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Keywords: Increasing production capacities and developing ventilation systems in underground mines challenge mining enterprises to
regulatory documentation, mine, enhance the output level of applied mining and ventilation facilities. Most of the rock loading and transporting mining
diesel fuel, exhaust gas machinery at ore deposits is powered by diesel internal combustion engines. Insufficient ventilation or wrong approaches to
components, internal combustion determining the amount of air required to dilute the main components of exhaust gases from internal combustion engines,
engine, emission standard, including carbon monoxide and nitrogen oxides, can result in poisoning or even death of mining workers. However, most
oxygen concentration, required production facilities make their ventilation systems operate at the capacity limits without any opportunities to increase
air quantity. their technical reserves. This fact has a direct impact on safety of mining operations. We present methods and equations

aimed at determining the required air quantity for the operating areas of the vehicles equipped with internal combustion
engines and the underground mines at their designing and operation stages.

The analysis of regulatory documentation shows that there is no requirement to airflow rate per power unit of internal
combustion engines. Therefore, we propose an approach that meets up-to-date industrial safety requirements based on
the actual emissions of harmful components, performance parameters of internal combustion engines and emission
standards guaranteed by manufacturers though confirming an engine’s emission class compliance. The proposed
methods will allow us to enhance workplace safety at underground mines where internal combustion engine equipment
is on duty, and to increase the efficiency of designing new blocks, horizons and mines by eliminating unreasonable
reserves when selecting mining and ventilation equipment.

Komogessie coBa: VBeJlnyeHHe NPOM3BOACTBEHHBIX MOINHOCTE(l U Pa3BUTHE BEHTHJIALIMOHHBIX CeTell MOA3eMHBIX PYIHHKOB CTaBAT Hepesn
HOpMaTHUBHas JJOKyMeHTalus, FOPHBIMU NPEANPUATUAME 3a/la4il MOBBILEHNA MOIIHOCTY NPHMEHAEMOrO FOPHOrO U BEHTHJIALIMOHHOIO 060pYOBAHMUA.
PYZAHUK, AU3eJIbHOE TOIUIUBO, BOJIBIIIMHCTBO TOPHOTO OGOPYAOBAaHUA LA MOTPY3KH M TPAHCIIOPTHPOBKY TOPHO MOPOABI HA PYAHBIX MECTOPOXIEHUAX
KOMIIOHEHTHI BBIXJIOIHbIX I'a30B, paboTaeT Ha 6ase TeXHUMKU C AM3eIbHBIMU JIBUTaTeJIAMU BHYTPEHHEro cropaHusA. HemocraToyHas BeHTHJIALMA MM
JiBUTaTe b BHyTPEHHEr0 HeNpaBWIbHBII MOJXOA K pacyeTy HeoOXOJUMOro KOJIMYecTBa BO3/lyXa JUIA pasbaBjieHHsA OCHOBHBIX KOMIIOHEHTOB
CropaHus, HOpMa BHIGPOCOB, BBIXJIONHBIX Ta30B OT JBUraresieil BHYTPEHHErO CrOpPaHMsA, TaKUX KaK yrapHBIA ra3 M OKHCJIBI a30Ta, MOTYT IIPUBECTH K
KOHLIEHTpaIUs KUCI0pPo/ia, OTPABJIEHUIO MM laxke rubesii ropHbIX pabounx. OJjHaKo Ha GOJIbIIMHCTBE COBPEMEHHbIX NPEANPUATHI BEHTUIALMOHHOE
TpebyeMoe KOJINYeCTBO BO3/AyXa. oGopyoBaHue paboTaeT Ha IpeJiesIaX TEXHUYECKOl BOBMOXHOCTU — 6e3 BepOATHOCTH yBeJIMYeHU TEXHIYeCKOTo pe3epBa.

DTOT (aKT, B CBOIO Ouyepe/b, HANMpPsAMYI0 BJIMAET Ha GE30MacHOCTh BeJleHUA TOpHBIX paboT. IIpejcTaBieHbl METOAbl U
3aBMCHMOCTH [JI pacyeTa TpeOyeMOoro KOJIMYecTBa BO3[yXa AJiA pabovyMX 30H MalliH, OCHAIleHHBIX [ABUTaTesIAMH
BHYTPEHHEr0 CrOpaHus, MOA3eMHBIX PyAHUKOB IIPH UX IPOEKTUPOBAHUY U SKCILTyaTallu.

Ananu3 HOpMaTUBHO JIUTEpaTyphl MIOKa3bIBAET, YTO B HACTOAIIlEE BpeMs OTCYTCTByeT TpebyeMas HopMa pacxofia Bo3/lyXa Ha
€/IMHUITy MOIIHOCTU JIBUTaTesIs BHYTPeHHero cropaus. IToaToMy mpeziaraeTcs IOAXOJ], COOTBETCTBYIOIUE COBPEMEHHBIM
TpeGOBaHNAM MPOMBIILUIEHHOH 5e30MacHOCTH, OCHOBAaHHBIA Ha (AKTUYECKHX BHIOpOCax BPeJHBIX KOMIIOHEHTOB, TapaMeTpax
paboThl ABUraTesiell BHyTPEHHErO CropaHusA M HOpMax BBIOPOCOB, FapaHTUPYEMbIX IPOM3BOJUTENIEM MyTeM NOATBEpKAeHsA
COOTBETCTBUA JBUTraTeJIsl SKOJIOTMYEeCKOMy Kiaccy. IlpejyiaraeMbie METOIbI MO3BOJIAT TOBBICUTh (GE30MacHOCTh Ha paboumx
MecTax Tpu paboTe TeXHWKM C JBUTaTe/IAMU BHYTPEHHEro CropaHus Ha TOA3eMHBIX Dy/JHMKAX, a Takke yBeJIUYUTh
3P (PEKTUBHOCTD IIPOEKTUPOBAHKA HOBBIX 0JI0KOB, TOPU30HTOB M PY[HWMKOB 3a CYET MCKIIOYEHHs HeOOOCHOBAaHHOIO pe3epBa
npy Mo60pe TOPHOTO U BEHTWJIALIMOHHOIO 000PY/I0BaHUA.
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Introduction

Currently, mining industry is facing a range
of issues in the development of mineral deposits.
The increasing demand for mineral resources,
stringent  enforcement of regulatory and
environmental laws, complexity of mining
conditions and many other factors pose challenges
to  mining enterprises, which influence
profitability of companies and safety of personnel.

Increasing production capacities aimed at
meeting demands for more mineral resources
entail the development of new mining sites
located at great depths or at significant distances
from main openings, as well as the increase in the
inventory or capacities of mining machinery. Most
mining mobile equipment for loading and
transporting rocks at ore deposits is powered by
diesel internal combustion engines (ICE).
Insufficient ventilation or wrong determination of
the amount of air required to dilute the main
components of exhaust gases from internal
combustion engines, including carbon monoxide
and nitrogen oxides, can result in poisoning or
even death of mining workers. However, at most
production facilities, ventilation systems operate
at the capacity limits with no possibility of
increasing the technical reserve. This fact has a
direct impact on safety of mining operations.

Therefore, it is crucial to determine the
amount of air required to dilute the harmful and
hazardous components of exhaust gases emitted
from the machinery equipped with internal
combustion engines to safe concentrations.

Regulatory Documentation

In the 20th century, especially in the post-
war period, the mining industry was advancing at
a rapid pace. The development of diesel
technology contributed to mechanisation of
mining operations. In this connection, regulations
were developed to improve the industrial safety.

Earlier, Uniform Safety Requirements for
Underground Development of Ore, Non-Ore, and
Placer Mineral Deposits (PB code 06-111-95)
regulated the rate of fresh air supply in mine
workings with internal combustion engine
machinery on duty in an amount that reduces the
concentration of harmful exhaust products in the
mine atmosphere to meet the health and safety
standards, but not less than 5 m3/min per 1 HP of
diesel engine power rating and 6 m?/min of petrol

engine power rating [1]. In 2003, the Uniform
Safety Requirements [1] were cancelled to be
replaced by a new version. However, the standard
requirements of the fresh air supply that reduces
the concentration of harmful exhaust products in
the mine atmosphere were removed.

At vpresent. Norms of Technological Design
of Mining  Enterprises of Metallurgy  with
Underground Mining Method (VNTP code 13-2-93)
are one of the regulatory documents, stipulating
the standards of fresh air supply for diluting
exhaust gas components of 5 m®/min per 1 HP of
an engine power [2]. VNTP 13-2-93 standard is
not strictly binding due to the fact that it is not
registered with the Ministry of Justice of Russia,
and in accordance with Paragraph 10 of the
Presidential Decree No. 763 of Mav 23. 1996 On
the Procedure for the Publication and Entrv into
Force of Acts of the President of the Russian
Federation. the Government of the Russian
Federation and regulatory legal acts of federal
executive bodies serve as guidelines only.

It should be noted, that it is not only in the
Russian regulatory documentation that the rate of
fresh air supply per 1 HP of engine power for the
dilution of the exhaust gas components to the
maximum permissible concentrations is stipulated.
Table 1 shows a comparison of the standards of
some countries with a high level of mining
industry [3-11].

For a long time, the Russian standard was the
only regulation used to determine the required air
quantity for the operating areas of internal
combustion engine vehicles. However, after the
technological development and introduction of
emission standards for internal combustion
engines, this standard became obsolete and could
only serve as guidelines.

Currently, the dilution requirements for exhaust
gases of internal combustion engines in the
mining industry are specified in Paragraphs

Table 1

Comparison of fresh air supply standards

Conditional fresh air supply

Country limit, m®/min per 1 HP
Australia 4.2-5
Canada 4.0-7.7
USA 5.0
Chile 5.3
China 5.5
South Africa 5.0
Russian Federation 5.0
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Table 2
CO and NOx emission limits for diesel engines in off-road vehicles
according to the USA and EU toxicity standards, g/kWh

USA standards EU standards
Name Engine power CO NO, Name Engine power CcO NO,
Tier 2 130-560 kW 3.5 6.4 Stage II 130-560 kW 35 6

. Stage IIA 130-560 kW 35 4

Tier 3 130-560 kw 35 4 Stage IIIB 130-560 kW 35 2
Tier 4 130-560 kW 3.5 0.4 Stage IV 130-560 kW 35 0.4

154, 335 and 344 of the Federal Rules and
Regulations Safety Rules for Mining and
Processing of Solid Minerals [12], stipulating that
the required volume of air for dilution of the
exhaust gas components is to be determined by
carbon monoxide and nitrogen oxide components,
as well as the minimum permissible air oxygen
content of 20 %.

Another issue is the present-day quality of
the diesel fuel and the impact of its composition
on the concentration of the exhaust gas
components.

At present, there are two national standards
(GOST) for EVRO diesel fuel grades for diesel
engines applicable in Russia:

- GOST R 52368-2005 (EN 590:2009) Diesel
fuel EVRO. Specifications. [13] (National Standard)

— GOST 32511-2013 (EN 590:2009) Diesel
EVRO. Specifications. [14] (Interstate Standard).

These standards provide requirements for the
diesel fuel composition, including such properties
as cetane number, fuel density, content of sulphur
(mg/kg) and polycyclic aromatic hydrocarbons
(mass %) in fuel, and other indicators for summer,
winter and inter-season diesel fuel grades.

However, the content of sulphur and
polycyclic aromatic hydrocarbons does not affect
the content of carbon monoxide and nitrogen
oxides in the exhaust gases of internal combustion
engine vehicles. The emissions of carbon oxides
and nitrogen oxides in exhaust gases are
controlled by after-treatment and depend mainly
on an engine’s emission class [15-20].

Internal combustion engine toxicity standards
for off-road vehicles are determined in accordance
with the following standards:

1. Stage - certification standard adopted in
the European Union (EU) countries. It was first
implemented by EU Directive 97/68/EC [21] in
1997, further revised in 2002 by Directive
2002/88/EC [22], setting emission limits for Stage I
and Stage II emission standards. EU Directive
2004/26/EC [23] introduced emission limits for

Stage IIIA, Stage IIIB and Stage IV emission
standards in 2004.

2. EPA Tier - certification standard adopted
in the USA. It was first introduced by the Code of
Federal Regulations [24] in 1999, setting emission
limits for Tier 1, Tier 2 and Tier 3 emission
regulations. In 2012, the Code of Federal
Regulations [25] was supplemented with emission
limits for Tier 4 emission regulations.

These standards stipulate a limit of emissions
for off-road vehicles by nitrogen oxides and
carbon monoxide. The emission standards are
given in Table 2.

Therefore, the procedure for determining the
air quantity required to dilute exhaust gas
components should provide determination
variability subject to specific conditions to ensure
safe working conditions.

Determination of Air Quantity
Requirement for Operating Areas
of Internal Combustion Engine
Vehicles in Underground Mines

Based on the previously mentioned, the
following approaches are proposed to define the
air quantity required for the operating areas of
internal combustion engine vehicles.

1. By exhaust combustion gas parameters.
The amount of harmful substances in the
exhaust combustion gases can be determined
through direct measurements in operating
modes of the internal combustion engine
vehicles. Based on these data, the airflow rate
required to dilute the emitted harmful gases to
the maximum permissible concentrations should
be determined.

When designing mining enterprises, this
approach can be used during technical upgrades
or reconstructions of mines, when it is planned to
engage some portion of the machinery fleet
currently in operation. A long-term monitoring
will help to identify the level of the harmful

HEAPOMOJIb3OBAHUE
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exhaust gas emissions, which will allow to define
the required amount of air in the project.

However, this approach has its limitations.
During machinery operations, the engine
performance can vary entailing the increase in the
emission of harmful and hazardous substances. In
this case, the supply of previously calculated air
quantities may be insufficient to dilute these
substances. A comprehensive approach is essential
to avoid the possibility of such a situation by
introducing a limit on emissions that is higher
than the actual level. For example, the emission
standard can be adopted from the most
contaminating vehicle in use. In addition, the
quantity of harmful substances in the exhaust
gases shall be monitored during operation by
direct measurements in accordance with the
requirements of paragraph 343 of the Safety Rules
for Mining and Processing of Solid Minerals [12].
If the established emission limit is exceeded, such
vehicle shall be withdrawn from operations for
maintenance or repair. In this way, the operating
company is encouraged to perform timely
maintenance and renewal of the internal
combustion engine machinery fleet.

On the other hand, exhaust-gas
measurements for new vehicles with internal
combustion engines, which are in a perfect
technical condition, may indicate a low level of
harmful substance emissions in exhaust
gases. Furthermore, there is a risk of insufficient
air supply in case of errors in the routine
measurements of harmful combustion gas
components of internal combustion engines.
In this case, it would be advisable to reduce
the risks by recalculating the level of harmful
emissions to a conditional air supply limit per
unit of the engine power and introducing a
minimum airflow limiting rate.

The case of one of the underground mines
can illustrate the situation described above. Based
on the measurement statistics of the exhaust gas
parameters, the required air supply limit per 1 HP
of the internal combustion engine vehicles was
determined. The standard air supply rate of
1.5 m®/min per 1 HP was adopted as the
minimum value. The air supply below the value
determined as per this limit is not allowed, even
for those types of internal combustion engine
vehicles with an air supply value of 0.8-1 m*/min
per 1 HP, calculated based on the harmful
substances emission level. An additional
permissible emission standard providing for the

air supply rate of 3 m3/min per 1 HP, determined
with reference to the required airflow rate, was
also introduced, allowing the vehicle operation.

2. By the engine emission class. The level of
contaminants in the exhaust combustion gases of the
procured vehicles cannot be determined directly
under working conditions for newly designed mines.
In this case, it is advisable to apply the maximum
possible level of emissions that is guaranteed by the
equipment manufacturer through the engine
certification as per its emission class.

3. By oxygen content in the operating area of
internal combustion engine vehicles. The issue of
rating the oxygen content in the operating areas of
the internal combustion engine vehicles should be
also considered, as it is related to emissions of
harmful substances. The quantity of air required to
ensure the standard-compliant oxygen content is
determined based on the specific fuel consumption
rate of the internal combustion engine vehicles.

Thus, the quantity of fresh air supplied to the
workings in the operating areas where the internal
combustion engine vehicles are on a continuous or
intermittent duty ((Qg;) shall be no less than
required for static dilution of the main exhaust gas
components (carbon monoxide, nitrogen dioxide
calculated as NO,) to the maximum permissible
concentrations or for ensuring the standard-
compliant oxygen content, and is defined by the
expression given below:

QCG, ms/csz'ZQlCE’ (1)

where K is the simultaneity factor of operation of
the internal combustion engine vehicles in a
separate working, K; = 1; 0.9; 0.85 at the
simultaneous operation of one, two, three and
more vehicles, respectively; Q. is the air quantity
required to ventilate each vehicle from harmful
factors of internal combustion engines, m3/s [26].

Q. is determined separately for each
specified exhaust gas component (carbon
monoxide, nitrogen dioxide calculated as NO,) at
the maximum possible engine speed and for
oxygen. The highest obtained value of the airflow
rate is taken as the required air quantity.

Determining the Required Air Quantity
for Operating Areas of Internal Combustion
Engine Vehicles

A more detailed determination principle is
shown on the examples of some mining equipment

HEAPOIOJIb3OBAHUE

=
Q
=
1
>
o
=
n
w
a
pV4
O
®)
o
v
=
=
<
I
O
L
=
©)
L
O




PERM JOURNAL OF PETROLEUM AND MINING ENGINEERING

used at producing mines. The equipment
specifications given in Table 3 were used for the
calculations.

Table 3
Equipment specifications
Model Toxicity Engine Crankshaft Power,
Class capacity, | speed, rpm kw
ST-14 Tier 3B 10.8 2,100 224
Cat R1700 Tier 3B 11.1 2,100 242
MT-42 Tier 4 15.0 1,800 391

Principles of the Required Airflow
Determination by Exhaust Combustion
Gas Parameters

To determine the required airflow based on
the factor of an independent emission of the
harmful exhaust gas components of the internal
combustion engine vehicles in operation, the
following expression for defining the required
fresh airflow rate is used to dilute the harmful
exhaust gas components to permissible values:

Q> M /= Com (2)
ICE’ C Eexhs
mpc

where C,,, is the concentration of the exhaust
gas toxic components (carbon monoxide,
nitrogen dioxide calculated as NO,), vol. %;
Cype 1s the maximum permissible concentration
for the corresponding component, the volume
percent for CO is 0.0017 %, and 0.00026 %
for NOx; g, is the quantity of the exhaust
gases, m>/s.

The quantity of the exhaust gases g, is
determined by on-site measurements with the use
of a flowmeter in modes stipulated by Paragraph
344 of the Federal Rules and Regulation (FNiP)
[12]. When it is impossible to have a direct
measurement of the exhaust gas flow, g is
calculated from the data in the vehicle technical
data sheet using the expression for a four-stroke
engine given below [27]:

gexh’ mB/C:k%, (3)

where k is the factor correcting for the pressure
excess; Vis the total cylinder capacity, m? nis the
crankshaft speed, rps (full speed as per the engine
specification).

The results of calculating the required air
quantity using the above method are shown in
Table 4. Air sampling data of the mining
equipment at one of the operating mines were
used for calculations.

The use of the above formula is reasonable,
as it takes into account the technical reserve, since
the engine does not always run at full speed, and
the average amount of the exhaust gas emissions
is less than the maximum value calculated by the
expression. This expression is applicable for both
atmospheric and turbocharged engines, as
confirmed by regulatory documents [28, 29] and
scientific literature [30-39].

The measured volume concentration of the
exhaust gas does not require recalculations when
the exhaust gas flow temperature changes,
according to the expression of the gas component
volume concentration given below:

C,, m*/m’ =—I/i(P’T), 4
V(P,T)

where V{2, 7) is the volume occupied by the ith
gas component; P is the gas pressure, Pa; 7is the
temperature, K; WP, 7) is the total gas volume
equal to the sum of volumes of all the components
composing the gas.

Table 4

Air quantity determination results
by the exhaust gas components

Air sampling, Required air

Model volume % quantity, m®/s

Cco NO, CcOo NO,
ST-14 0.0106 0.0052 1.2 3.8
ST-14 0.0132 0.0104 1.5 7.6
Cat R1700 0.0061 0.0052 0.7 3.9
Cat R1700 0.0106 0.0026 1.2 1.9
MT-42 0.01 0.0002 1.3 0.2
MT-42 0.01 0.01 1.3 8.7

With the change in atmospheric conditions
(pressure and temperature), the parameters of all
gas components change accordingly. Therefore,
the volume occupied by a single gas component
varies in proportion to the total volume of the gas.
In such a case, the volume concentration does not
change with the changes in atmospheric
conditions.

If there are no required baseline data on
measured harmful substance concentrations, the
data sheet specifications of the engine’s hazardous

HEAPOMOJIb3OBAHUE
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emissions are used for calculations. The expression
(2) for such case is given below:

Cexh . N, (5)

mpc P

Quz>, M*/min=k -

where k is the conversion factor, converting
between hours and minutes, and between
percentage and unit fractions; Cexh is the specific
quantity of emissions for the corresponding
component, kg/kWh; (. is the maximum
permissible concentration for the corresponding
component, vol. %; p is the density of the
corresponding gas, kg/m?® taken as equal to
1.15 kg/ m? for CO, and 2.1 kg/ m*® for NOx;
Nis the engine power, kW.

Air Quantity Determination
by Engine Emission Classes

When designing new mines, sites or horizons,
the procurement of new internal combustion
engine equipment is considered. In this case, the
air quantity requirement cannot be determined
based on the actual harmful exhaust gas
emissions. However, the equipment procured for
mining operations is subject to mandatory engine
toxicity certification, and the manufacturer
confirms the engine’s compliance to a certain
emission class.

When a project provides for the procurement
of the internal combustion engine vehicles, the
airflow is calculated by the exhaust gas
components based on the engine’s emission class
according to the emission limits given in Table 2.

The airflow rate for the internal combustion
engine vehicles is defined by the expression given
below (5):

NY
Qe nﬁ/c:a’ (6)

where N is the engine power, HP; Yis the specific
airflow rate per 1 HP of the engine power in
accordance with the diesel engine toxicity
standards, which are defined from Tables 5 and 6.

Air Quantity Determination
by Oxygen Content

According to paragraph 335 of FNiP [12], the
quantity of air supplied to the operating areas of
the internal combustion engine vehicles is to

ensure a minimum oxygen content in the air of
the operating areas of the internal combustion
engine vehicles of 20 % by volume.

Therefore, the air quantity shall also be
determined based on the oxygen content factor in
the operating areas of such vehicles.

Table 5

Specific airflow rate per unit
of the internal combustion engine power
according to toxicity standards

Engine ¥, m®/min per 1 HP
Standard powgr, HP CO . NO,
Tier 2/Stage II 177-760 2.24 13.74
Tier 3/Stage IIIA 177-760 2.24 9.16
Stage IIIB 177-760 2.24 4.58
Tier 4/Stage IV 177-760 2.24 0.92
Table 6

Air quantity determination results
by toxicity standards

Required air

Model Standard p(f;in:lP quantity, m®/s
’ [6) NO,
ST-14 Stage IIIB 304.5 11.4 23.2
Cat R1700 Stage IIIB 329.0 12.3 25.1
MT-42 Tier 4 531.6 19.8 8.2

The oxygen content is determined based on
the expression describing the chemical reaction of
hydrocarbon fuel oxidation. According to this
expression, there is a stoichiometric level of
oxygen for each fuel grade, i.e. the amount
needed for the complete fuel combustion (Z).

The fuel contains C/100 kg of carbon, H/100 kg
of hydrogen, S/100 kg of volatile sulphur and
0/100 kg of oxygen. Therefore, the stoichiometric
amount of oxygen (Z,) is determined subject to the
complete combustion of all fuel by stoichiometric
equations, as given below [17-20, 40]:

_ 2,67C+8H+S+0

L, ks 100

)

Therefore, the stoichiometric amount of
oxygen is determined for each fuel grade
individually and depends on its chemical
composition. The elemental composition of diesel
fuel grades is given in Table 7 [17-20, 41].

Based on the elemental composition data of
diesel fuel grades, the content of individual
components in fuels varies within a narrow range
and should be considered as relatively constant. In
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this case, the stoichiometric amount of oxygen can
also be considered a constant number. The
average of mass fraction of air oxygen is taken as
equal to 0.232. The combustion of 1 kilogram of
fuel requires the quantity of air that is called the
stoichiometric amount of air Z,, According to
[17-20, 42], the stoichiometric amount of air Z; is
14.42 kg for the summer-grade diesel fuel.

The above conditions present an ideal case.
However, under real conditions the mixing of fuel
and air in the engine working cylinder is different.
Commonly, the engine runs with air excess or
deficiency. For this reason, to determine the
required air supply to the engine, a value,
referred to as the air excess factor, which shows
the ratio of the actual quantity of air supplied to
the engine to the theoretical amount, is used. The
a value is always greater than 1, and for diesel
engines it ranges from 1.3 to 2.2 depending on the
design features [15-19, 43-45]. It should be noted
that the same amount of oxygen is used in the fuel
combustion, and the oxygen not used in the
process is emitted into the atmosphere as part of
the exhaust gases. The amount of residual oxygen
is defined by the expression given below:

/

wen> K& = 0,21((1— 1)'10. (8)

Therefore, for the internal combustion engine
vehicle, the airflow rate (Q,) required for the
engine operation is defined by the expression
given below:

_21-L,-N-q

Q,, m°/c ,
0 3600-p- K,

)

where N is the engine power rating, kW; g is the
specific fuel consumption at rated power, kg/kWh;
p is the air density (taken as equal to 1.23 kg/m?);
K, is the air oxygen, vol. %.

Airflow rate @, is the amount of air, at which
all oxygen contained in the air, is used for fuel
oxidation.

Then, the airflow rate required for the
combustion process, where the minimum final
oxygen air content after fuel combustion is 20 %
by volume, is defined by the expression given
below:

(10)

21-L,-N -
QICE, m3/C= 0 q ,
3600-p- (K, —20)

where /N is the engine power rating, kW; Z, is
the quantity of air required for the combustion of
1 kilogram of fuel (equals to 14.42 kg); g is
the specific fuel consumption at rated power,
kg/kWh; p is the air density (taken as equal to
1.23 kg/m?); K, is the oxygen content in the air
supplied for ventilation, vol. %, assumed as equal
to the oxygen content in the atmosphere, as the
mines use a separate ventilation of the operating
areas (Table 8).

Table 7

Elemental composition of diesel fuel

Chemical element Component's proportion, mass %

Carbon 85.5-87.0
Hydrogen 12.8-14.0
Volatile sulphur 0.2-1.0
Oxygen 0
Table 8
Air quantity determination results
by oxygen content
Model Required air quantity, m3/s
ST-14 4.1
Cat R1700 4.4
MT-42 7.8
Table 9
Air quantity determination results
by toxicity standards
Air quantity requirement, m®/s
Toxicity Y,
Model Samples standard 0, Max m°/min
CO NO, CO NO, per 1 HP
ST-14 1.2 3.8 11.4 232 4.1 4.1 0.8
ST-14 1.5 7.6 11.4 232 4.1 7.6 1.5

Cat R1700 0.7 3.9 123 251 4.4 4.4 0.8

Cat R1700 1.2 1.9 123 251 4.4 4.4 0.8

MT-42 1.3 0.2 19.8 8.2 7.8 7.8 0.9

MT-42 1.3 8.7 19.8 8.2 7.8 8.7 1

Calculations based on the above procedure
allow us to determine the amount of air required
to dilute the exhaust gas components.
A comparison of the calculated values of the
components is given in Table 9.

The component with the highest calculated
value should be used in the final calculation. The
proposed procedure for the air quantity
requirement determination provides variability of
the approach. Depending on specific situations
and the availability of the required baseline data,
the air quantity required for dilution of the
exhaust gas carbon monoxide and nitrogen oxides
can be determined based on on-site sampling,
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operating vehicle data sheet or engine toxicity
standards. In the case in question, the exhaust gas
samples were taken from vehicles in operation,
and the determination by engine toxicity
standards was performed as an example. In the
final comparison, the results of the calculation
based on the diesel engine toxicity standards
should not be taken into account due to the
availability of test measurements of the exhaust
gas components for a number of similar vehicles.
The calculations based on engine toxicity
standards should be performed at the design stage
for new sites, horizons or mines in case new
vehicles are being procured, where on-site exhaust
gas sampling data or engine data sheet
specifications are not available.

Conclusions

By using the above calculations as an
example, it can be concluded based on the exhaust
gas sampling data from the vehicles in service that
the actual fresh air supply rate is in fact lower
than the toxicity standard requirements. This may
be partly due to the technological process of
mining equipment, its operating cycle differing
from that of an engine certified to EPA Tier and
Stage standards.

Modern machinery with good exhaust gas
after-treatment units ensures reduction of the
exhaust gas component concentrations to the
values stipulated by the applied overseas Stage
and EPA Tier standards. However, the actual
mining equipment operating conditions impact
real emissions of hazardous and poisonous
exhaust gas components, which affects the
determination of the air quantity required for
their dilution. As evidenced in practice, many
mining enterprises validate the fresh air supply
rate for the exhaust gas components dilution
ranging from 1.5 to 3.0 m®>/min per 1 HP of the
engine power in the Russian Federal Service for
Environmental, Technological, and Nuclear
Supervision.

The application of the above methods to
determine the air quantity required for the
exhaust gas components dilution will make it
possible for mining companies to define the actual
fresh air supply requirement when operating
machinery powered by the internal combustion
engines, and to identify the most suitable
equipment for design companies subject to the
specific conditions of each deposit, which will

allow us to enhance the effectiveness of the
ventilation equipment resources.
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