases being calibrated at that dock by using
calibration gas cylinders that have been prepared as mixtures.
Most calibration gas mixtures also have a ‘balance gas” which
is an inert carrier gas that fills up the rest of the bottle. Where
a docking station has several gas inlet ports and one of these
is connected to a mixed cylinder, it is important to check how
much gas is required to calibrate that set of sensors. In most
cases, the same amount of calibration gas is required whether
there is only one target gas in the cylinder or many.
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Site versus off-site calibration

A system with site calibration means that additional
instruments are not required to allow for the periods of
time when instruments are off-site for calibration. Of course,
it also means instruments are always reading accurately.
Note that daily bump testing using calibration gases is now
recommended by all manufacturers and also approving
authorities in the USA and Australia, etc; ie it is no longer
recommended that gas monitors simply be sent off for a
calibration check every six to 12 months. Even if this was
the case, then additional monitors are required to cover the
operational needs when monitors are off-site.

How a typical gas monitoring system operates
in a mine

The main components are the gas monitors (with NiMH
batteries), plug-in battery chargers and a single docking
station (connected to cylinders of calibration gas) that does
both bump testing and span calibrations of the monitors. At
the end of each day, each monitor is dropped into its charger
and is charged. Each morning before the monitor is used, it is
turned on and then dropped into the docking station. It will
automatically be bump tested. The docking station will give
the monitor a pass or fail. If the monitor fails the bump test
and/or at preset intervals (by the user), the bump test will
be automatically followed by a span calibration (in the same
device) which effectively means the monitor is recalibrated to
the known gas concentrations from the cylinders.

The docking station should automatically download each
day’s data from the monitor and keep this on the docking
station’s own inbuilt memory or SD card for life. In addition,
the docking station can be connected to a PC which has
software that allows data to be downloaded into spreadsheets,
or the various alarm levels of the monitors changed, etc.

Storage of sensors, calibration gases, spare
parts and battery packs

The shelf life issue of calibration gases has been previously
discussed. Other spare parts and accessories for gas monitors
should be stored at ambient temperatures of 0-30°C. Storage
time should not exceed five years. Electrochemical sensors
should not be stored for more than six months prior to
being put into service. Oxygen sensors’ lifetime commences
from date of manufacture, so storage should be as short as
possible on-site. When storing spare sensors make sure that
the ambient atmosphere is free of corrosive media and sensor
poisons. For spare NiMH battery packs storage time should
be kept to less than one year. Before storing, the battery pack
has to be charged completely. If gas monitors are stored for
more than six months the battery pack should be removed.

Suitable location for docking station

A clean (but not necessarily dedicated) room should be
provided for the gas monitors and the docking station,
calibration gas cylinders and personal computer. Most of the
system can be left on a table although the docking station can
be mounted via brackets to a wall. The entire system should
be kept out of direct sunlight.

Always have the material safety data sheet for the various
gases in their cylinders available, usually mounted on the wall.

Case study

A 3.5 Mt/a gold mine needed to purchase a gas monitoring
system. The following approach was used.

For an underground hard rock mine, the choice of gases for
monitoring is discussed in Brake (2015). There are too many
gases to fit on a single monitor, so two multigas monitors were
initially designed at this operation, in this case referred to as
an ‘A’ and a ‘B’ monitor. Whilst it would be desirable to have
the “A” monitor specifically set up to check for blasting gases,
this is not always possible given the constraints on possible
sensor combinations as discussed above. A compromise
may be required. Furthermore, some users, such as diamond
drillers, may only require a few gases so that at this mine
there ended up being four differently configured monitors in
use (A, B, C and D) to cover the needs of the various users in
the most cost-effective manner.

Example of calibration gases

For the monitors noted in Table 5, the following calibration
gas mixtures were applicable. This allowed four different
configurations of monitors (A, B, C and D) measuring nine
gases between them to use a single four-port docking station.

Table 6 shows a selection of calibration gas mixtures.

Selection criteria for gas monitors

The selection criteria used to evaluate the hand-held gas
monitors at this operation were as follows:

Gases on A monitor compared to preferred combination.
Gases on B monitor compared to preferred combination.
Business of manufacturer.

Head office for technical matters.

Years of operation.

Years this model of detector in service.

Years spare parts will be available.

PN

How often they need to be calibrated off-site (ie in a
laboratory recommended by the supplier)? Where can this
be done? How long will it take for turnaround (including
transport) and the cost? Note that off-site calibration
should be staggered to reduce the number of instruments
off-site at any time.

9. Can calibration be done in the field and if so, what
equipment, training and cost is involved? How long
does a bump test or field calibration take (seconds)
and how long if several instruments need to be bump
tested and calibrated immediately after one another?
Note: If instruments can be field-calibrated, then fewer
instruments may be needed as spares are not required for
when instruments are off-site being calibrated.

10. Time required for bump testing: both for each single
instrument and all instruments that need to use this dock
each day.

11. Time required for span calibration: both for each single
instrument and all instruments that need to use this dock.

12. Does calibration reduce the life of the sensors?

13. How many bump tests and span calibrations can be done
on each bottle of calibration gas?

14. Recommended spare parts holdings for the specific
location of the mine.

15. Any special issues regarding dangerous goods transport,
or special storage or location instructions on-site (eg air
conditioning, refrigeration, etc)?

16. What is the life of the sensors and can they be replaced in
the field?

17. Are the sensors interchangeable (ie can be hot-swapped

out)? This is important otherwise when the sensor gets

to end of its life, the monitor must be returned to have
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39. Battery-low alarm.

40. Alarm notifications (visible, audible and vibrating).
41. Warranty.

42. Servicing.

43. Spare parts.

44. Ease of use underground (backlighting, large digits, high
sound level alarms, etc).

45. Ability to mount/attach monitor to belt, shirt collar,
pocket, etc.

46. Language support.

47. On-site training (or off-site training).

48. Comprehensiveness of the operating manuals.

49. Ability to update firmware from site.

50. Hand-held (and if so, one hand or two hands)?

51. Number of buttons to operate.

52. Size of buttons.

53. Type of battery and battery life/memory effects. The
ability to use rechargeable batteries as well as disposable
can be an advantage if the gas monitor battery is flat but
suddenly needs to be used for test purposes.

54. Operating time between charging,.

55. Battery recharge time (from fully discharged).

56. Initial purchase cost for system including software, single
set of all calibration gases, rechargeable battery packs,
probes including training.

57. Annualised calibration gas cost if all instruments (four
total) bump tested 300 days per year and calibrated
12 times per year.

58. Sensor cost annualised.

59. Battery pack cost annualised.

CONCLUSIONS

The use of electronic gas monitors and monitoring systems is
now considered to be good practice, and in some jurisdictions,
mandatory for routine and non-routine gas monitoring. On-
site calibration of instruments provides a much lower product
life cycle cost than the traditional system of sending monitors
off-site for laboratory calibration.

There are now many such gas monitoring systems
available for the mine ventilation engineer and other users

underground. However, complete systems are expensive and
a good understanding of the sensor and calibration options
is essential to avoid disappointment or even unsatisfactory
choices being made. The mine ventilation engineer cannot rely
on the suppliers of the gas monitors to establish the needs in
his operation as underground mines are usually only a small
and specialised segment of the market. Assessing different
offers from suppliers can be confusing if the important issues
are not understood.

ENDORSEMENTS

Nothing in this paper should be taken as a recommendation
by the author of any particular supplier of gas monitors. GIG
gas monitoring equipment was used in this case study.

REFERENCES

American Conference of Government Industrial Hygienists
(ACGIH), 2015. TLVs®chemical substances introduction [online].
Available from: <http://www.acgih.org/Products/ tlvintro.
htm> [Accessed: 9 April 2015].

Anon, 2013. Calibrating and testing direct-reading portable gas
monitors, OSHA Safety Bulletin: SHIB 09-30-2013.

Anon, 2014a. GfG Operation Manual Microtector II G460. GIG
Gesellschaft Fiir Gerdtebau Mbh.

Anon, 2014b. Electrochemical gas sensor [online]. Available from:
<http:/ /en.wikipedia.org/wiki/Electrochemical_gas_sensor>
[Accessed: 9 April 2015].

Brake, D ], 2015. A review of good practice standards and
re-entry procedures after blasting and gas detection generally
in underground hardrock mines, in Hardrock Mines (eds: E Jong,
E Sarver, S Schafrik and K Luxbacher), pp 1-8 (Virginia Tech
Department of Mining and Minerals Engineering: Blacksburg).

Safe Work Australia, 2012. Guidance on the interpretation of
workplace exposure standards for airborne contaminants
[online].  Available from: <http://www.safeworkaustralia.
gov.au/sites/SWA /about/Publications/Documents/ 680/
Guidance_Interpretation_Workplace Exposure_Standards_
Airborne_Contaminants %20.pdf> [Accessed: 28 July 2015].

Schlosser, M, Robertson, M and Kaplan, K, undated. Detectors and
monitors [online]. Available from: <http://encyclopedia.che.
engin.umich.edu/Pages/ProcessParameters/Detectors&Monitors /
Detectors&Monitors.html> [Accessed: 9 April 2015].

THE AUSTRALIAN MINE VENTILATION CONFERENCE / SYDNEY, NSW, 31 AUGUST - 2 SEPTEMBER 2015 153






	Untitled-2-01
	Untitled-2-02
	Untitled-2-03
	Untitled-2-04
	Untitled-2-05
	Untitled-2-06
	Untitled-2-07
	Untitled-2-08
	Untitled-2-09
	Untitled-2-10
	Untitled-2-11
	Untitled-2-12

