Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 January 2017 doi:10.20944/preprints201611.0083.v4

A Semi-empirical Model of Air Waves Induced by Falling

Rock in a Closed Goaf

Fengyu Ren!, Yang Liu ', Jianli Cao', Rongxing He!, Yuan Xu',
XiYou !, Yanjun Zhou!
!'School of Resources and Civil Engineering, Northeastern University, Shenyang,
Liaoning Province, China

*Correspondence: liuyang1510448@gmail.com; Tel.: +86-24-83678401

Abstract: In this paper, a semi-empirical model of air waves induced by falling rock
is described. The model is composed of a uniform motion phase (velocity close to 0
m-s”') and an acceleration movement phase. The uniform motion phase was
determined based on experimentally and the acceleration movement phase was
derived by theoretical analysis. A series of experiments were performed to verify the
semi-empirical model and elucidated the law of the uniform motion phase. The
acceleration movement phase accounted for a larger portion with a greater height of
the falling rock. Experimental results of different falling heights of the goaf showed
close agreement with theoretical analysis values. The semi-empirical model could
accurately and conveniently estimate the velocity of air wave induced by falling rock.
Thus, the semi-empirical model can provide a reference and basis for estimating the
speed of air waves and designing protective measures in mines.
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1. Introduction

In recent years, failures involving falling rock and the collapse of surfaces has
occurred more frequently, which has created a serious risk of injury and damage to
people and mines [1-3]. In these mine disasters, the resulting air wave typically has
high velocity, high pressure, a massive impact force and a short effective duration [4].
To accurately measure the size and impact of this type of disaster, various models
have been built to predict the velocity of the air wave [5-6]. Chen et al. [5] modeled
the shock process as a compression process, which has a higher velocity than in the
real-life conditions. Zheng et al. [6] proposed that the shock process be combined with
the compression and airflow process, but the formulation of the model was not
described. To estimate the velocity of air waves induced by falling rock more
accurately and conveniently, the semi-empirical model is used in the present. Then
according to the prediction of air waves' velocity, protective measures were designed
to reduce the damage.

Experimental research—the most common method—can not only obtain the true
value of the air waves' velocity, but also analyze the influence of the height of the
falling rocks. To that end, Janovsky et al. [7] used methane and air as the tested
materials to analyze the velocity and the impact on walls whose thicknesses were 14
and 29 cm thick. Mixed air has also been adopted in many experiments [8-10]. Xing
et al. [11] revealed complex influences of goaf from different cave in areas on the
velocity and pressure of the air shock waves in different mining faces. Pennetier et al.
[12] performed air shock experiments in a tunnel and presented the evolution of the
pressures and velocities of both the inlet and outlet tunnel in detail with the
measurements on different blast volumes. However, the test instruments used in

previous experiments were not the same, and have included a thermal anemometer
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[13], differential-pressure anemometer| 14], and ultrasonic anemometer[15]. Ovink et
al. [16] used a hot wire hot film anemometer as a test instrument. The results acting
conform to the actual values during travel over experimental material.

In this paper, we present a semi-empirical model for air waves induced by falling
rock in a closed goaf to efficiently predict the velocity of the air wave. Specifically,
the model is composed of a uniform motion phase and an acceleration movement
phase. The uniform motion phase was determined by experience, and the acceleration
movement phase was derived using a theoretical analysis. Then, a series of
experiments were conducted to verify the semi-empirical model and elucidated the
law of the uniform motion phase. Finally, we evaluated the effectiveness of our model
and compared its performance with experimental values. The results showed that the
semi-empirical model could estimate the velocity of air wave induced by falling rock
accurately and easily. Furthermore, the semi-empirical model could provide a
reference and basis for estimating the velocity of air waves and designing protective

measures in mines.

2. Modeling Description of the Acceleration Movement

Phase

2.1 Basic Assumptions

Based on the model of pump [5] and streaming [6], a semi-empirical model was
built to estimate the air waves induced by falling rock. The model was composed of
the uniform motion phase and the acceleration movement phase. The speed of the
uniform motion phase was nearly 0 m-s~ due to the pressure difference. The

acceleration movement phase was derived from both computational fluid mechanics
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and classical mechanics. Then, the assumptions of the acceleration movement phase
were as follows:

(a) Air was considered an ideal gas and characterized by laminar flow conditions;
(b) The process of the air wave was identified as an isothermal process;

(c) The goaf was considered closed, and the volume difference of the goaf was
neglected;

(d) The pressure of the outlet tunnel was regarded as standard atmospheric pressure.
2.2 Modeling Equations

The governing equations used in our 2D, isothermal model are described below.
The law of conservation of momentum [17,18] is shown as follows:
dv

dp
o pF -2 1
P =Pk ax.+ﬂAv (1)

1

Where A is the Laplace operator; p is the density of air in the goaf, (Kg-m™);Fiis the
body force, (N); u is the viscosity of air, (Pa-s); vis the air velocity, (m-s') .
According to the above assumptions, the value for u is 0 and the value for p is
obtained from the ideal law, p = p/ RT , in which R is the universal gas constant and T’
is the absolute temperature. The weight of falling roof act as the body force. Eq. (1) is

simplified as follows:

avz _ pn_pn—l

ot £ p,N (2)
Where pa is the density of the falling rock, (kg'm); N is thickness of the falling rock,
(m); Pn and Pp-1 are the pressure of adjacent time periods in the falling process, (Pa);
v: is the vertical velocity of air in the goaf, (m-s!); g is the gravitational acceleration,
(m-s7).
In our model, the ideal gas state equation [38] is described as follows:

PV, =pVi 3)

Where V'n and V-1 are the falling volume of adjacent time periods during the falling

process, (m°).
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Due to the condition of the model, the initial falling height of the acceleration

movement phase was not 0 m, but rather the final height of the uniform motion phase.

As aresult, ¥ is obtained from the equation, V, =(H —H, — H, )IS , where H is the

height of goaf, (m); Hn is the final height of the uniform motion phase, (m); Hx is the
falling height of the acceleration movement phase, (m); S is the area of the goaf, (m?).
The volume can be calculated from the following equation:

— H_Hm _Hn—lD

= 4
H—Hm—Hn pn—l ( )

Py

Where H, and Hx-1 are the falling height of adjacent time periods in the acceleration
movement phase, (m).

On the basis of Newton's Law, the velocity and the falling height can be obtained:

Hn :Hn—l +vn—IMt (5)
vn =vn71 + g- (Hn _anl)Dpnfl (6)
p,NH-H, —-H))

Where v, and v are is the air speed of adjacent time periods in the goaf, (m-s/) ; At
is the time step, (s).

The acceleration movement phase controlled by Egs. (4), (5) and (6) is
multiphysical in nature. The three unknowns (P, v, H) to be solved depend on one
another, as shown in Eq. (6). The dynamics of these unknowns are different from each
other in the sense that typically, compared to pressure, speed and height vary on a
time scale. The implicit pressure explicit saturation(IMPES) scheme [19] was
proposed to solve this problem. In addition, the operator decomposition technique
with which the unknowns (P,H) are decoupled from the velocity v by lagging one

time step behind calculations was used. This approach enabled P, and H» to be solved
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implicitly, giving va-1. Next, (P», Hs) was used to solve v» explicitly. The IMPES

scheme is listed in Fig 1. [20].

R A ’
Kad s~
SV 4
A0° /’
‘{6\1’ 1’
?-,r o/
’ A _
new values
(Pn-1, vn1, H”'U Pn % Vn -------b (Pn; ¥, Hn)
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Figure 1. A solution procedure for the semi-empirical model based on operator decomposition

Because the outlet was linked with the goaf, the air wave in the outlet was
applied to the Bernoulli equation [21]; the air waves' velocity in the outlet can then be

calculated from the following equation:

Vo= 2(Py = Pro) t V2P,
’ 9.8+ p, (7)

Where vy is the velocity of the outlet, (m-s™'); psn is the pressure of the outlet, (Pa); pro
is the initial pressure of the outlet, (Pa); p» is the density of air in the goaf, (kg'm™); pr
is the density of air in the outlet, (kg'm). As a result of the above assumption (d), Pro
is the standard atmospheric pressure.

According to the on-site experiment, the area of the falling roof was smaller than
the area of the goaf. Based on the air quantity balancing law, the pressure of the outlet
can be obtained as follows:

Sb

S 8
5—5,+8,"" ®

pbn

Where S is the sectional area of the goaf, (m?); Sa is the sectional area of the falling
roof, (m?); S» is the sectional area of the outlet, (m?).

Substituting Eq. (8) into Eq. (7), the following was obtained:
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_ 2
Vbz\/ Zsb(pn p0)+vnpn (9)

98+p,)(S-S,+S,)
Where Py is the initial pressure of the goaf, (Pa).

3. Experiment

3.1 Experimental Setup

An experimental setup was built to investigate the air wave induced by falling
rock in the closed goaf, as shown in Fig 2. The experimental setup consists of
the air wave generator (Fig 3.), the hot wire hot film anemometer (HWFA) of

IFA300 (Fig 4.), a data collection system and other components.

15

Figure 2. Experimental setup.

(1- the rigid frame, 2- alternating current power supply, 3- the hoist, 4-electromagnetic relays, 5-
capping, 6- iron salver, 7- control switch, 8- fixed link, 9- the tank, 10- #3 outlet tunnel, 11- #2
outlet tunnel, 12- #1 outlet tunnel, 13- valve, 14- the probe of HWFA of IFA300, 15- the data

collection computer).
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Figure 3. The air wave generator. Figure 4. The hot wire hot film Anemometer of IFA300.

The air wave generator was composed of a tank, outlet, hoist and iron salver. The
tank, with a diameter of 0.1 m and height of 1.25 m, was cylinder-shaped and fixed on
the ground. The #1 outlet was installed 0.05 m above the bottom of the tank with the
square of 0.03 m, and the #2-3 outlets were set up on the upper side. The #2 outlet was
0.35 m away from the bottom of the tank, and the #3 outlet was 0.6 m away from the
top of the tank. The outlet tunnel was linked to the outlet with a length of 0.1 m. The
upper side of the tank was closed. The probe of HWFA of IFA300 was placed in the
tunnel outlet. The iron salver was circular with a 0.09 m diameter and thickness of
0.01 m, and a density of 4500 Kg-m=. To verify the effectiveness of the semi-
empirical model, the experiments were performed using three groups with different
falling heights of 0.6 m, 0.9 m and 1.2 m. After running the experiment 3 times for

each group, we calculated the averages as the experimental data points

3.2 Experimental Results and Discussion

The velocities of the air waves after releasing the iron salver from the different
falling heights are shown in Fig 5. As shown in Fig 5., the three curves followed the
same trend, the velocity curves were composed of a straight line and a rapid growth
curve. In addition, the semi-empirical model was possible to estimate the air waves'

velocity.
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At the phase of uniform motion, as the tank was closed, a huge pressure
difference would be engendered in the tank with as the iron salver descended,
preventing the air wave from reaching the outlet. At the phase of the straight line,
reducing the boundary of pressure difference was a major factor in the rapid growth of
velocity. Therefore, the realistic air wave was composed of the phase of acceleration

movement and uniform motion.
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Fig 5. Relationship between velocity and time with different falling heights.
(A)0.6 m.(B)0.9m. (C) 1.2 m.

According to the experimental results, a large pressure difference was generated
by the descent of the iron salver. The air was regarded as incompressible due to the
process of the experiment being transient. The upper part of the iron salver raised the
zone of negative pressure and the bottom presented positive pressure, while the outlet
maintained a normal pressure [22]. The air on the bottom would burst towards the
upper side and outlet. If the pressure difference between the upper and bottom parts

could absorb enough air, a siphon phenomenon would form on lower side, causing the
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stage of uniform motion to commence. Otherwise, the stage of acceleration movement
would commence.

Fig 5. shows that the velocity of 0.9 m and 1.2 m heights showed the same trend
as that of the 0.6 m height, although that the phase of uniform motion was more
obvious and the peak value was much higher at the former two heights .The velocity
of the 1.2 m release height was largest, followed by the 0.9 m and 0.6 m heights, with
the values of 21.3488 m-s-/, 26.1003 m-s” and 28.4508 m-s”! respectively, and the time
phases of uniform motion were 0.23 s, 0.27 s and 0.31 s respectively. The turning
points of the uniform motion phase and acceleration movement phase were located at
0.2645 m, 0.3645 m, 0.4805 m in the above release heights. According to Eq. (6), the
pressure difference was inversely proportional to the falling height. As a result, the
phase of the acceleration movement became extended. This result indicates that the
phase of acceleration movement took longer and the uniform motion was shorter
when the height of the falling rock was higher. However, increasing the height of the
falling rock strengthen the function of time in the pressure difference. Hence, when
the falling roof was higher, the growth rate of the acceleration movements' phase was
slower. Because it occupied a larger portion, when the falling roof was higher, the air
waves' velocity would also be higher. However, the peak values of velocity were not
in direct proportion to the release heights. The closed goaf can reduce the damage of

air waves but not completely eliminate it.
3.2.1 The Uniform Motion Phase

Fig 5. shows that there was a linear relation between the height of the uniform
motion phase and the falling height of rock. The relation between these variables can

be expressed as follows:

H, =aH+b (10)
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Where Hn corresponds to the height of the uniform motion phase, (m); a and b are the
parameters of the curve; and H is the falling height, (m). The values for a and b for the
uniform motion phase are 0.36 and 0.04583 m respectively, with a coefficient of

determination R’ equal to 0.99635.
3.2.2 The Acceleration Movement Phase
According to the experimental setup and Eq. (10), the parameters for both

conditions, the different falling heights are summarized in Table 1.

Table 1. The parameters for acceleration movement phase

H(m)  Sa(m’)  Ss(m)  p kgxm) N poPO  pyKexm?) g(mxs?) () Hu(m)

0.6 0.00636  0.0009 4500 0.01 103360 1.225 9.8 0.12  0.2645
0.9 0.00636  0.0009 4500 0.01 103360 1.225 9.8 0.16  0.3645
1.2 0.00636  0.0009 4500 0.01 103360 1.225 9.8 0.18  0.4805

Eq. (1) to Eq. (9) were solved using the above coefficients. The experimental

values and theoretical values of the air waves' velocity in the acceleration movement

phase is shown in Fig 6. As shown in Fig 6., the experimental values and theoretical
values followed the same trend.
The relative errors between experimental results and theoretical analysis of the

acceleration movement phase could then be calculated from the following equation:

vln _V2n
Vl

5= x100% (11)

Where ¢ is the relative error,(%); vix is the experimental value, (m-s™'); vz is the
theoretical value, (m-s™).

The relative errors are shown in Fig 7. for different falling heights. The relative
errors were almost 10% lower, and the relative errors of cut-off velocity were 1.87%,
0.50% and 3.26% respectively. Because the probe of HWFA of IFA300 was placed in
the tunnel outlet, the air movements in the laboratory affected on the experimental

results. In addition, the initial points of the acceleration movement phase were too
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small and thus led to a large error in the relative errors. However, when the air waves'
velocity was higher, the impact of external wind was lower. As a result, the prediction

precision of the semi-empirical model increased.
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These results show good agreement between experimental values and theoretical
results. This correlation demonstrates that despite the small differences due to
experimental error, the semi-empirical model provides an accurate evaluation nethod.

The calculation formula of the semi-empirical model follows:

0 H, <0.36H +0.04583

V[, = 2S _ + 2 (12)
(P, —P)HV,P, H, >036H +0.04583
(g+pL)(S_Sa+Sb)

4. Conclusions

In this paper, we proposed and verified a semi-empirical model of air waves'
velocity induced by falling rock using theoretical analysis and experiments. We
developed a semi-empirical model composed of a uniform motion phase(velocity
close to 0 m-s™') and an acceleration movement phase through theoretical analysis.
Satisfactory agreement was observed between the model and experimental results
with respect to the values surveyed in the field for the velocity and the variation trend
of the air wave demonstrating the effectiveness of the model. A comparison between
the experimental results using the groups with different falling roof heights showed
that the acceleration movement phase was of a longer duration and the uniform
motion phase was shorter when the falling roof was higher. The calculation formula
of the semi-empirical model was obtained.

This paper proposed a semi-empirical model to estimate the air waves' velocity
induced by falling rock in a closed goaf, providing a method with which to estimate
the air waves' velocity and design protective measures in mines. The semi-empirical
model could estimate the velocity of air waves induced by falling rock accurately and
easily. In addition, the semi-empirical model could provide a reference and basis for

estimating the air waves' velocity and designing protective measures.
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