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Recirculation is prohibited in many coal mining countries because of the fear that the re-use of return air
would allow the build-up of air contaminants at the workings. The incorrect design and location of a
booster fan in any ventilation network can create unsafe condition due to recirculation. The current
approach to investigating recirculation using simulation software requires manual effort which becomes
tedious in a complex and a large network. An algorithm-based C++ program was designed to detect the
recirculation in a booster fan ventilation networks. This program needed an input file prepared from out-
put file generated by any ventilation simulator. This program created an output file for recirculation. This
program demonstrated the strong capability to detect the recirculation in a sample network and a coal
mine ventilation network. The outcomes of this program were documented in this paper.

© 2018 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The main function of mine ventilation is to dilute and exhaust
hurtful gasses, dusts, heat and humidity [1]. Mine ventilation sys-
tem must not only provide for the health and safety of underground
personal but also operate in compliance with regulatory bodies [2].
The practice of ventilation is continually evolving with new techno-
logical advances developed in the mining industry [3]. The mine can
be ventilated by the use of either surface main fans alone or in com-
bination with booster fans. A booster fan is an underground fan
installed in series with a main surface fan and is used to boost the
air pressure of the ventilation passing through it [4]. The use of
booster fans underground is a potentially practical alternative to
the addition of shafts and surface fans [5]. The proper design and
location of booster fans eliminate the safety hazards associated
with high main fan pressure. Conversely, the incorrect design of
booster fans in any ventilation network can create unsafe condi-
tions due to uncontrolled recirculation. The proper design and uti-
lization of a booster fan derives benefits to reduce the main fan
pressure, leakage, and consequently ventilation cost especially with
high resistance network due to deep and extensive working area in
amine. An installation of booster fan may create uncontrolled recir-
culation, if it is not sized and located properly with respect to main
fan. Recirculation is prohibited in many coal mining countries
because of the fear that the reuse of return air would allow the
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build-up of air contaminants at the workings. Therefore, it is imper-
ative to check the recirculation while designing and operating boos-
ter fan for a ventilation network. This paper deals with an algorithm
based C++ program to detect the recirculation in a booster fan ven-
tilation networks. This program was implemented to detect the
recirculation in a sample network and a coal mine network.

1.1. Statement of problem

The ventilation simulation programs do not give much informa-
tion about recirculation for the generated solution (fan pressures).
The current approach to investigating recirculation using simula-
tion software requires manual effort, i.e., traversing from node to
node in the output network by the simulator while keeping tracks
of all the nodes that form recirculation paths. This is an easy task in
a simple ventilation network, but it becomes tedious and some-
times very confusing in a complex and large network. Moreover,
the presence of multiple recirculation paths makes the manual
effort more complex and difficult, especially in separating multiple
loops that are connected together. Thus, there is a need for a more
efficient program that will detect and quantify the recirculation
efficiently, for the generated fan pressures. A program is developed
to detect the recirculation(s) in a network.

1.2. Graph terminology

The detection of recirculation in any ventilation network is
based on graph theory. Therefore, it is very important to walk
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through the basic concepts of a graph representation of any net-
work. A graph is a collection of vertices and edges: vertices are
simple objects that can have names and properties; an edge is a
connection between two vertices [6]. A path from vertex u to v
in a graph is a list of vertices in which successive vertices are con-
nected by edges in the graph. A graph is connected if there is a path
from every node to every other node in the graph. A simple path is
a path in which no vertex is repeated. A cycle is a path that is sim-
ple except that the first and last vertices are the same. A graph with
no cycles is a tree. A directed graph is a graph with directed edges.
It consists of a nonempty finite set of elements called vertices and a
finite set of ordered pairs of distinct vertices called edges. A venti-
lation network can be recognized as a directed graph. The vertices
are termed nodes, and the edges are termed as branches. A directed
graph is strongly connected component, if any two vertices are
mutually accessible following the directed edge. Strongly con-
nected component consists of either single vertex known as trivial
or multiple vertices known as nontrivial. Each such non-trivial
strongly components show the path of recirculation [7]. An adja-
cency matrix is a mathematical representation of the network that
shows whether any two nodes are connected or not. For detection
of recirculation, an adjacency matrix is prepared. In such matrix, an
element shows a “1” when corresponding nodes are connected and
a “0” when corresponding nodes are not connected. The depth-first
search and linear graph algorithm is widely used in computer
science to find the strongly connected components in a directed
graph [8]. Another algorithm is also used to find the cycles in a
directed graph [9].

2. Recirculation algorithm

In an attempt to implement algorithms to detect the recircula-
tion in a ventilation networks, it is very important to understand
the categorization of nodes. Nodes are classified as source, sink,
and saddle nodes. A source node is defined that belongs to only
outgoing branches. A sink node is defined that belongs to only
incoming branches. A saddle node is defined that belongs to both
outgoing and incoming branches. This algorithm was coded in C+
+ to detect the recirculation. Recirculation detection algorithm iter-
atively identifies source and sink nodes and deletes them. The
remaining nodes known as saddle nodes show where recirculation
may occur. This program was used to detect the recirculation, and
minimize the need for manual effort. The resulting process was
found efficient and fast.

The recirculation detection algorithm consists of seven steps.

Step 1: Prepare the adjacency matrix of [N] [N] for the sample
network, where N represents the number of nodes in the
network.

Step 2: Identify the source and sink nodes and delete the col-
umns and rows associated with these nodes.

Step 3: Update and resize the matrix while preserving the orig-
inal node numbers by applying a tracking node system.

Step 4: Repeat steps 2 and 3, until all the source and sink nodes
are deleted.

Step 5: Check for the residual adjacency matrix. If it is a none-
mpty matrix, the network contains at least one recirculation
cycle. A null matrix shows no recirculation.

Step 6: Check for nontrivial, strongly connected nodes, identify-
ing the multiple connected cycles that may allow recirculation.
Step 7: Display the output list of recirculation cycles.

Based on the above algorithms, a computer program was devel-
oped. This program was used to detect and flow recirculation paths
in a sample and a coal mine ventilation networks. To this program,
an input file is prepared based on branch results obtained by using
a standard ventilation network solver (simulator). This input file
consists of three columns for each branch: “from”, “to”, and “flow
rate”. Flow rates may be positive or negative. For any branch with a
negative flow, the nodes are swapped. This procedure is repeated
for all the negative flows. The program prepares an adjacency
matrix from an input file and generates an output file.

3. Sample network

To demonstrate the capabilities of the recirculation detection
programs, a sample network was used. Fig. 1 shows the sample
ventilation network. The network includes 65 branches, 45 nodes,
one surface main fan, one booster fan, six working areas, one
return airway, and two intake airways. The airway resistances
and other network parameters are shown in Table 1. Table 2 shows
the airflow requirements. The network was solved for the combi-
nation of main and booster fan pressure of 3.0 and 2.8 kPa respec-
tively to ensure that recirculation would occur. In this case, the
solution satisfied the airflow requirements, but with uncontrolled
recirculation.

An input file was prepared for the sample network as discussed
above based on the solution for this network. Table 3 shows the
details of an input file. Recirculation detection program is executed
for this network. Fig. 2 shows a screenshot of the output of the

Face 6
18 % l 9
Gob N 32 8 Stopping 6
/ 12 - 7 5
9 38 ] Booster fan 4
178 i1 13 :
Gob = Face 1 vl Door
t Intak
16 Bleeder (face2) 13 19 20 -miaxe ]
Il
Face s [Lemm [ 127 |12 P PERE ) Main fan |
2
! 2 } = « 22 Retun? Intake
T3 144 4
l Face 4 34 ' 35
28 29 36 37
Face 3

Fig. 1. Sample network.
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Table 1

Airway resistance of sample network (Ns2/m®).
From To R (Ns?/m®) From To R (Ns?/m®) From To R (Ns?/m®)
7 5 0.006 28 29 0.25 34 35 6
6 8 0.006 25 26 6 34 36 0.05
10 12 0.1 19 23 0.0015 37 35 0.01
1 32 0.006 23 21 6 36 37 0.25
3 33 0.006 19 15 0.08 23 34 0.0015
13 12 0.001 8 9 0.08 38 13 6
20 13 0.001 9 10 0.2 11 38 0.001
21 20 0.001 27 41 0.00055 38 19 0.002
22 21 0.001 31 42 0.00481 14 45 0.04821
14 17 5 27 43 0.00093 39 25 0.03011
25 27 0.0015 29 44 0.00084 40 24 0.04512
24 22 0.0015 2 4 0.09 39 40 6
26 40 0.03488 32 11 0.0015 41 30 0.00095
4 3 6 12 7 0.0015 42 26 0.00548
6 5 6 11 12 6 41 42 6
8 7 6 5 3 0.0015 43 28 0.00057
19 20 6 4 6 0.0015 44 26 0.00066
8 32 0.0015 18 10 0.0015 43 44 6
30 31 0.25 17 18 0.0015 45 13 0.01949
16 17 0.0015 23 39 0.04989 38 45 6
15 16 1 23 24 6 32 10 6
15 14 0.25 35 22 0.01

Table 2 Nodes where recirculation exist whose size is: 5

Fixed quantity requirements.

FQID Branch Airflow requirements (m>/s) Working area
1 15-14 47 Face 1
2 15-16 15 Face 2
3 36-37 40 Face 3
4 28-29 33 Face 4
5 30-31 33 Face 5
6 9-10 66 Face 6

recirculation detection program
network.

A quick evaluation of the output shows that the final residual
matrix consists of five nodes, namely 7-8-9-10-12 and shows
recirculation among them in a sample network. The output also
shows that the matrix consists of single strongly connected com-
ponents. These results were also validated from VnetPC results

implemented in a sample

7-8-9-10-12-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0
-0-0-0-0-0-0-0-

And strongly components are:

Strongly connected components:

7
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0
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Fig. 2. Screenshot output for the sample network.

with manual effort to detect recirculation and were found identical
results.

4. Coal mine ventilation network

A coal mine ventilation network used by Calizaya et al. was
modified to create another circular path [10]. The network origi-

Table 3

Input file for detection of recirculation.
Br. From To Q (m3[s) Br From To Q (m[s) Br From To Q (m[s)
3 7 5 407.48 26 19 23 7.31 47 37 35 40
4 6 8 61.16 27 23 21 190.74 48 36 37 40
5 10 12 99.81 28 19 15 17.35 49 23 34 57.02
6 1 32 346.32 29 8 9 65.31 50 38 13 18.67
7 3 33 433.82 30 9 10 66 51 11 38 310.79
8 13 12 292.48 31 27 141 66 52 38 19 273.84
9 20 13 208.52 32 31 42 40.09 53 14 45 47
10 21 20 190.74 33 27 43 33 54 39 25 87.58
11 22 21 173.39 34 29 44 40.17 55 40 24 99.26
12 14 17 3.31 35 2 4 33 56 39 40 11.69
13 25 27 80.26 36 32 11 87.5 57 41 30 33
14 24 22 116.37 37 12 7 330.26 58 42 26 40.09
15 26 40 87.58 38 11 12 411.75 59 41 42 7.09
16 4 3 14.03 39 5 3 19.46 60 43 28 33
17 6 5 12.31 40 4 6 419.79 61 44 26 40.17
18 7 8 427 41 18 10 73.47 62 43 44 717
19 19 20 17.78 42 17 18 18.31 63 45 13 65.29
20 32 8 0.57 43 23 39 18.31 64 38 45 18.29
21 30 31 33 45 23 24 99.26 65 32 10 15.49
22 16 17 15 46 35 22 17.11
23 15 16 15 47 34 35 57.02
24 15 14 50.31 45 23 24 17.02
25 28 29 33 46 34 36 40
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nally consists of 27 nodes and 41 branches with single recircula-
tion path. It has four working areas with fixed quantity of air
requirements. In order to include second recirculation path, the
airflow direction was arbitrarily reversed in branches (8, 11) and
(7, 8). This change in direction could be the result of relocation
of a booster fan in a network for the same flow requirements.
The branch 27-1 was removed. Fig. 3 shows modified ventilation
network. This modified network consists of 27 nodes and 40
branches with two recirculation paths 8-7-10-11 and 12-16-2
6-20-19-21-25-17-13 respectively.

p=2.0 kPa
q=160 m’/s

4.1. Detection of recirculation

An input file was prepared for the coal mine ventilation net-
work as discussed above based on the solution for this network.
Table 4 shows the details of an input file. The computer program
for recirculation detection was executed for this input file. Fig. 4
shows a screenshot of the output of the recirculation detection
program. A quick evaluation of the output shows that the final
residual matrix consists of five nodes, namely 8-7-10-11 and
12-16-26-20-19-21-25-17-13 respectively and shows recircula-

—+—— Leakage path

p=3.5kPa ___3Working area
q=290.4 m’/s

Fig. 3. Modified version of a coal mine ventilation network.

Table 4

Airway resistance of sample network (Ns?/m?®).
From To From To From To From To
1 2 8 7 15 16 20 19
2 3 7 10 15 17 21 25
2 13 8 9 15 18 22 23
2 15 11 8 16 27 23 24
3 4 9 12 16 26 23 25
3 7 11 12 17 13 24 17
4 5 10 11 18 19 25 17
4 6 12 16 18 22 26 20
5 9 13 12 18 26 26 25
6 13 14 15 19 21 1 14

Nodes where recirculation exist whose size is: 14
7-8-9-10-11-12-13-16-17-19-20-21-25-26-0-0-0-0-0-0-0-0-0-0-0-0-0-0-

And strongly components are:
Strongly connected components:
8

11

10

gtrongly connected components:

Strongly connected components:

Fig. 4. Screenshot of output for coal mine network.
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tion among them in the coal mine ventilation network. These
results were validated with manual effort to detect recirculation
paths and were found the identical results.

5. Conclusions

An algorithm based computer program written in C++ was
implemented successfully to determine the recirculation in a sam-
ple and a coal mine ventilation network. The program detected sin-
gle recirculation path along 7-8-9-10-12 in a sample network.
The program also detected two recirculation paths along 8-7-
10-11 and 12-16-26-20-19-21-25-17-13 respectively in a coal
mine network. This program can be useful while determining the
optimal solution for booster fan ventilation network.
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