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Modular ventilation
laboratory for
educational purposes

Abstract

Improving a technical work environment encourages creativity and enhances
research efforts. The conception of a modular ventilation laboratory aims at free con-
struction and assembly of the air circuit in different shapes, sizes, and operational
variations. The modules allow the development of academic experiences, automatic
data acquisition from sensors, data analysis, and verification of concepts related to
ventilation in underground mines. The modular ventilation laboratory uses a teach-
ing methodology based on a playful and low-cost way to teach engineering, mainly
underground mine ventilation. The aim of this work is essentially to propose the cre-
ation of a modular underground mine ventilation laboratory to facilitate engineering
teaching and allow the simulation of real situations. The Plan-Do-Check-Act (PDCA)
methodology was used to develop a framework for building the modular educational
ventilation laboratory. This methodology encompasses project planning and studying,
applying the Ventsim® software, and the design of a teaching laboratory with sensors
and microcontrollers using the Internet of Things (IoT). The results involve the con-
struction of a physical project with PVC (polyvinyl chloride) pipes and connections
and electronic circuits. The project presents the main parameters monitored in under-
ground mines and foresees the simulation of scenarios, aiming to facilitate an under-
standing of the concepts of fluid mechanics and mining ventilation. The conclusions
indicate that using simulation in pedagogical practices develops several activities that
contribute to innumerable learning and expands the network of constructive meanings
as a learning strategy.

Keywords: underground ventilation, PDCA, Arduino, Internet of Things, sensors.
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Modular ventilation laboratory for educational purposes

1. Introduction

The ventilation system ensures that
pure air is taken into the mines, creating,
and guaranteeing better working condi-
tions, as well as preventing the entire
structure from possible explosions and
other consequences to the accumulation
of dust and explosive gases. Adequate
ventilation must ensure a breathable and
safe atmosphere for underground mining
work (McPherson, 1993; Alvarenga,2012;
Dziurzynski et al., 2017). It is essential due
to the natural hazards and technological
processes that come the nature of mining
(Costa & Silva, 2020; Szlgzak & Korzec,
2022; Santos et al., 2022). Variations in
the circulating air flow, resulting from
pressure losses or decreases, are mainly
related to two phenomena: friction losses
and shock losses. Friction losses derive
from the resistance to the passage of the
flow that opposes the roughness of the
walls, the cross section, and the perimeter
of the excavations and/or ducts through
which the air circulates. On the other hand,
shock losses correspond to pressure drops
resulting from the various changes in the
geometry of a mine ventilation circuit that
cause increased turbulence, whether related
to the direction, section, or curves of the
circuit (McPherson, 1993). Many scien-
tists have used computational modeling
(Dziurzynski et al., 2017), Computational
Fluid Dynamics (CFD), and optimization
algorithms to more efficiently simulate
systems to design underground mine solu-
tions (Xu et al., 2018; Neme et al., 2011).

One of the most used and well-
known programs for application in mine
ventilation systems is Ventsim, used by
mining companies, universities, consul-
tants, government organizations and
research. Software of Australian origin,
suitable for carrying out analyzes of
complete or sectored ventilation circuits
(Ventsim, 2022). According to Costa
(2017) Ventsim is a very important tool for

2. Materials and methods

The design of the modular labo-
ratory aims to freely build ventilation
circuits applied to the academic environ-
ment (Silva et al., 2021). The methodol-
ogy allows many variations regarding
the type of scenario, materials, shapes,
sizes, available space, or even under-
standing of a real problem.

The construction project contem-
plates the reading of the parameters

making decisions regarding the improve-
ment of the ventilation system. As an ex-
ample of alternatives for analysis through
simulations, there is the implementation
or replacement of fans to supply the air
demand on certain workface, or changes
in the ventilation circuit with the advance
or retreat of ducts. Simulation results, when
satisfactory, can be safely put into practice,
avoiding possible waste of time and materi-
als when tested directly in the field. Ventsim
is a complete integrated mine and tunnel
ventilation software package for designing
and testing ventilation circuits, including
airflow, pressure, heat, gases, power, fire,
and other types of ventilation information.

The ludic spirit contributes signifi-
cantly to the development of the human
being, of any age, assisting in learning,
social, personal, and cultural development,
facilitating the process of socialization,
communication, expression, and con-
struction of thoughts (Santos et al., 2021).
According to Bould and Feletti (2017),
learning is mainly related to understand-
ing fundamental concepts and how to put
them into practice. Playful activities can
facilitate understanding of how ventilation
circuits work in practice and how changes
can affect the outcome. Ribeiro (2005)
indicates that methodologies based on real
or simulated problems boost the acquisition
of knowledge and develop skills and atti-
tudes in the professional scope of students.
This modular mine ventilation laboratory
allows students and researchers to make
changes in the circuit modifying the airflow
and studying the behavior of ventilation
parameters, analyzing the differences in
each chosen scenario (Santos et al., 2020).

The modular circuit developed in
PVC enables studying the behavior of
parameters related to ventilation and as-
sembling different scenarios with pieces
that fit together like a “LEGO” toy. Cre-
ated in 1934 by the Danish and carpenter

using microcontrollers that allow
obtaining the values provided by the
installed DHT11 and BMP280 sensors
(temperature, pressure, and humid-
ity of the air) along the circuit. The
air velocity can be measured using
hot wire anemometers positioned at
desired locations.

The physical model construction
used low cost and durable PVC pipe
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by profession, Ole Kirk Christiansen, the
Leg Godt, known worldwide as LEGO®,
means "play well", LEGO® has become a
kind of universal toy. It is manufactured by
the LEGO Group, whose original concept
was based on a patented system of plastic
parts that fit together, allowing countless
combinations (LEGO®, 2021).

The construction of the laboratory
contributes to academic knowledge, com-
bining theories related to fluid mechanics
and ventilation in underground mines
using sensors to monitor temperature,
pressure and air humidity. For the devel-
opment and assembly of the laboratory, it
was decided to use a tool for organizing
and managing the process, the Plan-Do-
Check-Act (PDCA) cycle. The PDCA
cycle was proposed by Shewhart (2015)
and disseminated by Deming (2000), for
use as a problem-solving technique in the
context of quality management (Ghosh et
al.,2022; Peinaldo & Graeml, 2007; Cam-
pos, 2004). The literature on performance
measurement contains several examples
of researchers applying the PDCA cycle
in various circumstances, such as manu-
facturing, education and employee devel-
opment (Alam, 2014; Sangpikul, 2017).
The PDCA cycle establishes the actions
related to the planning and execution of a
project, allowing increasing improvement
in the process, since it is possible to reas-
sess all stages of the process, thus mak-
ing it possible to propose a new plan or
improvements in the process (Seleme &
Stadler, 2010). PDCA can be subdivided
into four phases: Plan, Do, Check and
Action (Varadejsatitwong et al., 2022).
The Plan stage involves identifying a
problem; the Do stage includes the execu-
tion of the Plan; the Check step involves
data analysis; the Act stage consists of
activities to fill the gaps and evaluate the
results of these actions (Bhutta & Hugq,
1999; Pham et al., 2012).

and joints with a diameter of 100 mm.
This choice allows greater availability of
parts with different roughness, different
transversal option, and different materi-
als along the circuit. The circuit swiftly
re-configurates the induced static pressure
changes and increases the testing pos-
sibilities in the laboratory. The modular
PVC pipe segments are 50 cm and 80 cm
long and can be fit together according to



the desired scenario or available space for
assembly. The constructive steps can be
summarized as:

e circuit conception to study differ-
ent parameters along its sections;

e circuit design in Ventsim® (VentSim,
2022) mine ventilation software;

e circuit analysis in the software and
changes in the initial design;

e definition of the laboratory design;

® beginning of the construction of
the circuit involving the choice of the type
of material, length and diameter of the
simulated sections;

e assembly of the circuit defining the

necessary junctions;

e evaluation of available and nec-
essary microcontrollers and sensors for
installation;

e selection of technology to collect
and to transmit data;

® definition of different scenarios to
be studied.

The PDCA cycle is a classic man-
agement methodology, it is used con-
tinuously to improve processes, contrib-
uting to the alignment of operational
and strategic stages. The proposal for
using the methodology is in the manage-
ment of project development processes

Circuit design, scenarios,

study the sensors, bibliographic

review, and planning in Ventsim®
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(Figure 1). Planning (P) includes studies
related to circuit design, defining the
size of modules, installing sensors. Do-
ing (D) includes running the tests and
programming to read the data and test
the sensors. Action (A) is a step that
encompasses the needs for improve-
ment, including adapting the process,
creating laboratory practices, and listing
the costs involved for each adaptation.
According to the methodology concept,
the PDCA is continuous, when the se-
quence is finished, it restarts afterwards,
demonstrating that the cycle is always
looking to improve its processes.

Assemble the circuit, cut the PVC

pipes, install sensors

Process adaptations, continual
improvement, creation of
experiments for practical classes and

costs estimation

act

Programming for reading data

and sensor tests

Figure 1 - PDCA Cycle (Adapted Seleme & Stadler, 2010).

3. Results

The results begin with the ap-
plication of the first stage of the PDCA
methodology. Planning the scenarios
before starting the assembly is important
to understand the system and to avoid
unnecessary costs. The circuit design pro-
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vides a possible representation of different
scenarios that meet the theory previously
checked. The study includes the size of
the circuit, design configuration, location
of the sensors and online recording of
the variables chosen at different points,
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Figure 2 - Ventilation circuit (Ventsim, 2022).
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enabling the analysis of general pressure
losses in the circuit.

Figure 2 represents a suggested
circuit for the future creation of the
modular laboratory using Ventsim®
software - version 5.1 (Ventsim, 2022).
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Figure 3 represents a situation when
the circuit branches are blocked, the air
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Figure 3 - Scenario blocking the crosspieces in the ventilation circuit (Ventsim, 2022).

Figure 4 presents the airflow redis-
tributed through the other paths of the

circuit. In these examples, Figures 3 to 3,
only represents the airflow velocity.

Sy et ey Sm (B

QS kDX -RES0S-GET0-0-6-10- 5100

o 0=

= | o i i 3

o g e 114 1408 82 [ e e

DN RS | Mo ok R ELS

Figure 4 - The barrier in one of the lines of the ventilation circuit (Ventsim, 2022).

The projected barriers aimed to
modify the airflow behavior and to
study these interferences simulating an
underground mine’s real situation. This
ventilation behavior is important for mak-
ing operational and managerial decisions.

Following the PDCA cycle, the next
step is the physical construction and in-
strumentation of the pipeline modeling for
an underground mine using the PVC ducts
and connections. The electronic circuit
consists of an Arduino Mega board con-
nected to sensors capable of reading ven-
tilation parameter data at various points.
The tests were performed with sensors

installed in PVC tubes. A real time curve
can be generated for the measurements of
each sensor. The datasheet for each sensor
presents the reference values and their ac-
curacies. To define the sensors, the desired
parameters, availability, and value of the
sensors were considered.

The study encompasses studying
the DHT11 and BMP280 sensors. The
DHTI11 sensor is a temperature and
humidity sensor with an accuracy for
humidity of +5%RH, the measurement
range is 20 to 95%RH. For temperature,
the measurement range is from 0 to 50°C
with an accuracy of = 2%. The BMP280
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sensor is the successor of the BMP180,
with gains in terms of accuracy and
energy consumption, being an absolute
barometric pressure and temperature
sensor. Accuracy is =0.12hPa, which is
equivalent to +1m difference in altitude.
Its measurement range is from 300 to
1100hPa and the temperature is from
-40 to 85°C with an accuracy of = 1°C.
Both sensors work with 3.6V supply and
the DHT11 also works with 5V. A series
of 2-hour tests were carried out with the
sensor reading frequency varying from
2 seconds to 1 minute. The sensors se-
lected for this study were the BMP280,
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for monitoring barometric pressure and  that both have a temperature sensor, DTH11. A USB cable is used to connect
temperature, and the DHT11 sensor,  but the BMP280 sensor was used, due  the Arduino with a computer and for an
to monitor humidity. It is worth noting  to its greater accuracy compared to the  external energy power source (Figure 3).

Arduino

Connection Sensors Nano Circuit

cables board

Figure 5 - Arduino Communication and Sensors in the Ventilation Circuit.
The circuit diagram was designed ~ (PDCA cycle) includes programming  library, and testing the data reading

using the Fritzing® software (Fritzing, each circuit’s component to acquire  of each sensor.
2022) (Figure 6). The verification step  the data, using its Arduino specific

Sensores DHT11

EEE

Arduino Mega

Sensores BMP280
fritzing

Figure 6 - Assembly of the ventilation circuit in Fritzing ® (Fritzing, 2022).

Figure 7 shows the modular lab  sors, and corresponding individual wir-
setup with the tubes, connections, sen-  ing that connects them to the Arduino.

oA

Figure 7 - Connection of sensors to Arduino.
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Each PVC segment contains the
DHT11 and BMP280 sensors located
inside the ducts that can be easily con-

nected and disconnected (Figure 8). It
guarantees flexibility and safe trans-
portation, in addition to facilitating

the assembly of the circuit in other
environments, such as classrooms, fairs
and technical presentations.

A TESTO 425 hot wire anemom-
eter, for measuring the air velocity, can

Figure 8 - Sensors connections.

be set up in eyelets close to the sensors.
Figure 9 (a and b) represents the posi-

BMP280

tioning of the sensors and anemometer
externally and internally, respectively.

Anemometer rod

Figure 9 - Position of sensors and anemometer: (a) external and (b) internal.

When positioned in an eyelet, the hot
wire anemometer continuously reads the
air velocity for one minute. The algorithm,
then, calculates the average of the values
in that reading period. All data acquired,
processed by the Arduino, can be trans-
ferred to a computer for later analysis. The
system is capable of reading airflow veloc-
ity, pressure drop and resistance, allowing
a faster analysis of the data.

By being modular, the numerous
laboratorial scenarios can be designed,
which include important experiments for
understanding the behavior of the air with
some variations, such as heat, humidity,
resistance, and velocity. Suggested experi-
ments for academic practices to highlight
the relationships among the ventilation
variables have been identified in the study:

e measurements of the air veloc-
ity inside the ducts and its behavior
by modifying the circuit by closing the
airways (barriers);

® measurements of the air velocity
inside the ducts and its behavior modify-
ing the fan pressure;

e measurements of air velocity
inside the ducts and its behavior by modi-
fying the walls of the circuit (roughness,
for example);

® measurements the temperature of
the environment (circuit) by modifying
the flux velocity;

® measurements of the pressure dif-
ference inside the ducts;

¢ measurements of pressure loss and
its behavior by modifying the circuit by
closing ducts (barriers);

REM, Int. Eng, J., Ouro Preto, 77(2), 230066, apr. jun. | 2024

® measurements of humidity along
the circuit;

e calculation of required flow, pres-
sure loss and resistance by capturing data;

e generation of curves of measure-
ment points of the items mentioned as a
function of time;

e assembly of scenarios according to
the selected circuit.

Figure 10 shows the circuit created
with several possible scenarios depending
on the chosen air passage closure. Thus,
providing different possible behaviors.
This figure represents the airflow in the
straight pipe, as schematically demonstrat-
ed in Ventsim (Figure 3). This scenario
makes it possible to study the behavior of
the airflow at the beginning and at end of
the circuit.



Rita de Cassia Pedrosa Santos et al.

Figure 11 shows a straight tube
installed in the ventilator and the sensors
BMP280 and DHT11. All data transmit-
ted by the Arduino and the computer can

Figure 10 - Laboratory Scenario - straight pipe.

use the Microsoft Excel® software as an
interface for data storage and subsequent
analysis. The project uses the Arduino
microcontroller to read sensors and store

Sensors
(end of tube)

Table 1 shows the average mea-
surements at the beginning and end of
the circuit presented in Figure 11 for 35
minutes and 20 seconds. The straight

Sensors
(entrance)

Figure 11 - Test circuit assembly.

circuit (PVC Tube) has 2.5 meters, and
a diameter of 100 mm. The airflow
velocity, in meters per second (m/s), was
defined using a thermal anemometer

the data read in real time. The interface
between the microcontroller and the sen-
sors was developed using the Arduino IDE
(Integrated Development Environment).

(TESTO 425). Readings related to pres-
sure (hPa), temperature (°C) and relative
humidity are averages of data collected
every 7 seconds.

Table 1 - Variables readings in a straight PVC tube.

Point V (m/s) T(°C) P (hPa) RH (%)
Main entrance 8.72 39.5 918.04 21
End of tube 5.88 38.32 917.86 27

In this first scenario, a loss of speed
can be observed along the circuit. Pressure
losses occur proportionally to the increase
in tube length. The results obtained were
consistent with literature, requiring future
comparisons regarding the lengths of the

circuit and the material used to represent
the galleries, in this case, PVC pipe with
a diameter of 100 mm.

The system’s construction costs
vary according to the design, circuit size,
number of curves, required accuracy, and

REM, Int. Eng. J., Ouro Preto, 77(2), €230066, apr. jun. | 2024

consequently, the number of sensors. This
analysis is essential to get the exact value
of this investment. Table 2 shows the main
items purchased and their respective val-
ues in January/2023 for the assembly of
the modular ventilation laboratory circuit.
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Table 2 - Main items acquired for the laboratory.

Components Quantity USS$ total
Sensor DHT11 10 27.20
Sensor BMP280 10 21.00
Arduino Mega 2 88.42
Tubes and connections (PVC) 1 55.20
Cables (meters) 30 12.00
Circuit board 20 4.00
Protoboard 2 6.38
Jumpers 20 2.35
Total (US$) 216.55

The last stage of the PDCA cycle (ac-
tion) is related to conducting the process

4. Discussion and conclusions

This playful methodology encour-
ages creative and critical thinking to solve
problems, in this article focused on mod-
eling ventilation circuits in underground
mines. Developing the ability to analyze
and diagnose a problem situation and gen-
eration a solution, this skill being highly
valued today.

The modular ventilation laboratory
was designed for educational purposes.
It allows the development of academic
experiments using sensors for automatic
acquisition of airflow velocity, tempera-
ture, humidity and pressure and data
analysis for verifying concepts related to
fluid mechanics and ventilation in under-
ground mines. The low-cost construction
of a technical work environment model
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