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STUDY ON DISTRIBUTION OF CO AND CONCENTRATION PREDICTION IN BLIND GALLERY
AFTER BLASTING OPERATION

BADANIE I PROGNOZOWANIE ROZKEADU STEZENIA CO W SLEPYM WYROBISKU
PO ZAKONCZENIU PRAC STRZALOWYCH

It is meaningful to study the issues of CO migration and its concentration distribution in a blind
gallery to provide a basis for CO monitoring and calculation of fume-drainage time, which is of a great
significance to prevent fume-poisoning accidents and improve efficiency of an excavation cycle. Based
on a theoretical analysis of a differential change of CO mass concentration and the CO dispersion model
in a fixed site, this paper presents several blasting fume monitoring test experiments, carried out with the
test location to the head Lp in arrange of 40-140 m. Studies have been done by arranging multiple sensors
in the arch cross-section of the blind gallery, located at the Guilaizhuang Gold Mine, Shandong Province,
China. The findings indicate that CO concentrations in the axial directions are quadratic functions with
the Y and Z coordinate values of the cross-section of the blind gallery in an ascending stage of CO time-
-concentration curve, with the maximum CO concentrations in Y = 150 cm and Z = 150 cm. Also, the
gradients of CO concentration in the gallery are symmetrical with the Y = 150 cm and Z = 150 cm. In the
descending stage of CO time-concentration curve, gradients of CO concentration decrease in lateral sides
and increase in the middle, then gradually decrease at last. The rules of CO concentration distribution in the
cross-section are that airflow triggers the turbulent change of the CO distribution volume concentration and
make the CO volume concentration even gradually in the fixed position of the gallery. Moreover, the CO
volume concentrations decrease gradually, as well as volume concentration gradients in the cross-section.
The uniformity coefficients of CO concentration with duct airflow velocities of 12.5 m/s, 17.7 m/s and
23.2 m/s reach near 0.9 at 100-140 m from the heading to the monitoring spot. The theoretical model of
a one-dimensional migration law of CO basically coincides with the negative exponential decay, which
is verified via fitting. The average effective turbulent diffusion coefficient of CO in the blind gallery is
approximate to 0.108 m%/s. There are strong linear relationships between CO initial concentration, CO
peak concentrations and mass of explosive agent, which indicates that the CO initial concentration and
the CO peak concentration can be predicted, based on the given range of the charging mass. The above
findings can provide reliable references to the selection, installation of CO sensors and prediction of the
fume-drainage time after blasting.
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Badania migracji, rozptywu i rozktadu st¢zenia CO w $lepym wyrobisku sa niezbgdne, stanowia one
bowiem podstawe do skutecznego monitorowania poziomu CO i obliczania czasu niezbgdnego na usunigcie
z wyrobiska szkodliwych gazoéw — jest to kwestia kluczowa dla zapobiegania wypadkom zwiazanych
z zatruciem spalinami oraz dla planowania przebiegu prac wydobywczych. W oparciu o teoretyczna
analiz¢ zmian stezenia masowego CO i wykorzystujac model dyspersji gazu w statym punkcie, w pracy
przedstawiono wyniki eksperymentow przeprowadzonych w ramach monitorowania st¢zefn gazow po-
wybuchowych w wyrobisku LP na odlegtosci 40-140 m od czota wyrobiska. Badania prowadzono przy
wykorzystaniu zestawu czujnikow rozmieszczonych w wybranych punktach $lepego wyrobiska w kopalni
zlota Guilaizhuang, w prowincji Shandong, Chiny. Wyniki badan wskazuja, ze stezenia CO w kierunkach
poosiowych sa funkcjami kwadratowymi wartosci wspotrzgdnych Y i Z przekroju przekroju $lepego
wyrobiska w zakresie krzywej opadajacej na wykresie opisujacym zalezno$¢ stezenia CO od czasu, przy
czym maksymalne st¢zenia CO stwierdzono dla Y =150 cm i Z = 150 cm. Ponadto, wykazano ze gradienty
stgzenia CO w wyrobisku sa symetryczne dla Y =150 cm i Z =150 cm. W zakresie krzywej rosnacej na
wykresie zaleznosci stgzenia CO od czasu gradienty stezenia CO wykazuja spadek w koncowych re-
gionach wykresu, w Srodkowej czgsci wykresu notuje sig jego wzrost, po czym zndéw nastgpuje spadek.
Na rozktad stezenia CO w tym przekroju wplyw ma fakt ze przeptyw powietrza wywotuje turbulentne
zmiany st¢zenia objgtosciowego CO, nastgpnie stgzenie objgtosciowe maleje systematycznie w dalszych
czgsciach wyrobiska. Ponadto, stwierdzono ze stezenie CO a takze gradienty st¢zenia objgtosciowego
w przekroju maleja stopniowo. Wspotczynniki wyrazajace rOwnomierno$é stgzenia CO przy przeptywach
powietrza z predkoscia 12.5 m/s 17.7 m/s 1 23.2 m/s osiagaja wartos¢ 0.9 w punkcie kontrolnym odlegltym
od wyrobiska o 100-140 m. Teoretyczny model jednowymiarowego rozptywu CO zasadniczo pokrywa
sig z wzorem zaleznos$ci wyktadniczej z wyktadnikiem ujemnym, co zostato potwierdzone w procedurze
pasowania. Srednia warto$¢ wspotezynnika dyfuzji CO dla przeptywu turbulentnego w §lepym wyrobisku
wyniosta 0.108 m2/s. Stwierdzono istnienie silnej zaleznosci liniowej pomigdzy poczatkowym stezeniem
CO, szczytowa wielko$cia stezenia oraz masa uzytego materiatu wybuchowego, ktora wskazuje na moz-
liwos¢ prognozowania poczatkowego i szczytowego stezenia CO w oparciu o zakres wielkos$ci uzytego
tadunku wybuchowego. Przedstawione wyniki badan stanowi¢ moga wiarygodna podstawe dla wyboru
rodzaju i miejsca zainstalowania czujnikéw CO oraz do prognozowania czasu wymaganego na usuniecie
szkodliwych gazow po zakonczeniu prac strzatowych.

Stowa kluczowe: rozklad stezenia CO, zaleznos¢ stezenia od czasu, wspotczynnik okreslajacy rowno-
mierno$¢ stgzenia, wspotczynnik dyspersji, wspotczynnik wyrazajacy spadek stezenia,
czas usuwania szkodliwych gazéw po zakonczeniu prac strzalowych

1. Introduction

In metal mines, blasting operation is widely used in underground excavation, especially rock
drift excavation, due to the advantages of lower cost, simpler operation and stronger applicability.
However, during this process, large amount of toxic gases such as CO, NO, is generated by the
detonation, because there are many uncontrollable factors breaking the zone-oxygen balance.
This indicates that the oxygen element was consumed during the explosion. The poisonous gases
are the root reason for the occurrence of a blasting fume poisoning accident (Cao et al., 2015).
In order to avoid occurrence of poisonous accidents, monitoring of CO gas and prediction of
fume-drainage time after blasting are very significant daily works in drift excavation, not only
for ensuring safety of the miners and their health, but also for instruction of a highly-efficient
excavation (Ji et al., 2014; Cao et al., 2017.). Therefore, it is indispensable to select the type and
range of a CO sensor, which provides an important reference to monitoring accurate concentration
values of CO. Also, it is needed to obtain initial CO concentration value, peak CO concentration
and turbulent diffusion coefficient of CO in a blind gallery, to predict the fume-drainage time.
Based on these, it is meaningful to carry out research in the field and obtain helpful parameters
for mining activities.
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The distribution of CO in the cross-section and the uniformity of mixing are very important
references to guide monitoring of CO and layout of the CO sensors. There are some theoretical
and laboratory research on the movement and composition of the tracing gases, which are more
inclined to the residential construction than to underground galleries (Wang et al., 2007; Zhou
& Chen, 2013; Chen et al., 2008; Zeng et al., 2011; Li et al., 2013). Simulative research is also
conducted on the migration of methane in the galleries (Li, 2013). Also, studies on the propagation
law of harmful gases with high-concentration in the galleries were carried out (Lu et al., 2000).
At the same time, articles on concentration distribution of CO in blasting fume, uniformity of
CO and calculation of peak concentration of CO are not often published. However, such issues
mentioned above, in general provide a critical guidance to installation positions of CO sensors
and their selection. There are also studies on CO diffusion from the theoretical method modeling
(Yeetal., 2015; Peng et al., 2009; Torno et al., 2013) and numerical simulation (Yang et al., 2011;
El-Fawal, 2011; Deng et al., 2014), allowing to describe CO migration after blasting and to obtain
the empirical formula for the prediction of the exhaust time. However, fewer findings on CO lon-
gitudinal dispersion coefficient, attenuation index and initial CO concentration may create great
difficulties in calculating and predicting of the fume-drainage time after the explosion or even make
it impossible. Therefore, this paper attempts to obtain the relevant parameters via carrying out the
monitoring tests of CO in the fume in the gallery, and tries to provide important references for the
selection and arrangement of the CO sensors and the prediction of the dilution time after blasting.

2. General law of migration of blasting pollutant

2.1. Unit cube analysis of blasting pollutant

In a forced ventilation, migration of blasting pollutant appertains to a theoretical question
of a fluid substance. Let’s assume that there is an ideal unit cube with dimensions of dx, dy, dz in
the gallery. Also, the following assumptions to this unit cube can be done: air in the unit cube is
uncompressed and non-viscous; no CO generation and disappearance in the unit cube because of
physical, chemical or biological factors; temperature, pressure, humidity are consistent in the unit
cube; CO inlets are on the left, downward, and front sides of the unit cubic and CO outlets are on
the right, upward, and back sides of the unit cube. The unit cube is showed in the Fig. 1 below.

‘ &

Fig. 1. Schematic diagram of an ideal unit cube of CO dispersion
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The migration of CO in the unit cube results from the CO concentration gradient and ve-
locity of the gas. According to the mass conservation and Fick’s law, the increment of mass of
CO in the unit cube equals to the inlet CO mass minus the outlet CO mass. An equation can be
concluded as follows (Chen et al., 2008):

om(x,y,z,t) . G[Z-am(x,y,z,t)] . 6[Z~6m(x,y,z,t)] 6[Z.am(x,y,z,tﬂ

+

ot Ox oy oz
azm(x,y,z,t) azm(x,y,z,t) 82m(x,y,z,t)
=E, > +E, > +E, 3 €))
Ox Oy oz
where:
m(x,y,z,t) — means mass concentration function of CO, mg/m?;
Uy, Uy, U, — mean average velocities, respectively in a direction of X, y and z axis, m/s;
Ey Ey, E; — stand for the average values of turbulent coefficient in a direction of X, y and z
axis, m/s%;

If only turbulent dispersion in a direction of X axis is taken into consideration, further as-
sumption of Uy = U, = 0 can be inserted to the Eq. (1). In this case, the Eq. (1) could be simplified
to the form as below:

om(x,t) . 8[Z m(x,t)} _ £ 82m(2x,t) @
ot ox ox

Boundary conditions of CO mass concentration function of the unit cube can be obtained
as follows:

[ p+o0

j j m(x,t) dxdt =M
0Jo
m(O,O):m(LO,O):mO

3
M =my-S-L, )
lim m(x,¢)=0
[—0 ( )
X—>0
m(x,t) — means the mass concentration function of CO in the unit cube;
M — represents total mass of CO generated after blasting, g;
m, — stands for the initial mass concentration of CO in the control volume, mg/m?;
S — means the cross-section of a gallery, m?;
Loy — is the cast length of a blasting fume, m;

I — means the length of a blind gallery, m.

Therefore, the migration of CO in a blasting fume could be transferred into the solution
of a partial differential equation. The mass concentration function m(x,t) can be deduced from
Eq. (2) as below (Li, 1989):
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where
X — means coordinate value in X-axis, m;
u, — is the average velocity of air in unit cubic, m/s;
m, — stands for the average mass concentration of CO in the cross-section, mg/m?;
t — means the dilution time after blasting, s.

3. Blasting fume monitoring test

Guilaizhuang Gold Mine is located in Shangdong Province, China. This gold mine has be-
gun to oparate more than 40 years ago. In the beginning, the exploitation method was open-pit
mining, and then, it was changed to the underground mining method, because of a limit of the

pit bottom, which can be seen in the Fig. 2.
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Fig. 2. Profile map of Guilaizhuang Gold Mine in Shangdong Province, China
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A series of blasting fume monitoring tests were carried out in a blind gallery, which is located
at the level of 110 m. The cross-section shape of the blind gallery is semi-circular arch with a width
of 3.0 m and a height of 3.0 m. Explosive agent used for excavation is the No. 2 rock emulsion
with charging mass ranging from 16 kg to 40 kg. The pattern of auxiliary ventilation is forcing
ventilation. The diameter of a duct is 40 cm. The distance from the duct outlet to the heading is
about 12 m to 24 m. It can be assumed that there is no leakage of the duct. Carbon monoxide is
selected as the monitored gas, which could represent migration of the blasting fume because of
stable chemical and physical properties and a relatively high concentration, easy to be measured.
Carbon monoxide wireless sensors (specification in Tab. 1 below) were installed to obtain CO
concentration values in the cross-section at the coordinates of Y =50 ¢cm, 100 cm, 150 cm, 200 cm
and 250 cm, as well as Z = 50 cm, 100 cm, 150 cm, 200 cm and 250 cm. The sensors record and
upload the values every 20 s. Monitoring tests were carried out more than ten times in the blind
gallery in different dates, but only eight recorded sets of data (Tab. 2) could be eligible for further
processing. For each monitoring test, the duration was about 2-3 hours. Localization of the sen-
sors was chosen to monitor the alteration of CO concentration in the cross-section of the gallery.
The layout of the monitoring test in the blind gallery and sensors distribution are shown in Fig. 3.

TABLE 1
Specification of CO sensor
Name Output Frequency Technical Parameters
Measurement range: 0-2000 ppm;
Measuring error: 0-100 ppm,
GHTS500 no more than £(1.5+2.0%) > 100-500 ppm, no more than +4.0%
CO Sensor 433MHZ Wireless connection
External power supply or internal battery;
Working voltage: 10.5-14.5V.
TABLE 2
Data of CO monitoring tests
Date L/e:::l Cr;)::;s/elcrltgon ];zri(zlxjsl:/s:::g N Lp/m Ly/m | Duct velocity m/s

29 Aug, 2014 | #28 -110m 8.04 32 40 20 16.5

30 Aug, 2014 | #28-110m 8.04 40 60 12 17.1

2 Sep, 2014 | #28-110m 8.31 24 80 14 18.1

4 Sep, 2014 | #28-110m 8.84 24 100 18 15.3

6 Sep, 2014 | #28-110m 8.31 36 120 17 16.7

9 Sep, 2014 #28 110 m 8.31 16 140 20 17.3

10 Sep, 2014 | #28 -110m 8.31 28 140 19 15.6

13 Sep, 2014 | #28-110m 8.31 24 140 24 15.9

3.1. Distribution of CO concentration in the axes

Dilution time after blasting mainly refers to the time, after which CO or other poisonous
gases concentration in the blasting fume declines to the safety exposure limits of the regulations
or laws, generally regarding value of the CO concentration lower than the exposure limit as the
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Fig. 3. Schematic map of the blind gallery and sensors in the cross section.
Please notice X, Y and Z axes marked in the graphs

reference. Through conducting the CO monitoring tests, it is can be found that: fume-drainage
time in the CO concentration-time curve is generally divided into concentration-ascending
duration and concentration-descending duration. The CO ascending duration refers to the time
interval from completion of the blasting operation to the appearance of the CO peak concentra-
tion in the monitoring location, which lasts in a range from several to more than ten minutes.
The CO descending duration starts from the CO peak concentration time to the safe exposure
limit of CO, which typically lasts for a few hours, accounting for the main part of the dilution
time after blasting. Four sets of data taken from the blasting fume monitoring tests include two
groups of Y axis and two group of Z axis. Each set of data derives from the CO concentration-
time curve, including one time point from the CO ascending curve and two time points from the
CO descending curve. In the Y-axis direction of the gallery, it is noted that CO concentrations
at the three time points firstly increase, and then decrease with the Y-axis coordinate value, and
the maximum CO concentration is located at the Y = 150 cm. The fitting curves between the
CO concentration and the Y coordinate values of the four groups of the ascending segments
show that the two pairs of data are quadratic, and the parabolic symmetry axis is basically at the
Y =150 cm. In the ascending part of the curve, the CO concentration gradients in Y-axis are more
evenly and symmetrically distributed. Afterwards, CO concentration gradients in the descending
section change. First, the CO concentration gradients on both sides of the Y-axis decrease, and
the CO concentration gradients in middle part increase. Then, the concentration gradient of CO
on both sides and middle side of the Y-axis decrease, and the CO concentration gradient on two
sides tend to be 0. Meanwhile, the CO concentration gradients in the CO descending section are
also symmetrical. The changes of CO concentrations are mainly due to the turbulence deforma-
tion under the action of airflow, and the changes of concentration gradients are mainly due to the
combined action of molecular motion, temperature, density unevenness and turbulence pulsation.
The changes of CO concentration in the gallery in the Y axis are shown in Fig. 4 below.

The obtained results show that the CO concentration at the three time points increases firstly,
and then decreases with the Z-axis coordinate value, and the maximum CO concentration is at
Z =150 cm in the gallery. The fitting curves between the CO concentration and the Z coordinate
values of the two groups are found to be quadratic, and the parabolic symmetry axis is basically
at Z =150 cm. However, the CO concentration gradients in the CO descending section change
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Fig. 4. CO concentrations in the Y-axis in cross-section of the blind gallery

later. The CO concentration gradients on both sides of the gallery in the Z-axis decreases first,
while the gradients of CO in the middle part increase. Then, the gradients of CO concentration
in the whole cross-section of the gallery decrease. Meanwhile, in the CO descending section, the
CO concentration gradients also have symmetrical distributions, however, their trend fluctuates



slightly. Such fluctuation is, on the one hand, likely coming from a fact that in the number of
the monitoring groups there are random errors in the measurements, but on the other hand, may
be caused by instable airflow in the Z-axis direction. The gradient of CO concentration on the
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Fig. 5. CO concentrations in the Z-axis in cross-section of the blind gallery
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3.2. CO concentration distribution in the cross-section

As an example, the CO concentration distributions in cross-section of the blind gallery
with three time points when Lp = 40 m are illustrated in Fig. 6. It can be observed that the CO
concentration in the cross-section present different distribution laws in these three time points.
At the time point of 18:37, the CO is evenly contributed in the gallery in the ascending stage of
CO volume concentration-time curve. The contour lines of CO concentration are very close to
each other, which indicate that the CO volume gradients are very high. At time point of 18:58, the
CO volume concentrations rise in the peak of CO volume concentration-time curve, because of
uneven distribution of the CO volume concentration when the duct supplies continuous airflow
to the heading. In this stage, the CO volume concentration is much higher in the middle of the
cross-section than at the two sides. This indicates that the airflow triggers the turbulent change
of the CO distribution volume. On one hand, the airflow which makes a change of a shape of the
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Fig. 6. CO concentration distribution in the cross-section with Lp =40 m



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S~

293

blasting volume results in the uneven distribution of CO volume concentration, but on the other
hand, the airflow velocity gradient brings about the high-concentration of CO accumulated in the
middle of the cross-section and migrated towards the entrance of the gallery. At 19:28, the time
point selected from the descending stage of the CO volume-concentration curve, the CO volume
concentration is much lower than at the peak stage and is gradually distributed more evenly. The
CO volume concentration gradients decrease because of the diffusion of CO in the gallery and
dispersion of CO to the main gallery.

As an example, CO volume concentration distributions, in the peak stage of the CO volume
concentration-time curve, in a different cross-section of the gallery with different Lp values
are presented in the Fig. 7 below. With the increase of Lp values from 40 m to 120 m, the CO
volume concentrations decrease gradually. CO volume concentration gradients in the cross-
section decrease. The CO concentration gradients at Lp = 40, 60 m are not evenly distributed in
the cross-section, but become gradually distributed more evenly with an increase of Lp values.

3.3. CO uniformity in the cross-section

During the process of longitudinal turbulent dispersion of CO in the blind gallery, the dis-
tance, at which CO is evenly mixed in the whole cross-section, is very important for obtaining
accurate measurements of CO concentrations. According to the Eq. [5], the uniformity coefficient
is the ratio of the side concentration (minimum) to the central concentration (maximum) in the
gallery. When the general uniformity coefficient is 0.9 or more, it is considered that the CO in
whole cross section is in fact uniformly mixed. The CO uniformity coefficient is expressed as:

C

c= min 5
o (5)

max

First of all, some assumptions should be given as follows: 1) there are no air leakages in
the forcing duct-line; 2) the mean velocity in each of the measured cross-sections was constant.
In the tests, five monitoring locations were selected and CO sensors were installed in the side
positions (Y = 50 cm, 250 cm) and the middle positions (Y = 150 cm) which are at 60 m, 80 m,
100 m, 120 m and 140 m in the gallery. Also, a varying duct airflow speed of 12.5 m/s, 17.7 m/s
and 23.2 m/s, was tested, respectively. Obviously, different duct airflow has different ability to
dilute the pollutants in the gallery. After calculating CO uniformity coefficients of the cross-
section in each monitoring points, the relationship between the uniformity coefficients and the
distance from the monitoring point to the heading could be obtained in the Table 3, which is
graphed as shown in Fig. 8 below. It can be found that for each set of data of the three speeds,
the CO uniformity coefficients increase with the longer distance from the monitoring point to
the heading. The CO uniformity coefficients are on the order of 0.9 or more when the distance
from the measuring point to the heading reaches 100-140 m. It can be seen that the CO in the
cross-section has been mixed evenly at the distance of about 100-140 m from the head and can
be regarded as the CO concentration level at any point of the cross-section. In particular, when
the duct airflow velocity is 12.5 m/s, 17.7 m/s and 23.2 m/s, the distance of the CO uniformity
coefficient reaching 0.9 are approximately 140 m, 120 m and 100 m, respectively. It can be indi-
cated that with the larger velocity of the airflow in the duct provided, the shorter is the distance
for even distribution of CO in the cross-section. Therefore, faster airflow velocity can contribute
more to the acceleration of CO uniformity in the gallery.
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TABLE 3
CO uniformity coefficients in different Lp values with different duct velocities
Duct velocity / m s Le/m
uetveloely fmes 60 80 100 120 140
133 0.733 0.751 0.862 0.882 0.906
17.7 0.802 0.854 0.869 0.898 0.907
232 0.831 0.865 0.899 0.912 0.909
1
5 )
209 fr=mmmmmmmmmmmm g =oomet---
: =
E —+—12.5m/s
'E ./ —=—17.7 m/s
~ 08
O 23.2 m/s
07 . . . . ,
60 80 100 120 140

Distance between test location and heading face/m

Fig. 8. Relationship between test distance and CO uniformity coefficient in the cross section
with various duct speeds

4. Diffusive parameters of blasting fume

4.1. Effective turbulent diffusion coefficient

The following discussion and equations are about concentration of CO in the “E distribution”
presented in Fig. 9. The considered axis of symmetry is X = V- t,,. When assuming X = X, (X > 0)
and drawing a parallel line to the t-axis, two intersections can be obtained with the m(x, t) — t
curve, as shown in the Fig. 9.

For CO concentration values m(x, t;) and m(x, t,) in the C(x, t) —t curve, a series of equa-
tions can be obtained as follows:

m(x,tl)zm(x,tz) (6)

— \2
X—u,.lb
m(x’tl ) :mO—LOexp _u (7)

2J7E 1, 4E.1
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m(x, 1)/ ppm b

m(x, Hm

m(x, h)
m(x, r2)

,,// R

n Im ] t/s

Fig. 9. CO concentration-time curve in a given location in the gallery

— 2
myLy (x ~Ud )

m(x,t, )= exp —
(et2)=3 2E4, 7| 4Es (8)

After using natural logarithm on double sides of the Eq. (7) and the Eq. (8), the following
forms can be written:

— 2
moLy _(x—uxtl)

2J7E 4, 4E 1,

)

Inm(x,4)=In

—
myLy (x Ul )

2iE1,  AEd,

Inm(x,t,)=In

(10)

In a further step, the Eq. (11) can be formulated as a result of subtraction between Eq. (9)
and Eq. (10):

— 2 — 2
In myL “In myLy :(x—uxtl) _(x—uxtz) an
2J7Et,  2nEt, 4E. 1, 4E 1,
—2
. (tz—t])[xz—ux tltz}
In |2 = (12)

4 4Exl‘1t2
Eq. (13) and Eq. (14) can be obtained from the Fig. 9 according to the property of the “E
distribution” curve:
t+t
[ =hth

m= (13)

(14)
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If replacing X in the Eq. (12) and according to the Eq. (13) and Eq. (14), a new form of Eq.
(12) can be written as:

2
(-1 ){Zz (tl *h j
¢ 2
l =

—u,

2
L)

4 4E 1t,

—
Uy (tz_t1)3

Y8ty In(t /1)

(15)

(16)

According to the Eq. (16), effective turbulent coefficient E, can be calculated the based on
the eight CO concentration-time curves from the blasting monitoring tests, as demonstrated in

the Table 4.
600
S 00 f
5 m(x, f)
= m(x, ©) ] h
S 40 i
= (-
E : 1 CO concentration-time curve
g 300 | ':
s P
< 1 H
2 20} |} 1
5 P
E Pl
o 100t [i
O [
0 P : : : : :
0 8 £ 100 150 200 250
Dilution time after blasting 7 /min
Fig. 10. Calculation of the effective turbulent diffusion coefficient
TABLE 4
Effective turbulent diffusion coefficients of CO
Parameter 4 t, Uy Ey
No s s m/s m/s?
1 540 1560 0.031 0.143
2 560 1200 0.038 0.092
3 720 1440 0.041 0.109
4 120 360 0.051 0.095
5 540 1380 0.033 0.116
6 360 1200 0.029 0.119
7 204 624 0.040 0.104
8 960 1560 0.049 0.089
CO mean turbulent diffusion coefficient E, 0.108
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4.2. Prediction of CO concentration

Dilution time after blasting operation is an important factor for heading cycle. According to
the Eq. (4), the initial CO concentration in the cast area is a critical element for calculation of the
dilution time and is directly decided by a mass of the explosive agent. Theoretically, generation
of the CO mass is linearly proportional to the mass of the explosive, with a theoretical multiplier
present. However, the actual effective multiplier is generally decided by the charging pattern,
temperature, moisture, rock property, etc. Based on results from the fume monitoring tests, 8 sets
of data were collected with the initial concentration of CO and the explosive agent mass (Tab. 5),
and were fitted with a liner relationship between the initial concentration of CO and the explosive
agent mass, as presented in the Fig. 11. The fitted Eq. (17) can be obtained as follow:

Cp=27.345m—-47.078 17)

where C, — means the initial concentration of CO in the blasting cast area, ppm; m — stands
for the mass of the explosive agent, kg.

TABLE 5
CO concentration values and the corresponding mass of the explosive agent

No. CO fitting value Cy/ ppm | CO peak value CO,,,, / ppm | Mass of explosive agent m / kg
1 803.2 527.3 32
2 970.3 696.5 40
3 654.4 437.8 24
4 552.2 430.9 24
5 1011.1 707.8 36
6 364.7 219.8 16
7 801.1 535.6 28
8 591.7 319.1 24

From the Fig. 11 it can be found that there is a strong linear relationship between the CO
initial concentration and the mass of the explosive with a fitting degree R* = 0.9257. For the
given mass of charging, the CO initial concentration can be predicted when mass of the explosive
agent is in a range from 16 to 40 kg.

Besides, accurate measurements of CO concentration make good preparation for the further
calculations. The peak concentration of CO in the gallery can provide reference to selecting the
CO sensor, especially its range and accuracy. Also, in the range of 16 to 40 kg of the charging
mass, the fitting curve between the CO peak concentrations and the charging mass of the explosive
agent can be obtained, as shown in Fig. 11 and Eq. (18) is shown as below:

Cy=21.012m-103.97 (18)

where: C,,,, — means the CO peak concentration, ppm; m — stands for the mass of the explosive
agent, kg.

The findings reveal that there is a good linear relationship between the CO peak concentra-
tion and the mass of the charging explosive agent with a fitting degree R* = 0.9104. This can
offer a favorable support to predict the peak concentration in the gallery and reliable accordance
to selection of CO sensors for monitoring.
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Fig. 11. Fitting curves between CO concentrations and the charging mass

5. Conclusions

(1) This paper presents the significance of migration law and parameters regarding CO
gas in the gallery after blasting operation. Theoretical deduction is presented in the paper and
demonstrates the CO concentration law via analyzing the movement of CO in the unit cube.

(2) Through performing the blasting fume monitoring tests, it can be conclude that CO
concentrations increase first and then decrease on the Y-axis and Z-axis in the cross-section
of the gallery and the maximum CO concentration are at the coordinates of Y = 150 cm and
Z =150 cm. Fitting results show that CO concentrations have a quadratic function relationship
with the Y and Z coordinate values and the symmetry axes are approximately at the Y = 150 cm
and Z = 150 cm. The CO concentration gradients of the Y and Z axes in the CO concentration
ascending stage are more evenly symmetrically distributed. The CO concentration gradients
in the roadway first decrease on sides and become larger in the middle, and then decrease in
both sides and in the middle of the cross-section. The CO concentration distribution law in the
cross-section is as follows: airflow triggers the turbulent change of the CO distribution volume
concentration and makes the CO volume concentration gradually even in the fixed position of
the gallery; the CO volume concentrations decrease gradually, as well as volume concentration
gradients in the cross-section. The CO concentration gradients tend to be zero. Generally, the CO
uniformity coefficient in the gallery increases with the increasing distance from the heading to
the monitoring location. In particular, when the duct airflow velocity is 12.5 m/s, 17.7 m/s and
23.2 m/s, the distances of the CO uniformity coefficient reaching near 0.9 are approximately
140 m, 120 m and 100 m, respectively in the gallery.

(3) The theoretical equation for the effective turbulent diffusion coefficient is achieved via
mathematical deduction. The CO effective turbulent diffusion coefficient in the blind gallery
is calculated via illustration of the CO concentration-time curve and obtains a mean value of
0.108 m/s?, which can offer good reference to prediction of the dilution time after blasting. It
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is also found that the amount of the charging mass has a close linear relationship with the CO
initial concentration and the CO peak concentration, which can provide reference for CO sensor
selection and prediction of the fume-drainage time after blasting operation.
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