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ABSTRACT
Several turbulence models have been urbanized in the past decades, and many of them have been
used in predicting airflows and turbulence in enclosed environments. It is vital to approximate the
generality and heftiness of the turbulence models for various indoor airflow scenarios in various
sections. The present work developed the geometry of the mine model gallery using CATIA version
V5R20. It carried out air flow simulation for different inlet velocities and studied the air flow velocity
through the section by grid section method and traverse method. An artificial flow regulator was created
to study the flow behaviour and calculated Reynolds’s no at bends and turns to characterize the air flow.
In this model the turbulence has also been calculated and the zone of turbulence is being located using
Ansys fluent. The model was validated by comparing the results of the readings of the actual mine model
gallery and by means of mass flow rate at different sections to establish a CFD model for mine gallery
and validation of the results of flow behaviour, viz. air velocity, pressure profile, and determination of
zone of turbulence of mine model gallery developed using Ansys 18.2.
Keywords: CFD, Navier-Stokes equations, k–𝜺 model, Traversing, Turbulent Kinetic Energy, Mass
Imbalance

1. INTRODUCTION
Natural resources are the foundation of our life style. Mining is been a part of earth’s
history since prehistoric times. Mining has played a role throughout the millennia regardless of
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this fact mine is a very unsafe place to work. Many miners loss their life for the unfriendly
conditions happens inside a mine tunnel. These things happen as it is very difficult to do study
or to conduct an experiment in an actual mine tunnel. To solve fluid problems in tunnels, the
physical and chemical properties of fluid should be measured. Then mathematical equations are
used to describe these physical properties. For solving these problems in computers we should
translate the problem into discretized form. The translators are numerical discretization
methods such as finite difference, finite element and finite volume methods. At the same time
whole problem is classified into small parts, which is known as discretization, to obtain the
simulation result.
Here we are going to study a Mine tunnel by creating an artificial Mine Gallery and
research on an efficient as well as adequate ventilation by measuring the airflow, by varying
the fan velocity, creating unfavourable obstacle scenarios in Gallery in artificial ways and
measuring safety by study of Reynold’s number in various parts of the gallery.

2. LITERATURE REVIEW
[1] Sahay et al. (2004) conducted an similar experiment in a mine model gallery measuring it’s
gas concentration, pressure drop across fire zone, dust concentration at different air flow
velocities in CSIR- CIMFR.
[2] Saiied M Aminossadati (2008) used CFD modelling to simulate the airflow behaviour in
underground cross-cut regions using Brattice sails. His paper presents the results of a twodimensional CFD model, which examines the effects of brattice length on fluid flow behaviour
in the cross-cut regions. In the results he has determined the optimum size of brattice sails,
which provide a highly effective contaminant removal from the unventilated mine areas.
[3] Sasmito et al. (2013) carried out a computational study to investigate flow behaviour in a
“room and pillar” underground coal mine. Several turbulence models, Spallart–Almaras, 𝑘 −
𝜖, 𝑘 − 𝜔 and Reynolds Stress Model were compared with the experimental data.
[4] Ren et al. (2014) studied the dispersion of airborne dust particles from the underground
indicated by the ventilation airflow pattern distributed widely in the belt roadway and at various
elevations above the floor, contributing to high dust contamination of intake air using CFD
modelling.
[5] J. Torino (2011) developed a CFD model to simulate air flows in tunnels and galleries,
including its detailed comparison with available experimental data and find air velocity
distribution in the tunnels or galleries.
[6] Yi Zheng (2015) validated a series of computational fluid dynamics (CFD) models using
full-scale ventilation gallery data that assessed how curtain setback distance impacted airflow
patterns and methane distributions at an empty mining face. He elevated methane zones at the
working faces were identified with the three curtain setback distances.
[7] Wala A M. conducted a study on methane behaviour in a face area which is empty with a
blowing curtain and a setback at NIOSH Pittsburgh Research Laboratory. Here they have
compared the computer stimulated datat with the data they have got during the laboratory
studies.
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[8] ZJ Jhai (2007) summarized in his paper recent advances in CFD approaches and turbulence
flow behaviour in various models having more accuracy and finally showed some models with
airflow behaviour in enclosed environments.
[9] M L Hoang (2000) conducted a study on air flow velocity in cold storage using CFD by
taking on account of standard as well as RNG k−ε model. The validation of that model has
been performed by a comparing the calculated time-averaged velocity magnitudes with the
mean velocities measured by means of a hot-film type omni-directional velocity sensor by a
relative error of 26%.He concluded that a finer grid and enhanced turbulence models are
required to increase the accuracy of the prediction.
[10] Y Wu (2000) did a study by carrying out a series of experimental tests in five different
model tunnels having the same height but different cross-sectional geometry and obtained that
the critical velocity did vary with the cross sectional geometry. In his conclusion he mentioned
that scaling techniques can be used with confidence to predict the critical ventilation velocity
for larger-scale tunnels in any cross-sectional geometry.
[11] B. Bjerg’s (2002) study investigates various methods to model wall inlets in computational
fluid dynamics (CFD) simulations of airflow in livestock rooms. Vertical and horizontal air
speed profiles in the jets were measured with thermostat speed sensors at four distances away
from the inlets and an ultrasonic sensor was used for measurement of air velocity in the
occupied zone close to the floor. CFD-simulations with the k–ε turbulence model were done
with a number of different grid constructions. Finally he concluded that more work have to be
done to evaluate this statement in other arrangements, including changed orientation and
locations of inlets, unattached jets and non-isothermal conditions.
[12] Zhao Zhang’s (2007) study evaluated the performance of eight turbulence models,
potentially suitable for indoor airflow, in terms of accuracy and computing cost. His RANS
turbulence models testing includes the indoor zero-equation model, three two-equation models
(the RNG k-∊, low Reynolds number k-∊, and SST k-ω models), a three-equation model, and a
Reynolds-stress model (RSM). . The results he obtained reveal that LES provides the most
detailed flow features, while the computing time is much higher than for RANS models, and
the accuracy may not always be the highest.
[13] Sagnik Mazumdar (2009) did a study of airflow and contaminant transport in airliner
cabins by conducting experimental measurements and numerical simulations of airflow and
contaminant transport in a section of half occupied, twin-aisle cabin mock up. By conducting
experimental measurements and numerical simulations of airflow and contaminant transport in
a section of half occupied, twin-aisle cabin mock up. The numerical results he obtained
quantitatively agreed with the experimental data while some remarkable differences exist in
airflow distributions.
[14] Yuehong Su (2008) measurement of the net flow rate (extract minus supply) of a Mono
draught™ wind catcher ABS 550 for various wind speeds and directions is introduced. The
ventilation measurement system uses a cone flow meter and a blower fan. CFD standard k − ɛ
turbulence model is employed to calculate the flow rate at different air velocities.
[15] Cheng-Hu Hu (2008) used a LES method to investigate the fluctuating flow rate induced
by wind with a CFD code capable of generating time-dependent and unsteady inflows. His
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observations indicated that the flow pattern around the building extensively affected the
ventilation flow rate.
Keeping the experiments done on this particular content in mind we made a study on
airflow velocity in a mine model gallery by doing numerical analysis and actual
experimentation and comparing the data of both to validate our model.

3. GOVERNING EQUITIONS FOR CFD
Continuity equation or conservation of mass:
∂p
+ ∇ρv = 0
∂t
Momentum equations or Newton’s second law:
∂(ρv)
+ ∇(ρv. v) = −∇ρ + ∇T + ρq
∂t
Energy equation or ﬁrst law of thermodynamics:
∂(ρE)
+ ∇(ρEv) = ∇(k∇T) + ρq − ∇(ρv) + v(∇T) + ∇v: T + ρqv
∂t
𝐸=𝑒+

|𝑣|2 ∂(ρe)
2

;

∂t

+ ∇(ρev) = ∇(k∇T) + ρq − p∇v + ∇v: T

This PDE system is referred to as the compressible Navier-Stokes equations.

4. MODELLING AND THEORETICAL APPROACH
Generally in the mine gob the flow is treated as laminar flow in many studies. However,
the real flow inside the gob is still not fully understood, and the laminar flow assumption may
not be valid. For most CFD codes, the modelling of transitional flow is usually not provided.
But since most cases, the transitional flow only covers a small region of the total flow domain,
it could be neglected and still acceptable results could be obtained. In underground mine
ventilation, most flow state in mine openings are turbulent flow, which can effectively disperse
and remove contaminants in the workplaces. A large variety of turbulence models have been
developed to solve turbulent flow problems.
a)

The standard k–𝜺 model

The standard k–𝜺 model is the simplest complete turbulence model and widely used in
the modelling of mining turbulent flow.
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The standard k–𝜺 model is a two-equation model that computes the Reynolds stresses by
solving two additional transport equations, which are for the turbulence kinetic energy (k) in
Equation and the dissipation rate of turbulence (𝜺) in Equation.
𝜕(𝜌𝑘)
𝜕
𝜕
𝜇𝑡 𝜕𝑘
(𝜌𝑘𝑢𝑖 ) =
+
[(𝜇 + )
] + 𝐺𝑘 − 𝜌 ∈
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑖
𝜎𝑡 𝜕𝑥𝑖
𝜕(𝜌 ∈)
𝜕𝑡

+

𝜕
𝜕
𝜇𝑡 𝜕 ∈
∈
∈2
(𝜌 ∈ 𝑢𝑖 ) =
[(𝜇 + )
] + 𝐶1∈ 𝐺𝑘 − 𝐶2∈ 𝜌
𝜕𝑥𝑖
𝜕𝑥𝑖
𝜎𝑡 𝜕𝑥𝑖
𝑘
𝑘

where 𝜇𝑡 and 𝐺𝑘 are given by
𝑘2
𝜇𝑡 = 𝐶𝜇 𝜌
∈
𝐺𝑘 = 𝜇𝑡 (

𝜕𝑢𝑖 𝜕𝑢𝑗 𝜕𝑢𝑗
+
)
𝜕𝑥𝑗 𝜕𝑥𝑖 𝜕𝑥𝑖

The model coefficients are given by:
(𝐶𝜇 , 𝐶1∈ , 𝐶2∈ , 𝜎𝑘 , 𝜎∈ ) = (0.09,1.44,1.92,1.0,1.3)
b)

The RNG k–𝜺 model

The RNG k–𝜺 model is an improvement on the standard k–𝜺 model.
It is derived from the statistical methods used in the field of renormalisation group (RNG)
theory.
It is similar in form to the standard k–𝜺 model but includes modifications in the
dissipation equation to better describe flows in high strain regions and a different equation is
used for effective viscosity.
c)

The realisable k–𝜺 model

The realisable k–𝜺 model shares the same turbulent kinetic energy equation as the
standard k–𝜺 model, but uses a variable 𝐶𝜇 as shown in Equation (3) instead of constant, to
calculate the turbulent viscosity using Equation (3).
𝐶𝜇 =

1
𝑈∗𝑘
𝐴0 + 𝐴𝑠 ∈

where 𝐴0 = 4.0𝑢
𝐴𝑠 = √6𝑐𝑜𝑠𝜑
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𝑆𝑖𝑗 =

1 𝜕𝑢𝑖 𝜕𝑢𝑗
(
+
)
2 𝜕𝑥𝑗 𝜕𝑥𝑖

𝑈 ∗ = √𝑆𝑖𝑗 𝑆𝑖𝑗 + Ω𝑖𝑗 Ω𝑖𝑗
𝜑=

1
cos−1 √6𝜔
∋

Also, a new transport equation is used for the dissipation rate which is shown in equation.
𝐷∈

𝜌 𝐷𝑡 =

𝜕
𝜕𝑥𝑖

𝜇

𝜕∈

∈2

𝑖

√

[(𝜇 + 𝜎𝑡 ) 𝜕𝑥 ]+𝜌𝐶1 𝑆∈ − 𝜌𝐶2 𝑘+
∈

∈

+ 𝐶1∈ 𝑘 𝐶3∈ 𝐺𝑏
𝑣∈

This model is better than other k–𝜺 models for many applications and especially improved
modelling of planar and round jets, boundary layers under strong adverse pressure gradients or
separation and rotation and recirculation flows.

5. EXPERIMENTATION
5. 1. Mine gallery
Determination of properties and behaviour under various circumstances of an actual mine
tunnel is not easy so to understand the dynamic phenomenon of open fires and its control
technique, a large scale mine fire model gallery has been designed and constructed at CSIRCIMFR premises. The gallery is 65.5 m long and 5.86 m2 in cross-section. It is divided into
firing and non-firing zones with two cross cuts. It is also equipped with exhaust fan, sliding
door, rolling shutter chimney and two stopping.
Various studies have been conducted at here throughout the years, which may leads to
dynamic phenomenon like throttling effect, buoyancy effect, backlash and reduction in airflow
which affects the entire ventilation system of the mine.
In this experiment we are going to study the air flow rate at various inlet velocities at in
three different sections of the Mine Gallery taking 11 grids and compare them with the result
of the model which has been established in Ansys.
5. 2. Measurement of the cross sectional area
Measurement of the cross sectional area of the gallery is most important, to ensure that a
systematic method is used to carry out the area measurement.
5. 2. 1. Traversing methods
a) Moving traverses / Continuous traversing
It is an approximate but quick method adopted with anemometers in minor airways which
are neither very straight nor uniform in cross section. This method gives an average accuracy
of 5%. The anemometer is held by hand or on a shaft away from the body and is traversed
continuously either up and down from side to side as shown in figure below.
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Figure 1. Continuous traversing
b) Fixed point traverses /Single point measurement
In this method, the measuring instrument (anemometer, velometer or pitot static tube) is
held in a fixed point at the centre on the cross section of the airway and the readings are taken
to get the average velocity. The instrument has to be held well away from the body of the
observer. That is why anemometers should preferably be mounted on shafts. An accuracy of 5
% can be obtained with single point measurement by an anemometer if the airway is straight or
uniform cross section.
c) Precise traversing / Method of equal areas
This is a very highly accurate method of measuring air velocity by anemometer,
velometer or pitot static tube. An accuracy of 2% can be obtained with this method of traversing
by anemometers. However, this method is more time-consuming and hence should be confined
to measurements in major airways only where a great deal of accuracy is needed. And precise
traversing should be done in straight portions of airways of uniform cross-section and
preferably in smooth-lined portions away from any obstructions. The observer should stand at
least 1.2m away from the instrument and the instrument should be mounted on a shaft.
5. 2. 2. Rectangular
In this method, the cross section of the airway is divided into equal areas by forming grids
of ordinary mine airways. Then the instrument gets placed at each of the observation points
(midpoint of the grid) for a minute to observe its velocity. Then the average velocity can then
be calculated from recorded velocities.
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Figure 2. Rectangular Grid

5. 3. Experiment setup
For this experiment purpose the Mine Gallery Model of CSIR-CIMFR has been analysed.
The pressure inside the mine gallery has been measured with the help of an Inclined Manometer
which gave reading 1mm of H2O or 9.81 Pascal approx. Three different sections from different
parts of the gallery have been taken into consideration for the study of the flow rate which is
shown in Figure 3.

Figure 3. Different parts of gallery

The first section has been taken at a distance of 20 meters from the inlet. The second
section has been taken at a distance 10 meters from the second crosscut entrance point (crosscut
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near the exhaust fan). And the last section has been taken at a distance 3 meters from the exhaust
fan. Each section has been divided into 11 grids. Then each section has been measured using a
measuring tape. In each grid two readings of anemometer has been taken and the average of
both the readings has been calculated. Measurement of the sections and its grids are shown in
the following figure and tabulated below:
Section 1.

Figure 4. Grids inside the mine model gallery for air velocity measurement
Note: All the dimensions are in centimetres (cm). The average anemometer reading from the
above table = 129.36 m/min. By traversing method average anemometer reading has been
calculated as 129 m/min or 2.16m/s.
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Section 2.

Figure 5. Grids inside the mine model gallery for air velocity measurement
Note: All the dimensions are in centimetres (cm).The average anemometer reading from the
above table = 127.27 m/min. By traversing method average anemometer reading has been
calculated as 125 m/min or 2.08 m/s
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Section 3

Figure 6. Grids inside the mine model gallery for air velocity measurement
Note: All the dimensions are in centimetres (cm). At Section 3 few negative readings has been
observed in the anemometer which was mainly due to the turbulence.
5. 4. CFD Model Development
In the CFD Model Development process, CATIA V5 R20 and ANSYS 18.2 academic
version has been used for numerical modelling of the Mine Gallery of CSIR – CIMFR. Firstly
CATIA V5 R20 version has been used for simulation of the mine gallery figure. Then the model
has been saved in ‘igs’ format.
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Figure 7. Mine gallery model developed in CATIA V5 R20

Figure 8. Diagram shows the bottom view of mine gallery
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Figure 9. Diagram shows the front view of mine gallery

Figure 10. Diagram shows the top view of mine gallery
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Figure 11. Diagram shows the left view of mine gallery

Figure is the numerical model which has been simulated in CATIA V5 R20 version.
Figure given below are drafted views of the model top view, bottom view, front view and left
view of the model respectively. For simulation of the numerical model the ANSYS R18.2
workbench has been used. Then the required geometry has been imported which was saved in
the igs format.

Figure 12. Meshing of the mine gallery numerical model
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Meshing of the numerical model has been done which consists of 40875 numbers of
Nodes and 199026 number of Elements. The Standard k-epsilon model has been used which
has the following model constants
Cmu = 0.09
C1 Epsilon Ɛ = 1.44
C2 Epsilon = 1.92
TKE Prandtl Number = 1
TDR Prandtl Number = 1.3
Three numerical models of the ventilation gallery has been taken, taking the initial
boundary conditions i.e. the Inlet Velocity 2.16 m/s. Taking the inlet velocity as 2.16 m/s the
following model results has been obtained:

Figure 13. Iteration graph
The iteration graph has become constant and converged after around 600 iterations.
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(a)

Figure 14. Velocity magnitude model
"Surface Integral Report"

Mass-Weighted Average
Velocity Magnitude (m/s)
-------------------------------- ------------------inlet
2.16
interior-partbody
2.954264
outlet
7.4628023
---------------- -------------------The change in net velocity magnitude of the model with inlet velocity 1.5 m/s and 2.16
m/s is approx. 0.9 m/s which is quite significant. That means for 0.66 m/s change in inlet
velocity there is a change of 0.9 m/s of net velocity magnitude.
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(b)

Figure 15. Total pressure model
"Surface Integral Report"
Mass-Weighted Average
Total Pressure (pascal)
-------------------------------- -------------------inlet
76.038635
interior-partbody
69.369979
outlet
34.750973
---------------- --------------------
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(c)

Figure 16. Turbulent kinetic energy model
"Surface Integral Report"

Mass-Weighted Average
Turbulent Kinetic Energy (k) (m2/s2)
-------------------------------- -------------------inlet
1
interior-partbody
0.2985767
outlet
0.73569607
---------------- -------------------Figure shows the vectors of the turbulent kinetic energy inside the mine gallery.
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(d)

Figure 17. Mass imbalance model
"Surface Integral Report"

Mass-Weighted Average
Mass Imbalance (kg/s)
-------------------------------- -------------------inlet
1.6131225e-13
interior-partbody
-3.1218806e-12
outlet
8.4239971e-11
---------------- -------------------Again in this Figure, it has been observed that the residual is almost zero. At last the final
simulation has been carried out with the inlet boundary condition i.e. Inlet velocity is 2.5 m/s.
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(e)

Figure 18. Counter representation of turbulence near fan
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(f)

Figure 19. Cell Reynolds Number model
"Surface Integral Report"

Mass-Weighted Average
Cell Reynolds Number
-------------------------------- -------------------inlet
2.7477644
interior-partbody
40.298971
outlet
58.499881
---------------- --------------------
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6. RESULT
Table 1. Data representing velocity comparison in the mine gallery and Ansys model.

Sl. No.

Velocity in
Ansys model
(m/s)

Velocity in mine
model gallery
(m/s)

% age of
error

1.

2.416

2.31

4.58

2.

2.32

2.28

-1.75

3.

2.24

1.98

-13.13

4.

2.13

2.1

-1.42

5.

2.31

2.41

4.14

6.

2.186

1.98

-10.4

7.

2.24

2.03

-10.34

8.

2.02

1.96

-3.06

9.

2.18

1.81

-20.44

10.

2.07

2.38

9.21

11.

2.1

2.43

13.58

3
2,5
2
1,5
1

Velocity in Ansys Model (m/s)
Velocity in Mine Gallery (m/s)

0,5
0
1

2

3

4

5

6

7

8

9

10

11

Figure 20. Velocity comparison of mine gallery and CFD Model
(x - Axis: number of grids, y - Axis: velocity in m/s)
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From the above graph it can be clearly seen that the velocity in the Ansys model and the
velocity of the mine gallery almost overlapping each other and it intersect at many points. Our
Ansys model is somehow constant throughout the section. But the nature of our experiment
curve varies in each grid. In the 1st grid it gone constant with the Ansys curve and the
percentage of error is less. In the 2nd grid it get collide with each other. Then in the 3rd grid
the slope of the graph goes down to 1.98 due to turbulence and the error percentage is more. In
the 4th and 5th grid the slope of the curve increases and decreases gradually. In the 6th, 7th, 8th
and 9th grids the slope of the curve became linear because of the constant velocity. Then in the
10th grid, it gives maximum fluctuation because in bottom region the surface irregularities is
more and in the 11th grid its again maintain a linear curve. Hence, our Ansys model is validated
by means of the air flow velocity of the gallery and our model.

7. CONCLUSIONS
From the above experiment, the flow rate has been established at different sections of the
mine gallery at different inlet velocities. The Ansys model has been validated by conducting
the study at the mine gallery of CSIR-CIMFR. The experiment was done by taking three
different sections of the mine gallery. The results of classical and CFD prediction models were
within the variation of 2.63%, hence, our Ansys model is validated. However the sections which
were close to the fan, their results were beyond the tolerance limit i.e. 5%. Hence the study
suggests the measurement of the air quantity should be taken at Eddy current free zone. Apart
from that the study put light on the pressure difference inside the gallery, residual changes,
turbulence zone & Reynolds’s no in all over the gallery.
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