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(iii)

A series of tests was undertaken on a recirculation scheme in a deep
level gold mine to establish the effect of contrvlled recirculation of
the mine ventilation air on blast contaminant dissipation.

Clarification was needed as to whether the existing re-entry interval
of three hours would have to be extended with the introduction of
contrelled recirculation. The re-entry interval is a time interval,
after blasting, stipulated by the Inspector of Mines during which the
workings are being cleared of blast contaminants and during which time
no persons are permitted tc anter the werkings.

The fresh and recirculated air flow rates were varied and their effects
on blast contaminant dissipation measured. Gas concentrations of the
oxides of nitrogen (NOy) and carbon monoxide were monitored

continuously in the return air. Dust levels were monitored in tta i
return air from two hours before the blast to four hours after the | ) 5
blast.

Two gas models (mixed-volume and plug-flow) and residence time analysis
were used to analyse the data.

In all the tests, the critical blast contaminant for determining the
re-entry interval was found to be NOy. In addition, the following
parameters affected the re-entry interva): the amount of explosives
ignited daily, the volume of the workings into which the NO, is
dissipated by the ventilating air, the time taken for air to complete
one circuit (the cycle time), leakage and short circuiting of air, and
the fresh air flow rate. The recirculated air flow rate was found to
have negligible effect on the re-entry interval.
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Mean residence time which is the average time that
& parcel of air remains in the recirculation circuit
12

(v = [ E(t)t dt)
.

Threshold Limit Value - Time Weighted Average
is the time-weighted average concentration for
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to whi. nearly all workers may be repeatedly
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CHAPTER 1 INTRODUCTION

1.1 Background

Controlled recirsulation of mine ventilatiou air otfers considerable
practical and financial benefits when used as a means of controlling
temperatures in deep, hot sines, in that it can be used as a means of

E V | distributing refrigeration. Hovever, recirculation cannot be used for
the dilution of blast contaminants and their timeous removal during the
re-entry interval. 1Indeed, there is some concern as to whether
recirculation adversely affects tne re-entry interval, and this is the
objective of this examination.
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N Pigure 1.1  Schematic representation of :
recirculation |

A schematic of a controlled recirculation system is shown in
A . Figure 1.1. 'Fresh' air flows to paint 3 with a flow rate of Qp and
v i ., a contaminant concentration of cg, where it mixes with a portion of
the recirculated air which has a flow rate of Qy and a contaminant
f o concentration of c,. This mixed total flov passes through the




workings with a flow rate of Qp. At point 2 this flow is split by

the action of the recirculation fan, with a portion travelling to point
3. The rest travels out of the recirculation circuit with a flow rate
equal to the incoming fresh air ¢p (air density at inlet assumed

equal to air density at outlet) and a contaminant concentration equal
to that in the recirculated air c,.

A field trial {Burten gt a), (1984)) at Loraine Gold Mines Limited,
demonstrated some of the advantages of controlled recirculation for
deep South African gold mines. This prucCtice is increasingly being
considered in the mining industry The recirculation circuit at
Loraine gold mine was positioned zround a number of parallel stopes
where scattered mining was practised. It was found that the
recirculated air flow rate had little effect on the removal of the
contasinants after the blast, and hence on the re-entry interval. In
spite of these findings, it was felt necessary to examine the effects
0% controlied recirculation on the blast contaminant dissipation and
the re-entry interval at a longwall mining site. The ventilation
systen of controlled recirculation at a longwall differs from that of a
scattered mining situation and thus an examination at a longwall site
could yield results different from those obtained at Loraine gold
mine, A test rite was selected at Western Deep Levels where longwall
nining is practised.

This work has been summarized in a paper by the authors (Alexander,
Unsted and Benecke, 1987). A copy of this paper has been included in
Appendix A in support of this project report.

1.2 Legislation

The Mines and Works Act and Regulations of the Revublic of South Africa
{1956) limits the amount of carbon monoxide in the general body of the
underground air to 100 ppm, and the oxides of nitrogen (NO,) to

5 pps. The NO, level is the sum of concentrations of all oxides of
nitrogen. For mines this is taken as being the sum of the nitric oxide

!
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and nitrogen dioxide concentrations, since these are the onlv two
oxides of nitrogen normally found. The concentration of dust shall not
exceed such standard as may from time to time be specified by the
Governsent Mining Engineer. A concentration as measured by particle
count by the konimeter of less than 200 particles per millilitre is
acceptable, No legislation exists for dust concentration measured on a
mass basis, although the Threshold Limit Value - Time Weighted Average
(TLV-TWA) for mass concentrations is defined by the American Conference
of Governmental Industrial Hygienists (ACGIH, 1984). This is an
accepted standard, and is dependent on t*: silicon dioxide ($i02)
content of the lust collected.

A the Western Deep Levels recirculation site the $i0; fraction of the
respirable dust collected was found tc be about 25 per cent, giving a
TLV of 0,4 ng/md.

1.3 Aimz and Outline of Study

1.3.1 Aims

Shortly after a blast, permissible concentrations of NO,, CO and dust
levels in the working zone are usually exceeded. However, the
continuous passage of fresh ventilating air through the workings
eventually reduces these contaminant concentrations to safe levels.
The re-entry interval depends upon the time from the blast to the time
when all the contaminants (NO,, CO and dutt) have returned to below
the legal limits. The main concern in this study is to determine
whether the recirculation of a fraction of the contaminated return air
adversely affects the existing re-entry interval of three hours.
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1.3.2 Outline of study

The zffects of zecirculation on the re-entry interval were examined by
requlating the fresh and recirculated air flow rates for each test.
The fresh air flow rate was varied from 17 to 46 m3/s and the
recirculated air flow rate from 14 to 27 md/s. For each set of air
flow conditions the gas (NOy and CO)} concentrations were measured in
the return air continuously. The dust levels were monitored in terms
of particle count and@gconcentxation from 2 hours before the blast
to 4 hours after the blast.

Two distinctive flow models, a mixed-volume and a plug-flow model, and
residence time theory were used to analyse the data.

(i) Mixed-volume model. This model was derived from work conducted by
Burton et al, (1984). This establishes the relevance of the volume of
the workings, the amount of explosives used, and the fresh air flow
rate on the re-entry interval.

(ii) Plug-flow model. This model assimes that the contaminant flows
around the recirculation circuit in a discrete plug with a deteramined
cycle time. The cycle time is the time it takes for the plug to pass
completely around the recirculation circuit. It was possible to show
relationships between the re-entry intervai and varying fresh air flow
1ates, peak gas concentration: (& function of the amount of explosives
used), fresh air contaminant concentrstions, and the cycle time.
Although not directly measured, it was possible to take account of the
effects of leakage, which significantly increased the peak

c ration of inants. This caused a lengthening of the

re-entry interval.
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{iii) Residence time analysis. This is a useful technique for
analysing transient changes in the contaminant concentrations,
especially in the case of an impulse of contaminant due to a blast.
The recirculation path was both long and complex. Due to leakage and
short circuiting of air, the recirculation path varied from test to
test. The residence time calculated is the average time a parcel of
air remains in the recirculation circuit. This is indicative of the
efficiency of the system in purging the blast contarinants. Logically,
one would expect a relationship between the mean residence time and the
re-entry interval and it is possible to show that a relationship does
exist. This technique established the relevance of the fresh air flow
rate.

1.3.3 Limitations

The long and complex recirculation circuit led to many opportunities
for leakage and short circuiting of the ventilating air, ard
difficulties were experienced in regulating the fresh and recirculated
air flow rates to desired levels. It was difficult in some cases to
estimate the time period for the NO, concentration to reduce to the
legal limit of 5 ppm, from inspection of the traces. This was because
the NO, concentration traces approached the 5 ppm line

asymptotically. It should be noted that any interactive and cumulative
effect (synergy) that may exist between the blast contaminants or any
other contaminants in the recirculatior circuit are not considered,

In the analysis two distinctive models, mixed-volume and plug-flow, are
developed which are used in isolation. A model which consists of a
combination of these two models may be more suitable, but is not
included in this report.
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CHAPTER 2 FORMULATION OF PROBLEN

A considerable numbar of technical papers on controlled recirculation
have becn written. owever, the majority are concerned with small-
scale recirculation systems in British collieries. Allan (1983) gives
a comprehensive review of the development of small-scale controlled
recirculation systems in British collleries. He shows the need to
control heat, gasez and dust. Burtor gt gl. (1984) show that
controlled recirculation can be used as a means of controlling
temperatures in deep, hot mines. Nevertheless, it waz noted i this
paper that recirculation cannot be used to accelerate the dilution and
timeous removal of gases and dust produced by blasting during the
re-entry interval.

2.1 Legislation for South African Mines and Identification of
Parameters

Four sections of Chapter 10 (Ventilation, gases and dust) of the Mines
and Workas Act und Regulations of the Republic of South Africa (1956)
are relevant to the timeous removal of blast contaminants during the
re-entry interval.

2.1.1 ‘Fresh' ventilating air

Intake air to be clean
10.6.1 As far as practicable the ventilating air entering & mine shall
be free from Adust, smoke or other impurity.

Activity in the shaft area and fresh air intakes during the re-entry
interval does intrcduce contaminants into the intake air which then
enter the recirculation circuit.




Ventilation of workings

10.6.2 The workings of every part of a mine where persons are required
to travel or work shall be proparly ventilated to maintain safe and
healthy environsental conditions for the workmen, and the ventilating
air shall be such that it will dilute and render barmless any
inflammable or noxious gases and dust in the ambient aix.

Only the fresh air fraction entering the recirculation circuit can
‘dilute and render harxless any noxious gas and dust in the ambient
air' by removing a portion of the contasinant ,roduced in the return

ar.

2.1.2 The total air flow rate in the working area

Quantity and velocity of asir - smetalliferous and diamond mines
10.7 In every controlled metalliferous or controlled diamond aine
unless exes;ted in writing by the Inspector of Mines-

10.7.1 the velocity of the air current along the working face of any
stope shall average not less than 0,25 metre per fecond over the
working height; and

10.7.2 the quantity of air supplied at the working face of svery
development end such as a tunnel, drive, cross-cut, raise or winze
which is being advanced and at the bottom of any shaft in the course of
being sunk shall not be less than 150 cubic decimetres per second
(0,15 m3/s) for esch square metre of the average cross-sectioaal ares
of the excavation.

Superimposing recirculation onto the intake air flow increases the air
flow into the working area, and subsequently the velocity along the
working faces and quantity of air at the development ends.

P
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2.1.3 The re-eantry interval

Interval before re-entry

10.10.2 after blasting, other than blasting as permi.ted in teras of
regulations 8.10.44, has taken place in any woikings no person shall
enter or ceuse or permit any other person to enter such workings until
an interval which shall be fixed in wiiting by the Inspector of Mines
for such workings has expired;

10.10.3 blasting proceduies shall be so arranged that no person is
exposed to harmful dust, smoke, gas or fumes from blasting;

10.10.4 after blasting has taken place in any part of the working, no
person shall enter, or cause ur permit any other person to entexr, such
part or any place liable to be contaminated until a sufficient quantity
of fresh air has been caused to flow through such part or place to
clear it of harmful dust, smoke, gas or fumes fros blasting.

Again, the fresh air is emphasized in 10.10.4 'until a sufficient
quantity of fresh air has been caused to flow through such part or
place to clear it of harmful dust, smoke, gas or fumes from blasting'.
Tuus the essential criteria upon whirch the fresh air flow rate required
1n underground workings can be determined from the permissible
quantities of the blast contaminants,

From the above, the re-entry interval, t*, can be defined as a time
interval, after blasting, stipulated by the Inspector of Mines Juring
which the workings are being cleared of blast contaminants and during
which time no persons are parmitted to enter the workings. For the
purposes of this study the re-entry interval is considered to be a
variable, and is defined as the time from blasting to when all the
blast contaminants have returned to their legal limits.

wrile
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2.1.4 Legal 1limits and effects on the removal f blas L aminsats

Permissible quantities of gas and dust

10.6.6 In the general body of the air at ary place where persons sve
required to work or travel, under norsil vorking conditions -

{a) the amount of carbon dicxide shall not exceed 5 000 parts per

1 000 000 of air by volume,

{b) the amount of carbon monoxide siiall not exceed 100 parts per

1 000 000 of air by volume,

{c} the amount of oxides of nitrogen shall not exceed five parts per
1 000 000 of air by volume,

{d} the amount of hydrogen sulphide shall not exceed 20 parts per

1 000 000 of air by volume,

{8) the amount of inflammable gas shall not exceed one purt per hundred
by voluse, and

(f) the concentration of dust shall not exceed such standard as may
from time to time be specified by the Government Mining Engineer.

The phrase ‘'shall not exceed' requires that these concentrations must
never be exceeded when persons are present in the warkings. During the
re-entry interval persons are not permitted to be in the workings as
the concentration of the blast contaminants are likely to be well in
excess of their legal lisits.

Carbon monoxide, oxides of nitrogen, and dust are identified as the
most important contaminants produced by blasting. The first stage in
establishing the safe re-entry interval should be aimed at determining
which contaminent takes the longest time to dissipate to its legal
limit after the blast, and hence, which contaminant dictates the
re-entry interval irrespective of recirculation.




2.1.5 Identification of blast contaminants
Carbon Monoxide {CO)

€0 is a product of incomplece combustion of explosives and diesel fuel
and is always formed with CO;.

A CO ecolyzer, vhich is a gas filter correlation analyser, can ve used
to measure CO concentration in thz ventilating air.

Nitrogen Dioxide and Nitric Oxide (NOa+HOwNOL/

Oxides of nitrogen are produced by the ignition of explosives and
combustion of diesel fuel. For mines the concentration of oxides of
nitrogen is taken as being the sum of the nitric oxide and nitrogen
dioxide concentrations, since these are the only two oxides of nitrogen
norsally present.

Greig (1982) has indicated that the oxides of nitrogen in diesel
ewissions are very important from the atandpoint of toxicity and
quantities produced. He also discusses the gaseocus products of
blasting, and in Table 2.1 he shows the volume of various gases
produced per kg of different explesives ignited, The permissible level
of NO and NO; (collectively known as NOx) is twenty times less than
that of CO. With this in mind, a comparison of the volumes produced
indicates that NOy is more critical.

The greater the volume of gas produced the greater the strength of the
explosive. In this study. Ammon dynamite cartridges with Dynagel
primers were used to advance the stope face, and for the development
ends, Dynagel was used. Approximately 60 per cent of the total mass of
uxplosive ignited was Ammon dvnamite which an inspection of the Table
will show to be veak. For the same mass of Ammon Jynamite, ANFO will
produce 75 per cent more NO,. which would substantially increase the
re-entry interval. Thus, in any study of this nature, the strengths
and proportions of the various types of explosives used should be
noted.




Table 2.1 Volume of gas produced per kg explosive
(m3 at 0°C and 101 kPa) (Greig, 1982)

Gas

Type of explosives

co  [No & NOz[ €O, NHy
Ammon dynamites 0,03 0,004 0,06 0,003
Anaon gelignites 0,0% 0,006 0,07 0,003
ANFO 0,03 0,007 0,05 9,009
fynagel 0,03 0,005 0,07 0,003
Water Gel Explosives | 0,009 0,002 0,08 -

A chemiluminescent NO, analyser can be used to measure NOy
concentrations in the ventilating air.

Dust

Allowable or acceptable reapirable dust levels are not stipulated in
the regulations, but may from time o time be specified by the

Mining Engi . At a ion of 200
particles per nillilitre of particle size less than § sicrometsr (as
measured by the konimeter), is taken as being acceptable.

Thus it is necessary to use a konimeter to measure dust levels in the
return air after the blast. A graviwetric du:t sampling technique can
also be used where the level is expressed in mg/md. In this case the
acceptah..e level is given by the Threshold Limit Valus - Time Weighted
Average, TLV-TWA. This is defined by the American Conforence of
Covernmental Industrial Hygienists (ACOIH, 1985) as

.. 10
LV - THA R TIeT

Whers \Si0; = the percentage of silica in the respirable fraction

i,
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Two wethods for measuring dust levels yravimetrically can be used,
namely:

- Dupont personal gravimetric sampler, which gives an average level of
dust less than 8 micrometer for a measured time period, and the sample
collect=2d can be analysed to give the per cent 5i0; and

- Hund tyndallometer which gives a set of readings at J2-second
intervals of dust less than 8 mi- _ometer.

2.2 Further Identification of .arameters

The concentration of the various contaminants produced within the
workings after blasting will depend primarily on the face length, L,
and number of development ends blasted. It can be related to the mass,
E, of explosives ignited and the fresh air flow rate.

The total air flow (Qp=Qp+Qp} passing the newly blasted rcck will
dilute the blast contaminants. The resultant lev:ls measured in the
return air-way will reach a yeak valua, é, and this parapeter is
considered “~ have a strong influence on the re-entry interval.
However, no' ill of the available air, Qp, passes along the advancing
faces ci into the developarnt ends, as leakage of air always occurs
depending on the prevailing ventilation staadards. Thus, less air will
be availabls to dilute Lhe contaminants, and shortly after the blast
the peak concertrations of contaminants will increase for the same mass
of explosives ignited and total air flow rate.

The portior of the contaminated recirculated air stream with an air
flow rate of Qq, which is continucusly re-introduced into the working
area, would not have the same effect as fresh air in decreasing the
rate of contaminant removal from this area. The rate at which chese
contaminants are then removed will then depend on the residence time of
the air in the recirculation circuit or on the cycle time, T, of the
air to complet2 one circuit. These parameters are dependent on the
total air flow rate, the length and size of the excavations in the
recirculation circuit and the effects of leakage.

e
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It should be noted that any interactive and cumulative effect (synergy}
that may exist between the blast contarinants or any other substances
in the recirculation circuit is not considered. If this were the case,
then the concentration leve. set to which the bhlast contaminants would
have tc reduce to after the blast in order to determine the re-entry
interval could be iess than their legal limits. Thus, this could
result in a lohger re-entry interval.

2.3 Nethods of Analysis

Many factors influence the dissipation of contaminants in a
recirculation path in the underground workings of a mine. The factors
considered include:

(i) the amount of blast caontaminant released (C) which is derived from
the face length blasted daily (L), or the daily mass of explcsive
ignited (M),

{ii) the volume of the recirculation circuit through which air is
acving (V) or the length of the reciiculation path and hence the time
taken for air to travel around this path, the cycle time (T},

{iii)} the amount of fresh air supplied to the recirculation circuit
Qp):

(iv) the recirculated air flow rate (Qg),

(v) the total amount of air coursing through the workings of the
recirculation path (this flow rate, Qp, is equal to the suw of the
flow rates of the fresh air and the recirculated air (Qp=Qp+Qp)},
{vi}) internal leakage paths within the recirculation systes, .nd
(vii) the presence of contaminants in the fresh air supply (Cg).

These factors interact to affect contamination levels at any point in
the recirculation path.

Any model of a recirculation circuit should incorporate the inter-
relationship of these factors. Three approaches are now considered,
namely:




2.3.7 Mizxed-volume madel

A mixed-volume model assumes that the working zone of volume, V, has a
unifors coucentration of the contaminant immediately after the Llast,
In other words, there is an instantaneous, perfect mixing between the
contaminant and the air in the working zone. This model was used with
some success to analyse data obtained at Loraine Gold Minas Limited by
Burton et al, (1984). This sec’ ‘on of work, Recirculation during
blasting, is given in Appendix ’

The model can be summarized by tne following equation:
ep = cp + Ac exp [-Qpt / V] ppR 2.1

where Ac = the instantaneous increase in contaminant concentration due
to blasting, ppm
and ¢t = time, s

Solving this equation (2.1} for the re-entry time, which is the time
required for c, to decay to ¢g {where c; is the legal limit for a
particular contaminant), gives the following equation:

tt =V gn {ac/ feg - cgll s
¥

Since cg = O (in the present study there is no KO, in the fiesh air
intake) and
Ac = ¢ which can Le measured from the NO, gas trace

then t* =V an [c/c,) s (2.2)
%

Also ¢ = C/V ppie
where C = the total volume of NO, released from the blast

12
and C = % { cit) dt wd of “Ox
.




=

or C can be calculated from the daily mass of explosive consumed by

¢ = 0,005
then t* =V gn C/V 8 (2.3)
Y €y .
"5

2.3.2 Plug-flow model

The pluo-flow model (Unsted, 1987) assumes that the contaminants do not
gradually disperse within the blasting zone but rather travel around
the circuit in the form of a discrete plug, which reduces step-wise
each time the plug pas.®s around the recirculation circuit. Evidence
for its validity would be the p.usence of humps in the profile of the
gas traces (see Figure 4.1), and hence the model should reflect the -
situatior. at the recirculation site.

s
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i A sketch of a recirculation circuit is shown in Figure 2.1.
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A Pigure 2.1 Schematic representation of
H recirculation
a Contaninant mass balance of mized air
By mass balance at point 3:
Qrce = QpCe + Qpey  parts of contaminant per second
0 + Qre
and hence cy = —ﬁ——tﬁ.—iﬁ ey
. where cg < ¢y and c¢ is assumed to have a constant value
o Since Qp = Qp + Qg
Qpte + QocC
¢ = et pom (2.4
QFce + QRE
€t loopl = UEF Ug ppR

QFct + ORCt loopt
St loop2 = — gy FUF ppn

and after n loops

o




Qrcg ¢ g_gct égog(n-!)
St loopn = F ¥ UR Lo

Before the blast

Under steady state conditions, and with no addition of contaminant at
any plaze within the recirculation circuit, but especially at point 1t
(Figure 2.1)

¢y ®cy = Cp ppn
After the blast

After the blast a mixed plug of contaminant starts travelling around
the circuit

cr eyt e

The plug of contaminant travels from point 1 to point 2 where jt
splits, and some contaminant (Qp ¢,) is carried out of the circuit.

The remainder of the contaminant (Qp ¢;) travels to point 3 where
it mixes with the fresh air and is diluted, as shown in Equation (2.4).

At point 4 the fresh air and recirculated air is considered to be fully
mixed.

The plug then travels through the workings and back to point 1 where no
further contaminant is added. From point 1 the plug repeats its cycle
with a concentration reduction each time the plug is mixed with fresh

air.

After the plug of contaminant has passed any given observation point
the concentration at this point will revert to its original value,
i.e. the value it had before the blast (cg). This process is shown
graphically in Figure 2.2.




Provided that no additic :1 contaminant is generated in the

racirculation circuit, . plug will loop arocund the circuit with its
contaminant concestration successively diminishing at the point where
mixing with fresh air takes place. At some time after the blast the ‘
contasivant concentration of the plug will closely approach the

pre-blact level,

The re-entry interval (uncorrected)
The uncorrected re-entry interval is
t*uncoxrected ® No. of loops (uncorrected) x Cycle time h {2.5)

where the No. of Joops is equai to the No. of loops to when ¢, is

€ ppm plus & fraction of a loop to when ¢y is 5 ppm and is calculated
by linear interpolation, and cycle time calculated in hours

(T = 47,4/Qy) is & functiuon of the total air flow rate ({y)} and

the length and size of the excavations in the recirculstion circuit at
the test site (factor = 47,4).

The re-entry interval (corrected)

The uncorrected re-entry intervai does not make allowance for:

{i) the time interval from the time of the blast to peak concentration
(see shaded section of Figure 2.3),

(ii} the time it takes the air to travel from point 4 to point 2,
(iii) leakage paths within the recirculation circuit which decrease the §r
amount of air available at the face to dilute the blast contaminants

which subsequently cause an increas: in the re-entry interval.

To take account of (i) and (ii) the measured No. of loops
(t* measured/T) was plotted against the uncorrected No. of loops and a
relationship derived (see Appendix E) such that

No. of loops (corrected) s 2,82 (No. of loops (uncortected))o’5”



To take account of {iii) a new total air flow rate is calculated by
considering a leakage factor which is best illustrated with an example.

Given Qp = S0 m}/s and leakage - 20 per cent
- 100-Leakage o 50 + 40
then 0 = (Qp + (—-100 1 Q)/2 = T = 45 al/s

this new value for the total air flow rate is input into equation
2.4).

Thus t* » No. of loops {(corrected) x Cycle time. {2.6)
It is possible to imput into the plug-flow model the daily mass of

explosive consumed, instead of the peak tion of inant
(measured from the trace).

Since ¢ = (2%

<l

where C = the total volume of NOy released from the blast
and C = 0,005M n) of NOy

and V = (60)(T x Q) n?

oy

o
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Using the plug-flow medel in a recircuiation path that closely
resembles the one investigated at Western Deep Levels, changes in
different critical parameters can be simulated.

Since NO, is taken as the critical contaminant (see Section 4.1)
after the blast, it is used as the rontaminant in the sipulations.

Changes in the fresh air flow rate, the amount of contaminant released
by the blast, the amount of contaminant in the fresh air, the air cycle
time and the recirculated air flow rate can be simulated. An examgple
in the use of this model is given in Appendix E.

Although the plug-flow theory is a simplification of the real
situation, it is easy to understand and use,

s
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2.3.3 Residence time apalysis

The mixed-volume and plug-flow models have very distinctive flow
patterns.

With mixed-volume the profile of the dlast contaminants from the peak
concentration to the legal limit follows a first order decay function.
On the other hand, with plug-flow, the blast concentrations are
represented by pulses at reqular intervals. The true situation lies
somewhexre between these two situstions. With residence time analysis a
model is not derived. Residence time analysis gives a method whereby a
mean residence time can be derived for each blast using the data fros
the contaminant profile after the blast in the return airway. The mean
residence time is the average time a parcel of air remains in the
recirculation circuit, and logically one would expect a relationship
between this and the re-entry interval.

the underground mine environment is continually exposed to transient

h in the nant rations, and especially in the case
of an impulse of contaminant due to a blast. The profile from the peak
concentration to the legal limit of the blast contaminants is found
experimentally not to follow a true exponential curve. The peak
contaminant level depends upon the mass of explosives ignited and the
total air flow rate. The mass of explosives vary widely from day to
day. 1In order to normalize +his variation, and compare the
experimental results from different days, residence tima analysis can
be used (Levenspiel, 1972). The concentrations of the oxides of
nitrogen and carbon monoxide were continuously monitored in the return
airway. Figure 4.1 shows a typical trace of blast concentrations in

the return airway after the blast.

By residence tiwe analysis, a probability density function E{t) can be
derived for each trace and is given by,

E(e) = St

where C{t) = The concentration of the tracer (e.g. NO,) in the
ventilating air at the outlet of the recirculation system,
at time t

A,
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and A = Area under the NO, or CO trace from time of blast to
12 hours after the blast, when aost of the contaminant has
been removed and the concentration is near zero,

12
1.e. & - { clt) dat ppa-h

which can be conveniently calculated using Simpson's rule and the
trapezoidal rule for numerical integration.

A tracer is defined to be a substance which behaves in every way like
the ventilating air, but is distinguishable from the fluid by rome
measuring techrnique. E(t)dt is defined as that fraction of the air
that leaves the recirculation circuit in the time between t and ¢ + dt.

Thus the varying amounts of explosives consumed can be norsalized and
the average residence time which is the time that a parcel of air
rerains ia the recirculation path, t, is given by

12

,.t' E(t)t dt h
veyww T

I Eft) dt

12 -
and since [ E(t) dt = [ E{t)dt = 1
. .

12
Thus T o= B(t)t dt h 2.1
.

This parameter is inCependent of the concentration of blast
contaminants in the recirculation circuit. It is dependent on air flow
rates Qq and Qp, the geometry of th. recirculation circuit, and

ieakage and short circuiting of air. Thus, the mean residence time
calcuiated for a particular day is indicative of the efficiency of the
ventilation system to puige itself of con*aminants.

A calculation of the mean residence time for a test is shown in

Appendix F.

L
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CHAPYER 3 RECIRCULATION FIELD TRIAL

3.1 Field frial Imvoutigation

The effects of recirculation on the re-entry interval were examined by
varying the fresh and recirculated air flow rates and measuring the gas
contaminants (NOy and C0) in the return air stream continuously. The
dust levels were monitored for a period of 2 hnurs before the blast to
4 hours after the blast.

The first stage of the investigation was aimed at determining waich of
the contaminant levels took the longest to reduce to its )- .1 limi¢
&fter the blast, and hence, which contaminant dictated th. re-entry
interval. (It will be seen later that this was NO).

Having determined “hat NO, was the critical contaminant, further
analyses were aimed a% determining which parameters most affected its
dissipation rate and their inter-relationships.

Yhe fresh air flow rate was varied froa 17 to 46 »3/s and the
recirculated air flow rate from 14 to 27 md/s, giving A recirculation
fraction from O to 0,6.

It would have been highly desirable to vary each of the parameters
separately, while keeping the other parameters fixed; however, under
actual mining conditions this was not possible.
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3.2 Undexground Site and Ims‘trumentation

The test site was at the No. 3 Sha®t, Western Dsep Levels Limited, in
the 91/73 East longwall. The total ‘ength of the recirculation path
was about 4 km. The longwall is locat'd in the Upper Carbon Leader
zone between depths of 2 531 m and 2 760 m. The stope face dips at 30
degrees for about 500 m with a stoping widt. of ¥ m. Figure 3.1 shous
a plan of the site and Figure 3.2 is a schesat.~ depicting the
ventilation layout. Typical information om miming -° -—wvironmental
conditions in the stope is presented in Table 3.1. .. Yongwall
extends from 83 to 91 levels. Fresh air intakes are on the >: and 87
1evels with some air entering the system through the old workings.
Approximately 45 per cent of the intake air is fed from 91 level, about
20 per cent from the intake on 87 level and the remainder leaks into
the area through the old workings. T''e return airway is on 83 level.
A 7% kW fan situated on 83 level . used to recirculate air from 83
level back to the longwall via a se, rice incline. The recirculated air
is fed back into the workings from the service incline through intakes
on 85, 87, 88 and 90 levels. About 20 per cent of the recirculated air
is fed to the bottom of the longwall.

The main measuring station was in the return airway on 83 level
(station 1) and was used to monitor the return air contaminant levels
as well as the recirculated air flow rate and the reject air flow
rate. From these measurements the total flow rate through the longwall
wag determined and the total intake air flow rate deduced (this will
equal the reject air flow rate). The other measuring points were in
the intake on 91 level (station 2), the intak- on 87 level (station 4)
and the return air at the stope ocutlet (sta. 3} at the top of the
longwall. The gas analysis equipment was situated on 91 level in fresh
air, and samples of air were drawn from the main measuring station in
the return airway or. 83 level to the instruments via a sniffer tube of
4 mn diametexr which was installed in the service incline. The length
of the tube was about 750 ® and it was estimated that it took the gas
sample approximately 5 minutes to travel through this tube from the
return airway to the gas analysis equipment. The NO, levels were
measured by chemiluminescent analyser and CO levels by a gas filter
correlation analyser. The information was recorded continucusly on &
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Taple 3.1 Typical values for mining and environmental parameters in

test longwall (Alexander et al. (1287))

Rock production tons (waste and reef)

13661 - 17783

centares 3310 - 4646

nominal face advance 4
Face length 486 m
No. of Panels 26
Stope Width 1m
oip 30°
Advance per blast 0,75

Depth below surface B3L/91L
Virgin rock temperature

2531 m/2760 m
41 °c

Rock density 2700 kg/m3
Averace ventilation air flow rates -
Fresh air m3/s per kton per month 2-2,5
Fresh air 35 /s
Recirculated air 25 mi/s
Recirculation fraction 0,42
Standard face velocity 1,5 m/s
Air density -
Intake on 91L 1,21 kg/m3
Intake on 87L 1,21 kg/m?
Return on 83L 1,16 kg/m3
Cooling suppiied
{rated, 11 cooling cars x 300 kW(R)) 3 300 kw(R)

Water consumption

2,3 tons/ton

Barometric pressure -
Intake on 91L
Intake on 87L
Return on 83L

Air temperatures -
Intake on 91L (WB/DB)
Intake on 87L (WB/DB)
Return on 83L (WB/DB)

106,4 kPa
106,0 kfa
103, 4 kPa

27129 *C
24,5/29,5 °C
30/32 °C

Recirculation Fan details -
Type
Rated Power
Pressure
Air flow rate
Revs

Axial Flow
75 k%
1,15 kPa
30 @d/s
1475 rpa

Ex~losive details -
Type : Cartridge - Face
- End

Amnon Dynamite
Dynagel

S—

o
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chart recorder. (See Figure C1 of Appendix C for the No, and CO
measurement layout, and see Appendix B for the gas (RO, and CO)
concentration traces as recorded by the chart recorxder.)

The NO, and CO levels in the intake airway on $1 level were also
monitored and found to be close to zero, since diesel vehicles were not
used in the area.

The air flow rates were varied by adjusting a regulator situated in the
return airway, and by controlling a bypass around the recirculation
fan. The regqulator consisted of a steel grill er.cted in the return
airway, which was covered with plastic sheeting. The recirculated and
the reject air flow rates were monitored at the main measuring station
{Point 1 in Figures 1.1 and 3.2). <Calibrated vortex anemometers giving
a 4 to 20 mA output signal were used and the data stored on a battery-
powered ‘Squirrel’ data logger.

Although a difference in air density between intake and return
conditions was found, it was of the order of only four per cent and vas
ignored in the analyses. The variation in flow rates for any one day
was small and thus average values of air flow rates were assigned to
each test. {See Appendix B for typical variation in air flow for one
particular test day).

Dust levels in the return air were measured throughout the test

pericd. Both mass concentration and particle count measurements were
recorded. An automated konimeter was used to determine the particle
counts. (A conventional konimeter fitted with a plunger activated by a
piston driven by a swall electric motor, which also rotated the slide
to coincide with the 59 slide positions.}) The sampling interval could
be varied between five and ten minutes. Dust concentrations on a ®ass
basis were measured ¢.nt nuously, using Hund Tyndallometers. These
instruments make use of the light-scattering properties of tne airborne
dust and store the data avery 32 seconds in an in-built data logger.
Hund Tyndallometer gravimetric dust measurements were taken
continuously in the intake on 9. ievel and the return on 83 level.
These measurements were used as an indication of the dust load in the
intake air system which is present, irrespective of recirculation. By
comparing similarities in the traces from the Tyndallowmeters on 91
level with that on #3 level, the cycle time could be estimated for a

4
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particular set of fresh and recirculated air flow rates. ({See
Appendix E for traces of tha Tyndsliometers showing similarities in the
dust concentration profiles).

A Dupont personal gravimetric sampler was used to provide a check on
the average dust concentrations given by the Hund Tyndallometer over
the test period. It makes use of a screening cyclone which separates
and discards all particles greater than 8 micrometres. The dust
collected by this sampler was also used to determine the silicon
dioxide content. The average content of $5i0; was about 25 per cent.

3pot measurements of temperature and barometric pressure were taken,
using hand-held instruments. (See Table C1 of Appendix C which gives a
schedule of instrumentation details).

i
t

Pa
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 The Critical Contaminant

Plots of the seasured concentrations of the three contaminants (NOy,

€0 and dust) after the blast for a test where the fresh and
recirculated air flow rates were 24 mi/s and 26 m3/s respectively, with
a recirculation fraction of 0,52, are shown in Pigure 4.1. In order to
assist the reader, the vertical axes for the different contaminants
have been arranged so that the legal limita of NO, and CO, together
with the recommended limits for dust, all coincide.

The contaminant profiles for this test are typical, with the NO,
conrcentration taking the longest time to reach the legal limit of

S ppm. Therefore NO, dictates the re-entry time, which in this case
can pe seen to be 5,0 hours. The CO conce.tration for this test did
not oxceed the legal limit of 100 ppa; in tests when it did exceed the
limit, the time for it to drop back to 100 pps was considerably less
than that for NO, to reach S ppm. The dust concentration measured by
particle count {Konimeter) took longer to reduce to the legal limit
than the dust concentration measured on a mass basis. It is believed
that this is because the .eavier dust particles drop out of the air
stream before the lighter particles, and hence have a greater effect on
the rate of reductior of dust levels when measured on a mass basis.

The average dust concentration values measured with a Dupont personal
gravimetric sampler throughout the test period compared well with those
measured by the Hund Tyndallometer.

The NO, concentration in the ventilation air took the longest tims
period to reduce to the legal limit in all the tests, and hence in
further analysis was the only contaminant used to determine the
re-entry interval. Note that the TLV-TWA cf NOy as given by the

ACGIH (1985) is 3 ppm. 1If the legal limit was taken as 3 ppm then this
would adversely increase the re-entry interval.
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. 4.2 Treuds Indicated by Iaspection of Data

It would have been highly desirable to vary only one of the paraseters
at a time, while keeping the other» fixed. However, undex practical
i mining conditions, this was not possible. For this reason no one
paraseter could be studied in isolation and only trends in the
. r1elationships of the paraseters can be indicated in the discussion that
B follous.

The results of the tests are presented in Table 4.1 which is arranged
in increasing order of mean residence time. Some correlation appears
to exist between the wean residence time and the re-entry interval.
The mean residence time depends on the fresh and recirculated air flow
rates and the geometry of the recirculation circuit through which tae
total air (Op + op) flows. It is not dependent on the mass of
explosive ignited daily. Relationships between any one of the
parameters and the re-entry interval are not obvious. This is due to
the inter-relationship between the parameters and “he influence of
leaksge and short circuiting of the ventilating air within the
g recirculation cizcuit,

Ry Leakage and short cironiting of air within the recirculation circuit

’ have a warked effect on the re-entry interval. A reduced air flow rate

in the workings resuits in a higher peak concentration of NOy than

v should be the case. The higher concentration would then take longer to
reduce to the allowable level of 5 ppm. Inspection of Table 4.1, a
comparison of the results of tests five and sixteen, shows that for the
same face length blasted the peak concentration increases with

decreasing total air flow rate. The re-entry interval increases

. accordingly. Note that the fresh air flow rate in test sixteen is
almost half that of test five, and this fact also certainly results in
a greater re-entry interval in test sixteen. It can be seen that the
mean residence time Of test sixteen is greater. This contributes to a
greater re-entry interval. The effects of leakage for tests five and
sixteen are minimal, but these effects become apparent when comparing
test six with test nine. The total air flow rates and face length
blasted were similar. The peak concentration for test six was very

. high and resulted in an extended re-entry interval, This is in apite
. of the greater fresh air flow rate on day six, which should have




Table 4.1 Susmary of Results  (Alexander et al. (1987))

Fresh Air{Recizcula-[Total Air|Recircula-{Pacirculs-] Face  [Explosive| Avea  [Peak wo, jeycle Time| Mean  jRe-Eotry
test| Flow ted At Flow  [tion fetio]  tion Length | Charge tinder Cane. fesidence]thierval
™ Flow  |tQp * )] (Qa/Qp! |Fraction | DBlasted |(AL#450) [dar Trace Tine for o,
O/ (0r0p}
o o or o ’ L £ A ¢ T N t
tmt s 8| a3y m) i.’f.i_ﬁ | {a} tkg) {ppm-h) topm) | {sinutes) i (L3}
1 .0 AL 3h1 0,38 0,11 1 100 .S ms 33 1,30 2,85
2 43,2 20,7 6.3 0,48 0,32 16 310 10,0 14,8 44 2,05 2.0
3 4.5 0 0, 0,3 0,73 200 1 250 44,3 28,0 1 2 3,10
4 0.8 35,2 56,0 0,82 0,48 240 1 410 50,6 4,8 5t amn 3.00
H 30,0 19,7 50,0 0,6% 0,3% 180 1170 46,6 26,5 57 2,48 l.(;;M
1] AL} w6 3,4 0,8 0,34 300 1 650 106, 1 €3,0 i3 2,7 5,90
? 2,8 5.3 551 o.8% 0,4 230 1310 46,0 2,0 51 2,84 S.f‘)‘;’ b
L] 3.0 Mu,7 591 o.n o4 230 1370 55,7 .8 4 2,86 4,26
3 A 2.3 50,7 0,79 .44 280 1510 | ¢80 EiR ] 36 2,94 3,00
10 21,1 20,9 42,0 0,9% 0,50 40 1010 12,4 24,8 7 2,98 4,78
11 23,1 19,2 0.9 0,48 230 1370 12,7 29.% " 2,95 5,00
12 4,2 5.6 1,06 0.5 200 1250 69,5 nu,) 57 30 1,63
13 »,0 5,8 1,03 0,54 :JO 110 131,8 3.5 56 3.5 6,75 B
" 22,8 16 on 0,44 40 1 410 94,9 pE R w 2.3 $.00
3 21,9 2.0 3,09 0,52 10 1930 68,4 20,0 57 3,38 5,00
6] s 6.7 4.2 1,53 BRI T 1170 72,8 32,8 2] 3,56 A0
7] 19 5.8 1.3 nn 0.57 270 1830 (IR 3,0 3} e g S
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resulted in a reduced re-untyy interval, approximating to that of day
nine. Thus, if a smaller proportion of air reaches the working faces
due to leakage, the resultant decreased flow rate in this zone will
give rise to a higher peak concentration and an extended re-entry
interval.

When investigating the main parameters which affect the re-entry
interval and the mean residence time, the absolute values of eir flow
rates Qp, Qg and Gy "ad to be used racher than any ratio of these
flows. This is due to the fact that a given value of raiio (e.g.
Qg/Qp) can be obtained from varivus combinations of values of the
relevant air flows. This ratio would give a different re-entry
interval and mean residence time. In other words, Qj/Qp cannot be
considered as an independent parameter.

It is evident th’lt the length of face blasted, and hence the mass of
explosives ignited daily, has a strong influence on the re-entry
interval. The relationship between the length of face blasted and the
re-entry interval is shown in F.gure 4.2. Broad zones of total air
flow rates were grouped together to show the trends in this
relationship. For the trial period, the average face {ength blasted
daily was only 224 m, or 46 per cent of the total face lungth.

The cycle time for the recirculation circuit was established by tracing
a significant sudden increase in dust concentration at an intake
monitoring station through to the monitoring station in the return
airway for one particular test. This was based on output from
continucus reading gravimetric samplers (lund) and was found to be 57
minutes (test fifteen). The cycle time thus obtained was used as
standard, and is taken as being inversely proportiunal to the total air
flow rate. The time varies between 44 and 70 minutes over the range of
the tests. In Figure 4.) a plot of the re-entry interval against cycls
time, is shown. Broad zones of face length blasted were grouped
together to show the trends in this relationship. In this
recirculation circuit, the airway in which the recirculated air was
coursed from the return airway back to *he intake air was sited about
one kilometre from the workings. As a result of this feature the cycle
time was long (typically one hour). A reduction of the path length,
which can be achieved by siting the recirculation fan closer to the
workings, will reduce the cycle time and thuwx the re-entry interval,
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Some rrends are evident in that the re-entry i.*.rval is a function of
the fiush air flow rate, the total air flow rate, the face length
blasted, and the cycle time. More detailel analysis is needed to
establish the effect of the reczirculated air flow rate on the re-entry
interval. However, it would appear that the re-entry ‘interval is not
significantly affected by recirculation. Oreater clarification is also
reeded to establish the effects of both leakage and an increase in the
fresh ail contaminant concentration on the re-entry jntexval.

Some of the meatured re-entry times shown in Table 4.1 are clearly
unacceptable under normal circumstances. It should be emphasized that
these were obtained when the fresh air flow rate was deliberately
reduced for experimental purposes,

4.3 Mixed-Volume Model

The relationship between the estimated explosive charge and the
m-asured volume of NO, (C) released {rom the blast is shown in

Figure 4.4, together with the theorecical prediction by Greig (1982)
(C = 0,0054 (see "able 4.1)). The correlation is reasonable,
considering the approximate manner for determining the explosive
charge. Tihus, it is possible to input into the mixed-volume model the
daily mass of explosive consumed, instead of the peak concentration of
contaminant (measured from the trace} (equation 2.}).

The measuvad re-entry interval and the times predicted using the
mixed-volume wodel (equations 2.2 and 2.3) are shown in Figure 4.5.
for an estimated working volume of 260 000 m3 a good correlation
exists. Analysis showed that a slightly smaller value for the working
volume would have provided a better correlation.

The scatter in Figure 4.4 is believed to be due to the numerous leakage
raths within the workings, the location and extent of which varied from
test to test.

Clearly, within the limits of experimental errors, the mixed-volume
model is well supported by the data. This means that the re-entry
interval given by this approach is not dependent on the recirculated
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air flow rate, but only upon the fresh air flow rate, the explosive
charge and the volume of the recirculation circuit.

No diesel vehicles were used at the recirculation site or in the fresh
air intakes to the site, and consequently the NO, concentration in
the intake air is zero. However it is important to consider the
potential concentration of N0y in the intake {cg) if diesel

vehicles were to be used. Since the NOg trace i3 seen to approach
its legal limit asymptotically, any slight increase in intake levels,
say a constant level of 1 ppm of NO,. will increase the re-entry

interval. Use can be made of the mixed-volume model. For the same

volume of the workings and fresh air flow rate, and with the intake
level set at 1 constant 1 ppm instead of a zero concentration, the
re-entry interval will increase by approximately 10 per cent, (See

Appendix D). P

4.4 Plug-Flow Model

The measured re-entry interval and the corrected times predicted using

s

the plug-flow model are shown in Figure 4.6. The effect of changes in
the fresh air flow rate, the peak concentration of contaminant released
after the blast, the amount of contaminant in the fresh air, the air

cycle time and the recirculated air flow rate on the re-entry interval
have been simulated using the plug-flow model, The results of these

simulations are shown in Figure 4.7. Note that there is no volume (V)
term in the plug-flow equation since this term iy variable from day to
day and difficult to determine. Acvowt iy taken of the volume of the
workings through which air flows by the inclu: ion of the cycle time in

the calculations.

Again, the influence due to changes in intake NO, levels (cf) has
been simulated and is shown in Figure 4.7,

From exeycise A through to exercise F the levels of Qf é. cg and
cycle time (in case of E) have been set, and tend to give a progressive
decrease in the re-entry interval witu changes in the recirculated airx
flow rate.
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It can be seen that ii 'l the exercises, the recirculated air flow
rate has only a minimal effect on the re-entry interval (see

Figure 4.7). In some cases the re-entry intcrval tends to decrease
with increasing recirculation rate.

Inspection of the change in the values assigned to Qp. & cg and
cycle time with each exercise, reveals the significance of these
parameters, namely the re-cntry interval is proportional to:

(1) the mass of expiosives ignited daily (&).

{ii) the concantration of the contaminant in the fresh air supply,
(iii) the cycle time of the plug of contaminant in the recirculation
circuit, and

the entry interval is inversely proportional to the fresh air flow
rate,

Caledlatad re~entry interval (h}

Figure 4.6 Compzrison of measured re-entry interval against that
predicted by plug-flow model

Pty
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4.5 Residence Time Analysis

The mean residence time is the average time that a parcel of air
remains in the recirculation circuit.

The value of the mean residence time varied betwecn 1,8 and 3,7 times
the cycle time. Thus no correlation is shown by the cycle time and
mean residence time, although a relationship has been shown to exist
between cycle time and re-euntzy interval.

The meun residence time is a measure of the efficiency of the systes in
purging itseif of contaminants. Intuitively it was expected that a
shorter mean residence time should result in a reduced re-entrv
interval, all other factors being equal. This relationship is shown in
Figure 4.8, Correlation is not good, but ciearly the trend exists.

A strong relationship also exists between mean residence time and fresh
air flow rate, and thus this parameter is very important as is clearly
eviden: from the analysis in terms of the two models. This
relationship is shown in Figure 4.3.

Since NO, is not a perfect tracer gas, it is suggested that the mean
residence time could be calculated by using a perfect tracer gas,
sulphur hexafluoride (SFg). Instead of a sudden impulse of NO, from
blasting being mouitored, an impulse of SF; could be released at a
position just bafore the rec: -culation fan. Samples of air could be
collected at suitable interva's in the return airway and a profile of
SFs concentration drawn +i'n ‘ime, From this profil-. the mean
residence time is calcul.:.d as describzd in Section 2.3.3. The SFg
can also be released intc the uine stmospher.:: during the shift when men
are present, and thus the experimuents woul® noc have to be conducted
during re-entry interval.
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4.6 Compazison of the Mixed-Voluwe and Plug-Flow Models and
Residence Time Analysis

A comparison of the mixed-v2lume and plug-flow models is given in
Table 4.2,

From the comparison in Table 4.2 it is evident that the most suitable
model should:

(i) include the parameters ¢, cf, €. Cpv €i Ty Qp. Qps

Wy and although no NO, filtration exists ii would be desirable to
have a tera for filtration, and

{ii) be able to simulate the effects of leakage.

The volume of the workings is very difficult to establish from day to
day. Either the mean residence time or the cycle time used with the
plug-flow model will take accour.c of the volume of the recirculation
circuit.

In summary, the numerous leakage paths at the test-site and the
difficulty of being able to investigate the effects of each parameter
in isolation made it difficult to analyse the data. However, tw> very
different single models have been used and which show, within
#xperimental accuracy, that the recirculated air flow rate had little
effect on the re-entry interval.

It is suggested that, instead of using these wudels in isolation, a
sophisticated hybrid model, with mixed flow and plug-flow volumes
placed in series and parallel within the recirculation circuit, and
with the inclusion of the mean residence tiue parameter, may prove to
be wore suitable.

-

-
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Table 4.2 Comparison of mixed-volume and plug-flow models

Mirxed-Volume
Model

Plug-flow
Model

Assumptions

« After blasting working
zone (including access ways)
of Volume V, m3, has &
uniform, instantaneous
concentration of noxious
contaminant.

- A discrete plug of
contaminant is produced
after the blast which
decreases in concentration
each time it loops around
the circuit by removal of a
portion of the plug to the
reject airway and dilution
by the intake fresh air.

Parameters

V, Qs C, ¢, cyleg = 0)

&, cfs €1, cp Co0 To Qs
Qe Or

Conclusions

« Qp does not affect t*,

+ t* is progzcrtional to V,
An of mass of explosives
ignited daily and is
inversely proportional to Qp

+ Qp does not significantly
affect t*,

+ t* is proportional to ¢
{or mass of explosives
ignited daily). c¢g¢, and T
and is inversely propor-
tional t¢ Qp.

Limitations

. The assigned value of V is|-

taken as being constant for
tests.

. If cg greater than zero
then not strictly true to
use this model due to time
taken for air to travel from
outlet of working zone to
mixing point of recirculated
air with freosh air.

- Cannot take account of
leakage which has been shown
to be a significant factor.
- Does not account for time
interval from time of blast
to time at peak concentra-
tior i.e. Re-entry only
calculated from peak concen-
tration to legal limit.

Knowledge of the cycle
tim»s ({being dependent on
the total air flow rate)
from test to test is
needed.

- Have to calculate time
from blast to ¢ and add
this time to time derived
from model to give t*.

Further
Comments

+ Cannot be used to sinmulate]-

variations in leakage and
filtration.

Can be used to investi-
gate effects of leakage and
filtration.

- An easy to understand and

easy to use model.

N
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CHAPTER 5§ CONCLUSIONS

1. NO, was found to be the critical crntaminant in calculating
i the re-entry interval, irrespective of recirculation.
2. As a first-order approximation, the re-entry interval is

proportional to:

- the length of face blasted and hence the amount of
explosives consumed daily,

- the velume of the recirculation circuit and the time
taken for air to complete one circuit (the cycle time),

e and is inversely proportional to:

- the fresh air flow rate.

There are daily fluctuations in the face length blasted and the
fresh air flow rate is fixed, which makes it difficult to

control the re-entry interval by varying these parametsrs.

However, the re-entry interval can be controlled by reducing the
volume of the recirculation circuit especially in the case when
backfill is used.

3. Irrespective of the effect of all other parameters on the
re-entry interval, the amount of recirculated air was found to oo .
¢ have little effact. However, if controlled recirculatiun were
to be used to substitute some fresh air with recirculated air,
the re-entry intervrl would then be extended.

4. Leakage and short circuiting of air within the recirculation
circrit reduce the amcunt of air available at the working
faces. For a given amount of explosives used, this reduced air
flow yields a higher maximum concentration of contaminant and
consequently a lonju> re-entry interval.

e
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5. Diesel vehicles were not used in the fresh air intakes to the
test area, and thus NO, concentrations in the fresh air supplv
were close to zero. If diesel machinery were to be used, th.
potential increase in No, levels in the fresh air could

g increase the re-entry interval. However this would be
independent of the recirculated air flow rate.

P The above conclusions relate to a specific longwall system. However,
it is believed that the general trends would apply to other
. recirculation schemes where the actual results might differ depending

upon the mine layout.

s
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APPENDIX A

AHCILLARY WORK

Controlled Recirculation: Its Effect on Blast Contaminant Decay

This paper is included in support of the prolect report. It makes use
of the mixed-volume model and residence time analysis. The same
conclusions are reached with both the paper and the projeci report.
towever, with the project report, greater use is made of the plug-flow
model and residence time analysis, and a comparison of these analysis
techniques is given.

There are some differences, in that with the project repurt:

{i} The test numbers 1 4 (Qp = O) and point 7 are not used,

{ii) the test poiats I . ‘e been renusbered in terms of increasing mean
residence time, instead of increasing recirculation ratio,

{iii) there are difZerences i’ the re-entry intervals due to the
difficulty in establishing the intercept point of the trace with the
legal lisit line of NO, (5 ppm) as they apprcach each other
asyaptotically,

(iv) the nixed-volrue model was modified in that the fresh air
contaminant concentration, cg, was taken as zero, and

(v) the peak NO, concentration of point 15 reads 20 and not 53 as
reperted for the same point 20 in the paper.
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CONTROLLED RECIRCULATION:

ITS EFFECT ON BLAST CONTAMINANT DECAY

N.A. Alexander*, A.D. Unsted®, and K.C. Bewecke?

SYNOPSIS

A series of tests was undertaken on a
recircuiation scheme at a longwall site at
Western Deep Levels Limited to establish
the effect of controlled recirculation on the
re-entry period. The fresh and recirculated
air flow rates were varied and their effects
ot blast contaminant decay measured. Gas
concentrations of the oxides of nitrogen
(NO,} and carbon monoxide were
mounitored conlmuau:!y while dust levels
were monitored i the return air from 2
lours before the blast to 4 houis after the
blast,

vironmental Engineceing Luboratoey,
Chamber of Mines uf §
* Envirunmental Superin
Noo. ¥ Shaft, Western I)nph'ldx Limisedt.
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i e reafealingen fncton Trem s Over she fali ot of @ fracton of the coniammated tetuy ar woshd
pangy of tests. the ental comtidnant fu derenmaig | adversely sflect the existig re-catry porid

e e reeatry penst wan found 1o he NO The
amaou . of cxplosives uscd und the Besh e flow rie
affected the re-entry penod. while the amount of oo
culated aie was found to have @ noghgible effect This in
in keeping with the findings fram 4 scatiered stoping
situation™.

INTRODUCTION

A recent field triat" s Loraine Gold Mines Limned
demonstrated some of the advantages of controlled recic-
culation for deep South African gold mines and this
pracice is being introduced increasingly in the mining
indusiry. The recirculstion circuit at Loraine Gold Mines
was positioned around a number of paratiel panels where
scatiered mining was taking place. it was found that the
recirculated air flow rate had no effect on the removal of
the contaminants after the blast and hence the re-entry
time. In spite of these findiags, it was felt neccssary (o
examine the effects of comrolled recirculation on the
blast contaminant decay and the re-entry time &t 2 !cn{-
walt mining site. The selected area was at No. 3 Shaft,
Western Deep Levels, Limited, where it was possible to
vary the fresh and recircutated air flow rates indepen-
dently and carefully monitor the contaminant fevels in
the ceturn ait.

Fi

TR INVESTIGATION

The effects .« nerrcitation on the re-entry petiod wen
exumined b, varyine tie degrees of recirculation sad
meusuring ‘e gas con ansinants (NO, and CO) in the
iuen sk sticam contin ously. The nust levels vere moni-
tored for  period of 2 hours Lefare (e Bt 10 | hours
aftes the blasi

"The first stage of the investigation was aimed a deter-
mining which of the contaminant tevels took the fongest
10.dacay 1 its legal limit after the tlast and hence which
comamin- * dictsted the length of the re-entry period
(It will be se - tate; that thir was NO,).

Having determined that NO, was the critical comami-
nant, further analyses were aimed at determining those
parameters which affected its decay time, The approach
here was to examine the effects of the smount of expio-
sives used, the fresh sir flow rate and the recirculated air
flow rate. the cycle time and the mean residence time.
The cycle time is the time for a unit of air to travel once
around the entire circuit {workings plus recirculation
path). The mean residence time is the average time for a
unit of air to remain within ine reciiculation circuit and
wus determined from measurements (by means of @ gas
- time teace) and standaed statistical pro-

Some of the advantages
of controlled recirculation
have been demonstrated
for deep gold mines and
this practice is being
introduced increasingly.

Legistution™ limits the maxinium concemtrtion vt cur-
0,

cedures™.

The fresh air flow cate was varied from 20 1o 40 m'ss
and that of the recirculated air from 20 1o 30 m's.

1 would have been highly desirable to vary each of the
parameters separataly white keeping the other.
parameters fixed; however, under aciual mining condi-
e g his v s poshBie.

TNDERGROUND SITE AND INSTRUMENTATION
The test site was at the No. 3 Shaft. Western Decp
Levels Limited in the 91/73 East fongwall, The tatal re-
circulation path was about 4 km. The longwall is jocated
in the upper Carbon Leader zone between depihs of
2530 m and 2 760 m. The sope face dips at 30 degrees
for about 300 m with a stoping width of § m. Figure €

bon monoxide to 1kt ppm und the NO, o
5 ppm in the undergraund warking. The NO lovet is
the sum of the concentrution of all oxides of aitroges
For mines this is taken as boing the sumt of dhe asie
oxide and nitrogen dinxide concentationm sins those ane
the vaty two oxides of nittapen romuadly prewnt. I the
case of dust the Threshold Limit Value (TLV) depends
on the sificon dinxide conieat ", Al the Western Decp
Levels recirculation site the Sith fruction wis tusnd to be
about 23 per cont giving 4 TEA of 13 aygrm . The masi-
mum ucceptable level of dust whea meaured by particle
count is normally taken 1o be 26 partices por auilifnre.
Shorily after @ blast the legal limits for the maximum
sllowable NO,. CO and dust levels in the warking rone
we excecded, Hawever, the contioudt pussage of {resh
ventilation wir through the workings eventually reduces
the comtaminanl cancentrations. The te-cniey period
depends upan the time fram the blast o the timie when
all thee comtaminants (NO,. €O and dusi) have re-
tutncd to helow the legal imits. The main conceen in

NOMENCLATURE

¢ intake air gas concentration mm’

¢, Legal timit of gas concentration

(for NO,.c, = § x 1#°). m¥m'

Peak gus concentration after blast m'm’

. Remrn air as concentration m7m’

Total volume of NO, reicased from blast, m'

. Fresh air flow rate (cqual to fejoct air flow). m's

Recircutated air Row rate, ms

Recireutation fraction {OXQ, + Q)

Time from blasi. sor b

Re-entry petiod. s or

Approsimate valume of working 2onc including re-

circulation sirway, m’

A ¢ Maximum increuss in contaminant concentrution
duc 10 blass m'm*

P
H

-zponn
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S afthe s Vet Semvots of et Afrca, S 98T
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Comtrationd o

s # plan of e ® 2is sosvhemmt e
picting the weariai “oat anformanon an
ovning s cavieom 34 the Mope are
prescted in Tuble © ds from K3 w i
teveis, Fresh air in wr ind B7 devels with
soime sir entering 1 thenugh te old workings
Approsimacely 4%, .t of the intake air i fed from

91 level, about 20 per cen: from the intuke on K7 evet
and the remainder leaks into the srea. The return airway
is on 83 fevel. A 75 kW fan situated on 83 leve! wax used
10 recirculate air from §3 levet back to the Jongwall via a

s Fon attcn o Mot oamanss. vt

servics inctme, The recincebated wir i fed back it the
workings from the service incling thrugh intakes o 83,
BT, A8 and W0 lavels Less than - cent of the recireu.
Bstedt anr reaches o bottm of the fongwall,

The main measufing station was in the retusn girway
on 83 level und was uied 10 monior the return air
contaminant levels a5 well as the recircutated air flow
rate and the reject air flow rate. From these measure-
mants the totat flow rate through the longwail was deter.
mined and the total intake air flow rate deduced (this
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Figure I: Plax of field trial site
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Fligure 2: Schematic of test site
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will equat the refect o se). Vhe wthes nusorig
pasts were i the ke s 99 dovel. the i
fevel and the retur air 4l e sope outiet. The gas
analysis egquipiient s sssied on $1 feve
of i were drawn from the main Mmesanag s
resurn sitway on B3 level 1o the instrumants via « sniffer
wube of 4 mar internnl dismeter which way instulled in
the service incline. The iength of the tube wus about
750 qu. The NO, tevels were measured by chemitumines.
cent analyser and the CO levels by s gas filter conela.
tion anslyser. Tne information was recorded continu-
oush nn & chart recorder.

The 1O, and CO levels in the intake sirway on 91
level were also continuousty monitored. Diesel vehicies
w.re not used in the area snd hence the intake NO, con-
centrations ware Jow.

The air flow tates were varied by adjusting & regulator
stusted in the teturn airway and by controlling a bypess
sround the recirculation fan. The regulator consisted of
bratticing covered with plasiic sheeting. The recirculated
and ihie reject sir How rates were monitored at the main
messsting station (Point 1 in Figwes | and 2). Cali
brated vartex anemometers giving & 4 1 20 mA oulput

Tabie 1 TYPICAL VALUES FOR MINING AND
ENVIRONMENTAL PARAMETERS IN TEST
LONGWALL

Rock pro. siot vons twante a0d reell | 13668 — 1703

e manth censres 10— it
nomina) face edvance tm

Face length 84

No. of Fanehs [

Stape Wik ten

oip o
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Avetage venilation s i taiet

Fresh sit m, pee R et st Teds
Fresh Mt
Recisrvisted ait W'
Recirsulmion frarine )
Face celocin 15my
Baromet/w pressans =
tatabe on VA1, s bt
Tatake on SIL (YA
Reiurn wa KM Heair
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tatake an W1L (84 DB So e

Satake om NI, EWE D¢
Return o KM, €WH-DB
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st fevels in the tetuss s measered through
erat the tox period. Boiks mass concentration and particke
COUNL MEAUREAMCAS were recorded. AR saloimated
xanimcter was uxed 16 detenning the particle counts (A
conventionul konimeter fitted with & pluoger activated
by u pistan driven by o small eleciric motor: which also
rotated the slide to coincide with the 59 slide positions. }
The sampling interval could be varied bewwees five and
ien minutes. Dust concentrations on a mass basis were
measured continuously using Tyndaijometers. These in-
steuments make use of the light-scatlering propeties of
the airtorne dust and store the data cvery 32 seconds in
anin-built data logger.

T ic dust were
also taken continuously in the intuke on 2i level. These
messurements wers used as an indication of the dust
i0ad in the intake air system which is present irrespective
of cecircutavion.

A personal gravimetric sampler was used to provide 2
check on the aveesge dust contentrations given by the
Tyndatlometer over the test period. It makes use of &
screcning cyclone which separsies and discards all parc-
ticies greater than 8 micrometres. The dust oolimetr‘by
this sampler ‘vas also used 10 determine the silicon di-
oxide content {the average coment of SiO, was about 23
per cent).

The heavier dust particles
drop out of the air stream
before the lighter
particles and hence have
a greater effect on the
decav as measured on a
mass basis,

Spot of and
pressure were taken uting hand-held instrumens.

RESULTS AND DISCUSSION

Plots of the measured couceatrations of the theee con-
wminants (NO,. CO and dust) alter the blast for a lest
where the {resh air flow re was 23 m's and the recirou-
lation fraction was 0.5 (Test 20 in Table 2) are shown in
Figure 3. In order 10 assist the teadec. the vertioat axes
for the different contaminanis have been arranged so
that the maximum legal limits of NO, and CO together
with the recommended limits for dust. all coincide.

The decay patterns for this 1est are typical, with the
NO, concentzation taking the longest time to reach the
tegal limit of 3 ppm, Therefore the decay of NO, concen-
teation diciaes the se-entry time. which in this case can
be scen 16 be 5.4 houn. €O conceniration for this
test did not reach the mauximum legal imit of 100 ppm:
W tests when iU did exceed the limit, the time for it 1
drop back 1o HK) ppm was consid. cably less thun that for

Lot of the Mie Vwsituson Seociees 1f Suuch Afrocw, duls, 198"

i,
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{ cseterd ooy staions Hos

KO, te reach S ppem. The dust concenteation measised
By particke count (Losinetery ook longed 1o reduie to
e et Bastit than the dunt conceatarion mscasured o i
W davis. 1 Bedieved 1hat this i becsuse the heavier
dust particles drop vut of the aie stresm before the
Jighter purticles wmd hoace have o grester effect on the
deeuy us measured n 1 mass basis,

The average dust concenteation values meusured with
a personal gravimewric sampler throughout (he test
period compared well with the vatues measured by the
Tyndatiometer.

Tiwe resulls of all the tests are presented in Table 2.
Tests | — 4 refer to the diys when there was no recircu-
1ation. Tests § — 22 are a-ranged in increasing order of
tecirculation fraction. The secireulation Iracticn is the
recicculated air flow rate divided by the ol air flow
eate and can unly vary between O and 1. The NO, con-
centration in the veniilation sir took the longest time
pesiod 1o redure 10 the fezal limit 3 alt the tests and
hence in further analysis was the only contaminant used
to determine the re-entry period.

Ovar the test petiod the length of face blasted on any
particulas day varied between 100 and abour 400 m
{Colomn 7, Table 2). This derermined tne amount of
explosives used and hence the amount of NQ, reieased,
The amouni of explosives used was not measured
directly but has been estimated on the basis of the typi-
<8l drilling rnurn wnd the face fength biasted with al.

wance lor development blasting which
100k piace within the sres. The estimated amount of
explosive blasted on esch day is given in Column 8.
Table 2. Approximately 60 per cent o{ this was Ammon
Dynamite #nd the remainder was Jynagel. The towd
smount of NO, reieased st each bisst (Column 11 in

et ot B oottt ol s

Fabhe 23 was cieatated b 1he prosdoct of e area wisrdo
the NO. = time trace and the uir Boaw sate leaving the
cearculution Joop The relatomhip beliveen the esti-
mated explosive chirge and the mesured volame of
NO, refcused froom the blast is showa i Figare 4, to-
g:lhcr with the xmommt pred«.non"' The agreemen
manner for

determmmg the explasive chugc

The peak concectration of the NO, which occurred
just afcer the blast was deduced from the NO, s wrnces
for cach test and is given in Column 9, Tabie 2

time was determined by measuring rhe time ior & dust
conunmum. peak 1o travel around the recirculation

time is directly related to the total air fiow rate.

The mean residence time. which is the statistical sver.
ue for a unit of &ir 10 remain within the recirculation

cireuit, is given in Column 13, Table 2, The value of the
mean residence time varies between 1,8 and 3,7 times
the cycle time. Figure 6 shows 2 correlation between the
mean residence time and the fresh xic flow quantity.

It was difficuls in some cates to estinate the time
eriad for the NO, concentation 1o reduce to the legal
fimit of $ ppm. This was because the NO, concentration
(um approached the § ppm line very nnly Estimates

by careful examination of the traces and
lhek are given in Cotume 14, Table 2. (Estimated un-
certainty values which were typicaily 6 per cent with a
maximum of 10 per ceat are also fnctuded).

The cycle time which is the time for a unit of ait to travel
once around the entire circuit (workings plus recircula-
tion path}, is given in Column 12, Tabie 2, The cyrle

. The value varies between 0,7 and 1,2 hours over
lbg m\;e of the tests. As shown in Figure S the cycle

1

‘ Figure 3: Typical set of contaminant profites after blast

in return airway ]

Joserad o e M Veiothon Soxseay vl South Afeice, fuls 1967
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The vihue of Ac i tiquanon 2 was assessed in two
was: (s, by using the tonal amount of NO, released
(Colusma 11, Tt 2). and secondiy, by equating Ac¢ to
the difference hetween te relurn-air eontaminant con-
centratians just prior (o and just sficr the blast.

For the first case, Equatian 2 becomes:

= VIQ, b IOV e, - <] &)

The measured re-entry times 3nd the times predicted
by Equation 3 are shown in Figure 7. A besi-fit pro-
cedur: was used to estimate the vatue of the volume of
the working zone, V; which was found to be 260 000 m’

Figure 6: Comp. 'son of mean residence time and
Jresh air flow rate

Some of the measured re-entry times shown in Table 2
are clestly unacceptable under normal circumstances. 1t
shouid bs emphasised that these were obtained when the
(resh air flow rate was deliberately reduced for experi-
mentsl purposzs. Dieset vehicles are not used in the test
area and hence NO, concemrations in the fresh air sup-
ply £res are close to 2era, {Column 10 in Table 2). How
ever, if diesel machinery were w.¢d in the intake sicways
it coutd lead to an increase in intake NO, concentrations
which would in: ease the re-entry period.

ANALYSIS
A superficial . xamination of Tabie 2 does not reveal any
chvious correlnions between the 1e-eniry period and the
meters such as recirculation fraction, (resh air flow
ate and explotive charge. A correlation exercise be-
iween ihe measured re-entry times and recirculation
fractions revealed no ific dependence on recircula-
tion fraction. On the contrary, it indicsted that the fresh
air quantity and the amount of explosive charge were the
dominant parameters affecting the NO, re-eniry period.
1n order to determine the combined effects of the par-
ameters two simple models were applied to experimental
data. The first is a “plup-fiow’ model which assumes that
\he contaminants do not gradually disperse within the
biasiing zone but rather iravel acound the ciscult in the
form of a plug which reduces step-wise each time the
rlu’ around the recirculation cycle. This model
indicates & slight dependence on the recirculution frac-
Glun and evidence for its salidity would be the presence
of ‘spikes’ in the gas traces. However. cxamination of
the gas traces did not reveal any definite evidence of
such “spikes” and hence the modct did not accurately re-
Nect the situation a¢ the recirculation site.

The second modet is a ‘miscd-volume’ model which
wisumes that the working rone of volume, V. has 4 uni.

ion of the i L afwe

and ¢ > 10 the geometry of the
workings st Western Deep Levels Limited recirculation

It indicated that the fresh
air quantity and the
amount of explosive
charge were the dominant
parameters alfecting the
NO, re-entry period.

site, A similar analysis of the data gathered at Locaine
Gold Mines™ showad & smaller volume which cotre-
sponded <o the geometry st that recirculation site. The
data in Figure 7 closely follow the line of identity and
hence support the second model.

For the second case. Equation 2 becomes:

= VIQ.d6 [lew -] e -l @

‘The measured re-entry times and 1he times predicted
by Equation 4 are shown in Figure 8. For the working
vatume of 260 000 m' estin ated above, Equation 4 corre-
fates well with the mcasured re-eniry times. Analysis
showed that # slightly smatler value for the working vol-
ume would have provided s better correlation with
Equation 4.

‘The scanier in Figures 7 and & is belicved 10 o= duc to
the numerous leakage paths within the working:. the
{ocation and exienl of which varicd between those vests.
with recirculstion 2nd those without. However. the gocd
overall correlation indicates that the model is relatively
insensitive 10 these effects.

Clesrly. within the estimated expecimentsl ecrors, the
mirednsiume. \

form
the blast, In ather words. there s perfect mixiug be-
tween the coatuminzal nd the aif in the working zonc.
is model was sed with some success 1o unalyxe dutiy
obtsined at Loraine Gotd Mines by Burton ot al™,
The model can be sumaarized by the following cqui
tion:
G me 4 Bcenpl-QsiVy W
Salving this equation for the te-cntry tme. which is
the time required for ¢, 1 decay to ¢, {where ¢, is te
tegat inyit for a garticolur eomaminant), gives the fol.
lowing equation:

= VIO, inac He, - el o

i el is very well supported by the
data. This means that the re-entey lime is not dependent
on the recirculation fraction but onty upon the fresh air
flow rate, the explosive charge snd the sizte. o volume,
of the working zone (including all sirways within the
recirculation circuit},

CONCLUSIONS

1. NO, was lound 1o he the critical contaminany '"3 -
tublishing the re-entry period, irrespective of recireu-
fation,

2, 1M the feesh air Now rate and the tock production
{hence the total amount of blast camaminants) se-
mainy constant, then the intraduction of recirculated

Jesaraat o e Mt Vemutoson Su et of S Afravs. Suls, 1947

[}



]

56

Comtrsiesd compuhariom 6 eftect e blass o dos oy

Figure 7: n of measured re-entry time
against that pn%ed by Eguation 3,

A Dsctuding sl stwans within (he recrcubaion
citcuity: proporsionad w the log of the amsent of vx-
plossses used, and inversety propotional (o the frest
wit R rae.
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NEWS FROM COM’S
RESEARCH
ORGANIZATION

Mr. John Shaer. formuly dnecmr of the
E has
been appointed senior dnrcclor of the Cham-
ber of Mmm Research Organization with

Figure 8: Comparison of measured re-eniry Lime
ngainst that pree '3?3.4 by Equation 4.

air will not significantly affect the re-cntry period.
Haoweves, if controtled recirculation is used to substi-
tule some recirculuted air for fresh uir, the re-entry
pericod would then be extended. B shouid be emphi-
sized that this would aol be due to reciradution. per
se. but due 0 1he reduction in frosh air Qow rate.

X As i fint-onder uppoximation, the eentey period
w: propostional ke abe velume v exien of fhe work-

for all work embracing the
envuronmema{ problem area.

Mr. Steven Bluhm succeeds Mr. Sheer as
director of the Environmental Engincering
Laboratory (EEL).

Following the formation of a hazarGuous
materials unit Dr. Jack Greig has been
appointed heud of this unit.

”
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. APPENDIX B

DATA

Information gathered at the test site include:
T
(i) Gas concentration traces (NO, and CO) for all the test days, o
(ii) airflow data (Qp and Q) - measurements made by the vortex
anemometers and recorded by a ‘Squirrel' data logger showing the
typical variastion in air flow rates during the re-entry interval on a
particular test-day, and
{iii) the variation in inlet (91 level and 87 leve. and outlet (83
- level) air density.
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Gas Concentration Truces (NO, and C0)
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Gas Concentration Traces (N0, and CO)
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Test No. 5
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Test No. 10 Qe =211m/s
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Test No. 12 Q = 242m’s Q. = 268m’rs L = 200m
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Variation in air flow rate during re-entry interval

The variation in air flow during the re-entry interval on a particular
test day (Test No. 12) is given below. The signal from the vortex
anemometer was recorded every two minutes, and, since the fresh and
recirculated air flow rates were steady, only every fifteenth recording
{half-hourly) was used.

H
|
Qp(m3/s) Qp(ad/s) %
Time (h) A o Time (h} mA o |
[\ 7,52 24,67 0 7,04 26,04
0,5 7,44 24,20 0,% 6,88 25,55
1,0 7,20 22,81 1,0 6,72 25,05
1,5 7,36 23,74 1,5 6,96 25,80
2,0 7,28 23,21 2,0 6,80 25,30
2,5 7,44 24,20 2,5 6,80 25,30
3,0 7,52 24,67 3,0 6,96 25,80
3,5 7,52 24,67 3,5 7,20 26,54
4,0 7,44 24,20 4,0 7,04 26,04
45 7,44 24,20 4,5 6,48 24,31
5,0 7,36 23,74 5,0 6,64 24,80 .
5,5 7,60 25,13 5,5 6,96 25,80 ) B
6,0 7,44 24,20 6,0 €,96 25,80 L
6,5 7,68 25,59 6,5 6,80 25,30 ks
7.0 7.0

144, 24,20 .36 .. 25.80
mean = 7,45 BA = 24,2 ml/s wean = C,88 mA = 25,6 m)/s ¢

Standard deviation = 0,69 nl/s Standard deviation = 0,55 m3/s

Note: Qp = 5,80 mA ~ 18,95 and Qp = 3,10 mA + 4,22

Since the standard deviation in re .on te the mean of each test is
small it is justifiable to use the mean values of the fresh and O
recirculated air flow rates in the analysis.
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Variation in Inlet and Outlet Air Demsity

The air density on 31 level and 87 level flesh air intakes and 83 level
return airway was determined from psychrometric data as follows:

91 level

B.P. wB )] Density
(kPa) (°C) (°C) kg/m?
106,4 27,0 29,0 1,2

87 level

B.P. we 0B Density
ikpa) {*cy (*C)  kg/md
106,0 24,5 29,5 1,21

83 level

B.P. wB DB Density
(kea}  (*C) (*C)} kg/ald

103, 4 30,0 32,0 1,16

Thus, the percentage difference in air density of the inlet and outlet

is
garcentage difference = L2118, o0 s
1,16
= 4,3 %

which ig considered to be insignificant.

el



APPENDIX C

INSTRUMENTATION

?igure C1 shows the NO, and CO measurement layout. Note that the gas
analysis equipsent had to be sited in fresh air in a sub-station at the
bottom of the service incline some distance (750 m) from the sampling
pcint in the 83 level return airway.

Table C1 gives a schedule of instrumentation details.

The 'Squirrel' data logger proved to be most useful for this type of
work. During the re-entry interval it operated successfully in hot,
humid and dusty conditions in the 83 level return airway. It was quick
and easy to install and easy to convey to and from the test site.
However, although Western Deep Levels Limited is classified as a
non-fiery mine, the 'Squirrel‘' data logger used at the test site did
not carry the Governmert Mining Engineer’'s stamp of approval (intrinsic
safety) for use in fiery mines. This factor drastically limits the use
of this data loggexr in South African mines as a large nuaber of mines
are classified as being fiery.
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Table C.Y SCHEDULE OF INSTRUMENTATION DETAILS

INSTRUMENT

Personal gravimet-
ric sampler

less than 5 micron
Mass, Si0g% -
less than 5 microw

ouTpuT UNIT
Barometer hnalogue Bar
Whirling Hyg.ometer wB/DS *c
Vane Anemometer Analogue m/s
Jortex Anemcometer 4 - 20mA
Calibration Curve m/s
Tyndallometer pigital, mg/m3

data logger

Automated Konimeter{Particle count - p/ml

mg;S$i02% (TLV)

NOy Analyser and

CO Analyser
linked to 3 pen
strip chart re-
corder

0 - 1V
chart recorder
0 - 10V
chart recorder

ppm
ppm
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APPENDIX D

MIXED-VOLUME WODEL

ANCILLARY WORK
Recirculation of air in the ventilation and cooling of deep gold mines

The foliowing extract, Recircu’stion during blasting, from the paper hy
Burton et al. (1984) is pertinent to this project report. The
mixed-volume model given by Equation 2.2 or Equation 2.3 in

fection 2.3.1 has been derived from Equation 13 below.

i
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Recirculation model for gaseous contaminaats

Nomenclature

O Quantity of intake 3ir, '

O, Quantity of recirculated air, m*s

o  Intake-gir contaminant concentration, mg/im®
& K i ion, mg/m’

¢ Mixed-intake contaminant concentration, mglm’
€ Coptaminant produced in working ares, mgfs

Recirculation during blasting

Assume that, as a result of blasting, & v.o: ling zone of volume
¥, m?, has 2 uniform, instantaneous conceatration of & noxious
contaminant, ¢, mg/n’. At some time, 1, s, the ratz of decay
of noxious contaminant from the working srea must equal the
rate of removal in the return air. Using the nomenclature given
easlie, the following can be stated:

dea - -
Ve = Qi) ay

It can be seen that the recirculated quantity Coes not appear in
equation 12, The resson is shows in Fig. 2, where, for any given
concentration jo the return sir, the amount of contaminant
temoved by the recirculated air is immediate y revorned 1o the

T
Q,
<
Qo

Fig. 2 Schematic of blastcontaminant decsy

ares, In this resy sct, therefore, rec’reulation will have no effect
on the rate of removal of conteminant from the recirculation
system (st point §, Fig. 2). The ccacentration in the return air,
¢ may, bowever, be dependent on the recirculated quantity. If
the air within the working area is perfectly mixed, ¢, will equal
¢a. If tae air i less than perfectly mixed, ¢ is likely to be less
thas ¢, The recirculated air quantity may well creste better
mixing.

1fit is assumed tha: there is perfect mixing, ¢ can be substi.
tuted for ¢a in equation 12. Upon h i
in the return «ir {and, hence, in the working ares) would be
given by -

h'i‘n'ﬂ)nt!p('%,—l)*q [¢E))

where (¢ =)o {c~c}) at time £=0,

Although ¢ would aormally e small for most blast con-
taminants, it is included in the above analy.is to allow for the
presence of, for example, carbon monoxide produced by diesel
locomotives in the intske air.

293
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The etfect of the fresh air inant
intexval

ation on the re-entry

The sensitivity of the fresh air contaminant concentratiuon, cg, on
the re-entry interval can be established using the mixed-volume model.

Civen that

. ;—; o 186/ 16p - el

v (e-ep)
g ' Tegep)

e-¢ vx
fezeq) then t* = -~

It x = 8n ﬁ;-—q) Fo

and cg = = ppm (NCy)

For the same volume¢ of the workings and fresh air flow rate, and for
¢ = 50 ppm and 30 ppm two sets of exercises can be performed to give
the percentage increase in the re-entry interval for various selected
values of cg.

¢ = 50 PPE ¢ =10 PPR
c¢ X percentage increase ey X percentage increase
0 2,30 0 0 1,79 0

1 2,51 9 1 1,98 11

2 LN 20 2 2,23 25

3 3,16 37 3 2,60 45

i,

e
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APPENDIX E

PLUG-FLOW MODEL

Example in the use of the model

Given that Qp = 30 m)/s; ¢ = 50 ppm; c¢g = 3 ppm; Qg = 30 m¥/s and
leakage = 0 V. The critical contaminant is NOy with cp = 5 ppm.

The re-entry interval is derived using the plug-flow mode) as follows:

¢ input

No. of loops uncorrected

¢ + QRe
9rcs + QR o

Or 1 Qg

By wass balance at point 3 (Figure 2.1) !
¢, loopt = ;

0 + {30} (50
30 + 30

= 26,5 ppa

¢y loop2 = 30 3300 : %—J—I——-HO 26,5

= 14,75 rpr

(30)(3) + (30)(14,75)
c¢ lookd = 307+ 730

= 8,88 rpa

L 130)(3) + (30)(8,88)
¢y loopd ESET)

= 5,94 ppn

. 30)(3) + (30)(5,94)
Gy Loops )

= 4,47 ppm

P



-
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Thus it takes between 4 and 5 loops for the NO, concentration to i
reduce to 5 ppm. .
By Linear interpolation
‘e
No. of loops (uncorrected) = & + (5,94 - 5)(1)
(5,94 - §,47)
= 4,64 .
For the test site
No. of loops (correcte:) = 2,82 (No. of loops (unconect:ed))o'593 .
= (2,82) (4,603
A = 7,01 !
-
S .
Now Cy:le time, T, for the test site is given by: ‘
ks T =2 844/Qp mins .
*
Or = Qp + U
S = 30 + 30
e
= §0 |

T = (2 844)/(6D)
= 47,4 nins

t* = No. of loops (corrected) x Cycle time
= (7,01) (4,74) |
= 332 nins

=554 &
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¥ input
Suppose 905 kg of explosive were consumed

Since ¢ = oV
L 0,005 M
(60)(T x Qy)

&« (0,005)(905)
(60)(47,4) (60)

= 26,5 x 1078 iy,
l3

Rir
= 26,5 ppm by vnlume
This  is then input into (7) to give the sare t* as calculated above.
The No. of Loops (corrected)
The No. of loops (corrected} is established by correlating the measured
fcorrect) No. of loops {t* measured/T) with the uncorrected No. of
loops such that

No. of loops {corrected) = 2,82 (No. of loops (uncorzected))o'sn

This relationship is shown in the following Figure E.1.
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Figure E.1 Curve showing the relationship between the corrected no. of
loops and the uncorrected no. of loops made by the plug of NCy
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Cycle time

The Cycle time (T), being the time for the air to complete one circuit,
is dependent on the path length of the recirculation circuit and the
total air flow rate (Qg).

The relationship between T and Q¢ for test No. 15 was established by
comparing che similarities in the traces from two Hund Tyndallometers
operating simultaneously in the intake and return airways at the test
site. Hund 1 was sited at control point 1 on 83 level and Hund 2 was
sited st control point 2 on 91 level (see Figures 3.1 and 3.2).

Figure E.2 shows the similarities in the dust traces. The shift in the
dust profiles for a plug of dust represents the time it took this pluyg
of dust to travel from control point 2 to control point 1 (At=49

mins). To this time an estimate (8 mins) was added for the time it
took the air to travel from 83 level to 91 level via the service
incline and thus complete the circuit.

Thus T = 49 + 8 = 57 mins for Qp = 49,9 ad/s

Since T = .

T = S nins
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¥ APPENDIX ¥

RESIDENCE YIME ANALYSIS

o An example of the calculation of the mean residence time by Equation
2.7 for a particular test day is given in two steps as follows:

STEP 1 - Establish the area (A) under the NO, trace for 12 hours
12
after the blast (J" C(t)dt) using Simpson's Rule and the Trapezoidal

Rule for numerical integration. )

Point clt) Coefficient Coefficient delta t(h)
v R No. PR x C{t)
; 1 1,25 1 1,25 0,167
! 2 $,25 4 21,07
9! k) 12,50 2 25,00
4 51,75 4 207,00
5 37,00 2 74,00
6 38,50 4 154,00
7 37,50 2 75,00
e 8 35,00 4 140,00
9 32,50 2 65,00
10 28,00 4 112,00
e " 26,50 2 53,00
" 12 24,50 4 98,00
13 23,50 1 23,50
Simpson's Rule-integral 58,26 (a) |
13 23,50 1 23,50 0,5
14 20,00 4 80,00
15 16,70 2 33,40 ¢
16 14,30 4 57,20 !
17 12,00 2 24,00 |
18 10,50 4 42,00 P
- W7 19 9,00 2 18,00 |
20 7,50 4 30,00
21 6,20 2 12,40
R 22 4,50 4 18,00
23 4,80 2 9,60
; 24 4,50 4 18,00
L 2% 4,20 1 4,20
Simpson's Rule-integral 61,72 {b)
25 4,20 1 4,20 4,0 :
26 2,70 1 2,10
- Trapezoidal Rule-integral 13,80 {c}

Total Area, A = {a) + (b) + (¢}
. A= 133,78 ppm-h
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STEP 2 - Compute E(t) for each point (C{t)/A), multiply this by the
time (E(t} x time) and again use Simpson's Rule and the Trapezoidal

Rule for numerical integration to give the mean residence time

17?2
(f E(t)t dv).

Point E(t)

No. pom
1 0,009
2 0,039
3 0,093
4 0,387
5 0,277
6 0,288
7 0,280
8 0,262
9 0,243
10 0,208
1 0,198
12 0,183
13 0,176
13 0,176
14 0,149
15 0,125
16 0,107
17 0,080
19 0,078
19 0,067
20 0,056
21 G, 046
22 0,034
23 0,036
24 0,034
25 0,031
25 0,031
26 0,020

time, t(h} Coefficient

E(t) x time delta t(h)

x Coefficient

0,000 1 0,000
0,167 4 0,026
0,333 2 0,062
0,500 4 0,774
0,667 2 0,369
0,833 4 0,959
1,000 2 0,561
1,167 4 1,2:1
1,333 2 1.648
1,500 4 1,256
1,667 2 0,660
1,833 4 1,343
2,000 1 0,351
Simpson's Rule-integral 0,457 (d)
2,0 1 0,351
2,5 4 1,495
3,0 2 0,742
3,5 4 1,496
4,0 2 0,718
4,5 4 1,413
5,0 2 0,673
5,5 4 1,233
6,0 2 0,556
6,5 4 0,875
1,0 2 0,502
7.5 4 1,009
8,0 1 0,251
Simpson's Rule-integral 1,887 (e)
8,0 1 0,251
12,0 0,202

Mean Residence Time,

1
Trapezoidal Rule-integral 0,906 (f)

T=(d) + (&) + (1)

1= 3,25h

0,167

0,5

+,0
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LITERATURE REVIEW

A considerable number of technical papers on controlled recirculation
have been written. However, the majority are concerned with
small-scale recirculation systems in British collieries (Allan
{1983)). Very few deal with recirculation systems in deep level gold
mines. Most of the papers written address particular aspects of
controlled recirculation. Allan (1983) shows that controlled
recirculation can be used to help contrnl methane layering, dust and
temperature levels. The only paper which covers most aspects of
controlled recirculation in a deep level gold mine is by Burton gt al.
(1984). This paper is also the first paper which coasiders
recirculation during blasting and develops a model which analyses the
effects of controlled recirculation on blast ~ontaminant decay.
Subsequent to this, Alexander et al. (1987} developed this model and
made use of residence time analysis as described in the chapter on
non-ideal flow by Levenspiel (1972), in order to analyse the effect of
controlled recirculation in a deep level gold mine.

Re-entry interval

The re-entry interval is a time interval stipulated by the Inspector of
Mines {Mines and Works Act and Regqulations (1956)) during which time
the workings are being cleared of blast contaminants and during which
time no persons are permitted to enter the workings. For the purposes
of this study the re-entry interval is considered to be a variable and
is dcfined as the time from blasting to the point when all the blast
contaminants have returned to their legal limits. The legal limits are
stipulated by the relevant sections in Chapter 10 of the Mines and
Works Act and Regulations (19%6). Recommended safe limits are also
given by the American Conference of Governmental Industrial Hygienists
(1984) .
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Critical contaminant

The blast contaminants dissipate to below their legal limits at various
rates. The contaminant that takes the longest to reach its legal limit
is then termed the critical contaminant. Greig (1982) has shown that a
mass of explosives will generate specific volumes of e jas depending
on which typr of explosive is used. It can further be shown that the
oxides of nitrogen produced by the ignition of explosives is critical
when considering the volumes of each gas produced and their relative
toxicities. Alexander gt al. (1987) have shown that of the various
blast contaminants, namely oxides of nitrogen (NOy), carbon monoxide
and dust, the critical contaminant in all cases was NO,.

Methods of analysis
a. Ideal flow

Burton et _al. (1984) assume that after a blast the whole volume of the
workings is instantaneously filled wiih blast contaminant and that the
decay of the contaminant from the peak level to its legal limit assumes
a perfect first order decay function. For a series of tests the time
constants, being the time for the return air contaminant level to decay
to half of its peak concentratjon, were me sured. When plotted against
the corresponding fresh air flow rates, the time constants had an
inverse linear relationship. A formula was derived which shows the
relationship between the concentration of contaminant in the return
airway after a time for a particular fresh air flow rate, the volume of
the workings and the inrtake air contaminant concentration. It was
shown that the rate of removal of contaminant in the return airway was
independent of the recirculated air flow rate. Using this work,
Alexander et al. (1987} developed a mixed-volume model and also showed
that the re-entry interval was independent of the recirculated air flow
rate. The mixed-volume model assumes perfect mixing of the contaminant
in the ventilation air, but in reality this does not happen. Another
approach is to assume that after the blast the contaminant travels
around the recirculation circuit as a discrete parcel or plug. & plug

flow model (Unsted, 1987) is developrd and tested with some success in
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the present study. The true situation is probably a combination of the
nixed-volume and plug flow models. The present study does not attempt
to develop such a combined model.

b. Non-ideal flow

Levenspiel (1972} suggests that we shoold not restrict ourselves to the
use of the mixed-volume and plug flow models only as these can be too
idealized, levenspiel (1972) also suggests that scale-up of the
reactor, which in context of this study is a recirculation circuit,
could cause deviation from “hese idealized flow patterns, since all the
major variables should be controlled. Hence the findings as reviewed
by Allan (1983) of small-scale recirculation systems in British
collieries is not strictly appiicable to a large recirculation system
such as has been investigated in this study. The long and complex
recirculation circuit in deep level gold mines can lead to many
opportunities for leakage and short-circuiting of the ventilating air,
and difficulties can be experienced at a test site when requlating the
major variables of the fresh and recirculated air flow rates to desired
levels as experienced both by Burton g4 al. (1984} and Alexander gt
al. (1987). The underground mine environment is continually exposed to
transient changes in the contaminant concentration; especially in the
case of an impulse of contaminant due to a blast. For this reason, and
due to leakage and short-circuiting of air in the recirculation
circuit, residence time analysis has been used (Levenspiel {1972)).
This technique also normalises the varying amounts of explosives that
are consumed daily. NO, is assumed to be a tracer gas and the

profile of the return air contaminant concentration during the res-entry
interval is used to calculate the mean residence time. This is the
average time that a parcel of air :emains in the recirculation
circuit. The meun residence time calculated for a particular day is
indicative of the efficiency of the ventilation system in purging
itself of contaminants., The fresh air flow rate was found to be
inversely proportional to the mean residence time. It is also
postulated that the greater the wean residence time, the less efficient
the ventilation system, in which case the re-entry interval is likely

to be extended.
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